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The mode of interaction of birch and bovine profilins with actin was compared using a number 
of techniques. Birch profilin was purified from pollen or as a recombinant protein from Escherichia 
coli, using poly(L-proline) affinity chromatography and a monoclonal antibody for the identification 
of the isolated product. On two-dimensional gels, the genuine and recombinant proteins were iden- 
tical in molecular mass and isoelectric point and revealed that birch profilin, in contrast to the basic 
profilins found in mammals, is an acidic protein, analogous to maize profilins. Bovine profilin was 
obtained from calf thymus. 

In viscometric assays, the birch protein was seen to modulate actin filament formation analogous 
to animal profilin. Birch profilin increased the critical concentration required for muscle and brain 
actin polymerization in a concentration-dependent manner, supporting the notion of the formation 
of a heterologous complex between the plant protein and animal actin. The effect was Mg*+-sensi- 
tive, as had been described for homologous complexes. The dissociation constants obtained for the 
planthertebrate and the vertebratehertebrate system were both in the micromolar range. The affinity 
of birch profilin for muscle actin was slightly lower than that for nonmuscle (brain) actin. A binary 
complex of birch profilin and skeletal muscle actin could be isolated by gel chromatography. 

Cross-linking experiments with actin, birch profilin, the G-actin binding peptide thymosin p4 
and gelsolin segment 1, the N-terminal fragment of an actin capping protein, showed that profilin 
competed with thymosin p4, but had no effect on segment 1 binding to actin. 

These data indicate that the actin-binding domains in plant and animal profilins are functionally 
highly conserved, although the overall sequence similarity is less than 25%. 

Profilins are small (14- 17 kDa), ubiquitous proteins 
probably involved in the regulation of actin dynamics (cf. 
Haarer and Brown, 1990; Machesky and Pollard, 1993; 
Theriot and Mitchison, 1993 ; Pantaloni and Carlier, 1993). 
Originally, profilin was discovered in calf spleen extracts, as 
a 1 : 1 complex with G-actin (Carlsson et al., 1977). More 
recently, profilin homologues have been found in all eukary- 
otic cells examined, ranging from man, animals and plants to 
protozoa, and even as a constituent of the Vaccinia virus 
(Blasco et al., 1991). In multicellular organisms, profilin con- 
centration and isoform expression can vary considerably be- 
tween different tissues (BuB and Jockusch, 1989; Staiger et 
al., 1993). In addition to capturing the attention of cell biolo- 
gists as potential regulators of actin organisation (see below), 
they have recently also become of interest to biomedical sci- 
ence, since plant profilins are major allergens in man (Va- 
lenta et al., 1991, 1993). Sequence alignments revealed only 
a moderate overall similarity (22-40%) between different 
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profilins, with very few invariant amino acids (Pollard and 
Rimm, 1991 ; Rozycki et al., 1994). However, all profilins 
seem to share a high degree of structural and functional simi- 
larity. NMR (Vinson et al. 1993; Metzler et al., 1993, 1994; 
Archer, 1994) and X-ray (Schutt et al., 1993) analyses of 
protozoan, human and bovine profilins, respectively, have re- 
vealed a highly conserved structure. The sequences are 
folded into a compact molecule, containing a core of five 
anti-parallel /I-pleated sheets which are flanked by amino- 
and carboxy-terminal a-helices on one side, and two p- 
pleated sheets with one (Acanthamoeba) or two (bovine and 
human) a-helices on the other side. 

Regarding their function, all profilins known interact 
with actin, all eukaryotic profilins bind to poly(r>-proline) 
(Tanaka and Shibata, 1985) and most to polyphosphoinositol 
lipids, in particular phosphatidylinositol 4,5-bisphosphate 
(PtdInsP,) (Lassing and Lindberg, 1988). From comparison 
with other actin-binding proteins (Ampe and Vandekerck- 
hove, 1987), chemical cross-linking experiments (Vande- 
kerckhove et al., 1989) and X-ray crystallographic studies on 
the profilactin complex (Schutt et al., 1993), it became evi- 
dent that the N- and C-terminal a-helices participate in the 
actin-binding domain. The poly(L-proline) binding is con- 
fined to a hydrophobic surface-exposed patch distinct from 
this domain, involving six highly conserved aromatic resi- 
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dues (Schutt et al., 1993; Bjorkegren et al., 1993; Archer et 
al., 1994; Metzler et al., 1994). The binding domain for 
PtdInsP, is less well characterized. In Acanthamoeba profilin 
I, it has been ascribed to a cluster of basic residues, adjacent 
to the actin binding site (Vinson et al., 1993). The resulting 
model of the topographic relation of three ligand binding 
domains at the surface of the molecule is consistent with the 
observation that poly(L-proline) binding is compatible with 
actin binding (Tanaka and Shibata, 1985), while the interac- 
tions with PtdInsP, and actin are mutually exclusive (Lassing 
and Lindberg, 1988; Goldschmidt-Clermont et al., 1991 b). 

