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Structure, modifications and ligand-binding

properties of rat profilin 2a

Profilins are key regulators of the actin microfilament system
and in neuronal tissues the profilin 2a isoform is the most
abundant and important profilin. The high-resolution crystal
structure of rat profilin 2a has been determined in the absence
of ligands. By comparing the structure with those of peptide-
liganded profilin 2a and unliganded profilin 2b, it can be
concluded that the binding site for proline-rich peptides is pre-
organized. The C-terminus of profilin 2a is also well ordered in
the absence of ligand peptide, in contrast to the 2b isoform
which is generated by alternative splicing. Covalent modifica-
tions of four cysteine residues were also detected in profilin 2a,
as well as a number of other modifications in profilin 2 from
rat brain; such modifications could significantly affect the
function of profilin. It was also shown that profilin 2a binds to
the neuronal protein palladin, including a synthetic palladin
peptide; peptides from another profilin ligand, dynamin 1,
failed to interact with both profilin 1 and profilin 2a. These
results allow a better understanding of the structure—function
relationships and ligand binding of mammalian profilin 2a.

1. Introduction

The actin cytoskeleton is responsible for changes in cell shape
and motility. Focal contacts, lamellipodia and neuronal growth
cone motility all depend on the rapid polymerization and
depolymerization of actin. Cells contain several actin-binding
proteins that either promote or inhibit actin polymerization.

Profilins are small 15 kDa proteins that bind actin in a
stable 1:1 complex. Profilins enhance actin polymerization by
adding monomeric globular actin (G-actin) to the growing
ends of actin filaments (Kang et al., 1999). They also function
as nucleotide-exchange factors, catalysing the exchange of free
ATP for actin-bound ADP (Goldschmidt-Clermont et al.,
1992). Profilins also bind phosphatidylinositols (Lassing &
Lindberg, 1985) and a number of proline-rich ligands (Tanaka
& Shibata, 1985; Witke, 2004).

Four mammalian profilins (profilins 1-4) have been found.
Profilins 1 and 2 (Pfnl and Pfn2, respectively) are by far the
best characterized mammalian profilins; Pfn2 gives rise to two
variants by alternative splicing, which are termed profilins 2a
and 2b (Di Nardo et al, 2000; Lambrechts et al., 2000). Of
these isoforms, Pfn2a has the higher affinity towards proline-
rich ligands (Di Nardo et al., 2000; Lambrechts ef al., 2000) and
as a consequence of this its interaction with ligand peptides
has been intensively studied. Pfnl is the major form in most
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tissues except brain, where Pfn2a is dominant (Honore et al.,
1993; Witke et al, 1998). Neuronal Pfn2a is involved in a
number of nervous-system processes (Birbach, 2008), such as
the regulation of cortical actin; its overexpression results in the
suppression of neuritogenesis (Da Silva et al., 2003). The
expression of the minor isoform of Pfn2, Pfn2b, is limited to a
few tissues (Di Nardo et al., 2000; Lambrechts et al., 2000).

A number of proline-rich ligand proteins have been iden-
tified for both Pfnl and Pfn2a. For Pfn2a, these include a
number of proteins that participate in various aspects of
nervous-system function (Witke, 2004; Birbach, 2008). Among
the ligands of profilin are palladin (Boukhelifa ef al., 2006), a
protein that interacts with a-actinin (Ronty et al, 2004), and
dynamin 1, which is involved in membrane trafficking (Witke
et al., 1998; Gareus et al., 2006). Pfn2a-deficient mice show
abnormalities in their nervous system and behaviour, in-
cluding hyperactivity and novelty-seeking behaviour (Pilo
Boyl et al., 2007).

The structural data on profilins is extensive (Fedorov et al.,
1994; Nodelman et al., 1999) and includes a recent structure of
a profilin from the malaria parasite Plasmodium falciparum
(Kursula, Kursula, Ganter et al., 2008). The crystal structure of
human Pfn2b has been determined (Nodelman et al., 1999)
and the crystal structures of mouse Pfn2a complexed with
ligands from VASP and mDial have recently been reported
(Kursula, Kursula, Massimi et al., 2008). However, no crystal
structure of Pfn2a in the absence of ligand peptides has been
published.

