Neomorphic Gao mutations gain interaction with Ric8 proteins in GNAO1 encephalopathies
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Supplemental Material

Table S1. Clinical manifestations of the GNAO1 encephalopathy mutations analyzed.

Online Mendelian Inheritance in Man (OMIM) entries for GNAO1 encephalopathy: Developmental and Epileptic
Encephalopathy-17 (DEE17; #615473) and Neurodevelopmental Disorder with Involuntary Movements (NEDIM;
#617493).

Amino Nucleotide | # of Age of Epilepsy | Movement Developmental Brain Ref. | OMIM category and
acid change patients onset disorder (excl. | delay alterations score (days of onset,
change described hypotonia) (MRI) mean = sem)
G40R c.118G>C | 5 2.5m yes yes yes yes @) DEE17
c.118G>A birth yes no yes no 2 52 + 22 (n=5): Early
c.118G>C 2m yes yes yes yes 3
c.118G>A 6d yes no N/A yes 4
c.118G>C am yes no yes yes 5)
G45E c.134G>A | 1 4d yes yes yes yes (6) DEE17
4 (n=1): Very early
S47G C.139A>G | 1 4m yes yes yes yes (©)] DEE17
120 (n=1): Late
Q52R c.155A>G |1 1.5w yes yes yes yes (@) DEE17
10 (n=1): Early
D174G c.521A>G |1 29d yes no yes yes (8) DEE17
29 (n=1): Early
L199P c.596T>C 1 3d yes yes yes yes 9) DEE17
3 (n=1): Very early
G203R Cc.607G>A | 9 m yes yes yes yes (8) DEE17
1d yes yes yes yes (20) 65 + 29 (n=9): Early
12d yes yes yes yes (20)
m yes yes yes yes (11)
7d yes yes yes yes (22)
1m yes yes yes yes (23)
3m yes yes yes yes (24)
9d yes yes yes yes (24)
C.607G>A 12d yes yes yes no (5)
R209C C.625C>T 13 6m no yes yes yes (15) NEDIM
C.626G>A 2y no yes yes no (16) | 305+ 81 (n=10): Late
C.625C>T infancy no yes yes no 17)
C.625C>T 6m yes yes yes no (18)
C.625C>T 3-4m no yes yes no (29)
C.625C>T 2y yes yes yes N/A (20)
C.625C>T N/A yes yes yes yes (21)
C.625C>T infancy yes yes yes yes (22)
C.625C>T infancy yes yes yes yes (22)
C.625C>T m yes yes yes yes (12)
C.625C>T 1.5y no yes no yes (20)
C.625C>T 6m no no yes yes 1)
C.625C>T birth yes yes yes yes (©)]
C.625C>T m yes yes yes no 3)
C215Y C.644G>A | 3 12y no yes no no (23) NEDIM
5y no yes no no (24) 2400 + 982 (n=3):
3y no yes no no (24) | Very late



mailto:gonzalo.solis@unige.ch
mailto:vladimir.katanaev@unige.ch

A227V c.680C>T 2 2m yes yes yes yes (12) DEE17
birth yes yes yes no (25) | 31+ 30 (n=2); Early
Y231C C.692A>G | 3 5d yes no yes yes 2) DEE17
3d yes yes yes no 5) 23 + 19 (n=3): Early
C.692A>G 1m yes yes yes yes (26)
Q233P Cc.698A>C |1 2y no yes no no (27) NEDIM
720 (n=1): Very late
E237K Cc.709G>A | 8 6m no yes yes yes (20) NEDIM
€.709G>A 3m no yes yes yes (18) | 666 + 316 (n=5): Late
€.709G>A infancy no yes yes yes (22)
C.709G>A infancy no yes yes no (22)
€.709G>A 6m no yes yes N/A (28)
€.709G>A 4y no yes yes no (29)
C.709G>A 4y no yes yes N/A (29)
C.709G>A N/A no yes yes N/A (30)
E246K c.736G>A | 13 am no yes yes no (12) | NEDIM
11m no yes yes no (14) 278 £ 109 (n=12): Late
5m yes yes yes yes (14)
C.736G>A 3m no yes yes yes (18)
3m no yes yes yes (25)
C.736G>A 3m no yes yes no (31)
C.736G>A 3m no yes yes yes (31)
C.736G>A 6m no yes yes yes (31)
C.736G>A 5m no yes yes yes (31)
9Im no yes yes yes (32)
C.736G>A 11m no yes yes no (33)
C.736G>A 4y no yes yes yes (33)
C.736G>A childhood yes N/A N/A N/A (34)
N270H c.808A>C | 1 3m yes yes yes yes (35) DEE17
90 (n=1): Early
F275S c.824T>C 1 3d yes yes no yes (35) DEE17
3 (n=1): Very early
1279N c.836T>A | 3 4d yes no yes yes (8) DEE17
C.836T>A 1h yes yes yes yes 2) 2 +1 (n=3): Very early
C.836T>A 26min yes yes yes yes (36)




Table S2. Oligonucleotide primers used in this study.

