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Abstract

The eukaryotic 60S-ribosomal stalk is composed of acidic ribosomal proteins (P1 and P2) and neutral protein PO, which are
thought to be associated as a pentameric structure, [2P1, 2P2, PO]. Plasmodium falciparum P2 (PfP2) appears to play
additional non-ribosomal functions associated with its tendency for homo-oligomerization. Recombinant bacterially
expressed PfP2 protein also undergoes self-association, as shown by SDS-PAGE analysis and light scattering studies.
Secondary structure prediction algorithms predict the native PfP2 protein to be largely helical and this is corroborated by
circular dichroism investigation. The 'H-">N HSQC spectrum of native P2 showed only 43 cross peaks compared to the
expected 138. The observed peaks were found to belong to the C-terminal region, suggesting that this segment is flexible
and solvent exposed. In 9 M urea denaturing conditions the chain exhibited mostly non-native P structural propensity. '°N
Relaxation data for the denatured state indicated substantial variation in ms-us time scale motion along the chain. Average
area buried upon folding (AABUF) calculations on the monomer enabled identification of hydrophobic patches along the
sequence. Interestingly, the segments of slower motion in the denatured state coincided with these hydrophobic patches,
suggesting that in the denatured state the monomeric chain undergoes transient hydrophobic collapse. The implications of
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these results for the folding mechanism and self-association of PfP2 are discussed.
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Introduction

The lateral flexible stalk of the large ribosomal subunit, a
peculiar region made up of several proteins that is found in almost
all ribosomes anchored to a conserved region of the 28S (235)
rRNA is termed the GTPase-associated domain or GTPase center
[1]. The structure of the ribosomal GTPase within the large
subunit is not resolved by X-ray crystallography, probably because
of its high flexibility. Biochemical evidence shows that a
pentameric acidic protein complex bound to the GTPase center
forms a functional component in the ribosome [2]. The stalk
composition varies across the biological kingdoms; in prokaryotes
the stalk is comprised of proteins L.10, L7/L12 forming either a
pentameric L10-(L7/L12); or a heptameric L10-(L7/L12);
complex [2,3]. In higher eukaryotes the proteins P1 and P2
interact with PO forming a pentameric PO-(P1/P2); complex, and
are collectively known as the P-proteins [4,5]. The stoichiometry
and topography have been confirmed by many deletion and cross-
linking experiments which predict that Pl and P2 form
homodimers [6], whilst many other genetic, biochemical studies
and also yeast two-hybrid experiments show that the P1-P2
heterodimer is linked to PO to form a pentameric structure, PO-
(P1-P2), [7]. The P proteins are known to contribute towards the
structure of the stalk-domain of the large ribosomal subunit. It has
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been shown in prokaryotes that L7/L12 is involved in binding
translation factors to the ribosome to stimulate GTP hydrolysis
through stabilization of the GTPase conformation [8]. Through
cryoelectron microscopy these complexes are observed as a lateral
protuberance of the large ribosomal subunit and play an
important role in translation elongation [9,10]. This assembly is
known for large changes of conformation during the different steps
of the elongation cycle and has high intrinsic flexibility [11]. The
precise details of the mechanism are still not understood. The
structure of the isolated bacterial L.7/L1.12 complex has been solved
by X-ray crystallography and three domains were identified,
which include a short alpha-helical N-terminal domain, an
intermediary (hinge) domain, and a C-terminal domain found to
bind elongation factors [12,13].

Recently the crystal structure of the eukaryotic 60S ribosomal
subunit from Tetrahymena thermophila in complex with elF6 has been
reported [14]. However, in this structure there are no details about
the stalk elements. Although the primary amino acid sequences of
several eukaryotic P-proteins are known, structural details are
relatively scarce. The recently elucidated solution structure of N-
terminal region of the human P2 protein shows that the P2
structure is very distinct form that of the bacterial functional
orthologue L12 [15]. Each of the three ribosomal P-proteins is
separately conserved across several eukaryotic species and, in
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particular, the acidic C-terminal domain is conserved even among
the P-proteins [16]. It had been reported that the N-terminal
regions of eukaryotic acidic phosphoproteins P1 and P2 are crucial
for heterodimerization and assembly into the ribosomal GTPase
center [17]. The Plasmodium P2 protein also plays additional roles
in parasite cell division (Das et al., communicated manuscript).
Malaria parasites resident inside erythrocytes are confined to a
parasitophorous vacuole. In addition to its presence in this
parsitophorous vacuole, the Plasmodium P2 protein is also found
on the infected-erythrocyte surface for 6-8 hrs during early
schizogony, at the onset of cell-division. Treatment with a panel
of anti-PfP2-specific monoclonal antibodies causes an arrest of
such infected cells at the first nuclear division, indicating an
unusual role of the P2 protein in parasite cell division. It points to
complexity in the signaling cascade between the P2 protein at the
infected-red cell surface and the nucleus of the parasite across
several membrane layers. The P2 protein found at the red cell
surface occurs exclusively as SDS-resistant homotetramers, as
observed through mass spectrometric determinations of immuno-
precipitated preparations of parasite infected red cell ghost
membrane preparations.

Structural contributions of the P-proteins to the ribosome have
best been addressed in the yeast Saccharomyces cerevisiae and the rat
[18,19,20]. It has been shown earlier in yeast [21,22] that isolated
P2 forms a homodimer, but in presence of the P1 forms a more
stable P1/P2 heterodimer [15]. Therefore P1/P2 heterodimers
may play an important role in the assembly of the ribosomal stalk
[23]. However, whether homo-oligomerization of cither P1 or P2
is important in higher eukaryotes is not yet clear.

In Plasmodium, P2 homo-oligomerization is associated with its
localization to the infected RBC surface, where it appears to play
an important role in Plasmodial nuclear division (Das et al,
communicated manuscript). During the development in erythro-
cytes the P2 protein within the parasite body remains largely
monomeric, as detected by SDS-PAGE, until the onset of cell
division. At that point a large number of SDS-resistant higher
oligomers of P2 protein are detected indicating that homo-
oligomerization of P2 protein is developmentally regulated in
Plasmodium. At the infected-erythrocyte surface, however, only the
SDS-resistant homo-tetrameric form of P2 is found, pointing to a
role of tetrameric P2 at the infected red cell surface. The
occurrence of oligomers of P2 protein diminishes as the cell
division proceeds to completion.

Thus the propensity to undergo self- or hetero-association may
be important for the Plasmodium P-proteins. Self-association would
be intimately connected with the folding and consequent surface
properties of the polypeptide chain. Therefore, understanding the
folding mechanism of these proteins is a relevant field of
Investigation.

Three different models, namely, the framework model
[24,25,26,27], hydrophobic collapse [28,29,30] and nucleation-
condensation [31,32,33] have been developed to describe protein
folding mechanisms. In the framework model, local regular
secondary structure is formed early and then the segments
assemble into the native tertiary structure by diffusional processes.
In the hydrophobic collapse model non-polar residues combine to
form a compact object prior to secondary structure formation.
Finally, in the nucleation condensation model the protein chain
forms a diffuse folding nucleus of a few adjacent residues which
have some relevant secondary structure propensity, providing a
platform for further folding.

In the case of P2, the high susceptibility to self-association
hampers folding investigations. In this scenario a plausible strategy
to understand folding is to denature the protein — which also
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dissociates the oligomers — and then characterize structural
propensities and dynamics characteristics along the chain in the
denatured state. Such characteristics have been known to throw
light on folding initiation sites and structural transitions that occur
when appropriate conditions of folding are provided [34,35,36].

In vivo, the newly synthesized polypeptide chain is in some kind
of denatured state. The precise characteristics of the state vary
according to the cell type and the intra-cellular environment. It is
known that the properties of the denatured state and the solution
conditions significantly influence the protein folding pathway and
whether the end product is a properly folded or a misfolded state,
which would have great impact on the function of the protein
[37,38,39,40]. In this view it is important to understand the
characteristics of the denatured state.