The biological significance of poly(L-proline) binding is 
as yet unknown. Actin and PtdInsP, binding, on the other 
hand, probably enable profilins to mediate between micro- 
filament organisation and signal transduction. Their interac- 
tion with actin is obviously complex : profilins have been 
described to sequester G-actin, thus shifting the balance be- 
tween monomeric and filamentous actin (Carlsson et al., 
1977). Additionally, they have been reported to catalyze the 
ADP/ATP exchange on G-actin (Mockrin and Korn, 1980; 
Goldschmidt-Clermont et al., 1991 b), to bind to the rapidly 
growing end of actin filaments (Pollard and Cooper, 1984) 
and even to 'desequester' actin, i.e. to release polymeriza- 
tion-competent ATP-G-actin from a cellular pool (Pantaloni 
and Carlier, 1993; Theriot and Mitchison, 1993). These re- 
ports emphasize that the intracellular profilin concentration 
must be an important factor in microfilament dynamics. 
Conversely, signal transduction-mediated fluctuations in the 
PtdInsP, concentration may regulate the concentration of free 
profilin in cells. Support for this view comes from data show- 
ing that EGF-dependent activation of phospholipase C,1 
leads to dissociation of a profilinlPtdInsP, complex (Gold- 
schmidt-Clermont et al., 1991 a). Obviously, a molecule act- 
ing at the crossroads between signal transduction and actin 
filament polymerization should be localized at the plasma 
membrane, and cortical enrichment of profilin has indeed 
been described for highly dynamic cells, such as locomoting 
and spreading fibroblasts (Bu8 et al., 1992), leukocytes and 
platelets (Hartwig et al., 1989). 

Many details, however, on the precise role of profilins in 
cells are still elusive (cf. Theriot and Mitchison, 1993) and 
it seems imperative to learn more about profilidligand in- 
teractions, in vitro as well as in cells. For plant profilins, 
which have been identified more than a decade later than 
protozoan and animal profilins, this is even more evident. 

In this study, we have analyzed the functional homology 
of the actin-binding properties between birch and bovine pro- 
filins. We found that the plant profilin, as purified from birch 
pollen or as a recombinant protein, interacts with mammalian 
actin. It interferes with actin polymerization in a Mg*+-sensi- 
tive manner and competes with several mammalian actin- 
binding proteins for the same binding site. Thus, it behaves 
analogously to the mammalian profilin. These data empha- 
size the close functional relationship between profilins of 
only moderate sequence similarity. 

MATERIALS AND METHODS 

Tissues 

Bovine and porcine tissues were obtained from freshly 
killed animals at the slaughterhouse. Calf thymus was frozen 
at -2O"C, porcine brain was only used as fresh material, 
cooled on ice. Rabbit skeletal muscles were obtained from 

freshly killed rabbits. Acetone powder was prepared from leg 
and back muscles according to standard procedures. 

Protein preparation 
Recombinant birch profilin 

The birch protein was expressed in Escherichin coli 
BL21 (DE3) (Studier et al., 1990) using a T7 RNA polymer- 
ase system. The bacteria were transformed with the plazmid 
pMW175 Prof (gift from M. Susani, Salzburg), containing 
the cDNA of birch profilin (Valenta et al., 1991) and grown 
in Luria broth with 0.2% glucose and 150 pg/ml ampicillin. 
Expression of birch profilin was induced with 0.5 mM iso- 
propyl P-thiogalactopyranoside at A,,, = 0.5 ("2 X lo* cells/ 
ml) and allowed to continue for at least 6 h at 37°C. The 
bacteria were harvested from a 3-1 culture by centrifugation, 
homogenized using an ultraturrax and lysed in 100 ml 
PHEM-TX lysis buffer (Schliwa and Blerkon, 1981) with 
20 mg lysozyme, 50 pg DNase I (grade 11) at room teniper- 
ature for 40 min. The supernatant of a high-speed centrifuga- 
tion step (lOOOOOXg, l h) was applied to a poly(L-proline)- 
Sepharose column (2x10 cm) (Tanaka and Shibata, 1985) 
equilibrated in washing buffer (20 rnM Tris/HCI pH 7.6, 
150 mM NaCl, 0.5 mM ATP). The column was washed with 
5 vol. washing buffer and washing buffer including 2 M urea. 
Bound profilin was eluted with 5 vol. 6 M urea in washing 
buffer. Fractions of 4 ml were collected and analysed on 
Tricine/SDS/polyacrylamide gels (see below). Profilin-con- 
taining fractions were pooled and dialysed extensively 
against 10 mM imidazol pH 7.2, 0.1 mM CaCl,, 0.1 mM 
ATP, 1 mM dithioerythritol. The protein was stored at 4'C. 

