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Electron-transferring flavoproteins (ETFs) have been found in all kingdoms
of life, mostly assisting in shuttling electrons to the respiratory chain for
ATP production. While the human (h) ETF has been studied in great
detail, very little is known about the biochemical properties of the homolo-
gous protein in the model organism Saccharomyces cerevisiae (YETF). In
view of the absence of client dehydrogenases, for example, the acyl-CoA
dehydrogenases involved in the B-oxidation of fatty acids, p-lactate dehy-
drogenase 2 (DId2) appeared to be the only relevant enzyme that is ser-
viced by yETF for electron transfer to the mitochondrial electron transport
chain. However, this hypothesis was never tested experimentally. Here, we
report the biochemical properties of yETF and DId2 as well as the electron
transfer reaction between the two proteins. Our study revealed that DId2
oxidizes p-o-hydroxyglutarate more efficiently than p-lactate exhibiting ke,
app/kMapp Values of 1200 + 300 m~"s™" and 11 + 2 m "s™", respectively.
As expected, substrate-reduced DId2 very slowly reacted with oxygen or
the artificial electron acceptor 2,6-dichlorophenol indophenol. However,
photoreduced DId2 was rapidly reoxidized by oxygen, suggesting that the
reaction products, that is, a-ketoglutarate and pyruvate, ‘lock’ the reduced
enzyme in an unreactive state. Interestingly, however, we could demon-
strate that substrate-reduced DId2 rapidly transfers electrons to yETF.
Therefore, we conclude that the formation of a product-reduced DI1d2 com-
plex suppresses electron transfer to dioxygen but favors the rapid reduction
in yETF, thus preventing the loss of electrons and the generation of reac-
tive oxygen species.

Introduction

Since the discovery of the first electron-transferring
flavoprotein (ETF) by Crane et al. [1] in 1956, a vari-
ety of other proteins belonging to the same family
have been identified in all kingdoms of life. They are
all heterodimeric proteins, consisting of a larger a- and
a smaller B-subunit and mostly bind a single flavin
adenine dinucleotide (FAD) cofactor at the subunit

Abbreviations

interface [2,3]. In prokaryotes as well as eukaryotes
most of them function as housekeeping proteins by
coupling the degradation of fatty and amino acids (in
humans also of choline) with energy production via
the respiratory chain [2,4,5]. This feature is based on
the ability of ETFs to accept electrons from various
dehydrogenases involved in catabolic pathways and

2HG, p-2-hydroxyglutarate or p-a-hydroxyglutarate; DCPIP, 2,6-dichlorophenol indophenol; DId2, p-lactate dehydrogenase 2 from
Saccharomyces cerevisiae; ETF, electron-transferring flavoprotein; ETF-QO, ETF-ubiquinone oxidoreductase; FAD, flavin adenine
dinucleotide; hETF, ETF from Homo sapiens; PCMH, p-cresol methylhydroxylase; yETF, ETF from Saccharomyces cerevisiae.
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Mitochondrial electron transport in yeast

the transfer to an integral membrane protein, ETF-
ubiquinone oxidoreductase (ETF-QO), which in turn
reduces ubiquinone, a key component of the respira-
tory chain, and thus directly influence the generation
of ATP. In some cases, however, ETF is part of a spe-
cialized system, for example, in Methylophilus methy-
lotrophus and  Peptostreptococcus elsdenii. In these
bacteria, reduced trimethylamine dehydrogenase and
NADH, respectively, serve as the predominant source
for electrons, as these organisms lack the metabolic
pathways mentioned above and, therefore, rely on
other carbon sources (methanol or trimethylamine and
D-lactate, respectively) for energy production [6—10]. In
other cases, reduced ETFs transfer electrons to acyl-
CoA dehydrogenases, which subsequently catalyze the
reduction in short-chain o,B-unsaturated fatty acids
[8]. The cellular role of the electron-transferring flavo-
protein of Saccharomyces cerevisiae (YETF) appears to
be similar to bacterial homologs because only one
enzyme is currently suspected to deliver electrons, that
is, D-lactate dehydrogenase (D1d2), whereas yETF was
reported to deliver the electrons to an ETF-QO homo-
log, named Cir2p, and thus shares this feature with
other eukaryotic organisms [11,12].

The mitochondrial matrix protein DId2 was first dis-
covered in a yeast two-hybrid assay, which was used
to identify actin-interacting proteins (therefore it was
initially called Aip2) [13-15]. In the course of subse-
quent in vivo characterizations, however, it was shown
that the protein catalyzes the oxidation of p-lactate to
pyruvate. Interestingly, recent studies by Becker-Ket-
tern et al. [16] revealed that DId2 was also able to oxi-
dize p-a-hydroxyglutarate to o-ketoglutarate. In fact,
according to steady-state experiments (with truncated
DI1d2) p-a-hydroxyglutarate was oxidized with a higher
efficiency compared to p-lactate [16]. In any case, the
oxidation of the two substrates results in the reduction
in the flavin cofactor, which needs to be regenerated
for turnover. Although the natural electron acceptor
of reduced DId2 remains elusive, the presence of a
gene encoding an ETF suggested this protein to serve
as the electron acceptor, which then further transfers
the electrons to a quinone-dependent dehydrogenase in
the inner mitochondrial membrane (Cir2p).

To study the possible interaction and the electron
transfer between DId2 and yETF, we produced both
proteins in Komagataella phaffii (formerly known as
Pichia pastoris) and Escherichia coli, respectively. In a
detailed biochemical characterization of yETF, we
could show that it exhibits spectral and electrochemi-
cal properties strongly diverging from its human coun-
terpart [17], despite high sequence identity (47%) and
structural similarity. Because we identified only a

M. Toplak et al.

single amino acid residue in the active site of yETF to
be different in comparison with the human homolog
(BPhel9 vs PTyrl6), we asked the question whether
the replacement of this particular phenylalanine by tyr-
osine could restore the biochemical properties of hETF
[17,18]. Therefore, we also generated a PPhel9Tyr
variant, as well as two double variants (BPhel9Tyr-
aAsn269Ala and PBPhel9Tyr-pGlul69Ala), with an
additional amino acid exchange targeting the well-
studied salt bridge at the surface of the human protein
(equivalent to human oAsn259Ala and BGlul65Ala
variants, respectively) [19].

To better understand the catalytic properties of
full-length DId2, we performed a detailed Kkinetic
characterization of the enzyme involving steady-state
and presteady-state experiments with both substrates,
that is, p-o-hydroxyglutarate and p-lactate. As previ-
ously reported by Becker-Kettern er al. [16], steady-
state experiments revealed a higher catalytic efficiency
and lower Kppp With D-a-hydroxyglutarate, but also
a lower turnover. In our presteady-state experiments,
however, p-o-hydroxyglutarate was shown to reduce
DId2 about ten times faster than b-lactate, which
indicated that the oxidative half reaction was rate
limiting under steady-state conditions using 2,6-
dichlorophenol indophenol as electron acceptor.
Finally, we could show that substrate-reduced DId2
rapidly transfers electrons to yETF, suggesting that
product binding to the reduced DId2 suppresses reac-
tion with oxygen but not with yETF. Thus, our study
revealed that (a) DId2 is in fact a more efficient p-o-
hydroxyglutaric acid dehydrogenase, (b) electron
transfer is controlled by product binding to reduced
DId2 and (c) yETF is the natural electron acceptor
of DId2.

Results

Production, purification and biochemical
characterization of yETF

Recombinant production of the heterodimeric yETF in
E. coli and subsequent purification using Ni-nitrilotri-
acetic acid affinity chromatography yielded about 3-
5 mg of pure heterodimeric protein (Fig. 1A, lane 6)
per g wet cell weight, which allowed its detailed bio-
chemical characterization. Like other flavoproteins
yETF exhibits a characteristic UV-visible absorption
spectrum with maxima at 377 and 441 nm, which are
slightly shifted upon denaturation (Fig. 1B, black and
red line, respectively). The maxima at 373 and 447 nm
observed in the absorption spectrum of denatured
yETF further indicate the presence of an FAD
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chromophore, which is also present in all other ETFs
studied so far [7,18,20-23].

Although all ETFs share the same cofactor, their
electrochemical properties are tuned to the electron
transfer pathway they service. Eukaryotic ETFs were
found to efficiently stabilize the anionic flavin semiqui-
none state and therefore mainly receive single electrons
from their donor systems [21], while the protein-bound
FAD cofactor in bacterial ETF from Megasphera els-
denii was shown to undergo two-electron reduction
when accepting electrons [8]. To study the ability of
yETF to stabilize the radical intermediate state, pho-
toreduction and redox potential experiments were con-
ducted. Upon illumination of oxidized yETF (Fig. 2A,
black line) under anoxic conditions, a short-lived anio-
nic semiquinone (Fig. 2A, red line) was observed,
which could easily be further reduced to the hydro-
quinone form (Fig. 2A, blue line). In the course of the
reoxidation, no stable semiquinone intermediate was
detected. When determining the redox potential of
yETF, by applying the dye equilibration method [24],
no stabilization of the flavin radical was observed, at
all. The flavin chromophore and the reporting dye
(indigo carmine; E°: —125 mV) were reduced almost
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synchronously (Fig. 3), allowing the generation of a
Nernst plot by plotting the log(yETF,,/yETF,.q) as a
function of the log(dye,,/dye,.q). From the intercept a
midpoint potential of —101 £ 2 mV (oxidized to
reduced) was calculated, which is more negative com-
pared to eukaryotic ETFs, that is, around —20 mV
[25,26], but more positive than of the prokaryotic
ETF from Megasphera (Peptostreptococcus) elsdenii
(—259 mV) [27]. Therefore, yETF can be considered a
better electron acceptor than the ETF from M. elsdenii,
but a weaker electron acceptor than the eukaryotic
homologs.

