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Abstract

Joon-Sang Park
Department of Chemistry
The Graduate School
Seoul National University

Tudor and KH domain—containing protein (TDRKH) has
been known for recruiting PIWI—interacting RNA (piRNA)
precursor to mitochondria in the germline. Most of the studies
regarding piRNAs has been conducted on germlines, however,
TDRKH 1s also sufficiently expressed in the somatic tissues and
cancer cell lines. To identify its interactome in the immortalized
cell line, we introduced proximity labeling technique by fusing
TurbolD, an engineered promiscuous biotin ligase at the
C—terminus of TDRKH. After confirmation that TDRKH—TurbolD
constructs are well expressed at the mitochondria, we analysed
the biotinylated interactome of TDRKH-—TurbolD via Spot—BiolD
workflow. Our result reveals TDRKH may be involved in the
messenger RNA (mRNA) processing at the surface of
mitochondria with other RNA binding proteins (RBPs). We also
observe that several cytoskeleton proteins interact with TDRKH
and this result implies that TDRKH might be involved in the
mitochondrial transport process. Among these proteins,
surprisingly, HTT and SNCA which are highly expressed in the
neuronal system and related to the Huntington disease and
Parkinson’ s disease are also observed in the interactome of
TDRKH, this result might imply the relationship of TDRKH to its
reported disease (i.e., hereditary motor neuropathies) and
knockout phenotype in the mice (i.e., auditory brain stem

response). We also conducted the domain—wise interactome



mapping of TDRKH by construction of deleted KH domain in the
construct. Our result showed that SNCA 1is specific binder
toward KH1 domain and SCRIB is specific binder toward KH2
and Tudor domain of TDRKH.
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I. Introduction

Mitochondria play a crucial role for generation of cellular
energy (i.e. ATP) [1]. However, recent mitochondrial proteome
mapping studies showed that many of proteins whose functions
are not related to the cellular energy production [2]. For
instance, anti-viral signaling is conducted via mitochondrial outer
membrane anchored protein, MAVS, however, it is still not
clearly understood why this process should be occurred at the
outer mitochondrial membrane (OMM) and how this process can
be coordinated with energy production, which is regarded as a
main function of mitochondria.

Similarly, PIWI-interacting RNA (piRNA) maturation process
is observed at the surface of mitochondria in germlines of C.
elegans [3], insect [4], mice [5,6] and human [7]. Unlike miRNA or
siRNA, piRNAs are transcribed into long piRNA precursor, and
this precursor are matured at the OMM, by trimming and
2'-O-methylation [8]. The mature piRNA has a varied length from
26 to 31 nucleotide and piRNA inhibits the retrotransposon
activity (e.g. LINE-1) and protect the genome integrity [9].
However, it is still rather puzzling why this piRNA maturation
process is occurred at the OMM and how this process is
coordinated with mitochondrial function.

Among the protein components which participate piRNA
maturation [10], TDRKH, a mitochondrial protein [2] which is
essential for spermatogenesis [5] is expressed not only expressed
in the germline [4-6,11-13] but also expressed in the somatic
tissue and cancer cell lines while other protein components in
piRNA processing are solely expressed in the reproduction system
[14]. In germline, TDRKH is known to recruit piRNA intermediate
around 31 to 37 nucleotides and interacts with PIWI protein



(Figure 1B) [11,15], yet, this known molecular function of TDRKH
may not reflect that of TDRKH in the cancer cell lines because
the piRNA expression levels are negligible in various cancer cell
lines which express the piRNA processing machinery including
TDRKH detected in the recent study [14].