Here, we report the crystal structure of unliganded rat
Pfn2a. The structure of Pfn2a contains unique features when
compared with other published profilin 2 structures: a disulfide
bridge between two neighbouring cysteines and two surface
cysteines modified by dithiothreitol (DTT). The C-terminal
helix, which is partly disordered in the unliganded structure of
Pfn2b (Nodelman et al., 1999), is fully ordered in Pfn2a and
thus the binding of proline-rich peptides to Pfn2a does not
involve large conformational changes. We have further
analysed the post-translational modifications in rat profilin 2
using proteomics methods, mapped them onto the three-
dimensional structure and characterized the binding of Pfn2a
to peptides derived from palladin and dynamin 1.

2. Materials and methods
2.1. Expression, purification and crystallization

Rat Pfn2a was expressed as a GST-fusion protein using the
pGEX-4T-2 vector (Loomis et al, 2003). Escherichia coli
Rosetta (DE3) cells were transformed with the vector and
expression was carried out in LB medium supplemented with
chloramphenicol (34 pg ml~") and ampicillin (100 pg ml™") at
310 K. The culture was grown at 310 K until the ODg,, was 0.7
and induction was performed with 0.4 mM IPTG at 291 K
overnight. The cells were harvested and suspended in 50 mM
HEPES pH 7.5 containing 50 mM KCI, 10% glycerol, 1 mM
DTT, 1 mM EDTA and 1% Triton X-100.

Table 1

Data-processing and refinement statistics for rat profilin 2a.

Values in parentheses are for the high-resolution shell.

Data collection .
Resolution range (A) 20.0-1.70 (1.74-1.70)
Space group P4,
Unit-cell parameters (A, °) a=b=511,¢=675,

a=pB=y=900
Completeness (%) 99.0 (99.8)
RmergeT (%) 6.9 (522)
Redundancy 31(3.1)
(Ilo(I)) 12.7 (22)
Refinement

Resolution range (A) 20.0-1.70
Reryect (%) 173
Reree$ (%) 21.6
R.m.s.d. bond lengths (A) 0.020
R.m.s.d. bond angles (°) R 1.8
R.m.s.d. B factors of bonded atoms (A?)

Main chain 2.5

Side chain 5.9
Ramachandran plot (%)

Most favoured 95.4

Additionally allowed 39

Not allowed 0.8

T Rmerge=Dag i i(hkl) = (FRKD)/ Yy 33 TChKD. % Rerysi=3 i |1 Fapsl = 1Feal|/
S it | Fapsl- 8 Reree Was calculated like R,y using only a test set of 5% of the data that
were not used in refinement.

The cells were disrupted by sonication and the lysate was
centrifuged. The supernatant was incubated with glutathione
Sepharose 4B (Amersham Pharmacia Biotech) at 277 K for
1 h. The mixture was then applied onto a gravity-flow column
and the column was washed with 1x PBS containing 0.1%
Triton X-100. The GST-fusion proteins were eluted with
20 mM glutathione in S0 mM Tris—HCI pH 8.0. The GST tag of
the fusion protein was cleaved with 100 U thrombin (Amer-
sham Biosciences) with gentle rotation at room temperature
overnight.

Pfn2a was applied onto a Superdex 75 HR 16/60 column
(Amersham Biosciences) pre-equilibrated with 50 mM Tris—
HCI pH 8.0 containing 150 mM KCI and elution was carried
out in the same buffer. The fractions containing Pfn2a were
pooled and concentrated to 10 mg ml~" with Amicon Ultra-15
centrifugal filter devices (Millipore). The protein was shown to
be folded, with a melting point of approximately 333 K, by CD
spectroscopy and Thermofluor assays (unpublished data).

Pfn2a (in 50 mM Tris—-HCI pH 8.0, 150 mM KCIl) was crys-
tallized at 277 K by the sitting-drop vapour-diffusion method
using 1 pl protein solution and 1 pl well solution (0.1 M acetic
acid pH 4.5, 2 M ammonium sulfate, 1 M NaCl) and equili-
brating against 100 pl well solution. The crystals grew to
0.06 mm in size in one month.

