Functional homo- and heterodimeric actin capping proteins from the malaria parasite
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ABSTRACT

Actin capping proteins belong to the core set of proteins minimally required for actin-based
motility and are present in virtually all eukaryotic cells. They bind to the fast-growing barbed
end of an actin filament, preventing addition and loss of monomers, thus restricting growth to
the slow-growing pointed end. Actin capping proteins are usually heterodimers of two
subunits. The Plasmodium orthologs are an exception, as their o subunits are able to form
homodimers. We show here that, while the B subunit alone is unstable, the a subunit of the
Plasmodium actin capping protein forms functional homo- and heterodimers. This implies
independent functions for the aa. homo- and of3 heterodimers in certain stages of the parasite
life cycle. Structurally, the homodimers resemble canonical off heterodimers, although certain
rearrangements at the interface must be required. Both homo- and heterodimers bind to actin
filaments in a roughly equimolar ratio, indicating they may also bind other sites than barbed

ends.
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INTRODUCTION

Actin, a central component of the cytoskeleton, is essential for a plethora of cellular
functions, including cell motility from amoeboid crawling that exploits extensive filamentous
(F-)actin networks at the leading edge to the mechanistically similar intracellular dashing of
pathogenic bacteria using comet tails built up of host actin [1]. The ability to form dynamic,
long filaments with a defined polarity enables actin to fulfill its versatile functions. Filament
dynamics in opisthokonts are regulated by >100 accessory proteins [2]. Actin capping
proteins (CPs) belong to the core set of proteins needed to reconstitute actin-based motility in
vitro [3]. CPs are found in essentially all eukaryotic organisms and cell types [4—6] and bind
to F-actin barbed ends, blocking subunit exchange at the fast-growing end and limiting
growth to the pointed end [6-8]. In addition, they display nucleation activity [7].

In almost all organisms investigated to date, CPs are heterodimers of two subunits [6,9].
An exception is the malaria parasite (Plasmodium berghei), which belongs to the phylum
Apicomplexa [10,11]. Apicomplexan gliding is a special form of actin-based motility, and its
molecular mechanisms are poorly understood. Unlike the slow amoeboid crawling, gliding is
fast (1-3 um/s) and does not involve notable changes in cell shape [12—-14]. Most
apicomplexan actins do not readily form long filaments, and their polymerization kinetics
differ from canonical actins [15-21]. The lack of fine-tuning of polymerization is underlined
by the minimal set of actin regulatory proteins present in Apicomplexa [22,23].

Apicomplexa also have two CP subunits. The P. berghei CP 3 subunit (PbCPp) is essential
for sporozoite motility in the mosquito vector [10]. However, its deletion does not influence
blood-stage development in the mammalian host. Unlike PbCP, the gene encoding the P.
berghei CP a subunit (PbCPa) is not upregulated upon sporozoite maturation [24]. Earlier, it
was shown that PbCPa can form homodimers, which bind to vertebrate skeletal muscle a-
actin [11]. Here, we set out to characterize the PbCPaa homodimers as well as PbCPaf
heterodimers. We show that both bind to parasite actin filaments and share a highly similar

secondary and quaternary structure.



MATERIALS AND METHODS
Protein expression and purification

A construct encoding PbCPa (PbCPaa; PlasmoDB: PBANKA 1243100) was subcloned into
the pETM-14 vector to introduce a 3C protease-cleavable N-terminal Hises-tag. Amino acids
1-287 were subcloned into a pNIC-Bsa4 derivative vector to create the construct PoCPoaa’“?°
with a C-terminal Hise-tag substituting the last 20 residues (so-called a-tentacle). A PbCPaof
construct was prepared by subcloning untagged PbCPa together with a C-terminally Hise-
tagged PbCPp (PlasmoDB: PBANKA 1232400) into the pFastBac Dual vector. PbCPao was
expressed in Escherichia coli BL21(DE3) RARE, while PbCPoo® and Gallus gallus CP
(CapZap) [9] were expressed in E. coli BL21(DE3) RIPL, each for 16 h at 15°C after IPTG
induction in LB medium. PbCPaf} was expressed using Spodoptera frugiperda Sf21 cells for
4 days after infection in Insect-XPRESS medium (Lonza, CH), as the heterodimer could not
be expressed in soluble form in bacteria. We were unable to express the PbCPf alone.

