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Abstract

There are questions concerning the functions of
artemin, an abundant stress protein found in Artemia
during embryo development. It has been reported that
artemin binds RNA at high temperatures in vitro, sug-
gesting an RNA protective role. In this study, we inves-
tigated the possibility of the presence of RNA-binding
sites and their structural properties in artemin; using
docking energy landscapes and molecular dynamics
simulation. Analysis of docking .energy landscapes
revealed sites in artemin with the potential of binding
RNAs. We found a good agreement between RNA-
binding sites of artemin and RNA-interacting sites of a
specific group of RNA-binding proteins called PUF, as
regards to the type of their interactions with RNA mol-
ecules. Furthermore; the results from molecular
dynamics simulation' showed that firstly, the presence
of RNA molecule and itsiinteraction with artemin cause
significant decrease in the secondary structure content
of artemin; secondly, RNA-binding sites are mostly
located in the low flexible regions. Finally, it seems that
these binding sites are distributed in such a way that
leads RNA molecule into the interior of the protein,
strengthening the previous suggestion for RNA-pro-
tecting role of artemin.
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INTRODUCTION

Artemin is an abundant stress protein found in Artemia
and partly responsible for the amazing tolerance of this
brine shrimp in harsh environmental conditions such
as thermal extremes (Rasti ef al., 2009; Chen et al.,
2007; Warner et al., 2004; MacRae, 2003; Chen et al.,
2003; Hontoria et al., 1993). As Artemia enters dia-
pause stage, artemin appears in the cysts and soon after
termination of severe conditions and appearance of lar-
vae, it disappears. It has been previously reported that
metabolic dormancy occurs in Artemia cysts under
diapause conditions and processes such as DNA repli-
cation, transcription, translation, mitosis, cytokinesis
and cell-division are substantially suppressed during
this period (Chen et al., 2007; Warner et al., 2004;
MacRae, 2003; Hontoria et al., 1993). There are unan-
swered questions about the functions of this protein
during Artemia embryo development. However, it is
known that artemin confers stability to transfected
mammalian cells against heat and H,O, and inhibits
heat-induced aggregation of citrate synthase in vitro
(Warner et al., 2004; MacRae, 2003). There is also
some evidence showing that artemin binds RNA at
high temperatures (70°C) in vitro, suggesting a role
which is similar to that of RNA-binding proteins
(RBPs) that mediate the regulation of gene expression
patterns by playing critical roles in transcriptional reg-
ulation and post-transcriptional control of RNAs
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(Warner et al., 2004; Johnstone and Lasko, 2001;
Curtis et al., 1995). Regarding the high tendency of
artemin for binding RNAs and its presence during dia-
pause (Warner et al., 2004; Hontoria et al., 1993), a
question that might arise is whether artemin plays a
protecting role for RNAs or not. To shed light on this
question, we investigated the presence of RNA-bind-
ing sites in artemin, using the features of RNA-binding
sites in RBPs, docking energy landscapes and molecu-
lar dynamics simulation.

METHODS

Modeling and structure quality validation: A three-
dimensional (3-D) structure model of artemin was
constructed using the MODELLER program Ver.9v2
(Sali and Blundell, 1993) based on human ferritin L-
chain (pdb code: 2FG4, 48% similarity) (Wang et al.,
2006) and horse apoferritin L-chain (pdb code: 1AEW,
47%  similarity) (Hempstead et al., 1997)
(http://www.pdb.org/pdb/home/home.do). The Protein
Structure Quality Score (PSQS) (Godzik et al., 1995;
Godzik, 1996; Pawlowski et al., 1997; Jaroszewski et
al., 1998) (http://www]1 jcsg.org/psqs), ERRAT
(Colovos and Yeates, 1993), Verify3D (Bowie et al.,
1991) and ProCheck (Laskowski et al., 1993)
(http://nihserver.mbi.ucla.edu/SAVS) programs were
used to validate the quality of the artemin models.
Multiple alignment using a CLUSTAL W (version 1.9;
http://www.ebi.ac.uk/clustalw) (Thompson et al.,
1994) was used for comparative sequence analysis.
Secondary structure assignment/was carried out using
Stride web server
(http://webclu.bio.wzw.tum.de/stride/) (Heinig and
Frishman, 2004).

