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Abstract

Calcium dependent protein kinases are unique to plants and certain parasites and comprise
an N-terminal segment and a kinase domain that is regulated by a C-terminal calcium bind-
ing domain. Since the proteins are not found in man they are potential drug targets. We
have characterized the calcium binding lobes of the regulatory domain of calcium dependent
protein kinase 3 from the malaria parasite Plasmodium falciparum. Despite being structur-
ally similar, the two lobes differ in several other regards. While the monomeric N-terminal
lobe changes its structure in response to calcium binding and shows global dynamics on the
sub-millisecond time-scale both in its apo and calcium bound states, the C-terminal lobe
could not be prepared calcium-free and forms dimers in solution. If our results can be gener-
alized to the full-length protein, they suggest that the C-terminal lobe is calcium bound even
at basal levels and that activation is caused by the structural reorganization associated with
binding of a single calcium ion to the N-terminal lobe.

Introduction

Malaria is a life-threatening disease caused by apicomplexan parasites of the Plasmodium fam-
ily. Despite progress in treatment and prevention strategies there are still around 200 million
cases of malaria resulting in approximately half a million deaths annually [1]. It is thus of vital
interest to characterize the Plasmodium proteome in search for additional drug targets. For
apicomplexan parasites, calcium is required for vital functions such as protein secretion, host
cell invasion and parasite motility [2]. Cytosolic calcium is regulated by several mechanisms
and elevated levels trigger activation of pathways that are gated by calcium sensing proteins. In
plants and certain protozoa, including apicomplexan parasites, one such class of proteins is the
calcium dependent protein kinases (CDPKs). In P. falciparum, there are seven CDPKs termed
pfCDPKI through pfCDPK7 [3].
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that no competing interests exist. cal of Ser/Thr kinases but conserved acidic residues in the activation loop enable activation
without phosphorylation of activation loop residues [4]. Instead it is regulated by the CDPK
activation domain (CAD) that consists of a junction domain and a calmodulin like domain
(CLD). The junction domain can be further subdivided into an autoinhibitory pseudo-sub-
strate sequence (AS) and a regulatory helix (AH). The CLD consists of two lobes, in the follow-
ing referred to as the CLD N-lobe and CLD C-lobe, respectively, where each lobe comprises a
pair of EF-hands [5]. At conditions of low calcium, the AS blocks the active site of the kinase
domain but upon calcium binding, the CLD sequesters the AH, which leads to release of the
AH and activation [6]. Crystal structures of autoinhibited and active CDPKs from Toxoplasma
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Fig 1. Domain organization of pfCDPK3 and properties of its N-terminal EF-hand loop. (A) Domain organization of pfCDPKS3 [6]. The
line represents the unstructured N-terminal sequence (NS), the black box shows the position of the autoinhibitory pseudo-substrate
sequence (AS) which is followed by a regulatory helix (AH). These elements form the regulatory junction (J) that interacts with the kinase
domain when the protein is inactivated. The C-terminal calmodulin like domain (CLD) consists of an N-terminal and a C-terminal lobe, each
comprising a pair of EF-hands. CLD and the junction form the CDPK activation domain (CAD). (B) The consensus EF-hand calcium binding
loop [10]. The residues at positions I, Il and V ligate calcium using one side-chain oxygen each, the residue at position X bridges a water
ligand with its side-chain oxygen and the highly conserved glutamate at position XlI ligates calcium using both side-chain oxygens as
indicated by lines. A seventh ligand is provided by the backbone carbonyl at position XII. (C) The disrupted N-terminal EF-hand loop of CLD
N-lobe where two substituted residues result in missing calcium ligands. These residues are highlighted in red and the failure to bind calcium
is indicated by the broken lines. (D) Sequence alignment of CLD N-lobe and CLD C-lobe. The EF-hand loops are shown in bold italics and
the linker between the EF-hands is highlighted in red.

https://doi.org/10.1371/journal.pone.0181721.g001
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gondii and Cryptosporidium parvum show that the entire CAD translocates to the opposite face
of the kinase domain upon activation [7]. The length of the disordered segment upstream of
the kinase domain varies among CDPKs and contains potential phosphorylation sites for
known protein kinases, suggesting that function also can be regulated by phosphorylation of
the N-terminal segment [8]. Crystal structures show that the CLDs of some CDPKs in their
autoinhibited states coordinate magnesium and others bind other (unspecified) metal ions [7]
while the CLD C-lobe from a CDPK from Arabidopsis thaliana has been suggested to bind cal-
cium even at basal levels [9].

The third CDPK that was discovered in Plasmodium falciparum, pfCDPK3, is predomi-
nantly expressed during the sexual stage of the parasite life cycle [8], which is functionally and
biochemically different from the asexual stage [11]. In this regard it is noteworthy that activa-
tion of gametocytes in the mosquito midgut depends on elevated calcium levels [12]. The regu-
latory domain of pfCDPK3 is special in different ways. Compared to the consensus EF-hand
loop (Fig 1B) two ligands for calcium are missing because of amino acid substitutions in the
N-terminal loop of CLD N-lobe (Fig 1C). This effectively mitigates calcium binding to this
loop and pfCDPK3 can thus only bind three calcium ions, one in the N-lobe and two in the C-
lobe. A further difference between the lobes is that the linker between the EF-hands of CLD N-
lobe is significantly shorter than the corresponding linker of CLD C-lobe (Fig 1D).

The crystal structure of calcium bound CAD (PDB ID: 3K21) revealed an activated state
with the two lobes oriented side by side [13]. The autoregulatory helix interacts primarily with
the CLD C-lobe where a hydrophobic cleft is found. As expected, the first calcium binding
loop of CLD N-lobe is unoccupied. The overall structure of this lobe does not seem to be
affected by the shortened linker between the EF-hands except that the fold is slightly more
compact than that of CLD C-lobe.

Despite their potential clinical value as drug targets [14], CDPKs have remained poorly
characterized and most biophysical studies on how the proteins behave in solution have
focused on CDPKs from plants rather than from parasites [9,15,16]. For pfCDPK3, the focus
of this study, no solution structures are available. Also, there are no reports on the calcium
binding properties of the two lobes and the dynamical properties of the protein. To address
these questions we have calculated the solution structures, measured calcium affinity and per-
formed detailed dynamical characterization on different time-scales of CLD from pfCDPK3.
In order to deconvolute the properties of the two lobes, the studies have been performed on
isolated CLD N-lobe and CLD C-lobe, respectively.

