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ABSTRACT: FAPS52 is a recently described focal adhesion-associated protein. It is a member of an emerging
PCH (pombeCdc15homology) family of proteins characterized by a common domain organization and
involvement in actin cytoskeleton organization, cytokinesis, and vesicular trafficking. Using gel filtration,
surface plasmon resonance, and native polyacrylamide gel electrophoresis analysis, combined with chemical
cross-linking of both native and recombinant protein, we show that FAP52 self-associates in vitro and
suggest that it occurs predominantly as a trimer also in vivo. Analysis of the various domains of FAP52
by surface plasmon resonance showed that the higthiglical region in the N-terminal half of the protein
provides the self-association interface. Overexpression of the oligomerization domain in cultured cells
was accompanied by major alterations in cellular morphology, actin organization, and the structure of
focal adhesions, suggesting that an orderly coming together of FAP52 molecules is crucial for a proper
actin filament organization and cytoskeletal structure. Comparison of the primary structures shows that
all of the members of the PCH family have, in their N-terminal halves, a similar, higiiglical region,
suggesting that they all have a capacity to self-associate.

FAP52 focal adhesionprotein of 52000 daltons) is a  and syndapin (isoforms | and ILt1). With Cdcl5 as the
recently characterized focal adhesion-associated proteinfounding member, this family of proteins is known as the
which, in immunofluorescence microscopy (IFM3plocal- pombe Cdcl15 homology (PCH) family 12). MAYP, a
izes with vinculin, talin, and paxillin1). It has a distinct macrophage actin-associated tyrosine-phosphorylated protein
three-domain structure with a highty-helical N-terminal (13), and its homologue PSTPIP 24 are similar to PSTPIP
half and a C-terminal SH3 domain interspersed by a except for the lack of the SH3 domain. PCH family members
nonglobular linker region. By these structural features and are also characterized by the presence of an N-terminal FER-
sequence similarity, it belongs to a larger family of proteins CIP4 homology (FCH) domairff and a proline-glutamic
which currently include the following members: EM13 of acid—serine-threonine (PEST) sequence close to the SH3
Echinococcus multilocularjs£G13 ofEchinococcus granu-  domain in most members. Some of the proteins, for instance,
losus(2), Cdc15 @) and Imp2 §) of Schizosaccharomyces FAP52, also have one or several NPF motifs, known for their
pombe Hof1/Cyk2 , 6) of Saccharomyces cerisiae, and role as EH-binding motifs in some other proteids); On
the mammalian or avian proteins PSTPIP 1, a pretine the basis of the sequence similarities, FAP52, PACSIN 2,
serine-threonine phosphatase-interacting prot&nCD2BPI, and syndapin Il are homologous proteins. FAP52 is most
a CD2 cytoplasmic tail-binding protei), CIP4, a Cdc42-  similar to a short isoform of syndapin Il (syndapin Il-s) and
interacting proteing), PACSIN (isoforms 1, 2, and 3,0), PACSIN 2 to a long isoform of syndapin Il (syndapin II-I).
Due to a high degree of sequence similarity, this group of
f This work was supported by the Finnish Academy and the Finnish proteins is also called the syndapin protein familg)(with

Cancer Research Fund. ) 'FAP52 as its founding member.
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Fax: 358-8-5375953. Phone: 358-8-5375950. The specific locational and functional features of FAP52/
‘Department of Pathology, University of Oulu. PACSIN/syndapin are still only partially known. They are

8 Thermo Labsystems OY. ; ; ; ; ;
| Department of Pathology, University of Helsinki. all widely expressed in various tissues. FAP52 associates

L Abbreviations: IFM, immunofluorescence microscopy; SH3, src With focal adhesionsl). PACSIN 2, on the other hand, is
homology 3; PCH, pombe Cdc15 homology; FCH, Fer-CIP4 homology; found in vesicular structures and in partial codistribution with
PEST, proline-glutamic acid-serine-threonine; GST, glutathione  actin filaments and microtubule network when overexpressed

Stransferase; PCR, polymerase chain reaction; aa, amino acid(s); HA, - - : ; ;
hemagglutinin; CEHF, chicken embryo heart fibroblast; PBS, phosphate- (17) Syndapln II, in turn, colocalizes with the endocytlc

buffered saline; DSS, disuccinimidyl suberate; DMSO, dimethyl Machinery in neuroendocrine cells and is involved in multiple
sulf_oxide; NPAG_E, nondenaturing polyacry_lami_de gel electrophoresis; protein—protein interactions at the synaptic vesicldﬁ)(

IB, immunoblotting; ECL, enhanced chemiluminescence; FPLC, fast Tp 5 despite a high degree of sequence similarity, syndapin
protein liquid chromatography; BSA, bovine serum albumin; SPR, . . . L
surface plasmon resonance; CD, circular dichroism; GT, glutathione; family members show distinctly different subcellular distri-