2.2. Data collection and structure refinement

Before data collection, a crystal was quickly soaked in well
solution supplemented with 10% glycerol as a cryoprotectant.
A data set was collected from the crystal on the EMBL BW7A
beamline at the DORIS storage ring, DESY, Hamburg. The
data were processed, scaled and merged using XDS (Kabsch,
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1993) and XDSi (Kursula, 2004) (Table 1) and 5% of the data
were set aside for calculation of the free R factor. Molecular
replacement was performed with MOLREP (Vagin &
Teplyakov, 1997) using mouse Pfn2a liganded with a proline-
rich domain of VASP (PDB code 2v8c; Kursula, Kursula,
Massimi et al., 2008) as a model. Refinement of the structure
was performed using REFMACS (Murshudov et al., 1997) and
phenix.refine (Adams et al., 2002) and model building was
performed in Coot (Emsley & Cowtan, 2004).

2.3. Two-dimensional electrophoresis and mass spectrometry

Two-dimensional electrophoresis and mass spectrometry
were carried out essentially as previously described (Chen et
al., 2006; Majava et al, 2008). A full description of the
experimental details can be found as supplementary material."

2.4. Synthetic ligand peptides

The peptides were aquired from GenScript (GenScript
Corp., Piscataway, New Jersey, USA). The peptides corre-
sponded to the second proline-rich region of human palladin
(FPLPPPPPPLPS, residues 208-219) and the proline-rich
regions of mouse dynamin 1 (GGAPPVPSRPGA and PFG-
PPPQVPSRP, residues 810-821 and 825-836, respectively)
suggested to bind Pfn2a with highest affinity (Gareus et al.,
2006).

2.5. Pulldown assay

Four different constructs of human palladin (corresponding
to residues 8-173, 8228, 101-301 and 222-387; Boukhelifa et
al.,2006) were used to produce GST-fusion proteins that were
then bound to glutathione Sepharose. 110 pg Pfn2a was
diluted with binding buffer (PBS supplemented with 0.1%
Triton X-100 and 1 mM DTT) to a final volume of 0.5 ml and
added to 25 ul of the matrix with similar amounts of the
different GST-palladin fusion proteins bound. The samples
were incubated at 277 K for 2 h, after which the Sepharose
pellets were consecutively washed four times with 1 ml
binding buffer. SDS loading buffer was then added to the
Sepharose pellets and the presence of bound Pfn2a was
visualized by SDS-PAGE.

2.6. Fluorescence spectroscopy

The binding of poly-L-proline to profilin results in a change
in fluorescence (Perelroizen et al, 1994). In profilins, two
tryptophans are involved in poly-L-proline binding and
therefore an excitation wavelength of 295 nm was used (only
tryptophan emission was observed). The measurements were
performed with an LS50B luminescence spectrophotometer
(Perkin—Elmer instruments, Waltham, Massachusetts, USA).
Emission spectra were collected from 300 to 400 nm at 0.5 nm
intervals. An integration time of 0.25s was used. All
measurements were performed at a stable temperature of

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: EN5345). Services for accessing this material are described at the
back of the journal.

208 K with a scan speed of 500 nm min~ .

chromator slit widths were set at 5.0 nm.

The proteins were diluted to 5 pM in 50 mM Tris pH 8.0
supplemented with 150 mM KCI; this buffer was also used as a
blank. The proteins were incubated with the peptides at room
temperature for 2 h before measurement. The spectra were
integrated between 300 and 315nm against the blank
(containing Pfn2a but no peptide) and the data were fitted
using nonlinear least-squares hyperbolae with a one-site
binding model.

The mono-

2.7. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were
performed at 303 K with a VP-ITC microcalorimeter (Micro-
Cal Inc., Northampton, Massachusetts, USA). 5 ul of 1 mM
palladin peptide solution was injected 20 times into 0.055 mM
Pfn2a solution. Buffer was used in control injections to correct
for the heat effects that were not directly involved in the
binding reaction. These titrations had the same parameters as
the measurements, except that 5-10 injections were used.

Both the protein and the peptide were extensively dialysed
in the same buffer (100 mM potassium phosphate pH 7.6)
before measurement and degassed. The data were analysed
using Origin (MicroCal Software). The measured data were
corrected by subtracting the heat of dilution and fitted using
the nonlinear least-squares fitting routine.

