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ABSTRACT: The energy-converting NADH:ubiquinone oxidoreductase,
respiratory complex I, couples NADH oxidation and quinone reduction
with the translocation of protons across the membrane. Complex I exhibits
a unique L shape with a peripheral arm extending in the aqueous phase and
a membrane arm embedded in the lipid bilayer. Both arms have a length of
~180 A. The electron transfer reaction is catalyzed by a series of cofactors
in the peripheral arm, while the membrane arm catalyzes proton
translocation. We used the inhibition of complex I by zinc to shed light
on the coupling of the two processes, which is not yet understood. Enzyme
kinetics revealed the presence of two high-affinity binding sites for Zn**
that are attributed to the proton translocation pathways in the membrane
arm. Electrochemically induced Fourier transform infrared difference
spectroscopy demonstrated that zinc binding involves at least two
protonated acidic residues. Electron paramagnetic resonance spectroscopy

showed that one of the cofactors is only partially reduced by NADH in the presence of Zn**. We conclude that blocking the
proton channels in the membrane arm leads to a partial block of the electron transfer in the peripheral arm, indicating the long-

range coupling between both processes.
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plex I, is the first and largest enzyme complex of the L N
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respiratory chains of many eukaryotes and most bacteria. It > b
couples the transfer of two electrons from NADH to na®
ubiquinone with the translocation of four protons across the e
membrane.' > Dysfunctions of the human complex I are e
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related to the onset of neurodegenerative diseases such as
Parkinson’s or Alzheimer’s disease and of aging.” The bacterial
complex comprises 13—16 subunits called NuoA—N or Nqol—
16. They add up to a molecular mass of ~550 kDa.** Complex
I has an unusual L-shaped structure consisting of a peripheral
arm and a membrane arm. Recently, the structure of the
Thermus thermophilus complex was determined at 3.3 A
resolution.'® The peripheral arm harbors one flavin mono-
nucleotide (FMN) and, depending on the species, 8—10 iron—
sulfur (Fe/S) clusters called N1a to N6b (Figure 1). Electrons
from NADH are transferred to the flavin and from there via a
chain of seven Fe/S clusters to the substrate quinone. The
quinone-binding site is located at the interface of the two arms.
The membrane arm contains four putative proton translocation
pathways built up by two half-channels each.'® It is suggested
that the redox reaction in the peripheral arm induces
conformational changes that are transmitted to the membrane
arm leading to the opening and closing of the individual half-
channels."

Zinc is an essential micronutrient acting as a cofactor in
many proteins. However, high concentrations of Zn*" are toxic
because they induce the death of neurons.'" In addition, Zn*" is
known to inhibit the production of cell energy by affecting the
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Figure 1. Scheme of respiratory complex I as derived from structural
data.'® The approximate positions of the FMN and Fe/S clusters N1a,
N1b, N2—NS, N6a, and N6b are provided as well as the binding sites
for NADH and the quinone (Q). The positions of the four proton
translocation pathways consisting of two half-channels each are
indicated. The positions of the membrane arm stabilizing elements on
both sides of the membranes, aH and SH, are given. Their role in
proton translocation is under discussion.'?

glyceraldehyde-3-phosphate dehydrogenase in glycolysis,"> the
a-ketoglutarate dehydrogenase complex in the TCA cycle,"
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and respiratory complexes I,'* III,"* and IV."*™'® It was shown
that zinc interferes with the reduction and protonation of

. o 14,15
quinone and/or proton translocation in complexes I and III
and inhibits proton translocation in complex IV.'*"'® Here, we
use the inhibition of complex I by Zn>* to elucidate the
coupling of the redox reaction in the peripheral arm with
proton translocation in the membrane arm.