Materials and methods
Protein expression and purification

A gene encoding pfCDPK3 was purchased from GenScript. The fragments for CLD N-lobe
(residues 416-484), CLD C-lobe (residues 487-562) and entire CLD (residues 416-562) were
subcloned into a pNIC28-Bsa4 vector. The constructs were transformed into BL21(DE3) cells
and expressed in M9 medium supplemented with 0.5 g/l NH,Cl and 2 g/1 glucose. Expression
and purification of the two lobes and intact CLD are detailed in SI Text.

Circular dichroism spectroscopy

Thermal stability of CLD C-lobe was measured by circular dichroism (CD) spectroscopy at
222 nm using a ChiraScan spectrometer (Applied Photophysics Ltd). Sample conditions were
2-4 uM protein in 4 pM Tris pH 7.1, 0.3 mM NaCl and 20 uM CaCl,. The temperature was
raised from 16°C to 94°C in 1°C increments and at each temperature the sample was equili-
brated for one minute before measurements. The data was analyzed using CDpal [17].
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NMR spectroscopy

All experiments were recorded at 25°C using Varian Inova 500 MHz and 600 MHz spectrome-
ters equipped with cryogenically cooled probe heads. Protein concentrations were 0.5-0.8 mM
in 20 mM Tris pH 7.1, 150 mM NacCl, 100 uM NaNj; and 10% D,0. 10 mM CaCl, was added
for CLD N-lobe“® and CLD C-lobe“® and 4 mM TCEP was added for CLD C-lobe®,

HNCACB, CBCA(CO)NH, HN(CA)CO, HNCO, HBHA(CO)NH [18] experiments were
recorded to assign the protein backbone. Calcium binding to CLD N-lobe was analyzed by
recording '’N-HSQC experiments at different concentrations of CaCl,.

"N R;, "N R;, and {'H}-'""N NOE experiments at were recorded at 600 MHz using stan-
dard pulse sequences [19,20]. For measurement R;, experiments with relaxation delays in the
range 20-645 ms and 20-800 ms were acquired for CLD N-lobe and CLD C-lobe, respectively.
R;, was measured by recording experiments with relaxation delays in the range 6-100 ms for
both lobes. The amplitude of the spin lock fields was ~1800 Hz and they were centered at
119 ppm. The heteronuclear NOE was measured by recording experiments with or without a 5
s period of saturation pulses. The total recovery delay was 12 s.

>N (and *CO for CLD N-lobe“®) CPMG [21,22] relaxation dispersion experiments [23,24]
were recorded using effective fields of 33-1000 Hz and for CLD N-lobe™°, also "HN R, , relax-
ation dispersions were recorded [25]. On-resonance experiments employed spin lock field
strengths in the range 738-14535 Hz with the spinlock carrier centered at 8.5 ppm. Off-reso-
nance experiments were recorded at a spin lock field strength of 2115 Hz with nominal tilt
angles between 11.9° and 64.5°.

Isothermal calorimetry

Purified proteins were dialyzed twice against 4 mM EDTA and then three times against a
buffer containing 20 mM HEPES, pH 7.1, 150 mM NaCl. Titrations were performed using a
MicroCal PEAQ-ITC system (Malvern Instruments Ltd) at 25°C using 37 injections of 1 pl
(first injection 0.8 pl) of ligand in 20 mM HEPES pH 7.1, 150 mM NaCl and a delay of 100 s
between injections. The concentration of the ligand was 3 mM (CLD N-lobe) or 2 mM (CLD).
The data was fitted to a one set of sites site model. The experiments were performed in tripli-
cate and the results are reported as the mean =+ the standard deviation of these.

Data analysis

Al NMR data were processed with NMRpipe [26] and visualized in Sparky (Gordon and Knel-
ler, University of California, San Francisco). Backbone resonances were assigned using the
software COMPASS [27]. Peaks were integrated and relaxation rate constants were fitted using
PINT [28]. Uncertainties in peak volumes were estimated from duplicate data points. R, was
calculated from R;, and R, as

R, =R,,/sin’0 — R, /tan’0 (1)

where 0 = arctan(B,/Q) is the tilt angle of the effective field, w,; = 27[B} + QZ]l/Q, with respect
to the static magnetic field, where B is the spin lock field strength in frequency units and Q
the resonance offset from the radio frequency carrier [29]. Errors in the fitted parameters were
estimated by the jack-knife approach [30].

Peak volumes from '°N CPMG relaxation dispersion experiments were converted into
effective transverse relaxation rates Ry o (Vepmg) = In(Io/I)/ T, where I and I, are the intensities
with and without the constant time relaxation delay of duration T'and vy, is the repetition
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rate in the CPMG pulse train. Residues with significant chemical exchange (p<0.01) in indi-
vidual fits were fitted to a global two-state model using the software CATIA [31].

R, relaxation dispersions were fitted on a per-residue basis to the expression for two-state
dynamics in the fast exchange limit

R,, = R,cos’0) + R, ;sin’0 + k,,¢,./ (K2, + w;)sin’0 (2)

where k., is the exchange rate constant and ¢, = pg(1 — pg)Aw” in which py is the population
of the alternative state and Aw is the difference in resonance (angular) frequency between the
two states [32]. The data was also fitted to a model excluding dynamics by omitting the last
term in Eq 2. The exchange rates for residues with significant exchange (p<0.01) were clus-
tered using k-means where each residue was represented as a gaussian centered at k,, and with
a width corresponding to the uncertainty in k,,.

Structural ensembles

CS-Rosetta [33] was used to calculate structural ensembles guided by NMR chemical shifts to
generate local backbone fragments. To avoid including existing crystal structure fragments
with sequence similarity to our target structure, all fragments were generated with the -nohoms
flag. The calcium binding sites were modeled by restraining the pairwise distances for the
coordinating residues across the binding site to distances obtained from known calcium bind-
ing sites. In total 83176, 86711, and 70698 structural models were sampled for CLD N-lobe™°,
CLD N-lobe“* and CLD C-lobe“®, respectively. Models were clustered using 3 A cutoff using
Rosetta’s clustering application and the lowest energy model with a chemical shift root-mean-
squared difference between experimental and chemical shifts predicted by SPARTA+ [34] bet-
ter than one standard deviation from the ensemble mean was selected as the structural repre-
sentative. The generated structures were used in hydrodynamic calculations of correlational
times for rotational diffusion [35].

