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Supplementary Text

Purification of complex I from different species:

Complex I from Bos taurus: Mitochondrial membranes were prepared from bovine heart tissue as described previously,'
followed by complex I solubilization and purification according to our established protocol,” with the minor alteration of the gel
filtration buffer containing 150 mM NaCl rather than 200 mM.

Complex I from Yarrowia lipolytica. Membranes from Y. lipolytica strain GB10 were prepared as described previously.**
Purification of complex I from Y. lipolytica membranes was achieved using the protocol described by Brandt and co-workers® with
minor modifications: solubilized membranes (~800 mg) were loaded onto two 5 mL HisTrap HP columns (Cytiva) in series
and the eluted complex I fractions were concentrated and loaded onto a Superose 6 Increase column (Cytiva) for size exclusion
chromatography. Glycerol was added to the pure complex I sample at a final concentration of 20% (v/v).

Complex I from Pichia pastoris. P. pastoris complex I was purified using a method adapted from previously published protocols
for P. pastoris® and Y. lipolytica®*. P. pastoris strain X33 was grown as described.® For the membrane preparation, cells were diluted
to S00 ¢ L' in 20 mM MOPS (pH 7.2), 400 mM sorbitol, S mM EDTA, 5§ mM benzamidine hydrochloride, 5 mM e-
aminocaproic acid, 2% bovine serum albumin (BSA). 800 uM phenylmethylsulfonyl fluoride (PMSF) was added to the sample
before disruption using a Dyno®-Mill bead mill (2 passes at ~10 mL min™). Unbroken cells and debris were removed by
centrifugation (6,000 g, 15 minutes). The supernatant was collected and ultracentrifuged (208,000 g, 60 minutes) and the
membrane pellet was retained. The membranes were resuspended and homogenized in ~800 mL of 20 mM MOPS (pH 7.2),
400 mM sorbitol, S mM e-aminocaproic acid, S mM benzamidine, before a second ultracentrifugation step (208,000 g, 45
minutes). The pellets were again resuspended and homogenized in ~400 mL of 20 mM MOPS, 400 mM sorbitol, $ mM e-
aminocaproic acid, 5 mM benzamidine (pH 7.2). A final ultracentrifuge step (208,000 g, 35 minutes) was performed before
rehomogenization in 20 mM NaH,PO, (pH 7.45), SO mM NaCl. Washed membranes were aliquoted and frozen in liquid N..

Defrosted membranes were diluted to 20 mg protein mL™' with 20 mM NaH,PO, (pH 7.4), 50 mM NaCl. Two EDTA-free
protease inhibitor cocktail tablets (Roche) were added per SO mL of membrane suspension and the membranes were solubilized
on ice for 30 minutes following the addition of 2.3% DDM. The sample was centrifuged (208,000 g, 45 minutes) and the
supernatant was treated with 400 mM NaCl (s) and 20 mM imidazole from a neutralized 1 M stock. The sample was filtered
(0.22 ym) and loaded onto a 40 mL Ni-sepharose FF column pre-equilibrated with 20 mM NaH,PO, (pH 7.2), 400 mM NaCl,
42 mM imidazole, 0.02% asolectin, 0.02% 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS), 0.1%
DDM. The column was washed with ~100 mL of the same buffer, before elution with 20 mM NaH,PO, (pH 7.2), 400 mM Na(l,
140 mM imidazole, 0.02% asolectin, 0.02% CHAPS, 0.1% DDM. Complex I from P. pastoris was found to have a natural affinity
for Ni-sepharose and required no artificial His-tag for its purification. Fractions containing complex I were concentrated with an
Amicon Ultra-15 (100 MWCO) spin concentrator and injected onto a Superose 6 Increase 10/300 gel filtration column, pre-
equilibrated with 20 mM MOPS (pH 7.45), 150 mM NacCl, 0.05% (w/v) DDM, 10% (v/v) glycerol. Fractions containing pure
complex I were concentrated as before. 20% glycerol was added to the sample, which was then aliquoted and frozen in liquid No.

