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ABSTRACT: The redox-linked protonation chemistry of the iron-sulfur protein (ISP) of the cytochrome
bc1 complex was studied by analysis of the pH dependencies of redox difference spectra using perfusion/
electrochemically induced attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy.
The ISP ofRhodobacter capsulatuswithin the intact cytochromebc1 complex was analyzed in a mutant
form in which the midpoint potential of cytochromec1 was lower than that of the ISP. This was compared
to a soluble domain of the ISP from the bovinebc1 complex. Spectra of in situ bacterial and isolated
bovine proteins differ markedly only in part of their amide I regions with the in situ protein having additional
pH-dependent component(s). Apart from this, both in situ and isolated proteins exhibited the same pH-
dependent IR features in reduced minus oxidized difference spectra. Specifically, at high pH, a strong
H/D insensitive negative band appeared at 1447/1450 cm-1, together with a peak at 1310 cm-1, the change
of a 1267/1255 cm-1 peak/trough into a simple 1266 cm-1 peak, and a trough at 1107 cm-1. Comparison
with spectra of model materials indicates that all four signals arise from an imidazolate to imidazole
transition of histidine, hence providing the first direct demonstration that histidine is the redox-linked
protonation site of the ISP. The 1450 cm-1 band can be assigned to a ring stretch that is unique to the
imidazolate form of histidine. It is relatively sharp, has a high extinction coefficient, and provides a novel
marker band for the detection of imidazolate intermediates in enzymatic mechanisms generally.

The cytochromebc1 complex forms a superfamily of
membrane-embedded enzymes that occur widely in eukary-
otic and prokaryotic respiratory and photosynthetic electron
transfer chains. A common core complex encoded bypet
genes consists of three subunits: the “Rieske” iron-sulfur
protein (ISP),1 cytochromec1, and cytochromeb. These con-
tain a [2Fe-2S] cluster, heme C, and two heme B molecules,
respectively. The core catalyzes ubiquinol-cytochromec
oxidoreductase and associated transmembrane proton transfer
activities. Structures of eukaryotic and bacterialbccomplexes
and of the homologous cytochromebf complex from cyano-
bacteria and green algae have been determined at atomic
resolution (1-7). It is widely agreed that electron and proton
transfer occur by a “Q-cycle” mechanism (8). Ubiquinol is
oxidized at the “Qo” site by a mechanism in which one
electron is transferred to the ISP and the other to the lower-

potential hemebL. The chemical and physical factors that
cause this unusual chemistry at the Qo site have remained
controversial. For example, questions of whether a remark-
able long-range rotation of the globular domain of the ISP
center is an essential feature for bifurcated electron transfer
remain (9-12). On the basis of positions of various bound
inhibitors, the Qo site appears to be rather extensive such
that two sequential binding positions for ubiquinone species
might be operative (13). Several other studies indicate that
two ubiquinones may be bound simultaneously within the
Qo site (14-17). These complications have led to a range
of mechanistic models (10, 11, 13, 17-22). However, a
recent detailed quantitative assessment based upon predicted
electron transfer rates (23) has led to the conclusion that none
can satisfactorily account for the rapid reversibility and low
rates of unwanted “leak” reactions. It was concluded that
this could be achieved only by a “true” concertedn ) 2
oxidation of quinol or by addition of further complicating
gating mechanisms (23), several possibilities of which were
outlined subsequently (13, 24-27). Testing of these models
requires knowledge of structure of the enzyme-substrate
complex and of the groups within the protein that are spe-
cifically responsible for the extensive redox-linked proto-
nation changes that are integral to the catalytic cycle. Trans-
mission- and attenuated total reflection (28) (ATR)-Fourier
transform infrared (FTIR) spectroscopy offer an experimental
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probe, with successful applications to diverse proteins such
as rhodopsin and bacteriorhodopsin (29), the nicotinic
acetylcholine receptor (30), photosynthetic reaction centers
(31-33), cytochromec oxidase (34-42), complex I (43),
and thebc1 complex (44-47). In these latter reports, reduced
minus oxidized IR difference spectra of the ISP have been
reported. The ISP is thought to bind to substrate ubiquinol
in the Qo site through one of its metal-ligated histidine ligands
(2, 4, 24, 27, 48), and one or both of these histidines are
widely believed to provide the redox-linked protonation sites
(49, 50). In this report, we use IR spectroscopy to demon-
strate directly that histidine does indeed undergo a redox-
linked imidazolate-imidazole transition and report an IR
marker band around 1450 cm-1 that may be used to detect
the participation of imidazolate in enzymatic reactions more
generally.