Results

The two isolated CLD lobes of pfCDPK3 are well-folded and CLD C-lobe
cannot be prepared calcium-free

We were not able to obtain samples of intact CLD or indeed CAD in sufficient concentrations
and at conditions suitable for NMR spectroscopy. Therefore most experiments involved the
two CLD domains in isolation. Furthermore, since calcium could not be removed from CLD
C-lobe we were not able to perform any studies of its apo state. The '*N-HSQC spectra of CLD
N-lobe in its apo state (CLD N-lobe*°), CLD N-lobe in the presence of calcium (CLD N-
lobe“®) and CLD C-lobe in the presence of calcium (CLD C-lobe®?) shown in F ig 2 demon-
strate that they all are well-folded. As expected, the chemical shift dispersion is larger for the
calcium bound forms. The spectra show many hallmarks of EF-hand proteins, the most obvi-
ous being that the amide proton resonances of the glycine residues at position VI of the cal-
cium binding loops resonate above 10.5 ppm in the calcium bound forms. This also applies to
G436 in the N-terminal loop of CLD N-lobe that is expected to be unoccupied [13] and we
point out that these chemical shifts do not reflect calcium-binding per se but formation of
hydrogen bonds with the side-chain of the residue at position I of the loops. Evidence against
calcium-binding is that the chemical shift of 1438™ moves upfield by 1.1 ppm upon addition of
calcium since a significant downfield movement upon binding is expected [36].

As reported previously, CLD N-lobe undergoes two-state unfolding with denaturation mid-
point temperatures of 64.4 + 0.4°C and 90 + 3°C for CLD N-lobe®° and CLD N-lobe“?,
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Fig 2. "N-HSQC spectra for (A) CLD N-lobe®°, (B) CLD N-lobe®® and (C) CLD C-lobe®?. The inset in panel C shows a circular

dichroism thermal denaturation profile for CLD C-lobe®?

in the temperature range 16-94°C.

https://doi.org/10.1371/journal.pone.0181721.g002

respectively [17]. In contrast, the thermal denaturation profiles for several samples of CLD C-
lobe“* were not compatible with two-state denaturation (see inset of Fig 2C and S1 Fig) and it
was not fruitful to estimate the midpoint temperature of denaturation. Purification of CLD C-
lobe in the absence of calcium was not possible and the NMR spectrum did not change even
after extensive dialysis against EDTA while direct addition of EDTA inevitably resulted in pro-
tein precipitation. It was thus not possible to study CLD C-lobe in the absence of calcium.

Structural ensemble from chemical shifts

The resonances were assigned by recording the standard suite of triple-resonance experiments
[18] and using the semi-automatic assignment software COMPASS [27]. The assignment com-
pleteness for amide moieties were 97.2%, 97.2% [sic] and 92.2% for CLD N-lobe®?°, CLD N-
lobe“® and CLD C-lobe“®, respectively. Unassigned resonances were mostly localized to the N-
termini. Additionally, for CLD N-lobe as well as CLD N-lobe“*, Y456 that follows the only
proline residue in the amino acid sequence and for CLD C-lobe“?, F500 and K548 could not
be identified. The chemical shifts were used to predict the secondary structure, which yielded
the classical EF-hand helix-loop-helix-linker-helix-loop-helix motif.

CS-Rosetta [33] was used to generate structural ensembles. After structural clustering, the
lowest energy model that also had predicted chemical shifts that agreed well with the experi-
mentally observed chemical shifts was selected (Fig 3A-3C). For CLD N-lobe® and CLD N-
lobe“* the selected structural model was also the lowest energy structural representative from
the largest cluster. For CLD C-lobe®
mental chemical shifts, thus the third lowest energy model (depicted by the arrow in Fig 3F)
was selected as the structural representative. Coordinates for the selected structural models for
CLD N-lobe*°, CLD N-lobe“® and CLD C-lobe“* are presented in S1-S3 Tables. As hinted by
the secondary structure pattern predicted by the chemical shifts, the selected models are simi-

, the lowest energy model did not agree well with experi-

lar to EF-hand domains. The calcium bound models are similar to their corresponding frag-
ment of the CAD crystal structure (PDB ID: 3K21) (Fig 3E and 3F). For CLD N-lobe“® the
agreement is especially good with an RMSD of 1.3 A. The hydrogen bonds that explain the
high chemical shifts of the amide protons of the glycines at loop position VI were readily iden-
tified, also for the loop carrying substitutions. The RMSD of 2.5 A for CLD C-lobe is slightly
larger with regions of poor agreement largely confined to the linker between the two EF-
hands. CLD N-lobe®° shows larger RMSD, above 3.5 A, for the selected representative (Fig
3D). The larger RMSD for the apo structure is mostly attributed to the different orientation

of the N-terminal helix and the linker connecting helices 2 and 3. The differences can be
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Fig 3. Selected models generated by CS-Rosetta using chemical shifts as restraints of (A) CLD N-lobe®°, (B) CLD N-lobe®? and
(C) CLD C-lobe®? overlaid with the corresponding fragments of the CAD crystal structure (PDB ID: 3K21). The models are colored as
a rainbow (blue N-terminus and red C-terminus) while the crystal structure is in dark gray with calcium ions shown as orange spheres. (D-F)
The corresponding RMSD vs. Rosetta Energy scatter plots for models generated for CLD N-lobe®°, CLD N-lobe®® and CLD C-lobe®?,
respectively. The RMSD is calculated against the corresponding fragment of the CAD crystal structure. The dashed line shows the cutoff for
the 1% lowest energy models, circled points (orange) indicate models that are among the 1% lowest energy and have a chemical shift
RMSD that is one standard deviation better than the ensemble mean. The arrows point to the selected models shown in (A-C).

https://doi.org/10.1371/journal.pone.0181721.9003

summarized as that the CLD N-lobe*° adopts a more compact structure, with smaller angles
between the helices of the first EF-hand like other calcium-sensing EF-hand proteins in their
apo states [37]. Apparently, binding of a single calcium ion to the C-terminal loop is sufficient
for triggering the conformational switch.