ComplexI from Mus musculus. C57BL/6 mice were sacrificed by cervical dislocation in accord with the UK Animals (Scientific
Procedures) Act 1986 (PPL: P6C97520A, approved by the local ethics committee and the UK Home Office). Hearts were
excised, then immersed immediately in ice-cold buffer containing 10 mM Tris-HCI (pH 7.4 at 4 °C), 75 mM sucrose, 225 mM
sorbitol, 1 mM EGTA, and 0.1% (w/v) fatty acid-free BSA, supplemented with one cOmplete™ EDTA-free protease inhibitor
tablet (Roche) per 50 mL buffer. All subsequent steps were performed at 4 °C. Mitochondrial membranes were prepared from
heart tissues,’” then complex I was prepared as described previously,” with minor modifications. Briefly, membranes were diluted
to S mg protein mL™ in 20 mM Tris-HCl (pH 7.4 at 4 °C), 1 mM EDTA, and 10% glycerol, supplemented with one cOmplete™
EDTA-free protease inhibitor tablet per S0 mL buffer. Proteins were solubilized from the membranes by addition of 1% DDM,
stirred for 30 minutes on ice, and centrifuged. Then, the detergent-solubilized complexes were separated by ion-exchange
chromatography using a 1 mL Hi-Trap Q Hp column (Cytiva). The complex I-containing fractions were pooled and
concentrated to 100 pL using an Amicon Ultra concentrator (100 MWCO.), and the sample applied to a Superose 6 increase
5/150 column (Cytiva) and eluted in 20 mM Tris-HCl (pH 7.14 at 20 °C), 150 mM NaCl, 10% ethylene glycol, and 0.05%
DDM. The complex I fractions were pooled and concentrated as above, then treated with 20% glycerol before flash freezing in
liquid N, and storage at —-80 °C.

Results: Characterization of the quinone reductase GlpD for RET catalysis.



In order for GlpD to be considered as a candidate for driving quinone reduction for RET experiments, it must fulfil two main
requirements. First, it must be capable of sufficient turnover that oxidation of the quinol by complex I is rate limiting. Second, it
must not be sensitive to standard inhibitors and uncouplers used as controls in complex I studies. We therefore tested the
suitability of GlpD to meet these requirements. GlpD from E. coli was overexpressed homologously with a C-terminal
hexahistidine tag and purified using affinity chromatography in 0.05% n-dodecyl-B-D-maltopyranoside (DDM, see Experimental
Procedures).*” SDS-PAGE analysis showed that the protein was highly pure (Figure S1A) from the single step His-column
purification, indicating no further separation protocols were required. We assessed the activity of GlpD using a simple
spectrophotometric assay, which uses the reduction of Q; as a reporter for GlpD activity (see Experimental Procedures for
details). This assay showed that GlpD was active, and its activity was enhanced by the addition of a detergent-phospholipid
mixture to the assay buffer (Figure S1B). Catalysis was sensitive to an established GlpD inhibitor, glyceraldehyde 3-phosphate
(GA3P)® but importantly, not to piericidin A and antimycin A (canonical inhibitors of complexes I and III, respectively) or
gramicidin A (an uncoupler used to dissipate Ap) (Figure S1C). It was also insensitive to 10 pM 2-heptyl-4-hydroxyquinoline-
N-oxide (HQNO), even though it has been observed in the putative active site in a GlpD crystal structure.® Consistent with
previous studies® !, the Ky values for both racemic- (rac)-G3P (16.7 mM) and the active stereoisomer (sn-G3P, 7.3 mM) were
high; the maximum turnover numbers were 71 and 98 s~ respectively (Figure S1D). All experiments were carried out using rac-
G3P unless otherwise specified.



Table S1. Species comparison for complex I in the modular proteoliposome system. Representative reconstitutions
provided parameters for orientation (outward facing complex I) and retention (the proportion of complex I remaining from the
starting quantity). All reconstitutions were performed with § mg lipids, 100 pg complex I and 150 pg FiFo ATP synthase (3:1
molar ratio to complex I). Reconstitution parameters were obtained from the same preparations as Figure 6. Kinetic parameters
were determined from the data in Figure 4 and Figure S6. Kinetic parameters for M. musculus were not determined. Errors given
are the S.E. of the fit.

