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Abstract

The myosin motor of the malaria parasite’s invasion machinery moves over actin fibers while it is
making critical contacts with the myosin-tail interacting protein (MTIP). Previously, in a
“compact” Plasmodium falciparum MTIPsMyoA complex, MTIP domains 2 (D2) and 3 (D3)
make contacts with the MyoA helix, and the central helix is kinked, but in an “extended”
Plasmodium knowlesi MTIPsMyoA complex only D3 interacts with the MyoA helix, and the
central helix is fully extended. Here we report the crystal structure of the compact P. knowlesi
MTIPsMyoA complex. It appears that, depending on the pH, P. knowlesi MTIP can adopt either
the compact or the extended conformation to interact with MyoA. Only at pH values above ~7.0,
can key hydrogen bonds can be formed by the imidazole group of MyoA His810 with an aspartate
carboxylate from the hinge of MTIP and a lysine amino group of MyoA simultaneously.
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1. Introduction

The machinery used by malaria parasites for the invasion of host cells is currently the
subject of intense investigations (for recent reviews see [1,2]), which reflects the crucial
importance of this machinery in understanding the biology of the parasite. Such studies can
at the same time yield possible starting points for the design of molecules which interfere
with the invasion process and which might be developed into novel anti-malarials [3-7].
Key proteins such as TRAP, aldolase, actin, myosin A, MTIP, GAP40, GAP45, GAP50 and
others have been identified as crucial components of the invasion machinery, also called the
glideosome. We have previously been successful in determining crystal structures of several
proteins of this system. These include (i) Plasmodium falciparum aldolase in complex with
the TRAP tail [8]; (ii) the soluble domain of GAP50 from P. falciparum [7]; (iii) ligand-free
Plasmodium knowlesi MTIP (PknoMTIP) and the complex of PknoMTIP with the MyoA
tail peptide (PknoMTIP«MyoA) [9]; (iv) P. falciparum MTIP in complex with the MyoA tail
peptide (PfalMTIPsMyoA) [10]; and (V) the structure of the C-terminal domain of PfalMTIP
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in complex with a nanobody (Khamrui et al., accompanying paper). Here we focus on MTIP
from P. knowlesi. MTIP interacts with the C-terminal helix of myosin A and with GAP45.
In doing so, MTIP performs a crucial role in the chain of proteins leading from TRAP
interacting with a human cell surface protein to the inner membrane complex of the malaria
parasite.

MTIP is a three-domain protein where the first domain (D1) is involved in interactions with
GAP45 as observed in the closely related Apicomplexan parasite Toxoplasma gondii [11].
The second domain (D2) interacts with the MyoA tail helix in the compact PfalMTIPsMyoA
complex but not in the extended PknoMTIPsMyoA complex [9,10]. The third domain (D3)
interacts with the MyoA tail in both reported PfalMTIP«MyoA and PknoMTIPsMyoA
complexes [9,10]. The D3 domain undergoes substantial conformational changes when
binding to the MyoA tail helix ([9,10]; Khamrui et al., accompanying paper).

The relative position and orientation of D2 and D3 in the PknoMTIPsMyoA complex
appeared to be dramatically different from that in the PfalMTIPsMyoA complex. In the
PknoMTIPsMyoA complex, MTIP is extended with domains D2 and D3 far apart,
connected by an essentially straight central helix while only D3 interacts with the MyoA tail
helix. In contrast, the conformation of MTIP in PfalMTIP«MyoA is compact with domains
D2 and D3 much closer together, connected by a kinked central helix while both domains
interact with the MyoA tail helix [9,10]. We previously suggested that both the pH and the
length of the construct used could be a crucial factor in determining the conformation of
MTIP in complex with the MyoA tail helix. Here we provide evidence that PknoMTIP can
adopt an extended as well as a compact conformation when binding the MyoA tail helix,
with a higher pH the crucial factor in making the compact PfalMTIPsMyoA complex
possible.