Only CLD N-lobe responds to changes in calcium concentration

The calcium dissociation constant of CLD N-lobe was determined by isothermal calorimetry
(ITC). The data was well fitted to one-site model with a stoichiometric ratio of 1:1 and yielded
aa Ky of 38 £ 3 uM (Fig 4). As expected from the literature [13] and our NMR data, the N-lobe
thus only binds one calcium ion with substantial affinity. As mentioned, we could not prepare
calcium-free CLD C-lobe but we were able to purify intact CLD at concentrations suitable for
ITC. After extensive dialysis against EDTA and then buffer its ITC profile resembled that of
CLD N-lobe and could be fitted to a one-site 1:1 model with K4 = 18 + 2 uM (Fig 4). Impor-
tantly, attempts to fit the data to 2:1 or 3:1 (calcium:protein) ratios were only possible if the
protein concentration was set fixed to unrealistically low values. Our interpretation is that also
in the context of full length CLD, CLD C-lobe remains calcium bound even at low calcium
concentrations and that the experiments reflected binding of an additional calcium ion to the
N-lobe.

CLD C-lobe®? forms dimers in solution

To characterize molecular tumbling and backbone flexibility, we measured R;, R, and the het-
eronuclear NOE. The most striking feature of the relaxation data is that R, and R, are very
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Fig 4. Calcium affinity of (A) CLD N-lobe and (B) CLD analyzed by isothermal calorimetry. The experiments were
recorded in triplicates and representative profiles are shown. The data was fitted to a one set of sites binding model. The
dissociation constants were 38 + 3 uM and 18 + 2 yM for CLD N-lobe and intact CLD, respectively.

https://doi.org/10.1371/journal.pone.0181721.9004

different for CLD N-lobe®*“® and CLD C-lobe®* (Fig 5). The ratio of these parameters were
used to calculate correlation time for molecular reorientation [38]. The correlation times of
5.3+ 0.1 nsand 5.9 + 0.4 ns for CLD N-lobe**° and CLD N-lobe“*, respectively, are fully com-
patible with the domains tumbling as monomers and the slightly larger correlation time for
CLD N-lobe®® is consistent with its more expanded structure. In contrast, the estimated corre-
lation time of 15.0 + 0.1 ns for CLD C-lobe“* can only be explained by formation of dimers in
solution. These results are corroborated by hydrodynamic calculations [35] based on the calcu-
lated structures from which we obtained rotational correlation times of 5.0 nns, 5.2 ns and 7.1
ns for monomeric CLD N-lobe®°, CLD N-lobe“* and CLD C-lobe“, respectively.

CLD N-lobe®° and CLD N-lobe®? exchange with alternative states

Relaxation dispersions were measured to characterize pus—ms motions. These experiments are
sensitive to the population of an alternative state, pj, the exchange rate constant, k,,, and the
magnitude of the difference in chemical shifts, |A®@|, between exchanging states [39]. The first
two parameters report on the thermodynamics and kinetics of the exchange while |A@| is
related to the structure of alternative state. Examples of >N CPMG dispersion profiles for
CLD N-lobe®°, CLD N-lobe“* and CLD C-lobe“* are shown in Fig 6. There were few resi-
dues with us—ms dynamics for CLD C-lobe“* and these residues are primarily localized to
the N- and C-termini. There is no evidence that these dynamics are due to dimer-monomer
exchange since the exchange rate of k,, = 860 + 90 s' and population of the alternative state
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of pg = 1.7 £ 0.1% were unchanged when the sample was diluted two-fold. Millisecond
dynamics of CLD C-lobe“® will not be discussed further herein.

In contrast, conformational dynamics was detected for the majority of the residues of CLD
N-lobe in both its apo and calcium bound states. For CLD N-lobe™?, the exchange was not
quenched at the highest effective field and we therefore also recorded "HN R, dispersions and
identified chemical exchange for 39 residues. The dispersions were sizable with an average of
19 + 30 s and in two cases (K435 and 1473) they exceeded 100 st (S2 Fig). The exchange rates
spanned the range 4300-63000 s and the data could not be fitted to a global two-state process.
Instead we used the k-means approach [40] to cluster the individual apparent two-state
exchange rates into four groups and residues belonging to the respective groups were color
coded onto the structure of CLD N-lobe™* (Fig 7A) to gain insight into their spatial distribu-
tion. Exchange is most abundant in helices 1 and 4 where most residues are in the class with
an exchange rate centered at 15400 s and in the calcium binding loops where most residues
are in the class with and average exchange rate of 6900 s™'. The square root of the exchange
parameter ¢, is proportional to |A®| (see Eq 2) and can thus be used as a proxy for the ‘ampli-
tude’ of the structural fluctuations at different positions to provide insight into the nature of
the alternative state. When compared with the difference between the observed chemical shifts
and expected random coil chemical shifts a descent correlation with Pearson’s coefficient of
correlation of 0.60 was obtained (Fig 7B).

For CLD N-lobe“ the >N CPMG experiment revealed millisecond dynamics for almost all
residues. In addition of the N-terminal residues G415-D419, the only exceptions for assigned
residues were K422, 1452, G469, $470, G471 and D484. The dynamics differed from that of
the apo state of the domain in two regards. First, the exchange is considerably slower and sec-
ond, the process is simpler since the data could be satisfactory fitted to a global two-state
model with k., = 1640 + 70 s and pp = 1.13 + 0.04%. The average |A@cppg| was 2.1 + 1 ppm
and largest values were found for residues 1428 (4.4 ppm), 1438 (5.1 ppm), 1479 (5.9 ppm). We
also recorded °CO relaxation dispersions that mainly are sensitive to modulation of the back-
bone dihedral angles and identified dynamics for 21 residues (Fig 8B). Exchange was particu-
larly abundant in helices 1, 2 and 4 and in the unoccupied calcium binding loop. It is

B
1500 T T T T |}
3 1000f 4
8 = ¢
(2 [ ]

> N

2 : SIAN

C 5 i ?

