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Summary

The lipoma preferred partner LPP is a member of the zyxin
family of proteins. In this paper, we demonstrate that the
structural similarities observed between zyxin and LPP
also extend to their interaction capabilities. Similar to
zyxin, LPP was found to bind toa-actinin in vitro. This

interaction was confirmed in yeast and mammalian cells.
Studies utilizing the three-hybrid system further indicated

that zyxin and LPP compete for the same binding site in

lacking this motif did not bind to a-actinin in the yeast two-
hybrid system and were not able to recruiti-actinin to an
ectopic site in mammalian cells. Quantitative data obtained
with the two-hybrid and the three-hybrid system suggest
that LPP has a lower affinity for a-actinin than zyxin. It is
likely that this difference leads to slightly different roles
played by LPP and zyxin during the assembly and
disassembly of focal adhesions.

a-actinin. This site was mapped to the central rod ofi-

actinin, which contains spectrin-like repeats 2 and 3. In the
case of LPP, a conserved motif present at the N-terminus
was shown to be responsible for the interaction. Constructs
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Introduction the regulation of mitosis (Hirota et al., 2000). Furthermore,
The controlled assembly and disassembly of actin filamen#&yXin binds to proteins of the Ena/VASP family, which control
plays a critical role in a diverse palette of cellular processeie organization of the actin cytoskeleton (Reinhard et al.,
including cell adhesion, spreading, migration and signaIaOOl). For this interaction, the proline clusters within the N-
transduction. One of the regulatory proteins involved in théerminal domain of zyxin are responsible (Niebuhr et al., 1997;
fine-tuning of microfilament assembly appears to be zyxinPrees et al., 2000). The proline clusters also appear to serve as
Zyxin was originally discovered in chicken fibroblasts as &inding sites for the oncoprotein Vav, which is a guanosine
protein associated with stress fibers, focal adhesions and ce@change factor for the small GTP-binding protein Rho
cell contacts (Beckerle, 1986). It represents a protein with @lobert et al., 1996). Moreover, zyxin interacts veitactinin,
relative molecular mass of 82 kDa that can be phosphorylatéh actin-crosslinking protein enriched at focal adhesion sites
at multiple sites (Zumbrunn and Trueb, 1996; Macalma et aland along stress fibers (Crawford et al., 1992). The exact
1996). A large body of evidence suggests that zyxin plays dinding site has been mapped to the extreme N-terminus of
active role in the sequestration of components for actigyxin (Reinhard et al., 1999; Drees et al.,, 1999). We have
assembly at specific sites within the cell and in the stimulatiorecently demonstrated that a linear motif of six amino acids
of spatially restricted actin polymerization (Beckerle, 1998). If(26-FGPVVA-31) plays a critical role in this interaction. When
fact, when artificially directed to the surface of mitochondriaa single amino acid within this motif is replaced by using in
by incorporation of a specific signal sequence, zyxin is able téitro mutagenesis, binding of zyxin to-actinin is abolished,
induce actin assembly at these ectopic sites (Fradelizi et aind the subcellular distribution of zyxin is significantly altered
2001). (Li and Trueb, 2001).

Zyxin has a modular structure with a proline-rich N- Zyxin belongs to a small family of several related focal
terminus that harbors a nuclear export signal and three @dhesion proteins. Another member of this family is the lipoma
terminal LIM domains (Fig. 1). It serves as a versatile adaptereferred partner LPP (Petit et al., 1996). LPP also possesses
protein that brings together various regulatory molecules anal modular structure with a proline-rich N-terminus, including
cytoskeletal proteins. Although the precise function of zyxina nuclear export signal and three C-terminal LIM domains (Fig.
in the organization of the actin cytoskeleton is not yet clear). Similar to zyxin, LPP has been localized to focal adhesions
the identification of its binding partners may shed some lighand to cell-cell adherence junctions (Petit et al., 2000). The
onto its role. Zyxin has been demonstrated to interact, via igene for LPP was originally discovered during the analysis
C-terminal LIM domains, with members of the cysteine-richof chromosomal rearrangements in lipomas. Chromosomal
protein family CRP (Sadler et al., 1992; Schmeichel et altranslocations involving human chromosomes 3 and 12 are
1998). The LIM domains have also been demonstrated to birfdund with high frequency in these benign tumors of adipose
to LATS1, a tumor suppressor that appears to be involved iissues. The translocations often result in the fusion of the
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HMGAZ2 gene on chromosome 12 with th&P A Proline-rich LIM