Birch pollen profilin 
Birch (Betula verrucosa) pollen (8 g), obtained from Al- 

lergon AB (Engelholm, Sweden), was homogenized in the 
same lysis buffer and under the same conditions as described 
for the recombinant protein. Likewise, purification and iden- 
tification were as described above. 

Calf thymus profilin 
Calf thymus (300 g) was homogenized in 300 ml extrac- 

tion buffer containing 50 mM Tris/HCl pH 7.5, 50 mM NaC1, 
20 mM MgCl,, 5 mM EGTA, 1 mM dithioerythritol, 1 mM 
phenylmethylsulfonyl fluoride (PhMeSO,F), 1 ml/l aprotinin 
(Trasylol, Bayer). The crude extract was cleared by two 
centrifugation steps (60 min at 13000Xg and 90 min at 
1OOOOOXg) and the supernatant was applied to a poly(L-pro- 
line) affinity column (2 X 10 cm) equilibrated in washing 
buffer. All steps were performed on ice or at 4°C. Washing 
and elution steps were performed as described for birch pro- 
filin. The 6 M  urea fractions containing profilin were dia- 
lysed against 25 mM Tris/HCl pH 7.6, 0.5 mM dithioerythri- 
tol, 0.1 mM ATP, 2.1 M urea (buffer A) and subsequently 
applied to a Mono-Q anion-exchange column (FPLC system, 
Pharmacia) equilibrated with the same buffer. The purified 
bovine profilin was recovered from the flow-through frac- 
tions and dialysed against the same buffer as birch profilin. 
The column was washed with buffer A and regenerated with 
a gradient of 0-1 M KCl in buffer A. 

Actin 
Actin was prepared from rabbit skeletal muscle as de- 

scribed (Spudich and Watt, 1971), with an additional gel 
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filtration step on a column (2.6X100 cm) of Sephadex G- 
150 (Pharmacia). Cytoplasmic actin was obtained from fresh, 
chilled porcine brain as described (Gordon et al., 1976; Weir 
and Frederiksen, 1982), with some modifications: 500 g por- 
cine brain was homogenized in 500 ml extraction buffer with 
10 mM Tris/HCl pH 7.4, 150 mM NaCl, 0.2 mM MgC12, 
0.2 mM ATP, 0.2 mM dithioerythritol, 0.1 mM PhMeS02F, 
0.1 % protease-inhibitor mix, and extracted for 30 min at 
4°C. The crude extract was cleared by sedimentation at 
13000Xg for 1 h and at 120000Xg, 4"C, for 3 h. The super- 
natant was dialysed overnight against buffer B (10 mM imid- 
azole, pH 7.5, 0.1 M KC1, 0.1 mM CaCl,, 0.5 mM ATP, 
0.2 mM dithioerythritol, 0.02% NaN,) and applied to a 
Servacel DES2-column (2.6 X 20 cm, Serva) equilibrated 
with buffer B. The column was washed with buffer B and 
actin was eluted with a linear gradient of 0.1 -0.5 M KC1 in 
buffer B. Actin-containing fractions were analysed by SDS/ 
PAGE and pooled. Actin was polymerized by the addition of 
MgC1, to 5 mM final concentration for either 1 h at room 
temperature, or overnight at 4°C. Filamentous actin was sed- 
imented by centrifugation at 120000Xg for 3 h and homoge- 
nized in 10-20 ml 5 X buffer G (5 mM Tris/HCl pH 7.2, 
0.2 mM CaCl,, 1 mM ATP, 2 mM dithioerythritol, 2 mM 
NaN,). After extensive dialysis, actin aggregates were re- 
moved by sedimentation and the G-actin-containing superna- 
tant was applied to a Sephadex G-150 gel filtration column, 
equilibrated in 2Xbuffer G. The column was washed with 
2 X buffer G and fractions were analysed by SDSPAGE. 

Additional proteins 

Equine thymosin p4 (purified as described in Hannappel 
et al., 1989) and the recombinant segment S1 of human cyto- 
plasmic gelsolin (Way et al., 1990) were obtained from Drs 
E. Hannappel (Erlangen) and A. Weeds (Cambridge), respec- 
tively. 

Protein quantification 

Protein concentrations were either determined using the 
bicinchoninic acid assay (Sigma) with bovine serum albumin 
as a standard (Smith et al., 1985), or spectrophotometrically. 
Profilin concentration was measured at 280 nm using an ab- 
sorption coefficient of 1.2 M-' . cm-' (Larsson and Lind- 
berg, 1988); actin concentration was determined at 290 nm 
with an absorption coefficient of 0.63 M-' . cm-' (Houk and 
Ue, 1974). 