MATERIALS AND METHODS

Sample Preparation.Wild-type and mutant forms of the
cytochromebc1 complex were isolated and purified from
Rhodobacter capsulatusas described in ref51. The Rba.
capsulatusstrain containing the M183K mutation was a
generous gift from F. Daldal. Generation and properties of
this mutant have been described in ref52.

The soluble domain of the Rieske protein from the bovine
bc1 complex (comprising residue 70 to the C-terminus) was
overexpressed inEscherichia colias a holoprotein with a
six-histidine tag on the N-terminus and purified as described
in ref 53.

Perfusion ATR-FTIR Spectroscopy. The production, ma-
nipulation, and ATR-FTIR analysis of films of the detergent-
depleted cytochromebc1 complex fromRba. capsulatuswere
identical to those described in ref47. Perfusion buffers were
either 10 mM 2-(N-morpholino)ethanesulfonic acid (MES),
50 mM potassium phosphate, 100 mM KCl, and 50 mM
K2SO4 (pH 6 or 6.5) or 10 mM 2-(N-cyclohexylamino)-
ethanesulfonic acid (CHES), 100 mM potassium phosphate,
100 mM KCl, and 50 mM K2SO4 (pH 9). Redox changes of
ISP were induced by switching between buffers containing
either 100µM hydroquinone and 1 mM ferrocyanide or 1
mM ferricyanide. IR spectra were recorded at room tem-
perature with a Bruker IFS 66S spectrometer equipped with
a liquid nitrogen-cooled MCT-A detector and a silicon ATR
microprism (3 mm diameter; three reflections; SensIR
Europe) as described in ref28. For each transition, a
background spectrum was recorded (500 interferograms over
the course of 60 s), buffer was changed, and an equivalent
sample spectrum was recorded 30 s after exchanging the
buffer. Redox difference spectra that are shown are averages
of batches of reduced minus oxidized and inverted oxidized
minus reduced difference spectra. Corrections were made
where necessary for any baseline drift due to protein swelling
or shrinkage. IR spectra were measured with a resolution of
4 cm-1 and have an accuracy of(1 cm-1.

Electrochemically Induced ATR-FTIR Spectroscopy. An
electrochemical device was constructed in-house (Figure 1)
that allowed automated redox manipulation of the soluble
ISP domain in conjunction with ATR-FTIR measurements.
A 9 mm diameter glassy carbon working electrode was
placed approximately 0.2 mm above the ATR prism and
formed the top of a sample chamber with a volume of

approximately 20µL. The chamber was connected via a
Vycor salt bridge to a platinum spade counter electrode and
a silver/silver chloride reference electrode. Computer-
controlled voltage offset circuitry was used in conjunction
with a PAR model 174A potentiostat to allow automated
switching of the ambient potential of the sample mixture.
The ISP sample was concentrated to approximately 3 mM
in the appropriate buffer by ultrafiltration. Glycerol (2%, w/v)
was then added as a stabilizer, together with 500µM
ferricyanide and 25µM benzyl viologen as mediators. The
buffer consisted of 25 mMN-(2-hydroxyethyl)piperazine-
N′-2-ethanesulfonic acid (HEPES), 25 mM potassium phos-
phate, and 200 mM KCl (pH 7.2-8.0) or 25 mM CHES, 25
mM potassium phosphate, and 200 mM KCl (pH/pD
9.0-10.0). Each redox difference spectrum was obtained by
recording a background spectrum (an average of 1000
interferograms over the course of 2 min) at one potential,
switching the working electrode potential, and recording a
sample spectrum (1000 interferograms) versus the back-
ground after redox equilibration. A new background was then
recorded and the process repeated. The working potentials
that were used were 550 and-350 mV versus SHE with 6
min allowed for redox equilibration. Redox difference spectra
that are shown are averages of batches of reduced minus
oxidized and inverted oxidized minus reduced difference
spectra. Corrections were made where necessary for any
baseline drift due to protein swelling or shrinkage.