Name

Sequence | Usage

Gao-40-For

Gao-40-Rev

Gao-45-For

Gao-45-Rev

Gao-47-For

Gao-47-Rev

Goo-174-For
Gao-174-Rev
Gao-199-For
Gao-199-Rev
Goo-227-For
Gao-227-Rev
Goo-231-For
Gao-231-Rev
Goo-233-For
Gao-233-Rev
Gao-270-For
Gao-270-Rev
Gao-275-For
Gao-275-Rev
Gao-279-For

Gao-279-Rev

dGao-203-For

dGao-203-Rev

Gb1-N88A/K89A-For

Gb1-N88A/K89A-Rev

CMV-For

M2R-AgeI-rev

Ric8A-SalI-For
Ric8A-PspOMI-Rev
Ric8A-R75E-For
Ric8A-R75E-Rev
Ric8A-K225A-For

Ric8A-K225A-Rev

Ric8B-XhoI-For

Ric8B-EcoRI-Rev

dRic8-BsrGI-For

dRic8-PspOMI-Rev

5’ -TGCTCAGGGCTGGAGAATCAGG-3"

5’ -CCTGATTCTCCAGCCCTGAGCA-3"'

5’ ~-CTGGAGAATCAGAAAAAAGCACCATT-3"

5’ -AATGGTGCTTTTTTCTGATTCTCCAG-3"

5’ ~-CTGGAGAATCAGGAAAAGGCACCATT-3’

5’ -AATGGTGCCTTTTCCTGATTCTCCAG-3"

5’ -AGCAGGGCATCCTCCGAACCAG-3"

5’ -CTGGTTCGGAGGATGCCCTGCT-3"

5’ -AGAACCTCCACTTCAGGCCGTTTG-3’

5’ ~-CAAACGGCCTGAAGTGGAGGTTCT-3"

5’ -TGTGTCGTGCTCAGCGGCTATGACCAGGTGCT-3"
Generation of Gao variants

5’ -AGCACCTGGTCATAGCCGCTGAGCACGACACA-3’

5’ -TGTGTCGCGCTCAGCGGCTGTGACCAGGTGCT-3"

5’ -AGCACCTGGTCACAGCCGCTGAGCGCGACACA-3

5’ -TGTGTCGCGCTCAGCGGCTATGACCCGGTGCT-3"

5’ -AGCACCGGGTCATAGCCGCTGAGCGCGACACA-3"

5’ -TTCCTCCACAAGAAAGATCTCTTTGGCGAGAA-3"

5’ -TTCTCGCCAAAGAGATCTTTCTTGTGGAGGAA-3"

5’ -TTCCTCAACAAGARAGATCTCTCTGGCGAGAA-3"

5/ -TTCTCGCCAGAGAGATCTTTCTTGTTGAGGAA-3’

5’ -TGGCGAGAAGAACAAGAAGTCACCT-3

5’ -AGGTGACTTCTTGTTCTTCTCGCCA-3/

5’ -TTACGTTCCGAGCGCTGACCGCGCACGTCAAACAATTTAA-3’
Generation of Drosophila Goo G203R
5’ -TTAAATTGTTTGACGTGCGCGGTCAGCGCTCGGAACGTAA-3’

5’ -CTTATCATCTGGGACAGCTACACCACCgcCgcGGTCCACGCCATCCCTCTGCGCTCCTC-3"
Generation of GBPl mutant
5’ ~-GAGGAGCGCAGAGGGATGGCGTGGACCgcGgcGGTGGTGTAGCTGTCCCAGATGATAAG-3"

5’ -CGCAAATGGGCGGTAGGCGTG-3"
Generation of M2R-NLuc
5’ -CTCTAGACACCGGTgcCCTTGTAGCGCCTA-3

5’ -GCGTCGtCTTCgtcgacCCGGTGCCAGGGGCCATG-3"
5’ -GGGAGCAGGGCCcCTGGCATCTTCAGTCAGGATCT -3

5’ -CTATCCGAATCCTATCCgaAGACCGCAGCTGCCTGG-3" q q q
Generation of GFP-Ric8A wild-type and

tant
5’ -CCAGGCAGCTGCGGTCTtcGGATAGGATTCGGATAG-3 WERRIES

5’ -GTGATATTAAAGAGCACTgCGAGGATCTCCATGGCC-3"

