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ABSTRACT: We have used cryogenic difference FTIR and time-resolved step-scan Fourier transform infrared
(TR-FTIR) spectroscopies to explore the redox-linked proton-pumping mechanism of heme-copper
respiratory oxidases. These techniques are used to probe the structure and dynamics of the hemea3-CuB

binuclear center and the coupled protein structures in response to the photodissociation of CO from heme
Fe and its subsequent binding to and dissociation from CuB. Previous cryogenic (80 K) FTIR CO
photodissociation difference results were obtained for cytochromebo3, the ubiquinol oxidase ofEscherichia
coli [Puustinen, A., et al. (1997)Biochemistry 36, 13195-13200]. These data revealed a connectivity
between CuB and glutamic acid E286, a residue which has been implicated in proton pumping. In the
current work, the same phenomenon is observed using the CO adduct of bovine cytochromeaa3 under
cryogenic conditions, showing a perturbation of the equivalent residue (E242) to that inbo3. Furthermore,
using time-resolved (5µs resolution) step-scan FTIR spectroscopy at room temperature, we observe the
same spectroscopic perturbation in both cytochromesaa3 andbo3. In addition, we observe evidence for
perturbation of a second carboxylic acid side chain, at higher frequency in both enzymes at room
temperature. The high-frequency feature does not appear in the cryogenic difference spectra, indicating
that the perturbation is an activated process. We postulate that the high-frequency IR feature is due to the
perturbation of E62 (E89 inbo3), a residue near the opening of the proton K-channel and required for
enzyme function. The implications of these results with respect to the proton-pumping mechanism are
discussed. Finally, a fast loss of over 60% of the CuB-CO signal inbo3 is observed and ascribed to one
or more additional conformations of the enzyme. This fast conformer is proposed to account for the
uninhibited reaction with O2 in flow-flash experiments.

The heme-copper oxidases are a superfamily of enzymes
whose task it is to reduce dioxygen to water and to convert
the free energy from this reaction into a transmembrane
protonmotive force (1, 2). All of these enzymes have a
heme-copper binuclear center, which is the active site where
the dioxygen chemistry is catalyzed. In the bovine cyto-
chromec oxidase, the binuclear center consists of hemea3

and CuB, whereas in cytochromebo3 from Escherichia coli,
hemeo3 and CuB constitute the binuclear center. Of particular
interest is the way in which the events at the active site are
coupled to proton translocation within the enzyme and to

electrogenic proton pumping (1, 3-6). Fourier transform
infrared (FTIR)1 difference spectroscopy can identify changes
that occur in the protein at the level of individual amino acid
residues in response to changes in ligation and redox and
protonation states (7-10). It is possible to correlate the
observed spectroscopic changes with specific, functionally
relevant structural features of the enzymes by combining the
FTIR technique with site-directed mutagenesis and isotope
labeling, guided by the high-resolution X-ray structural
models of the cytochromec oxidases from bovine heart (11,
12) and from Paracoccus denitrificans(13, 14) and the
ubiquinol oxidase fromEscherichia coli(15).

FTIR spectroscopy has already proven to be a powerful
tool for exploring static structural features of the heme-
copper respiratory oxidases (16-21). Such measurements
were pioneered by Alben and his associates (22-25). The
fully reduced enzyme forms a stable adduct with CO bound
to the heme component of the binuclear center. Upon
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photolysis, the FTIR studies showed that the CO is trans-
ferred from the heme Fe to CuB. At temperatures below 140
K, the CuB-CO adduct is a stable complex. Hence, spectra
taken under cryogenic conditions in the dark (heme Fe-
CO) and, then again, after photolysis (CuB-CO) reveal
changes due simply to transferring the CO from one metal
to the other, about 5 Å apart. This approach has been used
to observe the relatively strong infrared absorption (1900-
2200 cm-1) due to CO itself as a probe to characterize the
heme/copper center.

Recently, the FTIR difference approach has also been used
to examine the photoperturbation difference spectrum through-
out the mid-infrared region (1200-3200 cm-1) of cyto-
chromebo3 from E. coli (18). A key result of this work was
the identification of an absorption band that shifts from about
1726 cm-1 to 1730 cm-1 upon photolysis. This feature has
been assigned by comparison of site-directed mutants to the
carboxylic acid CdO stretch of residue E286, which has been
strongly implicated as being a key residue in the “D-
channel,” a proton pathway that is critical for the formation
of intermediate P and subsequent steps coupled to proton
pumping (26-29). The FTIR results clearly establish the
protonation state of E286 in the fully reduced enzyme
(protonated). Furthermore, the perturbation of the CdO
stretch (of the-COOD side chain) of E286 upon CO
photodissociation from the heme reveals a conformational
connectivity between the CO ligation status of the heme/
copper center and the environment sensed by E286 (18). It
was suggested that the connectivity occurs through a
hydrogen bond network that likely contains bound water
molecules between E286 and a histidine ligand to CuB (18,
30).