Among the somatic tissues, high expression level of
TDRKH in the neuronal cells are observed in the transcriptomics
level (https://gtexportal.org/home/gene/TDRKH, Figure 1A) and
recent human genetics studies showed that TDRKH mutants are
related to the survival of motor neuron [16] and the pathogenesis
of hereditary motor neuropathies [17]. Mice knockout model of
TDRKH is viable, however, it has a phenotype of the auditory
brain stem response
(https://www.mousephenotype.org/data/genes/MGI:1919884).
TDRKH is also associated to the development of cancer such as
chronic myelogenous leukemia and hepatocellular carcinoma and
our group has recently discovered it in the proteome of
mitochondrial associated membrane (MAM) of a human-derived
immortalized cell line (i.e. HEK293T) (Figure 1C) [18]. Thus, it is
reasonable to expect that TDRKH may have other molecular
functions in the somatic cells or in the tissues which has not
been described in the TDRKH studies in the germline [4-6,11-13].
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II. Materials and methods

1. Cell culture and transfections

HEK293T were obtained from ATCC (Manassas, VA, USA),
HEK?293 Flip—in T-rex were obtained from Thermo Fisher
Scientific. All cell lines were maintained in high glucose DMEM
medium with 10% fetal bovine serum at 37° C in 5% CO2. All
cell lines were transiently transfected at 60-80% confluence

using turbofect (Invitrogen).

2. Expression plasmids and antibodies

Genes were cloned into the specified vectors using standard
enzymatic restriction digest and ligation with T4 DNA ligase. To
generate constructs where V5 epitope tag was appended to the
protein, the tag was included in the primers used to
PCR—amplify the gene. PCR products were digested with
restriction enzymes and ligated into cut vectors (e.g. pCDNA3
and pCDNAbS). The CMV promoter was used for expression in
mammalian cells. Antibodies were used for western blotting and
immunofluorescence imaging: anti—V5 (1:5000, Thermo Fischer),
anti—TOM20 (1:1000, Proteintech), Alexa Fluor 647 conjugated
Streptavidin (1:3000 dilutions, Invitrogen, cat no. S—21374),
HRP conjugated Streptavidin (1:10000, Invitrogen). Alexa
Fluor—conjugated anti—mouse, rabbit (1:3000, respectively,

Invitrogen).

3. Construction of stably expressed TDRKH-V5—TurboID cell
line

Flp—In™ T—-REx™ 293 cells were cultured in DMEM (Gibco)
supplemented with 10% FBS, 50 units/mL penicillin, and 50
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Og/ml streptomycin at 37° C under 5% CO2. Stable cell lines
were firstly generated by transfection with the pcDNA™5
expression construct plasmid expressing TDRKH-V5—=TurbolD.
Cells were transfected at 60-80% confluence using TurboFect
(Invitrogen). After 24 hr, cells were split into a 90 mm cell
culture dish (SPL) with the proper concentration of Geneticin
(G418) (500 pg/mL). After 2-3 weeks, 3-4 colonies were
selected and transferred to a 24—well plate. Cells were
continuously split into larger plates, and a cell stock was made.
Expression was induced by 5 ng/mL doxycycline (Sigma
Aldrich).

4. In situ biotinylation and immunoblotting

All cell lines were biotinylated with 50 M of biotin (Alfa
aesar) for 30 min. and lysed with RIPA buffer (ELPISBIO)
containing 1X protease cocktail (Invitrogen) for 30 min at 4° C.
Lysates were transferred to e—tube and vortexed for 2 min. And
lysates were clarified by centrifugation at 15,000g for 10 min at
4° C. The lysates were loaded by boiling at 95° C for 5 min
after 1x SDS—PAGE loading buffer. After that, the proteins were
resolved by SDS-PAGE.

5. Immunofluorescence

To wvisualize the subcellular localization of the transiently
expressing POI, cells were plated on coverslips (thickness no.
1.5 and radius: 12 mm). For fixed cell imaging, cells were fixed
by 4% paraformaldehyde and permeabilized with cold methanol
for 5 min at —20° C. Next, cells were washed with Dulbecco’ s
phosphate—buffered saline (DPBS) and blocked for 1 h with 2%



BSA in DPBS at room temperature. Immunolabeling was
conducted in blocking solution with proper diluted antibodies—
anti—V5 antibodies and anti—-TOMZ2Z20 antibodies — and
Alexa—labelled secondary antibodies (mouse anti—Alexa 488
antibodies, rabbit anti—Alexa 568 antibodies and anti—streptavidin
Alexa 647 antibodies)