While studying denatured states of proteins inside cells has
remained a challenging task, useful insights have been derived on
the biophysical aspects of folding, by studying denatured states
created by chemical denaturants such as guanidine-HCI, sodium
dodecyl sulfate, urea, organic solvents, etc. This allows sampling of
the conformational space available to different polypeptide chains.
Indeed all of these states are different [41,42,43]. It may be that
some of these states would be populated under # viwvo conditions,
and hence step-wise studies of various unfolding perturbations can
be taken to provide insight into the numerous trajectories that may
be accessed by the polypeptide chain in the course of its folding to
the native form.

With this concept in mind, we report here structural and
dynamics characterization of the native oligomeric and the
denatured monomeric forms of Plasmodium falciparum P2 (PfP2),
which represent the two ends of the folding funnel. From various
biophysical methods we conclude that native PfP2 forms homo-
oligomers dominated by alpha-helical content. Multidimensional
NMR investigations suggest that in the native state oligomer the
C-terminal 40 residues remain flexible and exposed to solvent. In
the 9 M urea denatured state the protein shows mostly non-native
B structural propensity. '°N relaxation studies in conjunction with
average area buried upon folding (AABUF) calculations suggest
transient hydrophobic collapse in the denatured ensemble. This
conclusion is in accord with a FT-IR study on a carefully designed
polymer to study the mechanism of urea denaturation [44] but is
in contrast to the results of a computational study on partially
folded proteins [45]. Our results favor the “hydrophobic collapse”
model of protein folding for PfP2.

Materials and Methods

1. Protein expression and purification

The ¢cDNA encoding P2 was cloned into pPROEXHTa vector
which itself codes for a 30 residue affinity tag including six
histidines. Histidine-tagged P2 was overexpressed in Escherichia coli
BL21 (DE3) cells by inducing the culture with 500 uM isopropyl-
B-D-thiogalactopyranoside at 37°C for 4-5 hours. The protein
was affinity purified on Ni-NTA beads (Sigma-Aldrich) and eluted
with Tris buffer (pH 7.5; 20 mM) containing NaCl (150 mM),
imidazole (250 mM) and DTT (5 mM). The purity of the sample
was checked by western blotting using an anti-P2 monoclonal
antibody (Figure 1). A similar protocol was used for a deletion
construct lacking 40 residues from the C-terminus.

Plasmodium falciparum parasites were maintained in culture as
described earlier [46]. Briefly, human blood from healthy adults
with B* blood group was collected in acid citrate dextrose as the
anticoagulant. After removing the leukocytes, the erythrocytes
were washed and resuspended in complete RPMI (cRPMI with
0.5% Albumax). Asexual stages of P. falciparum (3D7 strain) were

May 2012 | Volume 7 | Issue 5 | 36279



P. falciparum P2 Folding and Self-Association

A)
SpPZ_beta GIEAEAERVESLISEL
SpPZ_nL;h- GIEAESERIETLINE
Buana_P GIEADDDRLNRVISEL
Bm_P2 GIEADGERLRRVITEL
PvP2 NAGVEEDVLTNIMDS SE
PEP2 NADVEDEVLNNFIDSL TD
PbP2 NAEVEEEVLGSLLDSL TE
Tozo P2 IDVEDDIMDAFFRAVE
conmsensus oabkYvAaYLl-vlgGodePesakdi-kvIistVgie-ede-l--li-elnGR-ihellaaG

\VATP---AAGGAAGAE--ATSAA|
ASAAPAAAAGGAAFAA--EEAAR
VAVS--AAPGSAAPAAGSAPAAA

SpP2_beta NE
SpP2_alpha NE
Bumna_ P2

AREE--EAAE

AREE-----
RRDERREESE

APAAAAAAAPAAAAAEERREDRREER

]
D
] D
Bm_P2 RE SHPVG ] I RED-----§ D
PvP2 M I&-6 }GAAA-VAARDTADVR--AEERREERREE----EE &
PfP2 L L[G-GGVAAAPAGAAAVETAEAR--REDRREERREE~---EE &
PbFZ L NVG-GGGAVAAAAFYAGDAGD SR--REERREER-EE----EE G
Tozeo_P2 ME VFSGGVAAAAAPAAGAADAGAG--AAARREEERRE----EEEEED )]
conmensus ieRLgtvp-gGaasaaasasaggaa-a---aedkkEEkkee----cecE-ddDlaGF-LFd
= ]
5 S - § = =~ N 2 &
= = = = =
B) M S g O) ﬁ E D) ] @ @ ] @
160 = = ; 100 =
100 = 70 =
70 =
50 = 50 =
E;JT 40 = Z
40 = = =
> 35 = S
35 ; g
25 = g =
5= g 25 = :
< =9
<
5= & 15= e - g
10—

Immunoblot

Coomassie

B- Actin

Figure 1. Sequence alignment, PAGE and antibody assays of P2. (A) ClustalW alignment of P2 protein across eukaryotic species. Sp:
Saccharomyces pombe (yeast); Human: H. sapiens; Bm: Bombyx mori (silkworm); Pv: Plasmodium vivax; Pf: Plasmodium falciparum; Pb: Plasmodium
berghei; Toxo: Toxoplasma gondii. The blue bar below shows the 40 amino acids deleted in the PfP2 Deletion Construct (PfP2-Del 40). The arrowhead
shows the position of human P2 deletion [15]. (B) Coomassie stained SDS-PAGE of 100 ug each of recombinant PfP2 proteins. Lanes 1:PfP2; 2: PfP2-
Del 40. (C) Immunoblot of the same gel as shown in Panel B probed with anti-P2 monoclonal antibody E2G12. (D) Immunoblot of 40 nug each of crude
P. falciparum parasite protein extracts prepared from a synchronized culture at various time points post-merozoite invasion, probed with anti-P2
monoclonal E2G12. The lower panel shows a loading control of the same blot probed with anti-p actin antibody.

doi:10.1371/journal.pone.0036279.g001

synchronized using sorbitol, and maintained at 2-5% haematocrit
in cRPMI at 37°C in a humidified chamber containing 5% COs.
Isotope-cnriched (N or 'N/'C) PfP2 was prepared using M9
media containing BNH,CI and *C glucose as the sole sources of
nitrogen and carbon, respectively. The purified protein was
concentrated to ~1 mM concentration. For the urea-denatured
state sample, the protein was exchanged with 100 mM MES
buffer (pH 5.6) containing 150 mM NaCl, 5 mM DTT and 9 M
urea. The NMR samples (containing 10% DyO (v/v)) were
allowed to attain equilibrium before starting the experiments.

2. NMR spectroscopy

All the NMR experiments were recorded at 300 K on a Bruker
800 MHz spectrometer equipped with a triple resonance cryo-
probe with an actively shielded Z-gradient. Series of two-
dimensional and three-dimensional experiments were carried out
on native and 9 M urea denatured protein. An HSQC spectrum
was recorded at the end of the experiments in order to check the
protein stability; we observed no change in the HSQC spectra
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indicating that the protein had reached equilibrium at the beginning
of the experiment. Backbone HY and °N resonance assignments for
denatured and native states were obtained using 3D HNN and
HN(C)N triple resonance experiments [47,48]. 3D HNCA,
HN(CO)CA, CBCANH, CBCA(CONH and TOCSY-HSQC
("°N) experiments [49,50] provided additional checks and facilitated
the assignment. "“N transverse relaxation rates (Rg) were measured
using CPMG delays: 17, 34, 51, 68, 85, 102, 119, 136, 153 and
187 ms. '°N longitudinal relaxation rates (R ) were measured using
mversion recovery delays: 10, 30, 60, 100, 200, 300, 450, 600, 800
and 1000 ms. Steady state 'H-'°N heteronuclear NOE measure-
ments were carried out with a total 5 s interscan delay where proton
saturation time was 3 s and relaxation delay was 2 s. For the
experiment without proton saturation the relaxation delay was 5 s.
HY-H” coupling constants were measured from the F2 dimension of
a high resolution HSQC spectrum recorded with 8192 complex ty
and 512 complex t, points. The 'H chemical shift was referenced to
HDO while the "C and "N chemical shifts were indirectly
referenced to DSS [51].
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3. Spectral density function

The spectral density at zero frequency, J(0), was calculated as
described by Lefevre et al. [52] using the reduced spectral density
approach. The reduced spectral density approach uses only three
relaxation parameters ("N R;, Ry and {'H}-"°N NOE) and
assumes that at high frequencies that J(wn)~J(wp+oN)=
J(wg —oN). J(0) is represented as follows.