Changes in at least one carboxyl group, accompanying the
full reduction of the oxidized enzyme, have also been
identified by static FTIR difference spectroscopy. Hellwig
et al. (16, 31-33) examined changes in the spectrum upon
electrochemical reduction of the heme-copper oxidases from
a number of different organisms, whereas Lu¨bben and
Gerwert (17) examined the photochemical reduction of both
cytochromebo3 from E. coli and the cytochromec oxidase
from Rhodobacter sphaeroides. In each of these cases, an
absorption band shifts from higher frequency (about 1745
cm-1) to lower frequency (1737-1732 cm-1) upon full
reduction of the enzyme. This has been interpreted as being
due either to a proton transfer between two carboxyl groups
(16) or possibly due to a shift of a protonated carboxyl group
to a more hydrophilic environment (17). The aforementioned
studies of CO photodissociation in the fully reduced enzymes
strongly suggest that E286 (or its equivalent residue in other
oxidases) is also responsible for the difference feature near
1735 cm-1 observed upon reduction of the heme-copper
oxidases.

Time-resolved infrared approaches, generally using single-
wavelength probe light in the CO frequency region (1900-
2100 cm-1), have been used to probe the dynamics of specific
structural features of the heme-copper oxidases (34-38).
For example, the dynamics and the structural progress of
the heme/copper CO exchange reactions have been studied
on picosecond and longer time scales (34-37). Infrared
studies of oxidase dynamics would obviously be more
informative if they could be applied to simultaneous obser-
vation of multiple wavelengths (as is the case for FTIR in

static observations) rather than limited to single wavelengths.
Recently, Rost et al. (39) have reported on a time-resolved
FTIR study using a rapid-scanning technique (time resolution
of 30 ms) of cytochromec oxidase fromP. denitrificansin
both the fully reduced and mixed-valence forms. Here we
report a multiwavelength IR study of oxidase dynamics,
wherein we apply the technique of time-resolved step-scan
FTIR with time resolution of 5µs to the dynamics observable
in the mid-IR spectra of cytochromesaa3 (bovine) andbo3

(E. coli). The time-resolved difference spectra are compared
to the cryogenic difference spectra in both cases. We find
evidence for the perturbation of multiple carboxylic acid IR
absorbances following photodissociation of CO. The per-
turbation of the infrared spectral features arising from the
carboxylic side chains in the time-resolved measurements
reveals that the ligation reactions of the binuclear centers in
both aa3 andbo3 are coupled to these proton-labile groups
at room temperature. The implications of these results with
respect to the proton-pumping mechanism are discussed.

MATERIALS AND METHODS

Sample Preparation.Bovine heart cytochrome oxidase and
cytochromebo3 from E. coli were isolated and prepared as
previously described (37, 40). Each enzyme solution was
0.3-0.5 mM oxidase, 100 mM sodium phosphate buffer with
0.1% dodecyl maltoside at pH 7.4. Reduction was performed
by the addition of sodium dithionite to the deaerated solution
under an argon atmosphere. The carbonmonoxy derivatives
were prepared by equilibration of 1 atm of CO with the
solution of the reduced enzyme for 10-30 min. Exchange
into D2O was achieved by repeatedly concentrating the
resting-state (oxidized) enzyme in an Amicon ultrafiltration
cell with a 50µm filter after dilution with D2O buffer, until
the solution was>99% D2O.

FTIR Spectroscopy.The IR transmission sample cells
consisted of CaF2 windows with 15 or 25µm Teflon spacers
in demountable IR cell mounts. The assembled cells were
purged with CO or Ar before filling as appropriate. Details
of the time-resolved and cryogenic FTIR experiments are
given in the following sections.