IR Spectra of Model Compounds.Absolute ATR-FTIR
spectra ofL-histidine and 4-methylimidazole were measured
with the same ATR prism without a chamber for flow/
electrochemistry.L-Histidine (Aldrich) and 4-methylimida-
zole (Aldrich) were dissolved to a concentration of 500 mM
in distilled water or deuterium oxide (D2O) to which NaOH
had been added to provide the required pH/pD. A 100µL
aliquot of each sample solution was placed on the ATR
microprism, and the absolute absorption spectra were re-
corded (each the average of 1000 interferograms). In all
cases, spectra of solvent alone were recorded separately and
subtracted from these spectra to produce the spectra that are
shown. For extinction coefficient calculations, 10 mM
potassium ferrocyanide was included and the frequency-
dependent path length was calculated from its extinction
coefficient of 4140 M-1 cm-1 at 2038 cm-1 (determined by
transmission IR separately).

For measurements in D2O, buffers prepared assuming pD
) pHreading + 0.4 (54) were substituted throughout the

FIGURE 1: Combination electrochemical/ATR-FTIR spectroscopy
device. The sample chamber is made of a nonconducting polymer,
and the actual scale is not proportional to the drawing. See the text
for details.
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detergent depletion or concentrating procedures. The extent
of H-D exchange in protein samples was estimated to be
>90% using the method described in ref55.

RESULTS

Perfusion-Induced IR Difference Spectra of the Bacterial
ISP in Situ.Redox transitions of the ISP in the intact bacterial
bc1 complex were induced by alternation of buffer containing
100µM hydroquinone and 1 mM ferrocyanide with the same
buffer containing 1 mM ferricyanide. In the M183K mutant
enzyme, these reagents do not induce redox changes in
cytochromec1 because of its lowered midpoint potential (52)
and the resulting redox difference spectra therefore arise
solely from the ISP. Redox difference spectra between pH
6 and 9 are shown in Figure 2. The pH/pD 7.5 data were
published in ref47 and are included here for comparison.
Visible difference spectra in the 500-600 nm region, which
were measured concurrently with FTIR measurement (47),
confirmed that no redox changes in hemes B and C were
occurring (data not shown). Major bands in H2O media at
all pH values occur at 1695(-), 1672(+), 1658(-),
1641(+), 1617(+), 1536(+), 1508(-), 1495(+), 1214(+),
1194(-), and 1135(+) cm-1 and are generally consistent with
other published data (44, 45, 47). H-D exchange caused
small shifts in the amide I region, though with a much larger

than expected loss of the 1617 cm-1 peak, together with a
large loss of signals in the amide II region. Several additional
pH-dependent features were observed, the most prominent
of which was the appearance at high pH of a trough at 1447
cm-1 and a trough at 1658 cm-1 that decreased in intensity
at higher pH. Some smaller changes consisted of the
appearance at high pH of a peak at 1310 cm-1, the change
of a 1267/1255 cm-1 peak trough into a simple 1266 cm-1

peak, and, barely discernible above noise but consistent with
model data below, an increased trough at 1107 cm-1. The
effects of H-D exchange on the 1447 cm-1 band were
obscured by an additional overlapping change in D2O,
presumably an amide II band that had shifted down into this
region. However, it seems likely that the 1447 cm-1 trough
was little affected by the H-D exchange itself. In contrast,
H-D exchange caused a 9 cm-1 downshift of the 1266 cm-1

peak and a loss of the 1107 cm-1 trough. The signal-to-noise
ratio was not high enough to assess the effect of H-D
exchange on the 1310 cm-1 peak.

