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Abstract Kinetoplastid RNA editing ligases 1 and 2
(KREL1 and KREL2) share a significant degree of
sequence homology. However, biochemical experiments
have reported that KRELI and KREL2 differ in their
functional roles during the RNA editing process. In this
study, we hypothesize that dissimilar roles for KREL1 and
KREL2 proteins arise from their different physicochemical
characteristics. To test our hypothesis at sequence level, we
plotted theoretical titration curves for KREL1, KREL2 and
their binding partner proteins. The plots showed a lower
isoelectric point for KREL1 compared to that for KREL2 as
well as more relative alkalinity and acidity for binding
partner proteins of KREL1 and KREL?2 at net charge zero,
respectively. At structure level, based on the available high
resolution structure of KREL1 N-terminal domain and
strong sequence similarity between KRELs and other
ligases, we built the homology model of KREL2 N-
terminal domain. Using Poisson-Boltzmann continuum
approach, we calculated the electrostatic potential isosurfa-
ces of KRELI structure and KREL2 model. KREL1 and
KREL2 coordinates differed in their electrostatic isopoten-
tial patterns. A wider negative patch on the surface of
KREL1 suggests differential affinity for another protein
compared to KREL2. In contrast, a larger positive patch on
the KREL2 surface predicts its differential affinity and/or
specificity for its RNA substrate. Subsequently, we
employed in silico mutational scanning and identified the
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surface-exposed residues contributing to the long-range
electrostatic energy of KRELs. We predict that two
structurally conserved loops of KRELs, not previously
reported in the literature, also recognize their RNA
substrates. Our results provide important information about
the physicochemical properties of RNA editing ligases that
could contribute to the ligation step of RNA editing.
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Introduction

Trypanosomatidae, a family of kinetoplastids, consist of
pathogenic agents of human African trypanosomiasis,
Chagas disease, and leishmaniasis in Africa, Latin America,
and much of tropical and subtropical countries. Trypano-
soma brucei, T. cruzi and Leishmania major are the three
major trypanosomatids that undergo remarkable changes in
their morphology during their insect and mammalian
bloodstream life stages that is coupled to their metabolism
[1, 2]. While the major source of energy in the insect stage
is oxidative phosphorylation, glycolysis is the main source
of energy in the mammalian bloodstream stage. In
trypanosomatids, the remodeling of the mitochondrion
structure within two life stages requires different levels of
gene expression which is regulated by RNA editing [1]. In
trypanosomatids, RNA editing is a post-trascriptional
modification which alters the mitochondrial mRNA tran-
scripts by insertion or deletion of uridylates (U-insertion
and -deletion) [3], creating mature functional mRNAs for
multiple components of mitochondrial oxidative phosphor-
ylation system [4, 5]. This process is mediated by small
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RNAs known as guide RNAs (gRNAs) [6]. During the
RNA editing process, gRNAs form a duplex with their
’cognate’ mRNA precursors and specify U-insertion or
deletion mediated by a series of coordinated catalytic steps
of multiprotein complex, known as editosome (for recent
reviews, see [7—10]). Twenty proteins have been found to
be associated with the editosome complex. Endonuclease,
exonuclease, terminal uridylyl transferase (TUTase), ligase,
and helicase activites are among discovered enzymatic
activities of the editosome (for review, see [9]). In addition,
mitochondrial RNA binding protein (MRP) complex con-
sisting of mitochondrial RNA binding proteins 1 and 2
enhances the formation of RNA editing components in
trypanosomatids [7, 11-13].

In this paper, we follow the nomenclature after Stuart
and colleagues [9]. As a prefix to acronyms, “K” refers to
“kinetoplastid” and includes 7. brucei, T. cruzi and L.
major. Hence, we use “K” prefix to discuss the respective
proteins independent of species. To address specific
trypanosomatid species, we use the abbreviated prefix of
the trypanosomatid followed by the acronym name of the
protein. Kinetoplastid RNA editing ligases 1 and 2 (KREL1
and KREL2) have been characterized in the editosome
complex [14—17]. The N-terminal domain of KREL1 and
KREL2 share signature motifs with covalent nucleotidyl
transferase superfamily which includes DNA ligases and
mRNA capping enzymes [18]. In the presence of ATP and
Mg?", the N-terminal catalytic domains of KRELI1 and
KREL2 interact with gRNA-mRNA duplex to join the pre-
cleaved mRNA fragments [16, 19]. Gao and Colleagues
[20] have proposed that the C-terminal domains of KREL1
and KREL2 may integrate the RNA editing ligases to the
editosome complex. Knockdown expression as well as
mutated allele overexpression studies has shown that
KRELI is essential for completion of RNA editing process
[21, 22]. On the other hand, knockdown expression of
KREL2 has had no effect on RNA editing [23, 24]. The
multiple sequence alignment of N-terminal domains of
RNA editing ligases [25] has shown that 7PREL1 and
ThREL2 have 41% amino acid sequence identity and 61%
sequence similarity suggesting that 7hREL1 may compen-
sate for the loss of 7ThREL2. On the other hand, tandem
affinity purification, co-immunoprecipitation, yeast two-
hybrid analysis, and biochemical approaches have sug-
gested deletion and insertion roles for KREL1 and KREL2,
respectively [17, 26]. The experimental and in silico studies
have proposed two separate subcomplexes for RNA editing
in trypanosomatids (Fig. 1) [26]. Deletion RNA editing
subcomplex consists of KRELI1, Kinetoplastid RNA
editing protein A2 (KREPA?2), and kinetoplastid RNA edit-
ing exonuclease 2 (KREX2). Insertion RNA editing sub-
complex includes KREL2, Kinetoplastid RNA editing protein
Al (KREPA1), and kinetoplastid RNA editing TUTase 2
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Fig. 1 The deletion and insertion subcomplexes of KRELs. The
proposed subcomplexes of KRELI and KREL2 along with their
binding protein partners, KREPA2 and KREPA1 [26]. KREX2 and
KRET2 are kinetoplastid RNA editing exonuclease and TUTase,
respectively. “Thick solid lines indicate interactions shown by yeast
two-hybrid, coimmunoprecipitation, and genetic studies. Thin solid
lines indicate reproducible interactions in the yeast two-hybrid assay”
[26]. Dotted line between KREPA6 (another editosome protein) and
KREPA2 indicates that the interaction between two proteins with
yeast two-hybrid experiment had some variability in yeast two-hybrid
assay