Comparison of the yeast ETF to the human
homolog

Based on the X-ray structure of hETF, we have built a
homology model of yETF indicating conservation of
the overall fold (Fig. 4A) and composition of the
amino acid residues forming the FAD-binding pocket
(Fig. 4B). The only obvious difference found in the
active site of the model is the change of Tyrl6 in
hETF to Phel9 in yETF in the B-subunit (Fig. 4B).
Recently, we have shown that the FAD cofactor of
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Fig. 1. SDS/PAGE analysis of the different steps in yETF purification (A) and UV-visible absorption spectrum of native (black line) and
denatured (red line) YETF (B). (A) SDS/PAGE analysis of the different fractions collected during purification of yETF wild-type using Ni-
nitrilotriacetic acid affinity chromatography. In lane 1 PageRuler® prestained protein ladder (Thermo Fisher Scientific), in lane 2 the cell pellet
after lysis, in lane 3 the cell lysate, in lane 4 the column flow through, in lane 5 the wash fraction and in lane 6 the elution fraction (o-
subunit of yETF at 38 kDa; B-subunit at 37 kDa) is shown. (B) UV-visible absorption spectra of yETF diluted to a final concentration of 40 pum
with 50 mm HEPES pH 7 + 1 mm DTT (black line) and denatured using 2% SDS (red line) were recorded between 300 and 800 nm at
25 °C. Based on the extinction coefficient of free FAD (denatured, red line) at 450 nm (11 300 m~"-cm™"), the extinction coefficient of yETF
wild-type at 450 nm (11 600 m~"-cm™") and 469 nm (9900 m~"-cm~") could be determined.
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Fig. 2. Photoreduction of yETF wild-type (A) and yETF-BPhe19Tyr (B) as well as of hETF wild-type (C) and hETF-BTyr16Phe (D) under
anaerobic conditions. UV-visible absorption spectra (300-800 nm) of yETF wild-type and yETF-BPhe19Tyr as well as of hETF wild-type and
hETF-BTyr16Phe, diluted to a final concentration of 30 pum using 50 mm HEPES pH 7 containing 1 mm DTT, recorded during anaerobic
photoreduction. The four spectra in each panel correspond to the different flavin redox states observed for yETF wild-type (A), yETF-
BPhe19Tyr (B), hETF wild-type (C), and hETF-BTyr16Phe (D) in the course of the photoreduction: oxidized FAD (start spectrum, black line),
anionic semiquinone (red line), reduced (blue line), and reoxidized FAD (green line).

hETF is oxidized at the 8a-position to yield 8-formyl-
FAD upon incubation under slightly alkaline condi-
tions [17]. Interestingly, this reaction is promoted by
BTyr16 in hETF [17,28,29] and thus we hypothesized
that yETF may be resistant toward oxidation of the
FAD cofactor. To test our hypothesis, we transferred
purified yETF to 50 mm HEPES pH 8.5 containing
I mm DTT and incubated the sample at 25 °C for
24 h. After denaturation of the protein, the free cofac-
tor was analyzed on HPLC-DAD, which indeed
revealed no 8-formyl modification of the flavin cofac-
tor. Instead, a mix of other flavin derivatives, which
could not be identified due to their low abundance and
insufficient purity, was found (Table 1).

In order to determine whether the tyrosine to pheny-
lalanine replacement in YETF renders the 8o-methyl
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group stable toward oxidation, we generated the
hETF-like variant yETF-BPhel9Tyr. In the modifica-
tion assay, however, this variant behaved rather simi-
larly compared with wild-type YETF by exhibiting an
equal amount of overall flavin modification and not
being able to form 8f-FAD (Table 1). This finding, of
course, raised the question which other factors are
important for the oxidation reaction at this position.
Since the cleavage of the salt bridge (between atAsn259
and BGlul65), which was shown to strongly influence
the flexibility of the human protein [19], resulted in a
much higher degree of formylation [17], we also gener-
ated two single variants (aAsn269Ala  and
BGlul69Ala) and two double variants (BPhel9Tyr-
oAsn269Ala and PPhel9Tyr-pGlul69Ala) targeting
this interaction (Fig. 4C). Although these variants
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Fig. 3. Determination of the redox potential of yETF wild-type.
Spectral changes in YETF (~ 25 um) and indigo carmine (~ 20 um; E°:
—125 mV) observed in the course of the reduction reaction (2 h),
indicating full reduction in the FAD cofactor and the dye and
therefore a two-electron transfer onto yETF. All measurements were
carried out in 50 mm HEPES pH 7 + 1 mm DTT at a constant
temperature of 25 °C. Inset, Nernst plot obtained from a single
measurement by plotting the log(yETF,./yETF,.q) as a function of the
log(dyeoy/dye,eq—to determine the loglyETF,./yETF,eq) and the log
(dyeox/dyereq) the relative absorption changes at 460 and 610 nm,
respectively, were used. From the intercept a redox potential of
—101 £+ 2 mV was calculated (from four determinations).

exhibited a slightly higher degree of overall cofactor
modification (Table 1), neither one of the variants
showed 8o-oxidation comparable with hETF.
Similarly, also the spectral properties remained
almost unaffected by the amino acid replacements.
Photoreduction of the single and the double variants,
like for the wild-type protein first yielded a short-lived
anionic semiquinone, which was further reduced to the
flavin hydroquinone (Fig. 2B). This finding is in con-
trast to the homologous human proteins (wild-type,
aAsn259Ala and PBGlul65Ala variant), which strongly
stabilize the flavin semiquinone and, therefore, do not
allow a full reduction in their FAD cofactor in the
photoreduction experiment (Fig. 2C) [17].

Biochemical characterization of DId2

To obtain satisfactory amounts of full-length DId2
from S. cerevisiae, recombinant expression was carried
out in K. phaffii. Despite the presence of an a-factor
(secretion signal), the protein was not secreted to the
culture medium, which required its purification from
the cell pellet and yielded about 2-3 mg of pure
enzyme per kg of wet cell weight. Owing to the incom-
plete processing of the secretion signal, purified D1d2
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Fig. 4. Structural comparison of yETF and hETF. (A) Overall structure
comparison of yETF (blue: a-subunit, gray: B-subunit; model based on
hETF) and hETF (green; PDB: 1EFV). (B) Comparison of the active site
residues of yETF (blue: o-subunit, grey: pB-subunit) and hETF (green).
The FAD cofactor (orange) and the important amino acid residues are
shown as sticks (blue and grey: yETF; green: hETF) and are labeled as
follows: yETF/hETF. (C) Close-up view of the well-studied salt bridge
formed between BGIU169 and oAsn269, which was shown to
determine the dynamics of hETF (BGlu165 and o«Asn259, respectively).
The third residue displayed as sticks is aGIn272, which is in H-bonding
distance to both aAsn269 and the N3-C4=0 locus of the flavin
cofactor.
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Table 1. Cofactor modification in yETF wild-type and variants after
24 h of incubation at pH 8.5: yETF wild-type and the variants were
diluted to a final concentration of ~ 50 pm using 50 mm HEPES pH
85+ 1 mm DTT and incubated at 25°C for 24 h. After
denaturation of the proteins their cofactor was analyzed with
HPLC-DAD. Total cofactor modification (%) refers to the amount of
flavin cofactor altered upon incubation under alkaline conditions
(column 2). Columns 3 and 4 provide a more detailed analysis of
the obtained results—the fraction of flavin species that could be
clearly identified as 8-formyl-FAD (based on retention time and
flavin spectrum) is given in column 3, whereas the amount of
unknown flavin species is summarized in column 4.

Total Unknown
cofactor modification
Protein modification (%) 8f-FAD (%) (%)
WT 12 0 12
BF19Y 13 0 13
aN269A 26 26 0
BF19Y-aN269A 42 31 11
BE169A 36 0 0
BF19Y-BE169A n.d.? Yes® n.d®

®As this variant is very unstable, cofactor modification cannot be
assessed/quantified reliably.

was isolated in two forms (Fig. 5A, inset), with and
without the secretion signal (possibly also without tar-
geting sequence). In its pure form, DId2 exhibits
absorption maxima at 383 and 454 nm, which are
shifted to 375 and 450 nm, respectively, when the pro-
tein is denatured using 2% SDS, confirming the pres-
ence of an FAD cofactor (Fig. 5A).