gene on chromosome 3. HMGA2 is known to ¢ mg :
for a transcription factor of the high mobility grc ( @@ i
of proteins (Ashar et al.,, 1995). The gener. Profine-sich LIM

fusion proteins contain the N-terminal sequenc CI COC OO Zyxin

HMGAZ2, including three DNA binding domai
followed by the C-terminal sequence of LPP \ Proline-rich LIM

two or three LIM domains. Although a dir
relationship between tumorigenesis and CI OOO rppP
expression of these fusion proteins has not

demonstrated in detail, it is likely that the L B

domains of LPP contribute to the altered ¢ zpinmouse 1 vsAPAFYAP|QKKEAPVVAPKPRVNFFRPGDSE 45
expression observed in lipomas. Zyxinhuman 14 VSAPAFYA|PIQKKF|GIPVVAPKPKVINPIFRPGDSE 4
: - i e Tri Zyxinchick 19 1STPSFYN|PIQKKF[A[PVVAPKPKVINPIFKTGGTS so

A third member of the zyxin family is Trip 20500 2 o svs T oolEPIRKEA

PVVAPKPK|YINPIY KQPGGE 64

This protein was originally identified in a ye
two-hybrid screen as a protein that interacted Fig. 1. Domain structures of the three proteins Trip6, zyxin and LPP. The N-

the thyroid hormone receptor in a hormc  terminal motif conserved in zyxin and LPP is indicated by a black bar in A. Note
dependent manner (Lee et al.,, 1995; Yi that this motif is not present in Trip6. The amino-acid sequences flanking the
Beckerle, 1998). Similar to zyxin and LPP, Tr conserved motif are aligned in B. The sequences for mouse, human and chicken
contains three LIM domains at the C-terminus zyxin as well as human LPP are included. Identical residues are boxed.

a proline-rich N-terminus with a nuclear exg

signal. Furthermore, Trip6 exhibits a subcell

distribution at focal adhesion plaques quite similar to zyxin anéhto the two-hybrid prey vector pACT2 (Li and Trueb, 2001). Two
LPP (Wang and Gilmore, 2001). Two additional proteinscDNA fragments for LPP that corresponded to amino-acid residues 1-
LIMD1 (Kiss et al., 1999) and Ajuba (Goyal et al., 1999), may40 (LPP40) and 1-61 (LPP61), respectively, were subcloned into the
also be regarded as members of the zyxin protein famil{{ca/Pst restriction site of the bait vector pGBKT?7. For competition
because they possess similar domain structures. At the level gPeriments, a cDNA fragment coding for amino-acid residues 1-42

A A : of zyxin was inserted into multiple cloning site | of the three-hybrid
E:rl]c?sglr;/“rngla?gg ;:g;;gcisﬁg %Vr\]lgv_?rri’ptgese proteins are nOtve tor pBridge (Clontech Laboratories, Palo Alto, CA) downstream of

; o ; . . he sequence for the GAL4 DNA-binding domain. As competitors, the
Trip6 and LPP exhibit the highest sequence identity (53%gequences for LPP40, LPP61 or zyxin (1-42) were ligated into multiple
among all of the zyxin family members. Their domaincjoning site Il of the same vector downstream ofNHET 25promoter.
structures, however, are not strictly conserved, as the prolinghis promoter exhibits conditional activity depending on the presence
rich N-terminus of Trip6 is considerably shorter than that obr absence of methionine in the culture medium (Tirode et al., 1997).
LPP (Fig. 1). On the other hand, LPP and zyxin reveal a lower Fusion constructs of LPP and green fluorescent protein (GFP) were
sequence identity (41%), but exhibit a highly conservedrepared by ligating the full-length LPP sequence or fragments LPP40
domain structure. Interestingly, the sequence motif that ha¥d LPP61, respectively, into tiigecRl/Sal restriction site of the
previously been found in zyxin to be both necessary angXPression vector pEGFP-C3 (Clontech) downstream ofGRE
sufficient for a-actinin binding is conserved in LPP (Fig. 1). reporter gene. A short deletion spanning nucleotides 367-417 (amino

Thi tif the other hand. i ssing in the Trin6 acids 41-57, accession number U49957) was introduced into the
IS motf, on the otheér hand, 1S miSsing in he 1rip Sequenc%ﬂl-length LPP construct by the ExSite PCR-based mutagenesis