B MATERIALS AND METHODS

Protein Preparation and Determination of Enzymatic
Activities. Complex I was isolated from an overproducing
strain as described previously.'” The NADH:decyl-ubiquinone
oxidoreductase activity of the preparation was measured as a
decrease in the NADH concentration at 340 nm using an & of
62 mM™" cm™. The enzyme (10 mg/mL) was mixed with
Escherichia coli polar lipids (10 mg/mL, Avanti) in a 1:1 (w/w)
ratio and incubated for 20 min on ice. One microliter of the
protein/lipid mixture and 60 #M decyl-ubiquinone were added
to the assay buffer [SO mM MES-NaOH and 50 mM NaCl (pH
6.0)]. The mixture was incubated for 1 min at 30 °C, and the
reaction was started by an addition of NADH at various
concentrations. The activity of this preparation is ~3.3 units/
mg, while higher activities are reported for other preparations
of E. coli complex I. However, we have demonstrated that this
activity is more than 95% inhibited by piericidin A, a specific
complex I inhibitor, and that the rate of quinone reduction is
virtually identical to that of NADH oxidation. Thus, the
physiolo§ical activity is measured with the overproduced
enzyme.” The NADH/hexaammineruthenium(IIl) oxidore-
ductase activity was determined in the same way but with 0.5
ug of complex I and using 1 mM hexaammineruthenium (I1I)
chloride as an electron acceptor.

EPR Spectroscopy. EPR measurements were taken with an
EMX 6/1 ESR spectrometer (Bruker) operating at X-band. The
sample temperature was controlled with an ESR-9 helium flow
cryostat (Oxford Instruments). The magnetic field was
calibrated using a strong pitch standard. Spectra were recorded
at 13 K at a microwave power of S mW. Other experimental
conditions are provided in the figure legends. Complex I (10
uM) was incubated with either 250 uM ZnCl, or the same
volume of buffer for 3 min, and both samples were reduced by
an addition of 500 uM NADH.

FT-IR Spectroscopy. The samples for FT-IR spectroscopy
were in S0 mM MES, 50 mM NaCl, and 0.01% DDM (pH 6.3).
One microliter of a 0.1 M ZnSO,H,0 solution (Sigma-
Aldrich) in the same buffer was added to 7 yL of complex I (80
mg/mL). The samples were incubated for 3 h at 4 °C. The
ultrathin lazer spectroelectrochemical cell was used as described
previously.”® To avoid irreversible protein adhesion, the gold
grid working electrode was modified by incubation with a 2
mM cysteamine and mercaptopropionic acid solution for 1 h
and then washed with deionized water. To accelerate the redox
reactions, a mixture of 19 mediators®® was added at
substoichiometric concentrations of 40 uM each to the protein
solution; 7—8 uL of the solution was used to fill the
electrochemical cell. The cell path length was <10 ym, as
determined at the beginning of each experiment. All experi-
ments were performed at 278 K. FT-IR spectra were recorded
as a function of the applied potential using a setup combining
an IR beam from the interferometer (Vertex 70, Bruker) for the
4000—1000 cm™" range. First, the protein was equilibrated at an
initial electrode potential, and a single-beam spectrum was
recorded. Then the final potential was applied, and a single-
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beam spectrum was again recorded after equilibration.
Equilibration generally took 8 min for the full potential step
from —500 to 200 mV (vs the SHE). Difference spectra as
presented here were calculated from two single-beam spectra,
with the initial spectrum taken as a reference. Typically, 2 X
256 interferograms at 4 cm ™' resolution were co-added for each
single-beam spectrum and Fourier transformed using triangular
apodization and a zero filling factor of 2. Sixty difference spectra
were averaged.

