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ABSTRACT: ATR-FTIR spectroscopy in combination with electrochemistry has been applied to the redox
centers ofYarrowia lipolytica complex I. The redox spectra show broad similarities with previously
published data onEscherichia colicomplex I and with new data here on bovine complex I. The spectra
are dominated by amide I/II protein backbone changes. Comparisons with redox IR spectra of small model
ferredoxins demonstrate that these amide I/II changes arise primarily from characteristic structural changes
local to the iron-sulfur centers, rather than from global structural alterations as has been suggested
previously. Bands arising from the substrate ubiquinone were evident, as was a characteristic 1405 cm-1

band of the reduced form of the FMN cofactor. Other signals are likely to arise from perturbations or
protonation changes of a carboxylic amino acid, histidine, and possibly several other specific amino acids.
Redox difference spectra of center N2, together with substrate ubiquinone, were isolated from those of
the other iron-sulfur centers by selective redox potentiometry. Its redox-linked amide I/II changes were
typical of those in other 4Fe-4S iron sulfur proteins. Contrary to published data on bacterial complex I,
no center N2 redox-linked protonation changes of carboxylic amino acids or tyrosine were evident, and
other residues that could provide its redox-linked protonation site are discussed. Features of the substrate
ubiquinone associated with the center N2 spectrum were particularly clear, with firm assignments possible
for bands from both oxidized and reduced forms. This is the first report of IR properties of ubiquinone
in complex I, and the data could be used to estimate a stoichiometry of 0.2-0.4 per complex I.

Complex I is the least understood of the major respiratory
complexes. It functions as a proton-motive NADH:ubiquino-
ne oxidoreductase in the respiratory chains of bacteria, plants,
yeasts, and animals. Bacterial homologues are composed of
13-14 polypeptides (0.5 MDa) forming a minimal catalytic
core that is present throughout the superfamily. Mammalian
complex I has 32 additional subunits (1), which increase the
molecular mass to approximately 1 MDa; the majority of
them have no identifiable function. Single particle image
reconstruction has revealed that complex I from all sources
has an L-shaped structure, formed from a hydrophobic
membrane arm and a hydrophilic arm (2-4), although a
controversial ‘horseshoe’ shape has been reported more
recently (5, 6). In bovine complex I, whose redox centers
have been analyzed in greatest depth, the hydrophilic domain
contains the NADH binding site, a noncovalently bound
flavin mononucleotide (FMN;Em7 ) -340 mV (7, 8)) and

six EPR-detectable iron-sulfur (Fe-S) centers. A recent
topology map of the Fe-S centers in complex I from
Thermus thermophilus(9) supports their function as an
electron-transfer pathway. However, one of the centers, 2Fe-
2S center N1a, is placed on a limb separate from the main
pathway. In addition the midpoint potential of this center
(Em7 ) -380 mV (8, 10)) is lower than the other compo-
nents. Hence, its functional significance remains unclear, and
it may have a role unrelated to the main electron-transfer
pathway (9). The 2Fe-2S center N1b and the 4Fe-4S centers
N3, N4 and N5 are roughly isopotential withEm7 values in
the range-240 to-270 mV (8, 10), and two further 4Fe-
4S centers, N6a and N6b, which have not been observed by
EPR, are also present (11, 12). The topology map (9) clearly
indicates that these form an extended electron-conducting
wire of sequence N3-N1b-N4-N5-N6a/b-N6b/a that
conducts electrons across a distance of around 84 Å from
FMN to the highest potential Fe-S center, the 4Fe-4S center
N2 (Em7 ) +50 to -150 mV (8, 10, 13, 14)). The core
subunits of the hydrophobic arm are predicted to contain in
excess of 50 transmembraneR-helices (15) but have no well-
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characterized redox cofactors. Preliminary UV and infrared
evidence for a redox-active chromophore in this domain has
been reported (16), but its existence and nature remain
uncertain, as do the number and location(s) of the ubiquinone
binding site(s) (17).

Center N2 is of special interest as its midpoint potential
has a redox-linked protonation site (10) that may be relevant
to the protonmotive mechanism (8, 18). Furthermore, EPR
data have provided strong indications that it can interact
magnetically with ubisemiquinone (19, 20) and so is likely
to be the immediate electron donor to substrate ubiquinone.
Homology modeling with NiFe hydrogenases (21-23) and
mutagenesis work (24) suggest that center N2 resides at the
interface between the 49 kDa and PSST subunits (14, 25).