Molecular docking: The proposed structural model of
artemin and RNA crystal structure (NDB: 1dqf)
extracted from Nucleotide Data Bank (NDB)
(http://ndbserver.rutgers.edu) (Berman et al., 1992)
were used for docking. Fourier Transform rigid-body
docking package (FTDock) version 2.0 was used to
construct docked complexes (Aloy et al., 1998). The
protein structure was held fixed and the RNA molecule
was allowed to move independently. A grid size of 0.7
A°, rotation angle step of 12° and surface thickness of
1.2 A° were employed for docking. The top 10000
docking models ranked by the shape complementarity
score (Gabb et al., 1997) were obtained. After that, 500
docked structures with the highest shape complemen-

tarity score were retained. These models were subse-
quently energy analyzed and filtered using the energy
analysis module of AMBER 9 (Case et al., 2000) and
the top 100 energy-ranked models were retained for
protein-RNA binding energy analysis.

Molecular dynamics (MD) simulation: MD simula-
tions were run for refinement of constructed structures
and study of structural changes and internal motions.
In MD simulations counter ions (Cl- and Na') were
added by replacing water molecules at the most posi-
tive/negative electrical potential to achieve a neutral
simulation cell. Both initial setup and dynamics runs
were carried out by Amber 9. All calculations were
performed with a cutoff distance of 10A°. The protein
was solvated with about 6650 molecule of TIP3P
model of water (Jorgensen et al., 1983) in an octahe-
dron box with-a minimum 8A° distance between the
box edge and the closest portion of the molecule. The
volumes, total mass and initial density of the box were
281807.158 A®, 149413.408 amu and 0.88 g/cm3
respectively. First, the system was energy minimized
for 500 steps of steepest descent minimization to
remove close Van der Waals contacts and to allow for-
mation of hydrogen bonds between water molecules in
the periodic box and the protein. Temperature was
increased from 200 to 300 K (and 343 K for high tem-
perature simulation) during a 100-ps MD simulation in
the canonical ensemble (NVT). A 100-ps MD simula-
tion in the isobaric-isothermal ensemble (NPT) was
carried out to equilibrate the system in constant pres-
sure. The density was stabilized around 1.02 g/cm3
during equilibration phase in constant pressure.
Temperature and pressure were controlled by applying
a weak coupling method (Berendsen et al., 1984), with
temperature and pressure relaxation times t = 1.0-ps
and 1, = 1.0-ps, respectively. MD simulations were
performed in the NPT ensemble for 2-ns during pro-
duction phase. Time step of 2-fs was used for all sim-
ulations and X-H bonds were constrained using the
SHAKE algorithm (Ryckaert et al., 1977).
Translational center of the mass motions was removed
every 1000 steps and coordinates were saved every 0.4-
ps for analysis.

Analysis procedures: The Ptraj module of AMBER
was used to extract root-mean-square deviations
(RMSD) and root-mean-square fluctuations (RMSF)
data from trajectories. RMSD is one of the most fre-
quently used measures to investigate the structural
changes of a protein, as follows:
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where r;#?- and r;ge" denote the Cartesian coordinates
for atom 7 in the experimental and generated struc-
tures, respectively.

The dynamical properties of Ca atoms have been
reported to contain sufficient information to investi-
gate the most important motions in proteins (Amadei
et al., 1993). Therefore, RMSF of Ca. atoms was used
to investigate structural flexibility, as follows:

|
RMSF = |i, Z (r" —pave2
N N - )
where r;8¢ denotes the Cartesian coordinates for atom
i and r;2v¢ denotes the time-averaged position for atom
i in the trajectory.

