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ABSTRACT

FASTK family proteins have been identified as reg-
ulators of mitochondrial RNA homeostasis linked
to mitochondrial diseases, but much remains un-
known about these proteins. We show that CRISPR-
mediated disruption of FASTKD1 increases ND3
mRNA level, while disruption of FASTKD4 reduces
the level of ND3 and of other mature mRNAs includ-
ing ND5 and CYB, and causes accumulation of ND5-
CYB precursor RNA. Disrupting both FASTKD1 and
FASTKD4 in the same cell results in decreased ND3
mRNA similar to the effect of depleting FASTKD4
alone, indicating that FASTKDA4 loss is epistatic. In-
terestingly, very low levels of FASTKD4 are sufficient
to prevent ND3 loss and ND5-CYB precursor accu-
mulation, suggesting that FASTKD4 may act catalyti-
cally. Furthermore, structural modeling predicts that
each RAP domain of FASTK proteins contains a nu-
clease fold with a conserved aspartate residue at
the putative active site. Accordingly, mutation of this
residue in FASTKD4 abolishes its function. Experi-
ments with FASTK chimeras indicate that the RAP
domain is essential for the function of the FASTK
proteins, while the region upstream determines RNA
targeting and protein localization. In conclusion, this
paper identifies new aspects of FASTK protein bi-
ology and suggests that the RAP domain function
depends on an intrinsic nucleolytic activity.

INTRODUCTION

The human mitochondrial genome is 16.6 kb in length, en-
codes 2 rRNAs, 13 open reading frames and 22 tRNAs and
is packaged into discrete structures known as nucleoids (1-
2). It is transcribed into two long polycistronic transcripts

which are processed into rRNAs, tRNAs and mRNAs. Al-
though import of RNA has been reported, locally tran-
scribed RNA accounts for the vast majority of RNA within
mitochondria (3). The sequences encoding the two rRNAs
and most of the mRNAs are closely flanked by tRNAs in-
terspersed throughout the genome. To explain how the ma-
ture RNA sequences are generated, the ‘tRNA punctua-
tion’ model (4) was proposed, according to which excision
of the tRNAs by RNase P (5) and RNase Z (6) respec-
tively, generates the mature rRNA, and most of the ma-
ture mRNA transcripts. However, a number of mRNAs,
such as ATP8/6, CO1, CO3, CYB, NDS5, and ND6, do not
have flanking tRNAs at both ends and so their processing
cannot be explained by this model. Little is known about
the mechanisms by which the 5 and 3’-ends of these lat-
ter mRNAs are generated. Of particular note are the two
adjacent genes, ND5 and CYB, which lack an intervening
tRNA and for which an unprocessed ND5-CYB precursor
is often observed. Processing of ND5-CYB is not depen-
dent upon RNase P (7), but has been reported to require
the PPR motif-containing protein, PTCD?2 (8). In addition,
it was recently reported that expression of the ND6 mRNA,
which is the only mRNA encoded on the light strand, and
which has no tRNA at the 3’-end, requires the presence of
the two related proteins, FASTK and FASTKD?2 (9-10).
FASTK and FASTKD?2 are part of a family of pro-
teins with six members in humans: FASTK, and FASTKD1
to FASTKDS. All are known to be mitochondrial RNA
binding proteins (11-12), and display three poorly con-
served domains: FAST_1, FAST_2 and RAP. FASTKD2
mutations have been linked to severe encephalomyopathy
in human patients (13). Interestingly, modeling of the RAP
domain of FASTKD?2 suggested a similarity to a puta-
tive endonuclease-like protein from Neisseria gonorrhoeae
(11,14). On the basis of BLAST searches, there appear to be
similar proteins in other branches of the metazoan tree, such
as Drosophila, but their roles in non-mammalian species
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have not been explored. Additionally, in chloroplasts, there
are multiple proteins which contain FAST-like domains
characterized as Octotricopeptide repeats (OPR) and/or
RAP domains, which are known to interact with each other
and participate in trans-splicing reactions, ribosomal 5'-end
processing, mRNA stabilization, and possibly translational
activation (15-20).

FASTK and FASTKD?2 are two FASTK proteins shown
to affect the processing of mitochondrial RNA, specifi-
cally ND6 mRNA (9-10). In 2014, Wolf and Mootha pub-
lished the results of a MitoString screen that identified
FASTKD4 (TBRG4) as a protein that interacts with all
mitochondrial RNAs and modulates the half-lives of mul-
tiple transcripts (21). More recently, Antonicka ez al. re-
ported that FASTKDS upregulates several mitochondrial
RNAs and leads to accumulation of precursor RNAs that
lack tRNA at both ends (22). One of the characteristics of
some members of the FASTK family is their submitochon-
drial localization within distinct RNA granules (MRGs) (9—
10,13,22). In addition to FASTK proteins, the MRGs con-
tain RNase P (9), DDX28 (23), GRSF1 (24-25) as well as
other RNA binding proteins (9,26), and are likely to repre-
sent the sites in mitochondria where RNA processing and
assembly of the small and large ribosomal subunits occurs
(26). PTCD2, apparently required for the processing of the
tRNA-less ND5-CYB junction, also localizes in the MRGs
(manuscript in preparation), suggesting that the RNA pro-
cessing in these MRGs is not restricted to the removal of tR-
NAs by RNase P. Finally, these complexes may have many
similarities to the MIOREX complexes recently described
in yeast and which correspond to ribosome-containing as-
semblies (27).

Here, we report the first characterization of the effect of
FASTKDI1 knock-out on mitochondrial RNA content and
novel aspects of FASTKD4 mitochondrial regulation. We
generated several chimeras between different FASTK fam-
ily members to explore the function of their domains and
provide the first test of the hypothesis that the RAP domain
of FASTK D4 possesses nucleolytic activity.

MATERIALS AND METHODS
Cell culture and transfection

Cells were cultured in DMEM, 10% fetal bovine serum with
100 pg/ml penicillin, 100 wg/ml streptomycin, and 2 mM
L-Glutamine, supplied by GE Healthcare. Media for Rho0O
cells was additionally supplemented with 110 pwg/ml pyru-
vate and 50 pg/ml uridine (Sigma). Transfections were per-
formed using calcium phosphate or lipofectamine (Invitro-

gen).

