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Supplementary Figure 1|In vitro and in vivo phosphorylation of TOM70%¢°" by
DYRK1A and DYRK1B. a, Coomassie staining of SDS-PAGE loaded with soluble receptor
domains of human TOM22,y , TOM70.¢ and TOMZ20c. b, Activity ratios of BpP_ATP-
radiometric filter binding assays for DYRK1A and DYRK1B in the presence of increasing
concentrations of TOM70 protein. ¢, Overview of the three TOM70 phosphorylation sites
that were identified in HEK293T cells (see Methods). d, Coomassie staining of SDS-PAGE
loaded with indicated human TOM70. variants with mutations to non-phosphorylatable
alanine residues. e, Phos-tag gel analysis of TOM70 in isolated mitochondria incubated in



the absence (-) or presence (+) of LP and analysis with TOM70 and TOM70P%¢®" specific
antisera. f, Phos-tag gel analysis of TOM20 and TOM22 receptors in isolated mitochondria
that were incubated with DYRK1A and DYRK1B after LP treatment (as shown for TOM70 in
Figure 1d, lanes 2-4). g, Results of KinaseFinder assay performed for TOM70.4°*"®'* variant.
Assay and data processing was performed as for TOM70.4"'" (Fig. 1a). Dashed line indicates
threshold for activity ratios*®. h, Re-phosphorylation of isolated mitochondria that were
treated with LP and incubated with indicated kinases. Experiment was performed as in Fig.
1d. Unprocessed immunoblots and gels are reported in the Source Data File.
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Supplementary Figure 2 | Inhibition of DYRK1A signaling by INDY. a, Titration of INDY
to test efficient concentrations for inhibition of TOM70. phosphorylation by DYRK1A.
Samples were analyzed via Phos-tag gel analysis and immunoblotting using TOM70
antisera. b, Phos-tag gels of mitochondria isolated from cells grown overnight in the
presence or absence of INDY (10 uM). Samples were analyzed as in (a). ¢, Impairment of
cell growth by treatment with INDY (10 uM) for 48 h. Control, DMSO only. Dashed line
reflects starting cell number. Data represent mean + SEM from three independent
experiments. Statistical analysis was performed using a Student's t-test (p=0.0035). d,
Quantification of microscopy data from overexpression of TOM70"" and TOM70QSe®'A
variants compared to empty vector (e.v.) as control (n=16 cells). Data represent mean +
SEM. Statistical analysis was performed using a one-way ANOVA followed by a Bonferroni
post-hoc test to allow multiple comparisons. n.s., not significant (p > 0.05). Numerical source
data and unprocessed immunoblots are reported in the Source Data File.
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Supplementary Figure 3| Inhibition of DYRK1A by INDY activates expression of
further DYRK family kinases. Analysis of changes of indicated transcript levels upon
DYRK1A inhibition (INDY treatment, 10 uM) by qRT-PCR. n = 3 (technical replicates), data
represent mean £ SEM and are representative of two independent experiments. Statistical
analysis was performed using a two-sided Student’s t-test to compare between two groups
(p=0.0083 (DYRK1A); p=0.00002 (DYRK1B); p=0.0002 (DYRK2); p=0.0288 (DYRK3);
p=0.0169 (HIPK1); p=0.0291 (HIPK2); p=0.0001 (CLK2)). Numerical source data are
reported in the Source Data File.
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Supplementary Figure 4 | Inhibition of carrier import in mitochondria from DYRK1A™
cells. a, Strategy to target human DYRK7A by CRISPR-Cas9. Guide RNA was directed
against exon 6 of DYRK1A. Successful targeting of the DYRK7A gene was confirmed by
sequencing and immunodecoration. b, Western blot analysis of wild-type (WT) and
DYRK1A™ cells after SDS-PAGE reveals absence of immunoreactive DYRK1A signal and
increased level of DYRK1B. Phos-tag analysis revealed decrease of TOM70%'
phosphorylation. 14-3-3, loading control. ¢, Import of radiolabelled TIM23 precursor into
isolated mitochondria from WT and DYRK71A™ cells analysed by Blue Native PAGE.
Unprocessed immunoblots and autoradiography scans are reported in the Source Data File.
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Supplementary Figure 5|Binding assay for mitochondrial precursor proteins to
TOM70 receptor domain and immunoprecipitation of the TOM complex. a, Binding
assay of [®*SJANT3 precursor in the presence of the soluble receptor domain of human
TOM70 (TOM70., lanes 1 and 2) and as a non-receptor protein control human Frataxin
(FXN, lanes 3 and 4), both immobilized to Ni-NTA matrix via deca-His tag. - , binding assay
in the absence of a bound protein (= background binding activity; lanes 5 and 6). b, Binding
assay of [**S]JANT3 precursor in the presence or absence of TOM70.s. Where indicated
TOM70.4 was incubated with DYRK1A. Phos-tag electrophoresis (lower panel) shows
DYRK1A specific phosphorylation of TOM70.4 as control. ¢, Binding assay as in (b) but with
[3®S]GFP as precursor protein. L, load/input of precursor protein (20% of elution); E, elution.
d, Domain structure of human TOM70 indicating position of phosphorylated residue Ser91.
Boxes indicate TPR (tetratricopeptide repeat motif) segments (modified from Refs 17 and
30). e, Phos-tag gels of mitochondria that were incubated before in the presence of lambda
phosphatase (LP, TOM70 dephosphorylated) or DYRK1A (TOM70 phosphorylated). f,
Immunoprecipitation of TOM complex via TOM22 antibodies from HEK293T mitochondria
that were treated as in e. Samples were analyzed by SDS-PAGE followed by immunoblotting
with indicated antibodies. L, load; FT, flowthrough; W, wash; E, elution. Unprocessed
immunoblots and autoradiography scans are reported in the Source Data File.
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Supplementary Figure 6 | Presequence import pathway is not affected by
TOM70%*'A"2 |mport of radiolabelled Hsp10 into mitochondria isolated from TOM70xp cells
re-expressing TOM70"" or TOM70%°°'Aa  Samples were treated with Proteinase K and
analyzed after SDS-PAGE by autoradiography. The unprocessed autoradiography scan is
reported in the Source Data File.



Supplementary Table 1

Primary antibodies used in this study. Antisera were diluted in 1xTBS with 5% (w/v)
milk powder.

Antigen Dilution Reference/Company

14-3-3 1:2500 Santa Cruz Biotech-
nology sc-1657

DYRK1A 1:500 Sigma-Aldrich D1819

DYRK1B 1:500 Cell signaling 2703S

His 1:1000 Qiagen 34660

FXN 1:250 GR5190-4

TOM20 1:250 GR5002-4

TOM22 1:250 GR2152-3/4

TOM40 1:1500 Proteintech 18409-1-AP

TOM70 1:250 GR5280-4 or GR5005-3

TOM70 pS91 1:50 Eurogentec DE19042

VDAC(3) 1:250 GR1514-7




Supplementary Table 2

List of primers for RT-gPCR used in this study.

