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Abstract

Pentatricopeptide repeat (PPR) proteins belong to
the large family of nucleic acid binding proteins. Their
name is defined by the presence of the so-called
pentatricopeptide repeat (PPR), a degenerate 35-amino acid
motif tandemly repeated 2-26 times per protein. The PPR
protein family includes some of the major mediators of
organelle post-transcriptional control. These proteins
localize mainly to mitochondria and chloroplasts, where
they are involved in different steps of RNA metabolism:
transcription, splicing, editing, polyadenylation, RNA
stability and translation. Some of them can also act as
adaptors in protein-protein interactions. PPR protein genes
were discovered in many eukaryotic genomes, but they are
especially abundant in plants. In humans, some PPR
proteins are implicated in human diseases, such as cancer,
Alzheimer’s disease and Parkinson’s disease.

Abbreviations

AD - Alzheimer’s Disease; APP - amyloid beta precursor
protein; APPsw - APP carrying the so-called Swedish
mutation, DmLRPPRC - Drosophila melanogaster’s
leucine-rich pentatricopeptide repeat-containing
homologue; HAT - half-A-TPR; KPAFI - kinetoplast
polyadenylation/uridylation factor 1; KPAF2 - kinetoplast
polyadenylation/uridylation factor 2; KPAPI1- kinetoplast
poly(A) polymerase 1, KRIPP - kinetoplast ribosomal PPR
protein;, LSFC - Leigh syndrome French Canadian;
LRPPRC - leucine-rich PPR cassette; LRRK2 (PARKS) -
leucine rich repeat kinase 2; MRPS27 - mitochondrial
ribosomal protein of the small subunit 27; MRPP3 -
mitochondrial RNase P protein 3; PD-Parkinson’s disease;
POLRMT - RNA polymerase, mitochondrial; PPR -
pentatricopeptide repeat; PTCD - pentatricopeptide repeat
domain; PSEN — presenilin; PTEN - phosphatase and
tensin; PUF - Pumilio and FBF homology; RBP — RNA
binding protein; RET1 TUTase - RNA editing TUTase 1;
SEL-1 - suppressor of Lin-12; SLIRP - SRA - stem-loop-
interacting RNA binding protein; TALE - transcription
activator-like  effector;, TMG - tRNA guanine-N7
methyltransferase; TPR — tetratricopeptide repeat.
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Pentatricopeptide repeat proteins

Pentatricopeptide repeat proteins
were first described in 2000 as “PPR
cassette proteins” by Small and Peeters (1).
The main feature of PPR proteins is the
presence of a
(pentatricopeptide) structural motif that is
tandemly repeated 2-26 times per protein
(1). Initially, PPR proteins were thought to
bind proteins. Further investigations
revealed that the PPR domain is involved
in  RNA-protein interactions (1, 2).
Therefore, PPR proteins belong to a class
of RNA binding proteins (RBPs) referred
to as heterogeneous ribonucleoproteins that
associate with certain transcripts and
influence all steps of post-transcriptional
regulation of RNAs, including pre-mRNA
splicing, mRNA polyadenylation,
localization, stability and translation. Some
RBPs can mediate RNA transport from the
nucleus to mitochondria and from
mitochondria to the nucleus (3-6).

PPR proteins are found in all

35-amino acid

eukaryotes, though they are most prevalent
in plants (7-11). For example, in
Arabidopsis thaliana, there are 441 PPR
proteins. They belong to one of the largest
nucleus-encoded helical repeat protein
families in plants (1, 12-15). Some PPR-
encoding genes have also been found in

prokaryotes, including pathogenic and
symbiotic members of the genera
Rhodobacter, Ralstonia, Simkania,

Erwinia and Legionella. They are thought
to have been acquired via eukaryote-to-
prokaryote horizontal gene transfer events
(2,10, 16-19).

2

Pentatricopeptide
structure

repeat proteins

The PPR is a degenerate, 35-amino-
acid motif repeated in tandem. The number
of motifs ranges from 2 to over 26 within a
protein (1, 2). The PPR motif forms two
anti-parallel o-helices that interact to
produce a helix-turn-helix motif. The series
of helix-turn-helix motifs throughout the
protein stack on each other to form an
elongated structure called a superhelix,
with a central groove that binds RNA.
Residues at position 4 and 34 of each PPR
motif are responsible for modular
recognition of sequence motifs within the
transcript (Fig.1) (2, 20-23).