TR-FTIR.Time-resolved (TR) FTIR spectra were collected
on a Bio-Rad FTS60A/896 Step-Scan Interferometer with
adaptations as described below. A single laser pulse (Spectra
Physics GCR-3 Nd:YAG; 532 nm; ca. 100-500 µJ; 10 ns
duration) initiated the reaction at each mirror position. The
interferometer stepping and laser firing both occurred at 10
Hz, with the interferometer serving as the master clock and
the laser synchronized to fire once per interferometer step.
A TTL pulse is generated by the interferometer at the start
of each step cycle. This pulse is used to trigger a digital
delay generator (Stanford Research Systems DG535) which
then provides timing signals for the laser lamps and Q switch.
The laser firing is delayed to near the middle of the 100 ms
period between steps, to allow sufficient time for the moving
mirror to settle. Transient decay traces were collected at each
mirror position, resulting in a three-dimensional data set.
Typically, 500-1000 time points at 5µs intervals were
collected as an average of 32-64 scans at 4 cm-1 resolution
over a free spectral range of 3850 cm-1 (about 3-6 h
collection time). For samples with a transient lifetime greater
than milliseconds, consecutive spectra have been co-averaged
to increase the signal-to-noise ratio.
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TR-FTIR offers the advantages of spectral multiplexing,
increased IR throughput, and relatively fast data acquisition
over conventional point-by-point time-resolved IR techniques
(8). To optimize the signal-to-noise ratio, the following
adaptations have been incorporated into a Bio-Rad FTS60A/
896 step-scan FTIR. The collimated IR beam from the
interferometer is directed out of a sampling port to a turning
mirror and then to a focusing lens. The IR beam is focused
to a 300-1000µm spot at the sample. The transmitted IR
light is then collected and refocused by a single lens onto a
photovoltaic mercury cadmium telluride (MCT) detector
(Graseby IR, 2 mm element, 1 MHz bandwidth). A low-
pass optical filter (<2250 cm-1) and the CaF2 lenses (>1150
cm-1) restrict the usable bandwidth, but also increase the
effective dynamic range of the detector. The entire external
optical train is housed in a dry N2-purged Plexiglas enclosure.

The Bio-Rad Win IR-Pro software program under Step-
Scan TRS collect mode allows the amplified signal from the
external detector to be passed directly back through the
spectrometer for digitization and processing. The fastest
sampling interval is 5µs, limited by the digitization rate of
the spectrometer’s onboard A/D converter (200 kHz). Full
transient decay traces were collected at each mirror position,
resulting in a three-dimensional data set. Data collection was
initiated before the laser fires to collect a series of reference
spectra. The Bio-Rad step-scan instrument dithers the moving
mirror to provide feedback control for mirror positioning.
This dither produces an infrared transient (at the fixed
frequency of the dither) which has a large amplitude
compared to that of a typical laser-induced transient. The
dither transient acts as a significant noise source unless it
can be demodulated from the transient of interest. Demodu-
lation of the dither transient is accomplished by precise
control of the phase of the laser firing and data collection
relative to the phase of the dither signal using the digital
delay generator described above. Time-resolved difference
absorbance spectra are computed as

where∆At is the differential absorbance at timet (a multiple
of the 5µs sampling interval) after the laser excitation, and
R andSare the single-beam absorbance spectra before (-t)
and after (+t) the laser is fired, respectively. Thus, the dither
signal is removed from each time-resolved difference
spectrum by computing the ratio of spectra that are exactly
matched in the phase and amplitude of the dither signal. Only
a few cycles of the dither signal are actually sampled before
t0 in order to simplify the data handling; to sample the entire
period of the dither (62.5µs), using the 5µs sampling
interval, only 125µs of reference data (25 spectra) is needed.

Cryogenic FTIR.Low-temperature spectra were collected
on a Perkin-Elmer 1760x FTIR. Samples were mounted in
an APD Cryogenics cryostat and maintained at 80( 0.2 K.
Reference or “dark” spectra (64 scans) were collected at 4
cm-1 resolution immediately before photolysis. The sample
was then photolyzed with one or two 10 ns pulses of 3 mJ,
532 nm Nd:YAG laser light, or 1-2 µs illumination at 2
mW from an Ar+ laser, after which “light” spectra were
collected (64 scans). Difference spectra (∆A) were calculated
directly by ratioing against the previous “dark” spectrum.

The sample was warmed to∼250 K to allow CO to
recombine with the heme, and then cooled again, and the
experiment was repeated. Typically, 6-8 sets of 64 scans
were co-averaged.