2.8. Surface plasmon resonance

The binding of the palladin and dynamin 1 peptides to
Pfn2a was analysed by surface plasmon resonance (SPR)
technology using a Biacore 3000 (Biacore AB, Uppsala,
Sweden) instrument. Pfn2a was coupled to a CMS5 sensor chip
using standard amine-coupling chemistry. The interactions
between the peptides and Pfn2a were analysed with peptide
concentrations between 50 nM and 2 mM. 30 pl of the peptide
solutions were injected onto the sensor-chip surface at a flow
rate of 10 pl min~" at 298 K in the running buffer (10 mM
HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% surfac-
tant P20). The observed responses were plotted against
peptide concentration and fitted similarly to the fluorescence
data above.

3. Results and discussion
3.1. The crystal structure of unliganded rat profilin 2a

The crystal structure of rat Pfn2a was refined at a resolution
of 1.70 A (Table 1), allowing a detailed structural analysis of
Pfn2a in the unliganded state. The structure contained 142
amino-acid residues (including a glycine and a serine residue,
after thrombin cleavage, at the N-terminus in addition to the
full-length sequence of rat Pfn2a), 220 waters, one sulfate ion
and two glycerol molecules. Pfn2a has the common profilin-
like fold with a central seven-stranded antiparallel B-sheet
flanked by C- and N-terminal helices and two short helices
(Fig. 1a). The similarity of the overall fold of rat Pfn2a to other
profilins is indicated by the r.m.s.d. values for the C* positions;

Acta Cryst. (2009). D65, 303-311

305

Haikarainen et al. + Rat profilin 2a



research papers

the rm.s.d.s for rat Pfn2a with mouse
liganded Pfn2a (139 aligned C” atoms),
human Pfn2b (136 aligned C* atoms),
bovine Pfnl (138 aligned C* atoms), human
liganded Pfn1 (138 aligned C* atoms), yeast
profilin (121 aligned C* atoms) and Arabi-
dopsis profilin (121 aligned C* atoms) are
0.8,0.8,09,1.0,1.9 and 1.8 10\, respectively.

The final electron-density map is of good
quality, with the exception of Gly93 and
Gly%94 in the loop connecting B-strands 5
and 6 for which the density was not
complete. Cys25, which is involved in a
disulfide bond with DTT (see below), is the
only residue in the disallowed region of the
Ramachandran plot.

In a number of profilin crystal structures,
sulfate or phosphate ions occupy the char-
acterized binding site for phosphatidylino-
sitols, formed, for example, by Arg74, Arg88
and Argl35 (Lambrechts ef al., 2002). In the
rat Pfn2a structure, the sulfate ion is coor-
dinated by Argl35 and Argl04, thus coin-
ciding with the putative phosphate-binding
site for phosphoinositols.

3.2. Modification of surface cysteines in the
structure

A distinctive difference from other
profilin structures published to date is the
disulfide bond between cysteines 15 and 16
(Fig. 1b). These cysteines are present in all
mammalian profilin 2 isoforms, but no
disulfide bond has previously been detected.
Unusual DTT adducts were additionally
found for two surface cysteines, Cys12 and
Cys25, of the protein (Fig. 1b). There are two further cysteines
in the interior of the protein that were not modified by DTT.
The formation of adducts with DTT by the two surface
cysteines demonstrates their reactivity towards free thiol
groups. DTT was only present in the lysis buffer during the
very first steps of protein purification. The DTT adducts were
therefore most likely to have formed during cell lysis. Since
the cells were broken by sonication, it is possible that the heat
generated locally by the sonication process promoted the
reaction. This observation is of general importance when
purifying a protein that may have reactive cysteine residues. It
is also noteworthy that Pfn2a crystals were only acquired from
one protein batch and that crystals could not be produced
from other batches. It is likely that the formation of the thiol
adducts in one batch stabilized the crystal lattice; in fact, the
adduct at Cys12 is located at the edge of a crystal contact area.

