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Abstract

Spinophilin, a neuronal scaffolding protein, is essential for synaptic transmission, and functions to
target protein phosphatase-1 to distinct subcellular locations in dendritic spines. It is vital for the
regulation of dendritic spine formation and motility, and functions by regulating glutamatergic
receptors and binding to filamentous actin. To investigate its role in regulating actin cytoskeletal
structure, we initiated structural studies of the actin binding domain of spinophilin. We
demonstrate that the spinophilin actin binding domain is intrinsically unstructured, and that, with
increasing C-terminal length, the domain shows augmented secondary structure content. Further
characterization confirmed the previously known crosslinking activity and uncovered a novel
filamentous actin pointed-end capping activity. Both of these functions seem to be fully contained
within residues 1-154 of spinophilin.
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Dendritic spines, globular protrusions from neuronal dendrites in the central nervous system,
are the major sites of excitatory signal transduction in dendrites. During the past few years,
it has been realized that dendritic spines are highly dynamic structures, both during
development and in the adult nervous system. Dendritic spine morphology changes rapidly
and can be visualized on a minutes time scale (e.g. [1,2]).

Dendritic plasticity is believed to be central for normal brain functioning [3]. The turnover
of dendritic spines is directly involved in memory formation [4], and changes in spine
plasticity caused by epileptic seizures may underlie cognitive deficits in epilepsy patients
[5]. Thus, a comprehensive description of the molecular components involved in the
regulation and maintenance of dendritic spine morphology is fundamental to our
understanding of the functions of the central nervous system.
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The molecular details that underlie the regulation of spine morphology have advanced
considerably in recent years. As actin is the only cytoskeletal component present in spines,
actin interacting proteins are prime candidates for the regulation of dendritic spine plasticity
[6]. Indeed, spine motility is powered by the polymerization of actin [7,8]. In addition, actin
regulators, such as profilin [1,9] and rho-dependent pathways (e.g. [10,11]), have already
been shown to influence spine morphology.

Spinophilin (Genbank ID PPP1R9B: protein phosphatase-1 regulatory subunit 9B), also
known as neurabin-11, is a neuronal scaffolding protein involved in the regulation of
dendritic spine morphology [12,13] (reviewed in [14]). Spinophilin binds and bundles actin
polymers, thereby stabilizing actin structures in the spines [15,16]. Moreover, spinophilin
can recruit rho-family GTPases, influencing actin reorganization [17]. Spinophilin also
targets protein phosphatases (protein phosphatase-1, PP1) [13,18,19] and binds to
glutamatergic receptors [20-22]. It is currently believed that spinophilin functions to target
PP1 to glutamate [a-amino-3-hydroxy-5-methyl-4-isoxazolpropionate (AMPA) and N-
methyl-o-aspartate (NMDA)] receptors, and thereby modulates their activity and trafficking
through regulation of their phosphorylation state [23]. Secondly, spinophilin targets PP1 to
the post-synaptic densities by providing a link to the microfilament system [24].

Spinophilin shares its general domain structure and about 65% overall sequence identity
with its neuronal isoform neurabin (Fig. 1A). Spinophilin, although ubiquitously expressed,
is predominantly found in neurones, whereas neurabin is expressed almost exclusively in
neuronal cells, generally at lower levels than spinophilin. Despite their similarity, they do
not compensate for one another [23,25,26]. Both spinophilin and neurabin contain N-
terminal filamentous actin (F-actin) binding, PP1 binding, PDZ and C-terminal coiled-coil
domains. In addition, neurabin, but not spinophilin, contains a sterile oo motif (SAM) domain
[27] in its C-terminus, whereas spinophilin, but not neurabin, may possess a dopamine
receptor / a-adrenergic interacting domain in its N-terminus, possibly between spinophilin
residues 200 and 400 [20]. The structures of the spinophilin and neurabin PDZ [22] and
neurabin SAM [27] domains have been solved recently by NMR spectroscopy.