Prior to calculating the RMSF, we removed the
overall translational and rotational motions by super-
imposing backbone of each snapshot structure onto the
one in the starting structure of the trajectory, using the
least-squares fitting method.

RESULTS

Structural modeling and molecular docking analy-
sis: A 3-D structural model of artemin was construct-
ed based on ferritin structure and refined using MD
simulation. To achieve a reliable structure, the final
structural model passed two kinds of verification test:
PSQS and Verify 3D which mainly focus on the local
environment and ERRAT and ProCheck which mainly
focus on local geometry (Table 1). Furthermore, based
on the assignment of secondary structure, artemin con-
tained 30% o-helix and 68% random coil which was in
a good agreement with the previous experimental
results reported by Rasti et al. (30.9% a-helix and
69.1% random coil).

Tabel 1. Quality scores of artemin model with quality control pro-
grams.

Structure Verify 3D PSQS ERRAT ProCheck
Model of artemin  93.6 -0.33 92.2 91.5
Template (2fg4) 96.5 -0.36 99.3 941
Template (1aew)  87.7 -0.37 96.2 94.2

Data accessed from http://nihserver.mbi.ucla.edu/SAVS and http://www1.jcsg.
org/psqgs/psgs.cgi.
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As the experimental evidence proposes an RNA-
binding ability for artemin at high temperatures in-
vivo, we set a docking procedure for artemin and a
RNA molecule. A short-length RNA was selected in
order to reduce the structural effects of RNA molecule
on the construction of complex and search for all pos-
sible RNA-binding sites in the structure of artemin.
Docked molecular complexes were constructed and
RNA binding sites were analyzed for the top 100 ener-
gy-ranked models. To identify binding sites, amino
acid sequence of artemin was divided into five-residue
windows and the binding energy between each win-
dow and RNA molecule was calculated for docked
structures. The average of binding energy was calcu-
lated for each set of corresponding windows in all
complexes. The cutoffs of < -10 Kcal/mol and < 7 A°
were considered for binding energy and protein-RNA
distance respectively. Based on these cutoffs, six
regions were considered as potent RNA-binding sites
(Fig. 1A and 1B).

Artemin-RNA interaction sites: Further analyses
withrregards to frequency of binding sites-RNA inter-
action, average and standard deviation of binding ener-
gy in docked complexes revealed that windows 6
(His26-Pro30), 7 (Glu31-Ala35) and 37 (Trpl81-
Arg185) with the frequency of 100% for binding sites-
RNA interaction, highly negative binding energy and
low energy standard deviation can be considered as
main RNA-binding sites in artemin (Table 2).

Amino acid sequence of these high potent sites
were aligned and compared to other well-known
RNA-binding sequences in order to find possible sim-
ilar patterns. Alignment analyses revealed some simi-
larities with regards to the type of interaction between
RNA-binding sites of artemin with the specific class of
RNA-binding proteins called PUFs (Fig. 2).

Table 2. Binding frequency and average of interaction energy for
potent RNA-binding sites in top 100 energy-ranked docked models.

Window Binding Average of interaction STDVb
No. Frequency (%) energy?

5 40% -17 20

6 100% -52 4

7 100% -47 17
21 80% -14 13
33 72% -15 30
37 100% -60 2

a: unit of energy is Kcal/mol b: standard deviation of energy
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Figure 1. A: Artemin sequence. Windows colored in green indicate the RNA-binging sites with the high potential for binding RNAs. The chart
demonstrates average of binding energies between five-residue windows of artemin and RNA molecule for top 100 complexes. B: The rib-
bon view of artemin-RNA complex, showing RNA-binding sites of artemin, colored in red, leads RNA molecule into the interior of artemin.