Name 5' to 3' sequence

ACTB fw GCACTCTTCCAGCCTTCCTT
ACTB v AATGCCAGGGTACATGGTGG
CLK2 fw GAAGTCGCTCCTGGTCAAGT
CLK2rv TGCTTCGAGAACGGACATGG
DYRK1A fw TTCATTTGGACAGGTTGTGAAAG
DYRK1A rv CGCACTTCTATCTGGGCTTGAT
DYRK1B fw GCCAGGTGGTGAAAGCCTAT
DYRK1B rv ACAGGTTGTAGGACAGCAGC
DYRK2 fw GTCTGCCTTTGGTTCGCAAG
DYRK2 rv ACACGCTGATGCTCGTAACA
DYRKS3 fw CAGCAGCGGAGGTTGGG
DYRK3 rv TCTTCTGGGTGGAGGTGGTT
HIPK1 fw AGCCAGAACCAGCAGTCATC
HIPK1 rv TGCCATGCTGGAAGGTGTAG
HIPK2 fw GCCAGAGCAAGAACATACCA
HIPK2 rv CGACGCATTAGGTTGTGTGG
TOMM20 fw CCGCAAAAGACGAAGTGACC
TOMM20 rv GGTAACTTGGAAAGCCCAGC
TOMMA40 fw CCAACTACCACTTCGGGGTC
TOMMA40 rv AGCTGGTGAATGACCTGAGC
TOMM70 fw GCCTTTGCTGTCCACTCAAG
TOMM70 rv AGCTGTCCTCGGTGGTGATA




REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Mitochondrial surface receptors serve as the interface between the cytosolic and the mitochondrial
proteomes. They recognize cytosolic precursor proteins and, in the case of TOM70, recruit chaperones
to the mitochondrial surface. TOM70 is a complicated protein with functionally distinct domains
(Clamp, Core and C-terminal domain) which binds to a number of different partners, including
precursors, chaperones, J-proteins, the endoplasmic reticulum, components of the ubiquitin-
proteasome-system as well as Msp1/ATAD1. How these different partners are bound and how the
different activities of TOM70 are coordinated is largely unknown.

In this manuscript, Walter and coauthors describe a post-translational modification of human TOM70
that is of crucial relevance for its functionality. Phosphorylation of a serine residue at position 91
strongly increases its activity in the import reaction of the model substrate TIM23. It might also
increase the fraction of TOM70 that forms a complex with the TOM translocase. Phosphorylation of
serine 91 of TOM70 is mediated by DYRK1A/B proteases. At steady state, TOM70 appears to be
predominantly in the active, i.e. phosphorylated state.

This is an exciting study which sheds light on the regulation of an important factor of the
mitochondrial import machinery. Given its different functions in the context of mitochondrial protein
biogenesis, TOM70 is a highly interesting candidate as regulatory control element. The identification of
DYRK1A/B and the relevance of the phosphorylation of serine 91 for mitochondrial biogenesis are very
convincingly shown in this study. The molecular details of this regulatory step will have to be further
analyzed in the future. However, already this initial discovery study here is of very high quality and
will be a significant advance for the field. Some minor points still should be considered.

Specific points

1. The authors introduce INDY as specific inhibitor of DYRK1A/B activity. If their conclusion is correct
than INDY-treated cells (or mitochondria) should have reduced levels of TOM70-dependent substrates.
It should be straight forward to test this by Western blotting or MS.

2. Does the overexpression of TOM70 suppress the INDY-induced mitochondrial morphology
phenotype? This would be expected if the DYRK1A/B role is indeed exclusively explained by its
activation of TOM70.

3. The authors nicely show that phosphorylation is not relevant for the ability of TOM70 to bind
substrates (in vitro). However, they did not test any relevance for the chaperone-binding Clamp
domain which is in direct proximity to the serine 91 residue. However, a (presumably the) critical
function of Tom70 is the binding of chaperones via its EEVD-binding Clamp domain. To analyze the
effect of serine 91 phosphorylation on chaperone binding is beyond the scope of this initial study, but
it should be discussed.

4. The data on the TOM70 phosphorylation by DYRK1A/B are very sound and convincing. However, the
evidence of a phosphorylation-induced TOM70 recruitment to TOM22 is not. The latter is just based on
a somewhat stronger band in the pulldown shown in Fig. 3g. The increase in the pull-down signals in
Fig. 3h is strong from the quantification, but actually, the signals of the band in the +LP sample looks
stronger to me than those after the DYRK1A treatment. Since the authors have the INDY inhibitor, it
should be straight forward to improve the evidence for the DYRK1A/B-dependent TOM70 recruitment.
5. In the past, crosslinking was very powerful to show the binding of carriers to TOM70 (see for
example Fig. 1A of Wiedemann et al, EMBO J 20, 951f). This simple assay could be a powerful basis to
provide convincing evidence for the claim that phosphorylation of TOM70 is not required for carrier
binding, however crucial for the subsequent TOM70 -> TOMA40 transfer. This should be considered.

Minor points:

6. The microscopy image in Fig. 2b is too dark. The mitochondria are hardly visible, at least on my
screen

7. Page 5, five lines from bottom: For consistency, Tom70S110A should be TOM70S110A

8. Page 6, top line: gelelectrophoresis should be gel electrophoresis



Reviewer #2 (Remarks to the Author):

Walter et al. performed in vitro profiling of the human kinome and identified that DYRK1A is able to
phosphorylate TOM70 with high efficiency. Through combination of LC-MS for phosphorylation site
identification and DYRK1A treatment of TOM70 bearing different mutation site, the authors showed
that DYRI1A-dependent phosphorylation of TOM70 happens specifically at Ser91. Further experiments
showed that Ser91 phosphorylation of TOM70 would increase its binding to the TOM complex. Finally,
a simple model about DYRK1A-dependent carrier import pathway was proposed according to these
observations.

The authors made an interesting discovery. However, mechanistic details upstream and downstream
of this phosphorylation event is necessary to make the story complete. Also, more evidence is needed
to support the assumptions made by the authors. I suggest major revision should be made before it
meets the publication criteria of Nature Communications.

1. It's not quite accurate to say that "Human TOM70 is nearly quantitatively phosphorylated at
Ser91.”. As indicated by LC-MS results and the existence of bands containing multiple phosphor
groups during phos-tag gel-electrophoresis of untreated mitochondria (Figure 1d), it seems that, while
nearly all TOM70 is phosphorylated, Thr85 and Ser110 also contribute to the phosphorylation of
TOM70. The band in the Ser91-specific antibody staining cannot rule out the possibility that mono-
phosphorylated TOM70 at Thr85 or Ser110 exists. Further evidence is necessary to support the
statement that TOM70 is nearly quantitatively phosphorylated at Ser91. Authors may try to use MS-
based quantitative method like MRM-MS to explain this.

2. Overall the authors haven’t adequately addressed the issue of other kinases that might
phosphorylate TOM70 and other substrates DYRK1A can phosphorylate that can interference with
functional assays of TOM70 phosphorylation. For example, while DYRK1A/B received the highest score
in the screening assay, HIPK1 is a close second. HIPK1 also belongs to the DYRK family. Have the
authors look into HIPK1 as well for potential cross reactivity? As indicated by the authors, DYRK1A is
implicated in several diseases and there are multiple reported DYRK1A substrates including MAP1B.
The functional assays through inhibition of DYRK1A (e.g., Fig. 2d and Exended Data Fig.2a) do not
necessarily attribute to the change of TM70 phosphorylation.

3. In Figure 2a, Ser91 phosphorylated TOM70 still exists after INDY treatment. Is it due to insufficient
inhibition of DYRK1A or that there is other kinase(s) responsible for Ser91 phosphorylation of TOM70?
Did the authors try to raise the concentration of INDY or perform a DYRK1A-knockout experiment?

4. Direct evidence, like in vivo TOM70 S91A mutant experiments, connecting loss of Ser 91
phosphorylation of TOM70, and impairment of mitochondria structure and functions is necessary.
DYRK1A have many substrates and inhibition of it would lead to down-regulation of phosphorylation of
many proteins.