All purification steps were performed on ice or at 4°C, unless otherwise stated. PbCPaa
and PbCPaf were lysed using freeze-thaw cycles in a lysis buffer containing 50 mM HEPES
(pH 8.0), 400 mM NaCl, 7.5 mM imidazole, 5 mM B-ME, and 1X protease inhibitor cocktail
(S8830, Sigma-Aldrich, US). All buffers for PbCPaa prior to size-exclusion chromatography
(SEC) were supplemented with 0.5 mM PMSF, while 5% glycerol, 50 mM arginine, and 50
mM glutamate were added to the PbCPaf buffers. Lysates were cleared by centrifugation
(45000 g, 30 min) and loaded on HisPur Ni-NTA resin (Thermo Scientific, US). The matrix
was washed with a buffer containing 50 mM HEPES (pH 8.0), 100 mM NacCl, 30 mM
imidazole, and 5 mM B-ME. The proteins were eluted with 50 mM HEPES (pH 8.0), 50 mM
NaCl, 250 mM imidazole, and 5 mM B-ME. The Hise-tag of PbCPoa was cleaved off by 3C
protease digestion for 30 min and subsequently loaded on Q Sepharose FF resin (GE
Healthcare, US). The flow-through fractions were collected and combined with fractions
from a subsequent imidazole-free wash. PbCPaa*“?° and CapZof were lysed using
sonication in a lysis buffer containing 50 mM HEPES (pH 8.0), 100 mM NaCl, 5 mM
imidazole, and 5 mM B-ME or 20 mM TRIS-HCI (pH 8.0), 100 mM NaCl, and 5 mM B-ME,



respectively. 1X protease inhibitor cocktail was added to the lysis buffers. Lysates were
cleared by centrifugation (45000 g, 30 min) and loaded on HisPur Ni-NTA resin. The matrix
was washed with the lysis buffer complemented by 1 M NaCl and 20 mM imidazole followed
by 50 and 30 mM imidazole for PbCPoo“% and CapZof, respectively. After elution with
300 mM imidazole in the lysis buffer, the fractions were exchanged through a PD10 column
(GE Healthcare, US) to 20 mM HEPES (pH 8.0), 20 mM NaCl, and 5 mM B-ME or 20 mM
TRIS-HCI (pH 8.0), 50 mM NaCl, and 5 mM B-ME for PbCPaa’®?° and CapZap,
respectively. The proteins were loaded, respectively, on SP and Q Sepharose FF resins (GE
Healthcare, US), washed, and eluted using 300 mM NaCl supplemented wash buffers.
Fractions containing CPs were concentrated and finally purified using SEC on a Superdex
200 Increase 10/300 column (GE Healthcare, US) using a buffer containing 50 mM HEPES
(pH 8.0), 100 mM NacCl, and 0.5 mM TCEP (SEC buffer). The purity of the CPs was
confirmed using SDS-PAGE. Plasmodium falciparum actin isoform | (PfActl) was expressed

and purified as previously described [18,25].

Molecular mass determination

For molecular mass determination, 25 ul PbCPaa (4.5 mg/ml) or PbCPaa’ % (2.2 mg/ml)
were applied to a Superdex 200 Increase 10/300 column, equilibrated with 50 mM HEPES
(pH 8.5), 450 mM NacCl, and 0.5 mM TCEP, at a flow rate of 0.5 ml/min. The system was
attached to a miniDAWN TREOS multi-angle static light scattering (SLS) detector (Wyatt
Technology, US) and a RI-101 differential refractometer (Shodex, US). Bovine serum
albumin (Sigma-Aldrich, US) was used for calibration. Molecular weights were determined
based on the measured SLS and refractive index or UV signal using the ASTRA software

(Wyatt Technology, US).

Folding analysis
The CPs were dialyzed to a buffer containing 10 mM Na-phosphate (pH 8.0) and 100 mM

NaF and diluted to 0.25-0.45 mg/ml. Circular dichroism (CD) spectra using synchrotron



radiation (SR) were measured on the AU-CD beamline at the ASTRID2 synchrotron (ISA,
Aarhus, Denmark). CD spectra between 170 and 280 nm were recorded in a 0.1-mm quartz
cuvette at 10°C. Smoothed SRCD spectra were deconvolved into secondary structure

components with the BeStSel [26] server using data between 175 and 250 nm.

Thermal unfolding assays

The CPs were diluted in SEC buffer to 0.3 mg/ml with 1X SYPRO Orange dye (Invitrogen,
US). Heat denaturation was followed in triplicates on an Applied Biosystems 7500 real-time
PCR system (Thermo Scientific, US) over a range of 25-89°C in 1°C/min steps. Melting

temperatures (Tm) were calculated from a Boltzmann fit to the raw data.