CBB, Coomassie Brilliant Blue; NC, nitrocellulose. butions and divergent functional associations. Their modular
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architecture is suggestive of an adaptor function, and long hemagglutinin (HA) epitope tag was employed. cDNAs
differences in the interactions mediated by the distinct encoding the full-length FAP52 and its N-terminus were
domains may underlie their different locational and functional produced and cloned into thecoRI/EcARV cloning site of
features. a pRKS5 vector (a gift from Dr. J. Schlessinger; New York
Focal adhesions are highly complex multimolecular as- University Medical Center, New York). The authenticities
semblies with a multitude of structural proteins involved in of all the cDNA constructs were verified by sequencing.
multiple protein-protein interactions 18). Via its SH3 Transfections and Cell Lysate€hicken embryo heart
domain, FAP52 could conceivably be part of such com- fibroblasts (CEHF) were prepared, grown, and lysed as
plexes. Other binding sites in FAP52 for interacting proteins described previouslylj. Transfections were carried out by
could be its two NPF motifs and the N-terminal end which using a Fugene 6-transfection reagent (Boehringer Man-
has a predicted highly-helical conformation. Theoretically, —nheim) and following the manufacturer’s instructions.
FAP52, via its N-terminus, could also self-associate and Chemical Cross-LinkingFor chemical cross-linking, 25
oligomerize, which could be important, e.g., for sequestration «L of the bacterially produced protein (0.15 mg/mL) in PBS,
of proteins interacting with the SH3 domain, NPF motifs, or the clarified CEHF lysate (0.15 mg/mL), was incubated
or other regions of FAP52. in the presence or absence qfll of 10 mM disuccinimidyl
Here we have investigated the supramolecular organizationsuberate (DSS) in DMSO for 10 min at room temperature.
of FAP52 and show that it self-associates and probably forms The reaction was terminated by addition ofué of the
trimers both in vitro and in vivo. By using transfection SDS-PAGE loading buffer into the reaction mixture.
experiments, we demonstrate that interference with the Gel Filtration Chromatography Bacterially produced
oligomerization of FAP52 leads to changes in cell morphol- FAP52 (1 mg/mL) in PBS or clarified CEHF lysate (0.75
ogy and in actin and focal adhesion organization. We also mg/mL) was applied on a Superdex 200 gel filtration column
show that the N-terminal coiled-coil region is crucial for the connected to the FPLC system. The sample was eluted with
homophilic oligomerization. On the basis of sequence PBS with a flow rate of 0.5 mL/min, and the run was
comparisons, we further propose that all of the members of monitored by absorbance at 280 nm. The peak fractions
the PCH family share a capacity to self-associate and (sample volume 1 mL) were collected and analyzed by

0|igomerize_ SDS-PAGE and IB.
Immunoblottinglmmunoblotting (IB) and enhanced chemi-
EXPERIMENTAL PROCEDURES luminescence (ECL) were carried out essentially as described
earlier (). As primary antibodies, Affi-K7 or anti-GST and,
General Procedures and Computer Programie solu- 44 secondary antibodies, peroxidase-conjugated anti-rabbit

tions, buffers, and procedures for standard purification and IgG or anti-mouse 1gG, respectively, were used.
precipitation of DNA and for restriction enzyme digestions ™ g rface Plasmon Resonan&urface plasmon resonance
and ligations of cDNAs were as described in Sambrook et (SPR) measurements were performed on a BIACORE 3000
al. (19). Production and purification of the recombinant analyzer (Biacore AB) controlled by a BIACORE control
proteins in BL21(DES3) cells were performed according to software, version 3.1.1. Anti-GST antibody was immobilized
st_andard procedures re(_:ommended by Amersham_Pharmacien a carboxymethyl-coated CM5 sensor chip by employing
Biotech. DNA sequencing was carried out by using auto- e GST capture kit and the amine coupling kit (Biacore AB).
mated sequencing. For sequence alignments, the prograngq coating with the GSFFAP52 fusion protein, the chip
Clustal X, version 1.820), was utilized. For the prediction |2« incubated with the fusion protein (0.15 mg/mL in 10
of the location of coiled-coil regions, the programs PairCoil ;M sodium acetate, pH 5.5) for 30 s with a flow rate of 30
(22) and MultiCoil (22) were employed at the network | /min The chip was then equilibrated with HBEP buffer
servers http://nightgale.lcs.mit.edu/cgi-bin/score and http:// [0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA,
nightingale.lcs.mit.edu/cgi-bin/multicoil, respectively. 0.005% (v/v) polysorbate 20]. Bacterially produced FAP52
Affi-K7. Rabbit polyclonal antibody to bacterially produced ¢ concentrations of 20, 50, 100, 200, and 400 nM or
FAP52, denoted Affi-K7, was produced and affinity-purified - fragments thereof at a concentration of 0.01 mg/mL in HBS
as described elsewherg)( EP were passed over the chip with a flow rate of;30
cDNA Constructs Full-length and truncated forms of min. The injection volume was 3@L. To correct the
FAP52 were produced as fusion proteins with glutathione sensorgrams for background binding and bulk refractive
Stransferase (GST) in BL21(DE3) cells by employing the index changes, a different flow cell without the immobilized
vectors pGEX-2TK and pGEX-2T (Amersham Pharmacia GST-FAP52 was used as a reference. As controls, GST-
Biotech). For that purpose, a 1.35 kb cDNA, encoding the coated chips were used onto which FAP52 was passed at a
full-length FAP52, was inserted into thBamHI/EcoRI concentration of 100 nM. Kinetics was analyzed by BlAe-
cloning site in the vector. The cDNAs encoding for the valuation software, version 3.1.
specific domains of FAP52 were prepared by PCR utilizing  Far-UV Circular Dichroism (CD) For CD experiments,
oligonucleotide primers with engineered restriction sites the protein was dialyzed against 50 mM potassium phosphate
matching those of the cloning sites in the vector. The buffer, pH 7.4. The concentration was then adjusted to

resulting PCR products were digested viidH| and EcaR| approximately 0.2 mg/mL. The CD value scans were
and ligated into the corresponding sites of the pGEX-2T or measured from 190 to 260 nm, at a step resolution of 2 nm
pGEX-2TK vector. and with a scanning rate of 20 nm/min. The CD spectra were