3 < 500} i . &; J
[ ] [ [ ]
iglds

]
O L L L L L
0 10000 20000 30000 40000 50000 60000 70000 0 0.2 04 06 08 1
k., (s7) Aw,,.. .| (PPmM)
ex

Fig 7. Conformational dynamics of CLD N-lobe®°. (A) K-means (k = 4) cluster analysis of exchange rates
for CLD N-lobe®°. The mean values of the clusters are 6900 s™* (n = 8; red), 15400 s™' (n = 20; green), 30800
s (n=8; blue) and 57100 s™' (n = 3; violet). The black line represents the sum of the four clusters. The inset
shows the structure of CLD N-lobe®° (colored as in Fig 3) with exchanging amide protons as spheres, color
coded according to cluster identity. (B) Correlation between ¢’ and magnitude of differences between

ex

observed chemical shifts and expected chemical shifts for a random coil.

https://doi.org/10.1371/journal.pone.0181721.g007
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Fig 8. Spatial distribution of exchanging backbone '*N and '*CO nuclei of CLD N-lobe®®. Exchanging
nuclei are shown as spheres on the structure of CLD N-lobe®? colored as in Fig 3. (A) Exchanging backbone
SN nuclei. The color coding is |A@cpua] <2 ppm (indigo), 2 < |Adcemal < 3 ppm (green) and [Adcemal >

3 ppm (red). (B) Exchanging backbone *CO nuclei. The color coding is |A@cruma| <0.75 ppm (indigo), 0.75 < |
A@cpual < 1.0 ppm (green) and [Adcpmg| > 1.0 ppm (red).

https://doi.org/10.1371/journal.pone.0181721.g008

noteworthy that we did not identify a single residue with '*CO dispersions in the second, occu-
pied, calcium binding loop.

Discussion

Reassuringly, the individual domains of CLD adopt solution structures that are typical of EF-
hand proteins and the calcium bound forms are very similar to the corresponding fragments
of the crystal structure of calcium bound CAD as gauged by the CS-Rosetta structural ensem-
bles. It is thus valid to study the lobes in isolation for many purposes although we refrain from
interpretating the details of the structures. It is however noteworthy that binding of a single
calcium ion to the N-lobe is sufficient for triggering the structural change associated with acti-
vation of EF-hand domains [41]. The larger deviation between the solution and crystal struc-
tures of CLD C-lobe“® than of CLD N-lobe“® may in part be explained by our observation that
the isolated fragment of the former forms dimers in solution.

The failure to remove calcium from CLD C-lobe and our ITC results for intact CLD point
to a very high calcium affinity for the lobe. If the results can be generalized to full-length
pfCDPK3 they could mean that CLD C-lobe binds calcium immediately after synthesis and
thus does not change its structure in response to fluctuating calcium levels as has been pro-
posed for CPK-1 from Arabidopsis thaliana [9]. Another possibility is that magnesium or
other metal ions occupy the loops of CLD C-lobe at low calcium levels as has been suggested
for other apicomplexan CDPKs [7]. Regardless, activation of pfCDPK3 would then be due to
the structural reorganization associated with calcium binding to the CLD N-lobe. The dissoci-
ation constant for this binding is approximately two orders of magnitude lower than for cal-
cium binding to calmodulin at similar conditions [42] and since only one of the CLD N-lobe
loops binds calcium there can be no cooperativity within the lobe. This means that very high
levels of calcium are needed for the activation of pfCDPK3 although the dissociation constant
is lowered by a factor two in the context of intact CLD and possibly more for full length
pfCDPK3. We stress that future studies on full length pfCDPK3 or at least CAD are necessary
to confirm these hypotheses and that mutational data would be helpful to conclusively estab-
lish the binding mechanism.
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The most important finding from the analysis of the relaxation rate constants that report
on molecular motions was that CLD C-lobe“* dimerizes at all concentrations tested and the
instability of the protein in monomeric form explains the unusual denaturation profile
shown in Fig 2. Interestingly, the software PISA [43] predicts that CAD forms dimers in the
presence of calcium. However, the interaction surface between two individual CLD C-lobe
units in these dimers is small and it is unlikely that the dimerization observed here takes
place in vivo. A more plausible biological implication of our observation is thus that CLD
C-lobe requires an interaction partner. In the crystal structure of intact CAD at high cal-
cium levels, this role is fulfilled by the junction region [13]. If indeed CLD C-lobe always is
calcium bound, the requirement would also apply to conditions of low calcium. pfCDPK3
could then once again resemble the model for CPK-1 from Arabidopsis thaliana, where
there is interaction between CLD C-lobe and the junction region also at low calcium levels
[9].

While only a few CLD C-lobe™* residues are sensitive to us—ms motions, there is global
exchange with alternative states for CLD N-lobe in its apo as well as calcium bound state. The
dynamics of CLD N-lobe™® are more complex than a simple two-state process since the data
had to be fitted on a per-residue basis. The so obtained exchange rates could however be
divided onto four clusters. For the largest cluster 16 out of 20 members were located in helix 1,
helix 4 and the N-terminal part of the first loop, making it likely that this region of the protein
experiences a common dominant process. Based on the correlation between ¢’ and the abso-
lute value of the difference between observed and random coil chemical shifts a possible model
is that CLD N-lobe®** is in equilibrium with a sizable fraction of a conformation where the
lobe is partially unfolded although the less than perfect correlation and the failure to fit the
data to a two-state process demonstrates additional processes.

We found no evidence for a ‘conformational selection’ model for calcium binding since
there was no correlation between ¢’ and the magnitude of the difference between CLD N-
lobe®® and CLD N-lobe“ chemical shifts and on the same grounds we ruled out that dynam-
ics for CLD N-lobe“?, are the result of exchange with the apo state. Additional evidence
against this is that there were '*CO dispersions for most regions of CLD N-lobe“* but none
for the occupied calcium binding loop. In contrast, '>CO dispersions for several residues of
the unoccupied loop could mean transient binding calcium binding that remained unde-
tected by the ITC experiments and the dynamics of CLD N-lobe“® may reflect necessary plas-
ticity for activation of pfCDPK3. Since the dynamics seem to reflect a concerted two-state
process it should be possible to explore the structure of the alternative conformation in detail
[44].