The protein preparation and structure determination of the new PknoMTIPsMyoA complex
is described in Table 1, which also contains statistical parameters regarding X-ray
diffraction data and model quality. Since full length MTIP resisted all crystallization
attempts so far, all MTIP structures presented here and reported previously are from variants
with the D1 domain deleted. The PknoMTIP variant described here contains residues K79 to
C135 of D2, the hinge region V136-N141, and D3 residues M142-S205. The crystals of the
PknoMTIP«MyoA complex obtained appeared to contain three copies of the
PknoMTIPsMyoA complex in the asymmetric unit (Fig. 1A). The three complexes are
similar in structure, with complexes A and B differing by an rmsd of 1.06 A, complexes A
and C by 0.87 A, and complexes B and C by 0.63 A. Since complex C has the lowest
average B-factor, this complex will be used for further description and comparison. In the
new PknoMTIP<MyoA structure each of the three PknoMTIP molecules surrounds the
MyoA tail helix with both domains 2 and 3 engaging in contact with the MyoA helix. The
solvent accessible surface area buried between PknoMTIP-D2 and MyoA is 728 A2, and
between PknoMTIP-D3 and MyoA 1451 A2, as calculated by PISA [12].

The conformation of MTIP in the new PknoMTIPsMyoA complex differs considerably from
that seen in the previous PknoMTIP<MyoA crystal structure (Fig. 1B). While both structures
contain three chains per asymmetric unit, previously the three subunits adopted three
distinctly different conformations, all with an extended connecting helix, despite the fact
that subunits A and B contained no MyoA, and subunit C did [9]. In contrast, in the current
structure, the three MTIP molecules are all essentially the same, with the connecting helix
kinked, resulting, in each instance, in a compact PknoMTIP conformation. Clearly,
PknoMTIP is able to adopt two very different conformations even when in complex with the
MyoA tail helix.
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The interactions between MTIP and MyoA consists of a mainly hydrophilic interface
between MyoA and PknoMTIP-D2 (Fig. 2A), an interface with D3 which is a combination
of hydrophobic and hydrophilic interactions (Fig. 2B), and one PknoMTIPsMyoA
interaction between MyoA-R806 and PknoMTIP-D140 from the central hinge region. In the
D2+MyoA interface, the carbonyl O of A106 is interacting with the guanidinium group of
R806. In this interface, the CP, C¥ and C® atoms of MyoA-K813 engage in hydrophobic
interactions with the peptide units of PknoMTIP-L105 and PknoMTIP-G104. In the
PknoMTIP-D3+MyoA interface, the side chains of three aliphatic residues of MyoA, L804,
V807 and 1811 are buried in hydrophobic pockets of D3 formed by residues L145, M148,
F149, 1168, L169, W172, L176, A184, L185, F199, C200 and 1203 (Fig. 2B). The imidazole
ring of MyoA-H810 plays a critical role as will be discussed below. Its N2 is forming a 2.9
A hydrogen bond with the side chain amino group of MyoA-K813, and its N2 is engaged in
a hydrogen bond of equal length with the carboxylate of PknoMTIP-D140 of the hinge
region (Fig. 2A).

When comparing the compact and the extended PknoMTIP conformations, it appears that
MTIP-D2 rotates considerably (117°, based on the superposition of a6-loop-a7 of D3 from
subunits C in both crystal structures) with respect to MTIP-D3. Residues VV136-N141 in the
central part of the connecting helix adopt very different conformations in these two
complexes (Fig. 1B). The conformations of MTIP-D2 in the two complexes are very similar
with an rmsd of 0.45 A. The MTIP-D3 domains in the two structures differ more, however,
and superimpose with an rmsd of 1.06 A as explained further in the accompanying paper
(Khamrui et al., accompanying paper). It appears therefore that, upon forming a complex
with MyoA, PknoMTIP-D3 adopts a conformation with a wide groove to accommodate the
MyoA helix. Another change is a major bending of the connecting helix, turning residues
V136-N141 into a non-helical conformation, thereby allowing D2, which remains
essentially unaltered, to contact the MyoA helix from “above”.