6. Proteome digestion and enrichment of biotinylated peptides

TDRKH—-V5—=TurbolD stable cells were grown in three T75
flasks for triplicate mass analysis per one condition. After 24 hr
doxycycline treatment, 50 M of biotin was added for
biotinylation. After 30min labeling, the cells were washed three
times with DPBS and then lysed with 1.5 mL 2% SDS in 1X
TBS (25 mM Tris, 0.15 M NaCl, pH 7.2, Thermoscientific,
28358), 1 X protease inhibitor cocktail. Lysates were clarified
by ultrasonication (Bioruptor, diagenode) for 15 min with cold
water bath. For removal of free biotin, 6 times the sample
volume of cold acetone —=S35— (=20° C, Sigma—Aldrich,
650501) was added to each lysate and kept at —20° C. After at
least two hours, samples were centrifuged at 13,000 X g for 10
min at 4° C. Supernatant was removed gently. 6.3 mL of cold
acetone and 700 xL of 1X TBS were added to pellet. Samples
were vortexed vigorously and kept at —20° C. After overnight,
samples were centrifuged at 13,000 X g for 10 min at 4° C.
Supernatant was removed gently. Allow pellet to air dry for
5min. Pellet was resolubilized with 1 mlL of 8 M urea
(Sigma—Aldrich) in 50 mM ammonium bicarbonate (ABC,
Sigma—Aldrich). Concentration of protein was measured by BCA

assay. Samples were denatured at 650 rpm for 1 h at 37° C
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using Thermomixer (Eppendorf). The samples were reduced by
adding  dithiothreitol = (Sigma—Aldrich) to 10 mM final
concentration and incubated at 650 rpm for 1 h at 37° C using
Thermomixer. The samples were alkylated by adding
iodoacetamide (Sigma—Aldrich) of 40 mM to final concentration
and mixed at 650 rpm for 1 h at 37° C using Thermomixer. The
samples were diluted eight times using 50 mM ABC. CaCl2 (Alfa
aesar) was added to 1 mM final concentration. Trypsin
(Thermoscientific) was added to each sample (1:50 w/w).
Samples were incubated at 650 rpm for 6-18 h at 37° C using
Thermomixer. Samples were centrifuged at 10,000 X g for 3
min to remove insoluble material. Then, 300 gL of streptavidin
beads (Pierce) was washed with 2 M urea in 1X TBS for four
times and added to the sample. The samples were rotated for 1
h at room temperature. The flow—through fraction was kept, and
the beads were washed twice with 2 M urea in 50 mM ABC.
After removing the supernatant, the beads were washed with
pure water in new tubes. Biotinylated peptides were heated at
60° C and mixed at 650 rpm after adding 500 L 80%
acetonitrile (Sigma—Aldrich), 0.2% TFA (Sigma—Aldrich), and
0.1% formic acid (Thermoscientific). FEach supernatant was
transferred to new tubes. Repeat elution step four more times
Combined elution fractions were dried using Speed vac

(Eppendorf).
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ITII. Results

1. TDRKH is a transmembrane protein facing to the cytosol at
the outer mitochondrial membrane.

Using TMHMM algorithm, we could observe that TDRKH
has a strongly predicted single transmembrane domain (17—34
aa) at the N—terminus (Figure 1D). Thus, we expect that the
rest part (from 35aa to C—terminus) of TDRKH should be
exposed at the cytosolic face at the OMM. It is noteworthy that
the lysine residues in this predicted cytosol—exposed part of
TDRKH were labeled by Contact—ID which conducts in situ
biotinylation on the cytosol—exposed lysine residues of
MAM—localized proteins [18].