3
2342 +2)

1
2
[0—1 XR1X< )

Where 0 represents the ({IH} 1SN) NOE

At 800 MHz the constant ¢ takes the value ~2.25x10? (rad/s)?
and d*~1.35x10° (rad/s)®. The uncertainty in the J(0) spectral
density values were calculated by standard error propagation from
the experimentally estimated uncertainties in the measured
relaxation parameters.
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4. Circular dichroism

Far-UV circular dichorism (CD) spectra of the protein samples
were recorded on a JASCO-J810 spectropolarimeter (Jasco,
Hachioji, Japan) at 27°C, at 0 and 9 M urea concentrations using
a 0.2 cm cell and a slit width of 2 nm. The protein concentrations
used were 20 uM for full length PfP2 and 50 uM for deletion
construct PfP2. Samples were equilibrated for at least 10-12 h
before CD measurements. Each spectrum is the average of eight
wavelength scans.

5. Average area buried upon folding

The per-residue average area buried upon folding (AABUF) was
calculated using the method described by Rose ¢t al., [53] using the
ExPASy website, with a nine residue moving average window.

6. Dynamic light scattering

Dynamic light scattering (DLS) experiments were performed on
a DyanaPro-MS800 instrument (Protein Solutions Inc., Charlot-
tesville, VA) that monitors the scattered light at 90° to the incident
beam. Twenty measurements were collected, each of at least 10 s
duration. Buffer solutions were filtered through 0.22 pum filters
(Whatman Anodisc 13, Whatman plc, UK). Care was taken to
minimize dust contamination. The ‘Regularization’ software
provided by the manufacturer was used for analyzing the
distribution of hydrodynamic radii of particles in solution.
Standard 6 nm diameter beads and bovine serum albumin
(hydrodynamic radius 3 nm) were used as standards. Experiments
were performed with PfP2 concentration varying from 40 uM to
180 uM in Tris buffer using a 50 pl volume cuvette. All
measurements were performed at 25°C.

7. Multi-angle light scattering

Multi-angle light scattering was performed on a HELEOS 8
Wyatt instrument that can monitor the scattered light at different
angles. Twenty to thirty measurements were taken. Buffer
solutions were filtered through a 0.22 um filter (Whatman Anodisc
13, Whatman plc, UK). BSA was used as standard. Experiments
were performed with PfP2 concentration varying from 250 uM to
400 pM.
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8. Electrostatics calculation

In the absence of PfP2 structural information, a 3D model of the
protein was generated by using I-Tasser, a platform which starts
from an amino acid sequence, first generates three dimensional
atomic models from multiple threading alignments and iterative
structural assembly simulations [54]. Then a coordinate file was
created in PQR format, which contains atomic positions of all of
the atoms in addition to their charge and radius. The POR file was
generated using the Amber force field from the PDB file using the
PDB2PQR [55] tool. The protein dielectric value (g;) was assigned
to 2 while solvent dielectric value (g,,) was 78. The Electrostatic
calculation was carried out at 300 K with the linearized PB
equation with a solvent probe radius of 1.4 A,

Results and Discussion

1. PfP2 is oligomer in solution

Although the ribosomal P2 proteins from eukaryotic organisms
are quite conserved, there appear to be distinct differences
between protozoan and other P2 proteins (Figure 1A). For
mnstance the two additional amino-terminal amino acids (Met-
Ala) are present only in apicomplexan protozoans but not in other
eukaryotic organisms. The serine residue present at the 12th
amino acid position from the carboxy-terminal end, which
undergoes phosphorylation and plays a regulatory role in both
humans and yeast, is missing in protozoan P2; instead a serine
residue is found at the 4th last position, absent in higher
eukaryotes (Figure 1A). Recombinant PfP2 protein undergoes
self-association at concentrations greater than 20 uM and does not
dissociate even in the presence of SDS-detergent and DTT
treatment (Figure 1B, C). In the case of human P2 protein,
deletion of 46 residues from the carboxy-terminal domain was
shown to abolish the propensity to form higher molecular weight
oligomers [15]. The truncation in the human P2 protein was done
just beyond the two conserved GG residues (Figure 1A). A PfP2
deletion construct with 40 amino acids missing from the C-
terminal end, which contained two more residues compared to
that in the human P2 deletion construct (Figure 1A) continued to
form homo-oligomers (Figure 1B,C).

Plasmodial P2 protein appears to play a distinct non-ribosomal
novel role in the GO to G1 transition of parasite cell division in
infected erythrocytes. This is demonstrated through the blockade
of cell division in the presence of a panel of monoclonal antibodies
specific to Plasmodium P2 protein (Das et al., ms communicated). Of
the three P-proteins, P2 protein alone translocates to the infected
RBC surface for 6-8 hours prior to nuclear division, and this
translocation is concomitant with extensive oligomerization of the
parasite P2 protein. During this sub-stage, an exclusive presence of
a P2 homotetramer is detected on the infected RBC membrane
(Das et al., ms communicated).

In the erythrocyte, Plasmodium falciparum develops through the
ring stages up to about 18 hours post merozoite invasion (PMI),
followed by the growing trophozoite stages (18-36 hrs PMI). The
PfP2 protein exists as a monomer during the ring stages, but at the
onset of the cell division (around 24 hrs PMI), exhibits massive
detergent resistant oligomerization (Figure 1D). The amount of P2
protein is also found to oscillate with the highest amount of P2
protein being formed at 24 hrs PMI. Within the erythrocytic
development cycle of 48 hrs in synchronized Plasmodium falciparum
cells, the high concentration of PfP2 protein and its extensive
oligomerization mainly at 24 hrs PMI indicates a definitive role for
PfP2 oligomerization, the precise nature of which is yet to be
elucidated.
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different proteins from [80].
doi:10.1371/journal.pone.0036279.9002

Light scattering experiments were performed to estimate the
molecular mass of the dominant PfP2 species in solution. Dynamic
light scattering (DLS) experiments yield the hydrodynamic radius
of different species present in the solution reflecting the association
state of the protein. DLS measurements were performed on P{P2
at 25°C, pH 7.5 for different protein concentrations in the range
40 to 180 uM. In all the cases the results are shown for freshly
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Figure 3. Secondary structure predictions. Summary of structure
prediction details of PfP2 using six different programs. Cylinders show
a-helical regions, arrows show f sheet and lines show random coils.
doi:10.1371/journal.pone.0036279.g003

@ PLoS ONE | www.plosone.org

prepared samples; typical data is shown in Figure 2. The results
suggest that there is one major species with a hydrodynamic radius
of ~5 nm accompanied by weaker bands at ~2-3 nm, 16 nm and
25 nm. We observed that on storage population of higher
molecular weight species (i.e. with radii ~16 nm and ~25 nm)
increases. By way of control Figure 2B presents a plot of the
average hydrodynamic diameters for many different proteins with
known molecular mass (proteins are listed in Supplementary Table
S1) and a correlation plot of estimated and observed molecular
weight is shown in Supplementary Figure S2. This graph
demonstrates a linear relationship between the predicted hydro-
dynamic diameter (Dy,) and molecular weight that we fit to the
following equation:

log(M,) = 2.34log(Dy,) —0.17

From this plot, the highly populated species Dy, (10.06 nm) of PfP2
corresponds to an average molecular weight of ~138 kDa which
indicates that PfP2 forms a multimeric oligomer; since the
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-25 T T T T
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Figure 4. CD spectra of PfP2. Far- UV CD spectrum of Full length P2
(filled circles o), Deletion construct of P2 (open circles o) at pH 7.5 and

27°C and in 9 M urea of P2 at pH 6.5 and 27°C (star mark).
doi:10.1371/journal.pone.0036279.g004
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doi:10.1371/journal.pone.0036279.g005

monomer molecular weight is 15.5 kDa, the observed size
indicates association of ~8-9 monomer units in solution. In vivo
results (see Figure 1D), however, seem to indicate that all types of
PfP2 species are present but only the homotetramer is found to
associate with the infected RBC membrane. It could be that under
i vitro conditions two such tetramers may self-associate further to
form an octameric species. The light scattering band at D, =4 nm
fits with the putative PfP2 monomer and those at larger
hydrodynamic radii reflect higher order states of association.
The formation of PfP2 oligomers was also confirmed by multi-
angle light scattering. At 250 to 400 uM; the molecular weight
observed for a freshly prepared sample of PfP2 is 117 kDa with n
~7-8 where n represents size of the aggregates.

