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Figure 1. MitolD: Expression of BirA*-tagged GTPases on the surface of mitochondria. (A) Schematic of the MitolD approach in which a GTPase is
expressed as a chimera with BirA* and a mitochondrial targeting sequence. Also shown is the structure of a typical Ras superfamily GTPase and the of
chimeric version used for MitolD. (B) Confocal images of Hela cells expressing mitochondrially targeted forms of Rab5A-BirA* as in (A), and stained for
the HA tag in the chimera as well as markers for the mitochondria and Golgi. The Rab5A chimeras have either the Q79L or the S34N versions that lock
them in the GTP- or GDP-bound states respectively. (C) Confocal images of Hela cells expressing mitochondrial Rab5A(Q79L)-BirA*, or untransfected,
and labeled for the chimera and with biotin-binding neutravidin and a Golgi marker. (D) As (C) except that the cells were incubated with fluorescent
transferrin for 45 min at 37°C prior to fixation to label endosomes, and then also stained for cation-independent mannos-6-phosphate receptor (Cl-
MPR) that recycles through endosomes. Neither endosomal marker is relocated to the Rab5A(Q69L)-covered mitochondria. (E, F). Confocal
micrographs of cells expressing mitochondrial forms of Rab2A-BirA* in either the GTP-form (Q65L) or the GDP-form (S20N) and stained for
mitochondria, the Golgi or with neutravidin as indicated. The Rab2A chimeras accumulate on mitochondria along with biotin, but not the Golgi
markers.
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Figure 1—figure supplement 1. Expression of representative BirA*-tagged GTPases on the surface on
mitochondria. (A) Confocal images of Hela cells expressing the mitochondrially targeted form Rab5A(QL)-BirA*

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

and a GFP-fusion to a PX domain that binds PtdIns(3)P on endosomes. The cells were stained for the HA tag in the
Rab chimera and a Golgi marker. The endosomes are not relocated to the Rab5A(Q69L)-covered mitochondria. (B)
Confocal images of Hela cells expressing mitochondrially targeted forms of the indicated GTPases, and stained
for the HA tag in the chimera as well as markers for the mitochondria and Golgi.

DOI: https://doi.org/10.7554/eLife.45916.003
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Figure 1—figure supplement 2. Expression levels of BirA*-tagged GTPases on mitochondria. Immunoblots of cell lysates from HEK293 cells
expressing mitochondrially targeted forms of the indicated GTPases, and stained for the HA tag in the chimera and a-tubulin (tub). The anti-HA blot
has non-specific background band that is marked with an asterisk and also present in the lysate from untransfected cells (untrans.).
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Figure 1—figure supplement 3. Expression of BirA*-tagged GTPases on mitochondria does not induce mitochondrial stress. Confocal images of Hela
cells stably expressing mCherry-parkin and either untransfected or transfected with plasmids expressing the indicated GTPase chimeras and fixed after
Figure 1—figure supplement 3 continued on next page
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48 hr. Untransfected cells were also treated with 10 uM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for three hours prior to fixation. The
mitochondrial uncoupling agent CCCP induces translocation of the parkin stress sensor but this is not seen with the GTPase chimeras.
DOI: https://doi.org/10.7554/elife.45916.005
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Figure 2. Expression of mitochondrial Rab5A-BirA* chimeras leads to biotinylation of known Rab5A effectors and regulators. (A) Plot of spectral counts
obtained for individual proteins following mass-spectrometric analysis of streptavidin precipitations from cells expressing mitochondrial forms of
Rab5A-BirA*. These forms were either GTP-bound (Q79L) or GDP-bound (S34N), and the counts represent means of triplicate biological repeats. The
most abundant proteins found with both are Rab5A and the endogenous biotin-containing proteins Acetyl-CoA carboxylase (ACACA) and pyruvate
carboxylase (PC). (B) As (A) except only the region in the dashed box in (A) is shown. Known Rab5 effectors and exchange factors are labeled as
indicated by their gene names. The effectors are specific for the GTP form (Q79L), whilst the exchange factors are found with the GDP form (S34N). The
proteins encoded by RABEP1 and RABGEF1 are found with both forms, but they are known to form a heterodimer that has Rab5 GEF activity but is
also a Rab5 effector. (C) Spectral counts for known Rab5 interactors obtained with the two mitochondrial forms of Rab5A shown in (A) and BirA* alone