Protein Conserved positions
Pumilio
PUF-5
KVVK
PUF-6/7
LALQ
RVVK
Artemia/| RENI EKA residues 25 to 35
MGPWVHBRWLA residues 178 to 188

Figure 2. A: Sequence comparison of RNA-binding sites between artemin and PUF proteins. Conserved positions capable of making Van
der Waals/H-bond, stacking and H-bond interactions with RNA molecules are shown in green, purple and red respectively. Following pro-
teins were used for alignment: Pumilio from Homo sapiens (human) (NCBI accession number: NP_001018494), PUF-5 (NCBI accession
number: NP_495814), PUF-6 (NCBI accession number: NP_496773) and PUF-7 (NCBI accession number: NP_500820) from
Caenorhabditis elegans, and artemin from Artemia urmiana (NCBI accession number: ABY86224). Note: the sequence alignment between
RNA-binding sites of PUF proteins refers to a previous investigation performed by Craig R. Stumpf et al. (2008) on PUF proteins. B: and C
are Schematic representations of Van der Waals (Pro180), satck (Phe28) and H-bond (Asn27 and Asp184) interactions made between RNA-
binding sites of aretmin and RNA molecule. The structures are shown by Chimera software.
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Figure 3. Total energy changes during 100-ps equilibration in con-
stant pressure for artemin-RNA complex. The system was equilibrat-
ed and showed stable behavior after nearly 20-ps for simulations at
300 and 343 K.

Molecular dynamics simulation: A docked structure
with the most suitable condition revealing the binding
energy of RNA-binding sites of artemin was selected
for molecular dynamics simulation study to check the
reliability of RNA-binding sites of artemin at 300 and
343 K. The stability of simulations was checked using
the analysis of total energy changes during 100-ps
equilibration at constant pressure as function of time.
The system was equilibrated and showed stable behav-
ior after nearly 20-ps for both simulations. The kinetic
and potential energy changes in this equilibration
phase also showed stable behavior in the simulations

60 —

(Fig. 3). Temperature and density also became stabi-
lized around 300 K (343 K for high temperature simu-
lation) and 1.02 g/cm? respectively.

After MD simulation, binding energy was calcu-
lated between potent RNA-binding sites of artemin
and RNA molecule, in the selected structure. For both
simulations, the binding energy observed for each
RNA-binding site was in a good agreement with the
average of binding energy calculated (considering the
standard deviations) for each set of correspondent sites
in the top 100 energy-ranked models (Fig. 4). These
outcomes can confirm the reliability of RNA-binding sites
of artemin, showing that RNA keeps its location during
the time of simulation. Models before and after MD were
superimposed for a better comparison of structures and
binding sites (Fig. 5). A RMSD of 1.23 was observed,
showing the stability of complex at high temperatures.

Structural changes and motions: Comparison of
RMSD between the structures of artemin and artemin-
RNA.complex revealed that the presence of RNA mol-
ecule and its interaction with artemin causes signifi-
cant-changes in the structure of artemin (Fig. 6A).
Furthermore, the assignment of secondary structures
revealed that compared to artemin, secondary structure
content of artemin-RNA structure declined mostly due
to the lack of two helical regions (Glu72-Ala79 and
Phel12-His118), justifying their RMSD difference
(data are not shown). Comparison of internal motions
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H Average of binding energies in top 100 complexes
M Binding energies in selected complex (after MD)

Binding energies in selected complex (after MD in high temperature)

39 41 43 45

Window number

Figure 4. Comparison of binding energy between five-residue windows of artemin and RNA molecule in selected com-
plex (after MD simulations at 300 and 343 K) with the average of binding energies between five-residue windows of

artemin and RNA molecule in top 100 complexes.
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Figure 5. Superimposed view for complex structures before (white)
and after MD (golden color). Comparison of complexes shows no
significant difference in secondary structure content and the situa-
tion of RNA-binding sites (red color).

in artemin with those of artemin-RNA complex
showed that firstly, there was a total decline in the
RMSF of artemin-RNA structure compared to artemin
structure; secondly, RNA-binding sites were mostly
present in the low flexible regions (Fig. 6B).