(KRET?2). Oligonucleotide or oligosaccharide binding (OB-)
folds are structurally conserved motifs necessary for enzy-
matic activities of DNA and RNA ligases [27, 28]. However,
the secondary structure analysis of RNA editing ligases
shows that KRELs lack the OB-fold in their C-terminal
domains and that KREPA1 and KREPA2 have OB-fold in
their C-terminal regions. Accordingly, it is proposed that
KREPA2 and KREPA1 may provide the necessary OB-fold
for KREL1 and KREL?2 in trans, respectively, to perform the
ligation steps of RNA editing [26]. Figure 1 shows that
kinetoplastid RNA editing protein A6 (KREPA6), another
protein associated with editosome, may interact with
KREPA1 and KREPA2 proteins. However, Schnaufer and
colleagues [26] have found the interaction of KREPAG6
variable between experiments. Accordingly, we have not
considered KREPAG in the present study.

The crystal structure of N-terminal catalytic domain of
ThRELI in complex with ATP and Mg”" has recently been
solved at the atomic resolution of 1.2 A, the highest
resolution of this family to date [25]. The crystal structure
of ThREL1 N-terminal domain has revealed the hydrogen
bonds between three trapped water molecules and the
adenosine moiety of ATP in the deep pocket of the catalytic
site. In addition, three other water molecules form a perfect
octahedral through their hydrogen bonds to trap Magne-
sium ion, which in turn coordinates [3- and 7- phosphorus
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oxygen atoms of ATP. This water-mediated hydrogen bond
network has not been observed in any other member of the
covalent nucleotidyl transferases including DNA ligases
and mRNA capping enzymes [25]. Using molecular
dynamics simulation, Amaro and colleagues [29] have
calculated the ensemble electrostatic potentials for 7THREL1
N-terminal domain structure, and they have confirmed the
prediction of Deng and colleagues [25] that two conserved
loops, formed by Y167-K177 and V190-Y200, may be
involved in RNA recognition and protein-protein interaction.

While KREL1 and KREL2 protein sequences share a
high degree of identity and similarity, they differ in the way
they join mRNA fragments [17, 19, 30]. Consequently, an
examination of previous literature raises a new hypothesis
that KREL1 and KREL2 may differ in their physical-
chemical properties and necessitates a new study encom-
passing the physicochemical characteristics of KREL1 and
KREL?2 at protein sequence and structure levels.

Electrostatic property exemplifies a physical-chemical
characteristic of proteins. Accordingly, to examine the
differences between physical-chemical characteristics of
KREL1 and KREL2, we investigated their electrostatic
properties. For this purpose, we built the comparative
homology model of N-terminal catalytic domain of
ThREL2 and compared the electrostatic potential energy
patterns of 7HhREL2 model with 7HREL1 N-terminal
structure. We find that such a comparison gives a specific
insight into the structural motifs on the surface of the RNA
editing ligases responsible for protein or nucleic acid
recognition.

Materials and methods
Dataset preparation

We collected the amino acid sequences of KREL1 and
KREL2 and their binding partner proteins from 7. brucei, T.
cruzi, and L. major genomes deposited in GeneDB database
Version 2.1 [http://www.genedb.org] (Table 1). KRELI,
KREL2, KREPA1, and KREPA2 proteins with a mitochon-
drial import signal are imported into the mitochondria and
are cleaved to produce a functional protein [7]. Therefore,
the predicted mitochondrial import signals from these
proteins were removed for this study. We obtained the
crystal structure of the N-terminal catalytic domain of
THREL1 [25] from Protein Data Bank (PDB) [PDB:1XDN]
[31]. We exclude the 12 missing residues reported in the
PDB file from our analysis because they belonged to either
N- or C-terminal ends of the catalytic domain. We
processed the PDB file by visually inspecting incorrect
bonds. Furthermore, we treated the selenomethionine
residues by mutating them to methionine. All ionizable

Table 1 The sequences of proposed deletion and insertion editing
subcomplexes

Family Protein GeneDB ID

KRELI1 ThRELI1 Tb09.160.2970
TcREL1 Tc00.1047053510155.20
LmRELI1 LmjF01.0590

KREL2 ThREL2 Tb927.1.3030
TcREL2 Tc00.1047053506363.110
LmREL2 LmjF20.1730

KREPA1 ThREPA1 Tb927.2.2470
TcREPAI Tc00.1047053503515.20
LmREPAI LmjF02.0410

KREPA2 ThREPA2 Tb10.6 k15.2310
TcREPA2 Tc00.1047053507611.398
LmREPA2 LmjF36.6930