as a control. Values from three biological replicates are shown, with the area of the circle proportional to the number of counts. For full list of values for

all panels see Supplementary file 1.
DOI: https://doi.org/10.7554/eLife.45916.006
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Figure 3. Comparison of Rab5A MitolD data to that obtained from sixteen other GTPases. (A) Spectral counts for the indicated proteins obtained from
triple replicates of MitolD with the indicated GTPases. All GTPases are in either the GDP (D) or GTP (T) form and the proteins are ranked by their
Figure 3 continued on next page
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Figure 3 continued

highest spectral counts with the GTP form of Rab5A (Rab5A(Q79L)). Only the top 34 proteins are shown with the full list in Supplementary file 1.
Known Rab5 effectors are shown red text and Rab5A with blue. (B) As (A) except that the spectral counts have been converted to WD scores and the
proteins ranked by their highest WD score with Rab5A(Q79L). Known Rab5 effectors now dominate the highest positions in the list. For the full list of
values see Supplementary file 1. (C) Volcano plot comparing the spectral intensities from MitolD with Rab5A(Q79L) to MitolD with the GDP-bound
forms of Rab5A and sixteen other GTPases (background). Known Rab5 effectors are marked red. Values are in Supplementary file 3. (D) Bubble-
volcano plot as in (C), but with the area of each point proportional to the root of the WD score. The root was used to ensure that the full range of
bubble sizes was visible on the plot.

DOV https://doi.org/10.7554/elife.45916.007
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Figure 3—figure supplement 1. Relative distribution of specific and non-specific interactors on bubble-volcano plots. (A,B) Comparison of bubble-
volcano plots of the MitolD data for known effectors for mammalian Rab2A and Rab5A versus the non-specific interactions obtained with Rab6-GDP, a
representative Rab form for which no known or plausible valid interaction was obtained (shown also in Figure 6). Also plotted are proteins that have
not previously been reported to be effectors for the relevant Rab, but which were found as specific hits in an affinity-chromatography based screen in
Drosophila and so seem highly likely to be valid (Gillingham et al., 2014). All values are in Supplementary file 5.
DOI: https://doi.org/10.7554/eLife.45916.008
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Figure 4. Application of MitolD to GTP-locked forms of Rab2A, RabéA, Rab7A, Rab9A, Rab8A and Rab10. (A-F). Bubble-volcano plots of MitolD with
the indicated Rabs, each with a mutation predicted to lock it in the GTP-bound form. In each case the Rab is compared to a background comprising
the GDP-locked/empty forms of all seventeen GTPases, with the size of the bubbles proportional to the WD scores. Indicated are known effectors (red)

and GAPs (blue). For each plot the Rab is omitted and all values are in Supplementary file 3.
DOV https://doi.org/10.7554/eLife.45916.009
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Figure 5. Application of MitolD to GTP-locked forms of Rab11A, Rab18, Rab30, and Rab33B. (A-D). Bubble-
volcano plots of MitolD with the GTP-locked forms of the indicated Rabs. In each case the Rab is compared to a
background comprising the GDP-locked forms of all seventeen GTPases, with the size of the bubbles proportional
to the WD scores. Indicated are known effectors (red) and GAPs (blue). For each plot the Rab is omitted and all
values are in Supplementary file 3.