Immunofluorescence and microscopy

Immunofluorescence and microscopy were performed as
described by Jourdain (9). Briefly, cells were fixed in 4%
paraformaldehyde and immunostaining with antibodies to
HA (Covance), FLAG (Sigma), FASTKD2 (Proteintech),
or FASTKD4 (Santa Cruz Biotechnology) was performed
in PBS containing 0.1% Triton X-100 and 3% (w/v) BSA
(Sigma-Aldrich). Imaging was performed using a Zeiss

LSM700 confocal microscope or Zeiss Axiophot micro-
scope. Antibodies are listed in Supplementary Table S1.

RNA extraction and northern blotting

RNA extraction and northern blot analyses were performed
as described by Jourdain (9). Briefly, total RNA was ex-
tracted with Tri-Reagent (Sigma-Aldrich) and 5-15 pg
RNA were separated on a denaturing formaldehyde agarose
gel and transferred via electrophoresis to a Nylon mem-
brane (GE Healthcare). Strand-specific P -UTP labeled ri-
boprobes (Supplementary Table S1) were transcribed using
T7 polymerase (Bio-Rad), and hybridization was performed
at 60°C in 50% formamide, 7% SDS, 0.2M NaCl, 80 mM
sodium phosphate (pH 7.4), and 100 mg/ml salmon sperm
DNA. Imaging was done with a phosphorimager (BioRad).

Cloning and viral production

For protein expression, cDNAs were cloned into pWPT
(Addgene) in frame with a C-terminal HA-TEV-6HIS tag
or 3x FLAG tag. Chimeric proteins were cloned using
the Gibson Assembly system (28). Lentiviruses for pro-
tein expression were produced in HEK293T cells by co-
transfecting the constructs of interest cloned into the pWPT
vector with the viral plasmids psPAX2 and pMD2G (Ad-
dgene). After 2 days, the supernatant was collected, filtered
through a 0.45 pm pore size filter, and used to infect 143B
or HEK293T cells.

Reconstruction of full length FASTKD1

The existing clone of FastKD1 obtained from the group
of Maria Simarro 12 harbored a 69 bp deletion result-
ing in loss of the 23 amino acid sequence AGEAHD-
PLVEALVTEAWRRLEREF. The full length cDNA was re-
constructed by oligonucleotide directed mutagenensis as
follows: two PCR products were generated from the exist-
ing clone using the primer pairs KMU193-KMU201 (up-
stream fragment) and KMU194-KMU202 (downstream
fragment), and the two products were gel purified and fused
using the two external PCR primers KM U193 (carryinga 5’
Mlul site) and KMU194 (carrying a 3’ PstI site). The result-
ing full length cDNA was digested with Mlul and PstI and
cloned into the same sites of the vector pWPT previously
engineered to encode a downstream TEV protease cleav-
age site, followed by FLAG and 6xHis tags. The correct se-
quence of the resulting construct was verified by DNA se-
quencing.

CRISPR/Cas9 gene disruptions

CRISPR constructs were made by subcloning 20 nt guide
RNAs into the pX330 CRISPR /Cas9 plasmid (Addgene).
The ends of the selected guide sequences and the PAM
motif formed a BstNI cut site. Guide sequences are listed
in Supplementary Table S1. HEK293T or 143B cells were
then transfected with the CRISPR construct using lipofec-
tamine, and single cells were plated using a Beckman Coul-
ter MoFlo Astrios cell sorter. After expanding cell pop-
ulations, an approximately 200 bp region containing the



predicted cut site was amplified and digested with BstNI
to assay for a deletion in this region. This ~200 bp re-
gion was then sequenced to confirm disruption of the gene.
FASTKD4 gene disruption candidates were further con-
firmed by protein immunoblotting. For the double gene
disruptions, FASTKD1-KO cells were transfected with the
FASTKD4 CRISPR and screened for loss of FASTK D4 by
protein immunoblot (Supplementary Figure S1).

Transcriptional blockage experiments

Transcription of mt-RNA was blocked as in Jourdain et al.
(9). Briefly to block transcription, cells were treated with
lg/ml ethidium bromide for the indicated time before
RNA extraction. The resulting RNA was then blotted and
probed as described above.

35S labeling experiments

Cells in culture were washed two times with PBS. They were
then incubated for 30 min in media consisting of: DMEM
lacking cysteine, methionine, and glutamine; supplemented
with 10% FBS, Glutamax (Gibco) 1 x, and 110 mg/I sodium
pyruvate. Emetine was then added to a concentration of 1
wM, and after 5 min 200 .Ci of ¥S labeled cysteine and me-
thionine (Easy Tag protein labeling mix, Perkin Elmer) was
added. One hour later, cells were thrice washed with PBS,
collected and resuspended. Equal amounts of protein were
loaded and run on a 12-20% gradient gel. The gel was then
stained with Coomassie blue, destained, dried and imaged
using a phosphorimager.

Structural modeling and sequence alignment of RAP domains

Blast searching using yeast FASTK or FASTK D4 proteins
allowed the identification of human, mouse, bovine, fish,
fly and worm protein sequences in the FASTK family. All
sequences were aligned using webserver and the alignment
was manually edited to optimize loop positioning based on
secondary structure prediction. FASTK residues 405-539
and FASTKD4 residues 493-621 corresponding to their
RAP domain were submitted to the webserver Phyre to
obtain a structural prediction (29). Confidence scores are
97.60% and 97.73% for FASTK and FASTK D4 sequences
respectively. These predicted models were then manually
aligned on the closest atomic model (homing endonuclease,
pdb code 3r3p) and on the related Vsr endonuclease atomic
structure (pdb code lvsr).