KREX2 ThREX2 Tb10.70.3850
TcREX2 Tc00.1047053508153.1100
LmREX2 LmjF03.0620

KRET2 ThRET2 Tb07.27 M11.900
TcRET2 Tc00.1047053503579.150
LmRET2 LmjF26.0390

KREL refers to kinetoplastid RNA editing ligase, 7b to Trypanosoma
brucei, Tc to Trypanosoma cruzi, Lm to Leishmania major, KREPA to
kinetoplastid RNA editing protein A, KREX2 to Kinetoplastid RNA
editing exo-ribonuclease 2, and KRET?2 to Kinetoplastid RNA editing
3'-terminal uridylyl transferase 2

sidechains were protonated at standard physiological pH.
Using Discovery Studio suite (www.accelrys.com), we
visually inspected the protonated side-chains to avoid
flipped states of charged or polar side-chains.

Calculation of theoretical protein charge distribution

Using Protein Workbench [http://www.clcbio.com], we
calculated the charge distribution for KREL1, KREL2 and
their binding partner proteins using Henderson-Hasselbalch
equations for different values of acid dissociation constants
(pKy) of negatively and positively charged amino acids
[32, 33]. The net charge of the proteins were plotted versus
pH values (0 < pH < 14), and the theoretical isoelectric
point was observed at the intersection of the charge
distribution curve and the abscissa.

Homology modeling of N-terminal domain of 7hREL2

The N-terminal catalytic domain of 7ThREL2 (residues G20-
(G285), hereafter termed “TbREL2-NTERM” in this study,
was used as the query sequence to search the National
Center for Biotechnology Information (NCBI) Non-
Redunadant (NR) database (NCBI-NR). We used PSI-
BLAST algorithm [36] to search for remote homologous
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sequences. The E-value cut-off for each iteration of PSI-
BLAST was set to 5x10 %, and the scoring matrix was set
to BLOSUMS62 [37].

The high scored sequences found from PSI-BLAST
search (Table 2) were then aligned using MUSCLE
algorithm [38]. MUSCLE algorithm uses profile alignment
of distance pairs of sequences along with an Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) tree
[39, 40] for each pairwise alignment. The optimum
alignment reaches when the log-expectation score satisfies.
MUSCLE alignment has outperformed the other methods
such as T-COFFEE and MAFFT in terms of accuracy and
speed [38, 41, 42]. The multiple sequence alignment
obtained from MUSCLE algorithm constituted the profile
alignment for building a working model for TbREL2-
NTERM. The closest homolog of KRELs, T4Rnl2 had low
sequence identity with TOREL2-NTERM.

To examine whether the solved structure of T4Rnl2
[PDB:1S68] along with 7HhREL1 N-terminal structure
[PDB:1XDN] can guide the multiple sequence alignment
used for modeling 7HREL2-NTERM (Fig. 2), we built
UPGMA phylogram tree after MUSCLE alignment of
KRELs, [PDB:1XDN] and [PDB:1S68]. The phylogram
tree was cross-validated 100 times in a bootstrap analysis,
and [PDB:1S68] was found to be a remote structural
neighbor of ThREL2. Consequently, we considered
ThREL1 N-terminal structure as the only structural tem-
plate to guide the multiple sequence alignment profile
toward building the comparative model of TbREL2-
NTERM. We employed MODELLER [43] to build the
homology model of TbREL2-NTERM. MODELLER
builds a three-dimensional model of a protein based on
comparative multiple sequence alignment and known
structural homologs as templates to guide sequence
alignment. We built 42 models of 7hREL2 and refined the
loops in the models based on discrete optimized protein
energy (DOPE) that is a statistical potential for protein
model evaluation [44] and the deviation of the models
from the crystal structure. We evaluated the models

using Profiles-3D [45]. As Profiles-3D parameters, the
smoothing-per-residue window size was set to 10. To
calculate the scores, Kabsch-Sander algorithm [46] was
selected as secondary structure prediction definition. The
Profiles-3D score for the best model, hereafter called
ThREL2 N-terminal model, was 124.800. The score was
higher than the expected maximum score, estimated by
Profiles-3D (expected minimum score = 52. 354 and expected
maximum score = 116.343). This assessment confirmed the
reliability of the model. The model, therefore, was considered
as a working model for structural analysis in this study (see
Supplementary Figure 1). Figure 3 displays the secondary
structure of the 7hPREL2 N-terminal domain model. 3DMA
program, distributed by Accelrys, aligns the backbones of
one or more proteins by segment matching of similar C
pseudotorsion angle. We superimposed the C, atoms of
crystal and model coordinates using 3DMA program.
Following the structure-based alignment, we recorded the
root mean square deviation (RMSD), as a measure of
deviation between the model and crystal coordinates.
Aligned by C, backbone alignment over 244 residues, the
working model deviated 0.50 A from the crystal template.