5. Assessment of TOM70 binding with TOM complex was performed using mouse brain mitochondria is
not reasonable. Using mitochondria from HEK293T cells is necessary. Data from different species
shouldn’t be simply combined.

6. It seems that the amount of imported TIM23 increased significantly between 20 and 45 mins
without DYRK1A treatment, as shown in Figure 4e, which is contradict to what shown in Figure 4b and
4c. What'’s the possible reasons?

7. While lambda phosphatase treatment is effective in removing phosphorylation, it is neither
substrate-specific nor site-specific. Direct evidence suggesting Ser91 phosphorylation is responsible
for TOM70 binding of TOM complex and TIM23 import should be provided, since the dephosphorylation
and subsequent phosphorylation of other protein(s) within the mitochondria could be (one of) the
cause(s). Besides, was the level of TIM23 import after DYRK1A treatment comparable with that before
lambda phosphatase treatment?

8. Whether DYRK1A is the only kinase of TOM70 is not clearly discussed. This criticism is due to the
lack of appropriate controls in some of the new key experiments presented. It is necessary to



knockout DYRK1A and show its affection on the phosphorylation of TOM70.
9. In the main text (P5), the author said the phosphopeptide is enriched by ERLIC but in the method
part, the phosphopeptide is enriched by TiO2.

Reviewer #3 (Remarks to the Author):

This is a well done study characterizing the phosphorylation of Ser91 of TOM70 by DYRK1A and
showing this regulates TOM70 interaction with the core TOM70 import complex for mitochondrial
import of receptor bound precursors. The functional role for DYRK1A phosphorylation and regulation of
TOM70 is potentially an important discovery for dysfunctional DYRK1A including DYRK1A-related
syndrome, Autism Spectrum Disorder and Down syndrome.

Specific recommendations to improve the manuscript:

1. The kinase screen in Fig.1A identifies DYRK1A/B as having the highest activity ratios in the screen.
But several other kinases have very significant activity including HIPK1, PKC-beta, other PKCs and
CLK. But in Fig. 1B several kinases are compared to DYRK1A/B for comparison TOM70cd Ser 91 that
have very low activity rations in the screen (CLK3, LIMK, RPS6KA1, CK1-delta). The phosphorylation
assay in Fig.1B should be shown for HIPK1, the different PKCs and CLK. It is possible that additional
kinases have the ability to phosphorylate TOM70 Ser 91 and regulate functionalTOM70 activity. This
must be tested.

2. To address the specificity of DYRK1A in the phosphorylation of TOM70 Ser 91 the endogenous
DYRK1A should targeted using two different CRISPR methods: first standard CRISPR KO of DYRK1A
and second inducible CRISPRI targeting the promoter for DYRK1A. This should be used to analyze
functionfor in vivo phosphorylation of endogenous TOM70 Ser 91 and TOM70 interaction with the core
TOM70 import complex for mitochondrial import of receptor bound precursors.

3. The kinase specificity of INDY or DYRK1A/B must be experimentally demonstrated. Given the
expertise of this group the best assay would be to use cell or tissue lysates and use Kinobeads to
capture endogenous kinases discovered in the screen that have significant activity in Fig.1A
(DYRK1A/B, CLK3, LIMK, RPS6KA1, CK1-delta). Multiple cell lines or tissues may need to be tested to
capture the different kinases. INDY should be added at 3-5 different doses to generate a dose curve
for inhibiting kinases binding to the Kinobeads similar what Kuster and co-workers did to characterize
selectivity of FDA approved drugs (Science, 2017 PMID: 29191878). This experiment is required to
show the specificity of INDY in the cell inhibition experiments.

4. In the discussion the authors make the bold statement that DYRK1A probably is not regulated by
signaling cascades but probably expression changes and autophosphorylation of a tyrosine. Several
references are cited. There is no evidence of this and must assume dimerization-like mechanism for
autophosphorylation on a tyrosine residue? Either additional evidence needs to be provided for this
mechanism, or the authors need to backtrack and qualify their statement. It is unclear why no
signaling mechanisms could not be involved in protein interactions regulating DYRK1 activity in
addition to control of expression?



As you will see from the reports copied below, the reviewers are positive but raise
important concerns. We find that these concerns limit the strength of the study, and
therefore we ask you to address them with additional work. Without substantial
revisions, we will be unlikely to send the paper back to review. In particular, we ask
that you further examine the regulation of TOM70 by DYRK1A, taking into account
other possible kinases and substrates as well as performing experiments using
DYRK1A knockouts and with multiple INDY concentrations, as indicated by the
reviewers. In addition, we ask that you examine the role of TOM70 serine 91
phosphorylation in mitochondrial morphology and function in vivo.

If you feel that you are able to comprehensively address the reviewers’ concerns,
please provide a point-by-point response to these comments along with your revision.
Please show all changes in the manuscript text file with track changes or colour
highlighting. If you are unable to address specific reviewer requests or find any points
invalid, please explain why in the point-by-point response.

> Thank you very much for the positive feedback on our manuscript. We are very happy
to now submit a revised version in which we could clarify all points raised by the three
reviewers. As you can see below we provide numerous novel experiments all
supporting our findings, including the role of other possible kinases, analysis of
DYRK1A knock out cells, titration of INDY concentrations and most importantly we
provide data from several experimental approaches showing the specific role of
TOM70Ser91 phosphorylation in the regulation of the mitochondrial carrier import
pathway.

Reviewer #1 (Remarks to the Author):

Mitochondrial surface receptors serve as the interface between the cytosolic and the
mitochondrial proteomes. They recognize cytosolic precursor proteins and, in the
case of TOM70, recruit chaperones to the mitochondrial surface. TOM70 is a
complicated protein with functionally distinct domains (Clamp, Core and C-terminal
domain) which binds to a number of different partners, including precursors,
chaperones, J-proteins, the endoplasmic reticulum, components of the ubiquitin-
proteasome-system as well as Msp1/ATAD1. How these different partners are bound
and how the different activities of TOM70 are coordinated is largely unknown.

In this manuscript, Walter and coauthors describe a post-translational modification of
human TOM70 that is of crucial relevance for its functionality. Phosphorylation of a
serine residue at position 91 strongly increases its activity in the import reaction of
the model substrate TIM23. It might also increase the fraction of TOM70 that forms a
complex with the TOM translocase. Phosphorylation of serine 91 of TOM70 is
mediated by DYRK1A/B proteases. At steady state, TOM70 appears to be
predominantly in the active, i.e. phosphorylated state.

This is an exciting study which sheds light on the regulation of an important factor of
the mitochondrial import machinery. Given its different functions in the context of
mitochondrial protein biogenesis, TOM70 is a highly interesting candidate as
regulatory control element. The identification of DYRK1A/B and the relevance of the
phosphorylation of serine 91 for mitochondrial biogenesis are very convincingly
shown in this study. The molecular details of this regulatory step will have to be
further analyzed in the future. However, already this initial discovery study here is of
very high quality and will be a significant advance for the field. Some minor points still
should be considered.



> We thank the reviewer for these very positive comments. As you can see below, we
aimed to clarify all points raised by the reviewer including several novel experimental
data.

Specific points

1. The authors introduce INDY as specific inhibitor of DYRK1A/B activity. If their
conclusion is correct than INDY-treated cells (or mitochondria) should have reduced
levels of TOM70-dependent substrates. It should be straight forward to test this by
Western blotting or MS.