The aim of the present study was therefore to investigai@ethod (Costa et al., 1996; Li and Trueb, 2001), resulting in the
whether LPP interacts witit-actinin in a way similar to zyxin.  construct LPR. For mitochondrial targeting experiments, a synthetic
oligonucleotide coding for the membrane anchor of ActA (amino-
acid residues 628-LILAMLAIGVFS LGAFIKIIQLRKNN-653)

. ) . was purchased from Microsynth GmbH (Switzerland). This
CcDNA cloning and plasmid constructhn ] oligonucleotide was inserted into tA@a/BanH]| site of the pEGFP

The cDNA sequences for human zyxin [GenBank accession numb@gctor, downstream of the sequences for LPP and GFP. Authenticity

X95735; (Zumbrunn and Trueb, 1996)] and humaractinin  and reading frame of all constructs were verified by DNA sequencing.
[accession number X15804 (Millake et al., 1989)] have previously

been cloned in our laboratory (Li and Trueb, 2001). Several cDNA
clones that span the entire open reading frame of human LP®lot overlays
[accession number U49957 (Petit et al., 1996)] were obtained fro®@ST-tagged LPP was expressedEincoli BL21 after induction with
the German Resource Center for Genome Research in Berlin. 0.1 mM isopropylthioB-galactoside as suggested by the supplier
For the expression of glutathione S-transferase (GST)-tagged LRRmersham Pharmacia Biotech). The bacteria were collected by
in bacteria, the cDNA sequence for LPP was amplified from a fulleentrifugation and lysed by sonication. The fusion proteins were
length human cDNA (Marathon-Ready cDNA, Invitrogen) by thepurified from the lysate by affinity chromatography on glutathione
polymerase chain reaction (PCR) utilizing two synthetic primers. Th&epharose and analyzed on SDS polyacrylamide gels. After transfer
resulting full-length cDNA as well as a fragment derived thereofto nitrocellulose by electroblotting, the polypeptides were detected
(encoding amino acid residues 1-109) were subcloned into theith the GST detection module (Amersham) using goat anti-GST
expression vector pGEX-4T2 (Amersham Pharmacia Biotechantibodies, followed by alkaline-phosphatase-conjugated secondary
downstream of thgstgene. antibodies (Sigma). Similar blots that had been prepared in parallel
For expression in yeast, constructs were prepared by PCR with teere blocked with bovine serum albumin and subsequently incubated
help of various synthetic oligonucleotide primers (Microsynth GmbHwith radiolabeleda-actinin in 10 mM NaCl, 1 mM Nonidet P-40,
Switzerland). Selected cDNA fragments éeactinin were subcloned 0.1% 2-mercaptoethanol, 20 mM HEPES, pH 7.5 as previously

Materials and Methods
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described (Crawford et al., 1992; Reinhard et al., 1999). After 4 hc GST-LPP
at room temperature, the blots were washed twice with the same b GsT (1-109) GST GST-LPP
and exposed to BioMax MS film (Eastman Kodak Co.). 2 01 02 05 1 2 2 2

kDa
Yeast two-hybrid and three-hybrid system 120 =

Yeast two-hybrid and three-hybrid experiments were carried “amitll
essentially as described in the manuals provided by the sup - 67 %0 = e
(Clontech). Yeast reporter strain Y190 was cotransfected with

appropriate bait and prey plasmids by the lithium acetate metl

Selection forHIS3 reporter gene activation was performed on a¢ -
plates lacking histidine, tryptophan and leucine. Colonies t - 26
appeared after incubation for 5-10 days at 30°C were assayel
activation of thdacZ reporter gene utilizing the colony filter lift assa)
For quantitative data, the colonies were grown in liquid media i
analyzed for 3-galactosidase activity using O-nitrophen@tD-
galactopyranoside as a substrate.

- 43 60 =

40 =

.

Fig. 2. Direct interaction of LPP amal-actinin in a blot overlay. Full-
length LPP (right) as well as its N-terminal sequence (residues 1-109,
Cell culture and GFP fusion protein expression left) were expressed in bacteria as GST-fusion proteins and resolved on

olyacrylamide gels (0.142g/lane). After transfer to nitrocellulose,

Cell lines were obtained from the American Type Culture Collectio ; . . .
(Manassas, VA) and kept in the Iaborator);/p at 37°C under arﬁwe proteins were_probed with radlolabecbedctlnln. GST (Jug/lane)
! and various protein standards were included as controls.

atmosphere of 5% GO PtK2 cells (CCL-56) were cultivated in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal

bovine serum, 100 units/ml penicillin and 1Q8/ml streptomycin. . . .