RESULTS

FASTKDI1 and FASTKD4 are mitochondrial proteins, with
FASTKDI1 enriched in MRGs

In previous studies, Wolf & Mootha have shown that
FASTKD4 is found in the matrix of mitochondria, and is
loosely associated with the inner mitochondrial membrane
since it could be solubilized by alkali treatment of the mi-
tochondrial membranes (21). Localization studies have re-
ported that FASTK, FASTKD2 and FASTKDS5 are en-
riched in MRGs (9,22,24). To investigate more precisely
the subcellular localization of FASTKD1 and FASTKD4
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and assess proper expression of our tagged constructs, we
have performed immunofluorescence studies using antibod-
ies against endogenous FASTKD4 or against the HA or
FLAG tagged FASTKDI1 or FASTKD4. Here, we confirm
that FASTKD4 is a mitochondrial protein diffusely dis-
tributed throughout the mitochondrial matrix and display-
ing no preferential co-localization with MRGs, which we
identified using an anti-FASTKD?2 antibody (Figure 1A—
C). This lack of foci was present even when observing the
endogenous FASTK D4, ruling out the idea that FASTK D4
foci were simply obscured by overexpression of the protein.
This is thus the first report of a FASTK family member, ex-
pressed at endogenous levels, which is not concentrated in
MRGs. Previously, FASTKD1's localization was observed
using a construct based on a predicted sequence which dif-
fers from the observed sequence by the presence of 23 amino
acids near the N-terminus (9,12). We therefore corrected
this sequence error and found that with the correct sequence
near the N-terminus, FASTKD1 was preferentially local-
ized to MRGs (Figure 1D).

Disruption of FASTKD1 and FASTKD4 genes differentially
affect mitochondrial gene expression

Based on our previous studies showing that FASTK is re-
quired for expression of the ND6 mRNA (9), we hypoth-
esized that other FASTK proteins may also regulate ex-
pression of specific mitochondrial RNAs. To test this, we
used the CRISPR/Cas9 system to disrupt the FASTKDI1
or FASTKD4 genes in both HEK293T and 143B cells.
We obtained clones containing frameshift mutations (here-
after FASTKD1-KO or FASTKD4-KO) in both genes at
the predicted cut sites (Supplementary Figure S1). To con-
trol for clonal or off target effects in the FASTKD1-KO or
FASTKD4-KO cells, we exogenously expressed FASTKD1
or FASTKD4-FLAG, and compared the resulting RNA
phenotypes by Northern blotting (Figure 2).

Asseen in Figure 2A, in FASTKD4-KO cells we observed
statistically significant decreased levels of ATP8/6, COl,
CO2, CO3,CYB, ND3 and NDS5 relative to the rescued and
wild type cells. Interestingly, all these genes have atypical
junctions except for CO2 and ND3, which are flanked at
both ends by tRNAs. The results are mostly consistent with
the previous observations of Wolf and Mootha (21). Inter-
estingly, that study reported conflicting results for ND2 de-
pending on the measurement method used. Our northern
blot data agrees with the MitoString data reported by these
authors (21) and does not conform to their contrasting
gPCR results. Importantly, the analysis of RNA by North-
ern blot allowed us to detect a substantial accumulation of
ND5-CYB precursor RNA, which was accompanied by a
decrease in the mature forms of ND5 and CYB (Figure 2A).
This key result was not detected using MitoString or gPCR
in the Wolf and Mootha paper. Restoration of FASTKD4
expression in FASTD4-KO cells efficiently decreased accu-
mulation of the ND5-CY B precursor and increased expres-
sion of mature forms of ATP§/6, CO1, CO2, CO3, ND3,
NDS5 and CYB (Figure 2A and B). We did not detect any
other significant effect on other precursors that could be at-
tributed to the presence or absence of FASTKD4. These re-
sults suggest that FASTKD4 could be a general factor in-
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endnous) Anti-FASTKD4 (endognous Merged and enlarged

FASTKD4 Knock out cells

Mitotracker Red anti-FASTKD4

FASTKD1-Flag FASTKD2 Merged

Figure 1. Submitochondrial localization of FASTKDI1 and FASTKD4. (A) FASTKD4 has a mitochondrial distribution, but is not concentrated in foci.
143B cells expressing Flag-tagged FASTKD4 were immunostained for FASTKD4 using an anti-Flag antibody (left) and with Mitotracker Red to reveal
mitochondria (center). Right: merged image. Flag staining is in green, and Mitotracker Red is in red. (B) FASTK D4 shows a diffuse mitochondrial staining
whereas FASTK D2 is present in discrete foci. Immunostaining of endogenous FASTK D2 (left) and endogenous FASTK D4 (center) in 143B cells using anti-
FASTKD2 and FASTK D4 antibodies respectively. In the right panel, the images are merged (FASTKD4 in green and FASTKD?2 in red) and enlarged (the
enlarged area is indicated with a white rectangle in the center panel). (C) Specificity of the anti-FASTK D4 antibody. FASTKD4-KO cells were labeled with
Mitotracker Red (left) and anti-FASTK D4 antibody (right). No specific FASTKD4 signal is visible in the FASTKD4-KO cells. (D) FASTKD1 localizes to
MRGs. 143B cells were transfected with pCi FASTKDI1-FLAG. Cells were then immunostained with antibodies against endogenous FASTKD?2 to label
MRGs (middle panels) or FLAG to label FASTKDI (left panels). The merge (right panel) shows that FASTKD1 is in MRGs.
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Figure 2. FASTKDI1 and FASTKD4 affect mitochondrial mRNA levels. (A) Northern blot analysis of mitochondrial RNAs. Gene disruption of
FASTKD4 (D4-KO) reduces levels of multiple mitochondrial mRNAs and increases levels of multiple precursors (lane 4) relative to wild type cells (lane 3).
In contrast, gene disruption of FASTKD1 (D1-KO, lane 1) leads to the over accumulation of ND3, and a slight over accumulation of ATP8/6 and NDI.
Expression of Flag-tagged FASTKD4 (lane 6) or FASTKDI (lane 2) in gene disrupted cells reversed this phenotype and restored mRNA levels, whereas
expression of GFP did not (lane 5). All lanes are cropped from the same gel. (B) Quantification of RNAs levels in FASTKD1 and FASTD4 KO and rescue
cells. RNA signal in the indicated cells is shown as a percent of the RNA signal in the wild-type cell line. Error bars indicate one standard deviation. 3

replicates were quantified for each condition.

volved in the processing or stabilization of mRNAs which
lack flanking tRNAs at both ends.

Interestingly, when we analyzed the RNA from clones of
the FASTKD1-KO cells, we saw a strong statistically sig-
nificant increase in the level of ND3 mRNA compared to
WT cells (Figure 2A), which was reversed by expression of
FASTKDI1-FLAG (Figure 2A). This is thus the second re-
port about the loss of a FASTK protein leading to an in-
crease in the steady state level of a processed mt-mRNA.. In-

terestingly this also implies that FASTKD1 is not involved
in the maturation of the mt-mRNAs, as previously con-
cluded for FASTK and FASTKDS. It rather points towards
a putative role of FASTKD1 in RNA stability-related pro-
cesses.