Spinophilin interaction with F-actin is regulated by phosphorylation of its actin binding
domain (ABD) by protein kinase-A (PKA) [28], calcium / calmodulin-dependent kinase 11
[29], cyclin-dependent kinase-5 and extracellular signal-regulated kinase-2 (ERK2) [30].
PKA phosphorylates three serine residues located in the N-terminal region of spinophilin,
namely Ser94, Ser177 and, to some extent, Ser100, whereas ERK2 phosphorylates Ser15
and Ser205. Phosphorylation of spinophilin ABD leads to an attenuated interaction with F-
actin. Phosphorylation of these serine residues may be reversed by different phosphatases,
thus restoring the F-actin binding capacity of spinophilin [30,31], but the pathway
constituents that regulate actin binding through phosphate signalling are unknown.

We have undertaken a systematic and detailed structural and functional analysis of the ABD
of spinophilin. We show that residues 1-154 of spinophilin are both necessary and sufficient
to mediate F-actin binding. Critically, we also show that residues 1-154 of spinophilin and
longer spinophilin ABD constructs (residues 1-221 and 1-305 of spinophilin) are
intrinsically unstructured, as tested by NMR and CD spectroscopy. In addition, we show
that, at low molar ratios, spinophilin ABDs bind and crosslink actin polymers. However, at
high molar ratios, they cap F-actin polymers. Thus, we provide evidence for an F-actin
capping activity of spinophilin.

FEBS J. Author manuscript; available in PMC 2010 August 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schiler and Peti Page 3

Results and Discussion

Spinophilin construct design and production

Spinophilin has previously been shown to bind to actin polymers via its N-terminal domain
[16]. Furthermore, the spinophilin—F-actin interaction has been partially characterized in
vitro and in vivo. Here, we set out to study spinophilin ABD and its interaction with F-actin
using an array of biophysical characterization tools to gain insights into the mechanism of
the interaction. Proteins comprising spinophilin ABD residues 1-154, 1-221, 1-305, 154—
221, 154-301 and 221-305 were produced in Escherichia coli and purified to homogeneity,
free of affinity tags used for increased solubility during expression and purification. Thus,
untagged spinophilin constructs were analysed in this study, eliminating possible interaction
of actin with the hexahistidine tags on spinophilin.

Spinophilin and neurabin ABDs are predicted to be unstructured

We used secondary structure prediction and disorder recognition software to analyse the
sequence of spinophilin ABD (residues 1-305). Initial analysis showed that the sequence of
spinophilin was highly biased towards disorder-inducing amino acids (i.e. proline and
charged amino acids [32]), suggesting that it is unstructured. Six different prediction
programs were then used to estimate the secondary structure content of N-terminal
fragments of human and rat spinophilin and human neurabin. The results showed that only
approximately 20% of the spinophilin ABD sequence was predicted to adopt a classified
secondary structure (Table 1), with the remainder predicted to be in random coil. In a
subsequent step, the programs wereo, vs.2 and ronor Were used to detect regions of disorder in
the ABDs of spinophilin and neurabin. As shown in Fig. 1, these programs also predicted a
high degree of disorder in the ABDs of spinophilin and neurabin. On the basis of these
analyses, spinophilin and neurabin ABDs were predicted to be intrinsically unstructured
proteins (1UPs).