H9C2 myoblasts (CRL-1466F; were grown E\ RPMI-124O mediumProbe did not react with GST alone or with any of the
containing the same supplements. GFP plasmidsg(tvell) were ~ Polypeptide markers included on the blot. Thasactinin
mixed with 100ul Opti-MEM 1 (Life Technologies) containingi@  interacts specifically with LPP in vitro.

of FUGENE-6 reagent (Roche) and added to the cells that had grown

to 60% confluence in six-well plates. Two days after transfection, the

cells were fixed with formaldehyde and prepared for indirectMapping of binding sites in a-actinin and in LPP
immunofluorescence as described previously (Reinhard et al., 1999)q map the binding sites in detail, we employed the yeast two-
A monoclonal antibody against humaractinin (Sigma) was used at ; ;

a dilution of 1:400. A polyclonal antiserum that had previously beenhybrld system (Fig. 3). The cDNA sequence for human LPP

prepared in our laboratory against human zyxin (amino acid residudeds ligated into the bait vector pAS2-1 downstream of the

134-147) was used at a 1:50 dilution (Reinhard et al., 1999). Afterequence for the DNA-blndlng dom?‘”.‘ of GAL4. By contrast,
incubation with rhodamine-labeled secondary antibodies, the slideérious fragments derived from aractinin cONA were cloned
were inspected under a Zeiss Axiovert microscope equipped withto the prey vector pACT2 downstream of the sequence for the
epifluorescence optics. Electronic pictures were taken with filtefransactivation domain of GAL4. A potential interaction of the
settings optimized for green (515-565 nm) and red (>590 nm) lightesulting fusion proteins was analyzed by growth of transfected
emission, respectively, and merged with the help of a computgreast on histidine-deficient agar plates and by transcription of
software program. the reporter genlacZ All results were compared to interactions
observed betweem-actinin and zyxin.

Initial studies demonstrated that the full-length LPP
Results construct possessed autonomous transactivating properties.
LPP interacts with a-actinin in vitro Yeast transfected with the bait plasmid alone grew on selective
The potential interaction of LPP witi-actinin was examined agar plates and expressed g reporter gene. We therefore
in vitro in a blot overlay experiment (Fig. 2). First we focusedrestricted our studies to the N-terminal sequence of LPP
on the N-terminal sequence of LPP that harbored the mot{mino acids 1-61), which did not show autonomous
conserved in zyxin (see Fig. 1). A GST fusion proteintransactivation as demonstrated in a control experiment. When
generated with the N-terminal amino-acid residues 1-109 dhe corresponding GAL4-LPP construct was transfected into
human LPP migrated on a gel with a relative mobility of 40yeast together with various fusion constructs codingofor
kDa consistent with its calculated molecular mass. Theactinin, transcription of the reporter gediS3andlacZ was
polypeptide was transferred to a nitrocellulose membrane arabserved. Specific interactions were noted with those
incubated with radioiodinateal-actinin. Our probe detected a fragments that comprised the central SPEC domains- of
single band, which increased in intensity with increasingctinin (Fig. 3). No interaction was detected with the N-
amount of fusion protein loaded to the gel (Fig. 2, left). Interminal calponin homology domains or with the C-terminal
contrasta-actinin did not bind to GST alone or to any of the EF hands. The minimal fragment ofactinin that showed a
globular protein markers used. positive interaction with LPP consisted of SPEC domain 2-3.