2. PfP2 is largely helical in nature

The intrinsic secondary structural preferences for PfP2 were
predicted using several well-validated secondary structure predic-
tion algorithms [54,56,57,58,59,60]. The results are shown in
Figure 3. We observed that the predictions by the six algorithms
were very similar, establishing that the predictions are reasonably
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reliable. Four helices are consistently predicted for the stretches
Met33-Tyr39, Thr52-Gly60, Asp68-Leu78 and Cys83-Leu94.

We recorded far UV CD spectra of PfP2 to estimate the
secondary structure content of the protein. For human P2 it has
been reported that deletion of the last 46 residues increases the
stability of the dimeric protein and reduces higher order self-
association [15]. Therefore, we investigated both full length PfP2
as well as a corresponding deletion construct; the results are shown
in Figure 4. After normalizing CD intensity to the protein
concentration, the helical content in both the cases is found to be
30-35%. As a reference we also recorded the CD spectrum of
denatured PfP2 in 9 M urea. The absence of significant CD signal
under these conditions indicates that the helical secondary
structure is almost entirely lost.

3. The conserved C-terminus of PfP2 does not participate

in self-association

The "H-""N HSQC spectrum of native PfP2 protein shows only
43 backbone amide NH cross peaks compared to an expected tally
for a monomeric chain of 138 peaks (Figure 5). The spectrum was
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unchanged over the concentration range 300-800 uM. To check
that the sample contained full length protein we denatured the
sample in 9 M urea and re-recorded the HSQC spectrum
(Figure 6). This spectrum shows the full complement of cross
peaks predicted from the protein sequence. Moreover all the cross
peaks could be sequence-specifically assigned in the denatured
state. Illustrative sequential walks through the segments G137-
L140 in the native state and 1.44-E48 in the urea denatured state
of PfP2 are shown in Supplementary Figure S1 using the F,—F;
planes from the HNN NMR spectrum.

The fact that there are only a small number of peaks that belong
to the C-terminus of the polypeptide chain in the native state
spectrum can have several explanations. This could be either
because of formation of stable high molecular weight aggregates
involving a section of the polypeptide chain while the rest of the
chain is freely mobile, or because of line broadening due to
intermediate exchange in the solution as a result of self-association
equilibria and/or conformational variation in solution. The light
scattering experiments indicate that PfP2 forms a high molecular
weight oligomer in solution. The fact that dilution did not affect

@ PLoS ONE | www.plosone.org

the HSQC spectrum indicates that there is apparently no
equilibrium between the monomer and the multimer and that
even if present, the balance is highly in favor of the multimer state.
Thus we conclude that a C-terminal stretch of ~40 residues is free
and flexible in the oligomer and does not participate in
aggregation, and that the rest of the chain is not seen in the
spectrum because of its involvement in chain self-association. After
exchange of the native state sample in deuterium oxide the C-
terminal residue cross peaks disappeared in less than 5 minutes
indicating that the C-terminal amide NH groups are well exposed
to the solvent. Removal of the last 40 residues from the C-terminus
of PfP2 led to an almost blank HSQC: spectrum (data not shown)
indicating that the truncation does not prevent aggregation, as was
observed in the case of human P2 [15].

4, Insights into folding and self-association

In order to gain further structural and dynamic insight into PfP2
we decided to further characterize the denatured state. Denatured
states of proteins often possess residual structure and a pattern of
dynamics which reflect upon folding initiation sites for the native
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protein. Thus we have extensively characterized the denatured
state of PfP2 whose spectrum contains the signature of the entire
protein.

4.1 Structural preferences in the denatured
Deviations of observed NMR chemical shifts from
random coil values give an indication of secondary structure
present in proteins. The random coil values are derived from the
spectra of short peptides having 56 residues anticipated to have
no residual structural order. There is more than one set of random
coil shift values reported in the literature which differ in the
corresponding measurement conditions: one due to Wishart and
Sykes [51,61] and another by Schwarzinger ez al. [62]. The former
was recorded in pH 5 and 1 M urea while the latter used pH 2.3
and 8 M urea. We used the sequence-corrected random coil
values reported by Schwarzinger ¢t al. [62] for the assessment of
secondary chemical shifts for denatured PfP2. Of the various
secondary chemical shifts (A3), those of H*, '*C* and '*CO are the
most diagnostic of the local structural propensity of the polypep-
tide chain [63,64]. Thus if some residues show positive (downfield)
H* and negative (upfield) '*C* and "*CO chemical shift deviations
from random coil values (also called secondary shifts), then those
residues are taken to have a preference for the B-domain of
Ramachandran space. Residues with a-helical propensity show the
opposite secondary shift pattern.

We used H*, '*C* and '*CO chemical shifts to characterize the
residual structure present in 9 M urea denatured PfP2. The overall
pattern of secondary shifts (Figure 7) suggests that the denatured
chain is not a pure random coil. Though the secondary shifts are
small they indicate an overall bias for B structural preference.
Considering that the protein is thought to be largely helical in the
native state, this result suggests that in the urea-denatured state the
protein has highly non-native conformational preferences.

We measured *J(HY-H") coupling constants for all the residues
in PfP2. These data give an indication about backbone torsion
angles. For a regular helical structure *J(H-H) is 3-5 Hz, but 8-
11 Hz for B-structure [64], and typically 6-8 Hz for random coils.
It has been seen that the random coil *J(HY-H?) value for a given
residue is influenced by the nearest neighbor residues along the
sequence: two sets of standard sequence specific J-corrections
values have been reported in the literature, depending upon
whether the N-terminal residue belongs to one of two subsets of
amino acids [65]. For PfP2 we calculated the deviation of the
observed coupling constant from the predicted sequence-depen-
dent random coil value, (JopszJrc), which gives another insight into
the secondary structural propensity in the denatured state. A
negative secondary coupling constant indicates helical propensity
and a positive value indicates 3 structural propensity [65]. The
combined use of secondary coupling constants with secondary
chemical shifts provides an enhanced indication about the local
secondary structure propensity of the chain. It also enables
distinguishing between B and PPy structures [65]. For B structure
both the H* secondary chemical shifts and secondary coupling
constant would be positive, whereas for a PPyj helix the secondary
coupling constant would be negative.

state.

The measured values of the secondary coupling constants from
the high resolution HSQC spectrum of PfP2 (Figure 8) show that
the deviations for most of the residues are smaller than ~1.0 Hz.
We note that the precision of secondary coupling constant
estimation is ~0.5 Hz for the positive values and slightly worse
but <~1.0 Hz for negative deviations; this is because negative
deviations occur when coupling constants themselves are small. In
Figure 8 most of the residues show positive secondary chemical
shifts and positive secondary coupling constants indicating that
they mainly populate B structure. We also find a small stretch,
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Figure 7. NMR secondary chemical shifts. (A) AH” secondary
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indicates B-propensity. Shaded grey region represents a stretch that is
coming from the vector and is not part of PfP2.
doi:10.1371/journal.pone.0036279.g007

Phe30-Ala38, which displays negative secondary coupling con-
stants but positive H* secondary chemical shifts, thus indicating a
PPy; structure. A residue-wise assessment of B or PPyy preferences
from combined use of secondary coupling constants and secondary
chemical shifts is given in Figure 8.