Spinophilin ABD is intrinsically unstructured

NMR spectroscopy is the only atomic resolution technique able to resolve the structural and
dynamic characteristics of IUPs. Therefore, to experimentally verify the in silico
predictions, we carried out one-dimensional 1H NMR experiments (Fig. 2A,B). The NMR
spectra of these constructs perfectly resembled the spectra of unfolded proteins: they showed
no signs of either amide proton dispersion, which is indicative of hydrogen bonding in
secondary structure elements, or ring current shifted methyl groups, which are caused by the
interaction of methyl groups with aromatic side chains in the hydrophobic core of folded
proteins. This suggests that these recombinant spinophilin protein constructs are intrinsically
unstructured. To further verify this result, we recorded far-UV CD spectropolarimetric
spectra of the spinophilin ABD constructs (Fig. 2C), which enables rapid analysis of the
overall secondary structure content of proteins. The CD spectra of residues 1-154, 1-221
and 1-305 of spinophilin were indicative of random coil structures, with a negative
absorption around 202 nm. However, the CD spectra for all three protein domain constructs
showed a negative absorption around 222 nm, indicating differentially increasing amounts
of a-helical content. Using [0]222 nm, the a-helical content was calculated to be 12%, 22%
and 30% for residues 1-154, 1-221 and 1-305 of spinophilin, respectively (details in
Experimental procedures). Thus, both NMR and CD spectroscopy showed experimentally
that all spinophilin ABDs were intrinsically unstructured. However, these unstructured
proteins, similar to their folded counterparts, displayed different properties. The core F-
ABD, the first approximately 160 residues, seemed to be mostly unstructured, behaving like
a random coil polymer. Additional C-terminal residues in the longer fragments (residues 1—
221 and 1-305 of spinophilin) showed more secondary structure, as revealed by CD
spectroscopy. The percentage amino acid composition was uniform within these three
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constructs, with one exception: the number of valine residues was doubled in the 1-221 and
1-305 sequences of spinophilin. Thus, the increasingly structured C-terminal regions of
residues 1-221 and 1-305 of spinophilin were rich in hydrophobic valine residues. This
augmented hydrophobic density could form the hydrophobic nucleus for increased tertiary
interactions and secondary structure formation, probably explaining the experimental
differences in the CD spectra. Finally, this was supported by empirical observations, which
indicated that residues 1-154 of spinophilin degraded more rapidly (24-36 h) than residues
1-221 and 1-305 (~ 5-6 days), when stored at 4 °C, indicating an easier access for proteases
to the putative random coil structure of residues 1-154 of spinophilin.

Thus, our experimental NMR and CD data clearly demonstrated that the spinophilin ABD
constructs were largely disordered, and that their secondary structure content increased with
their C-terminal length.

Despite being intrinsically unstructured, spinophilin ABD is active

It was critical to verify that spinophilin ABDs were biologically active. This was
accomplished using F-actin cosedimentation assays. The spinophilin proteins were
incubated with calf brain y-actin under polymerizing conditions and subjected to
ultracentrifugation. Residues 1-154, 1-221 and 1-305 of spinophilin sedimented with actin
polymers when added at substoichiometric amounts (4 : 1 F-actin : spinophilin construct
molar ratio; Fig. 3A). Therefore, this experiment showed specific binding activity towards
F-actin of our recombinant spinophilin domains, in spite of their intrinsically unstructured
nature. By contrast, additional spinophilin constructs, comprising additional fragments of
spinophilin's ABD (residues 154-221, 221-305 and 154-305 of spinophilin), did not
cosediment with F-actin filaments (Fig. 3A). Together, these data show that residues 1-154
of spinophilin are sufficient to mediate the spinophilin interaction with F-actin. Furthermore,
fragments lacking residues 1-154 of spinophilin cannot interact with actin polymers. This
contrasts with a previous study [33], where a second actin binding site was identified in
residues 154-305 of spinophilin.

To further verify that our recombinant rat spinophilin ABD constructs functioned identically
to wild-type spinophilin, we studied their activity under transient covalent modifications.
Phosphorylation at Ser94 and / or Ser177, mediated by cAMP-dependent PKA, has been
shown to suppress the actin binding activity of spinophilin from rat [28,29] (Ser177 is not
conserved in human and mouse; however, PKA phosphorylation of mouse spinophilin Ser94
is sufficient to suppress its association with F-actin [34]). As illustrated in Fig. 3B, residues
1-221 of spinophilin, treated with PKA, showed a substantially reduced capacity to
cosediment with actin polymers. This shows that our recombinant spinophilin, like wild-type
spinophilin, is responsive to kinase regulation.