Interestingly, in redox proteomics studies (Fratelli et al.,
2002; Vorum et al., 2004), Pfnl has been characterized as a
target for glutathionylation, a modification that links gluta-
thione to a Cys residue via a disulfide bridge. The DTT adducts

Figure 1

Cys15-Cysl6

Cysl2-DTT
(b)

Cys25-DTT

Structural properties of rat Pfn2a. (a) The overall structure of rat Pfn2a (orange) and its
comparison to those of mouse Pfn2a bound to a ligand peptide from VASP (green) and human
unliganded Pfn2b (light blue). Residues 20-120 were used for the superpositioning in order to
be able to highlight conformational differences in the N- and C-terminal helices. The disulfide
bridge between Cys15 and Cys16 in rat Pfn2a is highlighted in magenta. (b) Electron densities
for the modified cysteine residues in rat Pfn2a. The electron density is the final refined 2F, — F,
map contoured at lo.

observed in our structure are analogues of this modification
and our structure confirms the high reactivity of the surface
cysteines of profilin towards covalent modification by sulfhy-
dryl-containing small molecules. Of the four cysteines found to
be modified in Pfn2a, only Cys16 is conserved in Pfnl and no
other surface cysteines are present in Pfnl; Cys70 and Cys127
are buried.

Profilins have also previously been shown to undergo
oligomer formation, most likely via disulfide bridges (Babich
et al., 1996; Mittermann et al., 1998; Wopfner et al., 2002;
Babich et al., 2005). The reaction can be explained by the
presence of reactive cysteine residues on the surface of
profilins; in the case of Pfn2a it is clear that all four surface
cysteines are reactive and it is possible that oligomers of Pfn2a
are formed via intermolecular disulfides. In fact, using small-
angle X-ray scattering, we observed that the apparent mole-
cular weight and radius of Pfn2a both increase on increasing
the protein concentration. The second virial coefficient is thus
negative, indicating the presence of attractive interactions
between Pfn2a molecules and demonstrating the formation of
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oligomeric forms of Pfn2a at high concentrations (unpublished
data).

Vicinal disulfide bonds, i.e. those formed between cysteine
residues that are adjacent in the primary sequence, are
generally considered to be ‘forbidden’ (Wouters et al., 2007),
but possible links between redox regulation and vicinal
disulfides have been suggested (Carugo et al., 2003; Wouters et
al.,2007). In this respect, it is noteworthy to mention that actin
is under redox regulation (Lassing et al., 2007). While little
evidence, apart from the putative oligomerization mentioned

Figure 2

Detailed comparisons between rat Pfn2a and previous structures of Pfn2. (a) The proline-rich
peptide-binding site. Colouring as in Fig. 1(a), except that the VASP peptide is in grey. Note
that the C-terminus of Pfn2b is disordered, while the terminal Phe139 is well defined in Pfn2a
both in the presence and absence of peptide ligand. (b) The actin-binding site. For clarity, the
backbone is only shown for rat Pfn2a (orange). The side chains of key actin-binding residues
are shown from rat Pfn2a, human Pfn2b (light blue) and mouse Pfn2a in complex with ligand
peptides from VASP (green) and mDial (yellow). A ghost of bound actin is also shown from
the complex between actin and Pfnl (Ferron ez al., 2007). Note the different conformations of

Arg74, a central actin-interacting residue, in the various structures.

above, at present suggests redox regulation for the function of
Pfn2a, such regulation could be possible by covalent modifi-
cation of surface cysteines.

3.3. Comparison of the structure with that of profilin 2b

The difference between Pfn2a and Pfn2b at the sequence
level concerns the C-terminal helix, which closely participates
in proline-rich ligand binding via its aromatic residues (Tyr133
and Phel39 in Pfn2a). It has been shown that Pfn2a binds to
poly-L-proline and proline-rich peptides
with high affinity (Petrella et al, 1996;
Kursula, Kursula, Massimi et al, 2008).
Pfn2b, however, has a significantly lower
affinity for poly-L-proline (Di Nardo et al.,
2000; Lambrechts et al., 2000). The C-term-
inal aromatic residue is conserved in Pfnl
(Tyr139) and Pfn2a (Phel39), but in Pfn2b
this aromatic residue, which is important for
the interactions with proline-rich ligands
(Kursula, Kursula, Massimi et al., 2008), is
missing. In the crystal structure of human
Pfn2b (Nodelman et al., 1999) the C-term-
inal helix was somewhat disordered and the
C-terminus was not visible; because of this, it
was not certain whether or not the
C-terminus of Pfn2a was ordered in the
absence of ligand peptides. Our structure
clearly indicates that the C-terminal helix is
well defined all the way to the terminal
COOH group (Fig. 2a), which is anchored
inside Pfn2a via interactions with the back-
bone N atoms of Gly106 and Argl07, which
are located in a tight turn between S-strands
6 and 7. In fact, it should also be noted that
the exact length of the C-terminus in Pfn2b,
which is fixed in Pfnl and Pfn2a, is not
absolutely conserved even in closely related
species; this implies that there has been no
evolutionary pressure to conserve the
C-terminus of Pfn2b and this is linked to the
poor (if any) interaction of Pfn2b with
proline-rich ligands.