The Fe-S centers and ubiquinone have poor visible/UV
signatures, and to date, the majority of mechanistic informa-
tion on electron-transfer cofactors has come from EPR
spectroscopy detection of reduced forms of Fe-S centers
and semiquinone forms of ubiquinone and FMN (8). Fourier
transform infrared (FTIR) spectroscopy has been used
extensively to probe structural changes in individual cofactors
and amino acids in proteins and offers a complementary
method for the study of complex I (26, 27). Several reports
of application of transmission FTIR toEscherichia coli
complex I and its NADH dehydrogenase subfragment have
appeared (16, 28-30) in which IR redox difference spectra
have been interpreted in terms of large conformational
changes of polypeptide (30), redox changes of FMN (28),
and specific redox-linked protonation changes of carboxylic
acids (28) and tyrosine (29). Attenuated total reflection
(ATR)-FTIR spectroscopy (31-33) provides a flexible
alternative to transmission FTIR, and it increases the range
of protein manipulations that may be studied (34). Here we
report the application of ATR-FTIR electrochemical differ-
ence spectroscopy to provide the first IR data on eukaryotic
mitochondrial complex I isolated from the obligate aerobic
yeastYarrowia lipolytica (35) and from bovine heart. The
aim was to further investigate the nature of redox-linked
conformational and amino acid signals and to extend band
assignments to cofactors and ubiquinone. The study advances
previous IR work on bacterial complex I with radically
different interpretations of amide I/II and amino acid signals,
with separation of center N2 and ubiquinone signals by
selective reduction and with detection for the first time of
characteristic bands from substrate ubiquinone and the
reduced flavin cofactor.

MATERIALS AND METHODS

Proteins. Y. lipolyticacomplex I was prepared as described
in (24) and bovine complex I as described in ref36. In both
cases, small aliquots were stored at-80 °C until required.
The 2Fe-2S ferredoxin from parsley chloroplasts was purified
as described in (37). 4Fe-4S ferredoxins fromDesulfoVibrio
africanusandClostridiumsporogenes were supplied by Prof.
Dick Cammack, Kings College London.

Sample Preparation for ATR-FTIR Spectroscopy.Ap-
proximately 0.1 mg complex I was diluted into 2 mL of 20
mM potassium phosphate, 0.0075% (w/v) sodium cholate,
and 0.0075% (w/v) octylglucoside at pH 8.0 and pelleted
by centrifugation at 390 000 gav for 30 min. The resulting
pellet was resuspended and centrifuged at 300 000 gav for

20 min, and this was repeated with 1 mM potassium
phosphate at pH 8.0. The final pellet was resuspended in 10
µL of distilled water and divided into 2µL aliquots which
were either diluted to 6µL and applied directly to the ATR-
FTIR silicon microprism (SensIR; 3 reflection; 3 mm surface
diameter) or stored at-80 °C for later use. The 6µL aliquot
was dried onto the microprism under a gentle stream of air
prior to rehydration with 10µL of 20 mM potassium
phosphate, 200 mM potassium chloride at pH 6.0 or 8.0.
Drying and rehydration were monitored from absolute ATR-
FTIR absorption spectra measured at different stages during
preparation of a rehydrated protein film (Figure 1). The
spectrum of the initial suspension of protein was dominated
by the O-H scissoring mode of water at 1638 cm-1 (trace
A). After drying, the spectrum was dominated by amide I
(peak at 1650 cm-1) and amide II (peak at 1538 cm-1) protein
bands (trace B), together with structural water that remained
bound within the protein regardless of drying time. A band
at 1740 cm-1 can also clearly be seen that is due primarily
to the lipid ester bond (38) and can provide a useful means
of estimating lipid/protein ratio. Subsequent rehydration
caused a decrease in the amplitude of the protein and lipid
bands as the film expanded, together with an increased water
contribution beneath the amide I envelope (trace C). In
general, the sample became sufficiently stable for data
acquisition within 30 min of rewetting. A stable amide II
signal after rehydration of∆A g 0.1 was acceptable for
acquisition of difference spectra of adequate signal/noise.

H/D Exchange.For deuterium oxide (D2O) exchange,
sample preparation and ATR measurements were performed
throughout by substitution of D2O buffers at appropriate pD
(assuming pD is equal to the pH meter reading+ 0.4 (39)).
Preincubation of samples in D2O overnight at 4°C before
dilution and washing as described above increased the
amount of H/D exchange, the final extent of which was
estimated to be>90% using published methods (40).

FIGURE 1: ATR-FTIR absorption spectra of a sample ofY.
lipolytica complex I during rehydrated film preparation. A 6µL
aliquot of detergent-depleted protein suspended in H2O (see
Materials and Methods) was placed on the silicon microprism, and
the absorption spectrum was recorded (trace A). The absorption
spectrum was recorded again after the sample had been dried under
a gentle stream of dry air (trace B). Finally, the sample was
rehydrated and the absorption spectrum recorded again (trace C).