Spinophilin F-ABD is capable of F-actin reorganization

Spinophilin has been shown to crosslink actin polymers in vitro [16]. To study the effects of
spinophilin ABD on the overall morphology of F-actin, we used fluorescence microscopy of
rhodamine—phalloidin-labelled actin polymers (Fig. 4). As expected, actin polymers alone
appeared as elongated fluorescent filaments (Fig. 4, top panel). The addition of residues 1-
154, 1-221 or 1-305 of spinophilin (4 : 1 F-actin : spinophilin molar ratio) strongly induced
the crosslinking of actin polymers. The resulting filament network resembled that obtained
with other crosslinking proteins, such as fascin [35,36], filamin [37] and cortexillin [38]. In
the presence of these ABD constructs, the concentrations of fluorescent actin polymers
appeared to be higher because of the precipitation of crosslinked actin polymer networks
onto the glass surface. In agreement with our cosedimentation results, residues 154-221 and
154-305 of spinophilin did not influence the overall morphology of F-actin (Fig. 4).
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These results show that the crosslinking of actin polymers in vitro does not require any
additional regions outside the core ABD residues 1-154 of spinophilin. Furthermore,
although the dimerization of spinophilin is achieved via its C-terminal coiled-coil domain
(Fig. 1A), our results demonstrated that residues 1-154 of spinophilin are able to bind to
several actin polymers at a time. At least two potential scenarios can explain these results.
First, residues 1-154 of spinophilin may have the ability to form dimers, which would result
in two F-actin binding sites, one in each dimer. As size exclusion chromatography indicated
that this sequence (residues 1-154) of spinophilin is monomeric in solution, this would
implicate F-actin binding as an activating step for dimer formation. Second, an alternative
explanation is the existence of two F-actin binding sites, separated by a flexible linker,
within residues 1-154 of spinophilin. As an IUP with little recognizable secondary structure,
as demonstrated by CD spectroscopy, this sequence (residues 1-154) of spinophilin shows
dramatically increased flexibility when compared with natively folded proteins. This
increased flexibility would enable the existence of two F-actin binding sites and a putative
flexible linker with much fewer residues when compared with folded proteins.

The observed F-actin crosslinking activity was clearly more pronounced with the longer
spinophilin ABD constructs, especially residues 1-305 of spinophilin, a difference which
was not resolved in the sedimentation assay (Fig. 3). This may indicate that the region 154—
305 modulates the relative angle of the two putative actin binding sites. On the basis of
published data, this may also be caused by different effective concentrations of the
spinophilin constructs, as this has been shown to shift the activity of other proteins between
F-actin bundling and crosslinking [39].

Spinophilin is a pointed-end capping protein

In the cosedimentation assays, we noticed that residues 1-221 of spinophilin, when added in
equimolar amounts, cosedimented with F-actin, but also induced a shift of actin from the
pellet (F-actin) to the supernatant (G-actin; Fig. 3C) fraction. This cosedimentation activity
was also detected for residues 1-154 and 1-305 of spinophilin, but not with residues 154—
221, 154-305 and 221-305 of spinophilin (not shown). A shift of F-actin from the pellet to
the supernatant fraction may be explained by either sequestration of actin monomers or
fragmentation (by capping and possibly severing) into polymer stubs that will not sediment
under our experimental conditions. The addition of the spinophilin ABD constructs at
equimolar ratios (1 : 1) resulted in the appearance of short actin polymer stubs (shown for
residues 1-305 of spinophilin in Fig. 4), as visualized by fluorescence microscopy,
consistent with a shift to the nonsedimentable fraction described above for the pelleting
assays. As expected, the same results were obtained with all three spinophilin constructs that
bound actin, but not with those that did not bind actin. Notably, residues 1-154 of
spinophilin also induced a significant appearance of short actin polymers (not shown).