As described above, the ND3 mRNAs was affected dif-
ferentially by FASTKDI1 or FASTKD4 removal. To test
whether loss of the FASTKDI1 protein could rescue loss
of FASTKD4, we used the CRISPR/Cas9 system to dis-
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rupt the FASTKD4 gene in FASTKDI1-KO cells. We ob-
tained a clone lacking FASTK D1 and FASTK D4 (hereafter
D1&D4-KO) and assessed the functional consequences on
mitochondrial RNA expression (Figure 3A). The D1&D4-
KO cells showed a pattern of RNA expression that was
nearly indistinguishable from the FASTKD4-KO cell line
with accumulation of ND5-CYB precursor and strong re-
ductions in mature ND3, ND5, and ATP8/6 mRNAs (Fig-
ure 3B). We conclude that FASTKD4 loss is epistatic to
FASTKDI loss.

Mitochondrial translation in FASTKD1 and FASTKD4 KO
cells

We wanted to know what effect these changes to mitochon-
drial RNA had on mitochondrial protein synthesis, and
whether the observed loss of mRNA would also lead to
a decrease in the abundance of the respective protein. We
thus performed in vivo 3°S cysteine and methionine label-
ing of mitochondrial encoded proteins. As expected from
the northern blot analysis, the ND3 protein synthesis levels
were decreased in the FASTKD4-KO and FASTKD1D4-
KO cell lines (Figure 3C). On the other hand, the observed
reductions in mature levels of CYB, ND5, ATP6/8, COl1,
and CO3 mRNA did not appear to result in noticeably
reduced synthesis of their translated product. Indeed in
the case of NDS5, the protein level was slightly increased
in both the FASTKDI1-KO and FASTKD4-KO cell lines,
and even further increased in the double gene disruption
FASTKD1D4-KO cell line. Likewise expression of the ND6
protein appears to have been increased in the cells in which
FASTKD4 was disrupted despite no statistically significant
alteration in ND6 RNA levels. In contrast to the results
reported by Wolf and Mootha, who observed decreased
steady state levels of CO,, we did not observe a decrease
in the level of de-novo synthesis of CO,. Synthesis of CO,
is hard to distinguish from the synthesis of ATP6 by S
labeling due to their similar sizes, however it should be
noted that both CO2 and ATP6 mRNA levels are reduced in
FASTK D4-KO cells. Since the intensity of the **S band cor-
responding to the size of ATP 6 and CO, did not decrease,
it is not possible that synthesis rates of both CO, and ATP6
were decreased in FASTKD4-KO cells, and thus it cannot
be generalized that the reduced mRNA levels lead to re-
duced protein synthesis rate. On the basis of these results,
we must consider the possibility that FASTK proteins may
modulate translation of RNA and not simply the amount
of RNA, or that the protein synthesis rate changes are in-
direct effects of a compensatory mechanism. Despite these
differences in mitochondrial protein synthesis, we did not
observe any defect in mitochondrial respiration on the ba-
sis of oxygen consumption measurements.

Specific function of FASTK family protein domains

While generating D1&D4-KO cells, a clone was identified in
which the FASTK D4 protein signal was still detectable by
western blot, but at dramatically reduced levels relative to
wild type cells (Figure 3A, clone named D1-KO D4low). In
these cells there was no obvious reduction in mature ND5
levels, yet a small amount of ND5-CYB precursor accu-
mulated (Figure 3B). This result shows that the presence of

short exposure
anti-FASTKD4

long exposure

anti-Tom20

CYB/ND2
ND1

CO3
CO2/ATP6

ND6
ND3

Figure 3. FASTKDI-FASTKD4 double gene disruption. (A) Western
blot with anti-FASTKD4 (top panels) or anti-TOM20 (bottom panel)
antibodies on purified mitochondria. Loading left to right: Incomplete
knockout of FASTKD4 in a FASTKDI1-KO cell line (D1-KO D4low),
FASTKDI1 and FASTKD4 gene disrupted cells (D1&D4-KO), the pro-
genitor FASTKDI gene disrupted cells (D1-KO), and wild type HEK293T
cells (HEK). (B) Northern blot using antisense ND3, ATP8/6, ND5, and
7SL probes. Equal amounts of total RNA were loaded. Labels and colonies
are the same as in Figure 3A, with the addition of RNA from a FASTKD4-
KO clone (D4-KO). Note that loss of FASTKD4 is epistatic to the loss of
FASTKDI, and small amounts of FASTK D4 are sufficient to prevent the
RNA phenotype that results from FASTKD4 loss. (C) 3°S labeled mito-
chondrial translation products. Cytoplasmic translation was blocked with
Emetine, and mitochondrial protein was labeled with radioactive cysteine
and methionine. Equal amounts of total cellular protein, as assayed by
Bradford, were loaded. Left image: Coomassie staining as a loading con-
trol. Right image: 3°S radiograph. Lanes left to right: HEK293T (HEK),
FASTKDI knockout cells (D1-KO), FASTKD4 knockout cells (D4-KO)
and double FASTKDI1 and FASTKD4 knockout cells (D1&40KO). Pu-
tative identities for the bands are shown on the basis of size. Note that
translation is significantly altered, but that these alterations do not corre-
late with the changes in mRNA abundance, with the exception of ND3.



FASTKD4, orders of magnitude below the normal protein
level, is sufficient to allow normal processing of ND5-CYB
precursor and prevents a loss of mature forms of NDS5 and
CYB mRNAs. The large effect due to a small amount of
protein may suggest an enzymatic model over a stoichio-
metric model, although we do not know the molar amounts
of FASTK D4 protein relative to the RNA to which it binds.
In support of this hypothesis is the structural modeling de-
scribed below.