The analogous result was obtained with a full-length GSTNo interaction was observed with a tandem array spanning
LPP construct, which migrated on a gel with a relative mobilitySPEC domains 1-2 or 3-4. Furthermore, no interaction was
of 100 kDa (Fig. 2, right). In this case, our probe reacted witlobserved with SPEC domain 2 or SPEC domain 3 alone. In a
the full-length polypeptide as well as with several shorterparallel experiment, the tandem array of SPEC domains 2-3
minor polypeptides that had probably been created from theas also found to be the minimal fragment interacting with the
full-length construct by unspecific degradation. However, ouN-terminus of zyxin (residues 1-42) (Fig. 3). In this context it
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Interaction with
LPP  Zyxin
(1-61) (1-42)

SPEC

264 _ go2 + +
264_ 725 + +
497_ 892 - -

264 _ 515 - -
383_ 630 + +
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Fig. 3. Mapping of the LPP interaction sitednactinin by the two-
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Fig. 4. Competition between LPP and zyxin for the binding site-of
actinin as revealed by the three-hybrid system. Yeast reporter strain

hybrid system. The yeast reporter strain Y190 was cotransfected with190 was cotransfected with the prey vector pACT2 encoding-the
a prey vector encoding the N-terminus of LPP (residues 1-61) and actinin rod (residues 264-725) and the bait vector pBridge. The latter

different bait vectors encoding various fragmenta-@fctinin as
indicated. Two-hybrid interactions were analyzed by growth on
histidine, tryptophan and leucine-deficient plates. Positive
interactions (+) were verified by the colony filter lift assay.
Interactions of the sante-actinin fragments with the N-terminus of
zyxin (residues 1-42) were analyzed in parallel experiments. Note
that allao-actinin fragments that revealed a positive interaction are
able to form dimers in vitro (Li and Trueb, 2001). CH, region
containing calponin homology domains; SPEC, region containing
spectrin-like repeats; EF, region containing EF hands.

vector contained the sequence for zyxin (residues 1-42) in multiple
cloning site | and the sequences for zyxin (residues 1-42) or LPP
(residues 1-61 or 1-40) in multiple cloning site Il. Note that multiple
cloning site Il is under the control of tMET25promoter, which is
active in the absence of methionine, but inactive in its presence.
Colonies that grew on leucine- and tryptophan-deficient plates were
inoculated into liquid medium lacking leucine and tryptophan (black
bars) or, alternatively, lacking leucine, tryptophan and methionine
(grey bars). Expression of the reporter gengdfgalactosidase was
analyzed by a colorimetric assay. The results represent the means
with standard deviation from at least three independent
determinations.

should be noted that the tandem array of SPEC domains 2-3 is

the shortest fragment af-actinin that forms dimers in vitro

(Djinovic-Carago et al., 1999; Li and Trueb, 2001). Takerbind simultaneously or compete for binding to the same site.
together, our results suggest thaactinin binds via the same To distinguish between these two possibilities, we employed

site to both zyxin and LPP.

the yeast three-hybrid system (Fig. 4). This system makes use

For a quantitative comparison, we utilized a colorimetricof the pBridge vector, which contains two multiple cloning
assay and determined the relative expression of the reportgtes, MCSI and MCSII. Sequences cloned into the first site are
genelacZ We found that the N-terminus of LPP (residues l-expressed as fusion proteins with the DNA-binding domain of
61) interacted witlu-actinin (residues 264-725) with a relative GAL4 similar to the situation in the normal two-hybrid system.
affinity of 1.46+0.24 (=3), whereas the N-terminus of zyxin Sequences cloned into the second site, however, are expressed
(residues 1-42) interacted with the same fragment with as individual proteins (without GAL4 domain) from a

relative affinity of 10.28+3.1. Thus, the interactioroeéctinin
with zyxin is considerably stronger than that with LPP.

conditional promoter. This promoter is active in the absence of
methionine, but repressed in the presence of methionine. With

To map the binding site in LPP in more detail, we preparethe pBridge vector, it is therefore possible to investigate
a shorter construct corresponding to amino acids 1-40 aftimulating or inhibiting effects of a third protein onto a regular

human LPP. We found that LPP (1-61) did interact with

two-hybrid interaction.

actinin, whereas LPP (1-40) did not (data not shown). The The N-terminal sequences for LPP (residues 1-61 or 1-40)
sequence deleted in the shorter LPP construct correspondedto zyxin (residues 1-42) were ligated into MCSII of the

the a-actinin-binding motif that was conserved in zyxin andpBridge vector. The other cloning site harbored the N-terminal
LPP (see Fig. 1). Thus, the conserved motif appears to Bequence of zyxin (residues 1-42). These constructs were

responsible fon-actinin binding.

LPP competes with zyxin for a-actinin binding
Since both, LPP and zyxin bind ¢eactinin, they may either

transfected into yeast together with the bait vector pACT2 that
contained the sequence for the centralctinin rod (residues
264-725) as outlined above.