4.2 Motional and folding initiation
sites. NMR relaxation measurements provide a powerful tool
for investigating dynamic properties of proteins over a wide range of
time scales [66,67,68]. Molecular motions of unfolded and partially
folded proteins are highly heterogeneous and dynamic processes
associated with global and internal motions occur on multiple time
scales. Backbone dynamics and overall structural fluctuations for the
urea-denatured PfP2 were assessed with '°N' R; (longitudinal

characteristics
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relaxation rate constant) '°N R, (transverse relaxation rate
constant), and {'H}-"’N heteronuclear NOE measurements all
recorded at 800 MHz (Figure 9). R, and {'H}-"’N heteronuclear
NOE values are most sensitive to fast motions (ns-ps time scale),
whereas the Ry value is sensitive to low frequency motions (ms-fis
time scale) and includes contributions from intermediate exchange
processes. For a denatured state of a protein chain where
conformational states and correlation times are expected to be
highly heterogeneous, these relaxation rates are typically interpreted
in a qualitative fashion to suggest motional trends along the chain.

The relaxation rates were determined for 92-95 non-overlapping
NH cross peaks of PIP2 out of a total of 126 assigned residues of which
112 residues are from the protein proper and the remaining are part
of the affinity purification tag. The derived relaxation rate constant
data is presented in Supplementary Table S2. In the denatured state
considerable variation in the Ry values is seen along the chain. The
values range from 1.07 to 6.07 s~ ! (mean R, value: 4.07+0.26 s~ 1).
This variation can arise either because of local structural and
motional variations or because of different degrees of conformational
exchange contribution to transverse relaxation. However consider-
able non-randomness of the observed R, values suggests the presence
of significant segmental conformational dynamics in the urea
denatured state of PfP2. Because of this conformational heterogeneity
almost every residue has a contribution from conformational
exchange (R.,) to its transverse relaxation rate.

R2 = R2,inl + Rex

Where Ry,int is the intrinsic transverse relaxation rate associated
mainly with the local overall reorientational motion (tumbling) of the
NH bond vector.

@ PLoS ONE | www.plosone.org

In Figure 9, there are distinct clusters of residues which show R,
values higher than the chain average: Met31-Tyr39: 5.45 s~ ';
Ala64-Lys79: 4.84 s™'; Glu85-Thr88: 4.54 s '; and Lys118-
Lys136: 4.54 s~ '. These regions may be considered to be
exhibiting slow segmental motions. Broadly speaking these regions
coincide with those identified as having a B-structure propensity
on the basis of secondary chemical shift analysis. Therefore, one
can speculate that this slow dynamics might be because of 8 to o
structural transitions occurring on ms-Us time scale in this region,
which has largely B (non-native) propensity in the urea denatured
state but is predicted to have a-helical structure in the native state.
We also observed regions which show relatively small Ry values.
Residues which show Ry values lower than average signify greater
flexibility. These segments of PfP2 include: Leu44-Asn63 (mean
Ry 3.42 571, GIn95-Glyl17 (3.09 s~ ). Of these two segments,
GIn95-Glyl117 is predicted by the pattern of secondary chemical
shifts to have random coil structure and thus it may act as a hinge
for surrounding segmental motions.

The R, value is sensitive to both low and high frequency
motions on the ns to ps time scale. For urea-denatured P{P2 the R,
values range from 1.07 to 2.23 s~ ' (mean R; 1.64=0.07 s~ ). The
C-terminal residues of the polypeptide show particularly small R,
values indicating much faster motions in this region. Elsewhere
there is some variation along the chain. For example a large value
of Ry is observed for stretches: Met31-Tyr35, mean R, 1.75 sTL
Glu48-GIn57, 1.73s™"; 1le75-Glu85, 1.72's™'; Leu94-Asn96,
1.78 s™'; and Glul33-Phel39, 1.74 s~ '. In the stretch Gly99-
Vallll the R; values are lower than the overall average value
which likely indicates faster motion for this region.

The {'H}-"°N steady state NOE values provide information
about ps timescale motions. In the denatured state of PfP2 the
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polypeptide sequence and gray bar indicates regions with higher flexibility: D (Leu44-Asn63) and E (GIn95-Gly117). Shaded grey region represents a

stretch that is coming from the vector and is not part of PfP2.
doi:10.1371/journal.pone.0036279.g009

heteronuclear NOE values (Figure 9) range from —0.36 to +0.88
(mean NOE 0.360.02). It is important to note here that all the
relaxation parameters are smaller for the C-terminal residues
indicating more conformational flexibility in this region while the
N-terminal region appears relatively more ordered. It can be seen
that there are two clusters of residues, Val43-Asn49 and GIn95-
Vallll, with mean NOE values of 0.30 and 0.20 respectively,
lower than the global average value indicating large amplitude
picosecond timescale motion.

4.3 Conformational exchange in the denatured state. As
discussed above, the Ry, values have the potential to throw light on
conformational exchange processes occurring along the chain;
relatively large Ry values indicate the presence of exchange at
those sites. Both R and R, relaxation rates include contributions
form dipolar and chemical shift anisotropy (CSA) interactions.
However conformational exchange on ms-us time scale contrib-
utes only to Ry. Thus, for particular NH groups in a putative
globular molecule a significant elevation in the Ry/R; ratio
[69,70] can be taken to indicate a contribution from conforma-
tional exchange and non-uniformity in Ry/R; has been used to

@ PLoS ONE | www.plosone.org
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demonstrate the presence of nonrandom structures in urea-
denatured states of various proteins [71,72,73,74,75,76]. In the
present case, considering the regions of the chain which are
identified to have a more random coil conformations and low Ry
values indicating maximal flexibility (GIn95-Thr113) a “floor
value” for Ry/R to represent a truly unfolded state devoid of slow
conformational exchange is estimated at 1.88; any Ro/R; value
above this floor can then be attributed to conformational
exchange. On this basis the Ryo/R; ratio is high for the regions
Met31-Tyr39, Ala64-Lys79, Glu85-Thr88 and Lys118-Glul28.
Interestingly, these regions, except Lysl18-Lys136, coincide well
with those where secondary structures have been predicted in the
native state and thus it may be conceived that these three regions
could be sites of folding initiation. While the secondary shifts
indicate that these regions have mostly propensity for B-structure
in the urea-denatured state (Figures 7 and 8), the secondary
structure prediction algorithms indicate helical structure in the
native state. Thus it is possible to imagine exchange between non-
native - and native helical structure for these regions. To further
exclude the possibility of high Ry/R; ratios due to low R, values,
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rather than due to large Ry, the RyR product analysis was also
calculated which is shown in Figure 9. From all of these, it may be
concluded that the residues in these region Met31-Tyr39, Ala64-
Lys79 and Glu85-Thr88 slow segmental motions in the urea-
denatured state of PfP2.

5. Hydrophobic collapse initiates folding

Further insights into polypeptide chain order-disorder dynamics can
be obtained by analyzing the correlation between Ry, values or the zero
frequency spectral density, J(0), which reflects ms-ps time scale internal
motions and conformational exchange, and average area buried upon
folding (AABUF) [53]. AABUY provides a set of empirical parameters
developed by Rose ¢t al. [53] to indicate the accessible surface area lost
when a residue becomes buried upon folding. The AABUF output is
proportional to the hydrophobic contribution of a residue to the
conformational free energy of the protein and has been shown to
correlate well with sequence dependent dynamic variations due to
hydrophobic cluster formation in denatured states [71].

