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Respiratory complex I is a central metabolic enzyme coupling NADH oxida-
tion and quinone reduction with proton translocation. Despite the knowledge
of the structure of the complex, the coupling of both processes is not entirely
understood. Here, we use a combination of site-directed mutagenesis, bio-
chemical assays, and redox-induced FTIR spectroscopy to demonstrate that
the quinone chemistry includes the protonation and deprotonation of a spe-
cific, conserved aspartic acid residue in the quinone binding site (D325 on
subunit NuoCD in Escherichia coli). Our experimental data support a pro-
posal derived from theoretical considerations that deprotonation of this resi-
due is involved in triggering proton translocation in respiratory complex I.
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Proton-pumping NADH:ubiquinone oxidoreductase,
also called respiratory complex I, is essential for cellular
energy metabolism in most organisms. It catalyzes the
oxidation of NADH and uses the electrons for quinone
(Q) reduction. The redox reaction is coupled with the
translocation of protons across the membrane [1-5].
These reactions are spatially separated: A so-called
peripheral arm catalyzes electron transfer and a
so-called membrane arm is responsible for proton trans-
location [6-10]. Mitochondrial complex I is made up of
45 different subunits including 14 conserved subunits,
which are present in all species that contain a
proton-pumping NADH:Q oxidoreductase [1-7]. In
general, complex I from bacteria consists of the 14 core
subunits. As a special case, the complex from Escheri-
chia coli comprises just 13 subunits called NuoA to

Abbreviations

NuoN due to the fusion of the genes encoding subunit
NuoCD [11,12]. The structure of the 14 core subunits is
strictly conserved, so that the complex from E. coli rep-
resents a minimal structural form of a proton-pumping
NADH:Q oxidoreductase [4,6,9,13—17].

NADH is oxidized by flavin mononucleotide (FMN)
at the tip of the peripheral arm, and electrons are trans-
ferred by a series of iron—sulfur (Fe/S) clusters over a
100 A distance towards the membrane [1-6]. Here, Q is
reduced by the most distal Fe/S cluster N2 (Fig. 1) ~20-
30 A above the membrane plane [1-6]. Q is bound in a
unique cavity composed of subunits from both arms.
The membrane arm contains four putative proton path-
ways that are connected to each other and to the Q cav-
ity by an approximately 200 A long central axis of
buried charged residues [4,6,9,13-17,19]. Three proton

FMN, flavin mononucleotide; Ferricyanide, the hexacyanoferrate anion; Fe/S, iron-sulfur, LMNG, Lauryl maltose neopentyl! glycol, MD,
molecular dynamics; MES, 2-morpholinoethanesulfonic acid; OD, optical density; SDS/PAGE, sodium dodecylsulfate polyacrylamide gel

electrophoresis.
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Fig. 1. Structure of and electron transfer in complex I. (A) Structure of E. coli complex | (PDB: 7Z7S) with the subunits in gray [18]. The
FMN and the Fe/S clusters are depicted in their standard atomic colors. The position of Q is in this structure is shown in red and green. (B)
Scheme of the electron transfer in the peripheral arm of the complex from NADH (top) to the quinone (bottom). The amino acids mentioned
in the text are depicted. (C) Arrangement of the amino acids in question in the Q binding site from T. thermophilus complex | (PDB: 4HEA).
The Asp/His H-bond is indicated by a dashed line and the distance is provided. The residues are shown in the T. thermophilus (purple) and
in the E. coli (black) numbering. The position of the most distal Fe/S cluster N2 is shown at the top of the figure.

pathways are located on each of subunits NuoL, M and
N of the membrane arm. The fourth pathway, called
the E-channel [6], is proximal to the Q binding site and
it is composed of NuoH, A, J and K [6,18]. Several
mechanisms of proton translocation including all or just
a few of the putative proton pathways are currently
under discussion [5,8—-10,18,20-23].