ATR-FTIR Redox Difference Spectroscopy of Complex I Biochemistry, Vol. 45, No. 17, 20065459



Redox Cycling and Data Acquisition.All potentials are
quoted versus the standard hydrogen electrode. Automated
cycling between reduced and oxidized states was achieved
with an in-house constructed electrochemical cell operating
in conventional three electrode mode (34, 41). The potential
between working and reference electrodes was set with a
Model 704 PAR potentiostat and modulated with a computer-
controlled offset device. The working electrode was a 9 mm
glassy carbon disk, cleaned before use with a paste of 0.03
mm alumina powder, which formed the top of a sample
chamber of less than 0.3 mm thickness. The auxiliary
electrode was a platinum sheet (40 mm2 surface area)
connected to the sample by a porous glass frit, and a Ag/
AgCl reference electrode provided the reference voltage (+
204 mV). Redox mediation between glassy carbon and
protein film was provided by a buffer of 20 mM potassium
phosphate, 200 mM potassium chloride, 0.1 mM methyl
viologen (Em7 ) -446 mV), and 1 mM potassium ferricya-
nide (Em7 ) + 420 mV) at pH 6.0 or 8.0. For full redox
difference spectra, the applied potential was routinely
alternated between-425 and+ 425 mV. For selective
reduction of center N2, 0.1 mM anthraquinone-2,6-disul-
fonate (Em7 ) -185 mV) was also included and the applied
potential was cycled between-425,-220, and+ 425 mV.

ATR-FTIR spectra were recorded with a Bruker ISF 66/S
spectrometer, fitted with a liquid nitrogen-cooled MCT-A
or -B-type detector. All frequencies quoted are accurate to
(1 cm-1. Typically, difference spectra (presented as reduced
minusoxidized differences) consisted of data averaged from
50 oxidative and 50 reductive cycles, with individual spectra
averaged from 1000 interferograms at 4 cm-1 resolution.
Where necessary, baseline corrections due to protein swell-
ing/shrinkage and contributions from mediators and buffer
were removed by interactive subtraction (see Figure 2).

RESULTS

The figures described below contain a large number of
components and not all are discussed here. For clarity, only
bands that were consistently found above the signal/noise,
and for which firm or tentative assignments are made below,
have their frequencies labeled.

Y. lipolytica Complex I Redox Difference Spectra. Effects
of pH, H/D Exchange, and Global15N Labeling.Averaged
ATR-FTIR redox difference spectra ofY. lipolyticacomplex
I at pH 6.0 are shown in Figure 2 in both reductive (trace
A) and oxidative (trace B) directions. These spectra are nearly
mirror images of each other, confirming the reversibility of
the transitions. The final reducedminusoxidized difference
spectrum (trace E) was generated by averaging these reduc-
tive and oxidative data (trace C) followed by interactive
subtraction of changes due to protein swelling/shrinkage,
redox mediators, and buffer. In practice, these adjustments
were small; trace D is typical and shows the sum of all
adjustments from protein swelling/shrinkage, mediators and
buffers that were subtracted from trace C to produce trace
E. An equivalent reducedminusoxidized difference spectrum
at pH 8.0 (trace F) was obtained in the same manner and is
very similar to that at pH 6.0. Equivalent reducedminus
oxidized difference spectra recorded in D2O media at pD
6.0 and 8.0 after H/D exchange (see Methods) are shown in
Figure 3A and in material which had been globally15N-

labeled in Figure 3B. In both cases, for comparison purposes
the spectra are overlaid on the spectra in H2O media from
Figure 2 after normalization so that the amide I amplitudes
were roughly comparable. The differences between these
spectra were used to confirm assignments of bands to amide
I/II conformational changes, FMN, and bound ubiquinone,
as well as suggesting contributions to spectra from several
specific types of amino acids, as described below.

Redox Separation of Center N2 at pH 8.0.The redox
potential of center N2 ofY. lipolytica complex I has been
reported to be-140 mV at pH 7 (14). Hence, reducedminus
oxidized difference spectra ofY. lipolyticacomplex I were
obtained using-220 mV and+425 mV as reducing and
oxidizing potentials, respectively (see Figure 4, trace A) in
order to selectively reduce center N2. Stepwise reduction
between-130 and-220 mV confirmed that the species
undergoing oxidation/reduction had a midpoint potential
close to the expected value and that the potential of-220
mV caused essentially complete reduction with no evidence
of change of shape that would indicate that the lower
potential Fe-S centers were starting to become reduced. A
reducedminusoxidized difference spectrum between-425
and-220 mV was also recorded in the same sample in order
to reduce the lower potential ‘non-N2’ components (trace
B). This was summed with trace A to produce trace C. The
similarity of trace C to the equivalent full reducedminus
oxidized spectrum from Figure 2 (reproduced as trace D in
Figure 4) indicates that the full complement of detectable
redox centers were being titrated.