The cDNAs used for the transfection experiments in the average of 10 scans. The contentoshelicity was
cultured cells were produced by PCR. In the PCR reaction, calculated by employing a Protein Secondary Structure
a 3 primer with an extension specifygra 9 amino acid (aa)  Program, Model SSE338 (Jasco Reseald);
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Ficure 1: Purification and characterization of bacterially produced FAP52 and<F8P52. SDS-PAGE followed by (A) CBB staining

or (B) IB of proteins purified from bacteria containing no vector (lanes 1 and 5), GEX-2TK vector with no insert (lanes 2 and 6), or
GEX-2TK vector containing a cDNA encoding FAP52 (lanes 4 and 8). Protein extracts from the induced bacteria were affinity-purified on
GT—Sepharose. In lanes 3 and 7, the affinity-purified material was subjected to thrombin digestion prior to the run. Equal amounts of
protein were separated on SBBAGE in parallel runs. Lanes-#4 were processed for CBB staining. Lanes&were transferred to a
nitrocellulose (NC) membrane and probed using Affi-K7. Molecular mass markers are shown on the left-hand side.

Immunofluorescence MicroscogyEHF cells were grown A
on glass coverslips, fixed, and stained as described elsewhere ' ' 108143 780 367390 48
(1. In cases with staining of actin filaments, postfixation :
was carried out with ethanol for 1 min. As primary : : Binding
antibodies, rabbit polyclonal anti-HA or mouse monoclonal ——< i >— : FAPS2 I-145 -
anti-paxillin and, as secondary antibodies, fluorophore- —<E>—1 : FAPS2I-I84
conjugated anti-rabbit or anti-mouse 1gG, respectively, were ' SRS
used at appropriate dilutions. Fibrous actin was visualized =S ] maeszieas +
with rhodamine-phalloidin. Viewing was under a Zeiss : mﬁ FAPS2 185448+
LSM510 laser scanning microscope equipped with a Zeiss : %f\ FAPS 220448 1
Axiovert 110M inverted microscope (Carl Zeiss Microscopy). : : o T
The images were processed by using an LSM 3D software, : : SHZ | FAPS2 390448
version 5.2. (Carl Zeiss Microscopy). B : :
RESULTS °

Characterization of the GSTFAP52 Fusion Proteins 06
Figure 1 shows the protein staining (Figure 1A, lanegiL
and the corresponding (parallel run) 1B with Affi-K7 (Figure
1B, lanes 5-8) of proteins purified, by using glutathione
(GT)—Sepharose, from the induced and lysed bacteria o s 100 150 20 250 300 350 400 aso
carrying no vector (lanes 1 and 5) or vector constructs coding

for GST (|anes 2 and 6) or for GSIFAP52 (|anes 3’ 4' 7, Ficure 2: Domain structure of FAP52 and the deletion constructs.

- P ol (A) Schematic representation of the predicted domains and motifs
and. 8). After aff|n|ty.pur.|f|cat.|on, the materlallln 'a.”? 3 was of FAP52: FCH domain, aa 16104, coiled-coil region, aa 146
subjected to thrombin digestion. In Coomassie Brilliant Blue g0 two NPF motifs, aa 367369, 378-380, and SH3 domain,

(CBB) staining, no protein could be seen in the material aa 396-448. Diagrams of the various deletion mutants are shown.
affinity-purified from the control bacteria (lane 1). A single The mutants are named as FAP52 followed by the first and the

band Of 27 kDa’ Correspondlng to GST alone, a 63 kDa bandlast residue eXpressed. On the r|ght-hand Site, SPR SCreening to

: . . . determine the self-association domain in FAP52 is shown by plus
corresponding to FAP52 released by thrombin from its fusion (+) or minus ), indicating the presence or absence of bin)c/iiﬁg.

partner GST, and a 90 kDa band corresponding to €ST (B) pairCoil plot of FAP52 reveals three distinct regions with a

FAP52, were seen in panel A in lanes £ respectively. IB high probability to form coiled coils.

with Affi-K7 (panel B) confirmed that the 63 kDa band in

lane 3 and the 90 kDa band in lane 4 contain FAP52 and Recombinant FAP52 Self-Associates in Solutidhe

GST—FAP52, respectively. potential for oligomerization and the oligomeric status of
In Figure 2, a schematic representation of the domain the recombinant FAP52 in solution were determined by three

organization of FAP52 is shown, accompanied by schematic different methods: SDSPAGE of cross-linked FAP52,

representations of the constructs used in this work (Figure nondenaturing polyacrylamide gel electrophoresis (NPAGE),

2A). and gel filtration.
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) o Ficure 4: Surface plasmon resonance analysis. Sensorgrams
F'GUREhS' GCrOSss-Illanlng agd SESGF;A_EE' FZAFS.Z was re[ea;ed showing the binding of FAP52 to GSTFAP52 which was coupled
rom the GTSepharose-boun APS2 fusion protein by 4 immobilized anti-GST antibody. FAP52 in PBS was passed over
thrombin digestion. The purified protein was then mock-treated o anchored GSTFAPS2 at concentrations of 20. 50. 100. 200
(lane 1) or cross-linked with DSS (lane 2) and analyzed by SDS 5,4 400 nM. Each kinetic cycle involite 1 min association phase,
PAGE and CBB staining. Molecular mass markers are indicated ; 5 min dissociation phase, da 2 min regeneration phase (with

on the left-hand side. 20 mM glycine, pH 2.2; not shown). Experiments were carried out
) ) ) at 20°C with a flow rate of 3QuL/min.
As a first step to analyze the oligomeric state of FAP52,

chemical cross-linking of the recombinant FAP52 was done kDa
followed by SDS-PAGE and CBB staining. Figure 3 shows 290 —»
that the cross-linked FAP52 migrated as two distinct bands
of molecular masses 170 and 63 kDa (lane 2). They
correspond to a trimultiple and a unit molecular mass of
FAP52, respectively, suggesting that in solution FAP52
occurs predominantly as a trimer. Non-cross-linked FAP52, 66
on the other hand, was seen as a single band of 63 kDa (lane