B RESULTS AND DISCUSSION

Inhibition of E. coli Complex | by Cations. The effect of
a variety of cations on complex I activity was inspected by
incubating the complex with various salts at S00 M for 1 min
before its NADH:decyl-ubiquinone oxidoreductase activity was
assayed. The monovalent cations Li*, Na*, K%, and Cs" had a
very slight effect on activity, which was also true for the divalent
cations Mg*, Ca®, Mn*, Co®, and Ni** (Figure 2). Gd**
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Figure 2. Effect of various cations on the NADH:decyl-ubiquinone
oxidoreductase activity of complex I. The residual activity after
incubation with the corresponding cation at S00 M for 1 min on ice
is shown. The activity of the untreated sample is 3.3 units/mg.

inhibited complex I activity by one-third. A significant
inhibition of ~90% was achieved by an addition of Cd** and
Zn*". The inhibition did not depend on the chemical nature of
the counterion as the chlorides showed the same inhibitory
competence as the sulfates. It is known that low concentrations
of these cations inhibit proton-translocation pathways in several
proteins. Crystallographic studies with the Rhodobacter
sphaeroides cytochrome c¢ oxidase showed that Cd** and Zn**
bind to charged amino acids at both ends of the pathway.'®

Inhibition of the NADH:Decyl-ubiquinone Oxidore-
ductase Activity by Zn?*. The addition of Zn>* led to a
progressive decrease in the NADH:decyl-ubiquinone oxidor-
eductase activity of complex I over time (Figure 3), which can
be explained either by a low binding rate constant or by a
binding site that is only accessible in distinct enzymatic state(s).
The ICg, values of Zn®>" inhibition after incubation of the
complex with Zn*" for 20 min and for 20 s were similar (55 + 5
and 50 + S uM, respectively), pointing to the presence of
binding site(s) that are accessible only in a distinct enzymatic
state.
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Figure 3. Progressive inhibition of the NADH:decyl-ubiquinone
oxidoreductase activity of complex I by Zn>*. The activity of an
untreated sample (—) and of an aliquot treated with 20 yM ZnCl,
(---) is shown. The addition of ZnCl, is marked by an arrow, and the
residual activity of the Zn?*-treated sample at distinct times (also
indicated by arrows) is given.

The ICs, value of Zn** on the NADH:decyl-ubiquinone
oxidoreductase activity strongly increased at a lower pH,
indicating that either Zn** competes with the binding of
protons or the complex adopts a different conformation at this
pH, hindering Zn** binding (Figure 4). Because of the
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Figure 4. Dependence of the ICy, of Zn>* inhibition of NADH:decyl-
ubiquinone oxidoreductase activity (M) and NADH/HAR oxido-
reductase activity (@) on pH. The data points were fit with a
Boltzmann function assuming a plateau of 400 uM for the
NADH:decyl-ubiquinone oxidoreductase activity.

instability of the preparation at acidic pH values, no data
below pH 5.0 were obtained. Assuming a sigmoidal shape with
a plateau at ~400 uM Zn**, an inflection point of at least pH
5.2 is derived. If a higher maximal ICy, were obtained, the
inflection point would be a bit lower. Thus, the value of 5.2 is
an upper limit, and the actual inflection point might actually be
at a more acidic pH. This is compatible with a binding of Zn**
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to residue(s) containing carboxylates in hydrophobic surround-
ings (see below).

To judge whether Zn®* competes with the binding of the
substrates, the K,, for NADH and quinone at various Zn?*
concentrations was determined (Figure S). As the K, for decyl-

16+
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K, ™ [1M]

Figure 5. Effect of increasing Zn** concentrations on the K, of
complex I with respect to NADH (M) and decyl-ubiquinone (@)
measured as NADH:decyl-ubiquinone oxidoreductase activity. The
activity of the untreated sample is 3.3 units/mg. The dotted lines
through the data points are included only as a guide.

ubiquinone remained unchanged, the binding, reduction, and
protonation of decyl-ubiquinone are not affected by Zn*'.
However, the K, toward NADH slightly decreased at
increasing Zn>* concentrations (Figure S).