Electrostatic potential calculation

To calculate electrostatic potential surfaces, we numerically
solved the Poisson-Boltzmann equation using DelPhi
package [47-50]. Employing a continuum approach,
DelPhi calculates the electrostatic surface potentials by
assigning different dielectric constants to the solvent and
protein with the protein surface as the dielectric boundary.
We included ATP and Mg?" in the electrostatic calcu-
lations. Electrostatic potential surface with focusing was
the strategy employed in this study. Using 50% fill, we run
the potential calculations on a coarse grid with Debye-
Hiickel conditions. The accuracy of the generated grids
were increased by a second finite difference lattice, and
90% of the molecules occupied the grids. The dielectric
constants of the solvent and protein were assigned to 80

Table 2 The high scored sequences obtained from PSI-BLAST search of TOREL2-NTERM

Hit Accession # E-value Length Identity (%)
T. brucei REL1 EMBL:AAG27062 2.26693x10°%° 272 47
T. cruzi REL1 EMBL:AAR10841 3.06529x 10 272 45
T cruzi REL2 EMBL:AAR10840 3.58043x10 1% 263 82
L. major REL1 EMBL:AAR10824 5.31657x10 %% 271 44
L. major REL2 EMBL:AAR10823 3.76424% 10719 264 70
T. brucei REL1 (N-domain structure) PDB:1XDN 2.02205x107%* 272 46
T4 Rnl 2 (Without RNA) PDB:1S68 2.87753% 1077 273 24
T4 Rnl2 (partially length with RNA) PDB:2HVR 1.91977x1073° 274 23
T4 Rnl2 (full length with RNA) PDB:2HVQ 2.50657x 10" 274 23
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Fig. 2 Multiple sequence alignment profile of KREL proteins. KREL1
and KREL?2 proteins are aligned with bacteriophage T4 RNA ligase 2 (T4
Rnl2). The five ligase signature motifs are labeled as I, 111, Illa, [Vand V.
The color intensity indicate the degree of conservation. The highly
conserved amino acids are shown in red and the poorly conserved
residues in blue. The residues conserved among KRELs and T4 Rnl2 are
labeled with star (*). The columns whose corresponding amino acids are
conserved within each KREL family are labeled by ampersand (&). For
example, the column position 205 in 7hRELI1 shows that glutamic acid
(E) residues are conserved in KREL1 proteins, whereas in KREL2
family, aspartic acid residues (D) are conserved. The loops reported by
Deng and coworkers [25] are blocked and labeled as Loop#1 (Y167-

e

Fig. 3 ThRELI N-terminal
structure and 7hREL2
N-terminal model. 7AREL1

and ThREL2 coordinates are
shown as solid ribbon diagrams.
The molecules are in the same
orientation. In the structures, the
ATP ligand is shown in ball-and-
stick display and color-coded as
golden

TbREL1 N-terminal Structure
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K177) and Loop#2 (V190-Y200 in 7hREL1 N-terminal structure).
Loop#1 is located between (-stands 5 and 6 on 7HRELI1 N-terminal
structure. Loop#2 is located between o-helix 4 and [-strand 8. The
hydrophobic loop (H9) unique to trypanosomatids is also shown by a
block in the alignment. The Loop#3 (W178-P188 in 7ThREL1 N-
terminal structure) and Loop#4 (R111-Y124 in 7hREL1 N-terminal
structure) identified in this study are also labeled. Microtubule-
associated tau [34] and Kinesin light chain [35] domains are indicated
in the alignment. The numbers on top of the residues indicate the ruler,
and the numbers at the end of each sequence indicate the position of the
last amino acid in that sequence. For example, the last amino acid in the
first row for 7ThREL1 sequence refers to N99

TbREL2 N-terminal Structure
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and 4 respectively. The solvent ionic strength was set to
0.145 M, and the ion exclusion radius was set to 2 A. The
electrostatic potential values were computed by mapping
onto a 101x101x101 cubic grids with a final grid
resolution of 1 A by grid unit. Net charges were taken
from Merck Molecular Force Field (MMFF94) [51-57].
We generated the isopotential surfaces at —1 % and +1 %,
where k is the Boltzmann constant, 7 is the temperature
(K), and e is the charge of one electron (C).

Furthermore, we employed protein interaction similarity
analysis (PIPSA) [58-61] to cluster the crystal structure of
ThREL1 and ThREL2 based on their electrostatic similarity.
We used Hodgkin similarity index [62] as a metric for
electrostatic similarity between proteins.

Results and discussion

In this section, we will discuss the results of calculating
theoretical protein charge distribution of KREL1, KREL2
and their binding partner proteins. In addition, we will
analyze the structural difference between N-terminal
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Fig. 4 Theoretical charge distribution of (a) KREL1, KREL2, (b)
KREPA1, KREPA2, and (¢) KREX2 and KRET2 sequences. The
ordinate shows the calculated net charge on the proteins. The absscisa
indicates the pH values. To name KREL proteins, we followed Stuart

@ Springer

b 120

domains of 7hREL1 and ThREL2 according to their
electrostatic potential surfaces.