In conclusion, our results show that the solution structures of the calcium bound forms
of the two lobes are similar to the corresponding fragment of the crystal structure of CAD
while the structure of CLD N-lobe™* is typical of EF-hand domains in absence of calcium.
Our failure to prepare calcium-free CLD C-lobe suggests that the activation of pfCDPK3 is
due to the conformational switch resulting from the binding of a single calcium ion to CLD
N-lobe. In contrast to CLD C-lobe, the N-lobe is highly dynamic on the ps—ms time-scale.
For CLD N-lobe™ the dynamics may reflect a folding-unfolding transition and for CLD N-
lobe“* they could be required for activation. Because of the low affinity for calcium and the
lack of cooperativity within CLD N-lobe it is likely that higher calcium levels are needed to
activate pfCDPK3 than most other calcium sensors including other pfCDPKs. If CLD C-lobe
indeed is calcium-bound at low calcium levels, an interpretation of our observation that iso-
lated CLD C-lobe forms dimers is that it interacts with the junction region also in the inac-
tive state.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181721  July 26, 2017 12/15


https://doi.org/10.1371/journal.pone.0181721

o @
@ : PLOS | ONE Characterization of the Calmodulin-Like Domain of Plasmodium falciparum calcium dependent protein kinase 3

Supporting information

S1 Text. Expression and purification of CLD N-lobe and CLD C-lobe.
(DOCX)

S1 Fig. Thermal denaturation of CLD C-lobe“® monitored by circular dichroism spectros-

copy.
(DOCX)

S2 Fig. 'HN R,,, dispersions for CLD N-lobe®* at 500 MHz and 25°C.
(DOCX)

$3 Fig. ">’N CPMG dispersions for CLD N-lobe“* at 600 MHz and 25°C.
(DOCX)

$4 Fig. ">N CPMG dispersions for CLD C-lobe“* at 600 MHz and 25°C.
(DOCX)

S1 Table. Coordinates for the selected CS-Rosetta model of pfCDPK3 CLD N-lobe™?°.
(DOCX)

$2 Table. Coordinates for the selected CS-Rosetta model of pfCDPK3 CLD N-lobe“*.
(DOCX)

$3 Table. Coordinates for the selected CS-Rosetta model of pfCDPK3 CLD C-lobe“*.
(DOCX)

Acknowledgments

We thank the Protein Science Facility at Karolinska Institute for cloning and expression tests
and Lisa Henriksson and Patricia Gullberg for assistance with protein purification. Structure
calculations were performed on resources provided by the Swedish National Infrastructure for
Computing (SNIC) at National Supercomputer Centre (NSC) in Linképing and a subset of the
NMR experiments were recorded at the Swedish NMR Center in Gothenburg.

Author Contributions
Data curation: Cecilia Andresen, Markus Niklasson, Bjorn Wallner, Patrik Lundstrém.

Formal analysis: Cecilia Andresen, Markus Niklasson, Sofie Cassman EkI6f, Bjorn Wallner,
Patrik Lundstrom.

Funding acquisition: Patrik Lundstrém.

Investigation: Cecilia Andresen, Sofie Cassman Ekl6f, Patrik Lundstrom.
Methodology: Patrik Lundstrom.

Project administration: Patrik Lundstrém.

Software: Markus Niklasson.

Supervision: Patrik Lundstrom.

Writing - original draft: Cecilia Andresen, Patrik Lundstrom.

Writing - review & editing: Cecilia Andresen, Markus Niklasson, Sofie Cassman Ekl6f, Bjorn
Wallner, Patrik Lundstrom.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181721  July 26, 2017 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181721.s008
https://doi.org/10.1371/journal.pone.0181721

o @
@ : PLOS | ONE Characterization of the Calmodulin-Like Domain of Plasmodium falciparum calcium dependent protein kinase 3

References

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

WHO (2014) World malaria report.

Nagamune K, Moreno SN, Chini EN, Sibley LD (2008) Calcium Regulation and Signaling in Apicom-
plexan Parasites. In: Burleigh BA, Soldati-Favre D, editors. Molecular Mechanisms of Parasite
Invasion. pp. 70-81.

Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al. (2002) Genome sequence of the
human malaria parasite Plasmodium falciparum. Nature 419: 498-511. https://doi.org/10.1038/
nature01097 PMID: 12368864

Klimecka M, Muszynska G (2007) Structure and functions of plant calcium-dependent protein kinases.
Acta Biochim Pol 54:219-233. PMID: 17446936

Kretsinger RH, Nockolds CE (1973) Carp muscle calcium-binding protein. Il. Structure determination
and general description. J Biol Chem 248: 3313-3326. PMID: 4700463

Harmon AC, Gribskov M, Harper JF (2000) CDPKs—a kinase for every Ca* signal? Trends Plant Sci
5:154—-159. PMID: 10740296

Wernimont AK, Artz JD, Finerty P, Lin YH, Amani M, Allali-Hassani A, et al. (2010) Structures of apicom-
plexan calcium-dependent protein kinases reveal mechanism of activation by calcium. Nat Struct Mol
Biol 17:596-U595. https://doi.org/10.1038/nsmb.1795 PMID: 20436473

Li JL, Baker DA, Cox LS (2000) Sexual stage-specific expression of a third calcium-dependent protein
kinase from Plasmodium falciparum. Biochim Biophys Acta 1491: 341-349. PMID: 10760601

Christodoulou J, Malmendal A, Harper JF, Chazin WJ (2004) Evidence for differing roles for each lobe
of the calmodulin-like domain in a calcium-dependent protein kinase. J Biol Chem 279: 29092—-29100.
https://doi.org/10.1074/jbc.M401297200 PMID: 15126505

Gifford JL, Walsh MP, Vogel HJ (2007) Structures and metal-ion-binding properties of the Ca2*-binding
helix-loop-helix EF-hand motifs. Biochem J 405: 199-221. https://doi.org/10.1042/BJ20070255 PMID:
17590154

Baker DA (2010) Malaria gametocytogenesis. Mol Biochem Parasit 172: 57—65.