Before the structure of complex I was known, we
showed by redox-induced FTIR difference spectroscopy
that the potential step from —0.3 to —0.1 V is coupled
with the protonation of an acidic amino acid residue
[24]. This potential step was attributed to the oxidore-
duction of Fe/S cluster N2 with a redox potential of
—0.16 V at pH 6 [25]. As N2 is located on NuoB, we
tried to identify the acidic amino acid in question by
site-directed mutagenesis of NuoB without a clear result
[25]. Electron transfer from N2 to Q is only possible
when Q penetrates deeply into its binding cavity in 12 to
10 A distance from N2 [17,18,20,26,27]. Redox titra-
tions revealed a redox potential of tightly bound Q of
less than —300 mV [28,29]. It was suggested that this
site corresponds to a so-called low potential binding site
(E,, ~ —0.3 V) and that Q moves inside its binding cav-
ity to another, the so-called high-potential binding site,
where it takes a more positive redox potential (esti-
mated to E,, ~ 0.08 V) [23,30].

Structural and biochemical data as well as MD simu-
lations [6,26,31-33] suggested that the carbonyl groups
of the quinone headgroup are in hydrogen-bond con-
tact to conserved H224® and Y273“P (the superscript
refers to the name of the E. coli subunit; numbering

according to UniProt [34]. The different residue num-
bers in various organisms are listed in Table S1). The
position of H224P is further stabilized by forming an
ion pair with D325P [6,26]. From large-scale computa-
tional simulations, it was concluded that the reduction
of Q is coupled with an opening of the His/Asp ion pair
and subsequent protonation of reduced Q by Y273¢P
and H224/D325P [26]. This would in turn generate a
significant charge imbalance that is transmitted to the
membrane arm. These steps were discussed as the initial
charging steps of proton translocation [26].

We suspected that D325P could be the acidic
amino acid that is protonated during the potential step
from —0.3 to —0.1 V [24]. To this end, we generated
several mutations at position D325 in E. coli com-
plex I that significantly affect the electron transfer
activity without disturbing the assembly of the com-
plex. The sensitivity to the Q-site-specific inhibitor
piericidin A is significantly decreased. Redox-induced
FTIR spectroscopy of the D325ACP variant clearly
shows that this residue is protonated upon electro-
chemically induced electron transfer. Possible implica-
tions for energy coupling in complex I are discussed.

Materials and methods

Strains, plasmids, and oligonucleotides

A derivative of E. coli BW25113 [35] chromosomally lack-
ing ndh was used to overproduce complex I from a plasmid
[36]. Here, the chromosomal nuo operon is replaced by a
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resistance cartridge (nptll). Escherichia coli strain DHS50A
nuo was used for site-directed mutagenesis to avoid recom-
bination [36]. Oligonucleotides were obtained from Sigma-
Aldrich. Restriction enzymes were obtained from Thermo
Fisher Scientific. Site-directed mutations were introduced
into nuoCD on plasmid pBADnuoy;, [37] according to the
QuikChange protocol (Stratagene, La Jolla, CA, USA). A
silent mutation was introduced by PCR using the KOD
Hot Start DNA Polymerase (Novagen), generating a new
restriction site to identify positive clones by restriction
analysis. The primer pairs for site-directed mutagenesis are
listed in Table S2. Mutations were examined by DNA
sequencing (Eurofins Genomics, Ebersberg, Germany).

Cell growth and preparation of cytoplasmic
membranes

To test the functionality of complex I, parental and mutant
strains were grown aerobically in minimal medium with
25 mMm acetate as sole carbon source [38] at 37 °C while
agitating at 180 rpm. Expression of the nuo operon was
induced by an addition of 0.02% (w/v) rL-arabinose. Cell
growth was measured as optical density at 600 nm (ODgqy).
For protein preparations, cells were grown in rich autoin-
duction medium with 34 pgrmL~! chloramphenicol [38]
and harvested by centrifugation. The sedimented cells were
suspended in a fivefold volume of buffer A (50 mm MES/-
NaOH, 50 mm NaCl, pH 6.0) containing 0.1 mm PMSF
and a few grains of DNAsel and disrupted by three pas-
sages through an HPL-6 (Maximator, 1000-1500 bar) [38].
Cytoplasmic membranes were obtained by differential cen-
trifugation [38] and suspended in an equal volume (1:1,
w/v) of buffer A* (buffer A with 5 mm MgCl,) with
0.1 mm PMSF.

