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Supplementary Tables 1 - 3

Supplementary Table 1. Crystallographic data collection and refinement statistics. Numbers in parentheses
indicate values for the highest resolution shell of data.

SDHA-SDHAF2-SDHAF4 SDHA-SDHAF4

Data collection

Space group P2,2,2; P212:2
Cell dimensions

a, b, c(A) 66.0, 103.2,126.2 139.0, 69.3, 72.6

o, B,y (%) 90, 90, 90 90, 90, 90
Resolution (A) 50-1.52 (1.56-1.52) 50-1.45 (1.51-1.45)
Rsym 0.081 (0.970) 0.096 (1.421)
Rpim 0.041 (0.491) 0.041 (0.614)
I/o 24.5 (1.7) 35.6 (1.5)
Completeness (%) 91.7 (89.0) 99.8 (100)
Redundancy 4.2 4.1) 7.0 (6.2)
CCinz 0.904 (0.648) 0.998 (0.544)
Refinement
Resolution (A) 35.5-1.52 28.5-1.45
No. reflections 122165 125470
Ryork/Rfree 0.157/0.184 0.154/0.171
No. atoms

Protein 6083 5185

Water 518 423
B-factors (mean)

Protein 23.09 26.44

Water 32.63 36.12
RMS deviations

bond lengths (A) 0.008 0.008

bond angles (°) 1.02 0.972

Single crystal was used for each structure. Values in parentheses are for highest-resolution shell.



Supplementary Table 2. Inter-protein interactions in the SDHA-AF2-AF4 assembly intermediate.

S.No. | SDHA | Length | SDHAF2
1 K92 (0) 2.73 Y72(0y)
2 T96(0,") | 2.82 S113(0)
3 RI7(N,") | 2.89 P112(0)
4 RI7T(N,») | 2.87 P112(0)
5 H99(Ns') | 3.36 G78(0)
6 V101(0) | 2.93 | WI16(N.")
7 QI04(N:2) | 3.21 | Y120(0y)
8 RI9OS(N,D) | 3.19 | D46(0s%)
9 RI9S(N,?) | 2.41 D46(05')
10 HI98(N:2) | 2.77 | S113(0,)
11 S199(0,) | 2.77 | D46(0s)
12 H202(Ns") | 3.13 S113(0y)
13 H202(N2) | 2.73 150(0)
14 R210(N,2) | 3.31 P51(0)
15 E240(0:2) | 2.88 | R58(N,)
16 E240(0:%) | 2.64 | RS58(N,?)
17 H270(0) | 2.97 | K76(NZ)
18 M388(0) | 2.93 | N146(Ns?)
19 F390(0) 2.78 R152(N)
20 E398(0:") | 3.11 K149(Ny)
21 R507(N,") | 2.86 | E163(O:")
22 S509(0,) | 2.68 | E159(0:)
23 R512(N%) | 3.04 | D157(0s")
24 E564(0:") | 2.92 | R75(N,?)
25 E564(0:2) | 2.79 R75(N;)
26 E564(02) | 2.79 K76(N)
27 E567(0:)) | 2.70 K76(N)
SDHAF4
1 Q104(0:)) | 2.98 | R104(Ny,)
2 Q104(0:hy | 3.30 | R104(N,?)
3 S161(0,) | 2.73 E84(0:2)
4 R162(N) | 2.92 K85(0)
5 R162(0) | 2.83 K85(N)
6 RI17I(N) | 2.76 E92(0:2)
7 RI7I(N,D | 2.82 E84(0:2)
8 RI7I(N;?) | 2.92 E84(0;")
9 RI7I(N,;?) | 2.87 E92(0;")
10 A193(N) | 3.13 G86(0)
11 D194(0s) | 2.79 | R10I(N,Y)
12 D194(0?) | 3.03 R89(N)
13 L306(0) | 2.79 C105(N)
14 T308(N) | 2.88 G103(0)
15 T308(0,)) | 2.65 | D98(0s)
16 R379(0) | 2.84 | R95(N,?)
17 A454(N) | 2.99 | D107(0s%)
18 L306(0) | 2.79 C105(N)
19 T308(N) | 2.88 G103(0)
20 T308(0,") | 2.65 | D98(0s%)
21 R379(0) | 2.84 | R9S(N,®)
22 T386(0,)) | 2.93 K102(0)




Supplementary Table 3. Inter-protein interactions in the SDHA-AF4 assembly intermediate.