FIGURE 2: Reducedminus oxidized difference spectra ofY.
lipolytica complex I at pH 6.0 and pH 8.0. Averaged data from 70
reducedminusoxidized or 70 oxidizedminus reduced cycles at
pH 6.0 are shown in traces A and B, respectively. The final reduced
minusoxidized spectrum (trace E) was produced by averaging traces
A and B and subtracting contributions from buffer/mediator/protein
film expansion (shown combined in trace D). An equivalent reduced
minusoxidized spectrum at pH 8.0 is shown in trace F.
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The -220 minus+425 mV difference spectrum, which
arises from center N2 and bound ubiquinone, is shown in
more detail in trace E, and an equivalent redox difference
spectrum in D2O media has been overlaid for comparison
(trace F). Effects of global-15N-labeling on this spectrum in
D2O were compared by overlaying equivalent spectra in D2O
of 15N (trace G) and14N (trace F) labeled proteins. These
data can be interpreted as arising from a conformational
change around center N2 that is typical of a 4Fe-4S Fe-S,
together with signals arising from bound ubiquinone in its
substrate binding site (see Discussion).

Comparison of Y. lipolytica and BoVine Complex I Redox
Difference Spectra at pH 6.0.A reducedminus oxidized
difference spectrum of bovine complex I was recorded under
conditions equivalent to those used to obtain the redox

difference spectrum ofY. lipolytica complex I at pH 6.0.
For comparison, this spectrum is shown in Figure 5 together
with the equivalent fromY. lipolyticacomplex I (trace E of
Figure 2). The overall shapes of the spectra in the amide
I/II regions are similar. However, there are differences in
some of the more detailed features that in large part arise
because of a low ubiquinone content in the bovine samples,
resulting in very small IR contributions from ubiquinol/
ubiquinone and hence clearer definition of the 1405 cm-1

N5-H in-plane bending mode (42) of reduced FMN (see
Discussion).

DISCUSSION

Peptide Backbone Changes and Protein Stability.The
reducedminusoxidized difference spectra of complex I are
dominated by large changes in the 1700-1590 cm-1 and
1570-1490 cm-1 regions. These changes are very similar
to those found withE. coli complex I (28) where they were
assigned to amide I/II changes that might be associated with
large conformational changes of functional significance in
relation to protonmotive mechanism (30). The effects of H/D
exchange and global15N-substitution reported here confirm
that they are indeed predominantly amide I/II changes.

To investigate their significance further we recorded
reducedminusoxidized difference spectra of several small

FIGURE 3: Effects of H/D exchange and global15N labeling on
redox difference spectra ofY. lipolyticacomplex I at pH 6.0 and
8.0. A. Reducedminusoxidized spectra at pH 6.0 and 8.0 are shown
with equivalent spectra recorded in D2O media, after completion
of H/D exchange, overlaid. B. Reducedminusoxidized spectra at
pH 6.0 and 8.0 are shown with equivalent spectra for global15N-
labeled complex I overlaid.

FIGURE 4: Redox difference spectra demonstrating the resolution
of center N2 inY. lipolyticacomplex I by selective redox poising
at pH 8.0. Electrochemical conditions of-220 mV (reducing) and
+ 425 mV (oxidizing) were used to selectively reduce/oxidize iron-
sulfur center N2 (Em7 ) -140 mV) (trace A). As a control,
difference spectra were recorded for transitions between-425 mV
and -220 mV i.e., reduction/oxidation of all components except
center N2 (trace B); the sum of traces A and B (trace C) is
comparable to a full reducedminusoxidized spectrum at pH 8 (trace
D, a reproduction of trace F of Figure 2). Effects of H/D exchange
are illustrated by a center N2 spectrum in D2O (red trace F) overlaid
on that in H2O (trace E). Effects of global15N labeling combined
with H/D exchange is illustrated by a center N2 spectrum in D2O
of 15N-labeled material (blue trace G) overlaid on the14N control
sample in D2O (trace F).
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2Fe-2S and 4Fe-4S iron sulfur proteins (ISPs) and compared
them to a typical spectrum of complex I (Figure 6). A more
extensive survey of IR redox spectra of small ISPs (Marshall,

Cammack, Hatchikian and Rich, unpublished) has indicated
that the amide I/II signatures of the 2Fe-2S and 4Fe-4S ISPs
are, as shown, characteristically different from each other,
but tend to be the same within each distinct ISP subclass.
This presumably reflects the fact that the redox-induced
changes within the protein folds around the Fe-S centers
are conserved within ISP types. In some instances, structural
data are available for both oxidized and reduced forms (for
example, forD. africanus4Fe-4S ferredoxin (43, 44)) and
the nature of the redox-sensitive local conformational change
can be visualized (45).