The sequence of the PPR motif is
similar to  the closely  related
tetratricopeptide repeat (TPR) motif that is
prevalent in prokaryotes. Therefore, some
have hypothesized that the PPR motif
emerged from the TPR motif during the
early stages of eukaryotic evolution (10).
PPR motifs, together with the TPR motif,
the suppressor of Lin-12 (SEL-1)-like
motif and the half-A-TPR (HAT) repeats,
belong to a large family of solenoid repeat
structures formed of a-a repeats (1, 24,
25). Similar to Pumilio and FBF homology
(PUFs) and transcription activator-like
effector (TALE) proteins, PPR proteins
interact with nucleic acids in a sequence-
dependent manner. Therefore, they are
very specific according to the locations of
individual editing sites within organelle
transcriptomes (26-28). In contrast, the
interaction of TPR proteins with RNA is

sequence independent (29, 30).
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PPR protein binds RNA

-+ -Nucleotide interaction with amino acid 4

+**Nucleotide interaction with amino acid 34

Figure 1. Schematic structure of the PPR protein and the mechanism of RNA recognition.
Each helix-turn-helix motif is formed by two a-helices included in the PPR domain. Helix-
turn-helix motifs form a superhelix, containing an RNA binding groove. Amino acids at
positions 4 and 34 of each PPR motifs are responsible for modular transcripts recognition
(adopted from (31)).
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Yeast PPR motifs are quite similar
to plant PPR motifs, although in yeasts, the
PPR motifs are significantly more
divergent. Thus, according to the
evolutionary distance between yeasts and
plants and the relatively sparse knowledge
about yeast PPRs, we cannot assume that
substrate recognition uses the
residues in the PPR motifs. Similarly,

same

Trypanosoma motifs and human motifs
also show evolutionary divergence, and
their sequences are different from the
general motif consensus observed in
plants. However, although the PPR motifs
in different organisms differ, the key
residues are often partially conserved (7,
32).

There are two PPR classes that
differ by their domain architecture: P-class
and PLS-class. PPR proteins
possess  the 35-amino-acid
motifs without additional domains (P
means canonical PPR). Members of this
class play roles in most aspects of
organelle gene expression and commonly

P-class
canonical

regulate RNA  processing, splicing,
stability and translation. PLS-class PPR
proteins have three different types of PPR
motifs, which vary in length: P (PPR, 35
amino acids), L (long, 35-36 amino acids)
and S (short, ~31 amino acids). Members
of this class mainly function in RNA
editing (2, 31, 33). Subtypes of the PLS
class are further categorized based on
additional C-terminal domains: motif E (91
amino acids), motif E+ (33 amino acids)
and motif DYW (106 aminoacids). The
first PLS subclass contains motif E, which
is not catalytic but is predicted to be a
protein-protein that
recruits the editing enzyme. The second
PLS subclass contains E, E+ and DYW
domains. The DYW domain was named
for its  aspartate-tyrosine-tryptophan

interaction motif
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(DYW) located at the C-
terminus. DYW domains contain the same
conserved catalytic residues as cytidine
deaminase enzymes, which mediate C-to-U

tripeptide

conversion. Thus, the DYW domain has
been proposed to be an editing domain.
Therefore, the presence of PLS class PPR
proteins correlates with the occurrence of
organelle RNA editing, and they are absent
in organisms where organelle RNA editing
The PLS class was
originally thought to be specific to plants,
but the DYW-containing PPR proteins
subsequently identified in the
heterolobosean protist Naegleria gruberi
and later in several non-plant organisms.
Therefore, DYW-type PPR proteins are
thought to have been acquired from plants
via horizontal gene transfer events.

It is worth mentioning that PPR
proteins differ according to the content of
domains. Some of them are built almost

does not occur.

WwCEre

entirely of tandem PPRs, whereas others
contain different domains, such as
endonuclease or protein interaction
domains (2, 34, 35). For example, the PPR
protein in Trypanosoma brucei, PicE,
contains a C-terminal methyltransferase
domain. As the domain is thought to be
active, PtcE, like PPR proteins in D.
discoideum mitochondria, is a potential
candidate that can modify the stability of
mitochondrial transcripts by introducing
posttranscriptional modification (9).