A control experiment with a pBridge construct lacking any
insert in MCSII showed transcription of the reporter gaog
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in the presence as well as absence of methionine, which GFP-LPP GFP-LPP
indicative of a positive interaction of zyxin withactinin (Fig.
4). When MCSII contained the sequence for zyxin (1-42), thi:
interaction was strongly reduced in the absence of methionir
because the additionally expressed zyxin (without GALZ
DNA-binding domain) competed fax-actinin binding with
the GAL4-zyxin fusion protein expressed from MCSI. In the
presence of methionine, no competition was observed sin
transcription from MCSIl was repressed. When LPP (1-61
rather than zyxin (1-42) was expressed from MCSII, the
zyxin—a-actinin interaction was also substantially reducec
(Fig. 4). However, the colorimetric assay showed that zyxin (1
42) inhibited the zyxine-actinin interaction to a larger extent
than LPP (1-61). This result is consistent with the observatio
made above that zyxin shows stronger affinity deactinin
than LPP. No significant inhibition was observed with LPP (1.
40), which lacked the conservedactinin-binding site.

Our results were confirmed by the converse experiment. Tt
sequence for LPP (1-61) was cloned into MCSI of the pBridg a-Actinin Zyxin
vector and expressed as a fusion protein with the DNA-bindin

domain .Of GALA4. When zyxin (1-42) was _expressed_ fromI_PP and zyxin. H9C2 cells were transiently transfected with a full-
MCSII, it strongly mh'b'te.d the LPR’_aCtm.'r.] Interaction length cDNA for LPP ligated into the expression vector pEGFP. Two
(data not shown). In this case, competition was nearlyjays after transfection, the cells were fixed, permeabilized and
complete, suggesting once more that zyxin possessed highgdined with antibodies agairstactinin and zyxin, respectively. The
affinity for a-actinin than LPP. green panel shows direct fluorescence emitted from GFP, the red
Taken together, our results clearly demonstrate that LPP ampdnel indirect immunofluorescence from antibodies ageistinin
zyxin bind to the same site afactinin in a mutually exclusive or zyxin. Bar, 2Qum.
manner.

Igig. 5.Comparison of the subcellular distribution of GFP-tagged

with the membrane anchor (M) of ActA and full-length LPP
Comparative subcellular distribution of LPP and zyxin or selected fragments derived thereof. PtK2 cells were
To compare the subcellular distribution of LPP and zyxin, théransfected with these constructs and analyzed under
cDNA sequence of LPP was ligated into a GFP expressioepifluorescence. The full-length construct of LPP (GFP-LPP-
vector. H9C2 cells were transfected with this construct ant) was found to be distributed specifically at the mitochondrial
inspected by epifluorescence microscopy (Fig. 5). The GFRBurfaces (Fig. 6). Interestingly, this construct appeared to have
fusion protein was found to be distributed specifically at focathe ability to induce aggregation of the mitochondria into a few
adhesion plaques as previously demonstrated (Petit et gbrominent clusters. When the transfected cells were stained
2000) with specific antibodies. When the transfected cells wenith antibodies against-actinin and inspected by double label
labeled with antibodies againstactinin and inspected by fluorescence, a strict codistribution @factinin and the full-
double label fluorescence, a punctate staining was observedength construct was observed. This phenomenon was
focal contacts and along stress fibers. Labeling of thparticularly evident at larger clusters of mitochondria (Fig. 6,
transfected cells with antibodies against zyxin specificalharrows). When the conservettactinin-binding motif was
marked the focal adhesion plaques. The staining pattern wemmoved from the full-length construct by deleting residues
very similar to that observed above with GFP-LPP (Fig. 5). N&1-57 (construct GFP-LPM), no codistribution of the
significant differences in the distribution of zyxin were fluorescence signal from-actinin and GFP was observed.
detected between GFP-LPP-transfected and non-transfectAdalogous results were obtained with shorter fragments
cells. Thus, LPP and zyxin exhibit a very similar subcelluladerived from the full-length LPP construct. A fragment
distribution, but GFP-LPP is not able to displace zyxin fromspanning only the N-terminal amino acids 1-61 of LPP (GFP-
its normal subcellular sites, at least not to an extent detectall®P61-M) codistributed witka-actinin and induced clustering
under the conditions used. of the mitochondria that was very similar to the full-length