Theoretical protein charge distribution comparison

To investigate the protein net charge as a function of pH in
each proposed subcomplex, we calculated titration curves
for KREL1 and KREL2 proteins (Fig. 4(a)) and for their
binding partner proteins (Fig. 4(b), (c)). Consequently, it
was possible to obtain the theoretical pl for each protein of
the subcomplexes. The different pl values observed for
KREL1 and KREL2 proteins (Fig. 4(a)) show relative
acidity for KREL1 proteins compared to relative alkalinity
for KREL2 proteins. The results of theoretical pl values for
KREPA1 show relative acidity compared to relative
alkalinity for their proposed binding partners, KREL2
proteins (Fig. 4(a), (b)). On the other hand, we observed
that KREPA2 proteins show relative alkalinity compared to
the relative acidity of their proposed interacting partners,
KRELL1 proteins. In addition, the pl values for KREX2
proteins indicate relative acidity compared to the relative
alkalinity of their suggested binding partners, KREPA2
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and colleagues [9]. For example, ThRELI1 represents 7. brucei RNA
editing ligase 1. “K” refers to the kinetoplastids discussed in this paper
and encompasses 7. brucei (Tb), T. cruzi (Tc) and L. major (Lm)
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proteins (Fig. 4(b), (c)). The results of theoretical pI values
also show relative alkalinity for KRET2 proteins compared
to the relative acidity for their proposed interacting partners,
KREPALI proteins.

These observations suggest a potential acid-base com-
plementarity that could play a role in protein-protein
interactions within the proposed RNA editing insertion
and deletion subcomplexes (Fig. 5) [26].

Electrostatic isopotential surface analysis of 7THREL1
and 7hREL2 coordinates

The difference in calculated pl between the KREL1 and
KREL2 N-terminal domains suggested that their electro-
static potential profiles would be different. To test this
hypothesis, using a strong degree of homology between the
KREL1 and KREL2 sequences and available crystal
structure of TbREL1 N-terminal domain, we built various
models of of TbREL2 N-terminal domain based on
different structural templates, especially, PDB:1XDN and
PDB:1S68 (Table 2). After verifying the models with
Profiles-3D scores, we selected the working model whose
root mean square deviation (RMSD) of backbone C,
deviated 0.50 A from the available crystal of PDB:1XDN.

We calculated electrostatic isopotential surfaces at 41 %
and —1’% for 7ThPREL1 and 7HREL2 N-terminal domain
coordinates. To better compare the isopotential distribu-
tions, we positioned the domains at the same orientation
(Fig. 6a, b). Figure 6¢ also displays the structural backbone

KREL2
(Basic)

KREL1
(Acidic)

KREPA2 KREPA1

(Basic) “‘x\ / (Acidic)
~. KREPAG

KREX2
(Acidic)

KRET2
(Basic)

Deletion Subcomplex Insertion Subcomplex

Fig. 5 Relative Acid-base complementarity observed in the proposed
deletion and insertion subcomplexes. The results of theoretical pl
values for KREL1, KREL2, KREPA1, KREPA2, KRET2, and
KREX2 with the proposed acid-base complementarity of the interact-
ing proteins are shown. In the proposed RNA editing deletion and
insertion subcomplexes, “Acidic” and “Basic” labels indicate the
relative acidity or alkalinity in each binary interaction

alignment of the 7ThREL1 and 7bREL2 N-terminal catalytic
domains with the same orientation as that of electrostatic
isopotential surfaces. Our analysis indicated that the charge
distribution patterns on the surface of the proteins were
different (Fig. 6a, b). On ThREL1 N-terminal structure, a
large negative patch predominated. The secondary structure
corresponding to this patch consists of an antiparallel (-
sheet (labeled “Negative sheet”) and a loop (F262-L282;
labeled “H9”’) which is unique in trypanosomatids (Fig. 2).
Deng et al. [25] argue that this loop may promote protein-
protein interaction. Our observation of the electropositive
and electronegative regions in vicinity of the H9 loop
(Fig. 7) shows that the loop is more surrounded by
negatively charged patches in 7hREL1. This observation
can be supported by extended mutational analysis on H9
loops to determine their possible interaction with KRELs
binding partners.

Furthermore, we observed a negatively charged surface
in a helical motif, labeled as Helical loop (V217-F224 in
Figs. 2 and 6¢). Although the structural motif corresponding
to this particular negative region was highly conserved, we
did not detect a similar patch on the TbREL2 N-terminal
surface (Fig. 6a, b). Similarly, the negative sheet in the
vicinity of highly conserved H9 loop contributed less to the
negative patch of 7hREL2 N-terminal model (Fig. 6b).
These results predict that KREL1 and KREL?2 proteins may
have differential affinities for their binding partners.

Comparison of the electrostatic potentials associated
with corresponding structural motifs of 7hREL1 and
ThbREL2 N-terminal coordinates also revealed a large
positive patch on the surface of both proteins (Fig. 6a, b).
The large positively charged region encompassed two
unique and structurally conserved loops in trypanosoma-
tids. The first loop, hereafter called Loop#1, is formed by
Y167-K177 residues of ThREL1 N-terminal structure
(Figs. 2 and 6c¢). The second loop, Loop#2, is formed by
V190-Y200 residues of 7HhREL1 N-terminal structure.
Deng and colleagues [25] have predicted that Loop#1 and
Loop#2 may interact with RNA substrate [25]. The over-
lapped positive and negative contours associated with
Loop#2 supports Deng et al.’s prediction. Electrostatic
isosurface analysis also predicted two structurally con-
served loops in the N-terminal coordinates of 7ThREL1 and
ThREL2. The loops are labeled Loop#3 and Loop#4
(Fig. 6¢) and are formed by W178-P188 and R111-Y124
amino acid chains (Fig. 2) in 7hREL1 N-terminal structure,
respectively. Comparing isopotential surfaces of 7ThRELI1
and ThREL2, one can conclude that these loops are
associated with larger positive patches in TbREL2 model.
These patches are associated with Loop #3 and Loop#4
whose function has not previously been reported. We then
anticipate an RNA recognition role for Loop#3 and Loop#4
and that N-terminal domain of 7PREL2 may have different
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TbREL1 Structure

Structural alignment
of TbREL1 and
TbREL2

Fig. 6 Electrostatic potential isosurfaces at +1% and 71% for
TbRELI (a) and 7hREL2 (b). The surfaces and structures are shown
in the same orientation with positive charges in blue and negative
charges in red. The superimposed structures of 7hRELI (blue) and

affinity and/or specificity for RNA substrate compared to
THRELI.