> We agree with the reviewer that INDY treatment should lead to changes of TOM70
dependent substrates. While approaching this question of the reviewer experimentally
we made the exciting observation that INDY treatment leads to a protective cellular
response that includes the upregulation of all three TOM import receptors as well as
several members of the DYRK kinase family acting as ,back-up‘ upon impaired
DYRK1A signalling. We studied this unexpected and fascinating finding now in detail
and include several new esperiments in the revised manuscript:

a) INDY treatment does not only change the ratio from phosphorylated to non-
phosphorylated TOM70 on PhosTag gels but also leads to increased TOM70 protein
levels in total (Extended Data Figure 2b). Also the protein levels of the TOM20 and
TOM22 import receptors increased upon INDY treatment, while the import pore
TOMA40 was not affected (New Figure 3b). For TOM70 and TOM20 we observe also
increased transcript levels pointing to a protective cellular response (New Figure 3c).
Consequently the import of the carrier model substrate TIM23 is only mildy affected
(New Figure 3a).
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New Figure 3c. qPCR analysis after
INDY treatment reveals upregulation
of the two peripheral import receptors
TOM70 and TOM20 already on
transcript level.

Gene expression (fold INDY/Ctrl.)
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We then aimed to treat cells with INDY while simultaneously inhibiting the expression
of TOMM70 via specific shRNAs. In this setup, we could indeed observe less
phosphorylated TOM70 and consequently impaired import of TIM23 (New Figures 3d
and e; see Response Reviewer 2, point 3).

In addition we tested endogenous levels of TIM23, our model substrate of the TOM70-
dependent carrier import pathway. After prolonged incubation of cells with INDY (72 h)
we could indeed find mildly reduced level of TIM23 by western blot analysis (new
Figure R1). A stronger reduction of carrier proteins can not be expected due to the
identified cellular reponse upon INDY treatment.

- + INDY
kba' 30 60 30 60 g mito. New Figure R1. Western blot
25- analysis of  mitochondria
e s - TIM23 isolated from cells grown in
. the presence or absence of
S . . - TOM40 INDY (72 h) shows decrease
70- of the carrier substrate TIM23
| — = | - SDHA but not SDHA or TOMA40.
55 -
1 2 3 4

2. Does the overexpression of TOM70 suppress the INDY-induced mitochondrial
morphology phenotype? This would be expected if the DYRK1A/B role is indeed
exclusively explained by its activation of TOM70.

> We thank the reviewer for this suggestion. We have performed this experiment and
find that overexpression of TOM70"T but not the TOM70S¢®'A@ yariant can largely
suppress the INDY-induced phenotype (New Figures 2b,c). Notably, overexpression
of both TOM70 constructs per se did not affect mitochondrial morphology (New Figure
2b and New Extended Data Figure 2d).



For further experimental in vivo data supporting a specific role of the Ser91 residue of
TOMT70 in protein import we would like to refer here to the response to reviewer 2, point
4.

Ctrl. Tom70WT TOM70er91Ala
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New Figures 2b (top panel) and ¢ (middle panel) and new Extended Data Figure 2d
(lower panel). In vivo fluorescence microscopy analysis of mitochondrial morphology of
U20S cells after INDY treatment and in combination with overexpression of TOM70%T or
TOM70Se'Aa While the mitochondrial tubular network is strongly affected by INDY
treatment, overexpression of TOM70WT partially prevents these effects. In contrast, cells
overexpressing the Ser91Ala TOM70 mutant are not protected and display the same
morphology as the empty vector (e.v.) control.



3. The authors nicely show that phosphorylation is not relevant for the ability of
TOM70 to bind substrates (in vitro). However, they did not test any relevance for the
chaperone-binding Clamp domain which is in direct proximity to the serine 91

residue. However, a (presumably the) critical function of Tom70 is the binding of
chaperones via its EEVD-binding Clamp domain. To analyze the effect of serine 91
phosphorylation on chaperone binding is beyond the scope of this initial study, but it
should be discussed.

> We thank the reviewer for this positive statement. We have stressed this point in the
discussion part and emphasize the critical role of TOM70 in chaperone binding.

4. The data on the TOM70 phosphorylation by DYRK1A/B are very sound and
convincing. However, the evidence of a phosphorylation-induced TOM70 recruitment
to TOM22 is not. The latter is just based on a somewhat stronger band in the
pulldown shown in Fig. 3g. The increase in the pull-down signals in Fig. 3h is strong
from the quantification, but actually, the signals of the band in the +LP sample looks
stronger to me than those after the DYRK1A treatment. Since the authors have the
INDY inhibitor, it should be straight forward to improve the evidence for the
DYRK1A/B-dependent TOM70 recruitment.

> We provide now further experimental data showing phosphorylation-dependent
recruitment of TOM70 to the TOM core complex:

- We tested the pulldown experiment in HEK293T mitochondria and find also here
increased binding of phosphorylated TOM70 to the TOM complex confirming our
findings from mouse brain mitochondria (see New Extended Data Figures 4 e and f,
response to reviewer 2, point 5). The combination of in vivo INDY treatment and pull-
down experiments suggested by the reviewer is not applicable as INDY treatment
leads to upregulation of TOM70 and further TOM subunits as described above.

- Based on the subsequent comment (point 5) of this reviewer, we followed the strategy
designed by Wiedemann et al. (EMBO J. 2001) that uses the possibility to arrest a
carrier precursor protein at the import machinery and directly monitor transfer from the
Tom70 dimer to the import pore. This is mediated by blocking the unfolding of a DHFR
domain that is fused to the precursor (by addition of methotrexate). The precise
position of the precursor arrest can be monitored by Blue Native PAGE (New Figure
5e). With this approach we can now clearly show the role of TOM70 phosphorylation

ctrl. +LP for the transfer of precursor from the TOM70
+ -+ protk dimer to the TOM complex in addition to the
- + - MiX two different Co-IP approaches.

kDa
669 -

TOM-Aac2-
a40- =
232-

140 -
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respectively).

New Figure 5e. Arrest of the ATP/ADP carrier 2
: ]DHFR (Aac2) precursor protein fused to DHFR domain
(Wiedemann et al., 2001) at the TOM complex and
TOM70 dimer in the presence of methotrexate
(MTX). Treatment of Lambda Phosphatase (LP) prior
to the import reaction leads to decreased TOM arrest
Aac2-DHFR Put increased arrest of precursor at the TOM70
dimers (compare lane 5 to lane 1) confirming our
model that phosphorylation is required for the
precursor transfer from the receptor bound state to
the TOM complex. *, Star indicates assembled Aac2-
DHFR in the inner membrane (Prot. K protected,
lanes 2 and 4) in the control (Ctrl.) condition. Prot. K|,
Proteinase K sensitivity serves as control for
exposure of the arrested precursor at the outer
membrane (compare lanes 1 and 5 to lanes 3 and 7,



5. In the past, crosslinking was very powerful to show the binding of carriers to
TOM70 (see for example Fig. 1A of Wiedemann et al, EMBO J 20, 951f). This simple
assay could be a powerful basis to provide convincing evidence for the claim that
phosphorylation of TOM70 is not required for carrier binding, however crucial for the
subsequent TOM70 -> TOMA40 transfer. This should be considered.

> We would like to refer to point 4 above in which we show the specific role of TOM70
phosphorylation for precursor transfer from the receptor bound state to the import pore
according to the experimental set up designed by Wiedemann et al. (2001).