Antibodies 

A polyclonal antibody against calf thymus profilin was 
raised in rabbits. The serum, diluted 1 : 250, reacted specifi- 
cally with profilin on two-dimensional gels prepared with 
total soluble calf thymus proteins (BuB et al., 1992). A mo- 
noclonal antibody against birch profilin was prepared accord- 
ing to standard procedures, using Balb/c mice and the Ag8 
myeloma line. The antibody obtained was classified as IgG 
subclass 2a and used as hybridoma tissue culture supernatant, 
diluted 1 : 2- 1 : 5. Its specificity and reactivity was tested by 
using various crude extracts from animals and plants, as well 
as purified profilins, in immunoblots (see below). The epi- 
tope was mapped by using synthetic oligopeptides (unpub- 
lished). The polyclonal antibody against skeletal muscle actin 
has been described (Polzar et al., 1989). 

Gel electrophoresis and immunoblotting 

Tricine/SDS/PAGE was performed as described 
(Schagger and Jagow, 1987) with an acrylamide concentra- 
tion of 10% for actin and 13% for profilin preparations. Two- 
dimensional gel electrophoresis of birch profilin was per- 
formed according to O'Farrell (1975) with slight modifica- 
tion, using carbamoylated anhydrase (Pharmacia) as a 
standard. Gels were stained with Coomassie brilliant blue. 
For immunoblotting, crude tissue extracts and purified pro- 
teins were separated on either conventional 10% SDS/poly- 
acrylamide gels or on Tricine/SDS gels, blotted onto nitro- 
cellulose (Schleicher & Schull) and incubated with the first 
antibody. Second antibodies (either goat anti-rabbit or rabbit 
anti-mouse immunoglobulin, diluted 1 : 4000, Sigma) labeled 
with horseradish peroxidase were used for labeling, and 
monitored either by 4-chloro-1 -naphthol/H,O, or diamino- 
benzidine/H,O,. 

Polymerization assay 

Actin polymerization was measured by high shear vis- 
cometry (Cooper and Pollard, 1982), using Ostwald viscom- 
eters size 150 (Cannon instruments, State College, Pennsyl- 
vania), with a buffer flow time of about 30 s. For the time 
course of actin polymerization and the influence of profilin, 
actin was incubated in 10 mM imidazol pH 7.0, 1 mM ATP, 
in the absence or presence of profilin in different molar ra- 
tios. After 30 min, polymerization was started by addition of 
KCl (50 mM final concentration) and the change of viscosity 
was monitored for 4 h. After addition of 2mM MgCl,, 
viscosity was recorded for an additional hour. The dissoci- 
ation constants ( K d )  of the different complexes were deter- 
mined as described (Tobacman and Korn, 1982; Tseng and 
Pollard, 1982; Larsson and Lindberg, 1988; Haugwitz et al., 
1991). Skeletal muscle actin (0.5-12 pM) was incubated 
without or with S - 10 pM calf or birch profilin in polymer- 
ization buffer. 

Isolation of the profilactin complex 

Complex formation of actin with birch profilin was also 
analyzed by gel chromatography. Equimolar concentrations 
(0.15 mM) of skeletal muscle actin and recombinant birch 
profilin were incubated in 5 mM Hepes pH 7.5 containing 
0.1 mM CaCl,, 0.5 mM NaN, and 0.1 mM ATP for at least 
1 h on ice. Thereafter, the mixture was applied to a column 
(45 X 1.5 cm) of sephacryl S 300 (Pharmacia) and eluted with 
the same buffer. The peak fractions were pooled, concen- 
trated by pressure filtration and analysed by SDSPAGE. 

Competition experiments 

G-actin from skeletal muscle was preincubated for 
30 min with either thymosin 4 or gelsolin segment 1 at room 
temperature in 5 mM Hepes pH 7.5, 0.1 mM CaCl,, 0.5 mM 
NaN, and 0.1 mM ATP. Thereafter birch profilin, that had 
been dialysed overnight against the Hepes buffer, was added 
at various concentrations and further incubated for 30 min at 
room temperature. The crosslinking reaction was initiated 
by the addition of 1 -ethyl-3 [3-(dimethylamino)propyl]carbo- 
diimide (stock: 0.1 M in 0.5 M Mes pH 8.0) to a final con- 
centration of 1 mM. The reaction was stopped after various 
time intervals (ranging over 0.5-24 h) by addition of boiling 
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Fig. 1. Purification and identification of profilins. Lanes I ,  2 and 
3, Coomassie-stained gel profiles of total soluble proteins from bo- 
vine thymus (I), birch pollen (2) and E. coli (3) transformed with 
the birch profilin cDNA; lanes l’, 2’ and 3’, the corresponding pro- 
filins after affinity purification on poly(L-proline) - Sepharose ; lanes 
I”, 2“, 3”, immunoblots obtained with the polyclonal antibody 
against thymus profilin (1”) and the monoclonal antibody against 
recombinant birch profilin (2”, 3”). Apparent molecular mass values 
for marker proteins (in kDa) are given on the left. 