Inhibition of the NADH/Hexaammineruthenium Oxi-
doreductase Activity. The influence of Zn** on NADH
binding was assayed using the NADH/hexaammineruthenium-
(II1) (HAR) oxidoreductase activity. This artificial activity
involves only the FMN cofactor and the bound nucleotide.”!
Thus, the reaction includes neither transfer of electrons to the
quinone nor proton translocation. The NADH/HAR oxidor-
eductase activity was determined at various Zn>* concentrations
(Figure 6). The Lineweaver—Burk plot shows an intercept at
the abscissa, indicating noncompetitive inhibition. Plotting the
ordinate intercepts against the inhibitor concentration (Figure
6) reveals a K™ of 720 + 10 uM. The high K; and the
noncompetitive type of inhibition with respect to NADH
clearly show that binding of Zn** to the NADH-binding site is
not causative for the inhibition of the complex but indicate the
presence of an additional, low-affinity binding site of Zn**. This
assumption is supported by the pH dependency of the IC,
values of the NADH/HAR oxidoreductase reaction (Figure 4).
The sigmoidal shape with its inflection point at pH 6.2 denotes
that Zn*" probably binds to histidine residue(s). However, as
mentioned above, the possibility that the change in pH results
in a different conformation of the protein resulting indirectly in
a changed accessibility of the binding site cannot be excluded.

Determination of the High-Affinity Binding Site. To
identify the high-affinity binding site(s), the enzymatic activity
was measured at various NADH and Zn** concentrations. The
data were evaluated in a Lineweaver—Burk diagram (Figure 7)
showing that the regression lines intersect in the second
quadrant. This is indicative of a mixed inhibition comprising
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Figure 6. (A) Lineweaver—Burk plot of the NADH/HAR
oxidoreductase activity at various Zn®>* concentrations and (B)
double-reciprocal plot of the corresponding ordinate intercepts. The
Lineweaver—Burk plot shows the linearization of the Michaelis—
Menten curves at 0 uM (black), S00 M (red), 750 uM (green), and 1
mM (blue) Zn®*. The regression curve of the double-reciprocal plot
intercepts the abscissa at a —K;™® of =720 + 10 uM.

two different inhibition constants, K. and K, according to the
kinetic model depicted in Scheme 1. In this model, the enzyme
and the enzyme/substrate complex show a distinct affinity for
the inhibitor characterized by inhibition constants K;. and Kj,.
K. and K, were determined using a double-reciprocal plot of
the ordinate intercepts and the slopes of the Lineweaver—Burk
linearization, respectively, versus Zn>' concentration. The
abscissa intercepts reveal a K. of 50 + 3 yM and a Kj, of 86
+ 2 uM (Figure 7A). As a control, the K. was also calculated
from a Dixon plot (Figure 7B), yielding a K. of 45 + S uM.
This indicates the presence of two high-affinity Zn*'-binding
sites that are accessible in only a distinct conformation of the
complex. Alternatively, the mixed inhibition is indicative of two
different states of the same site. However, it is not possible to
distinguish between these possibilities by enzyme kinetics.
Interactions of Zn** with specific residues were monitored by
recording FT-IR redox difference spectra of the complex in the
absence and presence of Zn>* (Figure 8). A fully reversible
redox reaction was observed for both samples. The double-
difference spectra obtained by subtracting the spectra in the
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presence of Zn®>* from those without Zn** show clear
differences (Figure 8).

Signals in the spectral range above 1710 cm™' are
characteristic for the v(C=0) vibrational mode of protonated
aspartate or glutamate side chains.”>** The high frequency of
the signals at 1781 and 1763 cm™" corresponds to a protonated
acidic residue in a highly hydrophobic environment, as reported
for other enzymes.”*** Because of the presence of two distinct
signals above 1710 em™L it is suggested that at least two acidic
residues are protonated upon oxidation of the complex in the
presence of Zn®* that are not protonated or addressed by the
redox reaction in the absence of Zn®*.