Thus, the variations in Ry can result from differences in short
range interactions because of different local structural preferences
and from conformational exchange. A correlation between J(0)
and AABUF can be a useful identifier of regions involved in such
exchange. [77,78]. The calculated AABUF values for PfP2 along
with experimentally derived J(0) values obtained from the
relaxation parameters are shown in Figure 10. Interestingly, there
is a close parallel between the AABUF and J(0) plots; regions of
high AABUF coincide with regions of high J(0). Three distinct
regions of combined high AABUF and J(0) values can be
identified: Met31-Leu44, Val70-Leu78 and Ser82-Leu9l. In
PfP2, which is prone to self-association, the exchange can be
either between open and compact structures created by hydro-
phobic collapse (case 1) or between open monomeric and self-
associated species, the association occurring via hydrophobic
interactions (case 2). Case 1 is in accordance with a recent report
that urea can, in fact, favor hydrophobic collapse of a polymer
chain representing the backbone of a protein [44]. In this case the
hydrophobic patches listed above indicate folding initiation sites in
the monomer when appropriate conditions are provided by
dilution of the denaturant. In all these regions o-helical secondary
structures have been predicted in the native state but the
experimental data suggest tendency to form B-structure in the
denatured state. In the latter case, the hydrophobic patches
identify the association initiation sites along the chain. In fact both
of these mechanisms can actually be occurring in the denatured
ensemble in solution. We will explicitly address the issue of
exchange between open monomeric and self-associated species by
performing, in future, extensive relaxation measurements in the
denatured state at different protein concentrations.

To explore further case 1 described above, where the monomer
folds before the onset of self-association, we calculated the
electrostatic surface potentials for a 3D model generated by I-
Tasser [54] using the adaptive Poisson Boltzmann solver (APBS)
tools [79] in PYMOL (Figure 10C). Considering all the residues
for which the accessible surface area (calculated using NOC
http://noch.sourceforge.net/) exposed is more than 40% and
from among them the residues that are hydrophobic in nature, we
estimate the hydrophobic surface to be approximately 23% of the
total surface area. This is not contiguous, however, but is
distributed in several patches. These would promote self-
association from different sites on the surface. Following this
model, a possible scheme to describe the overall folding and self-
association of PfP2 is imagined in Figure 10B, wherein the flexible
and highly charged C-terminal segments of the individual
molecules in the oligomer are shown to be projected in a
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disordered fashion into the solution while the N-terminus is buried
inside the particle core. We do not know at this stage the structural
details of this core and further investigation using additional
methods will be required to characterize these aspects.

Conclusions

In Plasmodium species, SDS-resistant P2 homo-oligomers are
detected at certain erythrocytic stages of development, and these
appear to be involved in extra-ribosomal functions in the parasites.
Therefore it is important to understand the self-associative properties
of the Plasmodial P2 protein. In this paper we have made some
progress in deciphering the general characteristics of PfP2, although
the atomic level structure s still far from clear. Our data suggest that
the PfP2 has an intrinsic propensity to oligomerize in solution, and
the structure cannot be probed in detail in the native state. Insights
mto folding and self-association have been derived by mvestigating
the denatured state of the protein where it is possible to analyse the
full signature of the protein by NMR. Our data indicates that the
urea-denatured state of PfP2 mostly has structural propensities in the
B-region of the Ramachandran map over the majority of the chain
length, though one stretch shows PPy; behavior. The polypeptide
chain has significant conformational restriction and shows sequence
dependent variation of its dynamic properties. From the combined
estimated of local structural propensity, the motional characteristics
in the denatured state and AABUYF calculations we infer that stretches
Met31-Tyr39, Ala64-Lys79 and Glu85-Thr88 have hydrophobic
character and could be the initiation sites for folding, if folding
precedes self-association, or sites of intermolecular association if this
precedes or goes in parallel with folding. It is possible that both
mechanisms may be operating in solution. To gain further insights
mnto the association process, in case folding precedes self-association,
we calculated the electrostatic potential surface of the protein using
predicted 3D model of PfP2. This indicated that the surface of the
folded protein may have patches of hydrophobic character, which
provide sites for intermolecular association in aqueous solution.

Supporting Information

Figure S1 Illustrative sequential assignments. (A) Se-
quential walk through the F;—I5 planes of HNN spectrum of P2 in
9 M wurea at pH 5.6 and 27°C. Sequential connectivities are
shown for L44 to E48 stretch. Fo('’N) values are shown at the top
for each strip (B) Sequential walk through the I',—F; planes of
HNN spectrum of Native P2 in aqueous at pH 6.5 and 27°C.
Sequential connectivities are shown for G137 to L140 stretch.
Fy("°N) values are shown at the top for each strip. Black and red
shows positive and negative peaks. Distinct Gly serves as check
point in the sequential assignment.

(EPS)

Figure S2 Correlation of DLS-estimated uvs. actual
molecular weight. Using 14 different proteins (Supplementary
Table S1), the estimated molecular weights from DLS measure-
ments have been plotted against the actual molecular weights. The
correlation coefficient is found to be 0.99.

(EPS)

Table S1 The average hydrodynamic diameter and
molecular weight obtained from DLS measurements
on proteins with sizes ranging from 15 kDa to 750 kDa.
Estimated molecular weight is also shown.

(DOC)

Table S2 Relaxation data of 9 M urea denatured state of
PfP2.
(DOC)

May 2012 | Volume 7 | Issue 5 | 36279



Acknowledgments

We thank the National Facility of High Field NMR at Tata Institute of
Fundamental Research, Mumbai, India. We also thank Mr. Manoj Kumar
rout for figure preparation and all the software help whenever required.

References

1. Gonzalo P, Reboud JP (2003) The puzzling lateral flexible stalk of the ribosome.
Biology of the Cell 95: 179-193.

2. Diaconu M, Kothe U, Schlunzen F, Fischer N, Harms JM, et al. (2005)
Structural basis for the function of the ribosomal L7/12 stalk in factor binding
and GTPase activation. Cell 121: 991-1004.

3. llag LL, Videler H, McKay AR, Sobott F, Fucini P, et al. (2005) Heptameric
(L12)(6)/L10 rather than canonical pentameric complexes are found by tandem
MS of intact ribosomes from thermophilic bacteria. Proceedings of the National
Academy of Sciences of the United States of America 102: 8192-8197.

4. Tchorzewski M, Boldyreff B, Issinger OG, Grankowski N (2000) Analysis of the
protein-protein interactions between the human acidic ribosomal P-proteins:
evaluation by the two hybrid system. International Journal of Biochemistry &
Cell Biology 32: 737-746.

5. Uchiumi T, Kominami R (1997) Binding of mammalian ribosomal protein
complex PO center dot Pl center dot P2 and protein L12 to the GTPase-
associated domain of 28 S ribosomal RNA and effect on the accessibility to anti-
28 S RNA autoantibody. Journal of Biological Chemistry 272: 3302-3308.

6. Uchiumi T, Wahba A]J, Traut RR (1987) TOPOGRAPHY AND STOICHI-
OMETRY OF ACIDIC PROTEINS IN LARGE RIBOSOMAL-SUBUNITS
FROM ARTEMIA-SALINA AS DETERMINED BY CROSS-LINKING.
Proceedings of the National Academy of Sciences of the United States of
America 84: 5580-5584.

7. Tchorzewski M, Boguszewska A, Dukowski P, Grankowski N (2000)
Oligomerization properties of the acidic ribosomal P-proteins from Saccharo-
myces cerevisiae: effect of P1A protein phosphorylation on the formation of the
PIA-P2B hetero-complex. Biochimica Et Biophysica Acta-Molecular Cell
Research 1499: 63-73.

8. Wahl MC, Bourenkov GP, Bartunik HD, Huber R (2000) Flexibility,
conformational diversity and two dimerization modes in complexes of ribosomal
protein L12. Embo Journal 19: 174-186.

9. Stark H, Rodnina MV, RinkeAppel J, Brimacombe R, Wintermeyer W, et al.
(1997) Visualization of elongation factor Tu on the Escherichia coli ribosome.
Nature 389: 403-406.

10. Agrawal RK, Penczek P, Grassucci RA, Frank J (1998) Visualization of
elongation factor G on the Escherichia coli 70S ribosome: The mechanism of
translocation. Proceedings of the National Academy of Sciences of the United
States of America 95: 6134-6138.

11. Bushuev VN, Gudkov AT, Liljas A, Sepetov NF (1989) THE FLEXIBLE
REGION OF PROTEIN L12 FROM BACTERIAL-RIBOSOMES STUD-
IED BY PROTON NUCLEAR MAGNETIC-RESONANCE. Journal of
Biological Chemistry 264: 4498-4505.