Kinetic Parameters
Species of s
Reconstitution Parameters
complex I
Forward electron transfer Reverse electron transfer
Km Vimax Km Vimax
Orientation  Retention (mM, (pmol min™ (mg (mM, (pmol min™ (mg
membrane) Clouw)™) membrane) Clow)™)
B. taurus 63% 60% 1.65+0.20 24.25+0.85 923 +£1.62 0.50 £ 0.04
M. musculus 62% 72% N.D. N.D. N.D. N.D.
P. pastoris 57% 53% 096+0.11 4320+ 1.21 3.35+0.48 0.62 £0.03

Y. lipolytica 69% 64% 1.87£0.13 5$3.73 £ 1.0
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Figure S1. Characterization of GlpD overexpressed and purified from E. coli. (A) SDS-PAGE analysis of purified His-tagged
GlpD. 1 pg isolated GlpD was loaded onto the gel and compared with a standard protein mixture (Mw; molecular weight). The
single band at ~55 kDa is consistent with the expected Mw of GIpD (56,150 Da). (B) Rates of rac-G3P:Q, oxidoreduction by
GlpD (0.1 pg mL™?) in the standard buffers used for proteoliposome assays and in the presence and absence of 0.15% (w/v)
asolectin and 0.15% (w/v) CHAPS. Turnover was initiated by addition of 120 mM rac-G3P and the reduction of 200 uM Q, was
recorded at 275 nm (e = 13.7 mM~* cm™ )" at 32 °C. See Experimental Procedures for details. (C) The effects of candidate
inhibitors on catalysis by GlpD. Assays were conducted as in panel B at pH 7.5 with asolectin/CHAPS, in the presence of
glyceraldehyde 3-phosphate (GA3P, 20 mM), piericidin A (2 ypM), antimycin A (2 M), HQNO (10 yM), or gramicidin A (2
pg mL1). Note that Q-site inhibitors were used at concentrations sufficient to inhibit respiratory chain enzymes. (D) Michaelis-
Menten analyses of rac-G3P and sn-G3P oxidation by GlpD (pH 7.5, 0.15% asolectin/CHAPS, 200 uM Q,) with varying G3P
concentrations. Data points are mean average values (+ SD), with statistical significance for panels B and C assessed using a one-

way ANOVA with Tukey’s multiple comparisons correction (****p < 0.0001).
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Figure S2. The effects of p-cyclodextrin on rates of catalysis by proteoliposomes. (A) Dependence of the rate of RET
(GlpD-CI) on the concentration of B-CD. Rates of NAD* reduction were measured for proteoliposomes (5 pg Clow: mL™) in the
presence of 1 mM MgSOs, 1 mM ATP, 120 mM rac-G3P and 1 mM NAD", 100 ug mL™* GlpD and varying concentrations of p-
CD, following a three-minute pre-treatment with 10 uyM NADH. (B) Dependence of the rate of NADH oxidation (CI-AOX)
on the concentration of B-CD. Rates of NADH oxidation were measured for proteoliposomes (0.5 pg Clo. mL™?) in the presence
of 200 uM NADH, 10 pg mL™* AOX and varying concentrations of p-CD. (C) Titration of AOX for NADH-coupled ATP
synthesis. ATP synthesis was measured as described in Experimental Procedures in presence and absence of 2.5 mM f-CD and
AOX concentrations were varied between 0.01-80 ug mL™. (D) Dependence of the rates of NADH oxidation (CI-AOX) in the
presence and absence of 0.5 g mL™! gramicidin A on the concentration of AOX added. Rates of NADH oxidation were measured
for proteoliposomes (0.5 pg Clo mL™?) in the presence of 200 yM NADH, 2.5 mM B-CD and varying concentrations of AOX.
The respiratory control ratio (RCR, right hand axis) was determined as the ratio of the coupled and uncoupled rates.
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Figure S3. Characterization of proteoliposomes for reverse catalysis using Qo0 and soluble quinones. (A) Michaelis-
Menten curves of Qo membrane concentration for reverse electron transfer at different concentrations of GlpD (1 mM Quo
(membrane) = 1 nmol Qyo per mg of phospholipid). The titrations were performed as described for Figure 4A. A single point
using 80 pg mL™" GlpD is given for the highest concentration of Q. Vines was determined as 0.503 + 0.044 and 0.505 + 0.049
pmol min™ (mg Clow:)™ for 100 and 120 pg mL ™, respectively. Ky values were 9.13 + 1.62 and 9.45 + 1.85 mM for 100 and 120
pg mL™, respectively. (B) pH dependency of RET in GlpD-SMPs (purple), and proteoliposomes (blue). For CI-FiFo
proteoliposomes, RET rates were measured under standard conditions but in the presence of 5 mM sn-G3P instead of 120 mM
rac-G3P. sn-G3P was used to maximize the rate while minimizing the pH change from the added G3P. For succinate induced
RET, rates were measured with 20 ug mL™" SMPs supplemented with 80 yg mL™" GlpD and treated with 1 mM MgSO,, 1 mM
ATP, 2.5 uM antimycin A, 2.5 mM B-CD and 5 mM succinate. For G3P induced RET), succinate was replaced by 5 mM sn-G3P.
For all measurements, complex I was preactivated with 10 yM NADH for 3 minutes prior to RET substrate addition. All buffers
contained 10 mM buffering agent, SO mM KCl, and the buffering agents were adapted depending on the working pH (pH values
at 32°C indicated in brackets): MES [6.03, 6.33], MOPS [6.86, 7.11, 7.33, 7.64] and TAPS [7.78, 8.14, 8.61]. (C) Comparison
of RET by CI-F,Fo proteoliposomes using different quinones and reductants. RET in liposomes containing Qo was measured
under the standard conditions described in Experimental Procedures. For measurements of soluble quinones, standard
proteoliposomes were prepared in absence of Qo and RET was measured using 5 pg ml™" Cloy with 1 mM NAD*, 1 mM ATP, 1
mM MgSOs, 120 mM rac-G3P, 2.5 mM B-CD and 100 pM quinone (either decylubiquinone (DQ) or ubiquinone-1 (Q,)).
Quinone reduction was induced by the addition of either 80 pg mL™* GlpD or 2 mM dithiothreitol (DTT)."
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Figure S4. Measurements of the proportion of A/D complex I in CI-only proteoliposomes are unaffected by uncoupling.
Complex I proteoliposomes (200 pg mL ™' Cl,u) were incubated with 1 mM NEM or an equivalent volume of the DMSO vehicle
(0.25%) for 20 minutes on ice before the NADH:O; activity was measured (see Experimental Procedures for assay details).
Deactivated samples were incubated at 37 °C for 15 minutes prior to the addition of NEM or DMSO. Gramicidin A was added
to the assay mixture at a concentration of 0.5 pg mL™" where indicated. Comparison of the + NEM rates for as prepared
proteoliposomes gives a proportion of 38% D for both coupled and uncoupled proteoliposomes. NEM rates from deactivated