Sucrose gradient centrifugation

Proteins were extracted from the cytoplasmic membrane by
an addition of 1% (w/v) LMNG (2,2-didecylpropane-1,3-
bis-B-D-maltopyranoside; Anatrace) to a membrane suspen-
sion in buffer A* [38]. After incubation for 1 h at 4 °C, the
suspension was centrifuged for 20 min at 160 000 g and
4 °C (Rotor 60Ti, Sorvall wX+ Ultra Series centrifuge;
Thermo Scientific). 0.5 mL supernatant was loaded onto
24 mL gradients of 5-30% (w/v) sucrose in A* ynG
(buffer A* with 0.005% (w/v) LMNG) and centrifuged for
16 h at 104 000 g (4 °C, Rotor SW28, Sorvall wX+ Ultra
Series centrifuge; Thermo Scientific). The gradients were
fractionated into 1 mL portions.

Protein preparation

The D325ACP variant was prepared as described [39]. In
short, membrane proteins were extracted with 2% (w/v)
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LMNG, the cleared extract was adjusted to 20 mm imidaz-
ole and applied to a 35 mL ProBond Ni**-IDA column
(Invitrogen, Carlsbad, CA, USA) in binding buffer (A*, e
with 0.005% (w/v) LMNG and 20 mm imidazole, pH 6.8).
Bound proteins were eluted with binding buffer containing
308 mm imidazole. Fractions with NADH/ferricyanide oxi-
doreductase activity were pooled, concentrated by ultrafiltra-
tion in 100 kDa MWCO Amicon Ultra-15 centrifugal filters
(Millipore, Darmstadt, Germany) and applied onto a Super-
ose 6 size-exclusion chromatography column (300 mL; GE
Healthcare, Freiburg, Germany) equilibrated in buffer A*
with 10% (v/v) glycerol and 0.005% (w/v) LMNG. Frac-
tions with the highest NADH)/ferricyanide oxidoreductase
activity were used for further studies.

Activity assays

Activity assays were performed at 30 °C. The NADH oxi-
dase activity of cytoplasmic membranes was determined by
a Clarke-type oxygen electrode (DW1, Hansatech, Pentney,
UK) as described [38]. The electrode was calibrated by an
addition of a few grains sodium dithionite to air saturated
buffer [40]. NADH oxidase activity was inhibited by an
addition of various amounts of piericidin A (ChemCruz,
Heidelberg, Deutschland) to the NADH-induced reaction.
The NADH/ferricyanide oxidoreductase activity was deter-
mined as decrease of the ferricyanide absorbance at 410 nm
[38] with a diode-array spectrometer (QS cuvette, d = 1 cm,
Hellma; TIDAS S, J&M, Aalen, Germany) using an & of
I mm "em™! [41]. The NADH:decyl-Q oxidoreductase
activity was measured as decrease of the NADH concentra-
tion at 340 nm using an & of 6.3 mm em~! (QS cuvette,
d =1 cm, Hellma; TIDAS S, J&M Aalen). The assay con-
tained 60 puM decyl-Q, 2 pg complex I or the D325AP var-
iant and a tenfold molar excess (5 pg) E. coli cytochrome
boz oxidase in buffer A*; yng. The reaction was started by
an addition of 150 pm NADH [38].