In 2008, the crystal structure of
human mitochondrial RNA polymerase II,
also called POLRMT (RNA polymerase
mitochondrial), revealed (36). It
contains a T7-like catalytic C-terminal

was

domain, an N-terminal domain (with a T7
promoter binding domain) and a flexible
N-terminal The N-terminal
domain consists of nine a-helices, four of
which comprise two PPR motifs found in

extension.
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plant mitochondrial proteins. Each PPR
motif forms the hydrophobic core of a
helix—turn—helix fold and the interface
between parallel and antiparallel a-helices
(36).

To better
mechanism  of

understand  the
PPR-RNA  binding,
Rackham’s group designed synthetic PPR
domains based on the conservation of
residues within PPRs throughout evolution
(37). Interestingly, they were able to
generate different PPR with
altered affinities or degenerate nucleotide
recognition properties by introducing some
changes in PPR sequence. For example,
the presence of phenylalanine at position 1
and asparagine at positions 4 and 34
favoured binding to adenine and guanine,
while valine at position 1 favoured binding

variants

to adenine and cytosine. Therefore, the
synthetic domains could recognize RNA
targets of predictable
sequence-specific manner according to the
appropriate amino acid at positions 1, 4
and 34 (37). Interestingly, it was also
suggested that the overall shape of the PPR
scaffold partially depends on the amino
acids that mediate RNA association.
Moreover, interactions of PPR
repeats resulted in some plasticity of the
PPR scaffold that enabled it to modulate
the RNA binding properties of PPRs (37).

interest in a

mutual

Pentatricopeptide
functions

repeat protein

PPR proteins are mainly localized
to mitochondria, where they play various
roles at different steps of RNA metabolism:
transcription, transcript
splicing, editing, polyadenylation, RNA
stability and translation. Regulation of

processing,

organelle gene expression at the post-
transcriptional level depends on RNA

5

binding proteins because of the low
number of promoters in organelle genomes
and the long half-life of organelle RNAs.
In this way, members of the PPR protein
family are some of the major mediators of
expression of organelle genomes and
organelle biogenesis (1, 2, 12, 31, 38).

PPR proteins can also be non-
catalytic, in which case they function as
molecular adaptors in the recruitment of
catalytic enzymes or effector proteins to
target transcripts (39, 40). However, they
can also catalyse RNA processing and
editing themselves (2, 26). Several PPR
proteins act as stability and/or translation
factors, and their absence leads to both the
destabilization of a given mitochondrial
mRNA and a defect in the accumulation of
the corresponding protein. However, it is
still not clear whether these factors have a
dual role in stability and translation, as was
shown, for example, for PPRI10 in
Arabidopsis chloroplasts. An alternative
hypothesis assume that i) a primary RNA
stability ~defect secondary
translation deficiency or ii) a primary
defect in translation destabilizes the
mitochondrial mRNA (32).

The most common function of plant
PPR proteins is RNA editing (8, 13, 38). In
contrast, in
approximately half of the 39 PPR proteins
identified have been detected in affinity-
purified ribosomal particles from the
kinetoplast, a dense nucleoprotein structure
containing
They were termed kinetoplast ribosomal
PPR proteins (KRIPPs), and they are
considered translational activators for a
subset of mitochondrial mRNAs (41, 42).
Some PPR proteins, such as kinetoplast
polyadenylation/uridylation factors
(KPAF) 1
stabilization

causes a

Trypanosoma  brucei,

the mitochondrial genome.