To obtain information about the electrochemical
properties of DId2, we performed a photoreduction
and determined the redox potential of the enzyme.
Photochemical reduction in DId2 required the use of
high amounts of the redox mediators 5-deaza-FMN
(2.5 um) and methylviologen (6 pum) and yielded fully
reduced enzyme after about half an hour of irradia-
tion. Neither in the course of the reduction, nor upon
reoxidation was a flavin radical observed (Fig. 5B),
however, we found that under aerobic conditions DId2
was reoxidized within a few seconds, which is in con-
trast to what one would expect from a dehydrogenase.

Like for yETF, the redox potential of DId2 was
determined by applying the xanthine/xanthine oxidase
method first reported by Massey [24]. The redox dye
phenosafranine (E°: —252 mV) and the enzyme were
reduced almost synchronously without the appearance
of any radical intermediate species, indicating a two-
electron transfer onto DId2 and the dye (Fig. 5C).
This finding is in line with the photoreduction experi-
ment and the slope near unity obtained when plotting
the log of the relative absorption changes of DIld2
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(450 nm) as a function of the log of the relative
absorption changes in phenosafranine (520 nm). From
the intercept, a redox potential of —246 + 2 mV was
calculated, which is clearly much more negative than
that of yETF (midpoint potential: —101 mV) and thus
in line with electron transfer from DId2 to yETF.

Kinetic properties of DId2 and electron transfer
to yETF

To learn more about the kinetic properties of full-
length DId2 from S. cerevisiae, we conducted pre-
steady-state experiments in a stopped-flow apparatus.
By studying the rate of flavin reduction in the presence
of different substrate concentrations (50-1500 pum Dp-o-
hydroxyglutarate; 1-100 mm D-lactate), observed rates
were measured and plotted as a function of substrate
concentration. Using a hyperbolic fit, limiting rate
constants (k,q) and dissociation constants (Kp) for
both substrates were determined (Fig. 6A,B, Table 2).
The rate of reduction was 47 +£1s' and
4.1 £ 0.1 s for p-a-hydroxyglutarate and p-lactate
with dissociation constants of 0.17 & 0.02 mm and
15 &+ 1 mm, respectively. Thus, p-o-hydroxyglutarate
is oxidized more efficiently by the enzyme than p-lac-
tate. The graphs in Fig. 6A,B also indicate reversibility
of the electron transfer reaction because the hyperbolic
fit to the data yielded y-axis intercepts of
ky=73+17s"and 04 + 0.1 s (~6% of kyeq)
for p-o-hydroxyglutarate (~ 10% of k.q) and p-lac-
tate, respectively.

Interestingly, a detailed analysis of the reduction
reaction further revealed that flavin reduction pro-
ceeded in two distinct phases (Figs 6B and 7A,B). In
the case of p-a-hydroxyglutarate the second phase was
about 200 times slower than the first and thus exact
quantification of the rate was not possible. In the case
of Dp-lactate, the second phase was determined to
0.11 + 0.00 s™' and exhibited a dissociation constant
of 3.5 + 0.2 mm. Next, we determined kinetic parame-
ters for steady-state conditions using 2,6-dichlorophe-
nol indophenol as an artificial electron acceptor under
aerobic conditions. The turnover rates with D-o-hy-
droxyglutarate and p-lactate were 0.42 4+ 0.02 s™' and
12 + 0.1 s7', respectively. However, the observed
Kmapp Was much lower for bp-o-hydroxyglutarate
(350 £+ 50 um) than for p-lactate (110 + 10 mm) result-
ing in a higher catalytic efficiency for p-a-hydroxyglu-
tarate (1200 + 300 M 's7' vs 11 +£2m 's"). A
summary of kinetic parameters is provided in Table 2.
The large difference between the rate of reduction and
the turnover rate suggested that the oxidative rate is
rate limiting, which prompted us to analyze the rate of
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Fig. 6. Rapid reaction kinetics of DId2 using p-a-hydroxyglutarate (A) and p-lactate (B) as substrate. The reductive half reaction of DId2 was
studied by mixing DId2 (~ 10 pm final concentration) with varying concentrations of p-o-hydroxyglutarate (final concentrations: 50-1500 uw)
and p-lactate (final concentrations: 1-100 mm) in 50 mm HEPES, 150 mm NaCl pH 7 at 25 °C. The observed rate constants (kops) Were
plotted as a function of the substrate concentration to give a hyperbolic curve that allowed the determination of the reductive rate (k,eq) and
the dissociation constant (Kp) of DId2 with p-a-hydroxyglutarate (K = 170 + 20 um, keq = 47 + 1 57", observed rate constants at each
substrate concentration were determined in triplicate; standard deviations are indicated by error bars) and p-lactate (Kp = 15 + 1 mwm,
keq = 4.1 + 0.1 57", observed rate constants at each substrate concentration were determined in triplicate), respectively. In the course of
the reduction in DId2 with p-lactate a second slower phase was observed, which was analyzed in the same way to vyield a
Ko =35+ 0.2 mmand a keq = 0.11 & 0.00 s~ (panel B, red line).

Table 2. Kinetic parameters of DId2 determined with p-o- 5000 times faster than the enzyme reduced with p-o-hy-
hydroxyglutarate and bp-lactate under presteady-state and steady- droxyglutarate (kox = 3.3 X 104 £ 02 x 10* M Ls s
state conditions. In the course of the presteady-state experiment, 74+ 1 M 's7"). This result suggested that the reaction
10 pm DId2 (in reaction) was mixed with varying concentrations of b- product (i.e., a-ketoglutarate or pyruvate) tightly binds

a-hydroxyglutarate (final concentrations: 50-1500 pm) and p-lactate

to the enzyme, thereby inhibiting the reoxidation by
(final concentrations: 1-100 mm) in 50 mm HEPES, 150 mm NaCl pH

. molecular oxygen. The addition of o-ketoglutarate (or
7. and spectral changes were monitored for 1.5-150 s. From the .
absorbance changes at 450 nm observed rate constants were pyruvate) to phgtoreduced Dld2, cither before or after
extracted and plotted as a function of the corresponding substrate the photoreduction, however, had no effect on the rate
concentrations to obtain reductive rates (k.sq) as well as dissociation of reoxidation. Equally, titration of a-ketoglutarate (or
constants (Kp) for the interaction of DId2 with both substrates. pyruvate) to oxidized DId2 did not produce any
Kinetic characterization of DId2 under steady-state conditions was changes in the UV-visible absorption spectrum of the
performed using 2,6-dichlorophenol indophenol as a final electron FAD cofactor, suggesting that the products only bind
acceptor. DId2 (100 nm), 2,6-dichlorophenol indophenol (125 pm), to the enzyme when generated in the course of the oxi-

and varying final concentrations of bp-o-hydroxyglutarate (25— dati o This int . behavi ted
1000 pm) or p-lactate (1-250 mm) were mixed in 50 mm HEPES, ation reaction. 1S 1nteresting behavior prompted us

150 mm NaCl pH 7, and absorbance changes at 600 nm were to investigate the reoxidation of reduced DId2 using its
recorded for 120 s. By plotting the initial rates as function of the putative natural electron acceptor yETF. First, we incu-
substrate concentrations, additionally keatapp and Kiapp values for the bated yETF (10 um) with catalytic amounts of DId2
interaction of DId2 with both accepted substrates were obtained. (10 nm) and an excess of D-a-hydroxyglutarate (1 mm)
Kinetic parameters p-o-Hydroxyglutarate D-Lactate and m(?nltored the reduction in yETF t.)y UV-visible
absorption spectrometry. As shown in Fig. 8A, yETF
=1 . ‘.
kred (571) 47 £1 4.1 £ 041 was reduced directly from the oxidized state to the fully
ke ls7) 7317 0.4 £01 reduced (hydroquinone) state within 4 min, which is in
Kp (mm) 0.17 £ 0.02 15 £ 1 t ith arli . t that  he
Kemtonp (5~) 042 + 0.02 12 4 0.1 agreement Wi carlier  experiments at have
Knapp (M) 035 + 0.05 110 + 10 demonstrated the preferential two-electron reduction in
Koatapp/Kiapp (M~ -5™1) 1200 + 300 1M1 +2 yETF.
For a more detailed kinetic characterization, steady-
state measurements using 2,6-dichlorophenol indophe-
reoxidation of photoreduced and substrate-reduced nol as a final electron acceptor were performed (F igf 8B,
DId2 using molecular oxygen as electron acceptor. ~ Table 3) yielding an apparent Kcaapp 0f 21 & 1 s and

Interestingly, photoreduced DId2 was reoxidized about Kmapp of 3.3 £0.4 pm, which confirm an efficient
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electron transfer from DId2 to yETF (catalytic effi-
ciency: 6 x 10° + 1 x 10° M 's™"). Thus, electron
transfer to the cognate electron acceptor, yETF, is sev-
eral orders of magnitude faster than the reoxidation by
either oxygen or 2,6-dichlorophenol indophenol.