Minor points:
6. The microscopy image in Fig. 2b is too dark. The mitochondria are hardly visible,
at least on my screen

> Based also on point 2 of this reviewer we provide now an entire new data set for the
microscopy experiments.

7. Page 5, five lines from bottom: For consistency, Tom70S110A should be
TOM70S110A

> We thank the reviewer for careful reading. We have corrected this inconsistency in
the revised version of the manuscript.

8. Page 6, top line: gelelectrophoresis should be gel electrophoresis

> \We have corrected this in the revised version.

Reviewer #2 (Remarks to the Author):

Walter et al. performed in vitro profiling of the human kinome and identified that
DYRK1A is able to phosphorylate TOM70 with high efficiency. Through combination
of LC-MS for phosphorylation site identification and DYRK1A treatment of TOM70
bearing different mutation site, the authors showed that DYRI1A-dependent
phosphorylation of TOM70 happens specifically at Ser91. Further experiments
showed that Ser91 phosphorylation of TOM70 would increase its binding to the TOM
complex. Finally, a simple model about DYRK1A-dependent carrier import pathway
was proposed according to these observations.

The authors made an interesting discovery. However, mechanistic details upstream
and downstream of this phosphorylation event is necessary to make the story
complete. Also, more evidence is needed to support the assumptions made by the
authors. | suggest major revision should be made before it meets the publication
criteria of Nature Communications.

> We thank the reviewer for appreciating our finding as an interesting discovery. We
also would like to thank for the very constructive comments. As you can see, we
included now many novel experimental data to analyze the role of TOM70
phosphorylation at a molecular level upstream and downstream of this event.

1. I's not quite accurate to say that “Human TOM70 is nearly quantitatively
phosphorylated at Ser91.”. As indicated by LC-MS results and the existence of bands
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containing multiple phosphor groups during phos-tag gel-electrophoresis of untreated
mitochondria (Figure 1d), it seems that, while nearly all TOM70 is phosphorylated,
Thr85 and Ser110 also contribute to the phosphorylation of TOM70. The band in the
Ser91-specific antibody staining cannot rule out the possibility that mono-
phosphorylated TOM70 at Thr85 or Ser110 exists. Further evidence is necessary to
support the statement that TOM70 is nearly quantitatively phosphorylated at Ser91.
Authors may try to use MS-based quantitative method like MRM-MS to explain this.

> It is of course possible, as the reviewer points out, that mono phosphorylated TOM70
at Thr85 or Ser110 exists and we do not claim in our manuscript that this is not the
case. We focus here on the Ser91 site, which is nearly quantitatively phosphorylated
by DYRK1A. However, we have realized that the arrangement of the TOM70 and
TOM70prSe®! western blots do not simply allow comparison of the size of the bands.
We are sorry if this was misleading. We provide now the New Extended Data Figure
1f in which we loaded the samples and arranged the blots in a way that allows a direct
comparison of the migration of phosphorylated and non-phosphorylated TOM70 in
mitochondria. With this, one can now clearly see that TOM70 is (almost) quantitatively
phosphorylated at position Ser91 and that the respective signal is lost after LP
treatment when probing with the TOM70rSe®! specific antibody.

New Extended Data Figure 1f. Western blot

a-TOM70 a-TOM70QP>¢™! analysis of PhosTag gel of mitochondria
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kDa phosphatase (LP). Immunodecoration with
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70 - w— v - ~TOM70 almost  quantitative phosphorylation of
TOM70Ser1,

1 2 3 4

2. Overall the authors haven’t adequately addressed the issue of other kinases that
might phosphorylate TOM70 and other substrates DYRK1A can phosphorylate that
can interference with functional assays of TOM70 phosphorylation. For example,
while DYRK1A/B received the highest score in the screening assay, HIPK1 is a close
second. HIPK1 also belongs to the DYRK family. Have the authors look into HIPK1
as well for potential cross reactivity? As indicated by the authors, DYRK1A is
implicated in several diseases and there are multiple reported DYRK1A substrates
including MAP1B. The functional assays through inhibition of DYRK1A (e.g., Fig. 2d
and Exended Data Fig.2a) do not necessarily attribute to the change of TM70
phosphorylation.

> We thank the reviewer for raising this issue. We provide now new experimental data
that show that

a) HIPK1 and further DYRK family kinases which scored below DYRK1A/B in our
KinaseFinder assay can also phosphorylate TOM70 Ser91, however, to a lesser extent
as DYRK1A/B (New Extended Data Figure 1h) and

b) inhibition of DYRK1A by INDY treatment induces not only upregulation of the three
import receptors TOM70, TOM20 and TOM22 but also of other DYRK family kinases,
including DYRK1B, DYRK2, HIPK1 and the related CLK2 (New Figures 3b,c (see
comment to reviewer 1 above) and new Extended Data Figure 3). This led to the
exciting discovery that inhibition of DYRK1A causes a protective cellular response that



includes remodeling of the mitochondrial import machinery and the activation of ,back-
up‘ kinases of the DYRK family, which can counterbalance loss of TOM70 Ser91
phosphorylation. These results highlight the importance of TOM70 Ser91
phosphorylation as a critical activator of the carrier import pathway in human
mitochondria.

S > R & A New Extended Data Figure 1h. Analysis
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Regarding other, non-mitochondrial substrates of DYRK1A we have profiled the known
substrates p53 and Tau (Ogawa et al., 2010; Park et al., 2010) (the suggested MAP1B
was too large to analyze on PhosTag gels). DYRK1A inhibition by INDY did not change
migration of both tested substrates on PhosTag gels (New Figure R2). We also tested
for changes in transcript levels of known DYRK1A substrates and found a slight
reduction for Tau but no changes for the other substrates tested (New Figure R3).
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Regarding the issue to attribute TOM70 Ser91 phosphorylation to functional assays
we would like to refer to the new microscopy data, showing that overexpression of
TOM70%T but not TOM70%¢®"'Al2 can suppress the changes in mitochondrial structure
upon INDY treatment (New Figure 2b,c; New Extended Data Figure 2d, see above
Reviewer 1) and its direct involvement in the carrier import pathway (New Figure 5g,
see below). In summary, our new results confirm TOM70 Ser91 as an important target
of DYRK1A playing an essential role to activate the carrier import pathway in human
mitochondria.

3. In Figure 2a, Ser91 phosphorylated TOM70 still exists after INDY treatment. Is it
due to insufficient inhibition of DYRK1A or that there is other kinase(s) responsible for
Ser91 phosphorylation of TOM707? Did the authors try to raise the concentration of
INDY or perform a DYRK1A-knockout experiment?

> As pointed out above (point 2 and see also Reviewer 1, point 1) INDY treatment
causes a protective response that includes upregulation of TOM70 transcripts but also
of other TOM receptors as well as upregulation of further DYRK family kinases which
also phosphorylate TOM70 Ser91 as ,back-up’ kinases. Increasing INDY
concentrations was therefore not effective. We have performed the same INDY
treatment in the presence of TOM70 shRNA to suppress the INDY-mediated
transcriptional response to raise endogenous TOM70. See New Fig. R4 showing
efficiency of TOMM70 gene silencing. With this we succeeded to achieve an INDY-
specific reduction of the level of phosphorylated TOM70 (New Figure 3d) and
consequently impairment of the carrier import pathway (New Figure 3e).
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New Figure R4. Control western blots of
HEK293T cells showing efficient
knockdown of TOM70 expression by
TOMM70 shRNA. As control (Ctrl.) non-
silencing shRNA was applied. Gene
silencing was induced by incubation with
doxycycline (1 pg/ml) for indicated time.
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New Figure 3d. TOM70 Phos-tag gels
(lanes 1 and 2) and SDS-PAGE analysis
(lanes 3 and 4) of mitochondria isolated
from cells grown overnight in the
presence or absence of INDY (10 uM)
and, for both conditions, in the presence
of TOM70 shRNA.