S.No. | SDHA Length | SDHAF4
1 Q104(0s) 2.82 R104(N,?)
2 S161(0y) 2.61 E84(02)
3 R162(N) 2.95 K85(0)
4 R162(0) 2.84 K85(N)
5 RI171(N,) 2.82 E92(02)
6 RI71(N,) 2.86 E84(0:2)
7 RI71(N;) 2.89 E84(0.))
8 RI71(N;) 2.89 E92(0.))
9 A193(N) 3.10 G86(0)
10 D194(05)) 2.81 RI101(N,)
11 D194(03) 2.93 R89(N)
12 H407(N2) 3.28 D107(0s))
13 R451(N,)) 278 D107(0s))
14 R451(N,?) 3.08 D107(0s))
15 R451(N,?) 3.04 | F108(OXT)
16 A454(N) 296 | DI07(0s)
17 L306(0) 2.83 C105(N)
18 T308(N) 2.88 G103(0)
19 T308(0,) 2.82 D98(05))
20 E309(N) 2.91 D98(0)
21 E314(05) 2.60 Y96(0y)
22 R379(0) 3.12 R95(N,?)
23 E385(0.)) 2.85 E69(N)
24 E385(0.)) 2.99 K102(Ny)
25 T386(0,) 2.68 K102(0)




Supplementary Figures 1 — 15
Supplementary Figure 1
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Figure S1. Validation of cell lines with perturbed SDHAF4. (a) Quantitation of the gel shown in Figure 2a by
densitometry and ImageJ 3. (b) Measurement of levels of relevant CII subunits and assembly factors in duplicate
SDHAF4XO cell lines. (left) Parental, SDHAF4X036, SDHAF4X98! and SDHAF4™* cells were subjected to SDS-
PAGE followed by western blotting using anti-SDHA, anti-SDHB, anti-SDHAF2 and anti-SDHAF4 IgG.
GAPDH levels measured using anti-GAPDH IgG, was used as loading control. (right) Quantitation of individual
proteins assessed by western blotting related to GAPDH. (c) Parental, SDHAF4X0%¢ SDHAF4X98! and
SDHAF4™¢ cells were evaluated by (left) gRT-PCR for the level of SDHAF4 mRNA, related to B-actin mRNA,
or (right) by densitometry of the westerns in panel (b). d) - f) Parental, SDHAF4X93¢ SDHAF4KO8! and
SDHAF4™ cells were assessed for (d), routine respiration, (e) CII-dependent respiration, (f) SDH activity, (g)
SQR activity, and (h) succinate/fumarate ratio. For panel (f), the SDH activity was evaluated using high-



resolution clear chromatography followed by in gel activity. The gel image is on the left and densitometric
evaluation corrected to HSP60 is on the right. Panel (f) shows a representative image of 3 independent
experiments. Bar graphs show mean values + EM (n=3); *, p<0.05; **, p<0.01; *** p<001; and ****,

p<0.0001; n.s., non-significant.

The exact p-values are: (b) SDHA/GAPDH, par. vs. SDHAF4X9¢ p=0.0106, par vs. SDHAF4X%8! »,=0.0560,
par. vs. SDHAF4™ p=0.8496.; SDHB/GAPDH, par. vs. SDHAF4%9% 5<0.0001, par vs. SDHAF4X08!
p=0.0021, par. vs. SDHAF4*° p=0.0276; SDHAF2/GAPDH, par. vs. SDHAF4X9%¢ p=0.0122, par vs.
SDHAF4K08! p=0.0726, par. vs. SDHAF4™ p=0.9697 (¢c) SDHAF4 mRNA/B-actin, par. vs. SDHAF4K03
p<0.0001, par vs. SDHAF4X3! 5 0001, par. vs. SDHAF4™¢ p=0.0155; SDHAF4 protein/GAPDH, par. vs.
SDHAF4KX036 »p<0.0001, par vs. SDHAF4X9¥! 5=<0.0001, par. vs. SDHAF4™¢ p=0.008 (d) parental vs.
SDHAF4X936 p<0.0001, parental vs. SDHAF4X98! »<0.0001 , parental vs. SDHAF4™° n.s. (e) parental vs.
SDHAF4%0% p<0.0001, parental vs. SDHAF4X3! 5=0.0003, parental vs. SDHAF4*¢ p=0.7915; (f) parental vs.
SDHAF4X036 p=0.0022, parental vs. SDHAF4%98! »=0.0002, parental vs. SDHAF4™° p=0.0504; (g) parental vs.
SDHAF4X036 »p<(0.0001, parental vs. SDHAF4X98! »<0.0001, parental vs. SDHAF4™¢ p=0.0504; (h) parental vs.
SDHAF4X936 ,=0.0003, parental vs. SDHAF4X%%! p=0.01, parental vs. SDHAF4™° p=0.1523