Billker O, Dechamps S, Tewari R, Wenig G, Franke-Fayard B, Brinkmann V (2004) Calcium and a cal-
cium-dependent protein kinase regulate gamete formation and mosquito transmission in a malaria para-
site. Cell 117: 503-514. PMID: 15137943

Wernimont AK, Amani M, Qiu W, Pizarro JC, Artz JD, Lin YH, et al. (2011) Structures of parasitic CDPK
domains point to a common mechanism of activation. Proteins 79: 803-820. https://doi.org/10.1002/
prot.22919 PMID: 21287613

Hui R, El Bakkouri M, Sibley LD (2015) Designing selective inhibitors for calcium-dependent protein
kinases in apicomplexans. Trends Pharmacol Sci 36: 452—460. https://doi.org/10.1016/j.tips.2015.04.
011 PMID: 26002073

Weljie AM, Gagne SM, Vogel HJ (2004) Solution structure and backbone dynamics of the N-terminal
region of the calcium regulatory domain from soybean calcium-dependent protein kinase alpha. Bio-
chemistry 43: 15131-15140. https://doi.org/10.1021/bi048751r PMID: 15568805

Weljie AM, Robertson KM, Vogel HJ (2003) Conformational changes in the Ca®*-regulatory region from
soybean calcium-dependent protein kinase-alpha—Fluorescence resonance energy transfer studies. J
Biol Chem 278: 43764—43769. https://doi.org/10.1074/jbc.M306799200 PMID: 12941950

Niklasson M, Andresen C, Helander S, Roth MGL, Zimdahl Kahlin A, Lindqgvist Appell M, et al. (2015)
Robust and convenient analysis of protein thermal and chemical stability. Protein Sci 24: 2055-2062.
https://doi.org/10.1002/pro.2809 PMID: 26402034

Sattler M, Schleucher J, Griesinger C (1999) Heteronuclear multidimensional NMR experiments for the
structure determination of proteins in solution employing pulsed field gradients. Prog Nucl Mag Res Sp
34:93-158.

Farrow NA, Muhandiram R, Singer AU, Pascal SM, Kay CM, Gish G, et al. (1994) Backbone dynamics
of a free and a phosphopeptide-complexed Src homology-2 domain studied by >N NMR relaxation.
Biochemistry 33: 5984—6003. PMID: 7514039

Korzhnev DM, Skrynnikov NR, Millet O, Torchia DA, Kay LE (2002) An NMR experiment for the accu-
rate measurement of heteronuclear spin-lock relaxation rates. J Am Chem Soc 124: 10743-10753.
PMID: 12207529

Carr HY, Purcell EM (1954) Effects of diffusion on free precession in nuclear magnetic resonance
experiments. Phys Rev 94: 630-638.

Meiboom S, Giill D (1958) Modified spin-echo method for measuring nuclear relaxation times. Rev Sci
Instrum 29: 688—691.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181721  July 26, 2017 14/15


https://doi.org/10.1038/nature01097
https://doi.org/10.1038/nature01097
http://www.ncbi.nlm.nih.gov/pubmed/12368864
http://www.ncbi.nlm.nih.gov/pubmed/17446936
http://www.ncbi.nlm.nih.gov/pubmed/4700463
http://www.ncbi.nlm.nih.gov/pubmed/10740296
https://doi.org/10.1038/nsmb.1795
http://www.ncbi.nlm.nih.gov/pubmed/20436473
http://www.ncbi.nlm.nih.gov/pubmed/10760601
https://doi.org/10.1074/jbc.M401297200
http://www.ncbi.nlm.nih.gov/pubmed/15126505
https://doi.org/10.1042/BJ20070255
http://www.ncbi.nlm.nih.gov/pubmed/17590154
http://www.ncbi.nlm.nih.gov/pubmed/15137943
https://doi.org/10.1002/prot.22919
https://doi.org/10.1002/prot.22919
http://www.ncbi.nlm.nih.gov/pubmed/21287613
https://doi.org/10.1016/j.tips.2015.04.011
https://doi.org/10.1016/j.tips.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/26002073
https://doi.org/10.1021/bi048751r
http://www.ncbi.nlm.nih.gov/pubmed/15568805
https://doi.org/10.1074/jbc.M306799200
http://www.ncbi.nlm.nih.gov/pubmed/12941950
https://doi.org/10.1002/pro.2809
http://www.ncbi.nlm.nih.gov/pubmed/26402034
http://www.ncbi.nlm.nih.gov/pubmed/7514039
http://www.ncbi.nlm.nih.gov/pubmed/12207529
https://doi.org/10.1371/journal.pone.0181721

o @
@ : PLOS | ONE Characterization of the Calmodulin-Like Domain of Plasmodium falciparum calcium dependent protein kinase 3

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Vallurupalli P, Hansen DF, Stollar E, Meirovitch E, Kay LE (2007) Measurement of bond vector orienta-
tions in invisible excited states of proteins. Proc Natl Acad Sci USA 104: 18473—-18477. https://doi.org/
10.1073/pnas.0708296104 PMID: 18006656

Lundstrédm P, Hansen DF, Kay LE (2008) Measurement of carbonyl chemical shifts of excited protein
states by relaxation dispersion NMR spectroscopy: comparison between uniformly and selectively (13)
C labeled samples. J Biomol NMR 42: 35—-47. hitps://doi.org/10.1007/s10858-008-9260-4 PMID:
18762869

Lundstrém P, Akke M (2005) Off-resonance rotating-frame amide proton spin relaxation experiments
measuring microsecond chemical exchange in proteins. J Biomol NMR 32: 163—173. https://doi.org/10.
1007/s10858-005-5027-3 PMID: 16034667

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A (1995) NMRPipe—a multidimensional
spectral processing system based on unix pipes. J Biomol NMR 6: 277-293. PMID: 8520220

Niklasson M, Ahiner A, Andresen C, Marsh JA, Lundstrom P (2015) Fast and accurate resonance assign-
ment of small-to-large proteins by combining automated and manual approaches. Plos Comput Biol 11.