Fig. 2. Two-dimensional gel electrophoresis of native (top) and 
recombinant birch profilin (bottom). pH marker positions for iso- 
electric focussing are given on the top, apparent molecular mass 
values (in kDa) are given on the left. 

SDS sample buffer. Subsequently, the samples were analysed 
by SDSPAGE and immunoblotting. 

RESULTS 

Biochemical and immunochemical characterization 
of purified profilins 

As shown in Fig. 1, isolation of profilins by affinity chro- 
matography on poly(L-proline) yield homogeneous protein 
preparations from extracts of calf thymus (Fig. 1, 1 and l’), 
birch pollen (Fig. 1, 2 and 2’) and transformed bacteria 
(Fig. 1, 3 and 3’). The identity of the purified proteins could 
be verified in immunoblots, using the corresponding antibod- 
ies (Fig. 1, l”, 2“, 3”). In this context, the availability of a 
monoclonal antibody against birch profilin proved very use- 
ful. This antibody specifically recognized birch profilin but 
not timothy grass (Valenta et al., 1994), tobacco or mamma- 
lian profilins. Its epitope was localized between amino acid 
residues 40-49, within a region highly variable in different 
profilins (Pollard and Rimm, 1991; Wiedemann et al., un- 
published). 

The birch protein was further characterized on two-di- 
mensional SDS gels. Fig. 2 shows that the major fraction 
in the protein preparation isolated from pollen extracts was 
identical with the recombinant protein in both molecular 
mass and isoelectric point. In addition, the genuine product 
showed a minor, smaller and more acidic component. This 
might either correspond to a second isoform of birch profilin, 
or to a degradation product of the major component. As the 
proportion between the two polypeptides varied with the 
preparation and storage time, the second possibility seems 
more likely. 

These results show that the genuine and recombinant 
forms do not differ in charge and that the plant protein is 
rather acidic. In this respect, it is similar to some profilins of 
protozoa and slime moulds, and also to the three isoforms 
isolated from maize, but is in contrast to the highly basic calf 
thymus protein (Table 1). 

Table 1. Isoelectric points of various profilins. 

Profilin PI Reference 

A. castellanii profilin IMIB 5.5 Ampe et al., 1985 
A. castellanii profilin I1 9.2 Ampe et al., 1985 
D. discoideum profilin I 6.6 Haugwitz et al., 1991 
D. discoideum profilin I1 7.3 Haugwitz et al., 1991 
l? polycephalum 5.4 Ozaki et al., 1983 
Calf spleen 9.1 Malm et al., 1983 
Human platelet 7.1 Lind et al., 1987 
Maize pollen (3 isoforms) ~ 5 . 8  Staiger et al., 1993 
Birch pollen 5.6 this study 

Interaction of birch profilin with mammalian actins 
Binding of the birch profilin to muscle and nonmuscle 

actins was monitored in viscometric assays, measuring the 
high shear viscosity of polymerizing actin solutions, and 
using calf thymus profilin as a reference (Fig. 3). As ex- 
pected (cf. Bul3 and Jockusch, 1989), the bovine protein de- 
creased the high shear viscosity of polymerizing brain actin 
in a concentration-dependent manner, resulting in a complete 
inhibition of viscosity increase at a molar ratio of 2:  1 (pro- 
filidactin). This effect of profilin has originally been as- 
cribed to its G-actin sequestering activity (Carlsson et al., 
1977). The profilin-actin (profilactin) complex is sensitive to 
Mg”, as can also be demonstrated by viscometry: after the 
addition of MgCl, to a final concentration of 2mM, the 
viscosity reaches the level of the actin control without pro- 
filin, indicating the dissociation of profilactin complexes 
(Fig. 3A). 

These data were compared with the influence of recornbi- 
nant birch protein on the polymerization of brain actin. As 
seen in Fig. 3 B, the birch protein also modulated the viscos- 
ity increase of polymerizing actin, indicating that a heterolo- 
gous complex of the plant protein with the mammalian actin 
was formed. The effect was somewhat less drastic: the same 
molar ratio of both partners that led to a total inhibition of 
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Fig. 3. The effect of profilin on the polymerization of mammalian 
actin, as measured by Ostwald-type viscometry. Brain (A, B) or 
skeletal muscle (C) actin, 11 pM each, was either incubated alone 
(0, control), or with various concentrations of thymus (A) or recom- 
binant birch (B, C) profilin, in the following molar ratios (profilin 
to actin): 1 : 1 (O), 2: 1 (A), 3 : 1 (+) and 4 :  1 (0). Polymerization 
was started by the addition of KCl (final concentration SO mM). 
(+) Addition of MgCl,, final concentration 2 mM. 