and 2, are involved in
and polyadenylation of
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kinetoplast transcripts. They have been
identified in the polyadenylation complex
and facilitate the A/U-tailing of mRNA
3’ends by kinetoplast poly(A) polymerase
1 (KPAP1) and RNA editing TUTase 1
(RET1 TUTase). Others, such as KRIPP1
and KRIPP8, have been identified both in
the polyadenylation complex and in the
small ribosomal subunit. Therefore, PPR
proteins can serve as protein adaptors in
regulatory networks that channel mRNAs
for 3" A/U-tailing and translation (41-43).
Although not as numerous as in
plants and trypanosomes, PPR proteins
from other organisms also participate in
translational control of mitochondrial
mRNAs. In S. cerevisiae and closely
related species, PPR proteins facilitate
initiation of translation by recognizing and
binding to the 5’ UTRs of specific mRNAs.
Thus, they act as mitochondrial mRNA-
specific translational activators and are a
part of the feedback control loop that
adjusts the translation rate to the assembly
of nascent polypeptides into respective
respiratory complexes (32, 44). In humans,
leucine-rich  pentatricopeptide  repeat-
containing (LRPPRC) protein stimulates
poly(A) polymerase for mRNA
polyadenylation to  protect protein-
encoding
mitochondrial
Similarly,

transcripts from the

degradosome  activity.
Drosophila  melanogaster’s
homologue DmLRPPRCI is necessary for
mitochondrial mRNA polyadenylation.
Loss of the LRPPRC or DmLRPPRC
protein leads to decreased stability of
mitochondrial transcripts and reduction of
their abundance (45-49).

LRPPRC with SRA
stem-loop-interacting RNA binding protein
(SLIRP), a mitochondrial RBP. Both
proteins are part of a high-molecular-mass
ribonucleoprotein complex that regulates

associates
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the  metabolism  of  mitochondrial
transcripts  (46). In  addition to
mitochondria, LRPPRC is present in the
nucleus, where it is involved in the
regulation of mitochondrial biogenesis and
energy homeostasis by controlling nuclear
gene expression. In this way, LRPPRC
might play a role in coordinating
mitochondrial transcription with nuclear
gene expression, which is critical for
proper organelle function (50).

Recently, a whole new family of
PPR proteins - PPR-TGM (PPR-tRNA
guanine-N7 methyltransferase) proteins,
were discovered. What is interesting, PPR-
TGM proteins are missing in plants and
animals. Instead, they are found in single-
celled eukaryotic microbes organisms,
including  cellular  slime  moulds,
entamoebae, algae and diatoms. In addition
to the PPR tract, these proteins contain a
C-terminal tRNA guanine-N7
methyltransferase domain originated from
a chlamydial TGM-encoding gene,
acquired via horizontal gene transfer from
bacteria. The domain architecture of PPR-
TGM proteins suggests they function in
tRNA metabolism both in mitochondria,
chloroplasts and in the cytoplasm (51).

In mammals, seven PPR proteins
have been identified to date: POLRMT,
pentatricopeptide  repeat  domain 1
(PTCDI1), PTCD2, PTCD3, LRPPRC,
mitochondrial ribosomal protein S27
(MRPS27) and mitochondrial RNase P
protein 3 (MRPP3). They are mainly
localized in mitochondria and regulate
transcription, transcript processing, RNA
stability and translation, not RNA editing
(Table 1) (31, 52-58). However, the
physiological targets of PPR proteins are
often which  limits the
understanding of their mechanistic roles in
organelle gene expression and energy

unknown,
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metabolism.

Table 1. PPR proteins and their function in human cells.

Mitochondrial RNA polymerase [T  POLRMT  mitochondrial gene expression, initiation 19p13.3
of the mitochondrial genome replication
Pentatricopeptide repeat domain 1 ~ PTCDI1 RNA binding, regulation of translation 7q22.1
Pentatricopeptide repeat domain 2 ~ PTCD2 mitochondrial RNA maturation, 5q13.2
mitochondrial respiratory chain function
Pentatricopeptide repeat domain 3 ~ PTCD3 mitochondrial ~ translation, organelle 2pl1.2
biogenesis and maintenance
Leucine-rich pentatricopeptide- LRPPRC cytoskeletal ~ organization,  vesicular 2p21
repeat containing protein transport, transcriptional regulation of
both nuclear and mitochondrial genes
Mitochondrial ribosomal protein MRPS27 mitochondrial protein synthesis, 5q13.2
S27 stimulation of mitochondrial mMmRNA
translation of subunit components of the
mitochondrial electron transport chain
Mitochondrial RNase P protein 3 KIAA0391 mitochondrial tRNA maturation 14q13.2
(MRPP3)