To wvalidate the membrane topology of TDRKH at the
OMM, we employed the APEX—method [19]. APEX2 was tagged
at the C—terminus of TDRKH and TDRKH-V5—APEXZ2 construct
was expressed in the HEKZ293T cells. As shown in Figure 1E,
TDRKH-V5—APEX2 showed a good mitochondria pattern Q.e.
anti—V5 immunofluorescence) and well merged with
mitochondrial marker protein, Mito—BFP while its biotinylated
pattern is quite diffusive to the cytosol (i.e. Streptavidin—AF647)
and this result indicated that APEXZ should not be in the
membrane—restricted region [20]. To confirm its correct
localization in the mitochondria, we conducted electron
microscope imaging via APEX—DAB staining method [21]. As
shown in the Figure 1F, it is clearly shown that APEX2—-DAB
stain 1s shown at the cytosolic face of mitochondria and this
result confirms our proposed membrane topology of TDRKH at

the outer mitochondrial membrane (Figure 1C).

_’|2_



i

Sonaapressian o TORKH (ENSGI000 1821 341 5)

%oy 4 qo_g{.@o&w Sa, -%_55_;,."?""&‘/
oy %%.r % e&? “ ‘%\Z" n%’% oy, ot 6'%%:@” ey 5y e %é%
f% et
!els‘
%%%E
* GTex portal
Testis
RNAdnduced Proposed model
silencing complex Q\
Mature piRNAS microRNA
PR 5 i processing in OMM?
/') f A\ Nucleus

A 2"'?
TDRKHI (j

??
R_ (/rn
“Ribosome
< . independent local
“Processing P g
microRNA" wranslation™ e 4o plasmic
reticulum
mitochondria MAM —_— :
Non-germlines mitochondria
D 12
8 TORKH -
- ‘HABE K10, K112, K52, 1 -
E ety
m ¢ » Unknawn TM in Uniprot L, o8
= ] ]
g - § o
= 1 cytosol g
g2 ~ TDRKH - Y
0 o i g
“ 10 0 ms N b 10 a0 30 pres %0
Log, FC (MAM/cytoplasm) N R A

_’|3_



m

i
Fl

o
? 8
=
<
X w0
DD: > Anti-V5 Streptavidin-568 Anti-TOM20
o =

F APEX-TEM approach
i pr—

5

o
o
D
gert® i
z <% -
X wn
x>
(=)
|._

—

Figure 1. TDRKH distribution and studies. (A) TDRKH protein
expression distribution. Expression level is variable in several
different tissues, including testis, lung, and gallbladder. Data from
GTExPortal (https://gtexportal.org/home/gene/TDRKH). (B)
Graphical depict of piRNA biogenesis and mechanism regarding
TDRKH (left). Proposed model of TDRKH regarding RNA

processing in mitochondrial outer membrane. (C) TDKRH

identification in MAM, facing cytosol with its C—terminus domain.
(D) TMHMM prediction of TDRKH indicates the N-—terminal
localization of transmembrane domain (
http://www.cbs.dtu.dk/services/TMHMM/). (E) Confocal image of
N—terminus of TDRKH (1—-50AA) indicates it is sufficient for
targeting mitochondrial outer membrane. TDRKH 1-50AA
(green), biotinylation of TDRKH 1-50 AA (red), TOM20
(violet). (F) TEM image of N—terminus TDKRH suggests its

targeting of mitochondrial outer membrane.
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2. Proteomic mapping of TDRKH interactome in live mammalian
cell by using proximity labeling method

To discover the molecular interactome of TDRKH in live
cells, we introduced a proximity labeling tool. We utilized
TurbolID [22], a fast—kinetics engineered version of BiolD which
labels proximal proteins via in situ generated biotin—AMP ester.
Since bioin—AMP ester can covalently attach on the lysine
residues of proximal proteins within 50 nanometer, TurbolD can
selectively biotinylate the proximal proteins or interaction
proteins with TDRKH when we genetically express TurbolD with
TDRKH in live cells. (Figure 2A).