The conformation of P. falciparum MTIP in the previously reported PfalMTIPsMyoA
complex appeared to be compact with a kinked connecting helix and both PfalMTIP-D2 and
PfalMTIP-D3 interacting with the MyoA tail helix [10]. The rmsd of MTIP in the
PknoMTIP«MyoA and PfalMTIPsMyoA complexes after superposition is 1.06 A for 121
amino acids with a sequence identity of 80%, with the individual domains D2 and D3
differing by 0.30 and 0.32 A, respectively. The buried solvent accessible surface areas of D3
in the PfalMTIPsMyoA and PknoMTIPsMyoA complexes with the MyoA helix are
remarkably similar with 2139 and 2063 A2, of which 1478 and 1451 A2 buried in the
interface between MTIP-D3 and the MyoA helix, respectively. The side chains of
PknoMTIP and PfalMTIP contacting MyoA are identical in the two complexes, except for
the C-terminal S204 which is a glutamine in PfalMTIP.

Previously it was suggested [10] that two factors might play a role determining whether the
MTIPsMyoA complex adopts an extended or a compact conformation. One putative factor
was a lower pH in the crystals with the extended PknoMTIP«MyoA structure, and a second
potential factor the slightly longer version, starting 20 residues closer to the N-terminus of
the full length protein, of P. falciparum MTIP used for the PfalMTIPsMyoA studies
compared to the PknoMTIP variant used for the PknoMTIP«Myo0A structure. In the current
compact PknoMTIP structure we used precisely the same variant of PknoMTIP as in the
previous study which yielded the extended structures [9]. Hence, the length difference
between the P. falciparumand P. knowlesi MTIP variants used is not the cause of the
difference between compact and extended conformations.

The current compact structure was solved from crystals grown out of a solution with pH 7.0,
while the previous structure yielding the extended PknoMTIP conformation was obtained
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from crystals grown at pH 5.3. The key interface residue which differs in protonation state at
these pH values is MyoA-H810. In the compact PknoMTIP conformation (Fig. 2A), the
imidazole of this residue interacts with the N¢ of MyoA-K813 and with an O? of PknoMTIP-
D140. The latter interaction requires a proton on one imidazole nitrogen, but, in order to
form a hydrogen bond with the N¢ of MyoA-K813, the second ring nitrogen of MyoA-H810
needs to be unprotonated. At the pH 7.0 in the current PknoMTIP«MyoA structure, the
imidazole is uncharged thereby allowing favorable interactions with the negatively charged
Asp carboxylate oxygen and the positively charged Lys side chain nitrogen to take place
simultaneously (Fig. 2A). But at the lower pH 5.3 of the crystals used for the previous
PknoMTIP«Myo0A structure determination, the imidazole ring of MyoA-H810 is charged
and repulsion with the Lys side chain nitrogen prevents the tight interactions in the compact
MTIP<MyoA complex, resulting in an extended MTIP conformation.

2. Concluding remarks

The new crystal structure of the PknoMTIP«MyoA complex shows, in triplicate (Fig. 1A),
that PknoMTIP is able to adopt a compact conformation where PknoMTIP-D2 and
PknoMTIP-D3 surround the MyoA tail helix, different from the extended PknoMTIP
conformations observed before. The four conformations of PknoMTIP now available
indicate that PknoMTIP is a highly flexible protein able to adopt different extended
conformations in the absence of the MyoA tail (i.e. subunits A and B of [9]), an extended
conformation in complex with the MyoA tail (subunit C of [9]), and a compact conformation
in complex with the MyoA tail (Fig. 1). In addition, the third domain can adopt different
conformations in the absence and presence of the MyoA tail helix ([9]; Khamrui et al.,
accompanying paper). This spectrum of conformations indicates a considerable mobility of
liganded and ligand-free MTIP in solution. The importance of this flexibility under
physiological conditions still needs to be established with further investigations.
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Abbreviations

D2 domain 2 of MTIP

D3 domain 3 of MTIP

GAP glideosome-associated protein

MTIP myosin-tail interacting protein

PknoMTIP Plasmodium knowlesi MTIP

PfaMTIP Plasmodium falciparum MTIP

rmsd root mean square deviation

TRAP thrombospondin-related anonymous protein
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PknoMTIP

Fig. 1.