In line with the observation that Pfn2a
and Pfn2b have similar affinities towards
actin (Lambrechts er al, 2000), the actin-
binding surfaces of the two proteins are
practically identical (Fig. 2b). On the other
hand, Pfn2b has a weaker affinity towards
phosphoinositols than Pfn2a or Pfnl (Lam-
brechts et al., 2000), which may be caused by
the absence of Argl35, a residue that is
commonly seen to bind sulfate ions in
profilin crystal structures, in Pfn2b. Both
Argl35 and Argl36 were found to be
important in Pfnl for binding (Lambrechts
et al., 2002).

Acta Cryst. (2009). D65, 303-311
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3.4. Comparison to peptide complexes

In our previous study on ligand peptide binding by mouse
Pfn2a at high resolution, we could visualize the fine details of
peptide—profilin interactions. Depending on the peptide, three
or four direct hydrogen bonds were formed between profilin
side chains and the peptide backbone carbonyl O atoms; in
addition, CH-mr bonds existed between CH groups from the
peptide and all individual aromatic rings in the binding site
(Kursula, Kursula, Massimi et al., 2008). The central Pfn2a
residues that interact with the peptides include Trp3, Tyr6,
Asn9, Trp31, Tyr133 and the C-terminal Phe139. A compar-
ison of the binding surface (Fig. 2a) indicates that the side-
chain rotamer conformations of Tyr6 and Asn9 differ between
the liganded and unliganded structures; the same is true for
Met130 (not shown), which is engaged in a van der Waals
interaction with the peptide in the complexes. Small changes
are also seen in the conformations of Tyr133 and Phel39,
while the two tryptophans in the binding site remain un-
altered.

The binding site for proline-rich ligands in profilins is pre-
organized. The current structure supports this view, despite
the fact that the N-terminal helix has shifted away slightly
from the C-terminal helix (Fig. 24) and the side-chain con-
formations of Tyr6 and Asn9 are different from the liganded
structures. It is likely that the disulfide between CyslS and
Cysl6 forces this shift of the N-terminal helix and the
previously unobserved side-chain conformation of Tyr6. In
fact, in molecular-dynamics simulations we have observed that
removal of the disulfide bond eventually causes the N-term-
inal helix to return to its ‘normal’ position (unpublished data).
Importantly, the C-terminal helix is also fully ordered in Pfn2a
in the absence of peptide ligand.

3.5. The detection of two isoforms of profilin 2 in rat
hippocampus using two-dimensional electrophoresis and
mass spectrometry

When identifying all the spots in rat hippocampus two-
dimensional gels in our previous study (Chen et al., 2006), two
spots were identified as Pfn2 (Fig. 3a). In order to shed light on
the post-translational modifications (PTMs) present in Pfn2,
these two spots were picked, digested with trypsin and chymo-
trypsin and analysed by nano-LC-ESI-CID/ETD-MS/MS. The
results are summarized in supplementary Table 1. It is note-
worthy that deamidation of Asn61 and GIn92, as well as
oxidation of Met86, were detected in both spots. We also
detected deamidation of GInl7 in spot 1. In spot 2, we ob-
served acetylation of Alal, deamidation of Asn9, GIn40 and
Asn99, deimidation of Arg74 and Arg88, methylation of
Glu95 (possibly caused by methanol during staining, based on
our previous experience) and oxidation of Met11 and Met113.