Structural modeling suggests that the RAP domain
present in the FASTK protein family can adopt a PD-
(D/E)-XK nuclease superfamily fold (14) (Figure 4A). Us-
ing an updated database we found that the RAP domains of
FASTKDI1 and FASTKD4 are best modeled on the struc-
ture of the bacterial VSR endonuclease, a verified endonu-
clease rather than on a putative endonuclease as previously
proposed by Castello ez al. (11). Interestingly, the VSR en-
donuclease was also identified as a close match for the RAP
domain of related chloroplast proteins (20). Previous stud-
ies showed that VSR enzymatic activity can be abolished
by a single D to A mutation in its active site (30). We note
that the homologous Aspartate (D531 in FASTKD4) ap-
pears to be highly conserved in each RAP domain of the
FASTK proteins (Figure 4B), including in a distant homo-
logue in C. elegans. Therefore if the RAP domain func-
tions similarly to the VSR endonuclease, mutation of this
residue should render the protein non-functional. To per-
form an initial test of this nuclease hypothesis, we expressed
FASTKD4 with a D531A mutation in FASTKD4-KO cells.
This mutant protein still localized to mitochondria (Figure
5A) and was recognized by the anti-FASTK D4 antibody in-
dicating that the mutant protein was expressed and likely
correctly folded. However, expression of the mutant pro-
tein failed to rescue the level of mature ND3, CO3, CYB
or ND5 mRNA and did not abolish the accumulation of
the ND5-CYB precursor RNA or alter the ratio of mature
NDS5 to ND5-CYB precursor (Figure 5B). We have also
previously mutated this residue in FASTKD?2 and observed
that the protein still formed foci (unpublished data), sug-
gesting this D>A mutation does not interfere with correct
folding. Thus, the residue D531 of the RAP domain is es-
sential for the function of FASTKD4, possibly due to its
role in the nucleolytic activity of the RAP domain.

Partial analysis of the structure—function of FASTK proteins

We have shown previously that deletion of the RAP do-
main in FASTK impaired ND6 mRNA expression and
localization to MRGs (9). To further investigate the role
of the RAP domain, we decided to swap the RAP do-
main between FASTK proteins to test their importance
for the overall function of the proteins. Therefore, we con-
structed chimeras of FASTK (D0) and FASTKD4 (which
we termed DOD4RAP and D4DORAP) as well as FASTK D1
and FASTK D4 (D4D1RAP) (Figure 5C).

We found that expression of neither the DOD4RAP nor
D4DORAP chimeras could prevent accumulation of the
NDS5-CYB precursor RNA or rescue the level of mature
CO3, CYB, ND3 or ND5 mRNAs in FASTKD4-KO cells
(Figure 5B). Similarly, neither DOD4RAP nor D4DORAP
could rescue the loss of ND6 mRNA in FASTK-KO
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cells (Supplementary Figure S2A). Interestingly, DOD4RAP,
which did not prevent ND5-CY B precursor RNA accumu-
lation, did localize in the MRGs, as expected for the wild
type protein FASTK, while the other chimera, D4DORAP,
did not (Figure 5A). This indicates that the N-terminal re-
gion is extremely important for localization of FASTK pro-
teins to foci, and is further supported by our observation
that FASTKD1 with the correct N-terminal region also lo-
calizes to foci.

While we cannot be sure that the entire chimeras are all
correctly folded, we observed that the D4DORAP chimeras
were recognized by the anti-FASTKD4 antibody when as-
sayed by immunofluorescence suggesting that at least the
FASTKD4 N-terminal domain of these chimeras is prop-
erly folded. Furthermore the localization of DOD4RAP to
MRGs suggests that there was at least proper folding of the
domains required for MRG localization.

FASTKDI1 and FASTKD4 both affect the ND3 mRNA,
and we found that D4D1RAP expression in FASTKD1-KO
cells led to a significant reduction of ND3 level. Interest-
ingly, this effect was not limited to ND3 but extended to
all mitochondrial mRNAs, whereas rRNA and tRNA ap-
peared unaffected (Figure 5D). These results suggest that
this particular chimera is acting on additional mt-RNAs.
FASTKD4 has been previously reported to interact with all
the mt-mRNAs (21) and we suggest that the N-terminal do-
main of FASTK D4 in this chimera retargets the FASTKD1
RAP domain to additional RNAs. The RAP domain of
FASTKD1 would be involved in the downregulation of mi-
tochondrial RNAs, although with poor substrate specificity.
Together these results reinforce the idea that the RAP do-
main is the functional domain whereas the region upstream
of the RAP domain is responsible for subcellular local-
ization and target specificity. These experiments highlight
two novel functional aspects of the FASTK protein family:
(1) the N-terminal region of the FASTK family members,
which is expected to fold as a PPR-like domain formed by
repetition of pairs of helices, apparently plays a role in tar-
geting each FASTK protein to appropriate RNA(s); (ii) the
RAP domain is likely to carry an enzymatic activity possibly
with a defined specificity for each FASTK family member
as the RAP domains are not interchangeable.

DISCUSSION

The goal of this study was to investigate the function of two
members of the FASTK family, FASTKD1 and FASTKD4.
We report that both proteins affect mitochondrial gene ex-
pression through regulation of specific RNA transcript lev-
els.

FASTKDA4 is required to promote expression of the NDS5,
CYB, COl, CO3 and ATP8/6 genes, which are not flanked
by tRNAs on both ends, and of CO, and ND3 genes, which
are flanked by tRNAs on their 5 and 3’ ends. In the ab-
sence of FASTK D4, the amount of these mRNAs is signif-
icantly decreased. One of the most striking phenotypes we
observed in the FASTKD4-KO cells is an accumulation of
the ND5-CYB precursor, which accompanied the drop in
mature ND5 and CYB mRNAs. Two non-mutually exclu-
sive hypotheses can be proposed to explain these results (see
models 1 and 2, Figure 6).



6142 Nucleic Acids Research, 2017, Vol. 45, No. 10

FAKD5_HUMAN/542-764
FAKD5_BOVIN/541-762
FAKD5_MOUSE/541-762
FAKD5_DANRE/553-778
FAKD3_BOVIN/521-660
FAKD3_MOUSE/522-661
FAKD3_HUMAN/521-662
FAKD3_DANRE/430-562
FAKD2_HUMAN/569-710
FAKD2_BOVIN/550-688
FAKD2_MOUSE/552-689
FAKD2_DANRE/505-652
FAKD2_DROME/1-126
FAKD4_HUMAN/481-631
FAKD4_BOVIN/482-632
FAKD4_MOUSE/480-630
FAKD4_DANRE/479-631

FastKD4

LAVQFTNRNQNCYG!

Vsr endonuclease

-561/556 -
- 552 /557 -

- 550
- 561
-451
-452
-413
- 660
- 762
-749
-749
- 751
-531

66 -
44 -

MK - GEATM
PRPLFEMGWLQTKQNTETSGEINTVGQEQLGL!