Electrochemically Induced IR Difference Spectra of the
Soluble BoVine ISP Globular Domain.Figure 3 shows the
reduced minus oxidized redox IR difference spectra of a
fragment of the bovine ISP at pH values between 7.2 and
10. This fragment consists of the entire globular domain
containing the [2Fe-2S] cluster and a part of the “hinge”
region. At all pH values, major bands are evident at 1689-

FIGURE 2: Perfusion-induced ATR-FTIR redox difference spectra
of the ISP in the M183K mutant form of theRba. capsulatus
cytochromebc1 complex. Reduced minus oxidized IR difference
spectra of the ISP at the indicated pH values are shown. Spectra
A, B, and E are averages of 25, 21, and 42 reductive/oxidative
cycles, respectively. The overlaid data at pH 7.5 (C, black) and
pD 7.5 (D, red) were taken from ref47.

FIGURE 3: Electrochemically induced ATR-FTIR redox difference
spectra of the globular domain of the bovine ISP. Reduced minus
oxidized IR difference spectra of the ISP at the indicated pH values
are shown, together with one after H-D exchange at pD 10 (trace
F, red). Spectra A-F are averages of 3, 45, 57, 38, 34, and 30
reductive/oxidative cycles, respectively.
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(-), 1654(-), 1640(+), 1615(+), 1535(+), 1510(-), and
1498(+) cm-1. This is in general agreement with published
IR data on the fragment (45, 46) but at a considerably higher
signal-to-noise ratio. Again, several pH-dependent bands
were evident, the most notable being the appearance at high
pH of a trough at 1451 cm-1, together with a small peak at
1310 cm-1, the change of a 1266/1255 cm-1 peak/trough
into a simple 1266 cm-1 peak, and a weak trough at 1107
cm-1. H-D exchange caused only small shifts in the amide
I region, although again with a large effect on the 1615 cm-1

peak, and much larger losses in the amide II region as
expected. The trough at 1658 cm-1, the intensity of which
exhibited a strong pH dependence in the in situ bacterial
ISP, was not seen in the spectra of the bovine ISP fragment.
As was the case for the bacterial data given above, the effects
of H-D exchange on the 1451 cm-1 band were obscured
by an additional overlapping change in D2O, presumably an
amide II band that had shifted down into this region.
However, it seems likely that the 1451 cm-1 trough was little
affected by the H-D exchange itself. In contrast, H-D
exchange caused a 9-14 cm-1 downshift of the 1310 and
1266 cm-1 peaks and a loss of the 1107 cm-1 trough.
Reliable spectra at pH values lower than 7 could not be
obtained because of protein instability.

It might be noted that, in this closed system electrochem-
istry mode, changes due to buffer protonation changes should
appear in the redox IR difference spectra when the protein
undergoes redox-dependent protonation changes. Indeed,
separate control experiments at high pH (not shown) where
the ISP has a redox-coupled protonated state change (Figure
3D-F) confirm that the broad apparent baseline variations
at 1220(-)/1170(+) cm-1 in fact arise from deprotonation
of CHES buffer and the peak around 1010 cm-1 arises from
phosphate deprotonation. However, these buffer bands are
broad in comparison to the underlying protein bands and
occur in only these two regions. Hence, they do not interfere
with the conclusions concerning protein-related bands.

DISCUSSION

Since vibrational modes of the [2Fe-2S] prosthetic group
are expected only below 800 cm-1, the changes reported in
this study arise solely from protein vibrational modes. The
major changes occur between 1695-1617 and 1536-1508
cm-1 and are likely to be dominated by amide I and amide
II polypeptide backbone changes. This is supported in general
by the H-D effects which affect amide I modes weakly (∆ν
) -1 to -3 cm-1) and amide II modes more strongly (∆ν
) -20 to-40 cm-1). In the redox spectra of the intact ISP,
the prominent trough at 1695 cm-1 in the amide I region
has been observed consistently (5, 44-47). An amide I
CdO stretching band at this frequency can be associated
with backbone turns and bends (56), and it was suggested
(46) that it could possibly be associated with changes in the
conformation of the hinge region of the ISP that have been
observed in crystallographically determined structures
(1-4). However, the data on the isolated globular domain
(Figure 2 and ref45) show a trough similar in magnitude,
clearly ruling this out. In fact, comparison of the bacterial
in situ and bovine fragment data (spectra at pH 7.5 are over-
laid in Figure 4) shows that they are quite comparable across
the 2000-1000 cm-1 region generally, differing only in a
1672/1658 cm-1 peak/trough that is very prominent in the