We quantified this effect by measuring the length distribution of actin polymers alone and in
the presence of equimolar spinophilin constructs (see histograms in Fig. 4). Actin-only
controls displayed a mean filament length of 4.28 um, which is in excellent agreement with
the values reported in the literature [40,41]. The mean filament length decreased to 2.94 um
in the presence of an equimolar amount of residues 1-305 of spinophilin, an effect which is
apparent from Fig. 4. This effect cannot be explained by mass action of an actin polymer
bundling or crosslinking protein at higher concentrations. Rather, we propose that these
observations indicate a polymer capping activity by spinophilin ABD. This concept is
supported by the well-documented effect of actin capping proteins on actin polymer
networks; for example, the addition of villin to a filamin-crosslinked actin network resulted
in solvation of the gel and the appearance of short, fragmented polymers [42]. Moreover,
further information can be derived from the length distributions of actin polymers. As
demonstrated and discussed in detail by Kuhlman [41], Gaussian distributions of polymer
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length are expected initially for actin polymers with both ends free to exchange subunits
with the solution. By contrast, pointed-end capping accelerates the turnover exchange
kinetics, such that a steady-state exponential polymer length distribution is obtained.
Consistent with this, we observed a Gaussian distribution of polymer length for actin alone.
However, when an equimolar amount of residues 1-305 of spinophilin was added, we
detected a change to an exponential distribution, which is indicative of pointed-end capping
(histograms in Fig. 4). These results strongly indicate that spinophilin ABD functions as an
F-actin capping protein.

In summary, we propose that spinophilin ABD has two different actin binding properties:
polymer crosslinking and lower affinity pointed-end polymer capping and possibly severing.

Experimental procedures

Molecular cloning, protein expression and purification

Three different spinophilin ABD constructs (residues 1-154, 1-221 and 1-305) have been
reported to express in bacterial expression systems as hexahistidine (His6) or glutathione S-
transferase (GST) fusion proteins. We used Rattus norvegicus cDNA (DBSOURCE
AF016252.1) to generate six spinophilin ABD constructs: residues 1-154, 1-221, 1-305,
154-221, 154-305 and 221-305. These were subcloned in parallel into different expression
vectors in order to optimize recombinant production procedures [43]. The highest soluble
expression yields were identified for maltose binding protein (MBP) and GST expression
tagged constructs. The positively expressing constructs were grown on a large scale by
inoculating a 100 mL culture of BL21(DE3)RIL cells (Stratagene, La Jolla, CA, USA) in
Luria-Bertani medium containing kanamycin (50 ug-mL™1) and chloramphenicol (34
ng-mL~1), and grown overnight at 37 °C with shaking at 250 r.p.m. The next morning, the
cells were diluted 1 : 50 in Luria—Bertani medium with appropriate antibiotics and grown at
37 °C with shaking at 250 r.p.m. to an absorbance at 600 nm (Aggg) of 0.5-0.6. The cultures
were placed at 4 °C and the shaker temperature was adjusted to 18 °C. Expression of the
spinophilin ABD constructs was induced using 1 mw isopropy! thio-f-o-galactoside. The cell
cultures were grown for approximately 18 h at 18 °C, harvested by centrifugation, and the
cell pellets were stored at —80 °C until purification.

For purification, N-terminal His6-GST or His6-MBP tags were used. The pellets were
resuspended in His-tag specific lysis buffer (50 mw Tris pH 8, 5 mwm imidazole, 500 mw NaCl,
0.1% Triton-X, protease inhibitors; Complete EDTA-free, Roche, Indianapolis, IN, USA).
The cells were lysed by three passes through a C3 Emulsiflex cell cracker (Avestin, Ottawa,
ON, Canada) and cell debris was removed by centrifugation (40 000 g/30 min/4 °C). The
clarified lysates were filtered through a 0.22 um membrane (Millipore, Billerica, MA, USA)
and loaded onto HisTrap HP columns (GE Healthcare, Piscataway, NJ, USA) equilibrated
with 50 mwm Tris pH 8.0, 5 mv imidazole and 500 mm NaCl. The proteins were eluted with a
gradient of 5-100% 50 mw Tris pH 8, 500 mm imidazole, 500 mm NaCl over 36 column
volumes and collected in 1-mL fractions. Eluted proteins were analysed by SDS-PAGE and
the fractions containing pure target protein were pooled. Complete cleavage of the
purification tag was achieved using tobacco etch virus Nla protease overnight at 4 °C under
steady rocking. Spinophilin constructs were then dialysed against 50 mwm Tris pH 7.5, 250 mwu
NaCl for 5 h, and further purified by a second immaobilized metal-ion affinity
chromatography step (removal of MBP/GST and tobacco etch virus protease). At this stage,
proteins were typically 90-95% pure, as judged by SDS-PAGE analysis. Finally, the
samples were concentrated and size exclusion chromatography was performed (Superdex 75
26/60; 20 mw sodium phosphate pH 6.5; 50 mw NaCl; GE Healthcare). Spinophilin protein
concentrations were determined using the BCA Protein Assay Kit (Pierce, Rockford, IL,
USA) and stored as aliquots at —80 °C. On thawing, the proteins were subjected to
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ultracentrifugation at 200 000 g for 15 min in a Beckman Maxima (Beckman-Coulter,
Fullerton, CA, USA), kept on ice, and used the same day.