proteoliposomes give a proportion of >95% D. All data are mean averages with error (+ S.D.) values from 4 technical replicates.
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Figure SS. Characterization of ATP hydrolysis by CI-F,Fo proteoliposomes reconstituted with complex I from different
species. (A) Equivalent proteoliposomes were prepared and resuspended at the same volume. ATP hydrolysis rates were
measured with 1 yL of proteoliposomes in the presence and absence of 15 pg mL™" alamethicin to estimate the F,Fo ATP synthase
orientation. See Experimental Procedures for details. ATP hydrolysis rates are therefore representative of the relative retention
of FiFo ATP synthase in these proteoliposomes. All data are mean averages with error (£ S.D.) values from 4 technical replicates.
(B) Formation of Ap by proteoliposomes monitored by quenching of the ACMA fluorescence during ATP hydrolysis. An
equivalent volume of proteoliposomes was suspended in 2 mL assay buffer supplemented with 0.5 pM ACMA and 0.1 yM
valinomycin. Proton pumping was initiated by the addition of 1 mM Mg-ATP and Ap dissipated by treatment with 15 pg mL™
alamethicin (AlaM). See Experimental Procedures for further details.
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Figure $6. Qo titrations for forward and reverse electron transfer in P. pastoris and Y. lipolytica complex I. Complex I and
FiFo ATP synthase were reconstituted under standard conditions (see Experimental Procedures) with varying concentrations
of Qo, which were subsequently quantified. Complex I activities were measured as in Figure 4 and fit to Michaelis-Menten curves
for Qo concentration in the membrane (1 mM Qo (membrane) = 1 nmol Qo per mg of phospholipid). NADH oxidation rates
represent complex I activity in the presence of the uncoupler, gramicidin A at 0.5 pg mL™". All NADH oxidation measurements
are mean averages of quadruplicate technical replicates and NAD" reduction measurements are mean averages of triplicate

technical replicates. Errors are given as + S.E. of the fit.
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