in situ protein and essentially absent from the bovine frag-
ment. It is possible that this arises from several components
since the trough intensity was pH-dependent whereas the
peak intensity was not, and might simply reflect a structural
difference between bacterial and bovine proteins, particularly
since the bacterial form has two additional insertions (57)
that could affect both redox-linked structural changes and
surface charge (5). However, IR data from other groups (44,
45) also appear to show the same difference between the
ISP in the intact bacterialbc complex and the equivalent
bacterial fragment. Hence, if the stable position of the ISP
globular domain is sensitive to its redox state, a point that is
yet to be established, this bandshift difference should be
analyzed further as a candidate in the amide I region for an
IR change associated with the hinge region restructuring.

As noted previously (47), the degree of H-D exchange
sensitivity of the amide I region is somewhat greater than
expected if the changes arise solely from amide I changes,
particularly the band at 1617(+) cm-1, which is rather outside
the amide I envelope and is lost on H-D exchange. Hence,
it seems likely that changes of H-D sensitive amino acids
are also present within this region, possibly related to residues
in the hydrogen bonding network of the cluster. Five
hydrogen bonds from serine, tyrosine, and the backbone to
the bovine cluster can be identified (58), and it has been
suggested that the H-bonding network contracts on cluster
reduction on the basis of reduction enthalpies (59). The
imidazolate-imidazole transition of histidine (see below)
may also contribute H-D sensitive bands within the amide
I region.

The peak at 1536/1535 cm-1 is very sensitive to H-D
exchange in both samples and is consistent with assignment
predominantly to amide II shifts, as has been suggested for
the Rba. capsulatusISP (44) and an ISP fragment of
Paracoccus denitrificans(45). Whereas in D2O little remains
in this region in the bovine fragment, a sharp peak/trough at
1510/1518 cm-1 is revealed in the bacterial ISP. Protonated
tyrosine has an intense CdC band in this region, and a redox-
linked environment change could give such a feature. Only
two tyrosine residues are present in theRba. capsulatus
sequence, Y16 and Y160 (Rba. capsulatusnumbering).
However, Y16 is close to the end of the membrane-spanning
region of theRba. capsulatusISP and on the opposite side
of the membrane from the headgroup (5), and Y160 is present
in the bovine ISP within a highly conserved region even

FIGURE 4: Comparison of bacterial ISP in situ and bovine ISP
soluble domain spectra at pH 7.5.Rba. capsulatusdata of Figure
2C (trace A, red) and bovine data of Figure 3B (trace B, black) are
overlaid for the purposes of comparison.
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though the band is not evident in the bovine spectra. Hence,
no clear assignment is possible without further studies of
mutants at these positions.

Redox-Linked Protonation.This work was carried out
primarily with the aim of establishing the sites of redox-
linked protonation within the ISP that are known from
potentiometric data to arise from two groups with pK values
on the oxidized proteins of 7.6 and 9.2 in the globular domain
of the bovine ISP (49) [7.6 and 9.8, respectively, in
Rhdodbacter sphaeroidesISP (57)]. Mechanistic, structural,
and computational data have suggested that the lower pK
and, possibly, the higher pK are associated with the histidine
ligands to the iron-sulfur cluster (57, 58, 60). Indirect
support for this has been provided by Mo¨ssbauer (61),
resonance Raman (60, 62), and ESEEM (63) spectroscopies,
but direct confirmation has been lacking.