1). Under similar conditions, cross-linking of unrelated

proteins did not yield covalent oligomers (not shown). 46 —»

To determine the nature of the native state of FAP52 in
solution, we also employed NPAGE and size exclusion gel
chromatography followed by IB with Affi-K7. In contrast
to SDS-PAGE in which detergent forces the molecules to DSS - +
dissociate from their interactions, these techniques preserverigure5: Cross-linking and IB of FAP52 in vivo. A clarified whole
the proteinr-protein interactions and, thus, give insight into cell lysate from CEHF was either mock-treated (lane 1) or cross-
the subunit structure of multimeric proteins. In both assays, linked with DSS (lane 2) and subjected to SEFSAGE followed
a trimeric form of 170 kDa was detected. Moreover, a PY IB using Affi-K7.
prominent and a weaker 350 kDa species was seen in
NPAGE and gel chromatography, respectively, most prob-
ably representing hexameric forms of FAP52 (data not
shown). Overall, the above experiments demonstrate the
capacity of FAP52 to self-associate and suggest the formation
of mostly trimeric and also higher oligomeric forms in
solution.

Kinetics of FAP52 Self-Associatiofhe interaction and
tmhgalﬂr;eélfcz ?g;lhﬁnl]:: ZISDZRSaerI]faia);sssig(illvaiglogvat(a:rglsgle%d dboy instead of G_S_'-FF_AP52 immobilized onto the chip, followed
that, we first determined the conditions under which the Y FAPS52 injection, no response was detected.
immobilized GST-FAP52 only occurs as a monomer. This ~ FAP52 Forms Oligomers in Vo. To study the oligomeric
was done by incubating the recombinant FAP52 in buffers state of the endogenous FAP52 in CeIIS, we utilized IB with
with various salt concentrations and pHS, followed by Affi-K7 of both the cross-linked whole cell Iysate and the
chemical cross-linking and SBSPAGE analysis. It was fractions from the size exclusion chromatography of a non-
established that in salt-free sodium acetate, pH 5.5, FAP52cross-linked lysate.
remains monomeric and that oligomerization starts occurring  Figure 5 shows the IB analysis of the whole cell lysate of
at pH 6.5 and with increasing salt concentrations (data not cultured CEHFs that was cross-linked with DSS (lane 2),
shown). On the basis of this screening, coating of the chip with non-cross-linked species as a control (lane 1). After
was done in 10 mM sodium acetate, pH 5.5. cross-linking, FAP52 migrates with a molecular mass of 170

To carry out a real time analysis of self-association, a serieskDa while in the non-cross-linked sample it displays a unit
of concentrations of FAP52 (from 20 to 400 nM) were mass of 63 kDa. This indicates that, in intact cells, FAP52
injected over the derivatized chip. Distinct changes in a occurs predominantly in an oligomeric, most probably a
response in sensorgrams were observed when FAP52 wasrimeric, form.

97 —»

>

1 2

passed over immobilized GSTFAP52 (Figure 4). The
difference between the RU values at the beginning and the
cessation of the analyte injection, marking the initiation of
association and dissociation, respectively, is an indication
of a binding of FAP52 in the solution to the anchored GST
FAP52. The association rate was estimated to be %.16°

M~! and the dissociation rate 5.4¢ 104 M, giving an
apparent affinity of 4.3 107° M. In the control, with GST
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the other hand, binding was seen up to a truncation at a level
of amino acid residue 281. This effectively attributes the self-
association function of FAP52 to the region spanning amino
acids 146-280. Distinct binding was also seen with frag-
ments 1184 and 226-448. This suggests that several
distinct regions within a span of 14&80 contribute to self-
association.

Secondary Structure PredictioBecondary structure pre-
diction of FAP52 proposes a high propensity éohelicity
in the N-terminal two-thirds of FAP521]. Moreover, the
heptad periodicity in this region and the conservation of
several amino acid residues within the heptads suggest a

lysate was passed through a Superdex 200 gel filtration column, cojled-coil organization and a propensity to form higher order

and 1 mL fractions were collected (lane 1412 mL; lane 2, 12

13 mL; lane 3, 13-14 mL; lane 4, 1415 mL; lane 5, 1516 mL;
lane 6, 16-17 mL; lane 7, 1718 mL) on the basis of the elution
profile of the gel filtration of the recombinant FAP52 under identical

oligomers {, 24). On the basis of this, we wanted to
determine whether a coiled-coil arrangement could underlie
the propensity of the N-terminal region encompassing

conditions. The retention volume is shown by the ruler at the bottom residues 146280 to self-associate.

and the elution of the molecular mass markers by arrows on the

top. Aliquots of the fractions were subjected to SEFFAGE. After

a transfer of the polypeptides to the NC filter, FAP52 in the fractions
was detected by IB with Affi-K7. From the position in the elution
profile the molecular mass of the native FAP52 in the cell lysate
was determined.

Figure 6 shows the IB of the fractions of the cell lysate
collected from the Superdex 200 column. The majority of
FAP52 eluted at a retention volume of-213 mL (lanes 1
and 2) and a minority at a volume of 418 mL (lane 7).