The overall shape of the amide I/II region of complex I is
remarkably similar to the pattern seen in the small model
ISPs both in H2O and in D2O, being most similar to that of
the 4Fe-4S type, consistent with its complement of 6 4Fe-
4S centers and two 2Fe-2S centers. In fact, the magnitudes
of the amide I/II changes in the complex I film (which we
estimate to contain around 0.25-0.5 mM complex I, thus
1.5-3 mM 4Fe-4S and 0.5-1 mM 2Fe-2S prosthetic groups)
were roughly equivalent to the magnitudes obtained from a
2 mM soluble protein. Hence, it is clear that the amide I/II
changes in complex I arise primarily from redox-linked
changes of local protein folds around the Fe-S centers that
tend to be preserved in the ISP subclasses generally. This
conclusion contrasts with the interpretation of similar changes
in the redox IR difference spectra ofE. coli complex I (30)
where it was suggested that they might indicate more global
conformational effects related to the coupling mechanism.
However, although the IR data do not support such changes,
it should be noted that the IR data do not address whether
large domain movements involving only a few residues in
the hinge region, or conformational changes in short-lived
intermediates, might instead occur.

The complex I preparations used here require additional
lipid in order to observe maximal NADH-decyl-ubiquinone
oxidoreductase activity (46); most probably, lipid is required
for rapid exchange of substrate ubiquinone with its binding
site. However, the complexes are still likely to be in their
native states and display rapid NADH-hexaammineruthenium
oxidoreductase activities (47) even without lipid supplemen-
tation. This activity remained in samples that had undergone
a drying/rehydration cycle, and furthermore the redox centers
in the protein film could be reduced by NADH (unpublished
data). Hence, it may be concluded that the complex I samples
are in a native state, although it would be of interest in future
to extend the studies to preparations in which their NADH-
decyl-ubiquinone oxidoreductase activities have been reac-
tivated (36, 48). No large differences in redox difference
spectra, apart from some variation in the magnitude of a
presumed carboxylic acid change around 1740 cm-1 (see
below), nor differences in long-term stability of samples
during data acquisition, were evident in samples at either
pH 6.0 and 8.0, indicating that these eukaryotic enzymes
are stable over a larger pH range than complex I fromE.
coli (30). This additional stability is probably provided by
the numerous supernumerary subunits that are associated with
the eukaryotic enzymes (11, 49) and which bind around the
core subunits (15) and might also be enhanced by the
protein-protein interactions within the tightly packed layer.

Changes Associated with Ubiquinone.Fe-S modes are
not expected to contribute at frequencies above 800 cm-1,
and therefore all changes should arise from protein, FMN,

FIGURE 5: Electrochemically induced reducedminus oxidized
difference spectra of bovine andY. lipolytica complex I at pH 6.0.
The presented spectra for bovine andY. lipolyticacomplex I were
acquired using the same experimental conditions (see text).

FIGURE 6: Redox difference spectra of model ISPs in comparison
to complex I. The soluble ISPs were exchanged into 0.1 M
potassium phosphate and 100 mM KCl at pH 8.0 by repeated
dilution and concentration using a centrifugal concentrator. 50µM
methyl viologen was added as a redox mediator and the sample
was placed in the electrochemical ATR-FTIR cell. Potential was
switched between-500 and+ 200 mV, allowing 8 min for redox
equilibration. For H/D exchange, samples were washed and
concentrated in equivalent D2O media. Reducedminusoxidized
and oxidizedminus reduced spectra (each the average of 1000
interferograms at 4 cm-1 resolution) were averaged to produce the
spectra shown. Spectra are: 2 mM parsley 2Fe-2S ferredoxin in
H2O (trace A, average of 106 spectra) or D2O (trace B, average of
54 spectra); 2.5 mMC. sporogenes4Fe-4S ferredoxin in H2O (trace
C, average of 98 spectra) or D2O (trace D, average of 70 spectra);
0.42 mMD. africanus 4Fe-4S ferredoxin in H2O (trace E, average
of 258 spectra);Y. lipolyticacomplex I film in H2O media (trace
F), data from Figure 2, reproduced for comparison.
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ubiquinone, and possibly as-yet unrecognized redox groups.
The redox IR spectra of model ubiquinone (50-55) have
been described in detail in both H2O and D2O media. Such
model spectra provide valuable templates for recognition of
ubiquinone (and FMN, see below) bands in the complex I
spectra.