TDRKH has two K Homology domains (KH1 and KH2)
which have RNA binding affinity [23] and one Tudor domain
which has a binding affinity toward demethylated arginine
residue[11] (Figure 2B). We cloned TDRKH-V5-=TurbolD
whose  TurbolD is conjugated at the cytosol—exposed
C—terminus domain of TDRKH. Thus, we expect that it can
reveal the interactome of TDRKH at the cytosolic face of
mitochondria (Figure 2A & B). In confocal microscope imaging
results with HEKZ293T cells, TDRKH—-V5—TurbolD was well
localized in mitochondria and its pattern (i.e. anti—V5
immunofluorescence) is nicely overlapped with
immunofluorescence pattern of TOMZ20, a mitochondrial marker
protein (Figure 2C). Also, biotinylated protein patterns of
TDRKH—-V5—TurbolD was also well—overlapped with
anti—TOMZ20 pattern (Figure 2C).

For controlling its expression and minimizing artifacts
from the transient overexpression issue from transfection, we

generated doxycycline—inducible stable cell line of
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TDRKH—=V5—=TurbolD wusing Flip—In HEKZ293T—Rex cell line.
Using this stable cell line of TDRKH—=V5—=TurbolD, we could see
that the biotinylated interactome proteins were reproducibly
generated by Streptavidin—HRP western blot analysis (Figure
2D). We confirmed that these biotinylated proteins were
successfully enriched by Streptavidin—magnetic bead which is an
essential step for the mass analysis (Figure 2D).

For the mass analysis of biotinylated proteins by
TDRKH-=V5—=TurbolD, we employed Spot—BiolD method [18,
24] which directly profiles the biotinylated proteins by detection
of the post—translational modification of biotin (K+226 Da) on
the biotinylated peptides. This method is the most correct
method to detect the biotinylated proteome by BiolD or TurbolD
compared to other widely used “indirect” method to detect
unlabeled peptides from streptavidin bead enrichment. While this
indirect method cannot guarantee whether their mass—detected
peptides are really biotinylated, our Spot—BiolD workflow
perform the most correct identification of the biotinylated
proteins of TurbolID (Figure 3A).

Since TurbolD of TDRKH-—TurbolD is exposed at the
cytosol, we utilized cytosolic TurbolD (TurbolD—NES) as a
control sample for our analysis. By following of Spot—BiolD
method, total 690 non—redundant biotinylated sites and 445
biotinylated proteins were identified in the biological triplicate
samples of TDRKH—-V5—TurbolD cell line while TurbolD—NES
labels 2595 proteins. By filtering them with cytosolic control, we
could acquire 45 biotinylated protein with 65 non—redundant
biotinylated sites that can be regarded as TDRKH interactome

(Figure 3B). Among these proteins, 16 proteins were overlapped
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with MAM proteome of human testes [25] and 7 proteins are
covered with our recently mapped MAM proteome in HEK293T
cells [18], These overlaps with MAM proteome findings propose
TDRKH' s localization at the MAM [18]. All of 45 TDRKH
interactome is shown in Figure 3C. Since TDRKH is an OMM
protein, several known outer mitochondrial membrane proteins
(e.g. MAVS, FKBPSR, AKAP1, EXD2) were mapped along with
several ER membrane proteins (UBXN4, PTPN1, SSR) and many
cytosolic proteins (Figure 3C).

Interestingly, our TDRKH interactome can be clustered
with the similar molecular functions which are also related to the
physiological processes at the MAM: protein degradation (e.g.
UBXN4, PTPNI1, HSPA1B, CDCA3, USP7), endocytic control
(e.g. AAGAB, HTT), immune response (e.g. MAVS, ZC3HAVI,
DDX3X, AKAP1), RNA processing (e.g. AKAP1l, EEF1A1PS5,
NRBF2, EXDZ2, EIF4G1l, DCLRE1A, LARP4, ENPP1, DOCKZ7,
PABPC1), cell organization (e.g, MTFR1, STMNI1, CTTN,
CEP350, MAP4, SCRIB, PKN3, TBC1D15, SYAPI1, KIAAO0100,
OCIAD1, DNMI1L, ATPAF1, PAK4, TES), and apoptosis (e.g.,
FKBPR) (Figure 3D). Thus, our findings could reflect that
TDRKH may modulate diverse processes with interactome at the
OMM and at the MAM of somatic cell lines.