Supplementary Figure 2.

a Native PAGE b Native PAGE
SDHA complexes SDHAF4 SDHA-AF2

15 --M L SDHAF2

Figure S2. SDHAF4 oligomerization. (a) Migration of purified SDHA, SDHA-AF2, SDHA-AF2-AF4 and
SDHA-AF4 on native PAGE. SDHAF4-containing complexes migrate slower than the SDHA-AF2 complex. (b)
SDHAF4 oligomerization on both native and SDS gels at concentrations between 0.5 — 5 mg/ml. The migration
of SDHA-AF2 (2mg/ml) is shown for comparison. Comparison of the native gels in (a) and (b) identifies that
purified SDHAF4 forms oligomers that can migrate at a molecular weight similar to SDHA-AF2 complex (red
box) and isolated SDHA (blue box). The SDS-PAGE gel shows that SDHAF4 forms dimers at higher protein

concentrations even in denaturing conditions.



Supplementary Figure 3

SDHAF250

SDHAF2162

- -
-

N

T < N-terminus

~ -
-~ -
L T

Figure S3. Changes in disorder in SDHAF2 upon binding to SDHA. (a) NMR structure of the yeast SDHAF2
homolog (PDBID 2L.M4)*; all 20 deposited structures are shown. Both the N- and C-termini exhibit intrinsic
disorder. (b)) Human SDHAF2 resected from the SDHA-AF2 structure (PDB ID 6VAX)!. The termini of
SDHAF2 when bound to SDHA increase in ordering but lack secondary structure. Full-length SDHAF2
contains residues 1 — 166, and residues are still disordered at both termini. (¢) SDHAF2 resected from the
SDHA-AF2-AF4 structure, reported here. Additional residues at each of the termini gain order compared to
SDHA-AF2 structure. Th entire C-terminus is now ordered. (d) Comparison of the structures of the isolated
yeast SDHAF2 homolog (red, single state from 20 deposited structures), human SDHAF2 resected from the
SDHA-AF2 structure (blue) and human SDHAF2 resected from the SDHA-AF2-AF4 structure (cyan).



Differences are observed in the changes in order at the termini and in residues SDHAF2'4%133 (jnsef). Note that
the termini of the isolated yeast SDHAF2 homolog are disordered, while those of the bound SDHAF2 are

ordered, but lack secondary structure.



Supplementary Figure 4
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Figure S4. Isolated SDHAF4 is an intrinsically disordered protein. (a) Circular dichroism spectra of
SDHAF4 collected at three temperatures (4 °C, 15 °C and 25 °C) and three protein concentrations (50 uM, 100
puM and 150 pM) all show a peak minimum at 200 nm, suggesting that SHDAF4 is an intrinsically disordered
protein. (b) As a comparator for the CD spectrum of SDHAF4, we collected a circular dichroism spectrum of
the SDHA-AF2 complex (50 uM) collected at 25 °C. The spectrum shows clear differences from the disordered
SDHAF4 and is consistent with a folded protein, with minima at 208 and 222 nm and at 218 nm reflecting the
presence of o-helices and B-strands, respectively. (¢) Full 15N-1H HSQC spectrum with assigned peaks
transferred from the assignments of the carbon direct detect spectra via the HNCO. The N-terminal His-tag and
sidechain as well as peaks from a putative minor conformation were not assigned. (d) The carbon direct detects

CON spectrum with full assignment of all residues.
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Supplementary Figure 5
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Figure S5. Fold and sequence conservation of SDHAF4. (a) Structure of SDHAF4 resected from the SDHA-
AF2-AF4 complex shown with side chains and superimposed onto a 2|F,|-|F¢| electron density map (blue, at 10)
calculated following molecular replacement but before building the SDHAF4 polypeptide. Only residues
SDHAF475-1% were observed in the context of the SDHA-AF2-AF4 complex. (b) Ribbon representation of the
SDHAF4 structure (residues 75-108) resected from the SDHA-AF2-AF4 structure. (¢) Sequence alignment of

SDHAF4F108
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SDHAF4 homologs. Comparators are from human, Rhodobacter sphaeroides, Saccharomyces cerevisiae
(yeast), Drosophila melanogaster (fruit fly), Arabidopsis thaliana (plant), Danio rerio (zebrafish), Gallus gallus