Biochemical analyses of the complex I preparations have
shown that substoichiometric ubiquinone typically remains
bound to theY. lipolytica complex I preparations (46).
Particularly useful IR markers for ubiquinone are H/D-
insensitive troughs at 1288 and 1262 cm-1 that involve the
methoxy groups and a sharp CdC band at 1610 cm-1 (50-
54), and for ubiquinol are four bands between 1492 and 1387
cm-1 and five between 1112 and 963 cm-1 that show a
characteristic pattern of H/D-sensitivity (55). Some indica-
tions of the strongest of the methoxy-related bands of
ubiquinone are evident in the full redox spectra ofY.
lipolytica complex I as a 1268 cm-1 trough (Figure 2).
Ubiquinone-related bands ofY. lipolytica should become
much more evident in the reducedminusoxidized spectra
of center N2 alone (Figure 4), since the ubiquinone would
be expected to also undergo redox changes in this potential
range, and this is indeed the case: H/D insensitive troughs
at 1286 and 1265 cm-1 can be assigned to loss of bound
ubiquinone. H/D-insensitive peaks at 1465 and 1430, a peak
at 1387 cm-1 which is downshifted to 1366 cm-1 with H/D
exchange, and 1092 and 1050 cm-1 peaks that are lost in
D2O with appearance of a more prominent peak at 1116 cm-1

can all be assigned to ubiquinol formation. The amount of
redox-active ubiquinone, estimated by comparison of the size
of the 1265 cm-1 methoxy trough with the size of the same
band in solutions of free ubiquinone (not shown), was
estimated to be 0.2-0.4 ubiquinone per complex I, consistent
with biochemical estimates (46) and demonstrating that the
IR method can provide a convenient means of quantitation
of ubiquinone in such materials. The slight shifts in positions
of the features of complex I-bound ubiquinone in relation
to those of free ubiquinone (55) indicate that it is bound in
a specific site rather than being nonspecifically associated
(56). Its substoichiometry strongly suggests that it is the
substrate Q-site that is partially occupied rather than indicat-
ing a very tightly bound form, the possibility of which is
ruled out by these data. The level of occupancy by
ubiquinone appears to be somewhat variable in different
preparations. For example, the redox difference spectrum of
the bovine complex I sample (Figure 5) shows a much
weaker ubiquinone signature, indicating a lower retained
ubiquinone content in this preparation. In addition, the
signature ubiquinone redox bands are virtually absent from
the 15N-labeled Y. lipolytica complex I sample due to a
particularly low retained level of ubiquinone in this sample.
Such variable levels of ubiquinone in substrate Q-sites (and
of retained lipid) is not uncommon in purified preparations
of many membrane-derived Q-reactive redox enzymes.

Changes Associated with FMN. The redox IR spectra of
FMN (28, 42) have been described in detail in both H2O
and D2O media. Some further details of FMN redox IR
spectra at pH/pD 6.0 and 8.0 are shown in Figure 7 and are
consistent with published spectra where some assignments
of principle bands have been made (28). The most prominent
features are a large trough at∼1547 cm-1 (assigned to a
V(CdC) mode of FMN (28)) and H/D exchange-sensitive

peaks at∼1517 (assigned to hydrogen in-plane bending) and
∼1406 cm-1 (assigned in part to N5-H in-plane bending
(42)). The 1406 cm-1 band is increased in intensity relative
to other bands at pH 8.0, indicating that it is most prominent
in the anionic FMNH- form (pKa of FMNH2/FMNH- ) 6.7
in aqueous media (57) and 7.1 in bovine complex 1 (7)). Y.
lipolytica complex I spectra in H2O media (Figure 2) exhibit
several overlapping bands in the 1470-1370 cm-1 region
that arise in large part from ubiquinol (see above). The model
FMN data (Figure 7) predict peaks at 1406 cm-1 for reduced
protein-bound FMN with intensities in the range of (0.5-5)
× 10-4 and (1-2) × 10-4 ∆A at pH 6.0 and 8.0, respectively,
and this will sit between the 1430 and 1387 cm-1 peaks of
ubiquinol (55), giving rise to the rather flat, broad overlap-
ping peaks in this region in the spectra of Figures 2 and 3.
In contrast, a distinct 1405 cm-1 peak of reduced FMN is
evident in the bovine spectrum (Figure 5) of roughly the
expected intensity, presumably in its FMNH2 form at pH
6.0.