Figure 2B shows the probability of a coiled-coil arrange-
ment of FAP52 as analyzed by the program PairCoil. The
program predicts three regions comprising amino acid
residues 146179, 185-219, and 248280, with prob-
abilities of 53%, 100%, and 9%, respectively, to form coiled
coils. This region matches exactly with the region which
possesses the self-association capacity as determined by the
SPR experiments. Another program, MultiColl, predicts the
propensities of these three regions to form trimers to be 4%,
10%, and 0.5% and dimers 3%, 74%, and 0%, respectively

This corresponds to the molecular masses of 170 and 60 kDa(not shown). From this, it can be concluded that a region

respectively, as determined from the elution profile of the

spanning residues 1480 and showing a high propensity

markers, supporting the suggestion that FAP52 in cells occursto coiled-coil oligomerization accounts for the self-associa-

in a multimeric form.
Mapping of the Self-Association Site of FAPBRxt we

tion capacity of FAP52.
Circular Dichroism To verify theo-helical arrangement

wanted to delineate the region in FAP52 that is responsible in the recombinant FAP52, we analyzed the recombinant full-
for the self-association. For that purpose, we employed SPRlength FAP52, its N-terminus (aa-B59), and the C-terminal

with GST-FAP52 immobilized on the chip and various 5

SH3 domain (aa 396448) by CD (Figure 8). The CD

and 3 deletion mutants of FAP52 in the mobile phase. Figure spectra of the recombinant FAP52 and the N-terminus
7 shows the responses observed when the various truncategresented double minima at 208 and 220 hm and a maximum

forms of FAP52 were passed over the immobilized GST
FAP52. A distinct binding was seen with all of the N-

close to 212 nm. For the full-length FAP52, the molar
ellipticity ratio 02,0020s was 1.04 £12.2 x 10°4—11.7 x

terminal fragments of FAP52 except for the one encompass-10-4), which is characteristic of am-helical coiled coil 25).

ing residues +145. Among the C-terminal fragments, on

4004

2001

RU

1007

The extent ofo-helicity was calculated to be 25.8%. The

1448
+— 185-448

1-219
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+—1-184
o 1-359
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281-448
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-106+

=200
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1-145
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Ficure 7: Mapping of the self-association site by SPR. Sensorgrams showing the binding of the truncated forms of FAP52 to immobilized
GST—FAP52 were obtained by injecting 3Q of the mutant protein at a concentration of 0.01 mg/mL and with a flow rate @fL3@in
at 20°C. Each kinetic cycle involéta 1 min association phasa 5 min dissociation phase,@&a 2 min regeneration phase.
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Ficure 8: CD spectra of the affinity-purified (thrombin-released)

FAP52 and the polypeptides corresponding to its N-terminal end
(aa 1-359) and SH3 domain (aa 39@48).

SH3 domain of FAP52 exhibited only a single spectral
minimum at 198 nm, suggesting a random coil conformation.
The N-terminal fragment exhibited 57.7&shelicity. Thus,
the N-terminal half of FAP52 in solution shows the predicted
high a-helical content. The results also indicate that the
expressed recombinant fragments of FAP52 in solution adopt
a conformation predicted by computer programs.
Transfection Experiment3o gain insight into the role of

the self-association of FAP52 in cellular physiology, we
transfected cells with the HA-tagged full-length FAP52
(FAP52-HA) (Figure 9a,b,d) and the N-terminal region
which contains the self-association domain (aa2%3;

Ficure 9: Immunofluorescence microscopy of CEHF cells over-
expressing FAP52HA or FAP53;—HA. The cells were trans-

FAP52,:—HA) (Figure 9c). FAP52HA was seen mostly
widely distributed in the cytoplasm of the transfected cells
without any predilection to associate with subcellular or-

fected with pRK5 expression vector encoding for HA epitope-tagged
full-length FAP52 (a, b, and d) or HA epitope-tagged FARZ2).
Double staining was with rhodaming@halloidin for actin (left panel

in a—c) or with anti-paxillin for paxillin (left panel in d) and with

anti-HA for FAP52-HA (right panel in a, b, and d) or FAPRe-
ganelles (Figure 9a,b, green fluorescent cell in the right HA (right panel in c). Asterisks denote nontransfected cells.

panel). However, an accentuated staining was seen in cell

extensions and along the edges of the cell (Figure 9a,b, rightstaining in the narrow funnel-like parts of the cell, probably
panel, arrowheads). There were distinct changes in overalllepresenting the less motile trailing edge of the cell (Figure
cell morphology in these transfected cells. Instead of an 92, arrow). In the transfected cells with a phenotype
almost straight-edged contour seen in untransfected cellsrfésembling deficient spreading, there was usually some
(indicated by asterisks in Figure 9a,b, left panel), many filamentous network to be seen (not shown). In some
transfected cells displayed a highly undulating perimeter with transfected cells, a filamentous actin network was seen which
many surface protrusions and often a bent morpho|ogy was, however, Clearly in disarray with much more intercon-
(Figure 9a,b, fluorescent cells in the right panels). Other nections between the filaments and numerous brightly
categories of changes included cells with a more roundish Staining spot-like formations in the cytoplasm (cell corre-
morphology and an appearance compatible with a deficientsponding to the fluorescent cell in the left panel of Figure
spreading and cells with an almost needle-like, slender 9b).
appearance and a tube-like cross section (not shown). Some Also FAP52,—HA showed a fairly uniform cytoplasmic

transfectants were roundish and probably in the process ofdistribution in transfected CEHFs (Figure 9c, fluorescent cell
detaching from the substratum (not shown).