(chicken). Red boxes highlight conserved residues that were selected for mutation.
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Supplementary Figure 6
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Figure S6. Mutational analysis of SDHAF4. (a) Locations of substitution and truncation mutations of
SDHAF4 in the context of the SDHA-AF2-AF4 crystal structure. The affected residues included SDHAF4E84,
SDHAF452, SDHAF4P'Y7 and SDHAF4F!% (b) Interactions between the SDHAF4 C-terminus and the SDHA
active site. SDHAF4P'Y7 and SDHAF4F!% interact with the active site of SDHA including the substrate-
interacting residues SDHAM7 and SDHAR*!. (c-g), Models of the SDHAF4 C-terminal residue mutations.
Coot > was used to substitute residues. In each case, the most favored rotamer that made reasonable interactions
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was hand selected. (¢) SDHAF4P!7A  (d) SDHAF4P!'N (e) SDHAF4P!T (f) SDHAF4'%®A and (g)
SDHAF4AF1%8 () detailed interactions between SDHAF45%* and SDHAF4? with the conserved SDHAR!!. (i-
j)- Modeling of (i), SDHAF453N and (j) SDHAF4E?N predicts the disruption of stabilizing interactions between
SDHA and SDHAF4. (k) Displacement of SDHAF2 from the SDHA-AF2 complex by SDHAF4E%N and
SDHAF4F?N showed that SDHAF4®%N did not bind, while SHDHAF4®?N bound but was ~40-50% less

efficient.
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Supplementary Figure 7
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Figure S7. SDHAF4 in the context of the SDHA-AF4 complex. (a) SDHAF4 (orange) resected from the
SDHA-AF4 complex and superimposed onto a 2|F,|-|F¢| electron density map contoured at 1o level (blue). An
additional nine residues of SDHAF4 are ordered in SDHA-AF4 compared to SDHA-AF2-AF4 complex. In the
newly ordered region, a tight turn is facilitated by SDHAF4"7°; mutation of SDHAF4"7 is associated with vagal
paraganglioma °. (b) Ribbon representation of the SDHAF4 structure (residues 66-108) resected from the
SDHA-AF4 structure. (¢) Interactions between the active site of SDHA and the C-terminus of SDHAF4 appear
to be unchanged when compared to the SDHA-AF2-AF4 structure. (d) Superposition of SDHA-AF2-AF4 and
SDHA-AF4 highlight region that the additionally ordered regions of SDHAF4 in the SDHA-AF4 structure

would be steric conflict with SDHAF?2 if it remained bound (inset, red circle).

17



Supplementary Figure 8

Figure S8. The footprint for SDHB on SDHA overlaps with the binding sites for both the SDHAF2 and
the SDHAF4 assembly factor. SDHA is shown in white, SDHAF2 is shown in cyan, SDHAF4 is shown in
orange. The footprint where SDHB binds is shown as a pink outline. (a) The structure of the SDHA-AF2-AF4
complex shown as ribbons. (b) A rotated view of with SDHAF2 and SDHAF4 shown as surfaces and the
binding location for SDHB shown as an outline. The location of SDHB was identified by superposition of the
porcine CII structure PDB ID 3SFD’ onto the structure of SDHA-AF2-AF4. (¢) The structure of the SDHA-AF4
complex shown as ribbons. (d) A rotated view of the SDHA-AF4 complex with SDHAF4 shown as surface and
the binding location for SDHB shown as an outline. The location of SDHB was identified by superposition of
the porcine CII structure PDB ID 3SFD’ onto the structure of SDHA-AF4.
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Supplementary Figure S9
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Figure S9. Changes in disorder of SDHA during maturation. Porcine SDHA is shown in pink, human SDHA is shown
in white, human SDHAF?2 is shown in cyan, and human SDHAF4 is shown in orange. The changes in angle of rotation
between SDHA flavin binding and capping domains as it binds to assembly factors when compared to SDHA in
assembled complex (PDB ID 3SFD7) is shown in red. (a) The structure of SDHA in the context of mature CII
(SDHABCD) has been determined from porcine CII, where porcine SDHA is 95% identical and 96% similar to human
SDHA. A notable salt bridge between residues SDHAR? and SDHAP?**! stabilizes the positions of two domains that
surround the active site (PDB ID 3SFD’). (b) The interaction between SDHAR®? and SDHAP?*! is also present in SDHA-
AF2 complex (PDB ID 6VAX)!. (¢) However, this salt bridge is disrupted in SDHA-AF2-AF4 complex. As a result, the
C-terminal residues of SDHA become disordered after SDHA®! (red sphere) and lack associated electron density in the

crystal structure. (d) This interaction is restored in the SDHA-AF4 complex.
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Supplementary Figure 10
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Figure S10 Examples of changes in disorder of assembly factors during biogenesis.