Nonmuscle y-actin was purified from bovine brain [44,45]. Briefly, the method involved
affinity purification of profilin—actin complexes on poly-.-proline sepharose, enrichment of
actin by a cycle of polymerization and depolymerization, isoactin separation by
hydroxyapatite chromatography, and a final gel filtration step.

Phosphorylation of spinophilin constructs

Spinophilin constructs (200 pmol) were incubated with the catalytic subunit of PKA (New
England Biolabs, Ipswich, MA, USA) overnight, according to the manufacturer's protocol.

Secondary structure prediction

For protein secondary structure prediction, six methods with high success rates
(http://cubic.bioc.columbia.edu/eva/) were selected: arsse2 [46], nors [47], rorter [48], rror [49],
rsirep [D0] and serirz [51]. T estimate protein disorder, we used the programs wereo [52], vsi2
[53] and cuarceHvororaty anaLvsis [54] employing the PONDR® server (http://www.pondr.com).

NMR spectroscopy

NMR measurements were performed at 298 K on a Bruker Avancell 500 MHz spectrometer
(Bruker Bio-Spin, Billerica, MA, USA) using a TClI HCN-z cryoprobe; 10% D,0 was added
to the samples.

CD polarimetry

CD spectra of protein solutions of residues 1-154 (4.3 pw), 1-221 (3.3 pm) and 1-305 (3.8
uwm) of spinophilin in 20 mw sodium phosphate buffer pH 6.5, 50 mm NaCl were recorded
using a Jasco J-815 spectropolarimeter (JASCO, Easton, MD, USA) and 2 mm cuvettes. CD
spectra were recorded in identical buffer solutions and a background subtraction was
performed. The means of three scans are reported. All spectra were recorded at 25 °C. Molar
ellipticity was calculated using the mean residue weights for each protein. The helical
content was estimated from the molar ellipticity at 222 nm using: % a-helix = (= [0]222 nm *+
3000)/39 000) [55].

Cosedimentation assay

Samples of actin (5 uw) were induced to polymerize by the addition of 1 mu MgCl, + 0.15 u
KCI in the presence of different concentrations of the spinophilin constructs, and incubated
at room temperature for 2-3 h. Samples were subjected to ultracentrifugation at 200 000 g
for 45 min at 22 °C in a Beckman Maxima (Beckman-Coulter). Equal amounts of the
supernatants and pellets were analysed by SDS-PAGE and Coomassie staining.

Fluorescence microscopy

Actin polymers (5 uv) formed under the above conditions were supplemented with 100 nw
rhodamine—phalloidin (Invitrogen/Molecular Probes, Carlshad, CA, USA) and incubated for
15 min at room temperature on coverslips in the presence of spinophilin constructs at
different molar ratios. Samples were mounted in Vectashield (Vector Laboratories,
Burlingame, CA, USA) and imaged using a x 100 Fluoroplan oil immersion lens on a Zeiss
Axiovert M200 microscope (Carl Zeiss, Géttingen, Germany), and images were captured
using a CoolSnap HQ camera (Photometrics, Tucson, AZ, USA) and weramoren imaging
software (Molecular Devices, Downingtown, PA, USA). Actin polymer length
measurements were carried out using scion mace Software (Scion Corporation, Frederick, MD,
USA). Polymers were sorted into 1 um bins, their length distributions were plotted, and their
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mean filament length was determined by either Gaussian or exponential fits [41]. Polymers

sh

orter than 1 um were omitted from the analysis [41]. Because of their extensive overlap,

we did not attempt to measure the length of crosslinked actin polymers.
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Abbreviations

ABD actin binding domain
ERK2 extracellular signal-regulated kinase-2
F-actin filamentous actin
GST glutathione S-transferase
IUP intrinsically unstructured protein
MBP maltose binding protein
PKA protein kinase-A
PP1 protein phosphatase-1
PPP1R9B protein phosphatase-1 regulatory subunit 9B
SAM sterile a motif
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Fig. 1.