construct (Fig. 6, arrows). In contrast, a shorter construct that

lacked the conserved-actinin-binding site (GFP-LPP40-M
LPP interacts with a-actinin in vivo spanning residues 1-40) did not show any codistribution and
The interaction of LPP witlu-actinin was also verified in did not induce mitochondrial clustering. Likewise, no
living cells. An experiment was designed to investigatecodistribution of a-actinin and GFP and no clustering of
whether LPP, which has been artificially targeted tamitochondria was observed in cells transfected with GFP-M
mitochondria, recruitsi-actinin to these ectopic sites (Fig. 6). alone.
As a sorting signal we used the membrane anchor of the proteinThese results demonstrate that LPP interacts avélotinin
ActA from Listeria monocytogenesyhich is able to direct in vitro as well as in vivo. Furthermore, the conserveattinin
a fusion protein to the surface of mitochondria. Severabinding site is essential for recruitment @factinin to an
constructs were prepared that encoded GFP fusion proteiestopic site.
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GFP o-Actinin Merge

GFP-LPP-M

GFP-LPPA-M

Fig. 6. Recruitment ofx-
actinin to LPP fusion
proteins targeted to the
surface of mitochondria.
PtK2 cells were transiently
transfected with GFP-fusion
constructs encoding full-
length LPP, full-length LPP
lacking amino acids 41-57
(LPPA), the N-terminal
fragment of LPP (LPP61,
residues 1-61) or a shorter
fragment (LPP40, residues
1-40) as well as a
mitochondrial anchor (M) as
indicated. Two days after
transfection, the cells were
fixed, permeabilized and
stained with antibodies
againsti-actinin. The green
panel shows direct
fluorescence emitted from
GFP, the red panel indirect
immunofluorescence from
antibodies against-actinin.
Arrows point to large
clusters of mitochondria.
Bar, 20pum.