The most prominent effect of pH was on the trough at
1447 cm-1. A similar trough is seen in the corresponding
spectrum of theRba. capsulatusenzyme and was assigned
tentatively to a ring vibration of proline (P140 and/or P170,
Rba. capsulatusnumbering) or tryptophan (44). W151 would
be approximately 10 Å from the metal center if its position
is equivalent to that of W176 in the yeast ISP sequence (4).
However, this residue is replaced by Y156 in the bovine ISP.
Hence, neither tryptophan nor proline, which is not proto-
natable, is likely to cause this band. Hasegawa et al. (64)
studied the Raman and IR properties of 4-methylimidazole
as a model for histidine, and it is clear from their data that
the imidazolate form of this compound has a particularly
strong vibration at 1440 cm-1 arising in part from ring CN
stretch, which is lost upon protonation. This is shown clearly
in Figure 5, especially in the calculated 4-methylimidazole
minus 4-methylimidazolate difference spectrum where a
sharp trough at 1438 cm-1 is apparent. The IR spectra of
the equivalent imidazole and imidazolate forms ofL-histidine,
together with calculated imidazole minus imidazolate dif-
ference spectra, are shown in Figure 6. The absolute spectra
are sufficiently similar to the 4-methylimidazole data of
Hasegawa et al. (64, 65) that their calculated assignments,
together with more limited data on histidine itself (66), can
provide a solid interpretation of theL-histidine bands. An
equivalent of the 4-methylimidazolate 1440 cm-1 band is
found at 1451 cm-1 in the imidazolate form ofL-histidine,
and this results in a prominent trough in the difference
spectrum. Two further notable positive bands are seen at
1323 and 1262 cm-1, together with a trough at 1102 cm-1.
Whereas the 1451 and 1102 cm-1 bands are relatively H-D
exchange insensitive, the 1323 and 1262 cm-1 bands are both
downshifted by 5-10 cm-1. Equivalents of these are evident
in the high-pH redox spectra of the ISP (Figures 2 and 3) at
1447-1451, 1310, 1266, and 1107 cm-1. Furthermore, the
H-D insensitivity of the 1447-1451 cm-1 band and the
H-D exchange-induced downshifts of the 1310 and 1266
cm-1 bands mirror the model data. Only the H-D exchange
effect on the 1107 cm-1 trough does not mirror theL-histidine
model data: in the imidazole minus imidazolate difference
spectra ofL-histidine, the effect of H-D exchange was very
small, whereas it appears to cause almost complete loss of
the trough in the ISP spectra in both cases. However, the
imidazole form ofL-histidine in solution consists of a mixture
of forms in which either Nπ or Nτ is protonated. This gives
rise to the doublet at 1087 (Nτ-protonated) and 1105 cm-1

(Nπ-protonated) (65, 66) in the absolute imidazole spectrum
in Figure 6. In the ISP, however, the histidine residues (H141/
161 in bovine and H135/156 inRba. capsulatus) are ligated
to the [2Fe-2S] cluster via Nπ atoms, and only a single band
of Nτ-protonated imidazole is therefore predicted in the
1080-1100 cm-1 region. In contrast to Nπ-protonated
imidazole, the Nτ-protonated form is upshifted by 5-10 cm-1

after H-D exchange (66), shifting it close to the expected
frequency of the H-D exchange insensitive imidazolate
form. Hence, a loss of the trough in this region of the
imidazole minus imidazolate form may be considered
characteristic of the (relatively unusual) Nπ-metal ligated
histidine structure. This may also account for the fact that,
while the 1266 cm-1 band in the ISP difference spectra in
H2O (Figures 2C,D and 3E,F) is shifted in D2O to one distinct
peak at 1257 cm-1, the equivalent band in modelL-histidine
at 1262 cm-1 in H2O appears to give two bands in D2O
(Figure 6E,F). It is therefore concluded that the 1447 cm-1

trough in the ISP redox difference spectra, together with the
1310, 1266, and 1107 cm-1 changes, represents the loss of
the imidazolate form of one or both of the Nπ-ligated
imidazole histidine ligands to the [2Fe-2S] center, being in
the imidazolate form in the oxidized protein above pH 7.6

FIGURE 5: IR spectra of imidazole and imidazolate forms of
4-methylimidazole in aqueous media. Absolute ATR-FTIR spectra
of 4-methylimidazole (500 mM) are shown at pH 14.2 (A, red)
and pH 11.5 (B, black) in H2O media and pD 14.2 (C, red) and pD
11.5 (D, black) in D2O media. Solvent contributions to the spectra
have been subtracted. The imidazole minus imidazolate difference
spectra were calculated in H2O as spectrum E (B minus A, black)
and in D2O as spectrum F (C minus A, red).
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and receiving a redox-linked proton when the ISP becomes
reduced.