viscosity increase in case of the bovine protein (profilidac- 
tin = 2: 1) delayed the polymerization process, but did not 
block it completely (cf. Fig. 3A with 3B). At a molar ratio 
of 3 : 1 (profilidactin), the effect was more pronounced, but a 
complete inhibition was again not seen. Similar results were 
obtained when brain actin was replaced by skeletal muscle 
actin. In this case, the interaction was weaker as compared 
with the brain protein (cf. Fig. 3B with 3C, where profilid 
actin ratios of up to 4 :  1 were used). This indicates that the 
plant profilin, quite similar to thymus profilin (BuB and 
Jockusch, 1989, and data not shown), forms complexes with 

actin [pM] 

a5A 

D n  LL 
actin [pM] 

Fig. 4. The effect of profilin on the steady-state viscosity of skele- 
tal muscle F-actin. Skeletal muscle actin ( 0 . 5 1 2  pM) was incu- 
bated either alone (0, control), or with 5 pM (W) or 10 pM (A) 
thymus (A) and recombinant (B) birch profilin, respectively. Steady- 
state viscosity was measured 4 h after KCI-induced polymerization. 
The critical actin concentration required for polymerization can be 
deduced from the regression curves. 

the ply nonmuscle (and possibly a smooth muscle actin iso- 
forms) of brain preparations that are more stable than those 
obtained with a skeletal muscle actin. 

The affinity of the birch protein for mammalian actin was 
determined by monitoring the profilin influence on the steady 
state of F-actin viscosity. Fig. 4 shows the values obtained 
for skeletal muscle actin and bovine profilin (Fig. 4A) and 
the recombinant birch protein (Fig. 4 B), respectively. The 
plot fitted for linear regression shows the critical concentra- 
tion of actin required for polymerization as a function of 
various profi1in:actin ratios. From these data, the Kd value for 
the birch profilidmuscle actin complex was determined to 
5 pM, and for the calf thymus profilidmuscle actin complex 
to 3 pM. As seen in Table 2,  these values are within the 
range obtained for most protozoan and animal profilins with 
the homologous actin, or in heterologous complexes with 
muscle actin. Thus, despite the only moderate degree of se- 
quence similarity between plant and animal profilins, their 
interaction with a actin, as measured in this assay, is of com- 
parable affinity. 
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Table 2. Dissociation constants of various profilidactin complexes. 

Profilin Actin Kd Reference 

PM 
A. castellanii A. castellanii 1-10 Tseng & Pollard, 1982 
A. castellanii rabbit skeletal muscle 50-80 Mockrin & Korn, 1980 
D. dixoideum profilin I D. discoideum 5.1 Haugwitz et al., 1991 
D discoideurn profilin I1 D. discoideum 1.8 Haugwitz et al., 1991 
Rat spleen (recomb.) rabbit skeletal muscle 1-3 Babcock & Rubenstein, 1989 
Rabbit macrophage rabbit skeletal muscle 3 DiNubile & Southwick, 1985 
Porcine brain porcine brain 0.5 Nishida, 1985 
Porcine brain rabbit skeletal muscle 1.1 -1.5 Nishida, 1985 
Calf spleen calf spleen 0.4-0.01 Larsson & Lindberg, 1988 
Calf spleen rabbit skeletal muscle 1 Larsson & Lindberg, 1988 
Sheep spleen rabbit skeletal muscle 1-5 Carlier et a]., 1993 
Human platelet human platelet 3.7-4.5 Lind et al., 1987 
Human platelet human platelet 1-5 Goldschmidt-Clermont et al., 1991 a 
Human platelet rabbit skeletal muscle 1-5 Goldschmidt-Clermont et al., 1991 a 
Birch (recomb.) 5 this study 
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Fig. 5. Isolation of the binary complex between birch profilin 
and skeletal muscle actin. 7.9 mg actin in 5 mM Hepes pH 7.5, 
0.1 mM CaCl,, 0.5 mM NaN, and 0.1 mM ATP was mixed with 
2.46 mg profilin, incubated for 2 h on ice and subsequently loaded 
onto a Sephacryl S 300 column (dimensions 45X1.5 cm) equili- 
brated with the Hepes buffer. The column was eluted with the same 
buffer and fractions of 3.4 ml were collected. The graph shows the 
elution profile as obtained from gel chromatography, and the corre- 
sponding polypeptide patterns on SDSPAGE. Lanes 1-7, aliquots 
from fractions 12-18; lane 8, aliquot after concentration by pres- 
sure filtration. 