in the right panel). As a distinct feature of FAREZHA
There were distinct differences also in the actin organiza- transfected cells, extended cell protrusions with long, filopo-

tion of the transfected vs normal cells, as revealed by doubledia-like extensions were often seen (Figure 9c, arrows). In
staining for actin with rhodaminephalloidin of cell cultures  these cells, an attenuated or disarrayed actin network was
transfected with FAP52HA (Figure 9a,b, left panel). In  seen when compared with nontransfected cells (asterisk)

nontransfected cells (indicated by asterisks), typical longi- (Figure 9c, double staining for actin and FARGZHA).
tudinally oriented actin fibers were seen. In transfected cells

Since FAP52 is closely associated with focal adhesions,
(corresponding to the fluorescent cells in the right panels in we also wanted to know whether and how focal adhesions

a and b), a distinctly attenuated staining for actin was seenin the transfected cells are affected. Therefore, double
especially in the cells with a bipolar slender appearance andstaining experiments were carried out employing anti-HA
with several pseudopod-like protrusions (Figure 9a, left antibodies to detect overexpressed FAPBA (Figure 9d,
panel). On the other hand, there was a distinct filamentousright panel) or FAP5¢—HA (not shown) and anti-paxillin
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H 1d.% Sim.%
PACSIN 2 127 -GFRETREAEDGFRRAQRPWAKKLEKEVEAAKKAHHAACKEEKLAISREANSKADPSENPE 185 90 93
Syndapin Il 127 -GFRETREAEDGFRRAQRPWAKKLEKEVDAAKKAHHTACKEERLAVSREANSKADPSLNPE 185 89 94

FAPS2 127 -GFRETREAEDGFRRAQRPWAKKLKEVEAAKKAYHAACKEERLAISRETNSKADPALNPE 185 100 100
Syndapin| |25 -GPRETREAEDGFREKAQRPWAKKMKELEAAKRAYHLACKEEKLAMTREMNSKTEQSVTPE 183 70 84
EMI13 84 TSIREVENFDSEFENAQETWYKHYENVNRCKREYFHACKTVRSLQVQVONAKNEPFGTPE |43 35 57
CD2BPIL 117 ====== KEYEAVMDRVQRSKLSLYKRAMESKRTYEQRCRDADDA- -EQAFERISANGHQK 168 19 37
PSTPIP 117 =====- KEYEAIMDRVQESKLSLYKKRTMESKEAYDQRCRDADDA--EQAFERVSANGHQK (68 20 40
MAYP 117 ====== KETETIMDAAHRQRNAQFRRAMDAKENYEQRCRDRDEA--EQAVHRSANVANQR |68 22 4]
Imp2 126 ====== KMIVSGIEKVHRDKLSKHQALVEAQDRYHYLCKRVN--~~~~ YYVSQONMLFGK 173 12 30
Cdcls 130 =====s VVAANAIEELYQRKTALEIDLSEKKDAYEYSCNKLN------ SYMRQTREMTGR 177 20 43
Clp4 114 ------ RMHFQEGRRAQQQLENGFRQLENSKREFERDCREAERAAQTAERLDQDINATRA 167 23 45
Hofl 117 =====- TTLSGKIERLRMDKFNKRKKGCEVLORKLQDAQIRFR---- - DLOQLNENNMIGAK 165 17 45

AN A

H H H : @ ¥ H
PACSIN 2 186 QEKRLQDKIEKCRQDVLKTKEKYERSLKELDQ-GTPQYMENMEQVFEQCQQFEEKRLRFF 244
Syndapin Il 186 QLRRLODRIERCRQDVLRTRDRYERALKELDQ-TTPQYMENMEQVFEQCQQFEERRLRFF 244
FAP52 186 QLRRLODEVERSKQDVLETKAKYEKSLKELDN-ATPQYMENMEQVFEQCQQFEERRLRFF 244
Syndapinl 184 QQEELVDEVDECRQDVQETQEKYERVLEDVGE-TTPQYMEGMEQVFEQCQQFEEERLVFL 242