The difference in the observed isoelectric point of the two
spots strongly suggests that the spots represent the two
alternatively spliced isoforms profilin 2a and 2b. This is further
indicated by the fact that for spot 2 sequences covering the
C-terminus specific to Pfn2a were detected using both trypsin
and chymotrypsin, but for spot 1 no C-terminal peptide after

the splice site at residue 107 was detected. The observed pls
for the two spots also closely match those calculated for the
two splice isoforms. While Pfn2a is clearly the predominant
profilin isoform in the brain, low levels of Pfn2b expression
have also been detected (Di Nardo et al., 2000).

(b)

Figure 3

Two-dimensional electrophoresis and mapping of post-translational
modifications. (a) Two-dimensional electrophoresis gel of rat brain
hippocampus, with spots identified as Pfn2 highlighted. The details of the
selected spots are given in supplementary Table 1. The molecular-weight
standards (kDa) are indicated on the right and the pI values at the
bottom. (b) Mapping of the detected modified residues onto the crystal
structure of Pfn2a. The view is such that the actin-binding surface is at the
top and the proline-rich ligand-binding site at the bottom right, between
the N- and C-terminal helices.
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The PTMs are located on the surface of Pfn2 and many of of palladin was analysed (Fig. 4a) and the results indicated its
the modifications may thus have functional consequences. For interaction with the constructs containing proline-rich seg-
example, deamidation is a spontaneously occurring modifica- ments, most strongly with that containing only the second
tion of Asn and GlIn residues that is commonly detected upon proline-rich domain (residues 101-301). The results are similar
aging (Lindner & Helliger, 2001). Of the modified residues, to those observed previously using Pfnl (Boukhelifa et al.,
Asn9 is located at the binding site for proline-rich ligands, 2006).

while the residues Arg74, Arg88 and Asn99 are centrally The binding of Pfn2a to a peptide from the second proline-
located on the actin-binding surface and are known to be rich region of human palladin (Boukhelifa et al., 2006), as well
important for actin binding. The deimidation (citrullination) as to two peptides from dynamin 1 that were characterized as

of Arg74 and Arg88 could be the result of enzymatic action by binding sites for mouse Pfn2a (Gareus et al., 2006), was studied
peptidylarginine deiminase (Gyorgy et al., 2006). These results by ITC, fluorescence spectroscopy and SPR. In the fluores-
suggest that during aging Pfn2a accumulates PTMs in the cence spectroscopy experiment rat Pfnl was also studied. The
brain; this may adversely affect its function as a regulator of results of the fluorescence titration clearly indicated that while
the actin cytoskeleton. both Pfnl and Pfn2a bound the palladin peptide (Fig. 4b), very
low affinity, if any, could be detected towards either of the

. . X . peptides from dynamin 1. A low affinity in the millimolar

3.6. Binding of profilin 2a to palladin and dynamin 1 range could be seen for the peptide closer to the C-terminus of
Since Pfn2a is mainly a neuronal profilin isoform, we dynamin 1. The result is somewhat surprising, since the two
analysed the binding of rat Pfn2a to synthetic peptides taken dynamin peptides were exactly those that had been shown to
from two nervous-system ligands: palladin and dynamin 1. bind Pfn2a most strongly in a previous ligand-blotting ex-
Firstly, the binding of Pfn2a to various GST-tagged constructs periment (Gareus et al., 2006). Furthermore, in a pulldown
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Figure 4
Binding of rat Pfn2a to palladin and dynamin 1. (¢) Pulldown assay of purified Pfn2a on glutathione Sepharose-bound GST-fusion proteins of palladin.
The samples are as follows: 1, Pfn2a control; 2 and 3, GST-palladin(8-173) before and after incubation with Pfn2a; 4 and 5, GST-palladin(8-228) before
and after incubation with Pfn2a; 6 and 7, GST-palladin(101-301) before and after incubation with Pfn2a; 8 and 9, GST-palladin(222-387) before and after
incubation with Pfn2a. (b) Fluorescence spectroscopy. Shown are selected raw curves from the concentration series. Left, Pfn2a; right, Pfnl. In both
graphs the four solid lines represent concentrations of 0, 25, 50 and 100 uM of the palladin peptide (from bottom to top, respectively), the dashed line
represents 1.5 mM dynamin 1 peptide PFEGPPPQVPSRP and the dotted line represents 1.5 mM dynamin 1 peptidle GGAPPVPSRPGA. (c) ITC analysis
of binding between Pfn2a and the palladin peptide. The top part shows the raw baseline-corrected titration curve, while the bottom graph shows the
results of peak integration. (d) SPR analysis of binding between Pfn2a and the palladin peptide; left, binding curve; right, Scratchard plot. The low
response levels indicate that the majority of immobilized Pfn2a is not competent for binding peptide ligands. Very high concentrations of the dynamin
peptide are required for a detectable response (not shown).
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Table 2

Binding parameters for the interaction between Pfn2a and ligand peptides using different methods.

n.d., not tested.