Contributions of the v(COO™)* of the deprotonated acidic
residues are typically in the range from 1590 to 1520 cm™,
whereas 1(COO™)*® can be expected to be between 1490 and
1320 cm™'.**** When ions bind, the positions shift by several
wavenumbers, the exact shifts depend on the binding mode.
This was previously described for the interaction of COO™
groups with Na* ions.”®*” Clearly, signals between 1590 and
1520 ecm ™! are perturbed upon binding of Zn*, revealing that
v(COO™+-Zn*") vibrations are seen in the spectra. However, in
addition to the contributions of the COO™ groups,
contributions of the coupled v(CN/NH) vibration from the
protein backbone may be involved here. They can be
differentiated upon H/D exchange, because the uncoupled
CN and ND vibrations are expected at significantly lower
frequencies.”® Approximately 40% of the signals obtained in the
presence of Zn** remain unperturbed in D,0O, confirming the
assignment to COO™ vibrations.

Shifts in the spectra of the Zn?*-treated sample at 1677, 1659,
1648, and 1635 cm™ in the amide I range include the v(C=
O) vibration of the polypeptide backbone.””*° They may be
partially assigned to a small perturbation of conformational
changes. However, it is noted that individual amino acids also
contribute here.*>**

Inhibition of the Electron Transfer. EPR spectra of the
complex in the presence and absence of Zn>* were recorded to
detect a possible effect on the intramolecular electron transfer
between the Fe/S clusters (Figure 9). In the presence of Zn*',
the most distal cluster, N2, is reduced by NADH to only 65%,
comparing the signal’s amplitude with that of the untreated
sample as highlighted in the difference spectrum (Figure 9C).
Chemical reduction by dithionite leads to identical spectra for
both samples (Figure 9), indicating that the partial reduction of
N2 in the presence of Zn*" is not due to a partial loss of the
cluster. The NADH:decyl-ubiquinone oxidoreductase activity is
inhibited by more than 80% at that Zn** concentration,
demonstrating that the hampered reduction of N2 is not the
reason for the inhibitory effect of Zn®*. Instead, we suggest that
blocking the proton translocation pathway(s) by Zn*' as
reported previously'* leads to an impeded structural rearrange-
ment around N2 that is needed for its physiological reduction
by NADH. This would provide a functional role for the
conformational changes in the environment of N2 that have
been detected in structural studies.’’

B CONCLUSIONS

Zn** inhibits various enzyme complexes of the respiratory
chains.'*™'® Here, we demonstrate that Zn?* also inhibits the
bacterial complex I from E. coli with high affinity. The detailed
kinetic and spectroscopic analysis of Zn** binding shows that
Zn™" has several binding sites at E. coli complex L. Zn®* binds to
a low-affinity site characterized by a K;™*® of 720 M. However,

dx.doi.org/10.1021/bi5009276 | Biochemistry 2014, 53, 6332—6339
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Figure 7. (A) Lineweaver—Burk plot of the NADH:decyl-ubiquinone oxidoreductase activity at various Zn>* and NADH concentrations. The
Lineweaver—Burk linearization of the activity in the presence of Zn>" shows an intersection of the partial regression lines in the second quadrant
indicating a mixed inhibition. (B) The corresponding Dixon plot at various NADH concentrations gives a K value of 45 + S yM. (C and D) The
plot of the slopes of the linearized Lineweaver—Burk and the ordinate intercepts (1/v,,,,), respectively, show a K, of 86 & 2 uM and a K;. of 50 + 3

HM.

Scheme 1. Kinetic Model of Binding of Zn>* to Complex I
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inhibition of complex I by Zn*" is caused by binding to two
high-affinity sites characterized by K; values of 86 and 50 uM,
respectively.