GFP-LPP40-M GFP-LPP61-M

GFP-M

Discussion the regulation of gene expression (Petit et al., 2000; Nix et al.,
LPP is a member of the zyxin family of structurally related2001). The amount of zyxin and LPP in the nucleus is
proteins, which to date comprises zyxin, LPP, Trip6, LIMD1extremely small, such that it cannot be determined by direct
and Ajuba. The present publication, as well as a recent studijochemical means. A nuclear export signal found in LPP as
performed by Petit et al. (Petit et al., 2000) demonstrate thatell as zyxin appears to prevent a prolonged delay in the
LPP does not only share structural features with zyxin, but thatucleus (Petit et al., 2000; Nix et al., 1997). Thus, the two
the two proteins also have overlapping functional propertiegroteins shuttle between cell adhesion sites and the nucleus
At the structural level, LPP and zyxin exhibit the same domaiand play an active role in intracellular communication. This
structure with a proline-rich N-terminus and three C-terminafole might also explain why both proteins possess autonomous
LIM domains. At the functional level, both zyxin and LPP transcriptional activation properties. When analyzed in a
appear to serve as scaffold proteins in the dynamic assemiBAL4-based assay, both proteins are able to induce
of focal adhesions and cell-cell contacts. Under certaitranscription of a reporter gene. The regions of the two
conditions that are not yet understood in detail, both proteinsroteins that are responsible for this autonomous
can translocate to the nucleus where they may participate franscriptional activation have broadly been mapped to the
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central portion of zyxin as well as LPP (Petit et al., 2000; Lresonance correlated well with the results obtained by the two-
and Trueb, 2001). hybrid assay. We could confirm the difference between zyxin
The functional similarities between zyxin and LPP alsocand LPP in the affinity foix-actinin by direct competition
extend to their binding partners. Both zyxin and LPP bind t@xperiments. Zyxin completely abolished binding of LPR-to
VASP, a protein involved in the control of actin polymerizationactinin, whereas LPP just reduced binding of zyxia-tactinin
(Petit et al., 2000; Reinhard et al., 2001). In the presenh the converse experiment.
publication we showed that LPP, similar to zyxin, also interacts In spite of the fact that LPP and zyxin compete for the same
with a-actinin. This interaction could be demonstrated in vitrobinding site ina-actinin, LPP was not able to displace zyxin
with the isolated proteins (blot overlay) as well as in yeast cellsom its normal subcellular site when overexpressed in
by the two-hybrid system. The interaction was also verified imammalian cells. Likewise, our preliminary experiments (B.
mammalian cells in an experiment where LPP was ablgi, unpublished) suggest that zyxin is not able to displace LPP
to recruit a-actinin to the surface of mitochondria when from focal adhesions, at least not to an extent detectable under
artificially targeted to these ectopic sites. our experimental conditions. We interpret these findings as
Truncation analyses allowed us to localize the binding sitendicating the existence of a multitude of additional binding
to the central rod af-actinin, which contains the spectrin-like partners for zyxin and LPP. It might therefore not be possible
repeats SPEC 2 and 3. Only fragments that could dimerize to disturb a pre-existing focal adhesion complex by the mere
vitro were able to interact with LPP, suggesting that the dimerioverexpression of a single component.
conformation ofa-actinin is required for binding. A similar ~ We assume that the subtle differences between LPP and
conclusion has previously been reached with zyxin (Li anayxin, as outlined above, play a decisive role in the differential
Trueb, 2001). The formation of such dimers offers a plausibl&unction of the two proteins. Zyxin is actively involved in the
explanation why the recruitment@factinin to LPP, which has organization of focal adhesions, complexes that are composed
been expressed on mitochondrial surfaces, may lead to tleé more than 50 different proteins (Zamir and Geiger, 2001).
striking clustering of the mitochondria:actinin in its dimeric ~ When the expression of zyxin is inhibited by interfering RNAs,
form might function as a divalent crosslinker and connect twdocal adhesions are diminished and stress fibers are greatly
LPP molecules expressed on two different mitochondria. It iseduced (Harborth et al., 2001). The assembly and disassembly
possible that this crosslinking property of theactinin/LPP  of these complexes is critical for cell motility and may
complex has functional implications in the formation of focalrepresent the limiting step for maximal speed of migration
adhesions in living cells. (Palecek et al., 1998). Disassembly at the distal edge of the
The binding site ofa-actinin in LPP, by contrast, was focal adhesions and assembly at the proximal edge is
mapped to a motif present at the extreme N-terminus of LP&bontrolled by dynamic protein-protein interactions. Zyxin is
that is fully conserved in zyxin. When this motif was deletedpne of the first molecules that dissociates from dissolving focal
LPP did not interact witlw-actinin in the two-hybrid system adhesions (Rottner et al., 2001). Our previous studies showed
and lost its ability to recruiti-actinin to an ectopic site in that the interaction witln-actinin is necessary for zyxin to
mammalian cells. The conserved motif contains hydrophobicalize to focal adhesions (Reinhard et al., 1999). Thus, the
and basic amino acids (KKFXPVVAPKPK) and does not occucompetition of LPP (and other competitors) with zyxinder
in any other protein except zyxin and LPP. actinin could provide one of the mechanisms for the
In this publication we made extensive use of the three-hybridissociation of zyxin from dissolving focal adhesions. It would
system to tackle the question of whether LPP and zyxin bintherefore be interesting to investigate whether zyxin and LPP
to a-actinin in a mutually exclusive manner. Our resultsshow differences in their relative distribution at the distal and
demonstrate that the two proteins compete for the same binditige proximal end of focal adhesions.
site in a-actinin. Since LPP and zyxin coexist in most So far, all our studies have been limited to bilateral
fibroblastic and epithelial cells, the question about therotein-protein interactions. It is obvious, however, that a
biological significance for this functional redundancy arisescomprehensive understanding of the function of focal
The answer might be found in the existence of subtl@adhesions cannot be gained without extending our analyses to
differences between the two proteins. Petit et al. describedultiple protein interactions as they exist under physiological
minor differences in the intracellular distribution (Petit et al.,conditions. It is possible that the new technology of proteomics
2000). Although both proteins were found at focal adhesionwill be instrumental in tackling this challenge.
and cell-cell contacts, zyxin was more prominently distributed
than LPP along stress fibers. Furthermore, there was aThis study was supported by the Swiss National Science
difference in the relative abundance of the two proteins. Iffoundation  (grant = 31-061296) and by the Deutsche
fibroblasts, the level of zyxin was about five times higher thafiorschungsgemeinschaft (grant Re1011/3-1).
that of LPP. However, no significant difference in the relative
abundance was observed in epithelial cells (Petit et al., Zoo%eferences
In this publication we demonstrated that there is also a manifeEghar H R. Fei
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