We wish to thank Dr James Bartles
for providing the Pfn2a expression
clone and Professor Olli Carpén for the

Palladin peptide Dynamin 1 peptide

Dynamin 1 peptide ~ Palladin expression constructs. We also

FPLPPPPPPLPS GGAPPVPSRPGA  PFGPPPQVPSRP thank Dr Inari Kursula for helpful
discussions and comments and Viivi

Fluorescence spectroscopy . .. .
Ky (uM) 48 £ 9 (Pfnl), No binding >500 (Pfn1), Majava for careful supervision in the
71 £ 12 (Pfn2a) >500 (Pfn2a) laboratory. The beamline support at
Surface plasmon resonance : _
Ky (uM) 29 4 3 nd 51000 EMBL Ha@burg is gratefully acknowl
Isothermal titration calorimetry edged. This study was supported by
K4 (0M) ] 76+ 5 n.d. n.d. grants from the Academy of Finland
AH (kJ mol™) —511+50 n.d. n.d. . .
CTAS (k] mol ) . iy o .(PK) ancll the. Department of Biochem
AG (kJ mol™) —-23.9 nd. nd. istry, University of Oulu (TH). Crystal-
n 0.73 £ 0.06 n.d. n.d. lographic data collection at EMBL

assay, it has been shown that Pfn2a bound recombinant
dynamin 1 much more strongly than Pfnl (Gareus et al., 2006).
An explanation for the lack of interaction here may be the
lack of five consecutive proline residues in the peptides and
the fact that the peptides were free in solution, instead of
being immobilized. In a previous study, we showed using a
panel of peptides from mDial, including a number of mutated
ones, that a stretch of a minimum of five proline residues was
required for binding to mouse Pfn2a (Kursula, Kursula,
Massimi et al., 2008).

Binding of the palladin peptide to Pfn2a was also confirmed
by ITC (Fig. 4c) and SPR (Fig. 4d) and the affinity was in the
range 39-79 pM in all experiments. Such affinity is normal for
a profilin—peptide complex and is also seen for mouse Pfn2a
towards peptides from VASP and mDial (Kursula, Kursula,
Massimi et al., 2008). The energetics of the interaction also
very closely resemble those seen for the latter peptide ligands
when binding to mouse Pfn2a, suggesting a similar mode of
interaction. The results of the peptide-binding assays are
collected in Table 2.

4. Conclusions

We have presented the first crystal structure of the mammalian
neuronal profilin isoform Pfn2a in the absence of ligand
peptides. The structure proves that no large-scale conforma-
tional changes accompany proline-rich ligand binding in Pfn2a
and that, unlike Pfn2b (Nodelman et al., 1999), the C-terminus
of Pfn2a is also well ordered in the absence of a ligand peptide.
The reactivity of the surface cysteines, as well as the detected
PTMs in brain Pfn2, suggest that the function of Pfn2a in the
brain can be regulated by a number of modifications. We also
showed that like Pfnl (Boukhelifa e al., 2006), Pfn2a also
interacts with palladin in vitro and that the peptides from
dynamin 1, previously suggested to be Pfn2a ligands (Gareus
et al., 2006), failed to interact with both Pfnl and Pfn2a with
high affinity. Together, our results provide a structural frame-
work for better understanding the structure—function rela-
tionships in Pfn2a and the factors that may affect the function
of this important regulator of microfilaments.

Hamburg was supported by the

European Community Research Infra-
structure Action under the FP6 ‘Structuring the European
Research Area’ Programme (through the Integrated Infra-
structure Initiative ‘Integrating Activity on Synchrotron and
Free Electron Laser Science’), contract RII3-CT-2004-
506008(1A-SFS).
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