Homing endonuclease from
Bacillus thuringiensis

1

SEMLWNLARKDMNSKPEF LEALF LLETMLGGPQ
SANLWNLASKDMRSKPEF LETLYLLETMLGGPQ
TKQLWDFAQSE | CQKLEVLEAESMLQKLLGGEMFV - RKHMI L P
-FLTPCSSLETPMDFHYKSVMIGL I DLLGARLMF - SSKV.LTP¥C
-FLTPCCSLETPLDLHLYKSVVIGLIDLLGSRL Y|
-FLTPCCSLETPVDSQLYRYVKIGLTNLLGARL |
-FLAP---FETPVEPQFYNALKSGLVDLLGDQS/|IV-ASRVLTPNC

LPSSHTINAKVAEVLSSLLGGEGHF - SKDVHLPHN
------------- TFCPQPKVAAVLSDLLG- EGCF - SQSVQLPHN

LSASQPNEKLAEVLSRLLEGEGRF - SRNVP LPHN
---VPAFEATANQEMLSAVRSIVGTHAVQ- -DSVLEQS |

GPSALDRKVTPLQKELQETLKGLLGSADKG-SLEVATQ
SPSALEQKMTPLQKELQETLKGLLGSADKG- SFMVPTQ

--1PSPSNKKMTPLQKELQETLKALLGNTDKG- SLEVATQ
----DRQSKAESSTSALQKTLHTALWSLANERKQALHTAVKTIL

e S s o S ) S s )

1

a ——

SELLWYLAEKDMNSKPEFLE.VFLLETMLGGPQP-KHHMI LP
|

TRS WVQEBVNLKPEPENREATPAENVAK- LRLEH
-KHHMI/LPHTRS VQLBVNMKPLPENREAIPIEDVAK- LRLKH
-KHHMI/LPHTRS \VQLDANMKPMPFENSEATPTEDGAQ- LRFKQ

LRS \VHLDQNDQPVSVTSESCQRELASQNWEQKP

I KLBEDGFVLPFTIDED-=--=-xn-nn--

F-ASKVLTP VKLBEDGFVLPCTVDED - -« = - - == w ==« =
F-APKVLTP | KLDEEGFVLPSTANED - - - == - = == - - - -

EDGFVMLPACHADD - - = === === --

FASTK_HUMAN/386-549 -FPQPLITDRARCKYSHKD IVAEGLRQLLGEEKNR -QDLFVPP - GX C L

FASTK_BOVIN/387-543 -FPQPLTTDRARCKYSHKD I VAEGLRQLLGEEKNR -QDLTVPP -G

FASTK_MOUSE/348-511 -FPQPLITDRARCKYSHKDMVAEGLRQLLGEENKR -QNLTVPP -G D
FASTK_DANRE/580-914 -FDHALTADEVNRKYS¥KGLVAEALRQLVGEHGXK - QDEVLAP -G LIL STGRVLPIRTGTPAASLAASSTPCVV
FAKD1_HUMAN/689-847 - ----- YNKG | GGMDGTQQQ/l FKMLAEVLGG | NCV - KASVLTPMY C|LDKRKKPLP¥GSHN- - - - - - - - - m oo -
FAKD1_BOVIN/676-832 - ----- YNKDFGSMNGAQQQ I ¥KMLAEVLGG I NFV - KASVLTPYY! CILDKRRNPLPY¥GSHN- - - - - - - -------
FAKD1_MOUSE/676-829 -FNKDTGVMNGAQQQ I ¥KMLAEVLGGHQLCV - KPSALSPYYHTVGFEC | LDBKRKKPLPYESHS - -
FAKD1_DANRE/676-833 -QKRANSSISPIQQQIHKILGEVLGG I NCA- KAAVVTPMYMTVBFELVLBRHLHPLPYSEPTR - -
FAKL_CAEEL/1-128 - --- - HSECDRYFLKSLFKLAPQDTHC - QLPNVEDCGAFVDAYVMPBPNSNLLYNT SQWGS - - - - - - - - - - - -

KLAFLHE
KILAFLHE|
KILAYLHE
KILA¥LHC
LVD
LVD
LVE
VVE
AVTFL
AVAF L
AVTFV

VFTSAL

VETSA

\VFTSAL -

IFNYRDC

LF SQNSGGHW

LFSQSSAVHW

LFSQN[ - VHWLQE - - - - - - - - - - -
| FPHSMR L SW
IISVEAL PVAAVNVQSTQ- - - - - -

------ LHK

SPKALSSADIHLQSTC------
SDEVLPTADTTV
LI FPAHESPESQKI|I SNNSQQKEDI S

——=S=200000TVITT

MRKAVAEE LAK - -
MRKAVAEELAK - -
MR KAMAEE LAK - -
LGKAVAEEMAK - -
LQALBLRWGPEGE
LQALBLRWGPEGG- - - - - - - - - - -
LQALBFRWGPEGG- - - - - - - - - - -

XOOPODOODOW—AX—-

I

ECIFGEVKSCL-=-----concconno--
ERIFGEGKS - - -~ ---mmmommmnnn
EHLFGEGKS - - = = - - === oo oo e oo
EII FTELP-----cmmmmmemmmmas
DRIHKKN- - - - oo oo oo oo

*

Figure 4. The RAP domain of FASTK family members shows structural similarities with PD-(D/E)XK nucleases. (A) Structural modeling of the human
FASTKDI and FASTK D4 proteins, compared to known PD-(D/E)-XK nucleases. Models and structures are shown as a schematic colored by secondary
structure elements (a-helices blue, B-strands yellow, and loops green). Key residues suspected to be involved in the enzymatic activity are shown as sticks
and colored by atom type (carbon cyan, oxygen red, nitrogen blue). (B) Alignment of protein sequences of FASTK proteins from metazoans (mammals,
fish, flies, nematodes). Numbers in the alignment indicate the starting and last residues shown in the alignment as well as residues removed because of
poor conservation. Predicted secondary structures are indicated on the top of the alignment. Three arrows point to the three residues responsible for the
endonuclease activity in the PD-(D/E)-XK phosphodiesterase superfamily (14,29). The red colored arrow indicates the Aspartate mutated in subsequent

experiments (note: FAKL_CAEL is the C. elegans protein B0564.7).