Ahlner A, Carlsson M, Jonsson BH, Lundstréom P (2013) PINT—a software for integration of peak vol-
umes and extraction of relaxation rates. J Biomol NMR 56: 191-202. https://doi.org/10.1007/s10858-
013-9737-7 PMID: 23657843

Palmer AG, Massi F (2006) Characterization of the dynamics of biomacromolecules using rotating-
frame spin relaxation NMR spectroscopy. Chem Rev 106: 1700—1719. https://doi.org/10.1021/
cr0404287 PMID: 16683750

Mosteller F, Tukey JW (1977) Data analysis and regression. Reading, MA: Addison-Wesley Publishing
Company.

Hansen DF, Vallurupalli P, Lundstréom P, Neudecker P, Kay LE (2008) Probing chemical shifts of invisi-
ble states of proteins with relaxation dispersion NMR spectroscopy: How well can we do? J Am Chem
Soc 130: 2667—2675. https://doi.org/10.1021/ja078337p PMID: 18237174

Meiboom S (1961) Nuclear magnetic resonance study of the proton transfer in water. J Chem Phys 34:
375-388.

Shen'Y, Lange O, Delaglio F, Rossi P, Aramini JM, Liu GH, et al. (2008) Consistent blind protein struc-
ture generation from NMR chemical shift data. Proc Natl Acad Sci USA 105: 4685—-4690. https://doi.
org/10.1073/pnas.0800256105 PMID: 18326625

Shen Y, Bax A (2010) SPARTA+: a modest improvement in empirical NMR chemical shift prediction by
means of an artificial neural network. J Biomol NMR 48: 13—22. https://doi.org/10.1007/s10858-010-
9433-9 PMID: 20628786

de la Torre JG, Huertas ML, Carrasco B (2000) HYDRONMR: Prediction of NMR relaxation of globular
proteins from atomic-level structures and hydrodynamic calculations. J Magn Reson 147: 138—146.
https://doi.org/10.1006/jmre.2000.2170 PMID: 11042057

Biekofsky RR, Martin SR, Browne JP, Bayley PM, Feeney J (1998) Ca>* coordination to backbone car-
bonyl oxygen atoms in calmodulin and other EF-hand proteins: '®N chemical shifts as probes for moni-
toring individual-site Ca®* coordination. Biochemistry 37: 7617-7629. https://doi.org/10.1021/
bi9800449 PMID: 9585577

Ikura M (1996) Calcium binding and conformational response in EF-hand proteins. Trends Biochem Sci
21:14-17. PMID: 8848832

Kay LE, Torchia DA, Bax A (1989) Backbone dynamics of proteins as studied by '°N inverse detected
heteronuclear NMR-spectroscopy—application to Staphylococcal nuclease. Biochemistry 28: 8972—
8979. PMID: 2690953

Palmer AG, Kroenke CD, Loria JP (2001) Nuclear magnetic resonance methods for quantifying micro-
second-to-millisecond motions in biological macromolecules. Methods Enzymol 339: 204—238. PMID:
11462813

MacQueen JB. Some Methods for classification and Analysis of Multivariate Observations; 1967. Uni-
versity of California Press. pp. 281-297.

Finn BE, Evenas J, Drakenberg T, Waltho JP, Thulin E, Forsen S (1995) Calcium-induced structural
changes and domain autonomy in calmodulin. Nat Struct Biol 2: 777-783. PMID: 7552749

Linse S, Helmersson A, Forsén S (1991) Calcium-binding to calmodulin and its globular domains. J Biol
Chem 266: 8050-8054. PMID: 1902469

Krissinel E, Henrick K (2007) Inference of macromolecular assemblies from crystalline state. J Mol Biol
372: 774-797. https://doi.org/10.1016/j.jmb.2007.05.022 PMID: 17681537

Vallurupalli P, Hansen DF, Kay LE (2008) Structures of invisible, excited protein states by relaxation dis-
persion NMR spectroscopy. Proc Natl Acad Sci USA 105: 11766—11771. https://doi.org/10.1073/pnas.
0804221105 PMID: 18701719

PLOS ONE | https://doi.org/10.1371/journal.pone.0181721  July 26, 2017 15/15


https://doi.org/10.1073/pnas.0708296104
https://doi.org/10.1073/pnas.0708296104
http://www.ncbi.nlm.nih.gov/pubmed/18006656
https://doi.org/10.1007/s10858-008-9260-4
http://www.ncbi.nlm.nih.gov/pubmed/18762869
https://doi.org/10.1007/s10858-005-5027-3
https://doi.org/10.1007/s10858-005-5027-3
http://www.ncbi.nlm.nih.gov/pubmed/16034667
http://www.ncbi.nlm.nih.gov/pubmed/8520220
https://doi.org/10.1007/s10858-013-9737-7
https://doi.org/10.1007/s10858-013-9737-7
http://www.ncbi.nlm.nih.gov/pubmed/23657843
https://doi.org/10.1021/cr0404287
https://doi.org/10.1021/cr0404287
http://www.ncbi.nlm.nih.gov/pubmed/16683750
https://doi.org/10.1021/ja078337p
http://www.ncbi.nlm.nih.gov/pubmed/18237174
https://doi.org/10.1073/pnas.0800256105
https://doi.org/10.1073/pnas.0800256105
http://www.ncbi.nlm.nih.gov/pubmed/18326625
https://doi.org/10.1007/s10858-010-9433-9
https://doi.org/10.1007/s10858-010-9433-9
http://www.ncbi.nlm.nih.gov/pubmed/20628786
https://doi.org/10.1006/jmre.2000.2170
http://www.ncbi.nlm.nih.gov/pubmed/11042057
https://doi.org/10.1021/bi9800449
https://doi.org/10.1021/bi9800449
http://www.ncbi.nlm.nih.gov/pubmed/9585577
http://www.ncbi.nlm.nih.gov/pubmed/8848832
http://www.ncbi.nlm.nih.gov/pubmed/2690953
http://www.ncbi.nlm.nih.gov/pubmed/11462813
http://www.ncbi.nlm.nih.gov/pubmed/7552749
http://www.ncbi.nlm.nih.gov/pubmed/1902469
https://doi.org/10.1016/j.jmb.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.1073/pnas.0804221105
https://doi.org/10.1073/pnas.0804221105
http://www.ncbi.nlm.nih.gov/pubmed/18701719
https://doi.org/10.1371/journal.pone.0181721