Small-angle X-ray scattering and molecular modeling

Small-angle X-ray scattering (SAXS) coupled with SEC was measured on the Diamond Light
Source B21 beamline (Didcot, UK) with a Pilatus 2M detector spanning a scattering vector
range of 0.0032 to 0.38 A™. 45 pl of PbCPoo°?° at 10 mg/ml were applied onto a Superdex
200 Increase 3.2/300 column (GE Healthcare, US) at 22°C with a 0.075 ml/min flow rate
using the SEC buffer used in purification, supplemented with 3% (v/v) glycerol. Data
reduction and analysis were carried out with ScAtter [27] and the ATSAS [28] package. Ab
initio bead models were built using DAMMIN [29] from 23 averaged DAMMIF [30] models.
For further analysis, a model of PbCPaa’“?° was prepared using a SWISS-MODEL [31]
generated PbCPaf model as a scaffold and exchanging each subunit with a truncated
PbCPa’“?’ monomer. The assembled model was subsequently aligned with the DAMMIN

envelope using SASPY plugin [32] of PyMOL [33] and manually adjusted.

Actin cosedimentation assays

The cosedimentation assays were performed as previously described [34] with minor

modifications. The CPs were diluted in F-buffer [50 mM KCI, 4 mM MgClz, 1 mM EGTA



(pH 8.0)] and incubated with F-PfActl for either 15 min or 8-16 h (ON) at 22°C where
relevant, prior to ultracentrifugation. Globular (G-)PfActl samples were prepared in G-buffer

[10 mM HEPES (pH 7.5), 0.2 mM CaCl, 0.5 mM TCEP, 0.5 mM ATP].

RESULTS AND DISCUSSION

Plasmodium actin capping proteins form folded homo- and heterodimers in solution

PbCP is dispensable for parasite survival in the mammalian host [10], indicating that the o
subunit may function as a separate unit. Independent functions of CP subunits have not been
described in any other eukaryote; recombinant expression of individual subunits typically
produces insoluble protein [35], and active recombinant CP is only achieved by coexpression
of both subunits [36]. Conversely, PbCPa can be expressed alone in soluble form [11]. We
expressed recombinantly the PbCPaf3 heterodimer, as well as two versions of the PbCPaa
homodimer; the full-length protein and a version lacking the C-terminal tentacle. Size
exclusion chromatography combined with SLS indicated molecular weights of 66.44+0.13
kDa for PbCPaa and 63.55+0.13 kDa for PbCPaa“? (Fig 1A). These are very close to the
expected molecular weights of the full-length (72 kDa) or truncated (68 kDa) homodimer.
CD spectroscopy showed that all three parasite CPs have a folded structure with secondary
structure contents roughly similar to the CapZaf heterodimer (Fig 1B). The parasite CPs
were profoundly less thermostable than CapZaf with melting temperatures around 46-49°C
compared to 58°C of CapZaf (Fig 2 and Suppl. Fig 1). The high initial fluorescence (Fig
2B) and negative unfolding signal (Suppl. Fig 1B) may indicate a less compact structure with
more solvent-exposed hydrophobic surface in the homodimers compared to the heterodimers.
The full-length homodimer was the least stable of all CPs.

We determined the solution structure of PbCPaa’®?° using SAXS (Fig 3). Ab initio model
building suggests a folded molecule with 2-fold symmetry and a mushroom-like shape (Fig
3), which resembles the CapZof heterodimer. A homology model of the PbCPaa’¢?°
homodimer based on the crystal structure of CapZaf3 [9] fits well into the SAXS envelope

(Fig 3C) and reasonably to the raw scattering data (Suppl. Fig. 2). The fits indicate that the



homodimer in solution is somewhat longer and possibly more flexible than the homology
model suggests. Based on the homology model, a PbCPaa dimer would also be preferred
over a monomer, as taking the subunits out of their dimer context would expose a large
hydrophobic interface.

For the barbed-end capping activity, the C-terminal tentacles of each CP subunit are
crucial. In CapZaf, deletion of the a-tentacle is more detrimental for the overall function than
the loss of the B-tentacle [37]. Basic residues of the a-tentacle initially interact with acidic
amino acids of the penultimate and last actin protomers [38]. The mobile B-tentacle then
occupies a hydrophobic pocket on the terminal protomer [38]. The residues Lys278, Lys282,
and Lys290 in the a-tentacle, important for actin binding in CapZaf [38,39], are conserved in
PbCPa.