New Figure 3e. Import of TIM23 is
impaired in mitochondria isolated from
TOM70 shRNA-induced cells when
incubated in the presence of INDY.

4. Direct evidence, like in vivo TOM70 S91A mutant experiments, connecting loss of
Ser 91 phosphorylation of TOM70, and impairment of mitochondria structure and
functions is necessary. DYRK1A have many substrates and inhibition of it would lead
to down-regulation of phosphorylation of many proteins.

> We refer here to our response and novel experimental data provided in point 2 and
3 above as well as to reviewer 1, point 1. Moreover, we show now new experimental
data that expression of the TOM70%¢°'A2 yariant in TOM70 knock-down cells leads to
impairment of the carrier import pathway compared to expression of TOM70"T. The
presequence import pathway, that does not require TOM70 as import receptor, is not
affected (see new Figure 5g and New Extended Data Figure 5). This in vivo approach
fully confirms the activatory role of TOM70 Ser91 in the carrier import pathway.
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New Figure 5g. TIM23 import is impaired
in mitochondria from TOM70 knock-down
cells (shRNA mediated) re-expressing the
Ser91Ala variant compared to the wild-
type (WT).

New Extended Data Figure 5.
Presequence import pathway tested by
Hsp10 is not affected in mitochondria from
TOM70 knock-down cells re-expressing
the Ser91Ala variant compared to the wild-
type (WT).



5. Assessment of TOM70 binding with TOM complex was performed using mouse
brain mitochondria is not reasonable. Using mitochondria from HEK293T cells is
necessary. Data from different species shouldn’t be simply combined.

> We include now new pulldown experiments showing that also in mitochondria from
HEK293T cells TOM70 binding to the TOM complex depends on phosphorylation as
requested by the reviewer (New Extended Data Figures 4e,f). Moreover, we refer to
our new experimental approach using carrier precursor-DHFR fusions which allows to
study on a molecular level the transition of carrier precursor from the receptor bound
state to the translocation pore. And exactly this step was found to depend on
phosphorylation (see response Reviewer 1, point 4; New Figure 5e).

+LP + DYRK1TA New Extended Data Figure 4f.
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6. It seems that the amount of imported TIM23 increased significantly between 20
and 45 mins without DYRK1A treatment, as shown in Figure 4e, which is contradict
to what shown in Figure 4b and 4c. What'’s the possible reasons?

> As gold standard in the field, mitochondrial protein import should be measured by
kinetics analyses, which we did in both experiments referred to by the reviewer (Fig.
4e (now new Fig. 4f) and Fig. 4b). We therefore see increasing signal intensities of the
imported radiolabelled precursor over time. However, when an experimental
manipulation, like phosphatase (Fig. 4b) or kinase treatments (Fig. 4f) lead to strong
changes in the import efficiency that under one condition (e.g. phosphatase treatment)
the signal is hardly visible anymore or under another condition (e.g. kinase treatment)
the import is heavily stimulated we need to adapt the exposure times during
autoradiography to keep the import kinetic in a linear range (as far as this is possible
when such dramatic changes like here are observed).
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7. While lambda phosphatase treatment is effective in removing phosphorylation, it is
neither substrate-specific nor site-specific. Direct evidence suggesting Ser91
phosphorylation is responsible for TOM70 binding of TOM complex and TIM23 import
should be provided, since the dephosphorylation and subsequent phosphorylation of
other protein(s) within the mitochondria could be (one of) the cause(s). Besides, was
the level of TIM23 import after DYRK1A treatment comparable with that before
lambda phosphatase treatment?

> We agree with the reviewer that lambda phosphatase, like most phosphatases, is a
relatively unspecific enzyme. Most important for our experimental design is that
DYRK1A has no further target at the mitochondrial import machinery except TOM70
Ser91 (shown by several different approaches including MS profiling of DYRK1A
dependent substrates in the presence of y-['804]-ATP (see Figures 1 e,f) and that the
two other TOM receptors seem not to be phosphorylated in mitochondria (Extended
Data Figure 1e)). Therefore, the reconstitution of the carrier import pathway by
DYRK1A after removal of the quantitatively phosphorylated TOM70 Ser91 position by
lambda phosphatase can indeed allow conclusions related to the mitochondrial import
machinery. In addition, we provide now novel experimental data showing direct
evidence for the specific role of TOM70 Ser91 in protein import as well as mitochondrial
morphology (New Figure 5g and New Figure 2 b,c) fully confirming our findings.
When testing import activities under different conditions (e.g. +/- phosphatase
treatment) the same amount of mitochondria were used to have comparable number
of import sites, including TIM23. In Fig. 5f, which we assume the reviewer refers to, all
samples (equal amount of mitochondria and thus also import sites) were first treated
with phosphatase and then further incubated in the absence (-) or presence (+) of
DYRK1A. The level of endogenous TIM23 is therefore not changed. The shown TIM23
signal reflects the increased import rates of radiolabelled TIM23 precursor, which is
added to the reaction externally to monitor its import and assembly rates. We hope this
clarifies the question of the reviewer.

8. Whether DYRK1A is the only kinase of TOM70 is not clearly discussed. This
criticism is due to the lack of appropriate controls in some of the new key
experiments presented. It is necessary to knockout DYRK1A and show its affection
on the phosphorylation of TOM70.

> Regarding the first point we would like to refer the reviewer to his/her point 2 (above)
where we answered this issue in detail including several novel experimental data
figures.

Regarding the second point we generated a DYRK71A” knock-out cell line using
CRISPR-Cas9 and can confirm all our central findings including reduced level of
TOM70 Ser91 phosphorylation, impairment of the carrier import pathway as well as a
partial increase of the transcript level of further DYRK family kinases and a severe
increase of DYRK1B protein level (see response to reviewer 3, point 2).

9. In the main text (P5), the author said the phosphopeptide is enriched by ERLIC but
in the method part, the phosphopeptide is enriched by TiO2.

> We actually used both procedures: We used the enrichment of phosphopeptides by
ERLIC for the identification of phospho sites in vivo and describe this procedure in the
method part in the section Identification of TOM70 phosphorylation sites in HEK293T
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cells. The enrichment by TiO2 was used for the In vitro »~[804]-ATP kinase assay and
described under this headline.

Reviewer #3 (Remarks to the Author):

This is a well done study characterizing the phosphorylation of Ser91 of TOM70 by
DYRK1A and showing this regulates TOM70 interaction with the core TOM70 import
complex for mitochondrial import of receptor bound precursors. The functional role for
DYRK1A phosphorylation and regulation of TOM70 is potentially an important
discovery for dysfunctional DYRK1A including DYRK1A-related syndrome, Autism
Spectrum Disorder and Down syndrome.

> We thank the reviewer for this positive evaluation.