N-terminal F-actin binding domains of spinophilin and neurabin are predicted to be
disordered. (A) Schematic representation of the Rattus norvegicus spinophilin sequence with
the positions of the construct limits used in this study and domain borders indicated by
numbers. The core actin binding domain, PP1 binding domain, PDZ domain and C-terminal
coiled-coil region are indicated. (B, C) The sequences of human spinophilin (B) and
neurabin (C) were analysed for disorder using the programs IUPRED (black lines) [52] and
vsi2 (orange lines) [53]. Sequences scoring mostly above the value of 0.5 (indicated) are
generally regarded as intrinsically disordered. (D) Charge hydropathy plots [54] for human
spinophilin (square), neurabin (triangle) and reference sets of ordered (circles) and
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disordered (dots) proteins. Both spinophilin and neurabin score above the discriminator line,

indicating intrinsic disorder. The results of these analyses (B and D) for human and rat
spinophilin were essentially identical.
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Recombinant proteins containing N-terminal fragments of rat spinophilin lack a regular
secondary structure. (A, B) One-dimensional 'H NMR spectra of residues 1-154 and 1-221
of spinophilin (spinophilin1-154 and spinophilin1-221), respectively. Parentheses indicate

the dramatically reduced HN chemical shift region because of the lack of a hydrogen
bonding network in IUPs. (C) Far-UV CD spectra of spinophilin actin binding domain

constructs. The molar ellipticity differences at 222 nm are highlighted by a black bar, clearly
showing the differences in a-helical content in the three spinophilin actin binding domain

constructs.
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Fig. 3.

Recombinant proteins containing N-terminal fragments of rat spinophilin are active in F-
actin binding. (A) Cosedimentation assays of 5 um polymers of calf brain y-actin and 2 pwm
spinophilin constructs. Residues 1-154, 1-221 and 1-305 of spinophilin are noticeably
enriched in the pellet fractions on ultracentrifugation (arrows), indicative of F-actin binding,
whereas residues 154-221, 154-305 and 221-305 of spinophilin do not cosediment with F-
actin (arrowheads). (B) Cosedimentation assay of F-actin and residues 1-221 of spinophilin
after incubation with PKA. The F-actin interacting capacity of residues 1-221 of spinophilin
is reduced on PKA-mediated phosphorylation. (C) At equimolar amounts of residues 1-221
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of spinophilin and F-actin, an apparent shift of actin from the pellet to the supernatant
fraction can be observed.
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Spinophilin F-actin binding domain constructs can crosslink and cap actin polymers.
Polymers of actin, marked with rhodamine—phalloidin, appeared elongated in the
fluorescence microscope (top panel; space bar, 5 um). The addition of low concentrations of
residues 1-154, 1-221 and 1-305 of spinophilin induced crosslinking of actin polymers (4 :
1 actin to spinophilin molar ratio; left panels). By contrast, the addition of equimolar
amounts of spinophilin constructs resulted in the disappearance of networks and
fragmentation of actin polymers (shown for residues 1-305 of spinophilin, bottom right
panel), suggesting a polymer capping activity of spinophilin. The histograms on the right
show a quantitative analysis of the polymer length distributions of actin alone (control, top
histogram) or in the presence of an equimolar amount of residues 1-305 of spinophilin
(bottom histogram). Mean filament lengths (mfl) are given. The spinophilin constructs
lacking F-actin binding capacity (residues 154-221 and 154-305 of spinophilin) had no
impact on F-actin morphology, regardless of concentration.
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