IR spectroscopy

The experiments were performed in a thin-layer transmis-
sion electrochemical cell as previously described [42.,43].
The semi-transparent gold grid that serves as a working
electrode was modified with 1:1 solution of cysteamine and
mercaptopropionic acid (mixture of positively and nega-
tively charged thiols) in order to prevent the adsorption of
protein on the electrode surface. A platinum contact and
an aqueous Ag/AgCl 3 m KCl electrode were used as coun-
ter and reference electrodes, respectively. An hour before
each experiment the protein was incubated with a cocktail
of 19 mediators with a final concentration of 25 um [44].
The cell was assembled as described previously [24]. The
oxidized minus reduced FTIR difference spectra were
obtained in the —300/—500 mV vs Ag/AgCl potential range
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(the values are converted to SHE’ potentials by adding
+208 mV) using a Vertex 70 FTIR spectrometer from Bru-
ker Optics, with an equilibration time of 5 min for each
step. The redox reaction was cycled over 50-80 times and
for each redox state two spectra (256 scans, 4 cm ™!
tion) were averaged.

resolu-

Other analytical methods

Protein concentration was determined by the biuret method
using BSA as a standard [45]. The concentration of purified
complex I was determined by UV /vis-spectroscopy (TIDAS
S; J&M) using an &g of 781 mm ! ecm™! as derived from
the amino acid sequence [46]. SDS/PAGE (sodium dodecyl
sulfate/polyacrylamide gel electrophoresis) was performed
with a 10% separating gel and a 3.9% stacking gel [47].
The pKa of D325P was calculated with PropKa3 [48]
using the pdb model 7Z7S of E. coli complex I [18].

Results

D325P of E. coli complex I was individually mutated
to A, E, N and Q by changing the respective codon on
the pBADnuoy;s expression plasmid that encodes the
entire E. coli nuo operon under the control of
the inducible Pgap arabinose promoter [37]. The
expression strain BW25113Andh nuo:nptll_FRT was
transformed with plasmids either encoding the original
nuo-genes or the corresponding mutations. Due to the
lack of the alternative NADH dehydrogenase (ndh)
[38] and the chromosomally encoded complex I, all
NADH-induced activities of membranes from this
strain exclusively derive from complex I and the vari-
ants encoded on the plasmid.

To screen for an effect of the mutations on complex
I, the host strain individually transformed with the vari-
ous plasmids was grown in minimal medium with ace-
tate as non-fermentable carbon source. Here, an intact
complex I is required for fast growth to high OD values
[38]. The mutant strains D325A“" and D325E“P grew
as fast as the parental strain. Only the D325N“P and
D325QP mutant strains grew slightly slower (Fig. 2).
This already suggests that complex I is fully assembled
and active in the A and E mutants, while it may have a
decreased activity in the N and Q mutants.

The assembly of the complex I variants in the
mutant strains was assessed by separating proteins
extracted from cytoplasmic membranes with LMNG
using sucrose gradient centrifugation (Fig. 2). The
position of the complex and the variant proteins in
the gradient was determined by their NADH /ferricya-
nide oxidoreductase activity. Parental complex I sedi-
ments around fraction 16 as expected [49]. The
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variants sedimented at the same position of the gradi-
ent with approximately the same total activity (Fig. 2)
indicating a similar amount of protein in the mutant
membranes. As an exception, the strain producing the
D325ACP variant shows a significantly higher total
activity than the parental strain (Fig. 2).

The amount of the complex and the variants in cyto-
plasmic membranes was also determined by measuring
the NADH/ferricyanide oxidoreductase  activity
(Table 1). This activity is mediated by FMN bound to
NuoF and is not coupled to Q reduction or proton
pumping. The activity of the D325A°P mutant strain is
significantly higher than that of the parental strain,
while that of the D325EP and D325Q%P mutant strains
is slightly diminished. The NADH/ferricyanide oxidore-
ductase activity of the D325N“P mutant membranes is
only two thirds of that of the parental strain. These
results are in good agreement with the activity profiles
of the sucrose gradients (Fig. 2). For unknown reasons,
the D325A“P mutant produces more of the variant than
the parent strain of complex I. The physiological activity
of complex I was determined by measuring the NADH
oxidase activity of cytoplasmic membranes. In this
assay, NADH is oxidized by complex I and the pro-
duced quinol is used by the quinol oxidases to reduce
oxygen to water. The decrease of the oxygen concentra-
tion in the buffer is measured. Here, the D325A¢P
mutant strain showed a slightly diminished activity
while that of the other mutant strains was half and one
third of the parental strain, respectively (Table 1). Pro-
duction of complex I from the nuo-plasmids might lead
to different amounts of the complex in the strains. To
compensate for this difference, the NADH oxidase
activity was normalized for the amount of complex I in
the respective membranes as derived from the NADH/-
ferricyanide oxidoreductase activity (Table 1). Taking
the different amount of complex I in the membrane into
account, the D325AP and D325E‘P mutant strains
exhibited about 60% and the other strains approxi-
mately half of the activity of the parental strain
(Table 1). Thus, the mutations clearly diminished com-
plex I electron transfer activity without blocking the
reaction. This is in agreement with previous reports
[26,50]. The rapid growth of the mutant strain produc-
ing the D325A“P variant (Fig. 2) is explained by the fact
that although the variant retains 62% of its physiologi-
cal activity, this is compensated for by the production of
132% of the amount of the variant.