Pentatricopeptide repeat proteins in
medicine

LRPPRC is one of the best-studied
PPR proteins, as it is implicated in human
diseases, such as cancer. The connection
between cancer and mitochondria is based
on the accelerated energy consumption of
As LRPPRC plays an
important role in mitochondrial function, it
is also necessary for tumour development.
Indeed, LRPPRC is abundantly expressed
in various types of tumours, such as lung
adenocarcinoma cell lines, oesophageal

tumour cells.

squamous cell carcinoma, lung
adenocarcinoma, stomach
adenocarcinoma, colon adenocarcinoma,

mammary adenocarcinoma, endometrial
adenocarcinoma and lymphoma (59, 60).
Moreover, the overexpression of LRPPRC
confers resistance to apoptosis of tumour
cells (60). In agreement with this, knock-

down of LRPPRC reduced the anti-
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apoptosis, invasion, and in vitro colony
formation abilities of lung adenocarcinoma
and Hodgkin lymphoma cells. This
suggests that the knock-down of LRPPRC
could be one strategy to
carcinogenesis (60).

LRPPR proteins can also be used as
a specific biomarkers, for instance, in
prostate cancer. Prostate cancer is the most
common non-cutaneous malignancy and
the second leading cause of cancer death
among men in the United States (61). By

prevent

immunochemistry analysis Jiang et al. (62)
showed that prostate tissues at late stage of
prostate adenocarcinomas express higher
level of LRPPRC. Moreover, LRPPRC
levels were significantly lower in patients
surviving longer than five or ten years than
in patients surviving shorter than five or
ten years. From this reason the level of
LRPPRC can be a biomarker for late-stage
prostate adenocarcinomas patients with
poor prognosis (62). They also confirmed
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the association of high LRPPRC levels
with hormone therapy insensitivity in
prostate adenocarcinomas tissue samples
collected from prostate-specific
phosphatase and tensin homolog (PTEN)
deficient mice or hormone-dependent and
independent prostate cancer cell lines (62).

Mitochondrial pathophysiology due
to mutation in the LRPPRC gene underlies
a human neurodegenerative disorder, the
French-Canadian Leigh
syndrome (Leigh syndrome French
Canadian; LSFC). Individuals with LSFC
often appear normal at birth but begin to
lose basic skills such as head control,
sucking, walking, and talking in infancy or
early childhood. They may also present
with intellectual disabilities, dysmorphic
features, irritability,

variant  of

vomiting,
and seizures. At the molecular level, LSFC
is caused by a point mutation in the gene
encoding LRPPRC that affects the stability
of most mitochondrial mMRNAs. However,
LSFC’s pathophysiological effect has
mainly been attributed to a reduced level of
cytochrome ¢ oxidase mRNA. This in turn
results in defective cytochrome oxidase
assembly and deficiencies of mitochondrial
complex I, complex IV and ATP synthase.
As a final consequence, mitochondrial
respiration and ATP production are
impaired (63-66). At the molecular level,
the LRPPRC protein shows some
homology to the yeast protein PET309,
which is also required for the efficient
expression of theCOX gene (63, 66).
LRPPRC protein is also thought to
be involved in the occurrence of sporadic
Alzheimer’s disease (AD) cases. The
Alzheimer’s Disease is characterized by
inflammatory changes, accumulation of
misfolded proteins and oxidative damage,
which results in region-specific loss of
synaptic contacts and neuronal cell death.

8

The etiology of AD is mostly sporadic
(95% of the cases) and have a late onset at
about the age of 65. The risk of AD
occurrence can be altered by various
environmental exposures, such as nutrition,
smoking, head trauma, infections or
systemic inflammation, as
psychosocial factors, such as education or
physical activity (67). AD pathogenesis
may also be due to epigenetic mechanisms.
Studies on human postmortem brain
samples, peripheral leukocytes
transgenic animal models have revealed
that AD is strongly linked to aging and
epigenetic deregulations, including
abnormal DNA methylation and histone
modifications (67, 68).

In contrast, in case of the familial
form of AD (5% of cases) some early onset

well as

and

cases were reported. Familiar form of AD
is connected with the mutations in the
genes encoding amyloid precursor protein
(APP),  presenilin-1  (PSENI) and
presenilin-2 (PSEN2) (69). LRPPRC
preferentially interacts with amyloid beta
precursor protein carrying the so-called
Swedish  mutation  (APPsw).  Such
interaction is responsible for some cases of
early-onset Alzheimer’s disease (70).