In the first model (i) FASTKD4 is required for efficient
processing of mRNAs with atypical junctions, including
ND5-CYB precursor RNA (model 1, see Figure 6) while
in the second model (ii) FASTKD4 is required to stabilize
mature ATP8/6, CO1-3, CYB, ND3 and ND5 (model 2, see
Figure 6).

In support of the processing model (Model 1), we found
that all heavy strand mRNAs with atypical junctions, such
as ND5 and CYB, were affected by the loss of FASTKD4,
and interestingly, similar results have recently been reported
for FASTKDS (22). The authors of that study concluded
similarly that loss of FASTKDS causes a defect in the pro-
cessing of atypical junctions. This model is further sup-
ported by previous experiments showing that in Chlamy-
domonas reinhardtii, the RAP domain-containing protein
Raa3, together with the FAST domain-containing protein
Raal, plays a role in RNA trans-splicing (17). The process-
ing of ND5-CYB into transcripts containing only ND5 or
CYB would either require an internal cleavage (endonucle-

ase activity) or alternatively both a 5'-to-3" and 3'-to-5 ex-
onuclease activity to degrade ND5-CYB from either end.
However, there is no known mitochondrial protein with 5’
to 3’ exoribonuclease activity, making the latter hypothe-
sis unlikely. Instead, the apparent lack of cleavage of ND5-
CYB, when FASTK D4 is mutated at a residue that is essen-
tial for endonuclease activity in a structurally similar pro-
tein, suggests that FASTKD4 may be carrying out this en-
donuclease activity. However, model 1 does not explain why
in addition to mRNAs with atypical junctions, the level of
the ND3 mRNA, which is flanked by tRNAs on both ends,
is also significantly decreased or why ATP8/6 and CO3 pre-
cursor RNAs do not accumulate in FASTKD4-KO cells.
Lastly it does not explain the combination of a high level
of ND5-CYB precursor despite a high decay rate (Sup-
plementary Figure S2C). One alternative hypothesis cor-
responding to Model 2 is that the phenotype displayed by
FASTKD4-KO cells is due to increased degradation of the
affected mature mRNAs. We observed that in these cells,
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Figure 5. Structure-function of FASTK family members. (A) Anti-Flag immunofluorescence showing expression of the mutant (D>A) and chimeric
proteins (DOD4RAP and D4DORAP) in the cells of Figure 5B had the expected mitochondrial localization. Note the punctuate staining visible in DOD4RAP
expressing cells. (B) Chimeric FASTK /FASTK D4 proteins (DOD4RAP and D4DORAP), and FASTK D4 with a D531—A531 mutation (D4 D>A) do not
rescue FASTK D4 loss (D4-KO) while exg)ression of wild type FASTK D4 does (D4). Total cellular RNA from WT cells and KO cells expressing GFP were
included as controls. Northern blot with 32P labeled RNA probes antisense to ND5, CYB, CO3, ND3 and Tubulin were used. All lanes were cropped from
the same gel. (C) Schematic showing the different chimeras that were generated. To the right is a summary of the effects on RNAs when the protein is
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(D4D1RAPHL and D4D IRAPA2) partially rescues the ND3 phenotype of FASTK DI loss. Northern blot with 2P labeled antisense CO3, ND2, ND3, NDS,
rRNAL, rRNA2 and 7SL RNA probes. Equal amounts of total RNA from the indicated cells were loaded for analysis. This reduction in ND3 levels was
accompanied by reduction in other mRNAs showing the effect is not specific to ND3.
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Figure 6. Possible (non-mutually exclusive) models to explain the action of FASTKD4. Model 1: FASTKD4 promotes processing of ND5—-CYB precursor.
In the absence of FASTK D4, the precursor remains mostly uncleaved, thus ND5 and CYB are made in low amounts. Model 2: FASTK D4 stabilizes multiple
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response to low levels of ND5 and/or CYB, degradation of the ND5-CYB precursor degradation is inhibited to favor production of ND5 and CYB.

the ND5-CYB precursor RNA accumulates to a level simi-
lar to that of mature ND5 mRNA in wild type cells (Figure
2B), despite being much less stable (Supplementary Figure
S2C). If ND5-CYB was degraded at a faster rate than ma-
ture NDS5, it would need to be produced at a higher rate
than mature NDS to accumulate to similar levels. From our
observations, it appears that ND5-CYB and mature ND5
accumulate to similar steady state levels, despite a signifi-
cantly higher decay rate for ND5—CYB. Therefore, we con-
jecture that production of ND5-CYB must exceed produc-
tion of NDS5. It is unlikely that the transcription of ND5—
CYB is specifically increased, given the polycistronic nature
of mitochondrial transcription and the lack of any global
mt-mRNA upregulation. Instead, it is likely that normally
the precursor is produced in excess of the amount needed
for processing into mature ND5 or CYB, and it is possible
that it is the rate of mature NDS5 production, by processing
of ND5-CYB precursor, that is modulated.

There are two possible fates for the ND5-CYB precur-
sor: processing or degradation. If we assume that the pro-
cessing of the ND5-CYB precursor transcript occurs nor-
mally in FASTKD4-KO cells, then its accumulation may
be explained by decreased degradation (Model 2). Such a
mechanism would serve as a feedback process to sense the
amount of mature ND5 and CYB mRNAs. If their levels
decrease, the degradation of the precursor is reduced to fa-
vor their production. Interestingly in the results of Anton-
icka et al. (22) the only instances of elevated precursor to
mature mRNA ratios occurred when the mature mRNA
was severely depleted, and thus model 2 may explain these

results. Finally, Models 1 and 2 may be complementary and
it is possible that FASTK D4 plays a role in both processing
of precursor RNAs and stabilization of mature mRNAs.

Interestingly, unlike FASTKD4, which stabilizes ND3
mRNA, we found that FASTK D1 displays the opposite ef-
fect leading to ND3 degradation. The activity of FASTKD4
is likely epistatic to the activity of FASTKDI, since cells
lacking both FASTKD1 and FASTKD4 display a pheno-
type similar to the phenotype of FASTKD4-KO cells. It is
intriguing to note that these two proteins display a similar
domain organization but ultimately produce opposite ef-
fects, at least on one particular mRNA.