DOV https://doi.org/10.7554/eLife.45916.010
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Figure 6. Application of MitolD to GDP-locked/empty forms of Rab6A, Rab2A, Rab5A, and Rab11A. (A-D). Bubble-volcano plots of MitolD with the
indicated Rabs, each with a mutation predicted to lock it in the GDP-bound form. In each case the Rab is compared to a background comprising the
GDP-locked forms of seventeen GTPases, with the size of the bubbles proportional to the WD scores. Indicated are known effectors (red) and GEFs
(yellow). Note that some of the lower scoring hits were also found with the GTP-bound form of the respective Rabs (eg TBC1D25 for Rab2A, FBXL4 and
SPAG9 for Rab5A). In one case (PI4KB with Rab11A) the interaction has been reported to be nucleotide-independent, and so such hits seem more likely
to be similar nucleotide-independent effectors rather than GEFs (Burke et al., 2014). For each plot the Rab is omitted and all values are in

Supplementary file 3.
DOI: https://doi.org/10.7554/eLife.45916.011
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Figure 7. Validation of putative effectors for Rab2A, Rab5A and Rab9A. (A) Affinity chromatography of cell lysates (input) using GST-fusions to the
indicated GTP-locked (QL) or GDP-locked Rabs. The bound proteins were eluted and probed with antibodies to the indicated proteins. Lysates were
from HEK293 cells and probed for STAMBPL1, or from rat brain and probed for ARFGEF3. (B) Confocal micrographs of MEFs expressing either GFP-
STAMPBL1 alone and probed for a Golgi marker, or co-expressing the mitochondrial Rab2A(Qé45L)-BirA* as indicated. (C) As (B) except that the cells
were expressing GFP-ARFGEF3. (D) Coomassie blue stained gel showing affinity chromatography of purified recombinant GFP-STAMBPL1 using GST
fusions to the indicate GTP-locked (QL) or GDP-locked (SN) Rabs. The recombinant GFP-STAMBPL1 binds specifically to the GTP form of Rab2A. (E)
Affinity chromatography of Hela cell lysates (input) using GST-fusions to the indicated GTP-locked (QL) or GDP-locked Rabs. The bound proteins were
eluted and probed with antibodies to the indicated proteins. TBCK, OSBPL? and RELCH show specific binding to the GTP form of Rab5, with RELCH

Figure 7 continued on next page

Gillingham et al. eLife 2019;8:e45916. DOI: https://doi.org/10.7554/eLife.45916

15 of 19


https://doi.org/10.7554/eLife.45916

e LI F E Tools and resources Cell Biology

Figure 7 continued

also binding to Rab11-GTP as previously reported (Sobajima et al., 2018). (F) Confocal micrographs of cells expressing GFP-TBCK alone, or with co-
expression of mitochondrial Rab5A(Q79L)-BirA* as indicated. (G) Coomassie blue stained gel showing affinity chromatography of lysate from E. coli
expressing Hisg-Nde1 (input) using GST fusions to GTP-locked (Q66L) or GDP-locked (521N) Rab9A. The samples were also immunoblotted for the Hisg
tag. The recombinant Hiss-Nde1 binds specifically to the GTP form of Rab%A. (H) Affinity chromatography of lysate from HEK293 cells expressing FLAG-
HPS3 (Input) using GST-fusions to GTP-locked (QL) or GDP-locked (SN) Rab%A. The bound proteins were eluted and probed for the FLAG tag. (1)
Confocal micrographs of Hela cells expressing FLAG-HPS3 and mitochondrial Rab9A(Q66L)-BirA* (GTP-locked) or Rab9A(S21N)-BirA* (GDP-locked).
The GTP-form specifically recruits HPS3 to mitochondria. (J) Affinity chromatography of HEK293 cell lysate (Input) using GTP-locked (QL) or GDP-locked
(SN) GST-Rab11A. Bound proteins were eluted and probed for ALS2/alsin.