increasing concentrations of profilin. In all cases, actin was 
in molar excess over the ligand proteins. After subjecting the 
mixtures to the bivalent crosslinker l-ethy1-3[3-(dimethyl- 
amino)propyl]carbodiimide, the products were analyzed by 
SDSPAGE. Fig. 6A shows the stained gel pattern obtained 
for actin, the small G-actin-binding polypeptide thymosin p4 
and profilin (Fig. 6A, a) and the corresponding immunohlots 
with anti-profilin (Fig. 6A, b) and anti-actin (Fig. 6A. c). 
With increasing profilin concentrations, bands of crosslinked 
profilactin appeared. Although they were faint on the stained 
gels, they could be clearly identified by the corresponding 
immunoblots (cf. Fig. 6A, a, PA with b). A concommittant 
reduction in the thymosin PLMactin complex is seen, but is 
more obvious in Fig. 6B, lanes 8-11. No difference in the 
relative ratios of the crosslinked to non-crosslinked material 
was observed up to 24 h during the crosslinking reaction On 
the Coomassie-stained gels (Fig. 6A, a and 6B) very little 
crosslinked actin-profilin is visible. However, after Western 
blotting, an increase of crosslinked actin-profilin was detec- 
table that parallels the decrease in crosslinked actin-thymosin 
,04 (Fig. 6A, b). These data suggest that birch profilin com- 
petes with thymosin p4 for the same binding site on actin. In 
contrast, in analogous experiments, profilin was unable to 
reduce the amount of a complex formed between actin and 
the N-terminal domain of gelsolin, segment 1 (Fig. 6B, lanes 
2-51. 

DISCUSSION 
The interaction of birch profilin with mammalian actin 

could be further substantiated by coelution after gel filtration. 
Using this method, a binary heterologous profilactin complex 
could be isolated. Fig. 5 shows that the affinity between these 
two proteins is sufficient to withstand gel filtration and pres- 
sure concentration. 

In this study, we have shown that birch profilin is capable 
Of interacting with mammalian actin. A comparison of the 
recombinant PrOfih with the native One On two-dimensional 
gels showed that the Protein coded for by Our cDNA Probe 
was the major, if not the only, isoform expressed in birch 
pollen and that there is no maior post-translational modifica- 

Competition experiments 
with other actin-binding proteins 

&on of the plant protein. ThGs, ;he results obtained in this 
study with the recombinant protein can be considered as 
valid also for Dollen mofilin. 

The interaction of recombinant birch profilin with actin 
was also analysed in the presence of several mammalian ac- 
tin binding proteins. To obtain information on a possible 
competition for the same binding site on actin, skeletal mus- 
cle actin and the various ligand proteins were incubated with 

To c h a r a c k e  t ie  affinity of the birch profilin for mam- 
malian actin, we monitored its influence on the actin puly- 
merization and the steady-state viscosity of F-actin, using 
bovine thymus profilin for a reference. The determination of 
Kd values by this method can actually be criticized, since a 
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Fig. 6. Competition between birch profilin and other actin ligand 
proteins. (A) Competition between recombinant birch profilin and 
thymosin p4 for binding to skeletal muscle G-actin. (a) Coomassie- 
stained gel profile of l-ethyl-3[3-(dimethylamino)propyl]carbo- 
diimide-crosslinked products, obtained after 6 h of crosslinking from 
the following mixtures: lane 1, actin alone (15 pM); lane 2, actin 
mixed with IS pM thymosin p4; lanes 3-8, like 2, but with 4.8, 
9.6, 14.4, 19.2,28.8 and 38.4 pM recombinant birch profilin, respec- 
tively. (b) Immunoblot of a parallel gel, reacted with the monoclonal 
anti-(birch profilin), a second horseradish-peroxidase-coupled anti- 
body and chloronaphthoVH,O,. (c) The same blot as shown in (b), 
but subsequently reacted with a polyclonal anti-actin, a second 
horseradish-peroxidase-coupled antibody and diaminobenzidine/ 
H,O,. The differently coloured reaction products allowed for the 
assignment of the respective antigens. With these blots, the polypep- 
tides and crosslinking products could be identified as follows: P = 
profilin; A = actin; TA = thymosin P4-actin; PA = profilactin. The 
TA band decreases with increasing profilin concentration. (B) Com- 
petition between birch profilin, gelsolin segment 1 and thymosin 
p4, respectively. Coomassie-stained gel profile of reaction products 
obtained after 30 min 1-ethyl-3[3-(dimethylamino)propyl]carbodi- 
inlide crosslinking. Lane 1, 1.5 pM actin and 14 pM gelsolin seg- 
ment 1 ; lanes 2-5, like 1 but with 30, 60, 90, 120 and 120 pM 
profilin, respectively; lane 6, 15 pM actin with 60 pM profilin cros- 
slinked in the absence of segment 1 to demonstrate the inability 
of 1 -ethyl-3[3-(dimethylamino)propyl]carbodiimide to form enough 
crosslinked actin-profilin to become detectable on a Coomassie- 
stained gel so that the crosslinked material shown in lanes 1-5 
is predominantly actin-segment-I complex; lane 7, 15 pM actin 
crosslinked to 6 pM thymosin b4 in the absence of profilin; lanes 
8 - 11, like lane 7, but with 30, 60, 90 and 120 pM profilin. Cross- 
linking was performed as described in Materials and Methods. While 
the gelsolin-segment-1 -actin complex (SIA) does not change with 
increasing amounts of profilin, the decrease of the thymosin-actin 
complex (TA) is obvious. 