(a) pICln (blue ribbon) is an assembly chaperone for small nuclear ribonucleoproteins. pICln is disordered at its N-

terminus as an isolated protein (PDB ID 1ZYI )® and contains a long, unstructured loop. (b) pICIn upon binding to the
SMN complex (PDB ID 4F7U)° the N-terminus of pICln organizes into a B-strand (yellow ribbon). (¢) SMN complex

with six subunits. The decrease in disorder of the N-terminus of pICIn probably stabilizes the assembly intermediate®’. (d)
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Cox17 is an assembly factor for respiratory complex IV and changes from open conformation (violet ribbon, PDB ID
1U97)' to a (e) closed conformation (PDB ID 1U96)'° upon binding to copper'® (orange sphere). (f) Scol is involved in
the delivery of copper to complex IV. A core loop (red dotted circle) of Scol becomes ordered when the isolated

polypeptide (Iemon ribbon, PDB ID 2GT5)!! (g) binds to the metal ions (Cu as orange sphere, PDB ID 2GQM)!!.
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Supplementary Figure 11
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Figure S11. Changes in disorder in the protomers of self-assembling arrestin complexes.

(a) A mammalian signal-transducing protein called arrestin-3 is normally a monomer in solution (grey ribbon,
left, PDB entry 3P2D)!2. An unstructured loop (red dotted circle) is involved in direct interactions to >800
distinct binding partners. (b) Interaction with the small molecule inositol hexaphosphate can induce arrestin-3
can trimerization (PDB ID 5TV1)!®. The unstructured of monomeric arrestin forms an o-helix that mediates
trimerization (red dotted circle). (¢) Structures of the arrestin-2 homolog with the neurotensin receptor (PDB ID

6UP7)'4, which belongs to the family of G protein coupled receptors. The same region of arrestin that forms an
23



a-helix during self-trimerization now forms a dynamic extended conformation with receptor'®!>. The plasticity

of this region may assist in self-assembly and may promote binding to a broad range of partners.
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Supplementary Figure 12
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Figure S12. Changes in disorder in the self-assembling chimallin complex. The chimallin protomer self-
assembles into an extremely large structure that encapsulates the bacteriophage genome. The structure of
chimallin has only been determined in the context of the nuclear shell. (a) A resected protomer of chimallin
highlights the lack of structure at both the N- and C-termini (PDB ID 7SQS)!. (b) The termini of each
chimallin protomer interact with adjacent molecules in the nuclear shell (PDB ID 7SQQ)'¢. The high level of

disorder and lack of secondary structure may provide plasticity, which can allow the nuclear shell to assemble'®
18
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Supplementary Figure 13
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Figure S13. Disorder and flexibility in the accessory subunits of mitochondrial complex I.

(a) The cryoEM structure of human respiratory complex I (pink ribbon, PDB ID 5XTD)Y. (b) Accessory
subunits found in the matrix arm, which is the soluble region (PDB ID 5XTB)'". Two of these accessory
subunits provide examples of disorder and dynamics in the assembly of complex. These are NADH
dehydrogenase [ubiquinone] iron-sulfur protein 4 (NDUFS4, magenta ribbon) and NADH dehydrogenase
[ubiquinone] iron-sulfur protein 6 (NDUFS6, brown ribbon). (¢) In the context of assembled complex I,
NDUFS4 (hot pink) is ordered but lacks secondary structure in >60% of the protein. (d) An NMR structure of a
homolog from Agrobacterium tumefaciens (yellow ribbon, PDB ID 2JYA)*
similarity and 37% identity with residues 20-111 of NDUFS4. (e) NDUSF4 and the 4. fumefaciens homolog fail

, which shares 55% sequence

to satisfyingly superpose. The RMS deviation of Ca atoms is > SA. The unstructured C-terminus of NDUSF4 is
not observed in the structure of the bacterial homolog. (f) The structure of NDUFS6 resected from mammalian
Cl is ordered but lacks secondary structure in >70% of the protein. (g) The NDUFS6 homolog from Silicibacter
pomeroyi (PDB ID 2JRR)?! shares 67% sequence similarity and 43% identity with residues 80-119 of NDUFS6.
(h) The NMR structure of the S. pomeroyi protein fails to superpose well with NDUFS6, with an RMS
deviation of Ca atom of 4.8 A.
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