Yet TDRKH is a mitochondrial protein, comparison with
TOMZ0 interactome or FKBP8 interactome could grant us to
have a new point of view with TDRKH and its mitochondrial
interactome. TOMZ0 shares around 25% of its interactome with
TDRKH, and FKBP8 shares about 15% of its interactome. Since
the viral process and programmed cell death are known to be

related with mitochondria, we looked for proteins annotated for
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these proteins are whether labeled in TOMZ20 or FKBP8
interactome. Surprisingly, the proteins annotated for those
functions were scarcely found in TOMZ20 or FKBP&, suggesting
these functions are more likely to be TDRKH-—specific.
Interestingly, alpha—synuclein (SNCA) and Huntington
protein (HTT) are shown in 45 interactome protein of TDRKH.
Since these proteins are not overlapped with an interactome
result of FKBP8 which is an cytosolic exposed OMM— and MAM
protein (Supplemental Figure 1). Because both proteins are
related to the neurodegenerative diseases (e.g. Parkinson’ s
disease, Huntington’ s disease), it might be intriguing how
TDRKH can modulate these protein function in the pathological

process of neurodegenerative diseases.
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Figure 2. Production of recombinant TDRKH and in—situ
biotinylation. (A) Graphical depict of TDRKH interactome labeling
process. Biotinylation via TurbolD and exogenous biotin. TurbolD
labeling radius is visualized as yellow circle. Biotin is shown as
red dot. (B) Domain architecture of wild—type TDRKH. TDRKH
consist of two K Homology domain (KH1 and KH2, yellow and
blue, respectively), and one Tudor domain (red) (up).
Recombinant TDRKH—-V5—=TurbolD. Epitope tag V5 (pink) and
TurbolID (green) were fused into C—terminus of TDRKH (down).
(C) Localization and biotinylation of recombinant TDRKH.
TDRKH (green), TOMZ20 (red), biotinylation (violet). (D)
Streptavidin bead enrichment of biotinylated TDRKH interactome.
(Left: Ponceau S staining, Right: SA—HRP)
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biotinylation. (A) Graphical depict of mass sampling process of
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proteins) reveals 45 TDRKH specific interactome. (C)
Subcellular distribution 45 TDRKH interactome. Red line data
from STRING interaction. (D) Functions of 45 TDRKH

interactome shown in pi chart.
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3. Domain—deleted interactome mapping reveal unexpected
interactome of KH domains of TDRKH.

Since TDRKH has two RNA-binding KH domains and
Tudor domain which is also related to the RNA binding, TDRKH
has been acknowledged as a piRNA precussor recruiter to the
OMM [5]. Our mass analysis result also showed that many RNA
binding proteins (e.g., AKAP1, EEF1A1P5, NRBF2, EXD2Z2,
EIF4G1, DCLRE1A, LARP4, ENPP1, DOCK7, PABPC1) were
enriched in TDRKH—-TurbolD sample which supports that
TDRKH may participate in the RNA processing mechanism at the
OMM. To examine whether TDRKH can interact with these RBPs
by complexation with RNA molecules, we prepared the each
single domain (KH1, KH2 and Tudor) deleted constructs of
TDRKH-TurboID (Figure 4A). We confirmed that each
domain—deleted constructs are well expressed at the
mitochondria and their in situ biotinylating activity 1s not
compromised by deletion of the domain (Figure 4B & C).