EM13 144 QLRRIEDRLREKGIMEEERTRRAYEEALSSLSD-VTPRYIEDMTQVFNRAQAFERERIIYF ()2
CD2BPIL. 169 QVERSQNRARQCRDSATEAERVYRQSIAQLEK-VRAEWEQEHRTTCEAFQLQEFDRLTIL 227
PSTPIP 169 QVERSQNEAKQCEKESATEAERVYRQNIEQLER-ARTENEQEHRTTCEAFQLQEFDRLTIL 227
MAYP 169 QQERLFVRLATSETAVEDSDRAYMLHINMLER-VREDWQSEHIRACEVFEAQECERINFF 227
Imp2 174 ELEEKNNARLNKTQNAITASSSDYQSAVAAVRD-SYARWTNEWRSTCDKLQDIEEERRHFL 232
Cdels 178 ELDEYNLEIRQAALAVEEMDAEYRETNELLLT-VTREWIDRWTEVCDAFQHIEEYRLEFL 236
CIP4 168 DVERAKQQAHLRSHMAEESKNEYAAQLORFNRDQAHFYFSQMPQIFDKLODMDERRATRL 227
Hofl 166 RVEHNRRELLKWESNSQEYKVQLDVLEQEYKA-SQKFWIHEWAQLSCELQEMENARISEL 224
PACSIN 2 245 REVLLEVQKHLNLSNVAGYKAIYHDLEQSIRAADAVEDLRWFRANHGPGMAMNWPQE--E 3(2
Syndapin Il 245 REVLLEVQKHLDLSNVASYRKGIYRELEQSIKAADAVEDLRWFRANHGPGMAMNWPQFEDE 3(4
FAP32 245 REVLLEVQKHLDLSNVASYRKNIYRELEQNIKTADAVEDLRWFRANQGPGMSMNWPQFEDD 3()4
Syndapinl 243 KEVLLDIKRHLNLAENSSYIHVYRELEQAIRGADAQEDLRWFRSTSGPGMPMNWPQE--E 3((
EM13 203 KEQALOMQEVLDISAKPNLSQIFVGLRETVARVDADADLERWSLAYGVDMAFNFPVE--Q 26()
CD2BPIL 228 RNALWVHSNQLSMQCVED-DELYEEVRLTLEGCSIDADIDSFIQAKSTGTEPPAPVPYQN 286
PSTPIP 228 RNALWVHCNQLSMQCVED-DELYEEVRLTLEGCDVEGDINGFIQSKSTGREPPAPVPYON 286
MAYP 2728 RNALWLELNOLSQQCVAN-DEMYEQVRESLETCSIEEKDIQYFVNQRETGQTPPAPIMYEN R3¢
Imp 733 KSVMWTPTLLISRSCFND-DQACERIRENLEQCSVSQDVLEFIDARSTGTGIPQPPKFYD 20|
Cdcl5 737 KTHMWAYANIISTACVED-DESCERIRLTLENTNIDEDITQMIQNEGTGTTIPPLPEFND 295
CIP4 228 G-AGYGLLSEAELEVVPIIARCLEGMRKVAANAVDPRNDSHVLIELHESGFARPGDVEFED 286
Hofl 225 QSKLQQPATSSMETYILE-QTRMDMLTNHLNSFTAADEISTFSKENGTGRLEKHRTSKGDM 233

A ANSAS A A A

Ficure 10: Multiple alignment of the members of PCH family using the Clustal X (1.8) program. The first column on the left shows the
name of the protein. On the left, the number of the first amino acid residue is given. On the right, the number of the last residue on the line
and the degree of sequence identity (1d.%) and similarity (Sim.%) with FAP52 are given. The single-letter code for amino acids is used.
The residues are colored according to the following scheme: all glycines, serine, threonine, and prolines (G, S, T, P) are colored as brown.
Other coloring is by the recurring feature: hydrophobic residues (V, M, I, L) are green; alanine, cysteine, and acidic and polar residues (A,
D, E, N, C, Q) are left white; basic recidues (R, K, H) are red; and aromatic residues (F, Y, W) are blue. A single fully conserved residue
is indicated by *, a strong conservation by and weaker conservation y The conservation score for each column is indicated by the

plot below the sequences. The SwissProt accession codes of the sequences are as follows: PACSIN2, g9UNFO; Syndapin II, q9qy20;
FAP52, 013154; Syndapin I, q93UWS5; EM13, q07840; CD2BP1L, 043586; PSTPIP, P97814; MAYP, QpZI88snt; Imp2, YBY2

SCHPO; Cdc15, q09822.swissprot; CIP4, 015184; Hofl, cykast.

antibodies (Figure 9d, left panel) to decorate focal adhesions.analysis, a high propensity to coiled-coil arrangement was

Similar changes were seen in cells overexpressing FAP52predicted for all of the aligned sequences (not shown). These

or FAP52. In general, distinct focal adhesions were seen results suggest that also other members of the PCH family

in both types of overexpressers as judged by immunodetec-may have a capacity to oligomerize through theinelical

tion with anti-paxillin antibodies. Compared to the nontrans- N-terminal region.

fected cells, however, they often showed aberrant morphol-

ogy in being usually small and with distorted morphology DISCUSSION

(Figure 9d, left panel; asterisk, nontransfected cell; arrow, . ] ] ] . )

transfected cell). Often their arrangement was abnormal; Several biochemical and biophysical techniques convinc-

instead of being regularly spaced and oriented radially in iNgly showed that FAP52 in solution has a capacity to self-

the peripheral parts of the cells, they were often seen in @ssociate. The results also suggest that it predominantly forms

disarray. homotrimers. By using sequentially truncated mutant forms
Comparison of the N-Terminal Domains of the Members Of the recombinant protein, the self-association site could

of PCH Family of ProteinsFAP52, along with its close e localized to a highly-helical region encompassing amino

relatives PACSIN 2 and syndapin Il, belongs to a family of acid residues 146280. This suggests coiled-coil arrange-

PCH proteins which share a common domain organization. Ment as the basis of oligomerization.

There is a high degree of sequence similarity{3@%) and From SPR measurements, a self-association binding af-

identity (12-90%) in the N-terminal region, ranging from finity of 4.7 x 10° M could be calculated on the premise

131 to 299, in all of these proteins, as shown in the alignment that only monomer-to-monomer binding takes place between

analysis by the Clustal X program (Figure 10). In PairCoil the analyte and the ligand. Taking into account that self-
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association takes place also in the soluti®)(the binding the actin filaments and multiple physical links between focal
constant of 4.7 107° M can be considered to represent a adhesions and actin filaments, it is tempting to speculate that
minimum value of the binding affinity. Thus, as a rough the overexpressed oligomerization domain of FAP52, by
estimation, it can be concluded that FAP52 self-associatesincreasing the number of monomeric FAP52 (by way of
at an affinity higher tharkp = 4.7 x 107° M. displacing FAP52 from its oligomeric complex and/or by
The calculatedt of 4.7 x 10°° M is indicative of a stable ~ Preventing FAPS2 from self-associating), creates aberrant
oligomerization of FAP52. In SPR analysis, it is manifested Sites of actin polymerization at the cell surface. The loss of
as a rapid interaction even at low concentrations and as athe regular filamentous actin organization, on the other hand,
slow dissociation. A similar smaks is also seen with many ~ suggests that the aberrant expression of the oligomerization

coiled-coil dimers with different primary sequences and with domain also disturbs the regular interaction, direct or indirect,
proteins forming either heterodimers [Fos/Jun;£200) x between FAP52 and the actin fibers associated with the focal