Discussion

Biochemical characterization of yETF

Successful production of recombinant yETF and full-
length DId2 from S. cerevisiae in E. coli and K. phaffii,
respectively, enabled us to study their biochemical
properties and the presumed electron transfer from
DId2 to yETF. Despite the extensive sequence similar-
ity in the FAD-binding pocket, we found that the
properties of yETF diverge significantly from the
human ortholog. The most salient differences concern
the reduction behavior of yETF as evidenced by the
absence of the anionic flavin semiquinone and the
much more negative redox potential (—101 and
—20 mV for yETF and hETF, respectively). Thus far,
all ETFs characterized showed the preferential one-
electron reduction in FAD to yield the anionic semi-
quinone including mammalian and bacterial proteins
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Fig. 7. Spectral changes monitored in the course of the rapid
reaction kinetics of DId2 with p-lactate. Spectral changes recorded
within 3 s, when mixing DId2 (final concentration: 10 pm) with p-
lactate (final concentration: 100 mm) in 50 mm HEPES, 150 mm
NaCl pH 7. In a first, fast phase, oxidized DId2 (black line) is
partially reduced to vyield the spectrum shown in red, before
undergoing full reduction (blue line) in a second much slower
phase. Inset, two distinct phases of flavin reduction observed in
the course of the rapid reaction kinetics experiment involving DId2
(final concentration: 10 pum) and p-lactate (final concentration:
100 mm). Absorbance changes at 450 nm were plotted as a
function of time (logarithmic time scale) to determine the rate of
flavin reduction in both phases.

Mitochondrial electron transport in yeast

[8,17,30,31]. In fact, the formation of the anionic semi-
quinone is thought to be critical for electron transfer
from client dehydrogenases [32]. Because of the obvi-
ous difference in the single active site residue provided
by the pB-chain (BTyrl6 in hETF and BPhel9 in
yETF), we hypothesized that this amino acid exchange
in yETF may be responsible for the distinct reduction
behavior. In order to investigate this possibility, we
generated the PTyrl6Phe and BPhel9Tyr variant for
hETF and yETF, respectively. While the replacement
of BTyrl6 by Phe in hETF strongly affected the stabi-
lization of the anionic semiquinone, enabling full
reduction of the protein in the course of the photore-
duction experiment, the PPhel9Tyr variant of yETF
did not behave like hETF (Fig. 2, panels A-D). Simi-
larly, we have recently reported that replacement of
BTyrl6 by Phe impedes the oxidation of the 8a-methyl
to the 8-formyl group and, therefore, we have also
tested the propensity of wild-type yETF and the
BPhel9Tyr variant to form 8-formyl-FAD. Surpris-
ingly, we have found that neither the wild-type yETF
nor the PPhel9Tyr variant formed 8-formyl-FAD.
Even the introduction of further amino acid replace-
ments (i.e., in the variants BPhe19Tyr-aAsn269Ala and
BPhel19Tyr-BGlul69Ala) that significantly enhanced
the rate of oxidation at the 8a-methyl group in hETF
wild-type [17] did not result in increased formation of
the 8-formyl group. Thus, it appears that the redox
properties of the FAD cofactor as well as the reactiv-
ity of the 8a-methyl group is not simply governed by
amino acid residues in the direct vicinity of the isoal-
loxazine ring but also by other factors such as amino
acids in the second shell and the overall dynamics of
the protein, which, for example, may influence the
accessibility of the FAD cofactor. This view is in
accordance with observations by Salazar et al. [18],
who reported that the redox properties of ETFs are
not solely affected by the amino acids found in the
vicinity of the flavin moiety.

Kinetic characterization of DId2

Recently, the determination of steady-state kinetic
parameters by Becker-Kettern et al. [16] revealed very
slow turnover numbers for the oxidation of p-lactate
(1.3 s7") and p-a-hydroxyglutarate (0.18 s~') using N-
terminally truncated DId2. Thus, we decided to rein-
vestigate the steady-state kinetics of DId2 using full-
length DId2 recombinantly produced in K. phaffii (see
Experimental procedures). However, we obtained
very similar values for kcyapp for D-lactate and p-a-hy-
droxyglutarate of 1.2 and 042 s, respectively,
suggesting that the truncation at the N terminus does
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Fig. 8. Electron transfer from DId2 onto yETF. (A) yETF was diluted to a final concentration of 10 pm using 50 mm HEPES pH 7 + 1 mm
DTT (black spectrum) and mixed with 1 mm p-a-hydroxyglutarate and 10 nm DId2 at 25 °C. Then, time-dependent spectral changes were
monitored until no further changes were observed. The black spectrum corresponds to fully oxidized yETF, while the orange line represents
the final spectrum recorded after 4 min. All other spectra recorded in the course of the reaction are shown using dashed lines. (B) Steady-
state turnover assays involving 1 mm p-a-hydroxyglutarate, 10 nm DId2, yETF (0.875-28 um) and 125 pm 2,6-dichlorophenol indophenol as
final electron acceptor were carried out in 50 mm HEPES pH 7 containing 1 mm DTT at 25 °C. Initial rates (normalized to enzyme
concentration) were extracted from the absorbance changes recorded at 600 nm and plotted as a function of the yETF concentration. By

applying a hyperbolic fit, the kinetic parameters Kiiapp and kcatapp Were determined (Kyiapp = 3.3 £ 0.4 puM, Keatapp = 21 £ 1's

1 initial rates

at each yETF concentration were determined in triplicate; standard deviations are indicated by error bars).

Table 3. Kinetic parameters determined for the electron transfer
from DId2 onto yETF under steady-state conditions. The steady-
state parameters for the electron transfer were determined in a
coupled assay involving 1 mm Dp-o-hydroxyglutarate, 10 nm DId2,
125 um 2,6-dichlorophenol indophenol, and varying concentrations
of yETF in 50 mm HEPES pH 7 containing 1 mm DTT (when using
p-lactate as substrate for DId2 its reduction became rate limiting).
By monitoring the decolorization of 2,6-dichlorophenol indophenol
at 600 nm for 120 s initial rates could be obtained and plotted as a
function of the yETF concentrations to yield the kinetic parameters
kcalapp and KMapp-

Kinetic

parameters p-o-Hydroxyglutarate p-Lactate

Keatapp (5™ ") 21 +1 0.8+ 04

Kvapp (M) 324+04 Rate ETF-concentration
independent

not compromise the catalytic properties of the enzyme.
In order to identify the rate-limiting step during turn-
over, we then investigated presteady-state kinetics
using stopped-flow absorption spectrophotometry.
This clearly showed that the reductive half reaction
with p-lactate and p-a-hydroxyglutarate proceeds at a
limiting rate of 4.1 + 0.1 s and 47 £ 157, respec-
tively (Table 2). In the case of p-o-hydroxyglutarate,
the reductive rate is thus three orders of magnitude
faster than the observed turnover. This result indicated
that the oxidative half reaction is rate limiting.

3620

Surprisingly, when photoreduced DId2 was reacted
with dioxygen, we also found a rapid rate of reoxida-
tion of 3.3 x 10* £ 0.2 x 10* m~'s~'. However, sub-
strate-reduced DId2 reacted much slower with
dioxygen. In the case of p-a-hydroxyglutarate, the rate
of reoxidation was only 7 M~ Ls7! that is, 5000 times
slower as observed for the photoreduced enzyme. This
suggested that the reaction product, pyruvate or o-ke-
toglutarate, forms a complex with the reduced enzyme
and thereby impedes reoxidation by dioxygen. Interest-
ingly, the addition of either pyruvate or o-ketoglu-
tarate to photoreduced enzyme exhibited no effect on
the rate of reoxidation with dioxygen. Thus, we con-
clude that during the oxidation of the substrate the
formed product stabilizes a conformation of the
enzyme in which access to the reduced FAD is denied.
A similar behavior has been observed for other client
enzymes of ETFs. In the case of acyl-CoA dehydroge-
nases, reduced either by dithionite or by light irradia-
tion, a very fast reoxidation was observed. If,
however, the reaction product or a substrate/product
mimic is bound to the protein, oxygen reactivity was
reduced by a factor of 3000-4000 [33-35]. Wang and
Thorpe [34] hypothesized that this effect is caused by
the tight binding of enoyl-CoA (and derivatives),
which results in a significantly more hydrophobic
active site and, therefore, prohibits the stabilization of
superoxide radical species required for flavin

The FEBS Journal 286 (2019) 3611-3628 © 2019 The Authors The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



M. Toplak et al.

reoxidation. Since a-ketoglutarate and pyruvate are far
less hydrophobic, it is difficult to imagine that oxygen
reactivity is controlled by the same mechanism. There-
fore, we suggest that product binding to DId2 reduces
the accessibility for oxygen to the active site and
thereby impedes the reaction with the reduced FAD
cofactor.

The occurrence of a product-reduced enzyme com-
plex is also supported by an increase in the long-wave-
length absorption (~ 510-625 nm) during the reductive
half reaction (Fig. 7), indicating the formation of a
charge-transfer complex between a-ketoglutarate or
pyruvate and reduced DId2. In keeping with this inter-
pretation, we also observed that the long wavelength
absorption disappeared during reoxidation of sub-
strate-reduced DId2 with dioxygen. The formation of
the charge-transfer complex is apparently connected to
the fast phase of reduction, which was also previously
observed for acyl-CoA dehydrogenases. It was postu-
lated for the latter enzymes that formation of a
charge-transfer complex is indicative of tight product
binding, which is used to shift the reaction equilibrium
toward enoyl-CoA formation [35,36]. Tight binding of
the enoyl-CoA product was argued to be necessary
because the acyl-CoA substrates have a very similar or
even more positive redox potential than the FAD
cofactor bound to the acyl-CoA dehydrogenases, mak-
ing acyl-CoA oxidation rather unfavorable [36].
Because the redox potential of the p-lactate/pyruvate
couple (=190 mV) is more positive than the midpoint
potential of DId2, it is plausible that charge-transfer
formation and tight product binding play a similar
role in the yeast enzyme. In addition, the rather high
k_q-rates observed in the rapid reaction kinetics are in
line with this hypothesis.