To determine the influence of the mutation on inhib-
itor binding, the NADH oxidase activity was titrated
with piericidin A, a specific Q site inhibitor of complex
I [40]. The ICsq for the parental membranes was
3.3 um piericidin A (Table 2), which is in good
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Fig. 2. Growth of the nuoCD mutant strains and stability of the variants. (A) Growth curves of the reference strain producing parental
complex | (black) and the D325°P mutant strains D325AP (red), D325EP (blue), D325NP (green), and D325Q°P (violet) in minimal medium
with acetate as the only carbon source. The arrow marks the induction of gene expression with 0.02% (w/v) L-arabinose. (B) Sucrose
gradients of detergent solubilized membranes from the parental strain (black) and the nuoCD mutant strains D325AP (red), D325ECP (blue),
D325N°P (green) and D325Q°° (violet). The NADH/ferricyanide oxidoreductase activity of each fraction is shown; the activities are

normalized to 20 mg protein applied on each gradient.
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Table 1. NADH oxidase and NADH/ferricyanide oxidoreductase activity of cytoplasmic membranes from E. coli parental strain (WT) and

D325°P mutant strains. Data were obtained from three measurements of two biological replicates, the standard deviation is given.

NADH/ferricyanide oxidoreductase

activity NADH oxidase activity Normalized NADH oxidase activity
Strain (U'mg™" total protein) (%) (U'mg™" total protein) (%) (U'mg™" total protein) (%)
WT 29+ 0.2 100 £ 5 0.51 + 0.02 100 £ 7 0.51 +£ 0.05 100 £ 9
D325AP 38403 132+ 9 0.41 + 0.01 81 +3 0.32 + 0.03 62 + 10
D325ECP 27 +0.2 92+ 9 0.28 + 0.02 b5+ 9 0.30 + 0.03 59 + 10
D325NCP 1.94+ 0.3 64 + 18 0.16 4+ 0.03 31 4+ 23 0.26 + 0.06 50 + 28
D325Q°P 23+ 0.2 80 + 10 0.17 + 0.03 33 + 21 0.22 + 0.04 43 + 22

Table 2. Inhibition of the NADH oxidase activity of cytoplasmic
membranes from E. coli parental and nuoCD mutant strains. Data
were obtained from two measurements of three biological
replicates, the standard deviation is given.

ICso (piericidin A)

Strain ()

WT 35+ 0.2
D325AP 93+08
D325ECP 6.2 + 05
D325N<P 17.4 + 0.6
D325Q°P 16.9 + 1.2

agreement with previous data [40]. Remarkably, all
D325°P mutants showed a significantly lower affinity
to piericidin A. The D325E“P mutant strain that con-
tains a longer acidic side chain exhibits an approxi-
mately two-fold and membranes from the D325A<P
mutant strain an approximately three-fold higher ICs,
(Table 2). Membranes from the mutants with an amide
at this position, D325Q" and D325N°P, show high
ICs values of around 17 um (Table 2). The latter indi-
cates a disturbed binding of piericidin A at its binding
site. This is in agreement with structural data indicat-
ing that H224°P, the ion-pair binding partner of
D325°P, is strongly involved in specific binding of
piericidin A [16].