We conducted mass analysis of Dbiological triplicate
samples of each domain—deleted TDRKH-—TurbolD constructs,
respectively, by following Spot—BiolD workflow. The identified
biotinylated peptidome results were compared with full
TDRKH—-TurbolID result (Figure 5A—C). From this analysis, we
could find that ENPP1 and SNCA are not shown in KHI1—deleted
construct result and SCRIB and IGBP1 are not shown in the
result of KHZ—deleted construct. In the Tudor—domain deleted
construct sample, SERBP1 and SCRIB are not shown compared
to the interactome result of full TDRKH—TurbolD. These results
propose that each domain may have preferential interaction

partner proteins.
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Among these proteins, alpha—synuclein (SNCA) and
SCRIB which is known scaffold protein involved in different
aspects of polarized cell differentiation regulating epithelial and
neuronal morphogenesis are shown in KH1 and KHZ2 domain
specific interaction partner, respectively. Since these proteins
are not well—known RBPSs, it might be interesting to characterize
how these proteins interact with KH domain of TDRKH in
further study.
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Figure 4. Production and analysis of domain specific TDRKH
interactome. (A) Domain architecture of domain deleted TDRKH
mutants. (B) Confocal image of TDRKH mutants also targets
mitochondrial outer membrane. TDRKH mutants (green), TOMZ20
(red), biotinylation (violet). (C) Western blot analysis of TDRKH
mutants in human cell (HEK293T). Biotinylation pattern
(Streptavidin—HRP, lef) and TDRKH mutants (V5, right).
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domain deleted interactomes

27 -

11°



IV. Discussion

In this study, we report our Spot—TurbolD discovers
other possible function of TDRKH in somatic or cancer cells.
Although the protein has been known to process or regulate
piRNA in germlines, endogenous levels of TDRKH are still high
in other cell lines or tissue (Figure 1A). However, it is unclear
what role this protein plays in other cells. Therefore, our
proteomic results could be proposed for possible features of
them at the ER-—mitochondrial interfaces. Furthermore, we
confirmed our domain—deleted interactome mapping unveiled KH
domains might be interacted with neuronal factors (e.g. SNCA)
in the HEKZ293 cell line [26], suggesting that HEK293 are
originated to neuronal cell lines through previous genomic and
transcriptomic results. However, further investigations should be
required for deeply understanding the features.

We further show TDRKH—-domain interactomes are
clearly distinguished in mouse testis—based cell line (TMS3,
supplementary figure 2). We could propose that our own analysis
of proximity labeling enables us precise information of
interactome with target protein. Thereby, further study may
precisely enlighten domain—based Interactomes n all
environments such as neuronal, testicular, and other cancer cells.
Therefore, our analysis is valuable in that it has provided a clue

to proceeding more precise biological study.
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VI. Appendix

: Gene : Labele | Domain
Protein names Peptide sequence d site | Specific
5VTEO EEF%MP AAGAGKVTK 450
Q14318 | FKBPS AALKLEPSNK 334

AGMVPSKVPTSMV
Q77434 | MAVS SEY 362
AKAAIIQILTENTD
QIY2W6 | TDRKH DL LER 112
Q15390 | MTFR1 ANAGKTLVK 993
ARPPSGSSKATDLG
Q7724 | ZC3HAVL | ARERIESRNATE 314
P16949 | STMN1 DKHIEEVRK 128
DKYSVENFLTLPET
QUBRRS | GPATCHI | PRISVERFL LT 644 | Tudor
DSGGKTPGDFSYAY
P46821 | MAPIB ORPEET LR 1863
Q14247 | CTTN DYSKGFGGK 193
Q5VT06 | CEP350 EGKSDVLLK 2230
QIY2ZW6 | TDRKH | EVAAAKHLILEK 187
P27816 MAP4 EVALVKDVR 318
QU6F24 | NRBF2 FAANTGKAK 254
GGGDMAVVVSKEG
GIGELVSEEPFVVKL
QINVHO | EXD2 > 306
000571 | DDX3X GKSSFFSDR 81
GLPLVDDGGWNTVD
Q04637 | EIF4G1 LLVDDGGWND 1059
Q14160 | SCRIB GLQPLKLDYR 1265 %ﬁ%}
QIUKY7 | CDV3 GRDEVSKNQALK 932
Q92667 | AKAP1 | GVLFSSKSAEVCK | 160
Q6P572 PKN3 IKEGVENLRR 34
Q92575 | UBXN4 IKQQIALDR 269
P18031 | PTPN1 ILEPHNGKCR 323
Q6PJPS | DCLRELIA | ILPSGLKYNAR 543
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Protein n(;?r?:s Peptide sequence I&al;ies: ]S) 1? ér(l:?fllré
QOY2W6 | TDRKH | ISGTQKEVAAAK 181