5’ -GGCCATGGAGATCCTCgCAGTGCTCTTTAATATCAC-3'

5’ -agcctgagctcgtttCTCgaGeggccgecaccatggatga=-3'
Generation of GFP-Ric8B
5’ -cctgtgtggcgaattctcagtctgtgtccgagetg-3’

5’ -ATACAAGTTTGTACAARACAAGCAGGCTCGAGGGCCGCCGCCTTCACCATG-3"
Generation of Drosophila GFP-Ric8
5’ -CTGGGTCGGCGGGCCCACCCTAGGTTTTCCGCTTC-3"
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Supplemental Figure 1. Biochemical purification of Gao encephalopathy mutants. (A) The Disease
onset data from patients (Supplemental Table S1) was pooled according to the two classifications of
GNAO1 encephalopathy: Developmental and Epileptic Encephalopathy-17 (DEE17; red bars) and
Neurodevelopmental Disorder with Involuntary Movements (NEDIM; blue bars). Note that the most severe
DEE17 group shows in average a much lower Disease onset than the NEDIM group (n=29-31). (B)
Coomasie blue staining of SDS-PAGE shows the purity of the recombinant Hise-tagged Gao wild-type,
encephalopathy mutants, and the control Q205L. The clinical manifestation associated to each Gao
mutant, and if they were purified active (+) or not active (-) is indicated. (C) The Disease onset data was
grouped according to the biochemical activity of the recombinant Gao mutants associated to the DEE17
disorder (n=13-16). (D) A scatterplot shows a non-significant negative correlation between Disease onset
and the calculated GTP/GDP-loading ratio of Gao variants. Note the log scale in the y axis. Data represent
mean + SEM. Data in (A) and (C) were analyzed by two-tailed Mann Whitney test, and in (D) by two-tailed
Spearman correlation test (rank correlation coefficient (r;) and P value are indicated). ns is not significant
and ****P < 0.0001.
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Supplemental Figure 2. Expression of Gao encephalopathy mutants in N2a cells. (A) N2a cells were
transfected with Goo-GFP wild-type or encephalopathy mutants, and their expression levels were
determined by Western blot using antibodies against GFP and against a-tubulin (a-tub) as loading control.
(B) Quantification of the expression levels of Gao variants (n=6). Data are color-coded according to the
involvement of the mutants in Developmental and Epileptic Encephalopathy-17 (DEE17; red bars) or
Neurodevelopmental Disorder with Involuntary Movements (NEDIM; blue bars). (C) The expression level
of Gao mutants pooled according to the DEE17 and NEDIM classification (n=27-66). (D) A scatterplot
shows no significant correlation between Disease onset and the expression of Gao variants. Note the log
scale in the y axis. Data represent mean + SEM. Data in (B) were analyzed by one-way ANOVA followed
by Dunnett's multiple comparisons test, (C) by two-tailed Mann Whitney test, and (D) by two-tailed
Spearman correlation test (rank correlation coefficient (r;) and P value are indicated). ns is not significant,
*P <0.05, **P<0.01, ***P < 0.001 and ****P < 0.0001.
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Supplemental Figure 3. Subcellular localization of Gao mutants in N2a cells. (A) N2a cells
expressing Gao-GFP wild-type or the indicated mutants were immunostained against GM130 to visualize
the Golgi apparatus. Scale bar, 10 ym. (B) A scatterplot shows a significant negative correlation between
the relative localization of Gao mutants at the plasma membrane (PM) and Golgi apparatus. (C) No
significant correlation was calculated between Disease onset and the Golgi localization of Gao variants.
Note the log scale in the y axis. Data represent mean + SEM. Data in (B) and (C) were analyzed by two-
tailed Spearman correlation test; rank correlation coefficients (r;) and P values are indicated.
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Supplemental Figure 4. Analysis of the cellular properties of Gao encephalopathy mutants. (A) A
scatterplot shows no significant correlation between Disease onset and RGS19 interaction of Gao variants.
Note the log scale in the y axis. (B and C) Strong positive correlations were calculated between GB1y3
interaction and GB3y9 displacement (B) and plasma membrane (PM) localization (C) of Gao mutants. (D)
A significant positive correlation is also seen between Disease onset and GB3y9 displacement. Data
represent mean + SEM. All data were analyzed by two-tailed Spearman correlation test; rank correlation
coefficients (r;) and P values are indicated.
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Supplemental Figure 5. Golgi delocalization of Ric8A by Gao encephalopathy mutants. (A)