The slow reoxidation of substrate-reduced DId2 by
oxygen and 2,6-dichlorophenol indophenol prompted
us to investigate reoxidation using the cognate electron
acceptor, yETF. Initial experiments clearly demon-
strated that yETF is rapidly reduced by -catalytic
amounts of DId2 utilizing p-a-hydroxyglutarate as the
substrate (Fig. 8A). Further steady-state experiments
established that the rate of electron transfer increased
hyperbolically with the concentration of yETF, reach-
ing a limiting value of 21 s~' and thus approaching
the rate of reduction in DId2 with p-o-hydroxyglu-
tarate. In other words, electron transfer from the pro-
duct-reduced enzyme complex to yETF is fast in
contrast to reoxidation with oxygen or 2,6-
dichlorophenol indophenol and, therefore, product
binding suppresses the undesired transfer of electrons
to oxygen. The exact mechanism by which yETF
obtains the electrons from the reduced enzyme is not

Mitochondrial electron transport in yeast

clear yet but two scenarios are possible: (a) binding of
yETF to the product-reduced enzyme complex leads to
the rapid release of the product and subsequently to
electron transfer to yETF or (b) binding of yETF
directly leads to electron transfer and to product disso-
ciation from the reoxidized enzyme. As DId2 very
much behaves like acyl-CoA dehydrogenases, it is
tempting to speculate that also the mechanism of elec-
tron transfer to ETF is similar. In acyl-CoA dehydro-
genases the rapid reoxidation of the enzyme by hETF
[33] was assumed to be promoted by a lower pK, value
of the reduced FAD cofactor in the product complex
[37-39]. In addition, tight product binding, as dis-
cussed above, shifts the equilibrium toward the
reduced FAD cofactor and therefore electron transfer
to ETF is more likely to occur prior to product release
[37-39]. Since DId2 and the acyl-CoA dehydrogenases
are structurally very distinct, p-cresol methylhydroxy-
lase- (PCMH-) fold vs acyl-CoA dehydrogenase fold,
and the chemical properties of their respective reaction
products are rather different, further studies will be
required to clearly resolve the exact mechanism of elec-
tron transfer from substrate-reduced DId2 to yETF.

Two-electron transfer from DId2 to yETF

It should also be noted that reduction in yETF by
DId2 apparently involves the transfer of two electrons
(Fig. 8A), which is in agreement with the large differ-
ence in redox potential of the two proteins
(E° = —101 and —-246 mV for yETF and DId2,
respectively). This finding is in line with our observa-
tions that yETF only weakly stabilizes the anionic
semiquinone during photoreduction, and the reduction
in DId2, either by light irradiation or substrate,
directly leads to the hydroquinone without the occur-
rence of a stable flavin semiquinone. This observation
was rather surprising because all eukaryotic ETFs
investigated so far were reported to operate through
single electron transfer from the client dehydrogenase
to the ETF [5,8,33,40,41]. Furthermore, it was demon-
strated that disproportionation of the flavin semiqui-
none to the oxidized and hydroquinone state occurs
upon interaction with ETF-QO, which is required for
successful electron transfer [18,40]. Presently, the
mechanism of electron transfer between yETF and its
in vivo electron acceptor, Cir2p, is unknown. Previous
studies involving various ETFs and their correspond-
ing electron acceptors have indicated that electron
transfer requires the transfer of single electrons and
therefore relies on the stabilization of the flavin semi-
quinone [42-44]. Owing to the electrochemical proper-
ties of yETF, it is thus conceivable that the mechanism
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of electron transfer to Cir2p is also different compared
to the previously investigated electron transfer systems
in eukaryotic cells.

Experimental procedures

Materials

All chemicals and media ingredients were purchased
from Sigma-Aldrich (St. Louis, MO, USA), Roth
(Karlsruhe, Germany), Merck (Darmstadt, Germany),
Fluka (Buchs, Switzerland) or Becton, Dickinson and
Company (Franklin, Lakes, NJ, USA) and were of the
highest grade commercially available.

All restriction enzymes used were ordered form
Thermo Scientific/Fermentas (St. Leon-Rot, Germany)
or New England Biolabs (Ipswich, MA, USA) and Ni-
sepharose column material was obtained from GE
Healthcare (Chalfont St. Giles, UK).

Cloning and recombinant production of yETF
(E. coli)

To produce the heterodimeric yETF in E. coli the
respective gene was purchased from Thermo Scientific,
codon optimized for the E. coli organism. The received
gene (consisting of the coding sequence for the B-sub-
unit of the protein, of a 69 nucleotide noncoding lin-
ker sequence, and the coding sequence for the o-
subunit) was subcloned to the E. coli pJET vector and
then, digested with Ncol and Notl to produce sticky
ends on the DNA string. For gene expression the
entire gene sequence subsequently was inserted into
the vector pETM11-His TEV, which added nucleotides
coding for an N-terminal hexahistidine tag to the gene
sequence coding for the B-subunit. Proper insertion of
the gene was confirmed by sequencing, before trans-
forming the recombinant plasmid with E. coli Rosetta
(DE3)-pLysS cells for gene expression.

For expression, LB medium containing 50 pg-mL ™"
kanamycin as well as 20 pg-mL~" chloramphenicol for
selection was inoculated with an overnight culture to
an optical density at 600 nm (ODyggg) of approximately
0.1. Then, cultures were left to grow to an ODgy of
about 0.7 at 37 °C and 140 r.p.m., before adding
100 um IPTG to induce gene expression. To maximize
the protein yield, the cultures were incubated at 20 °C
and 140 r.p.m. overnight.

Harvested cells were resuspended and lysed in bind-
ing buffer (50 mm HEPES, 15 mm imidazole, pH
7 + 1 mm DTT) by sonication with a Labsonic L soni-
cation probe (B. Braun Biotech, Berlin, Germany) for
2 x 5 min. After centrifugation at 38 500 g for 1 h
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(4 °C), the cleared cell lysate was loaded onto a Ni-ni-
trilotriacetic acid column equilibrated with binding
buffer. After removing unspecifically bound protein
with wash buffer (50 mm HEPES, 15 mm imidazole,
pH 7 containing 1 mm DTT), yETF was eluted with
elution buffer (50 mm HEPES, 500 mm imidazole, pH
7 containing 1 mm DTT). To confirm the presence of
the desired protein in the fractions as well as to deter-
mine the quality of the purification SDS/PAGE analy-
sis was used. Fractions containing YETF were pooled
and dialyzed against 50 mm HEPES pH 7 + 1 mm
DTT for 3 h. Then, the protein was concentrated to
approximately 100 pm using Centripreps® 30 kDa
MWCO (Merck Millipore, Burlington, MA, USA),
flash frozen with liquid nitrogen and stored at —80 °C
until further use.

Cloning and recombinant production of DId2
(K. phaffii)

For recombinant expression of DId2 in K. phaffii (for-
merly known P. pastoris), the respective gene was pur-
chased from Thermo Scientific. On ordering, the
sequence, flanked with the restriction sites Xhol (5)
and Notl (3'), was optimized for K. phaffii. Addition-
ally, a nucleotide sequence coding for an octahistidine
tag was added to the 3’-end of the gene, to allow
purification by Ni-nitrilotriacetic acid affinity chro-
matography.

The received DNA string was cloned into the
K. phaffii vector pPICZa, using the Xhol and Notl
restriction sites and successful insertion was confirmed
by sequencing. Having linearized the plasmid DNA
using Sacl, electroporation was carried out, according
to the instructions provided by the EasySelect™
ExpressionKit (Invitrogen, Carlsbad, CA, USA), to
transform KM71H cells with our construct of interest.
Additionally, the cells were transformed with pPICK-
PDI plasmid DNA to allow coexpression of the pro-
tein disulfide isomerase of S. cerevisiae.

Small-scale expression in 96 well plates was per-
formed as described by Weis et al. [45] in order to
identify stably and well-expressing clones. Clones,
which displayed the high signal intensity when analyz-
ing the expression supernatants with dot blot, were
later used in large-scale expression.

Large-scale expression was performed in a BBI
CT5-2 fermenter (Sartorius, Gottingen, Germany) as
described in [46]. After an induction time of 24 h (a
total of 250 g MeOH were added), the pH was set to
8 and cells and medium were separated by centrifuga-
tion at 3500 g for 30 min. As DId2 was, despite the
presence of an o-factor, not properly secreted, the
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protein had to be purified from the cell pellets. There-
fore, the pellets (cell wet weight: about 1.2-1.5 kg per
fermenter) were suspended in an equal volume of lysis
buffer (50 mm HEPES, 150 mm NaCl, 10 mm imida-
zole pH 8 + 2 mm DTT and 2 mm PMSF) and lysed
using zirconium oxide beads in a Merkenschlager
(Braun Biotech International, Melsungen, Germany).