To clarify whether D325°P is the acidic amino acid
residue that we identified to be protonated by the
potential step from —0.3 to —0.1 V [24], complex I
and the D325A°P variant were prepared to homogene-
ity by affinity and size-exclusion chromatography
(Fig. S1). The D325A“P variant was selected for com-
parison as the methyl protons show no signals in the
region from 1800 to 1710 cm™'. From 50 g cells 7—
10 mg of complex I and of the variant protein were
obtained. The elution profiles and the SDS-gel of the
preparations of complex I and the variant show no

significant differences (Fig. S1). The specific NADH/-
ferricyanide oxidoreductase activity of preparations of
the D325AP variant is 98 + 3.5 U'mg~! of the vari-
ant and thus, similar to that of complex I with
105 + 2.8 U'mg ™" of complex I. Likewise, the variant
showed about 61% (17.2 + 0.4 U-mg ™' of the variant)
of the specific NADH:decyl-Q oxidoreductase activity
of the parental complex (28.2 + 2.4 U'mg~' of com-
plex I), which is in line with data obtained from mem-
branes (Table 1). The NADH:decyl-Q oxidoreductase
activity of the isolated enzymes is used to measure
electron transfer from NADH to the artificial substrate
decyl-Q, whereby the electrons follow the physiological
path via the FMN and the FeS clusters to the Q bind-
ing site. The reaction is coupled with proton transloca-
tion, but this has no effect on the assay as the enzyme
is not reconstituted in proteoliposomes.

The redox-dependent reorganizations of complex I
and the contributions of titratable amino acid residues
have been described by infrared spectroscopy [24]. The
v(C=0) modes of protonated aspartic and glutamic
acid side chains contribute in the spectral range from
1800 to 1710 cm™"'. This spectral region is highly char-
acteristic for protonated acidic amino acid residues in
membrane proteins [51,52]. The spectra were recorded
under the same experimental conditions as reported
[24]. Accordingly, a potential step from —0.3 to
—0.1 V was applied to both samples. In this range,
tightly bound Q will be reduced and protonated and it
will move away from its tight position in the cavity in
proximity of N2 [23,30]. Spectra of the complex and
the variant were recorded from 1800 to 1200 cm ™' as
in our original experiment (Fig. 3). The individual sig-
nals present in the redox difference spectra of complex
I have already been discussed in detail [24]. Notewor-
thy, the spectra look highly similar to those obtained
with the preparation of the chromosomally encoded
complex in a different detergent [24]. The complex I
difference spectra feature a clear signal at 1711 cm ™'
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Fig. 3. (A) Oxidized minus reduced FTIR difference spectra of the complex | and the D325AP variant at pH 6 in the —0.3/—0.1 V potential

range. (B) Magnified view of the 1720-1670 cm™' spectral range.

as reported for the previously published preparation
(Fig. 3). This signal contains contributions from the
FMN and another group that was originally attributed
to an acidic amino acid side chain due to its clearly
lower intensity in the spectra of the NADH dehydro-
genase fragment of the complex that contains the
FMN but lacks cluster N2 and the Q binding site [24].
Comparison of redox difference spectra of complex I
and the D325AP variant reveals that the signal at
1711 ecm™" is nearly lost in the redox difference spec-
trum of the D325AP variant (Fig. 3). Following our
previous findings [24] the very low residual absorbance
is attributed to the FMN. Since both spectra were
recorded in a pH 6 buffer, the pKa of the residue in
question should be higher than 6. Only a few acidic
amino acid residues of complex I are predicted to have
a pKa above 6 by using the PropKa3 software.
According to these predictions, the pKa of D325P,
the aspartic acid residue that is the focus of our study,
fulfills this requirement with a pKa of 8.3, which is
consistent with the experimental data. Taking all
experimental evidence together our data strongly sug-
gest that this D325P becomes deprotonated upon Q
reduction at —0.3 V and protonated when the reduced
and protonated QH, moves away from N2 to another
position in the Q cavity at —0.1 V.