Specific recommendations to improve the manuscript:

1. The kinase screen in Fig.1A identifies DYRK1A/B as having the highest activity
ratios in the screen. But several other kinases have very significant activity including
HIPK1, PKC-beta, other PKCs and CLK. But in Fig. 1B several kinases are compared
to DYRK1A/B for comparison TOM70cd Ser 91 that have very low activity rations in
the screen (CLKS3, LIMK, RPS6KA1, CK1-delta). The phosphorylation assay in Fig.1B
should be shown for HIPK1, the different PKCs and CLK. It is possible that additional
kinases have the ability to phosphorylate TOM70 Ser 91 and regulate
functionalTOM70 activity. This must be tested.

> We have included the requested experiment (New Extended Data Figure 1h)
showing that HIPK1, a member of the DYRK kinase family, and CLK2, which belongs
to a related kinase family, can in principle also phosphorylate TOM70 Ser91, however,
to a lesser extent. All PKC isoforms tested did not display any activity in
phosphorylating TOM70 Ser91. In addition we performed the KinaseFinder assay for
the purified receptor domain of a TOM70%¢°'A2 yariant and find that all PKC isoforms
were still highly active, while DYRK1A and DYRK1B as well as further members of the
DYRK family kinases and CLK2 relocated in the background noise (New Extended
Data Figure 1g). Thus, PKC seems to target the purified TOM70 receptor domain at
another, still unknown position. For PKC we also performed an in vivo inhibition
experiment using the well established PKC inhibitor Gouml6983 and find that TOM70
Ser91 phosphorylation is not affected when PKC is inhibited (New Figure R5). Most
excitingly, and outlined in detail above, we find that specific inhibition of DYRK1A not
only causes remodeling of the mitochondrial import machinery but also leads to an
upregulation of DYRK1B and exactly these additional members of the DYRK family
and the related CLK2, which were found in the KinaseFinder screen.
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New Extended Data Figure 1g. Results of
KinaseFinder assay (ProQinase™) for the
Ser91Ala variant of human TOM70c4. Shown are
activity ratios of 33P-ATP-radiometric filter binding
assays for 339 different protein kinases tested.
Dashed line indicates threshold for relevant
activities.

New Figure R5. Presence of the PKC inhibitor
Gouml 6983 (Gafni et al., 2013) in cell culture does
not affect TOM70%¢"®' phosphorylation (PhosTag
gel, wupper panel). Efficient decrease of
phosphorylated PKC substrates in the presence of
Gouml 6983 was controlled with a specific
Phospho-Ser-PKC antibody (lower panel).

In summary, our new experimental data reveal the importance of the DYRK1A-
mediated phosphorylation of TOM70, which is secured by a protective cellular
response upon inhibition of DYRK1A at the level of

(i) upregulation of TOM70 and further import receptors like TOM20 and TOM22 to
increase the number of potential precursor binding sites at mitochondria and

(ii) upregulation of back-up kinases which are also capable to phosphorylate TOM70

Ser91 (and exactly these ones were found
DYRK1A/B in our KinaseFinder screen (Fig.

as additional (medium score) hits below
1a)).

2. To address the specificity of DYRK1A in the phosphorylation of TOM70 Ser 91 the
endogenous DYRK1A should targeted using two different CRISPR methods: first
standard CRISPR KO of DYRK1A and second inducible CRISPRI targeting the
promoter for DYRK1A. This should be used to analyze functionfor in vivo

phosphorylation of endogenous TOM70 Ser
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TOM70 import complex for mitochondrial import of receptor bound precursors.

> As outlined above, we find that inhibition of DYRK1A leads, beside upregulation of
TOMM70 transcripts, also to an upregulation of DYRK1B and further DYRK family
kinases (New Figures 3b,c; New Extended Data Figure 3) so that the level of TOM70
Ser91 phosphorylation is maintained (Extended Data Figure 2b). A specific change in
Ser91 phosphorylation can only be observed if TOMM70 expression is simultaneously
impaired by shRNA (New Figure 3d) which leads to impairment of the carrier import
pathway (New Figure 3e) fully confirming our findings.

In addition, we provide new experimental data for the specific role of the TOM70 Ser91
position in mitochondrial protein import (New Fig. 5g) as well as mitochondrial
morphology (Figures 2b,c). We also generated, as requested by the reviewer, a
DYRK1A™ cell line using CRISPR-Cas9. We find a severe reduction of TOM70 Ser91
phosphorylation and consequently impairment of the carrier import pathway (New
Figures R6 and R7). However, also here we find an upregulation of DYRK1B and other
,back-up‘ kinases (New Figure R8), similarly to the chemical inhibition by INDY (as
described above) to secure the TOM70 Ser91 phosphorylation. Thus, also the
DYRK1A KO approach fully confirms our findings.

DYRKIA M +— +HH——+HH++H+—H

-

- " Exon6 - . New Figure R6. Generation and
-7 AN characterization of a DYRK1A”
- guide RNA A cell line. Top panel, strategy to
5 .CTGTCCTACAACCTCTATGACTTGCTGAGARACACCAATTTCCGAGGGETCTCTTTGAACCTA .3 target human DYRKTA by
3'..GACAGGATGTTGGAGATACTGAACGACTCTTTGTGGTTAAAGGCTCCCCAGAGAAACTTGGAT...5" CRISPR-CaSQ GUIde RNA was
directed against exon 6 of
) DYRK1A. Successful targeting of
V'\“ the DYRK1A gene was confirmed
N by sequencing. Bottom panel,
kDa @’\ Q*Q\ western blot analysis of HEK293T
100 - _ cells after SDS-PAGE reveals
A ’ - DYRK1A absence  of  immunoreactive
n . o — DYRK1B DYRK1A signal and increased
.8 of TOM70QPSerd] Ievell _of DY:?Pd<1Bd. PhosTag%
S - g analysis reveale ecrease O
zF 3 70- WG S ~TOM70 TOM705¢*" phosphorylation.
8 35 - w— w - TOM40
v 25 . S —— - 14-3-3
i 12
[*>S]TIM23
" = -
T DYRKTA 1T WT ! Mito. New Figure R7. Impaired TIM23 import in

kDa 10 20 40 10 20 40 Time (min) mitochondria isolated from DYRK1A” cells.

232 - .
140 - ‘: }]T|M23

66 -
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2,51
H Ctrl. New Figure R8. gPCR analysis of
 DYRKIA™ transcripts from DYRK family
members and CLK2 in DYRK1A™
cells.

Gene expression (fold DYRK1 A”/Ctrl)

04
DYRK1B DYRK2 DYRK3 HIPKT HIPK2 CLK2

3. The kinase specificity of INDY or DYRK1A/B must be experimentally
demonstrated. Given the expertise of this group the best assay would be to use cell
or tissue lysates and use Kinobeads to capture endogenous kinases discovered in
the screen that have significant activity in Fig.1A (DYRK1A/B, CLK3, LIMK,
RPS6KA1, CK1-delta). Multiple cell lines or tissues may need to be tested to capture
the different kinases. INDY should be added at 3-5 different doses to generate a
dose curve for inhibiting kinases binding to the Kinobeads similar what Kuster and
co-workers did to characterize selectivity of FDA approved drugs (Science, 2017
PMID: 29191878). This experiment is required to show the specificity of INDY in the
cell inhibition experiments.

> We now show in the New Extended Data Figure 2a a titration experiment of different
INDY concentrations applied directly to the phosphorylation assay in the presence of
recombinant DYRK1A and the purified TOM70 receptor domain. The result clearly

shows a concentration dependent inhibition of DYRK1A activity by INDY fully
confirming our results.

Ctrl. DYRK1A N Extended Data Fi 2
el " INDY [uM ew Extended Data Figure 2a.
o, 2020 s 0o M Titration  of indicated  INDY
TOM70PSerd! concentrations to analyze DYRK1A
70- w—— o . S L ZToM70 activity to phosphorylate human
TOM?70 receptor domain.