To obtain a better insight into the possible functional
loops, using 3DMA module of Discovery Studio suite, we
aligned the protein backbone chains of 7AhRELI1 and
THhREL2 N-terminal domains capturing isocontours on the
protein chain of T4 RNA ligase 2 co-crystalized with DNA
strands (Fig. 8a, b). Amaro and colleagues [29] have
reported that Loops #1 and #2 are possibly important in
RNA substrate recognition. In addition to Loop#1 and

Fig. 7 HO loop in ThRELI (a)
and the corresponding loop in
ThREL2 (b) N-terminal
domains. The residues on the
loops are shown in CPK model
and color coded as yellow

@ Springer

TbREL2 Model

ThREL2 model (yellow) are shown (c). Regions contributing to
negative charges anticipated to interact with proteins are marked by
red ovals. Regions contributing to positive charges anticipated to
interact with nucleic acids are marked by blue ovals

Loop#2, Loops#3 and #4 also lie on the nucleic acid,
making our anticipation stronger that the two latter loops
may also play roles in RNA substrate recognition.

Structure-based mutagenesis in silico

We used single- and multiple-site charged-to-alanine scan-
ning in silico to identify the charged residues which may
promote distinct positive and negative regions and contrib-
ute to protein-protein and protein-RNA interactions on
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Fig. 8 Superimposition of

isopotential surfaces of TbRELI
(a) and TbREL2 (b) N-terminal
domains on the double stranded
DNA chains of T4 RNA ligase 2

ThREL1 and ThREL2 protein surfaces. Alanine has a
hydrophobic, uncharged methyl side-chain. Consequently,
mutating a charged backbone residue to alanine disrupts or
perturbs the associated charge without affecting the
backbone conformation [63]. For the purpose of alanine
scanning, we visually inspected the structural motifs
associated with large electrostatic patches for the charged
residues whose side-chains were pointing outward to the
protein surfaces. We then carried out systematic replace-
ment of the predicted charged side chains with alanine on
ThREL1 and THREL2 N-terminal surfaces and examined
their electrostatic isosurfaces (Figs. 9, 10, 11, 12, 13 and 14).
Figure 9 shows 7HREL1 D258A-E260A double mutation
that disrupted the associated negative patch on the surface
of the 7ThREL1 N-terminal structure. Figure 9 also displays

Fig. 9 The effect of double and
triple mutations on 7hREL1 N-
terminal structure. The isoelectric
potential surface comparison of
N-terminal catalytic domains of
ThREL1 wild type protein with
ThREL1 D258A-E260A double
mutant as well as E60A-D62A-
E66A and E219A-E220A-
E221A triple mutants is shown.
The mutant regions are marked
by yellow ovals

THREL1 Wild Type

E60A-DE2A-EBBA

that E60A-D62A-E66A triple mutation disrupted the related
negative electrostatic pattern on the surface of 7hREL1 N-
terminal structure. In addition, triple mutation of E219A-
E220A-D221A disrupted the negative patch associated with
these residues and increased the neighboring positive patch
(Fig. 9). E219, E220, and D221 lie in a structurally
conserved and surface exposed helical loop in 7HRELI1
N-terminal structure (“Helical Loop” in Fig. 6¢). Conse-
quently, we propose that this helical loop can potentially
contribute to protein-protein interactions in 7HRELI. In
contrast, such negatively charged residues on the conserved
loop is absent in 7TAREL2 N-terminal model. In 7TAREL1 N-
terminal structure, E278A disrupted the negative charge
associated with H9 loop (Fig. 10). E278A promoted a
similar electrostatic pattern to that of T219, the aligned

D258A-E260A

E219A-E220A-D221A
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Fig. 10 E278A single mutation
disrupts the corresponding neg-
ative charges. The positive long-
range electrostatic isosurfaces
are shown in blue and the
negative charges in red for
ThREL1 E278A mutant,
TbREL1 wild type, and
ThREL2 N-terminal coordi-
nates. The region covering E278
is marked by a yellow circle

ThbREL1 - E278A

residue in 7HREL2 N-terminal model, that suggests
different functional roles for E278 and T219. Spatially
distant residues could also affect the electrostatic isopoten-
tial surfaces associated with ThREL1 structure. Figure 11

Fig. 11 The effect of distant as
well as positive residue muta-
tions on 7hREL1 N-terminal
structure. The isoelectric poten-
tial surface comparison of N-
terminal catalytic domains of
ThREL1 wild type model with
TbREL1 E253A-E315A,
K164A-K172A and K183A-
K184A double mutants is
shown. The mutant regions are
marked by yellow ovals

THREL1 Wild Type

K164A-K172A

@ Springer

TbREL1 wild type

THREL2 wild type

illustrates that double mutation of distant residues, E253A-
E315A, disrupted the corresponding negative contours. The
mutagenesis effects seen for E253 and E315 of 7ThRELI N-
terminal domain suggest that these residues may have

K183A-K184A
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Fig. 12 The effect of single
mutation of a conserved glutamic
acid in Loop#4 of KRELs. The
isoelectric potential surface com-
parison of N-terminal catalytic
domains of 7ThREL1 E119A
mutant and the corresponding
E87A mutant of 7hPREL2 model
is shown. The lower panel high-
lights the side-chain of glutamic
acid residue explicitly on super-
posed N-terminal catalytic
domains of 7AREL1 and
ThREL2 model. The mutant
regions are marked by yellow
ovals

functional roles. In contrast, the counterpart of the H9 loop
in ThREL2 N-terminal model, shows a less prominent
neighboring negative patch (Fig. 6a, b).