It should be noted that these assignments for the metal-
bound histidine of the ISP have been made by comparison
with IR data on free histidine and 4-methylimidazole, rather
than with metal-bound forms, and questions about the
expected extent of change due to metal ligation remain.
Unfortunately, no IR measurements have been reported on
metal-bound imidazolate models. However, calculations of
Hasegawa et al. (64) on the imidazolate forms of zinc-bound
4-methylimidazole indicate that the same major bands persist,
and in a recent paper, Dupeyrat et al. (67) reported similar
band patterns for the free and cupric-bound forms of neutral
4-methylimidazole. Hence, we conclude provisionally that
metal ligation has a limited effect on the imidazolate bands.
This point will be investigated directly with future measure-
ments of appropriate model compounds.

By inclusion of a marker with a known extinction coef-
ficient when measuring theL-histidine spectra, it is possible
to calculate the extinction coefficients of the component
bands even in ATR measurement mode, since the depth of
penetration of the evanescent wave, and therefore the

effective path length, is inversely proportional to frequency
(28). We used 10 mM potassium ferrocyanide for this
purpose since it has a single noninterfering band at 2038
cm-1 with an extinction coefficient (determined by transmis-
sion IR separately) of 4140 M-1 cm-1. This was used to
calculate the effective path length at specific frequencies,
allowing calculation of the extinction coefficients of features
of the L-histidine imidazolate minus imidazole difference
spectra by measurement at several pH values and using the
published pK of 14.37 (68). This gave an extinction coef-
ficient of -260 M-1 cm-1 for the frequency pair 1451 of
1470 cm-1. This is a fairly strong intensity with a reasonably
narrow half-bandwidth of 11 cm-1. Furthermore, it is a
frequency outside the amide I and II envelopes and one at
which few other amino acids have strong bands. Hence, it
should be valuable as a relatively specific marker band for
the detection of imidazolate histidine in catalytic mechanisms
of other enzymes. It might be noted that such a band was
not detected in a detailed Raman study of an unusual
imidazolate histidine in the active site of superoxide dismu-
tase (69), and this is because the vibration does not give
rise to a strong Raman band (64), presumably because of
unfavorable selection rules. In the data of Figure 3, the
1447/1451 cm-1 trough bandwidth of 16-17 cm-1 is
significantly broader than that ofL-histidine in solution and
shows some evidence of a small frequency shift with pH.
This, together with the fact that the band appears to titrate
over a broad pH range makes it likely that both histidine
ligands are undergoing the imidazolate to imidazole transi-
tion, hence accounting for the two redox-linked pK values
that have been detected by redox potentiometry (49, 57).
However, from the point of view of mechanism, it is likely
that only the lower-pK histidine is mechanistically significant,
and this certainly undergoes the redox-linked protonation.
As has been widely suggested, Nτ of this histidine (H161 in
bovine and H156 inRba. capsulatus) should form the
hydrogen bond acceptor for the incoming quinol substrate
and can do so only in its imidazolate form. However, the
observed pK of the quinol oxidation activity of the Qo site
is around pH 6.5 [bovine (70)] or pH 7 [bacterial (23, 57)],
becoming inactive below the pK. Hence, the operative pK
of the histidine ligand in the catalytically active enzyme-
substrate complex is most likely to be shifted from 7.6 to
these lower values due to the hydrogen bonding with the
quinol substrate, and it is this interaction and its pK that
provide the primary physiological pH control ofbc (and
photosyntheticbf) complex quinol oxidation rates.
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