These sites are not freely accessible as indicated by the
complex binding. Zn>* binding strongly competes with that of
protons, which is in agreement with the data from FT-IR
spectroscopy indicating that Zn** binds to carboxylic acid
residues in a hydrophobic environment. In analogy to
cytochrome ¢ oxidase,'®™'® we propose that Zn>* binds to
charged amino acids of the proton translocation pathways. Each
pathway consists of two half-channels with one half-channel
being open and the other being closed in the oxidized complex
and vice versa in its reduced state.'’ Accordingly, the two high-
affinity binding sites of Zn** may correspond to the open half-
channels in the oxidized complex and the reduced complex,
respectively. Mutagenesis of the conserved charged amino acids
in the membrane arm led to either a decreased stability of
complex I or a decreased level of proton translocation (see, for
example, refs 32—34).
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Figure 8. (A) Fully oxidized minus fully reduced difference spectra of
untreated (black) and Zn**-incubated (red) complex I for the step
from —S00 to 200 mV and (B) double-difference spectrum of the
untreated minus the Zn*'-treated sample. The equilibration times for
reduction and oxidation were 8 min each.

The energy released by the redox reaction in the peripheral
arm has to be transmitted to the membrane arm by
conformational changes. The FT-IR difference spectra show
that the overall structural flexibility of the complex is
significantly decreased in the presence of Zn*". The differential
amide I signal is typical for Fe/S proteins,® suggesting that it
reflects a decreased structural flexibility around Fe/S cluster
N2. This proposal is in agreement with the only partial
reduction of N2 by NADH in the presence of Zn**. This
supports the idea of a tight but elastic coupling of electron
transfer involving N2 and the quinone with proton trans-
location.

Our data fit the proposal that Zn** might exert a common
inhibitory mechanism on proton-translocating enzymes by
blocking an entry or an exit of a proton translocation pathway.
For example, two Zn**-binding sites were found in chicken
complex IIL*° Zinc is causing an inhibition of the complex by
binding close to the Q, center of the complex. One binding site
is located in a hydrophobic channel between the Q, center and
the lipid phase, and the other is located between cytochromes b
and ¢, possibly interfering with the proton pathway to the
aqueous phase. The binding clusters were identified by X-ray
absorption fine-structure measurements.”” The ligands of one
tetrahedral cluster were identified as two histidine residues, one
lysine and an aspartate residue. Homologous bacterial complex
III contains an octahedral center consisting of one histidine,
one glutamic acid, one aspartic acid, one asparagine, and two
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Figure 9. EPR spectra of untreated (A, black) and Zn**-incubated (A,
red) aliquots of complex I at 13 K and S mW reduced by NADH. (B)
Difference spectrum of the untreated minus the Zn?*-incubated
sample. (C) Difference spectrum of the samples reduced by dithionite.
The radical signal in spectrum C derives from a slight excess of
dithionite in the untreated sample. The positions of the g,, and g,
signals of cluster N2 are indicated by dotted lines. Other EPR
conditions were as follows: microwave frequency, 9.44 GHz;
modulation amplitude, 0.6 mT; time constant, 0.164 s; scan rate,
17.9 mT/min.

water molecules. Zn** bound to this position seems to block
the entrance of a proton release pathway, impairing the
function of the histidine residue to act as a proton donor and
acceptor. The same mechanism of inhibition was groposed for
the bacterial photosynthetic reaction center.’® Using a
combination of enzyme kinetics, isothermal titration calorim-
etry, and FT-IR difference spectroscopy, we concluded that
Zn*" directly binds a conserved glutamic acid residue that is
involved in proton efflux coupled to electron transfer at the Q,
center of complex I11.** Crystallographic studies with bacterial
complex IV revealed that the metal-binding site is a glutamic
acid residue at the entrance of a proton pathway called the K
pathway.'® Mutants lacking this residue and a nearby histidine
residue are devoid of the high-affinity metal-binding site but are
still inhibited by Zn*. Removal of subunit III of this enzyme
complex that is known to alter an additional proton pathway
called the D pathway eliminates the sensitivity to Zn*". Thus, a
pair of residues, a glutamic acid and a histidine, in subunit II of
bacterial complex IV makes up the metal-binding site that is

dx.doi.org/10.1021/bi5009276 | Biochemistry 2014, 53, 6332—6339
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inhibiting the uptake of protons into the K pathway."® We
propose a similar binding of Zn>* to E. coli respiratory complex
L
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