On the surface of ThREL1 N-terminal structure, K164 A-
K172A double mutation representing Loop#1 and Loop#2

Fig. 13 The effect of negative
residue mutation on 7hREL2 N-
terminal model. The isoelectric
potential surface comparison of
N-terminal catalytic domains of
ThREL2 wild type model with
ThREL2 E30A-D32A-E277A
and E49A-D50A-ES1A triple
mutants is shown. In the bottom
panel, the 7ThREL2 model is
rotated 180°C around the plane
facing the reader. The mutant
regions are marked by yellow

ovals TbREL2 Model

TbREL2 Model

TbRELZ2 Model — E87A

TbREL1 Structure - E119A

Structural alignment of
TbREL1 and ThREL2

disrupted the positively charged isosurfaces in Loop#l
more significantly than those in Loop#2 (Fig. 11). Further-
more, K183A-K184A mutation of 7HREL1 N-terminal
structure disturbed the positive patch associated with
Loop#3 (Fig. 11).

E30A-D32A-E277A

E49A — D50A — ES1A

@ Springer



72

J Mol Model (2010) 16:61-76

ThREL2 Model

H88A-HI93A-K149A-R151A

Fig. 14 The effect of positively charged residue mutation in 7hREL2
N-terminal model. The isoelectric potential surface comparison of N-
terminal catalytic domains of 7AREL2 wild type model with a series
of quadruple mutations in 7hPREL2 model (H134A-K139A-R141A-

In Loop#4 of THhREL1 N-terminal structure, E119A
disrupted the negative charge and increased the positive
contours associated with the region (Fig. 12). In contrast,
E87A mutation in TbREL2 N-terminal model, the aligned
counterpart of E119 in ThRELI coordinate, perturbed the
associated positive patch but did not disrupt the pattern
significantly (Fig. 12). Based on the effect of alanine
scanning on these positively charged residues we predict
that Loop#3 can contribute to negatively charged RNA
substrate recognition, and along with Loop#1 and Loop#4,
may form an RNA recognition motif in TbRELI N-
terminal structure.

Figure 13 shows that triple mutations of E30A-D32A-
E277A and E49A-D50A-ES1A significantly disrupted the
large negative contours on the surface of 7hREL2 N-
terminal model. Therefore, we predict that E30, D32, E49,
D50, ES1, and E277 could play a role in protein-protein
interaction in 7hREL2 protein. Comparing our putative
proposed RNA binding Loop#1, Loop#3 and Loop#4 in
ThbREL1 coordinate with their structurally conserved
counterparts in 7bREL2 model shows a higher abundance
of positively charged residues in 7ThREL2 protein. Subse-
quently, substituting the positively charged residues of
Loop#1, Loop#3, and Loop#4 in THhREL2 N-terminal
model with alanine disrupted the respective positive

@ Springer

H134A-K139A-R141A-K142A

R27A-R75A-K78A-R79A

K142A corresponding to loop #1, H88A-H93A-K149A-RI51A
corresponding to loop#3, and R27A-R75A-K78A-R79A
corresponding to loop#4 in Fig. 6) is shown. The mutant regions are
marked by yellow ovals

patches and, in the case of R27A-R75A-K78A-R79A in
Loop#4, increased the neighboring negative charges
(Fig. 14). Accordingly, we can predict Loop#1, Loop#3,
and Loop#4 as RNA recognition motifs of ThREL2
protein.

Figure 15 illustrates the surface charged residues of
ThREL1 and 7HREL2 N-terminal coordinates whose
mutations disrupted their respective electrostatic charges,
and Table 3 summarizes those residues. The abundance of
positively charged residues on the structurally conserved
loops of ThREL2 model and the effect of mutagenesis on
the electrostatic patches associated with those loops
suggests that 7ThREL2 catalytic domain have possibly
different affinity and/or specificity for its RNA substrate
compared to 7ThRELL.

Our data are consistent with the experimental obser-
vation of Huang and colleagues [22] who have demon-
strated that 7AREL1 requires no guide RNA that pairs
with a pre-edited mRNA transcript and that holds the ends
of the mRNA fragments to complete the ligation process.
In addition, Huang and coworkers [22] have shown that
THbREL2 specifically requires a cognate gRNA to forward
the ligation step. One may think that the abundance of
long-range electropositive patches on the surface of
ThREL2 may help the enzyme to specify the fully
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183
-

TbREL1 N-terminal structure

Fig. 15 The positively and negatively charged residues whose mutation
disrupted the electrostatic charges associated with these residues. The
mutated residues found to cancel their corresponding electrostatic charges

matched gRNA-mRNA duplex. Therefore, based on our
results that predict the roles for the surface charged
residues of 7PREL1 and 7hREL2, future experimental
investigations should help to determine the RNA substrate
specificities for these proteins.