DOI: https://doi.org/10.7554/¢Life.45916.012
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Figure 8. Application of MitolD to N-Ras, RalB and Rheb. (A-F). Bubble-volcano plots of MitolD with the indicated
Ras family GTPases, each with mutations predicted to lock it into the GTP-bound form, with N-Ras also shown with
the GDP-bound/empty form. In each case the GTPase is compared to a background comprising the GDP-locked/
empty forms of seventeen GTPases, with the size of the bubbles proportional to the WD scores. Indicated are
known effectors (red), GAPs (blue) and GEFS (yellow). All values are in Supplementary file 4.
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Figure 9. Application of MitolD to CDC42, RhoA and Rac1. (A-F). Bubble-volcano plots of MitolD with the indicated Rho family GTPase, each with
mutations predicted to lock it in to either the GTP-bound (A,C,E), or GDP-bound/empty form (B,D,G). In each case the GTPase is compared to a
background comprising the GDP-locked/empty forms of seventeen GTPases, with the size of the bubbles proportional to the WD scores. Indicated are
known effectors (red), GAPs (blue) and GEFS (yellow). All values are in Supplementary file 4.
DOI: https://doi.org/10.7554/eLife.45916.014

Gillingham et al. eLife 2019;8:€45916. DOI: https://doi.org/10.7554/elLife.45916

18 of 19


https://doi.org/10.7554/eLife.45916.014
https://doi.org/10.7554/eLife.45916

e LI F E Tools and resources Cell Biology

A Rac1(Q60L) @ known effector B Rac1(A183-188, Q60L) C
3 known GAP -
30 @ %0 streptavidin ppt
@ DNA/RNA binding
NER
@‘*’W%‘b&
& e 2 crrrze O
SO O G
PAK2 ® ) ‘O\ (O\ (o\ %\
kDa F S S
© WASF2 ARHGEF7 @ \\{o Q:Zr Q_’b ij ij
© ARHGEF7 PAK2 ® 260~
® IQGAP1
g 20 eire g 20 ..qugﬂzz 140 - G Su=n Sw— EEA1
E ARHGAP31®  © (_g 3
é; 1% ABl1e® :éﬁmga 140_ 3 - — PIK3R4
& ° B -
ke © 154 100~
15 pore® oPAKE BT ? 15 © ‘= . OSBPLY
o © RACGAP1 WASF1e o 702
KIF2® o
° 70
akio ©1QGAP1 ANn S s s HA (Rab)
CYFIP2® ©® ARHGAPS o -y
101 ABRoo O ARHGAPSY 0 e
o
.CYZIPJ ° ABR @ 200(:;; D24§§5%AP5
O @ WASF1® ° :RZ Z’ CDC42BPA ° .o °
P d’.'m"%' SapicEre R ARHGAP31 © o(.sleT% Q ©ARHGAP35
5 R . . © ° 5CDCAZBE";13..AE‘ ° il
o ° oo S8 &8 o0 ® e ACGAPLRARHGAP39 O ©CDC42BPA
o 4 &?3 Oo w0y o »®  oeDocKe
oS 6 o > °© °S
dw Q 050 000
) 4 2 0 2 4 6 8 10 12 6 -4 2 o 2 4 6 8 10 12
log, (Rac1(Q60L) / background) log, (Rac1(A183-188, Q60L) / background)

Figure 9—figure supplement 1. MitoID with sequence variants of GTPases. (A,B) Bubble-volcano plots of MitolD with the GTP-locked form of Rac1
(Q60L) or with the same GTPase from which a C-terminal stretch of six basic residues has been deleted (A183-188). In each case the GTPase is
compared to a background comprising the GDP-locked/empty forms of seventeen GTPases. Known effectors and GAPs are indicated along with
proteins whose GO annotations include the term DNA-binding or RNA-binding. The removal of the basic stretch reduces contamination with the latter
proteins. (C) Immunoblot of strepatividin precipitates from cells in which MitolD had been performed with the indicated versions of Rab5A(Q79L). A
representative lysate, and the precipitates were blotted for the indicated Rab5 effectors. Mutation of Ser84 reduces biotinylation of OSBPL9, but has no
effect on that of two other effectors, EEA1 and PIK3R4.
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