Discussion

Mutation of D325°P to A, E, N, and Q does not ham-
per the assembly of the complex (Fig. 2). However,
these mutations clearly diminish the NADH:Q oxido-
reductase activity normalized to the amount of the

2862

protein in the membrane (Table 1) in agreement with
previous studies on the E. coli enzyme [26,50]. As the
mutations do not fully block activity, D325 is not
essential for the enzyme’s activity. In contrast, based
on the FTIR spectroscopic data, D325P clearly is the
amino acid residue that is deprotonated when the com-
plex experiences a potential of —0.3 V and protonated
at a potential of —0.1 V (Fig. 3).

There is a general agreement that Q is reduced by elec-
tron transfer from the most distal Fe/S cluster N2, when
bound to the tight position in the Q binding cavity of
complex I (Fig. 1) [1-10]. Most likely, Q is fully reduced
to Q> [26] that readily accepts protons from nearby
donors. However, it is unclear whether Q*~ is fully pro-
tonated at this position resulting in QH, or whether a
quinol anion QH™ is formed instead [53]. Furthermore,
the proton source is still under debate. From
co-crystallization of the Thermus thermophilus complex I
with piericidin A and the substrate analog decyl-Q, Bar-
adaran et al. concluded that one of the redox-active car-
bonyl groups interacts with Y273°P and the other one
with H224“P (E. coli numbering, see Table S1) [6]. The
same conserved Y273 and H224P residues were also
identified by molecular dynamics (MD) simulations as
obligate binding partners to enable redox-driven proton
translocation [23,32,33,54,55]. However, so far no struc-
ture has been solved in which the carbonyl groups of a
long-chain Q are bound by these two residues. Further-
more, biochemical data obtained with Y. lipolytica com-
plex I indicate that these two residues might just ligate
the two carbonyl groups to enable a proper positioning
of the Q headgroup for electron transfer. Mutagenesis
of these residues prevented the reaction with long-chain
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Qs such as the native Qq, however, the isolated variants
were fully active with short-chain quinones such as Q
and Q, [31]. This could mean that these residues may
not be involved in the protonation of the Q [16,31].

H224P forms an ion pair with D325P that was pro-
posed to open upon Q reduction and protonation, thus
leading to deprotonation of D325“P by H224P [26].
Our FTIR data show that the deprotonated carboxylate
of D325 is found in the reduced state at —0.3 V and
that this side chain becomes protonated to a neutral car-
boxylic acid in the oxidized state at —0.1 V (Fig. 3). At
—0.3 V, the potential at which Q is reduced, D325 is
therefore present in the deprotonated form. According
to MD simulations, D325P becomes deprotonated as
soon as Q is reduced to the Q*~ state by electron trans-
fer from cluster N2 [26]. Q*~ is rapidly protonated to
QH; from a yet unknown source, which could be the
nearby conserved Y273°P and H224P residues as dis-
cussed above [26]. According to quantum mechanics/-
molecular mechanics simulations, deprotonation of
D325“P upon QH, formation is accomplished by
H224P. Thus, our FTIR difference spectra fully sup-
port this suggestion (Fig. 3). Following the simulations
[26], the anionic D325°P moves away from H224P
towards the membrane arm. This is enabled by D325P
being part of a conformationally flexible four-helix bun-
dle [6]. The movement of the anionic D325 should
induce conformational changes that are involved in
driving proton translocation in the membrane arm [26].
Remarkably, the D325NP variant was shown to be
able to translocate protons. This was explained by the
fact that this residue is part of a larger proton relay sys-
tem [26].

Beyond the scope of the MD simulations, our experi-
mental data now show that when QH, moves from its
low potential to its high-potential position in the cavity
at —0.1 V, D325°P becomes protonated, most likely
after proton translocation in the membrane arm. The
proton may derive from the electric ‘back-wave’ in the
membrane arm [23] or the charge re-distribution in the
membrane arm upon proton uptake from the cytosol
[18]. Thus, we experimentally confirm the proposal that
D325CP is in the deprotonated state during Q reduction
[26] and show that it is in the protonated state when
QH, moves to its high-potential binding site.
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