DISCUSSION

As the Artemia enters diapause stage, artemin appears
in the cysts and soon after termination of harsh condi-
tions and turning of cysts into larva, it disappears. It is
known that processes such as DNA replication, tran-
scription, translation, mitosis, cytokinesis and cell-
division are substantially suppressed under the dia-
pause condition. The presence of artemin in the period
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of diapause and its high tendency for binding RNAs
suggests an RNA-protecting role for it. Based on this
background, the present work has focused on the
RNA-binding ability of artemin, using computational
models, to investigate its probable RNA-binding role.
Constructed model of artemin passed all kinds of ver-
ification tests, confirming its reliability for docking
analysis. The most favorable docked structures, with
regards to the binding energies, were selected to search
for the potent RNA-binding sites in the structure of
artemin. Analysis of binding energies identified two
sites (His26-Ala35 and Trp181-Argl85) in the struc-
ture of artemin with high potential for binding RNAs.
Alignment analyses showed that these binding sites in
artemin and their corresponding RNA-binding sites in
a specific class of RNA-binding proteins called PUFs
show similar potential for binding RNAs with regards
to the type of interactions (Fig. 2A). The main function
of PUFs is regulation of various aspects of develop-
ment by controlling mRNA stability which is similar to
the suggested RNA-protecting role for artemin. It has
been previously reported by Craig R. Stumpf et al. that
the -main interactions between PUF proteins and
mRNAs are formed through amino acid residues that
are located in 3 conserved positions, colored in Fig.
2A, in PUF repeats (Stumpf et al., 2008). These con-
served positions are responsible for making Van der
Waals/H-bond interactions (colored in green), stacking
(colored in purple) and H-bond interactions (colored in
red) with RNA molecules, respectively (Stumpf et al.,
2008; Wang et al., 2002). In PUF proteins, residues
such as Asn, Cys, Ser, Ile and Val, capable of making
either H-bond or Van der Waals interactions, are pres-
ent in the first conserved position. Similarly in
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Figure 6. A: RMSD values of the structures in the trajectories over simulation time with respect to the first structure in artemin-RNA complex
(black line) compared to artemin (gray line). B: Atomic positional fluctuations of Ca atoms in artemin-RNA complex (thick line) compared to

artemin (thin line). RNA-binding sites are shown in dotted line.
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artemin, this position is occupied by residues that are
able to make the similar types of interactions (Asn27
and Pro180) (Fig. 2B, C). The second conserved posi-
tion in PUFs is mostly occupied by His, Phe, and Tyr
residues, all capable of making stacking interaction.
Phe28 and Trp181 with the ability of making the sim-
ilar type of interactions are present in the correspon-
ding position in artemin (Fig. 2B, C). Third conserved
position in PUF proteins that is responsible for making
hydrogen bonds with RNAs is placed by Glu and Gln.
This position in RNA-binding sites of artemin contains
Glu31 and Aspl184 residues, both capable of making
hydrogen bonds (Fig. 2B, C). Based on these results, it
is suggested that the correspondent protein-RNA inter-
acting positions in artemin and PUFs show similar
potential for binding RNAs.

MD simulation studies at 300 and 343 K con-
firmed the location of two high potential RNA-binding
sites in artemin (Fig. 4). Analysis of structural changes
and motions showed that a significant decrease
occurred in the secondary structure content and total
RMSEF of artemin in its complex state. Furthermore, it
was shown that RNA-binding sites are mostly present
in the low flexible regions (mainly the core of the pro-
tein) in such a way that leads RNA molecule into the
interior of the protein (Fig. 1B). Regarding the homol-
ogy found between artemin and ferritins, it seems that
artemin’s cavity is correspondent to the Fe-binding
cavity in ferritins and let different parts of RNA to pen-
etrate into the interior of the protein. Finally, findings
of the present study can strengthen the previous reports
that suggested an RNA-protecting role for artemin in
the diapause state.
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