After centrifugation of the suspension (38 500 g for
1 h), the cleared lysate was incubated with 15 mL of
equilibrated Ni-Sepharose™ (GE Healthcare) Fast
Flow column material at 4 °C for approximately
1.5 h. Then, the supernatant was decanted and the col-
umn material was packed into an empty column and
washed with approximately 150 mL wash buffer
(50 mm HEPES, 150 mm NaCl, 20 mm imidazole, pH
8), before eluting DId2 with elution buffer (50 mm
HEPES, 150 mm NaCl, 300 mm imidazole, pH 8).
SDS/PAGE was used to identify fractions containing
the protein, which, subsequently were pooled and con-
centrated.

To obtain DId2 of satisfactory purity a second
purification step was needed, which required the buffer
to be exchanged to 50 mm HEPES, 150 mm NaCl, pH
8 using a Sephadex G-25 PDI10 desalting column (GE
Healthcare). Then, the protein solution was applied to
a MonoQ™ 5/50 GL column (GE Healthcare),
attached to an AKTA system (GE Healthcare) and
equilibrated with buffer A (50 mm HEPES, 150 mm
NaCl, pH 8). After a short wash with buffer A, the
protein was eluted using a linear gradient of buffer A
and buffer B (50 mm HEPES, 1 m NaCl, pH 8) (flow:
I mL-min~', linear gradient: 0 — 100% buffer B in
40 min). Fractions containing pure DId2 (the protein
eluted at approximately 40-55% buffer B) were pooled
and concentrated using Centripreps® 30 kDa MWCO
(Merck Millipore). The concentrated protein was flash
frozen using liquid nitrogen and stored at —80 °C until
further use.

Protein denaturation and determination of the
extinction coefficient of yETF and Did2

To determine the extinction coefficient of yETF, a
spectrum of native as well as of denatured yETF was
recorded as suggested by Macheroux [47]. Assuming
that the spectrum of the denatured protein equals the
one of free FAD, the extinction coefficient of free
FAD (11 300 M~ "cm™"' at 450 nm) could be used to
calculate the extinction coefficient of yETF at 450 nm
(11 600 M~ "cm™") and 469 nm (9900 M~ "-cm™'; inde-
pendent of flavin modification), respectively.

The extinction coefficient of DId2 was determined as
described for yETF. From the absorbance at 450 nm
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recorded for native and denatured enzyme, an extinc-
tion coefficient of 12 700 M~ "-cm ™" at 450 nm was cal-
culated for DId2.

Photoreduction of yETF and DId2

Photoreduction was performed under anoxic condi-
tions as described by Massey et al. [48]. For yETF, a
solution containing 30 um protein, 1 mm EDTA, 2 um
methylviologen and 1 pm 5-deaza-FMN was rendered
anaerobic and transferred to a sealable quartz cuvette.
After recording a UV-visible absorption spectrum
from 300 to 800 nm, the sample was irradiated and
additional spectra were recorded at a constant temper-
ature of 15 °C, until no further spectral changes were
observed. Then, the lid was removed under aerobic
conditions to initiate reoxidation of the protein, which
again was monitored spectrophotometrically.

Photoreduction of DId2 was performed as described
for yETF, just the amount of EDTA (2.5 mm), 5-
deaza-FMN (2.5 um) and methylviologen (6 um) was
adapted, as the sample turned out to be difficult to
reduce.

Expression, purification and photoreduction of
hETF-pY16F

Cloning and expression of the hETF-variant BY16F
was carried out as described previously [17]. Photore-
duction was carried out as described for yETF (see
above).

Determination of the redox potential of yETF and
DId2

The redox potential of yETF was studied under anoxic
conditions using a stopped-flow device from Hi-Tech
(SF-61DX2; TgK-Scientific, Bradford-on-Avon, UK)
placed in an anaerobic glove box (Belle Technology,
Cambridge, UK) by applying the dye equilibrium
method based on the xanthine/xanthine oxidase system,
as reported by Massey [24]. Two solutions, one contain-
ing ~ 50 um yETF, 500 um xanthine and 5 um methyl
viologen and a second one with ~ 40 pum indigo carmine
(Ag10: ~ 0.5; E°: —125 mV) and ~ 200 nm xanthine oxi-
dase, were prepared in 50 mm HEPES pH 7 + 1 mm
DTT and mixed using the stopped-flow device. Then,
reduction in the flavin and the dye was monitored by
recording 500 absorption spectra (350-700 nm) with a
KinetaScan T diode array detector (MG-6560) within
2 h (four measurements). From these data a Nernst plot
was generated by plotting the log ([ox]/[red]) of the pro-
tein as a function of the log (Jox]/[red]) of the dye—to
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determine the log(YETF,./YETF,q) and the log(dye,x/
dye,.q) the relative absorption changes at 460 and
610 nm, respectively, were used. Using the resulting
intercept the redox potential of yETF could be deter-
mined as described by Minnaert [49].

To determine the redox potential of DId2, two solu-
tions, one containing ~ 20 um DId2, 500 um xanthine
and 5 um methyl viologen and a second one with
~ 20 uMm phenosafranin (Asy: ~ 0.2; E°: —252 mV)
and ~ 200 nm xanthine oxidase, were prepared in
50 mm HEPES, 150 mm NaCl pH 7 and mixed using
the stopped-flow device. Then, reduction in the flavin
and the dye was monitored by recording 500 absorp-
tion spectra (350-700 nm) with a KinetaScan T diode
array detector (MG-6560) within 25 min (seven mea-
surements). From these data, a Nernst plot was gener-
ated by plotting the log ([ox]/[red]) of the enzyme as a
function of the log ([ox]/[red]) of the dye—to deter-
mine the log(D1d2,,/Dld2,.q) and the log(dye,x/dye eq)
the relative absorption changes at 450 and 520 nm,
respectively, were used. Using the resulting intercept
the redox potential of DId2 could again be determined
as described by Minnaert [49].

Analysis of time-dependent modification in yETF
by HPLC

To analyze the degree and type of modification of the
flavin bound to yETF, the protein was diluted to a
concentration of approximately 50 um at pH 8.5 and
incubated at 25 °C for 24 h. Samples were taken after
0 and 24 h and inactivated by heat denaturation
(10 min at 80-90 °C). After 10 min of centrifugation
at 16 000 g, the supernatant was transferred to HPLC
vials for following HPLC-DAD analysis with a Dionex
Ultimate 3000 HPLC instrument (Thermo Fisher Sci-
entific) equipped with an Atlantis® dCI8 column
(5 pm, 4.6 x 250 mm; Waters, Milford, MA, USA)
equilibrated with H,0/0.1% TFA, 7% acetonitrile.
For all measurements, 100 pL of sample was injected
and separation was carried out at a constant tempera-
ture of 25 °C and a flow rate of 1 mL-min~' by apply-
ing the following gradient: 0-10 min, 7-9%
acetonitrile; 10-25 min, 10% acetonitrile; 25-30 min,
12% acetonitrile; 30-32 min, 95% acetonitrile; 32—
40 min, 7% acetonitrile. Elution of the different flavin
species was monitored with a diode array detector
(DAD; A = 280, 370, 450, 460 nm, full spectrum).

Homology modeling of yETF

A homology model of yETF was generated using the
SWISS-MODEL server [50-52]. Since yETF was
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found to share the highest sequence coverage and iden-
tity with hETF (PDB: 1EFV [2]) the crystal structure
of the latter protein was chosen as template. Addition-
ally, the flavin cofactor was modeled into the predicted
structure of yETF by aligning the two proteins and
copying the flavin moiety from hETF to the active site
of the yeast homolog.

Site directed mutagenesis

To get more information about the role of various
active site residues found in yETF, variants were gen-
erated from the pETMI11-yETF wild-type construct,
using PCR-based mutagenesis. All required nucleotide
exchanges were introduced using forward and reverse
primers carrying the desired mutations (for primers see
Table 4). Constructs confirmed by sequencing were
transformed with E. coli Rosetta (DE3)-pLysS cells, to
allow expression and purification as described for
yETF wild-type.

Reductive and oxidative half reaction (DIld2)

To study the presteady-state kinetics of DId2, time-de-
pendent spectral changes in the flavin absorption were
recorded under anoxic conditions using a stopped-flow
device (Hi-Tech, TgK Scientific), placed in a glove box
(Belle Technology), and monitored with a KinetikaS-
can T diode array detector (MG-6560). The following
analysis was performed by fitting the data points
recorded at 450 nm with the KINETIC sTuDIO Software
(TgK Scientific). For the determination of the reductive
rate of DId2, its flavin reduction was studied in the
presence of seven different p-o-hydroxyglutarate (final
concentration: 50-1500 pum) and nine bp-lactate (final
concentration: 1-100 mMm) concentrations. A 20 um
enzyme solution and the substrate solutions were pre-
pared in 50 mm HEPES, 150 mm NaCl pH 7, before
mixing them in the stopped-flow device and recording
the spectral changes between 350 and 700 nm (mea-
surements were performed four times at each substrate
concentration). The extracted observed rate constants
were plotted as a function of the respective substrate
concentrations to obtain a hyperbolic curve, which
allowed determination of the reduction rates (k.q) as
well as of the dissociation constants (Kp).