prerequisite for the calculation of free and profilin-bound ac- 
tin by this method would be that profilin exclusively interacts 
with G-actin. The weak F-actin capping activity of profilin 
(see introduction for references to this point) may therefore 
influence the calculation somewhat. However, we deliber- 
ately chose this method since the main purpose of this study 
was to compare the affinities of birch profilin for actin with 
data available in the literature for other profilidactin com- 
plexes, as obtained by the same or comparable methods. 

We found that birch profilin interacts with mammalian 
skeletal muscle actin with an afffhity quite comparable to 
other profilins. In general, the affinities for heterologous 
profilactin complexes reported are in the micromolar range 
(Table 2). In contrast, affinities higher by 10-100-fold have 
been found for the homologous calf spleen complex, with a 
Kd of 10nM in the absence of Mg” ions (Larsson and 
Lindberg, 1988). Recently, the interaction of birch profilin 
and also of mammalian (pig brain) profilin with plant actin 
filaments has been reported (Staiger et al., 1994). However, 
these studies were confined to microinjecting these proteins 
into living cells and no data on affinities are available. It 
should be interesting to determine the affinity of birch pro- 
filin to birch actin in homologous complexes. Unfortunately, 
the isolation of pure isoforms of plant actins in sufficient 
quantities is still not trivial and recombinant plant actin, 
although it can be efficiently expressed in bacteria (cf. Hei- 
mann et al., 1994), cannot be reconstituted easily into a fully 
polymerization-competent form. Thus, these experiments 
have to await further technical improvements in plant actin 
isolation. 

The interaction of birch profilin with mammalian actin 
could be further substantiated by competition experiments 
and crosslinking of the actidigand complexes. In previous 
studies, crosslinking of Acanthamoeba profilin Lysl15 
with actin Glu364 by l-ethyl-3[3-(dimethylamino)propyl]- 
carbodiimide and subsequent proteolytic digestion had been 
used to identify the contact site in the profilactin complex in 
solution (Vandekerckhove et al., 1989). For bovine profilin, 
Lys125 seems to occupy a similar position (Rozycki et al., 
1994). Our results show that the birch protein can also be 
crosslinked to actin. However, the crosslinked adduct was 
only detectable by using immunoblotting rather than Coo- 
massie staining. A reason for the low yield of crosslinked 
actin-profilin may reside in the primary structure of plant 
profilins, since a possible Lys residue cannot easily be iden- 
tified in the sequence. 

Birch profilin competed with thymosin jl4, another major 
G-actin sequestering protein in mammalian cells (Safer et al., 
1991), for actin binding, suggesting that the respective bind- 
ing sites are at least closely spaced. Although so far no direct 
evidence for competition of mammalian profilin with thy- 
mosin ,64 on actin has been reported, competitive binding can 
be deduced from recently published experiments (Pantaloni 
and Carlier, 1993). Regarding gelsolin segment 1. we found 
no competition between this ligand and birch profilin. The 
gelsolin contact site on G-actin has been defined to locate 
mainly to actin subdomain 1 and two Tyr residues in subdo- 
main 3 (McLaughlin et al., 1993). Bovine profilin forms 
crystal contacts with the same actin domains (Schutt et al., 
1993). Although the orientation of these two ligands is dif- 
ferent (cf. Rozycki et al., 1994), an at least partial overlap of 
both binding sites can be deduced from structural data. How- 
ever, as the affinities differ grossly (the gelsolin segment 
l/actin complex has a Kd value of 10 pM, i.e. 104-fold lower 
than the profilactin complex), the lack of competition be- 



688 

tween these ligands, as observed in this study, cannot be in- 
terpreted as proof for discrete and independent binding sites. 

In summary, our results show that birch profilin interacts 
specifically and with a reasonably high affinity with mamma- 
lian actin. They suggest that the contacts formed involve the 
same areas on the actin molecule as found for bovine pro- 
filin. Further insight into the interaction of plant profilins 
with actin will have to await detailed structural information 
on these proteins. 
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