To understand the mechanism by which these proteins
act and produce different effects, we decided to con-
struct chimeras of FASTK proteins. All FASTK family
proteins are mitochondrial RNA binding proteins (11—
12) which contain three poorly characterized domains:
FAST_1, FAST_2 and RAP. To try and determine the con-
tributions of these domains to the activity, we generated
new combinations of these domains and observed the effect.
We swapped the RAP domains between FASTKDI1 and
FASTKD4 to generate the D4D1RAP chimera and between
FASTK and FASTKD4 to generate both the DOD4RAP
and D4DORAP chimeras. It was previously shown that the
absence of FASTK in FASTK-KO cells leads to loss of
ND6 mRNA, which can be rescued upon re-expression of
the FASTK protein (9). Here, we show that neither the
DOD4RAP nor the D4DORAP chimeras were able to res-
cue ND6 mRNA levels in FASTK-KO cells. Similarly, the
D4DORAP and DOD4RAP chimeras were unable to rescue the



NDS5 and CYB mRNA phenotype in FASTKD4-KO cells.
Collectively, these results indicate that the RAP domains of
FASTK and FASTK D4 are not functionally equivalent. In-
terestingly, the RAP domain of FASTKD1 seems to carry
out its function independently of its N-terminal region. In-
deed, in FASTKD1-KO cells, which display elevated ND3
mRNA levels, expression of the D4D1RAP chimera leads to
reduced ND3 mRNA levels suggesting that the RAP do-
main is a key determinant for the function of the chimeric
protein. Interestingly, the chimera leads to decreased lev-
els of not only ND3 mRNA, but also of all mitochondrial
mRNASs tested. The results of Wolf and Mootha (21) sug-
gest that FASTK D4 binds promiscuously to RNA, which
may result in the D1 RAP domain of D4D1RAP being able
to downregulate a much wider range of mt-RNAs. This re-
sult parallels the results found in plant chloroplasts, where
it was also seen that a change to the OPR regions upstream
of a RAP domain resulted in NCC1 and NCC2 recognizing
and degrading different RNA targets (20).

We found that the RAP domains of FASTK family pro-
teins display structural similarity with the PD-(D/E)-XK
nuclease family (Figure 4A). This resemblance between
RAP domains and these nucleases is apparently highly
conserved, as RAP domains in plant chloroplast proteins
also resemble PD-(D/E)-XK nucleases, specifically includ-
ing the VSR endonucleases (20).

Proteins in the PD-(D/E)-XK family exhibit diverse
functions, including endonuclease activity, exonuclease ac-
tivity and other nucleic acid related activities such as at-
tachment of eukaryotic 5 mRNA caps (14,31). Such an ac-
tivity can explain many effects on mt-mRNA, just as PD-
(D/E)-XK nucleases have a great variety of effects on nu-
cleic acids. In brief, a nuclease may cleave at different po-
sitions on the transcript, with different bases required for
cleavage. A nuclease activity could remove tags that would
stabilize a mRNA or remove tags that mark it for degrada-
tion. Such a cleavage event may be linked to preparing an
end for addition of a tag (31), or it may directly cleave a
transcript triggering its decay.

Alignments, structural predictions and mutational analy-
sis suggest that the RAP domains of FASTK proteins have
an activity that is conferred by a PD-(D/E)-XK nuclease
fold (Figure 4A). The active site of the PD-(D/E)-XK nu-
clease always contains a specific Aspartate residue which
is critical for the enzymatic activity (30). We showed that
FASTKD4 harboring a mutation of this conserved residue
failed to rescue the FASTKD4-KO cells while the WT pro-
tein does complement the KO cells under the same experi-
mental conditions (Figure 5B).

An enzymatic activity was also suggested by our observa-
tion that FASTK D4 can fulfill its function at very low, pre-
sumably sub-stoichiometric levels (Figure 3A and B). Taken
together, these results are fully consistent with the conclu-
sion that the RAP domain of FASTKD4 contains a func-
tional PD-(D/E)-XK nuclease fold and that the function of
this protein relies on a catalytic activity of the RAP domain.

Interestingly, mitochondrial translation seems relatively
unaffected despite a large decrease in multiple mRNA levels
in FASTKD4-KO cells and a large increase in ND3 mRNA
level in FASTKD1-KO cells. It was previously reported by
Larsson et al. (32) that there is a large excess of mitochon-
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drial mRNA relative to the levels needed to maintain pro-
tein synthesis. In their study, these authors knocked out
SLIRP and the result was a substantial reduction in mRNA
levels without a corresponding decrease in protein trans-
lation rates. The reduction of mt-mRNA was apparently
compensated by increased engagement of mRNAs with the
558 ribosomal subunits in addition to elevated levels of mt-
ribosomes (32). A similar compensatory mechanism may be
at work in our FASTKD4-KO cells, with the notable excep-
tion of the ND3 mRNA. Interestingly ND5 and CYB ex-
pression did not decrease despite a very severe reduction
in their RNA levels. In this case, we must speculate that
unprocessed ND5-CYB is able to be translated as other
polycistronic mRNAs such as ATP8/6 or ND4/ND4L. Ad-
ditional changes to de-novo translation may be occurring
as part of a wider compensatory response to the altered
mRNA levels in these KO cells due to a currently undeter-
mined mechanism.

Itis worth noting that Eberhard et al. previously reported
that a FAST-like and RAP domain containing protein ap-
parently modulated the translation of specific chloroplast
mRNAs, although the mechanism of this modulation is un-
known (19).

In conclusion, our results indicate that FASTKD1 and
FASTKD4 regulate mitochondrial RNA expression, and in
particular that they have opposite effects on the levels of
ND3. Furthermore, a major determinant in the activity of
these proteins lies in the C-terminal RAP domain. Strong
reductions in the level of FASTKD4 can apparently com-
pensate for the loss of FASTKD1 with regards to the steady
state levels of ND3 RNA, although other mt-mRNAs are
affected. However, a complete loss of FASTK D4 is epistatic
over the loss of FASTKDI, and results in the loss of
ND3. Similar to the results for FASTKDS5, we show that
FASTKD4 loss leads to elevated ND5-CY B precursor, and
reductions in the mature forms of mRNAs with atypical
junctions as well as ND3. On the basis of analyses using
chimeric FASTK proteins, as well as structural modeling
and mutagenesis of the RAP domain, we conclude that the
N-terminal regions of the FASTK family proteins are re-
sponsible for RNA targeting, while the C-terminal RAP
domain is essential for its activity and may contain a func-
tional PD-(D/E)-XK nuclease fold.
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