PbCPa contains a Plasmodium-specific 23-residue insertion between a-helix 4 and -
strand 7 [11], which our models suggest to lie close to the C terminus and the expected actin-
binding surface. Thus the orientation of the a-tentacles in the PbCPaa homodimer might not
be identical to the CapZap heterodimer. Also, a-helix 4 and B-strand 7 may have to move to
accommodate this extension in the homodimer. In agreement with the thermal denaturation
data, these structural rearrangements compared to CapZaf are likely to lead to different
dimerization and actin-binding interfaces, and the role of the C terminus of the parasite
protein may not be conserved. Earlier, we have described a similar parasite-specific insertion
implicated in actin binding in P. falciparum profilin [40,41].

CPs are expressed throughout the Plasmodium life cycle [10], but the two subunits
apparently have partly independent roles. Possibly, CP3 mediates microfilament capping in
the mosquito stages, whereas CPo may have evolved for functions in the warm-blooded
mammalian host. Notably, Plasmodium also has two actin isoforms, of which actin 11 has
specific functions during the sexual reproduction in the mosquito [17,42], whereas actin | is
expressed in all stages and required for motility [12,43]. The two actin isoforms have
different filament lengths and structures [17] and thus may need CPs with different binding
properties. It remains to be investigated, whether the different CP dimers have different

specificities towards the two actin isoforms. Higher animals express several isoforms of both



CPo and CPp with tissue-specific expression patterns [44—46]. Similarly, PbCPp was initially
identified as a gene up-regulated during sporozoite maturation [24]. While the two CP
subunits seem to have separate roles in Plasmodium, differential and tissue-specific
heterodimers are established in other organisms. For instance, in mouse muscle cells, the two
CPp isoforms perform distinct functions that cannot be complemented by the other isoform

[46].

Plasmodium CPaa homodimers as well as CPap heterodimers bind to parasite actin

filaments

The C terminus of CapZp in the heterodimer is important for stabilizing the capping
complex at the barbed end, while CapZa is mainly responsible for initial recognition and
binding to the filament [37—39]. The PbCPao homodimer binds to vertebrate skeletal muscle
actin filaments [11], but so far, no studies have been undertaken using parasite actins.
Therefore, we set out to test whether the PbCPaa homodimer interacts with PfActl
filaments. Surprisingly, CapZap did not significantly cosediment with PfActl (Fig 4A),
whereas PbCPaf and both the full-length and truncated PbCPaa homodimers were present
in the pellet fractions in an apparently equimolar ratio to actin, confirming their binding to
parasite F-actin and suggesting they may bind also to the sides of filaments (Fig 4B-D).
Another possible reason for the high binding ratio would be the short length of the PfActl
filaments [17]. In particular the full-length homodimer increased the amount of actin in the
soluble fraction, indicating that it either sequesters monomers or short oligomers, or shortens
the filament length such that they do not pellet anymore. The same was true also for
CapZop, despite it not stably binding to the filaments (Fig 4A). The fact that PbCPaatc?
cosediments with parasite actin filaments suggests that the role of the a-tentacle may be less
pronounced in the initial recognition and stable binding of the homodimers to PfActl
filaments.

Interestingly, the full-length homodimer shows a substantial amount of degradation

(labeled as ‘fragment’ in Fig 4C). We have not been able to eliminate this degradation using



protease inhibitors or mutagenesis, and the apparently same degradation product was present
also in an earlier study [10]. The degradation seems to plateau at an approximate 1:1 ratio of
full-length and degraded PbCPao (Suppl. Fig 3A), and the cleaved product corresponds
roughly to our truncated PbCPaa2“® (Suppl. Fig 3B). This poses the question, whether the
degradation of the C-terminal tentacle might be biologically relevant and required for the
correct formation of the homodimer. This is supported by the higher Tm of PbCPaa’c?°

compared to the full-length homodimer.