The structure of P. knowlesi MTIPsMyoA. (A) The three compact PknoMTIPMyoA
complexes in the asymmetric unit. The MyoA helices are depicted in sky blue. The D2
domain for each subunit is in lighter shade compared to the corresponding D3 domain. (B)
Superposition of the D3 from the new compact PknoMTIPsMyoA complex (chain C,
PknoMTIP-D2 is in pink, PknoMTIP-D3 in magenta and the MoyA helix in sky blue) onto
the extended conformation in the PknoMTIPsMyoA complex (D2 is in yellow, D3 is in
orange and MyoA helix is in deep purple) [9]. Residues D140-L.204 from domain D3 were
used to superpose the PknoMTIP-D3 domains. (For interpretation of the references to color
in figure legend, the reader is referred to the web version of the article.)
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Fig. 2.

Interactions of P. knowlesi MTIP with MyoA. (A) Key contacts of MyoA-H810 with
MyoA-K813 and PknoMTIP-D140. At lower pH values, when the His810 imidazole moiety
becomes protonated, these interactions cannot be maintained, leading to an extended
conformation of MTIP at lower pH values. See also discussion in the text. (B) Hydrophobic
contacts between the compact conformation of PknoMTIP and the MyoA tail helix. Cross-
section of the MTIP-MyoA interface showing how the aliphatic side chains of MyoA L804,
V807 and 1811 (light blue spheres) reside in hydrophobic pockets of D3 of PknoMTIP. (For
interpretation of the references to color in figure legend, the reader is referred to the web
version of the article.)
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Table 1

Crystallographic data collection and refinement statistics.2

Crystallization JCSG* #28

Compound soak 1 mM compound® in 10% DMSO
Cryo-protection 15% glycerol in JCSG* #28 with AQ7 in DMSO
Space group P2,2, 2,

Unit cell (A) 82.560 83.403 84.316

Mosaicity (degrees) 0.67

Total number of reflections 196,472

Unique reflections 26,831

Average redundancy 7.3(7.4)

Percent completeness 99.8 (100)

Rmerge 0.083 (0.845)

Average I/o(l) 23.5(2.6)

Resolution (A) 2.3(2.34-2.3)

Ryork & Reree (%) 22.58 & 27.94

Rmsd bond lengths (A) 0.0085

Rmsd bond angles (degrees) 1.1838

Ramachandran outliers None

PknoMTIP (residues 79-205) was expressed essentially as described previously [9]. The PknoMTIP«MyoA complex was obtained by mixing P.
yoelii MyoA peptide (residues 803-817) at a 3:1 molar ratio with the protein at a concentration of 14 mg/mL in 20 mM HEPES buffer pH 7.5, 50
mM sodium chloride and 1 mM TCEP. Crystals were grown by sitting drop vapor equilibration using commercial screens and a Phoenix

crystallization robot. The best diffracting crystals were obtained using JCSG™ screen condition #28 (0.1 M HEPES pH 7.0, 10% PEG6000) at room
temperature. In addition, the crystals were soaked with a solution containing compound 2-(5-benzo[1,3]dioxol-5-yl-isoxazol-3-yl)-N-pyridin-2-
ylmethyl-acetamide (LifeSciences) shown by SPR to bind weakly to PfalMTIP-D2-D3 (data not shown) to explore the possibility that the MyoA
helix and the compound would bind simultaneously. (Eventually, no electron density corresponding to the compound was observed). The reservoir
solution was supplemented with 10% glycerol, 1 mM compound and 10% DMSO. After flash freezing in 15% glycerol supplemented reservoir
solution, data were collected at SSRL beamline 11-1 to 2.3 A resolution, and processed by HKL2000 [13]. The structure was solved by the
molecular replacement method using the program PHASER [14] and the PfaIMTIPsMyoA complex [10] as a probe. The structure was refined by
alternating REFMAC [15] refinement and manual corrections using Coot [16]. Coordinates and structure factors have been deposited at the Protein
Data Bank with ID 4GGN.

aValues in parentheses are those for the outermost resolution shell (2.34-2.3 A).

bAO7 = 2-(5-benzo[1,3]dioxol-5-yl-isoxazol-3-yl)-N-pyridin-2-ylmethyl-acetamide.
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