Representative images of N2a cells expressing GFP-Ric8A alone, together with Gao encephalopathy
mutants, or the GTPase-deficient Q205L mutant as control. Note that the normal cytoplasmic localization
of Ric8A is drastically shifted to the Golgi (and to a lesser extent to the plasma membrane) by the co-
expression of Gao encephalopathy variants, but not Q205L. Gao was detected by immunostaining using
an specific antibody. Scale bar, 10 um.
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Supplemental Figure 6. Golgi delocalization of Ric8A by encephalopathy mutants depends on Gao
lipidations. (A) N2a cells co-expressing HA-tagged Ric8A (HA-Ric8A) together with Gao wild-type, the
mutants G203R, R209C, E246K, or the control Q205L were immunostained against Gao and the HA-
epitope, and stained with DAPI in blue for nuclei. Note the strong cytoplasm-to-Golgi delocalization of
Ric8A only in the presence of encephalopathy mutants. (B) Immunoprecipitation (IP) of GFP-Ric8A was
done from N2a cells preincubated for 15 h with 10 yM of the N-myristoylation blocker DDD85646 (+) or
DMSO as control (-), and using a nanobody against GFP. The co-precipitation of Gao variants was
determined by immunodetection with antibodies against Gao and GFP. (C) Quantification of Gao co-IP
reveals no significant effect of the N-myristoylation inhibitor (n=3-4). (D—F) Representative images of N2a
cells showing that the Golgi delocalization of Ric8A and overall membrane association of Gao variants
were abolished by the DDD85646 treatment. Scale bars, 10 ym. Data represent mean + SEM. The data in
(C) were analyzed by one-way ANOVA followed by Dunnett's multiple comparisons test; ns is not
significant.
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Supplemental Figure 7. The neomorphic Ric8A interaction of Gao encephalopathy mutants
depends on Ric8A chaperone activity. (A and B) N2a cells co-expressing the GFP-Ric8A and Gao
constructs indicated in the panels were immunostained against Gao, and DAPI staining in blue indicates
nuclei. Note that the strong Golgi-delocalization of Ric8A by the Gao R209C and E246K mutants is clearly
reduced or lost for the chaperone-deficient mutants K225A and R75E, respectively. Scale bars, 10 um.
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Supplemental Figure 8. The neomorphic Ric8-Gao mutant interaction is conserved between fly and
mammals. (A) N2a cells were co-transfected with GFP-Ric8A (mouse) or GFP-dRic8 (Drosophila), and
the G203R mutant of Gao (human) and dGao (Drosophila). The immunoprecipitation (IP) of GFP
constructs was done with a nanobody against GFP and analyzed by Western blot using antibodies against
GFP, Gao, and dGao. (B) A multiple sequence alignment of Ric8 proteins including Ric8A Mus musculus
(NP_444424.1), Ric8B Mus musculus (NP_898995.1), and dRic8 Drosophila melanogaster
(NP_001285048.1).
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Supplemental Figure 9. Ric8A/B interaction with Ga subunits. (A—F) HEK293T cells were co-
transfected with GFP, GFP-Ric8A or GFP-Ric8B and non-tagged Ga11 (A), Gaq (B), Ga13 (C), Gai1 (D),
Gaolf (E), or Gas (F). The immunoprecipitation (IP) of GFP proteins was done using a nanobody against
GFP and the interaction with the Ga subunits was determined by Western blot. Immunodetection was
achieved using antibodies against GFP, Gao, Ga11, Gaq, Ga13, Gai1, and Goolf/s. (G and H) HEK293T
cells were co-transfected with GFP-Ric8A and Gaq (G) or GFP-Ric8B and Gas (H), and Gao wild-type,
mutants or empty plasmid (-). The IP of GFP-Ric8A/B was done and analyzed as above. Arrowheads point
to Gaolf and Gas, and (*) indicates a prominent degradation product of Gas.
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Supplemental Figure 10. PM localization of Gaq is not blocked by Gao encephalopathy mutants.
(A) HEK293T cells expressing Gag-GFP alone or together with Gao wild-type, G40R, G203R, or E246K
were immunostained against Gao and stained with DAPI to visualized nuclei in blue. Note that Gaq is
efficiently targeted to the PM in the presence of Gao variants. Scale bars, 10 ym. (B) HEK293T Ric8A
knockout (ko) cells were analyzed by Western blot alongside the HEK293T parental line. Immunodetection
was done using antibodies against Ric8A, Ga11, Ga13, Gai1, Gaolf/s, GB1-4, and a-tubulin (a-tub) as
loading control.
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