To study the effect of product binding on the rate
or reoxidation, one sample of reduced DId2 (20 um)
was generated using photoreduction (see above) and a
second one by adding about 1.5 eq of p-a-hydroxyglu-
tarate. Then, both samples were mixed with air satu-
rated buffer (20 °C) in a stopped-flow device and
spectral changes between 350 and 700 nm were
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Table 4. Mutagenesis primers used for the generation of the various yETF variants, with the codon triplets carrying the desired mutations

shown in bold.

Variant Type Primer sequence

BF19Y Fwd. 5 -GCGTATTCTGGTTCCGGTTAAACGTGTTGTTGATTATCAGATTAAACCG-3'
Rev. 5 -CGGTCAGGGTTTTATTCACACGCGGTTTAATCTGATAATCAACAACACG-3'

aN269A Fwd. 5 -CGTGCAAGCGTTGATAATGGCCTGTGTGATGCTAGCCTGCAGATTGG-3'
Rev. 5'-GCAACAACTTTACCGGTCTGACCAATCTGCAGGCTAGCATCACACAGG-3'

BE169A Fwd. 5 -CTGGATAATGGTCGTGTTCAGGTTACCCGTGCAATCGATGATGGTG-3
Rev. 5 -GGCTTGCTTCAATAACTTCTTCACCATCATCGATTGCACGGGTAACC-3

monitored for 1.5-3 s and 25-50 min, respectively. To
obtain bimolecular reoxidation rates, the observed rate
constants were divided by the final oxygen concentra-
tion in the reaction mixtures (final concentration:
140 pm).

Qualitative analysis of the electron transfer from
DId2 to yETF

To analyze the possible electron transfer from DId2 to
yETF, yETF was diluted to a final concentration of
~ 10 pm using 50 mm HEPES pH 7 + 1 mm DTT and
mixed with 1 mMm of b-o-hydroxyglutarate. After
recording an initial UV-visible absorption spectrum
between 300 and 800 nm, DIld2 was added to a final
concentration of 10 nm and changes in the absorption
characteristics of yETF were monitored over time.

Steady-state kinetics (DId2)

To study the kinetic parameters of DId2 under steady-
state conditions, a coupled assay with 2,6-dichlorophe-
nol indophenol as final electron acceptor was used.
Solutions containing varying final concentrations of D-
o-hydroxyglutarate (25-1000 um) or bp-lactate (1—
250 mm) were prepared in 50 mm HEPES, 150 mm
NaCl pH 7 and mixed with 125 um 2,6-dichlorophenol
indophenol. After 10 min of incubation at 25 °C, DId2
was added to a final concentration of 100 nm and
absorbance changes at 600 nm were recorded for 120 s.
By plotting the extracted initial rates as a function of
the corresponding substrate concentrations the kinetic
parameters Kyiapp and kcaapp could be determined.

Steady-state analysis of the electron transfer
from DId2 onto YyETF

Steady-state parameters for the electron transfer of
DId2 onto wild-type YETF were determined by per-
forming a coupled assay with 2,6-dichlorophenol
indophenol as final electron acceptor. Therefore, buffer
(50 mm HEPES pH 7 containing 1 mm DTT), DId2

(10 nm), yETF (0.875-28 um) and 2,6-dichlorophenol
indophenol (125 pm) were mixed and incubated at
25 °C for 10 min. Then, the reaction was started by
adding 1 mm p-o-hydroxyglutarate, the substrate of
DId2, and the decrease in absorption at 600 nm was
monitored at 25 °C for 120 s (measurements at each
yETF concentration were performed in triplicate). To
determine the kinetic parameters, Kyapp and kcatapps
the extracted initial velocities (normalized to enzyme
concentration) were plotted as a function of the
respective YETF concentrations yielding a hyperbolic
curve, which was fitted using the program ORIGIN 7
(OriginLab, Northampton, MA, USA).

Titration of yETF and DId2 with a-ketoglutarate

To study the binding of a-ketoglutarate to yETF and
DId2, 800 puL of protein diluted to a final concentra-
tion of about 10 um using 50 mm HEPES pH
7+ 1 mm DTT and 50 mm HEPES, 150 mm NaCl pH
7, respectively, were transferred to a quartz cuvette
(reference just 800 pl. of buffer) and a UV-visible
absorption spectrum between 300 and 800 nm was
recorded. Then, 10-uL aliquots of 2.5 mm a-ketoglu-
tarate were added to both the reference and the mea-
surement cuvette and further spectra were recorded
after an incubation time of 1 min following the addi-
tion of the metabolite.

Acknowledgements

We are grateful to Majd Lahham for his support dur-
ing the initial phase of the project. This work was sup-
ported by the Austrian Science Fund (FWF) through
grant W901 (Doctoral Program ‘Molecular Enzymol-
ogy’). The authors are also grateful for the support by
the interuniversity program in natural sciences (NAWI
Graz).

Conflict of interest

The authors declare no conflict of interest.

The FEBS Journal 286 (2019) 3611-3628 © 2019 The Authors The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3625

Federation of European Biochemical Societies



Mitochondrial electron transport in yeast

Author contributions

MT, JB, and CRT prepared the constructs for heterol-
ogous gene expression; MT and JB expressed the
genes, purified the produced proteins, and performed
biochemical experiments; MT, JB, and PM designed
the biochemical and kinetic experiments and inter-
preted the data and wrote the manuscript.

References

1

10

3626

Crane FL, Mii S, Hauge JG, Green DE & Beinert H
(1956) On the mechanism of dehydrogenation of fatty
acyl derivatives of coenzyme A. I. The general fatty acyl
coenzyme A dehydrogenase. J Biol Chem 218, 701-706.
Roberts DL, Frerman FE & Kim JJ (1996) Three-
dimensional structure of human electron transfer
flavoprotein to 2.1-A resolution. Proc Natl Acad Sci
USA 93, 14355-14360.

Roberts DL, Salazar D, Fulmer JP, Frerman FE &
Kim JJP (1999) Crystal structure of Paracoccus
denitrificans electron transfer flavoprotein: structural
and electrostatic analysis of a conserved flavin binding
domain. Biochemistry 38, 1977-1989.

Weidenhaupt M, Rossi P, Beck C, Fischer HM &
Hennecke H (1996) Bradyrhizobium japonicum
possesses two discrete sets of electron transfer
flavoprotein genes: FixA, fixB and etfS, etfL. Arch
Microbiol 165, 169-178.

Steenkamp DJ & Husain M (1982) The effect of
tetrahydrofolate on the reduction of electron transfer
flavoprotein by sarcosine and dimethylglycine
dehydrogenases. Biochem J 203, 707-715.

Jang MH, Scrutton NS & Hille R (2000) Formation of
W3AI1 electron-transferring flavoprotein (ETF)
hydroquinone in the trimethylamine dehydrogenase-
ETF protein complex. J Biol Chem 275, 12546-12552.
Talfournier F, Munro AW, Basran J, Sutcliffell MJ,
Daff' S, Chapman SK & Scrutton NS (2001) aArg-237
in Methylophilus methylotrophus (sp. W3A1) electron-
transferring flavoprotein affords ~ 200-millivolt
stabilization of the FAD anionic semiquinone and a
kinetic block on full reduction to the dihydroquinone. J
Biol Chem 276, 20190-20196.

Whitfield CD & Mayhew SG (1974) Purification and
properties of electron-transferring flavoprotein from
Peptostreptococcus elsdenii. J Biol Chem 249,
2801-2810.

Elsden SR, Gilchrist FM, Lewis D & Volcani BE (1956)
Properties of a fatty acid forming organism isolated
from the rumen of sheep. J Bacteriol 72, 681-689.
Jenkins O, Byrom D & Joned D (1987) Methylophilus:
a new genus of methanol-utilizing bacteria. Int J Syst
Bacteriol 37, 446-448.

11

13

15

17

18

19

20

21

22

M. Toplak et al.

Gudipati V, Koch K, Lienhart W-D & Macheroux P
(2014) The flavoproteome of the yeast Saccharomyces
cerevisiae. Biochim Biophys Acta 1844, 535-544.

Lopes J, Pinto MJ, Rodrigues A, Vasconcelos F &
Oliveira R (2010) The Saccharomyces cerevisiae genes,
AIM45, YGR207¢/CIR1 and YOR356w/CIR2, are
involved in cellular redox state under stress conditions.
Open Microbiol J 4, 75-82.

Amberg DC, Basart E & Botstein D (1995) Defining
protein interactions with yeast actin in vivo. Nat Struct
Biol 2, 28-35.

Hachiya NS, Sakasegawa Y, Jozuka A, Tsukita S &
Kaneko K (2004) Interaction of D-lactate
dehydrogenase protein 2 (D1d2p) with F-actin:
implication for an alternative function of DId2p.
Biochem Biophys Res Commun 319, 78-82.