1 2 3 4 5 6 7 8

As further control we tested if INDY might also inhibit non-related kinases and find that
it does not affect the activity of casein kinase Il (CKIl; new Figure R9). Also for the
analysis of further kinases throughout the entire manuscript we used recombinant
kinases and profiled their activities directly with purified receptor domains or isolated
mitochondria and tested their specificity with phosphospecific antisera.
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Ctrl.  CK2 New Figure R9. Control

0 0 10 INDY[uM] experiment for new Extended Data

kDa Figure 2a showing that INDY at
B - Tom22Psere max. concentration (10 uM) can not

25- _— -Tom22 inhibit Casein Kinase 2 (CK2).
13- Yeast Tom22 receptor domain
1 2 3 served here as specific CK2 target

(Schmidt et al., 2011).

4. In the discussion the authors make the bold statement that DYRK1A probably is
not regulated by signaling cascades but probably expression changes and
autophosphorylation of a tyrosine. Several references are cited. There is no evidence
of this and must assume dimerization-like mechanism for autophosphorylation on a
tyrosine residue? Either additional evidence needs to be provided for this
mechanism, or the authors need to backtrack and qualify their statement. It is unclear
why no signaling mechanisms could not be involved in protein interactions regulating
DYRK?1 activity in addition to control of expression?

> We agree that the literature regarding this issue is quite limited and therefore omitted
this part on the reviewer‘s advice.
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The authors addressed all issues raised on the previous submission. This is a very exciting study of
excellent quality. I support publication in its present form.

Reviewer #2 (Remarks to the Author):

The authors have properly addressed all comments from this reviewer and provided many additional
experimental evidence to make this work complete. I would like to suggest its pulication.
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|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used.

Data analysis ImageJ 1.52 software (Wayne Rasband, National Institutes of Health, USA); MaxQuant (version 1.6.2.10; https://maxquant.net/maxquant/);
Perseus (v1.6.15.0; https://maxquant.net/perseus/); Multi Gauge (Fuji, V3.2); Image Analyzer LAS-4000 (Fuji Image Reader V1.12); Proteome
Discoverer (v1.4); Mascot (v2.4)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

MS/MS data are deposited to the ProteomeXchange Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride) with the dataset identifier
PXD019520. Reviewer account details: Username: reviewer44210@ebi.ac.uk, Password: WEsMC5UM. All other data are available in the main article or the
Supplementary information files. Source data and uncropped versions of all blots and gels are provided in the Source Data file. Further data and resources from this
study are available from the corresponding author upon reasonable request.
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Sample sizes were not chosen based on pre-specified effect size, but were selected based on the commonly applied standards in the field.
This resulted in statistically meaningful comparisons. Multiple independent experiments were carried out and all biochemical experiments
were performed in biological replicates with n=or >3. Our previous studies have shown robust consistency between our assays, so that n=3 or
n>3 are established as sufficient to reveal differences between our samples. Information about sample size is provided in the figure legends
and in the Statistics and Reproducibility paragraph of the methods section.

No samples were excluded from the analysis.

All experiments were carried out under clearly defined and standard conditions. All attempts of replication were successful. The number of
replicates of each experiment is specified in the corresponding figure legend and detailed in the statistics and reproducibility section within
the Methods chapter.

Not relevant to this study. All relevant experiments were performed by at least two or more researchers and included positive and negative
controls. Regarding animals used for this study: Only tissues from wild-type mice were used, therefore, randomization was not possible. No
randomization for other experiments using cultured cell lines was necessary as all cells were from the same parental cell dish and passaged
for the same number.

Blinding was applied for life cell imaging analysis and included blinding during data collection. Cells for biochemical assays (in organello
import, immunoblots) were not collected or processed blindly as knowledge of the treatment of each sample was necessary for data
generation. Similarly, data analysis was performed from the person who conducted the experiment in these cases and therefore he/she was
aware of the conditions that were analysed.
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Antibodies used

All antibodies used in this study are listed with detailed information in Supplementary Table 1.
Primary antibodies:

14-3-3: dilution 1:2500; Santa Cruz Biotechnology sc-1657; LOT#L3015
DYRK1A: dilution 1:500; Sigma-Aldrich, Cat#D1819; LOT#048K4807
DYRK1B: dilution 1:500; Cell signaling 2703S; LOT#2

His: dilution 1:1000; Qiagen 34660

FXN: dilution 1:250; GR5190-4

TOM?20: dilution 1:250; GR5002-4

TOM22: dilution 1:250; GR2152-3/4

TOMA40: dilution 1:1500; Proteintech 18409-1-AP; LOT#00040008
TOM70: dilution 1:250; GR5280-4 or GR5005-3

TOM70 pS91: dilution 1:50; Eurogentec DE19042

VDAC(3): dilution 1:250; GR1514-7
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Validation

Antibodies were purchased from suppliers with the following authentification data:

14-3-3 antibody: https://www.scbt.com/p/pan-14-3-3-antibody-h-8

DYRK1A antibody: https://www.sigmaaldrich.com/catalog/product/sigma/d1819?
lang=de&region=DE#productDetailSafetyRelatedDocs

DYRK1B antibody: https://www.cellsignal.de/products/primary-antibodies/dyrk1b-antibody/2703?
_=1621932902047&Ntt=2703&tahead=true

TOMA40 antibody: https://www.ptglab.com/products/TOMM40-Antibody-18409-1-AP.htm

The validation of custom-manufactured rabbit polyclonal anti-VDAC can be found in following publication:

Vogtle et al. (2018). Mutations in PMPCB Encoding the Catalytic Subunit of the Mitochondrial Presequence Protease Cause
Neurodegeneration in Early Childhood. Am. J. Hum. Genet. 102, 557-573.

Validation of custom-manufactured rabbit polyclonal anti-FXN was performed by detection of the purified protein after expression in
E.coli and by immunoblots using isolated mitochondria from wild-type and FXN deletion cells.

For human TOM complex antibodies sera were validated by detection of the purified protein/cytosolic domain expressed in E.coli.
Furthermore, immunoprecipitation with antisera directed against the receptor TOM22 under native conditions was performed
followed by analysis of the eluate on SDS- and BN-PAGE. The native TOM complex of approximately 400 kDa was detected on the
native gels and the antibodies against other TOM subunits were detected specifically in the elution on the SDS-PAGE when TOM22
antisera was used, but were absent in the control (pre-immune serum). TOM70 pS91 antibody was validated using WT and S91A
variants of TOM70cd both treated with DYRK1A and ATP. Only WT but not S91A variant was specifically phosphorylated (additionally
validated via MW size shift on PhosTag gel).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Human embryonic kidney cell lines HEK293T were purchased from ATCC. Human U20S cells were a kind gift from the
laboratory of Dr. D. Slade (Max Perutz Labs, Vienna) and were purchased by Invitrogen.

Cell lines from ATCC and Invitrogen are regularly authenticated and were used by us without further authentication.

Mycoplasma contamination Cell lines were routinely tested for Mycoplasma contamination every second month and were not contaminated.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals
Wild animals
Field-collected samples

Ethics oversight

Male C57BI6/N mice (8 weeks of age).
No wild animals were used in this study.
No field collected samples were used in this study.

Tissue sampling from sacrificed mice was approved by the government commission for animal protection and the ethics committee
(University Medical Center of Freiburg University; X-18/10C).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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