Concluding remarks

The CPa subunit of the malaria parasite is the first example of a CP able to form stable,
functional homodimers in solution, indicating that it may have cellular functions independent
of the B subunit. Although exclusively dimeric in vitro, we cannot exclude that PbCPa could
exist as a mixture of monomers and dimers in vivo, and o/p heterodimers very likely also
have a significant role during the parasite life cycle. These remain important topics for
biochemical, structural, and in vivo studies and may open possibilities for malaria
intervention strategies. Our findings warrant future work addressing whether CP homodimers

could exist and perform certain roles in other eukaryotes.
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Figure 1. PbCPa forms folded homodimers in solution. (A) SLS of PbCPaa and
PbCPao %, The UV signal is denoted by a black dotted or solid line and the SLS signal in
green or blue for the full-length and truncated PbCPaa, respectively. AU = arbitrary unit. The
calculated molecular weight is 66.44+0.13 kDa for PbCPaa and 63.55+0.13 kDa for
PbCPao°?, (B) SRCD spectra of CapZaf (purple), PbCPap (red), PbCPaa (green), and
PbCPao 2 (blue). The table in the inset shows the major secondary structure components of

the different CPs, as deconvolved using BeStSel.
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Figure 2. Thermal unfolding of CPs. (A) Normalized raw denaturation signals of the
heterodimer CapZaf (purple) and PbCPaf (red). RFU = relative fluorescence unit. (B)
Normalized raw denaturation signals of the homodimer PbCPaa (green) and PoCPoo’?
(blue). (C) Calculated melting temperatures (Tm) of the different CPs. The temperatures were

derived from fitted Boltzmann equations. Error bars represent SD (n=3).
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Figure 3. Solution structure of the PbCPaa % homodimer. (A) Fit of a DAMMIN ab initio
model (black line) to the experimental scattering curve on a relative scale (light blue dots)
with ScAtter-calculated parameters and fit including the y? value in the inset. The lower
graph denotes weighted residual errors of the fit (black dots), where Alc = [lexp(q) -
C-Imod(Q)}/o(q). (B) Real-space distance distribution plot. (C) DAMMIN bead model (light

blue envelope) superimposed with the PbCPaa’“?’ homology model (cartoon).
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Figure 4. PbCPs bind PfActl filaments. (A) CapZap. (B) PbCPaf. (C) PbCPaa. (D)
PbCPaa’“?. G: G-buffer; F: F-buffer; S: supernatant; P: pellet; ON: pre-incubation of the
CPs with PfActl for 8-16 h. The images have been slightly histogram adjusted for clarity.
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SUPPLEMENTARY INFORMATION
Functional homo- and heterodimeric actin capping proteins from the malaria parasite

Abris Adam Bendes, Moon Chatterjee, Benjamin Gotte, Petri Kursula, Inari Kursula

SUPPLEMENTARY METHODS
Label-free unfolding analysis

Unfolding of the Plasmodium CPs was measured in SEC buffer on a Prometheus NT.48
instrument (NanoTemper Technologies, DE) at concentrations between 1.8 and 9.0 mg/mi
using a temperature range 20-95°C at 1°C/min ramping speed. The data were analyzed using
the PR.ThermControl software (NanoTemper Technologies, DE). We are grateful to Dr.

Jakub Nowak for help with the Prometheus NT.48 instrument.

Mass spectroscopy (MS)

Molecular weights of the PbCPaa degradation products were determined using a Synapt G1
ESI-LCMS Q-TOF instrument (Waters, GB) connected to an Acquity UPLC system (Waters,
GB). PbCPaa was incubated on ice for a week before processing. The protein sample was
diluted in 0.1% trifluoroacetic acid and eluted on a BEH C4 300 column (Waters, GB) using a
60% acetonitrile gradient in 0.1% formic acid mobile phase. Mass spectra were deconvolved

using the MassLynx software with the MaxEnt 1 algorithm (Waters, GB).
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Figure S1. Thermal denaturation of CPs. (A) First derivative of the ratio of the fluorescence
signals during unfolding of CapZap (purple) and PbCPaf (red). (B) Denaturation signal of
PbCPaa (green) and PbCPaa’“? (blue). (C) Aggregation levels during thermal ramping of
CapZap (purple) and PbCPap (red). AU = arbitrary unit. (D) Aggregation of PbCPaa. (green)
and PbCPoo2°? (blue).
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Figure S2. CRYSOL [1] calculated fit of the PbCPaa’“?° homology model (black line) to the
experimental SAXS data (light blue dots).



>

31433.0020

-
o
o
3

35458.0000

Relative intensity (%)

f

: . ‘ MMMM

29000 30000 31000 32000 33000 34000 35000 36000 37000 38000 = 39000
Mass (Da)

B

[...] IENFASSILSVIRECENDVLYDLNHLIAfNTSSDLIKNTR.KIIPLNGDKFYWMETYQDIPTQIKLV

Figure S3. Mass spectroscopy of PbCPaa fragments. (A) Intensity distribution of the two
governing PbCPaa species. (B) Well defined cleavage point on the C-terminus of PbCPa.

Bold text denotes the a-tentacle region.
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