Hachiya NS, Sakasegawa Y, Sasaki H, Jozuka A,
Tsukita S & Kaneko K (2004) Oligomeric Aip2p/DId2p
forms a novel grapple-like structure and has an ATP-
dependent F-actin conformation modifying activity

in vitro. Biochem Biophys Res Commun 320, 1271-1276.
Becker-Kettern J, Paczia N, Conrotte JF, Kay DP,
Guignard C, Jung PP & Linster CL (2016)
Saccharomyces cerevisiae forms D-2-hydroxyglutarate
and couples its degradation to D-lactate formation via
a cytosolic transhydrogenase. J Biol Chem 291, 6036—
6058.

Augustin P, Toplak M, Fuchs K, Gerstmann EC,
Prassl R, Winkler A & Macheroux P (2018) Oxidation
of the FAD cofactor to the 8-formyl-derivative in
human electron-transferring flavoprotein. J Biol Chem
293, 2829-2840.

Salazar D, Zhang L, DeGala GD & Frerman FE
(1997) Expression and characterization of two
pathogenic mutations in human electron transfer
flavoprotein. J Biol Chem 272, 26425-26433.

Toogood HS, Van Thiel A, Scrutton NS & Leys D
(2005) Stabilization of non-productive conformations
underpins rapid electron transfer to electron-
transferring flavoprotein. J Biol Chem 280, 30361—
30366.

Mayhew SG, Whitfield CD, Ghisla S & Schuman-Jorns
M (1974) Identification and properties of new flavins in
electron-transferring flavoprotein from
Peptostreptococcus elsdenii and pig-liver glycolate
oxidase. Eur J Biochem 44, 579-591.

Lehman TC & Thorpe C (1992) A new form of
mammalian electron-transferring flavoprotein. Arch
Biochem Biophys 292, 594-599.

Komuniecki R, McCrury J, Thissen J & Rubin N
(1989) Electron-transfer flavoprotein from anaerobic
Ascaris suum mitochondria and its role in NADH-
dependent 2-methyl branched-chain enoyl-CoA
reduction. Biochim Biophys Acta 975, 127-131.

The FEBS Journal 286 (2019) 3611-3628 © 2019 The Authors The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



23

24

25

26

27

28

29

30

3

—

32

33

34

35

The FEBS Journal 286 (2019) 3611-3628 © 2019 The Authors The FEBS Journal published by John Wiley & Sons Ltd on behalf of

. Toplak et al.

Demmer JK, Pal Chowdhury N, Selmer T, Ermler U &
Buckel W (2017) The semiquinone swing in the
bifurcating electron transferring flavoprotein/butyryl-
CoA dehydrogenase complex from Clostridium difficile.
Nat Commun 8, 1577.

Massey V (1991) A simple method for the
determination of redox potentials. In Flavins and
Flavoproteins (Curti B, Zanetti G & Ronchi S, eds),
pp. 59-66. Walter de Gruyter, Como.

Husain M, Stankovich MT & Fox BG (1984)
Measurement of the oxidation-reduction potentials for
one-electron and two-electron reduction of electron-
transfer flavoprotein from pig liver. Biochem J 219,
1043-1047.

Dwyer TM, Zhang L, Muller M, Marrugo F &
Frerman F (1999) The functions of the flavin contact
residues, aArg249 and BTyrl6, in human electron
transfer flavoprotein. Biochim Biophys Acta 1433, 139—
152.

Pace CP & Stankovich MT (1987) Redox properties of
electron-transferring flavoprotein from Megasphaera
elsdenii. Biochim Biophys Acta 911, 267-276.

Konjik V, Briinle S, Demmer U, Vanselow A, Sandhoff
R, Ermler U & Mack M (2017) The crystal structure of
RosB: insights into the reaction mechanism of the first
member of a family of flavodoxin-like enzymes. Angew
Chem Int Ed Engl 56, 1146-1151.

Robbins JM, Souffrant MG, Hamelberg D, Gadda G
& Bommarius AS (2017) Enzyme-mediated conversion
of flavin adenine dinucleotide (FAD) to 8-formyl FAD
in formate oxidase results in a modified cofactor with
enhanced catalytic properties. Biochemistry 56, 3800—
3807.

Husain M & Steenkamp DJ (1983) Electron transfer
flavoprotein from pig liver mitochondria. A simple
purification and re-evaluation of some of the molecular
properties. Biochem J 209, 541-545.

Watmough NJ, Kiss J & Frerman FE (1992) Structural
and redox relationships between Paracoccus
denitrificans, porcine and human electron-transferring
flavoproteins. Eur J Biochem 205, 1089-1097.

Gorelick RJ & Thorpe C (1986) Electron-transferring
flavoprotein from pig kidney: flavin analogue studies.
Biochemistry 25, 7092-7098.

Gorelick RJ, Schopfer LM, Ballou DP, Massey V &
Thorpe C (1985) Interflavin oxidation-reduction
reactions between pig kidney general acyl-CoA
dehydrogenase and electron-transferring flavoprotein.
Biochemistry 24, 6830-6839.

Wang R & Thorpe C (1991) Reactivity of medium-
chain acyl-CoA dehydrogenase toward molecular
oxygen. Biochemistry 30, 7895-7901.

DuPlessis ER, Pellett J, Stankovich MT & Thorpe C
(1998) Oxidase activity of the acyl-CoA
dehydrogenases. Biochemistry 37, 10469-10477.

Federation of European Biochemical Societies

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Mitochondrial electron transport in yeast

Lenn ND, Stankovich MT & Liu HW (1990) Regulation
of the redox potential of general acyl-CoA dehydrogenase
by substrate binding. Biochemistry 29, 3709-3715.
Lehman TC & Thorpe C (1990) Alternate electron
acceptors for medium-chain acyl-CoA dehydrogenase:
use of ferricenium salts. Biochemistry 29, 10594-10602.
Toogood HS, Leys D & Scrutton NS (2007) Dynamics
driving function — new insights from electron
transferring flavoproteins and partner complexes. FEBS
J 274, 5481-5504.

Ghisla S & Thorpe C (2004) Acyl-CoA dehydrogenases:
a mechanistic overview. Eur J Biochem 271, 494-508.
Ramsay RR, Steenkamp DJ & Husain M (1987)
Reactions of electron-transfer flavoprotein and electron-
transfer flavoprotein: ubiquinone oxidoreductase.
Biochem J 241, 833-892.

Byron CM, Stankovich MT, Husain M & Davidson VL
(1989) Unusual redox properties of electron-transfer
flavoprotein from Methylophilus methylotrophus.
Biochemistry 28, 8582-8587.

Watmough NJ & Frerman FE (2010) The electron
transfer flavoprotein: ubiquinone oxidoreductases.
Biochim Biophys Acta 1797, 1910-1916.

Swanson MA, Usselman RJ, Frerman FE, Eaton GR
& Eaton SS (2008) The iron-sulfur cluster of electron
transfer flavoprotein-ubiquinone oxidoreductase is the
electron acceptor for electron transfer flavoprotein.
Biochemistry 47, 8894-8901.

Usselman RJ, Fielding AJ, Frerman FE, Watmough
NJ, Eaton GR & Eaton SS (2008) Impact of mutations
on the midpoint potential of the [4Fe-4S] +1,+2
cluster and on catalytic activity in electron transfer
flavoprotein-ubiquinone oxidoreductase (ETF-QO).
Biochemistry 47, 92-100.

Weis R, Luiten R, Skranc W, Schwab H, Wubbolts M
& Glieder A (2004) Reliable high-throughput screening
with Pichia pastoris by limiting yeast cell death
phenomena. FEMS Yeast Res 5, 179-189.

Schrittwieser JH, Resch V, Wallner S, Lienhart WD,
Sattler JH, Resch J, Macheroux P & Kroutil W (2011)
Biocatalytic organic synthesis of optically pure (S)-
scoulerine and berbine and benzylisoquinoline alkaloids.
J Org Chem 76, 6703-6714.

Macheroux P (1999) UV-visible spectroscopy as a tool
to study flavoproteins. Methods Mol Biol 131, 1-7.
Massey V, Hemmerich P, Knappe WR, Duchstein HJ
& Fenner H (1978) Photoreduction of flavoproteins and
other biological compounds catalyzed by deazaflavins.
Appendix: photochemical formation of deazaflavin
dimers. Biochemistry 17, 9-17.

Minnaert K (1965) Measurement of the equilibrium
constant of the reaction between cytochrome ¢ and
cytochrome a. Biochim Biophys Acta 110, 42-56.

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G,
Schmidt T, Kiefer F, Cassarino TG, Bertoni M, Bordoli L

3627



Mitochondrial electron transport in yeast M. Toplak et al.

et al. (2014) SWISS-MODEL: modelling protein tertiary for protein structure homology modelling.
and quaternary structure using evolutionary information. Bioinformatics 22, 195-201.
Nucleic Acids Res 42, W252-W258. 52 Benkert P, Biasini M & Schwede T (2011) Toward the
51 Arnold K, Bordoli L, Kopp J & Schwede T (2006) The estimation of the absolute quality of individual protein
SWISS-MODEL workspace: a web-based environment structure models. Bioinformatics 27, 343-350.
3628 The FEBS Journal 286 (2019) 3611-3628 © 2019 The Authors The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