Examination of the brains from
Alzheimer patients compared with controls
shows an elevated levels of another human
PPR protein, PTCD2, in the cerebral cortex
of AD patients (71). Therefore, PTCD2 can
also be used as a biomarker for Alzheimer
disease (AD).

Parkinson’s disease (PD) is another
neurodegenerative  disorder linked to
mutation in PPR protein gene. Parkinson’s
disease is characterized by tremor,
bradykinesia,  rigidity postural
instability. First symptom of about 70%

and

cases of disease is motoric instabilities
with resting tremor at a typical frequency

Copyright 2018 Internal Medicine Review. All Rights Reserved. Volume 4, Issue 3.



Internal Medicine Review

Family of pentatricopeptide repeat proteins in non-plant organisms
March 2018

of 3-5 Hz (72). PD neurodegeneration is
thought to be caused by genetic and
environmental risk factors and interactions
between them, that leads to the neuronal
death. As a risk factor of PD some
environmental toxins (such as rotenone and
paraquat)
mitochondrial dysfunction have
reported. 90% of PD cases are sporadic,
the remaining 10% of cases show familiar

causing
been

and other factors

inheritance. In the latter cases, mutations in
the leucine rich repeat kinase 2 (LRRK2,
PARKS) are the most frequent (73).
Parkinson’s disease (PD) is also
associated with mutations in the
pentatricopeptide repeat protein gene -
LRPPRC gene. At the molecular level, four
intronic substitutions influence the splicing
of the LRPPRC pre-mRNA, leading to
skipping of some exons (e.g., exon 9 or
exon 33). This leads to the creation of a
premature stop codon that targets the
mature mRNA for further degradation by
the nonsense mediated decay (NMD)
LRPPRC protein depletion
mitochondrial dysfunction.

pathway.
causes
Interestingly, due to the tissue-specific
availability of some splicing factors, a
given mutation can have different effects in
different tissues. LRPPRC mutations
linked to the origin and progression of
disease are observed mainly in organs
where the LRPPRC steady-state level is
quite low. Moreover, the clinical impact of
the LRPPRC mutation depends on whether
the mutation is  homozygous or
heterozygous. Finally, some intronic
LRPPRC variants could lead to complete
or partial LRPPRC protein depletion or to
its functional changes, which can influence
the risk of Parkinson’s disease and other
neurodegenerative disorders (e.g., LSFC)
(66, 74, 75).

9

Nowadays, when we are able to
manipulate or design PPR proteins that
recognize any RNA sequence we want, the
possible application in medicine are
opened. By introducing mutations into the
coding sequence of known PPR protein we
can change the crucial amino acids and
direct the binding of the PPR protein to an
RNA sequence of interest (22). Moreover,
synthetic PPR protein (37) can be used to
replace a dysfunctional PPR protein, to
regulate endogenous gene expression or
even to prevent viral infections by
blocking the synthesis of viral RNA. One
of the most interesting are PPR-TGM
proteins, that are important to the
clinically-relevant pathogens but are absent
in humans. Therefore, PPR-TGM proteins
represent new putative targets for the
development of drugs that can specifically

inhibit  their activity in pathogenic
eukaryotes. Drugs, developed to block
PPR-TGM function in parasites, can
effectively treat parasitic infections

without any effects on the human body
(51).

Conclusions

PPR proteins are important for
expression of organelle genomes and
organelle biogenesis. Some of them are
implicated in human diseases, such as
cancer, Alzheimer’s disease and
Parkinson’s disease. Further analysis of
their functions and targets will help to
describe  the  molecular  pathways
underlying these human disorders. The
precise knowledge of PPR proteins’ actions
and the molecular consequences of their
disruption can also be useful in designing
therapeutic strategies for patients. A
promising avenue for future research is
synthetic domains based on PPR motifs
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that can recognize RNA targets of interest
in a predictable, sequence-specific manner.
Therefore, PPR proteins could be used to

regulate  particular gene transcripts’
expression.
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