Analysis of electrostatic similarity between 7HREL1
and 7hREL2

To further establish whether the protein charge distribution
and electrostatic isopotential surface of 7hREL1 and
ThREL2 are significantly different from one another,
electrostatic properties of an ensemble of 42 modeled
ThREL2 structures was compared with electrostatic poten-
tial of ThREL1 crystal structure (PDB: 1XDN) using
PIPSA. The results of PIPSA supports our hypothesis that
the two ligases differ in their electrostatic potential surfaces.
Figure 16 shows that the models of 7AREL2 fall into one
cluster. On the other hand, the the electrostatic potential of
crystal structure of THhREL1 (PDB:1XDN) is an outlier

Table 3 The residues whose mutation disrupted the electrostatic
patterns in 7hREL1 and 7ThREL2 N-terminal domains

ThREL1 N-terminal domain ThREL2 N-terminal domain

E87A

E30A“-D32A-E277A"
E49A-D50A-E51A?
R27A-R75A“-K78A“-R79A“
HI34A“K139A“RI141A-K142A°
H88A-H93A“-K149A-R151A*

E278A
D258A“-E260A”
E60A“-D62A-E66A”
E219A-E220A-D221A
E253A-E315A°
KI164A“-K172A"
K183A-K184A

The residues superscripted with ’a’ are conserved in the multiple
sequence alignment

TbREL2 N-terminal model

are illustrated in 7PREL1 and ThREL2 coordinates. The negatively
charged residues are shown in red sticks and the positively charged
residues in blue. ATP is displayed in stick and color-coded as yellow

compared to that of other model coordinates (see Supple-
mentary Figure 2).

Conclusions

In this study, we analyzed the electrostatic properties of
KREL1 and KREL?2 that catalyze the ligation step of RNA
editing in trypanosomatids. In their N-terminal domain
sequences, KRELs have five conserved motifs that belong
to the covalent nucleotidyl transferase superfamily. Al-
though 7HhRELI and 7HhREL2 have 41% sequence identity
and 61% sequence similarity, they exhibit different bio-
chemical properties. Experimental assays have shown that
the loss of KRELL1 inhibits RNA editing process and causes
the death of the parasite, whereas KREL2 loss has no effect
on RNA editing. Previous study [26] proposed that KREL1
proteins participate in U-deletion, whereas KREL2 proteins
contribute to U-insertion. We hypothesized that KREL1 and
KREL2 have different physical-chemical properties. To test
our hypothesis, we studied the theoretical charge distribu-
tion of KREL1, KREL2 and their binding partner protein
sequences. Furthermore, we studied the long-range electro-
static potential energies of KRELs at structure level. The
recently solved structure of 7HREL1 N-terminal domain
enabled us to model 7AREL2 N-terminal domain. There-
fore, in the present study, we modeled the structure of
THhREL2 N-terminal domain, and we used it as a working
model. At the sequence level, we plotted the theoretical
titration curves for KRELs and their interacting partner
proteins against the pH values. The results showed that
there is an acid-base complementarity supporting the
previously proposed insertion and deletion RNA editing
subcomplexes in trypanosomatids [26]. Our analysis
showed that the acidic proteins interacted with basic
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Electrostatic Distance D, p =2—28l, p,

Fig. 16 Protein interaction property similarity analysis (PIPSA) heat
map of the ThREL2 models and ThRELI structure. The dendograms
show the cluster levels of coordinates. The electrostatic distance is

proteins in each subcomplex. We then anticipated that the
charge distribution is related to the electrostatic properties
of KRELs, and that KRELs differ in their electrostatic
potential energies. To examine our anticipation, we solved
the finite-difference values for electrostatic potential ener-
gies of available coordinate of 7HRELI1 structure and
THREL2 model. Intriguingly, we found that 7PREL1 and
ThREL2 show clear differences in their electrostatic
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patterns. While long-range negative charges predominantly
cover ThRELI catalytic domain, positive charges encom-
pass ThREL2 N-terminal structure. Electrostatic similarity
analysis clustered the models of 7ThPREL2 from the crystal
structure of ThRELI, supporting our hypothesis that the
two ligases exhibit different electrostatic properties. To
predict the residues contributing to electrostatic pattern
distribution, we employed charged-to-alanine scanning and
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conducted a series of structure-based mutagenesis in silico.
Deng and colleagues [25] have proposed that Loop#1 and
Loop#2 of ThREL1 N-terminal domain may interact with
RNA substrate and proteins respectively. Our computation-
al analysis confirmed Deng and coworker’s prediction. We
also found that that conserved Loop#3 and Loop#4 play a
role in RNA substrate recognition. We anticipate Loop#l,
Loop#3, and Loop#4 as RNA recognition motifs of KRELs.
The highly positive patch on the surface of 7hREL2 N-
terminal model suggests higher affinity for RNA recogni-
tion compared to 7ThREL1 structure, supporting the exper-
imental results that were previously reported in the
literature [22]. Site-directed mutagenesis assay can validate
the effect of mutating the surface exposed, charged residues
of KREL1 and KREL2 that we have reported in this study
(Table 3) on RNA or protein binding affinity. Such
experimental validation will give a significant insight into
the physical-chemical differences between KREL1 and
KREL2 proteins and will help to understand the function
of KREL1 and KREL?2 in greater details.
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