The largest band of free FMN, theV(CdC) 1547 cm-1

trough, whose∆A from the model spectra is expected to be
(2-3) × 10-4, is obscured by the very large amide II changes
of the Fe-S centers. After H/D exchange, which shifts the
majority of the amide II changes away from this region, the
full reducedminusoxidizedY. lipolyticaspectra do have a
small trough at 1538 cm-1 (see Figure 3A) that likely arises
from this H/D exchange-insensitiveV(CdC) mode of the
bound FMN. Hellwig et al. (28) have previously assigned a
band at 1548 cm-1 in redox difference spectra of the NADH
dehydrogenase fragment ofE. coli complex I primarily to
FMN. Comparison with the redox spectra of model ISPs
(Figure 6), however, strongly suggests that this arises
predominately from the flanking amide II changes of
polypeptide around the Fe-S centers. In this same work, an
indistinct shoulder at 1710 cm-1 was also suggested to arise
at least in part from an equivalent of the 1713 cm-1 carbonyl
band of free FMN, although it was noted that a lack of H/D

FIGURE 7: Redox difference spectra of FMN at pH 6.0 and 8.0.
Reducedminusoxidized difference spectra of a solution of 2 mM
FMN (Em7 ) -219 mV) in 20 mM potassium phosphate and 200
mM potassium chloride at pH/D 6.0 and 8.0. Reducing conditions
were -550 mV and oxidizing conditions were+200 mV and
equilibration occurred after 6 min.
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sensitivity made this assignment questionable, and a band
close to 1400 cm-1 was assigned to an amino acid carboxy-
late group rather than to reduced FMN (28). In the spectra
reported here, there is no clear 1710 cm-1 band that could
reasonably be attributed to this FMN carbonyl group, which
in any case is expected to be of low intensity and likely to
be obscured by the strong amide I changes associated with
redox changes of the Fe-S centers in our spectra. Hence, in
summary, the 1406 cm-1 band of reduced FMN seems to
be the best IR marker band, at least for eukaryotic complex
I, even though in full redox spectra it can be obscured by
overlapping ubiquinol bands.

IR Characteristics of Center N2.The ability to selectively
reduce center N2 and bound ubiquinone at the reducing
potential used here of-220 mV is consistent with their
higher midpoint potentials relative to the other Fe-S and
FMN cofactors. The center N2 redox IR spectra are
dominated by amide I/II changes, and these again closely
resemble those seen in small soluble 4Fe-4S proteins (Figure
6), indicating that center N2 retains characteristics of the
4Fe-4S class despite the fact that it may be ligated between
two proteins (14, 25). Furthermore, because only a single
Fe-S is reduced, the bands arising from the substoichio-
metric bound ubiquinone and ubiquinol that are more weakly
evident in the full redox spectra are now much more
prominent, as discussed above.

Of particular interest in relation to possible coupling
mechanism is the nature of the protonation site that is redox-
linked to center N2 (12). In previous work onE. coli complex
I, it was reported that reduction of center N2 at pH 6.0 was
associated with deprotonation of a carboxylic amino acid
(28) together with protonation of two tyrosine groups (29).
These tyrosines were suggested by site-directed mutagenesis
to be Y114 and Y139 on the NuoB (PSST) subunit. Clearly,
such unusual protonation chemistry might be expected to
play a major role in the proton/electron coupling mechanism
of complex I. However, the 1755/1742 cm-1 carboxylic acid
feature seen in the full redox spectra of eukaryotic complex
I (Figures 2 and 5) appears to be associated only with the
lower potential ‘non-N2’ components in experiments such
as those in Figure 4, and the redox spectra of center N2 show
no clear evidence for equivalent redox-linked protonation
changes of either tyrosines or carboxylic acids in the
eukaryotic protein. This is particularly clear in center N2
redox spectra in D2O and after15N-labeling (traces F and G,
Figure 4): although there is a peak at 1552 cm-1 that could
conceivably arise from carboxylate formation on reduction,
its sensitivity to H/D exchange and to15N-labeling rules this
out and strongly suggests that it is instead an amide II feature.
Similarly, there are no15N-insensitive bands in the 1500 cm-1

region that would indicate tyrosine changes. As a result, it
is concluded that protonation changes of carboxylic acids
or tyrosine are not linked to center N2 redox changes in
eukaryotic complex I. Nevertheless, equivalents of tyrosines
Y114 and Y139 are conserved in both theY. lipolyticaand
bovine PSST subunits so some consideration of the possible
origin of the very different behaviors is desirable. In the case
of E. coli center N2, its midpoint potential is reported to be
-210 mV at pH 7, a value very close to the isopotential
group of N1b, N3, N4, and N5 (Em7 -280 to -240 mV).
As a result, the data on center N2 in (28) could not be
obtained by selective reduction, and instead it was necessary

to subtract the IR redox difference spectrum of a fragment
(thought to contain all redox groups except center N2) from
the IR redox spectrum of the intact complex. In contrast,
center N2 inY. lipolyticacomplex I, like the bovine enzyme
(8), has a midpoint potential (Em7 ) -140 mV (14)) that is
high enough above the other Fe-S centers (Em7 -250 mV
or below (8)) that it could be resolved directly in the intact
complex by selective reduction without a need to compare
different protein preparations. Given the very different redox
midpoint potentials of theE. coli and eukaryotic centers N2,
it is conceivable that their redox-linked chemistry is also very
different. However, it is also feasible that theE. coli complex
I fragment that has lost center N2 has major alterations to
other parts of the protein structure that behave differently in
the fragment compared to the intact enzyme and this could
give rise to the additional signals that appear to be associated
with center N2 in theE. coli complex I.