12. Gudkov AT, Khechinashvili NN, Bushuev VN (1978) STUDIES ON
STRUCTURE OF PROTEIN L7-L12 FROM ESCHERICHIA-COLI
RIBOSOMES. European Journal of Biochemistry 90: 313-318.

13. Leijjonmarck M, Liljas A (1987) STRUCTURE OF THE C-TERMINAL
DOMAIN OF THE RIBOSOMAL PROTEIN-L7 PROTEIN-LI12 FROM
ESCHERICHIA-COLI AT 1.7 A. Journal of Molecular Biology 195: 555-580.

14. Klinge S, Voigts-Hoffmann F, Leibundgut M, Arpagaus S, Ban N (2011) Crystal
Structure of the Eukaryotic 60S Ribosomal Subunit in Complex with Initiation
Factor 6. Science 334: 941-948.

15. Lee KM, Yu CWH, Chan DSB, Chiu TYH, Zhu GA, et al. (2010) Solution
structure of the dimerization domain of ribosomal protein P2 provides insights
for the structural organization of eukaryotic stalk. Nucleic Acids Research 38:
5206-5216.

16. Rich BE, Steitz JA (1987) HUMAN ACIDIC RIBOSOMAL PHOSPHO-
PROTEINS-PO, PHOSPHOPROTEINS-P1, AND PHOSPHOPROTEINS-
P2 - ANALYSIS OF CDNA CLONES, INVITRO SYNTHESIS, AND
ASSEMBLY. Molecular and Cellular Biology 7: 4065-4074.

17. Naganuma T, Shiogama K, Uchiumi T (2007) The N-terminal regions of
cukaryotic acidic phosphoproteins P1 and P2 are crucial for heterodimerization
and assembly into the ribosomal GTPase-associated center. Genes to Cells 12:
501-510.

18. Saenzrobles MT, Remacha M, Vilella MD, Zinker S, Ballesta JPG (1990) THE
ACIDIC RIBOSOMAL-PROTEINS AS REGULATORS OF THE EU-
KARYOTIC RIBOSOMAL ACTIVITY. Biochimica Et Biophysica Acta
1050: 51-55.

19. Justice MC, Ku T, Hsu MJ, Carniol K, Schmatz D, et al. (1999) Mutations in
ribosomal protein L10e confer resistance to the fungal-specific eukaryotic
clongation factor 2 inhibitor sordarin. Journal of Biological Chemistry 274:
4869-4875.

20. Hagiya A, Naganuma T, Maki Y, Ohta J, Tohkairin Y, et al. (2005) A mode of
assembly of PO, P1, and P2 proteins at the GTPase-associated center in animal
ribosome - In vitro analyses with PO truncation mutants. Journal of Biological
Chemistry 280: 39193-39199.

@ PLoS ONE | www.plosone.org

13

P. falciparum P2 Folding and Self-Association

Author Contributions

Conceived and designed the experiments: RVH SS. Performed the
experiments: PM SD. Analyzed the data: PM. Contributed reagents/
materials/analysis tools: SD. Wrote the paper: PM. Helped in initial
understanding of the experiments: MVH LP.

21. Grela P, Sawa-Makarska J, Gordiyenko Y, Robinson CV, Grankowski N, et al.
(2008) Structural properties of the human acidic ribosomal p proteins forming
the P1-P2 heterocomplex. Journal of Biochemistry 143: 169-177.

22. Tchorzewski M, Krokowski D, Boguszewska A, Liljas A, Grankowski N (2003)
Structural characterization of yeast acidic ribosomal P proteins forming the
P1A-P2B heterocomplex. Biochemistry 42: 3399-3408.

23. Zurdo J, Parada P, van den Berg A, Nusspaumer G, Jimenez-Diaz A, et al.
(2000) Assembly of Saccharomyces cerevisiae ribosomal stalk: Binding of Pl
proteins is required for the interaction of P2 proteins. Biochemistry 39:
8929-8934.

24. Kim PS, Baldwin RL (1982) SPECIFIC INTERMEDIATES IN THE
FOLDING REACTIONS OF SMALL PROTEINS AND THE MECHA-
NISM OF PROTEIN FOLDING. Annual Review of Biochemistry 51:
459-489.

25. Kim PS, Baldwin RL (1990) INTERMEDIATES IN THE FOLDING
REACTIONS OF SMALL PROTEINS. Annual Review of Biochemistry 59:
631-660.

26. Ptitsyn OB (1987) PROTEIN FOLDING - HYPOTHESES AND EXPERI-
MENTS. Journal of Protein Chemistry 6: 273-293.

27. Ptitsyn OB, Rashin AA (1975) MODEL OF MYOGLOBIN SELF-ORGANI-
ZATION. Biophysical Chemistry 3: 1-20.

28. Kauzmann W (1959) SOME FACTORS IN THE INTERPRETATION OF
PROTEIN DENATURATION. Advances in Protein Chemistry 14: 1-63.

29. Tanford C (1962) CONTRIBUTION OF HYDROPHOBIC INTERAC-
TIONS TO STABILITY OF GLOBULAR CONFORMATION OF PRO-
TEINS. Journal of the American Chemical Society 84: 4240-&.

30. Baldwin RL (1989) HOW DOES PROTEIN FOLDING GET STARTED.
Trends in Biochemical Sciences 14: 291-294.

31. Otzen DE, Itzhaki LS, Elmasry NF, Jackson SE, Fersht AR (1994)
STRUCTURE OF THE TRANSITION-STATE FOR THE FOLDING/
UNFOLDING OF THE BARLEY CHYMOTRYPSIN INHIBITOR-2 AND
ITS IMPLICATIONS FOR MECHANISMS OF PROTEIN-FOLDING.
Proceedings of the National Academy of Sciences of the United States of
America 91: 10422-10425.

32. Kiethaber T, Bachmann A, Wildegger G, Wagner C (1997) Direct measurement
of nucleation and growth rates in lysozyme folding. Biochemistry 36:
5108-5112.

33. Fersht AR (1995) OPTIMIZATION OF RATES OF PROTEIN-FOLDING -
THE NUCLEATION-CONDENSATION MECHANISM AND ITS IMPLI-
CATIONS. Proceedings of the National Academy of Sciences of the United
States of America 92: 10869-10873.

34. Freund SMV, Wong KB, Fersht AR (1996) Initiation sites of protein folding by
NMR analysis. Proceedings of the National Academy of Sciences of the United
States of America 93: 10600-10603.

35. Lee JP, Hernandez G, Lachenmann M, Oh SY (2002) Non-native protein
folding initiation-sites. Biophysical Journal 82: 304A-304A.

36. Dadlez M (1999) Folding initiation sites and protein folding. Acta Biochimica
Polonica 46: 487-508.

37. Ecroyd H, Carver JA (2008) Unraveling the Mysteries of Protein Folding and
Misfolding. Tubmb Life 60: 769-774.

38. Dobson CM (2003) Protein folding and misfolding. Nature 426: 884-890.

39. Beaucage G (2008) Toward resolution of ambiguity for the unfolded state.
Biophysical Journal 95: 503-509.

40. Shortle D (1996) The denatured state (the other half of the folding equation) and
its role in protein stability. Faseb Journal 10: 27-34.

41. Chugh J, Sharma S, Hosur RV (2009) Comparison of NMR structural and
dynamics features of the urea and guanidine-denatured states of GED. Archives
of Biochemistry and Biophysics 481: 169-176.

42. Kumar A, Srivastava S, Mishra RK, Mittal R, Hosur RV (2006) Local structural
preferences and dynamics restrictions in the urea-denatured state of SUMO-1:
NMR characterization. Biophysical Journal 90: 2498-2509.

43. Chakraborty S, Hosur RV (2011) NMR Insights into the Core of GED
Assembly by H/D Exchange Coupled with DMSO Dissociation and Analysis of
the Denatured State. Journal of Molecular Biology 405: 1202-1214.