Q71RC2 | LARp4 | ISRPHPSTAESKAP 17

QIY2W6 | TDRKH | ITCDKESEGTLLLSR| 162

P54652 | HSPAIB ITITNDKGR 510

Q8TCO7 | TBC1D15 | KDSSSVVEWIQAR | g4

P22413 | ENPP1 KEPVSDILK 905 KH1
Q772W4 | ZC3HAV1 | KGTGLLSSDYR 401

Q8NCX0 | CCDC150 KIRQELENR 984

Q9Y2W6 | TDRKH KQPISVR 215

QOY2W6 | TDRKH KQTGAR 80

Q96A49 | SYAPI KEVEEQHTKK 119

Q96A49 | SYAPI KEVEEQHTKK 118

Q6PD74 | AAGAB KVHAEKVAK 290

QOY2W6 | TDRKH LIKISGTQK 175

Q14667 | KIASOL0 LKSATGSEVR 2184

Q99614 | TTC1 LKEEMLGKLK 250

QOY2W6 | TDRKH | LTHCADWKPLVAK | 449

P32969 RPLY NFLGEKYIR 121

Q99618 | CDCA3 | QUERPSPLSENVSE | 51g

QOUNL2 | SSR3 REDAVSKEVTR 98

QINX40 | OCIAD1 RKNITYEELR 195

Q772W4 | ZC3HAV1 | RKTVESPTLPAAR | 374

QOY2W6 | TDRKH SICKASGAK 152

QI6N67 | DOCK7 SIIGSKGLDR 922

000429 | DNMIL | SKPIPIMPASPQK | 608

000429 | DNMIL | SKPIIVEASEQKGH | 619

Q772W4 | ZC3HAVI | SLNYKSTSSGHR 148

Q5TC12 | ATPAF1 | TDALGKQSVNR 131

P37840 | SNCA TKQGVAEAAGK 23 KH1
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: Gene : Labele | Domain
Protein names Peptide sequence Ao || Geestie
P11940 | PABPCl1 | TVPQYKYAAGVR 512
096013 PAKA VHTGFD]%PI_I{EQKF TG 3
Q14318 | FKBP8 | VKCLNNLAASQLK | 273
Q15390 | MTFR1 | VLFGPHMLKPTGK | 318

K12,
Q14160 SCRIB VPQAEGPPKR 1375 | quis
QIY2W6 | TDRKH VPQEAVKLIIGR 65
VPTSMVLTKVSAST
Q77434 MAVS I ST 371
P42858 HTT | VSTQLKTNLTSVTK | 1402
Q5VTEO EEF%AH’ VTKSAQK 453
QIUGIS TES YTTLIAKLK 80
Q93009 USP7 YTYLEKAIK 1096
- 34 -
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BiolD-FKBP8
182 biotinylated proteins
(Kwak et al., PNAS 2020)

TDRKH-TurbolD
45 biotinylated proteins
This study

EXD2 UBXN4 PTPN1 OCIAD1
MAVS CDCA3 AKAP1 TDRKH
FKBP8 MTFR1

** MAM proteins in Contact-ID

Supplementary Figure 1. Comparison of this proteomes with
FKBP8 interactomes. Venn diagram showing overlap of proteins
analyzed in the study and previous study (Kwak et al., PNAS
2020)
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Mouse testis cell line (TM3)
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Supplementary Figure 2. Western blot analysis of
TDRKH—deleted interactome by Spot—TurbolD in mouse
testicular cell (TM3)
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