Hence, the nature of the redox-linked protonation site of
center N2 remains unclear, though the present work argues
strongly against the involvement of a network of tyrosines/
carboxylic acid changes (28, 29). The H/D-exchange and
15N-substitution effects on the amide I envelope raise the
possibility that a lysine or arginine could provide the site.
In addition, the bandshifts in the 1100 cm-1 region in Figure
4 may not be fully accounted by the hydroxyl-related bands
of ubiquinol in this region (for example, a positive band at
1116 cm-1 is present in the15N-substituted sample of trace
G, Figure 4 even although the ubiquinone content is very
low), and this raises the alternative possibility that the redox
reaction of center N2 might be associated with histidine
protonation changes. This would be consistent with other
data that have implicated histidine as the redox-linked
protonation group (58). Such possibilities can be tested with
further isotope replacements and mutagenesis.

Amino Acid Side Chains.Besides the protonation site that
is redox-linked to center N2, additional band changes arising
from environmental, redox, or protonation state changes of
specific types of amino acid residues might also be reason-
ably expected to contribute to the full redox difference
spectra. Some possible assignments may be suggested by
comparisons with IR databases of amino acid vibrational
spectra ((34, 59-61) and references therein). The principle
bands of several amino acids tend to occur at frequencies
within the amide I/II envelopes, and this makes their
detection difficult. For example, lysine, arginine, glutamine,
and asparagine all have very strong vibrations in the 1690-
1620 cm-1 range. In contrast to amide I bands which are
very weakly downshifted in D2O or by15N-substitution (62),
bands of these amino acids in this region are very strongly
shifted both with H/D exchange (60) and with15N-substitu-
tion (63). Figures 3A and 3B show that H/D and14N/15N
exchanges do cause significant changes in the central part
of the amide I region that are larger than might arise from
amide I bands alone. Hence, significant redox-linked alter-
ations of one or more of these amino acid types might be
occurring that are worthy of further specific investigations.

Easier to assign are bands of amino acids that occur in
less congested regions of the spectra. One such signal that
is consistently evident in the full reducedminusoxidized
spectra (Figures 2, 3, and 5) is a peak/trough close to 1090/
1100 cm-1. Protein bands in this region result from changes
in environment or protonation state of histidine (64-66). The
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trough is only slightly downshifted in D2O but changes
dramatically with15N-labeling to give predominantly a 1096
cm-1 peak. This behavior is consistent with the protonation
to the imidazolium form of a neutral histidine that is
protonated in the Nπ position (64, 66).

A second signal that is consistently evident is a trough/
peak at 1742/1755 cm-1 (1737/1747 cm-1 in bovine). These
frequencies are characteristic of a protonated aspartic or
glutamic acid residue whose environment is perturbed by
one or more redox centers (60). However, although consis-
tently present, its size relative to other bands has proved to
be variable within a factor of 2-3, with its size in Figure 2
data being at the higher end of the range. In addition,
although H/D exchange causes its loss, possibly due to the
expected downshift where it might become obscured by the
amide I envelope edge, it also appears to be lost in the15N-
substituted samples, a substitution that should not affect
carboxylic acid vibrations. Hence, further investigations are
required to determine whether this band arises from a
carboxylic acid, from the ester bond of a bound lipid (38)
or from an as-yet unknown functional moiety.

A significant body of data is available on tyrosine,
tyrosinate, and the relatedp-cresol in H2O and D2O (60),
and on specific isotope effects both for model compounds
(67, 68) and tyrosine in proteins (29, 68, 69). The most
prominent band of tyrosine is itsν(CC) ring mode at 1515
cm-1, shifting to 1495 cm-1 in the tyrosinate form. The
complex I spectra are dominated by the very strong Fe-S
amide II peak at 1520 cm-1 and this obscures tyrosine bands.
However, this amide II band is strongly downshifted both
by H/D exchange and by15N-labeling, whereas the tyrosine
bands are little affected. Hence, the small bands remaining
in the 1500 cm-1 region after these exchanges (Figures 3
and 4) could arise from redox-linked tyrosine changes.

In summary, we report here definitive assignments of IR
signals to local conformational changes around the Fe-S
centers and to FMN cofactor and ubiquinone substrate. In
addition, we report a number of further bands that are
consistently observed that should also arise from specific
amino acid changes for which suggestions of possible
assignments are made to guide further isotope replacement
and mutagenesis investigations.
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