44. Sagle LB, Zhang Y], Litosh VA, Chen X, Cho Y, et al. (2009) Investigating the
Hydrogen-Bonding Model of Urea Denaturation. Journal of the American
Chemical Society 131: 9304-9310.

45. Stumpe MC, Grubmuller H (2009) Urea Impedes the Hydrophobic Collapse of
Partially Unfolded Proteins. Biophysical Journal 96: 3744-3752.

46. Goswami A, Singh S, Redkar VD, Sharma S (1997) Characterization of P0, a
ribosomal phosphoprotein of Plasmodium falciparum - Antibody against amino-
terminal domain inhibits parasite growth. Journal of Biological Chemistry 272:

12138-12143.

May 2012 | Volume 7 | Issue 5 | 36279



47.

48.

49.

50.

51.

52.

53.

54.

<
o

56.

57.

58.

59.

60.

61.

62.

Bhavesh NS, Panchal SC, Hosur RV (2001) An efficient high-throughput
resonance assignment procedure for structural genomics and protein folding
research by NMR. Biochemistry 40: 14727-14735.

Chatterjee A, Bhavesh NS, Panchal SC, Hosur RV (2002) A novel protocol
based on HN(C)N for rapid resonance assignment in (N-15,C-13) labeled
proteins: implications to structural genomics. Biochemical and Biophysical
Research Communications 293: 427-432.

Permi P, Annila A (2004) Coherence transfer in proteins. Progress in Nuclear
Magnetic Resonance Spectroscopy 44: 97-137.

Tugarinov V, Hwang PM, Kay LE (2004) Nuclear magnetic resonance
spectroscopy of high-molecular-weight proteins. Annual Review of Biochemistry
73: 107-146.

Wishart DS, Bigam CG, Holm A, Hodges RS, Sykes BD (1995) H-1, C-13 AND
N-15 RANDOM COIL NMR CHEMICAL-SHIFTS OF THE COMMON
AMINO-ACIDS.1. INVESTIGATIONS OF NEAREST-NEIGHBOR EF-
FECTS (VOL 5, PG 67, 1995). Journal of Biomolecular Nmr 5: 332-332.
Lefevre JF, Dayie KT, Peng JW, Wagner G (1996) Internal mobility in the
partially folded DNA binding and dimerization domains of GAL4: NMR
analysis of the N-H spectral density functions. Biochemistry 35: 2674-2686.
Rose GD, Geselowitz AR, Lesser GJ, Lee RH, Zehfus MH (1985)
HYDROPHOBICITY OF AMINO-ACID RESIDUES IN GLOBULAR-
PROTEINS. Science 229: 834-838.

Roy A, Kucukural A, Zhang Y (2010) I-TASSER: a unified platform for
automated protein structure and function prediction. Nature Protocols 5:
725-738.

Dolinsky TJ, Czodrowski P, Li H, Nielsen JE, Jensen JH, et al. (2007)
PDB2PQR: expanding and upgrading automated preparation of biomolecular
structures for molecular simulations. Nucleic Acids Research 35: W522-W525.
Geourjon C, Deleage G (1995) SOPMA: Significant improvements in protein
secondary structure prediction by consensus prediction from multiple align-
ments. Computer Applications in the Biosciences 11: 681-684.

Cheng J, Randall AZ, Sweredoski M]J, Baldi P (2005) SCRATCH: a protein
structure and structural feature prediction server. Nucleic Acids Research 33:
W72-W76.

Lin K, Simossis VA, Taylor WR, Heringa J (2005) A simple and fast secondary
structure prediction method using hidden neural networks. Bioinformatics 21:
152-159.

Ouali M, King RD (2000) Cascaded multiple classifiers for secondary structure
prediction. Protein Science 9: 1162-1176.

Meiler J, Mueller M, Zeidler A, Schmaeschke F “JUFO: Secondary structure
prediction for proteins”.

Wishart DS, Sykes BD (1994) CHEMICAL-SHIFTS AS A TOOL FOR
STRUCTURE DETERMINATION. Nuclear Magnetic Resonance, Pt C. pp
363-392.

Schwarzinger S, Kroon GJA, Foss TR, Wright PE, Dyson HJ (2000) Random
coil chemical shifts in acidic 8 M urea: Implementation of random coil shift data
in NMRView. Journal of Biomolecular Nmr 18: 43-48.

Dyson HJ, Wright PE (2001) Nuclear magnetic resonance methods for
clucidation of structure and dynamics in disordered states. Methods in

Enzymology 339: 258-270.

@ PLoS ONE | www.plosone.org

14

64.

66.

67.

68.

69.

70.

72.

73.

76.

77.

78.

79.

80.

P. falciparum P2 Folding and Self-Association

Dyson HJ, Wright PE (2002) Insights into the structure and dynamics of
unfolded proteins from nuclear magnetic resonance. A new perspective of
unfolded proteins. Advances in Protein Chemistry 62: 311-340.

Penkett CJ, Redfield C, Dodd I, Hubbard J, McBay DL, et al. (1997) NMR
analysis of main-chain conformational preferences in an unfolded fibronectin-
binding protein. Journal of Molecular Biology 274: 152-159.

Palmer AG (1997) Probing molecular motion by NMR. Current Opinion in
Structural Biology 7: 732-737.

Kay LE (1998) Protein dynamics from NMR. Nature Structural Biology 5:
513-517.

Ishima R, Torchia DA (2000) Protein dynamics from NMR. Nature Structural
Biology 7: 740-743.

Ryabov Y, Schwieters CD, Clore GM (2011) Impact of (15N R(2)/R(1)
Relaxation Restraints on Molecular Size, Shape, and Bond Vector Orientation
for NMR Protein Structure Determination with Sparse Distance Restraints.
Journal of the American Chemical Society 133: 6154-6157.

Hass MAS, Led JJ (2006) Evaluation of two simplified N-15-NMR methods for
determining mu s-ms dynamics of proteins. Magnetic Resonance in Chemistry
44: 761-769.

Schwarzinger S, Wright PE, Dyson HJ (2002) Molecular hinges in protein
folding: The urea-denatured state of apomyoglobin. Biochemistry 41:
12681-12686.

Le Duff CS, Whittaker SBM, Radford SE, Moore GR (2006) Characterisation
of the conformational properties of urea-unfolded Im7: Implications for the early
stages of protein folding. Journal of Molecular Biology 364: 824-835.
Klein-Seetharaman J, Oikawa M, Grimshaw SB, Wirmer J, Duchardt E, et al.
(2002) Long-range interactions within a nonnative protein. Science 295:
1719-1722.

McCarney ER, Kohn JE, Plaxco KW (2005) Is there or isn’t there? The case for
(and against) residual structure in chemically denatured proteins. Critical
Reviews in Biochemistry and Molecular Biology 40: 181-189.

Tozawa K, Macdonald CJ, Penfold CN, James R, Kleanthous C, et al. (2005)
Clusters in an intrinsically disordered protein create a protein-binding site: The
TolB-binding region of colicin E9. Biochemistry 44: 11496-11507.

Donne DG, Viles JH, Groth D, Mehlhorn I, James TL, et al. (1997) Structure of
the recombinant full-length hamster prion protein PrP(29-231): The N terminus
is highly flexible. Proceedings of the National Academy of Sciences of the United
States of America 94: 13452-13457.

Chugh J, Sharma S, Hosur RV (2007) Pockets of short-range transient order and
restricted topological heterogeneity in the guanidine-denatured state ensemble of
GED of dynamin. Biochemistry 46: 11819-11832.

Chugha P, Oas TG (2007) Backbone dynamics of the monomeric lambda
repressor denatured state ensemble under nondenaturing conditions. Biochem-
istry 46: 1141-1151.

Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA (2001) Electrostatics of
nanosystems: Application to microtubules and the ribosome. Proceedings of the
National Academy of Sciences of the United States of America 98:
10037-10041.

Claes PDM, Vardy P, eds (1992) An on-line dynamic light scattering instrument
for macromolecular characterisation. In Laser Light Scattering in Biochemistry.

pp 66-76.

May 2012 | Volume 7 | Issue 5 | 36279