10° M; 27] or homodimers (bZIP protein VBP; 14 10°° adhesion sites. The presence of focal adhesion sites at least
M; 28). Similar high affinities have been found also in in most overexpressors of FAPS2 is intriguing. It could be
heterophilic coiled-coil formation in a study in which also €xplained on the basis that their integrity is not dependent
the use of SPR for such studies was valida9).( on intact stress fiberglp, 43). It also suggests that overex-
The distinct predominance of one oligomerization state P'éSsion of FAP52 probably interferes with the focal adhe-
of FAP52 is fully in line with what is seen with other coiled- sion—stress fiber linkage rather than the organization of focal

coil proteins. Thus, for instance GICN4 leucine zipper is 2dnesions per se.

commonly used as a model of dimer formation while heat ~ Focal adhesions consist of a complex of proteins that
shock transcription factors serve as a model system to studyassemble at sites of attachment of a cell to the extracellular
trimeric coiled-coil formation24, 30). The determinants for ~ matrix. Their formation is initiated by the engagement of
the putatively triple-stranded coiled-coil arrangement of the transmembrane protein integrins which, through their
FAP52 are most probably embedded in specific features of cytoplasmic tails, provide linkages to the actin cytoskeleton.
the typical heptad repeat structure of the oligomerization While clearly a hierarchical process, the binding kinetics
region such as, for instance, the occurrence of polar sidebetween integrins and their cytoskeleton-associated binding
chain amino acids serine and threonine characteristically in partners are poorly knowr§). Only recently, a systematic
thed or g positions of the repeat81, 32). Further work is, screening on kinetic aspects of several integritil(33)
however, needed to establish whether the determinants residéinding proteins was done%). It showed that the binding
exclusively within this region or whether the oligomerization affinity of talin, filamin, F-actin, andx-actinin ranged from
state is also affected by flanking sequences, for instance, in0.4 to 5uM. Although studied in platelets, these results
the case of the heat shock transcription fac®8).( More compare well with the data obtained by other meats—(
detailed studies are also underway to resolve the degree an&0). Overall, these data suggest that cytoskeletal proteins in
mechanism of oligomerization; whether it involves coopera- focal adhesions interact with a modest or weak affinity. This
tive transition from the monomer, as suggested by the currentmay be a requirement for versatility and velocity of the
data, or whether there are different oligomeric states thatassembly and disassembly of the linkages, dictated by the
could represent intermediate or equilibrium states. demands of the cell motility and transient adhesit).(The

Major morpho'ogica' Changes were seen in cells overex- h|gh‘aff|n|ty self-association of FAP52, on the other hand,
pressing either a full-length FAP52 or a polypeptide contain- suggests that FAP52 is constitutively present as an oligomer
ing the self-association domain of FAP52. It included in an intact cell, as, in fact, was strongly indicated by the
attainment of an aberrant overall morphology. Most promi- Cross-linking experiment in which FAP52 in cell lysate was
nently, the cells displayed numerous cell surface protrusionsseen almost exclusively in oligomeric form. Thus, it seems,
which were either lamellipodium-like broad-based extensions but remains to be established by further studies, that the
or slender and long cell surface extensions which probably major regulatory step in the incorporation of FAP52 into the
represent filopodia. The overall impression of the morpho- syntax of focal adhesions is not its oligomerization but,
logical changes was that, in transfected cells, there were morgather, its recruitment, as an oligomer, into contact with its
and more prominent areas and structures which are indicativeinteracting partners.
of high mobility. These include, e.g., pseudopod-like protru-  Despite a common architectural design, the members of
sions and filopodia34, 35). This correlates with the presence  the PCH family seem to be involved in quite different cellular
of a clearly attenuated stress fiber organization, typical of functions. Syndapins take part in vesicle trafficking in neural
migratory cells 84). Since both pseudopods and filopodia, and other types of cellslf). PACSIN acts in endocytosis
both present in transfected cells, are also actin-based(17, 52). PSTPIP is involved in cytokinesi§) The roles
structures 36, 37), it seems that what overexpression of of Cdc15 @) and Imp2 4) in S. pombere also associated
FAP52 or FAP5Z; brings about is a change in the balance with cytokinesis. Cyk2 of the budding yeast is instrumental
of factor(s) regulating the extent of polymerization of actin i the budding proces$). Despite these to all appearances
in various parts of a cell. disparate functions, all of these proteins are in some ways

Filopodia are thin, spike-like formations which have actin associated with events involving the regulation of the actin
filaments in their core38). In fact, polymerization of actin ~ cytoskeleton; according to Lippincott and L1ig), they may
is a prerequisite for their formation, and it can be induced, have a general involvement in actin-based functions. Thus,
e.g., by overexpressing in cells Cdc42 or RalA, GTPases for instance, localization of PSTPIP and PSTPIP2 (MAYP)
which regulate actin polymerization, or N-WASBX-41). in actin-rich areas suggests a general involvement in actin-
Thus, in regard to the close proximity of focal adhesions to based events/(14). CIP4, on the other hand, binds activated
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