Difference FTIR spectroscopy of oxidase samples at
cryogenic temperatures has several experimental require-
ments. The CO-ligated protein is highly photosensitive and
undergoes irreversible photolysis at temperatures below 200
K. Therefore, light must be rigorously excluded from the
sample compartment once the sample is frozen, and a
germanium filter must be used to block the FTIR spectrom-
eter’s He-Ne alignment laser which otherwise passes
through and photolyzes the sample. The high photosensitivity
of the samples also means that it is possible to over-irradiate
the protein, causing additional changes in the observed
spectrum (i.e., the initial photoproduct is itself photolabile).
To determine an appropriate excitation energy, a power
dependence was performed on both the bovine cytochrome
c oxidase and cytochromebo3. The dependence was deter-
mined for the percentage photolysis achieved with a series
of 532 nm laser shots (1 mJ shots for the bovine enzyme;
90 µJ shots for cytochromebo3) on total laser power. With
5 mJ total energy, 80-85% photolysis is obtained, and this
is true (within 5%) whether the energy is delivered as a single
shot of 5 mJ or a number of shots of lower energy (e.g., 5
× 1 mJ). To avoid secondary photolysis, one or two shots
of 3-5 mJ, 532 nm light were used in the experiments
described herein. Finally, the temperature of the frozen
sample must be precisely controlled ((0.2 °C or better)
because the spectrum of the solvent varies with temperature
and difference spectra show undesirable baseline fluctuations
if excessive temperature variations occur during data col-
lection.

RESULTS

The cryogenic (80 K) FTIR difference spectrum (light
minus dark) of the CO adduct of fully reduced bovine
cytochromec oxidase is compared with the time-resolved
spectrum (co-averaged first 125µs after photodissociation)
in Figure 1. The sharp trough at 1963.5 cm-1 is from CO
bound to hemea3, and is the dominant feature in both spectra.
The smaller negative absorbance band at 1945 cm-1 in the
cryogenic difference spectrum is due to theâ-conformer of
the oxidase, as previously described (20, 25, 37, 41). The
â-conformer is not as evident in the time-resolved (room
temperature) spectrum, but compares well to photostationary
spectra collected at room temperature as reported by Ein-
arsdóttir et al. (37), who showed that the signal due to the
heme-CO of theâ-conformer shifts with temperature, starting
at 1948 cm-1 at 21 K and shifting up to 1959 cm-1 at room
temperature. At room temperature, the two heme-CO bands
are overlapped and appear as a single feature with a
broadened basal region. In the low-temperature spectrum
shown in Figure 1, the peak at 2063 cm-1 is from CO bound
to CuB. This absorption band is very weak in the time-
resolved difference spectrum recorded at room temperature.
It has been previously shown that at room temperature, the
CO is transferred from the heme Fe to CuB in less than 1 ps
(35-37), and that the rate of dissociation of CO from CuB

to solution is 7× 105 s-1 (34, 37). Hence, the expectation is
that CO will have dissociated from CuB within the first few
microseconds and equilibrated with the CO in solution, which

∆At ) -log(S+t/R-t)
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is consistent with the spectrum shown in Figure 1. The
equilibrium constant (87 M-1) predicts that in the steady state
7-8% of the enzyme will have CO bound to CuB, but this
small fraction is difficult to observe within the signal-to-
noise of Figure 1. To discern the presence of the CuB-CO
species, it is necessary to measure the integrated intensities
of the heme- and CuB-CO regions in both the 80 K and
the room-temperature spectra. Integration of the CuB-CO
region of the room-temperature spectrum yields an intensity
which is converted to a population by using the ratio of CuB-
CO to heme-CO intensities at 80 K as a means to
approximateεCuB-CO (100% CuB-CO). This analysis yields
a room-temperature population of about 10% CuB-CO.
Clearly, the room-temperature time-resolved FTIR spectrum
in Figure 1 substantially represents the difference between
the fully reduced bovine oxidase with CO bound to the heme
Fe and the reduced enzyme with CO not bound to the
enzyme, while the cryogenic spectrum represents the dif-
ference between the heme-CO and the CuB-CO species.

The time-resolved and cryogenic difference infrared
spectra ofaa3 (andbo3) show features whose absorbances
(positive or negative) are on the order of 0.001 absorbance
unit or less. The noise level in the cryogenic difference
spectra is on the order of 5× 10-6 (rms) absorbance unit,
while the noise level in the time-resolved spectra is somewhat
higher, on the order of 10-5 absorbance unit. The absorbance
spectra from which the difference spectra are calculated have
peak amide I absorbances near 1.0 absorbance unit (not
shown). The sensitivity of the IR difference approach is
further demonstrated, as we reported previously (18), by the
presence of the13CO satellite on the low-energy side of the
main Fe(C-O) absorbance, which is clearly visible in all of
these spectra (1.1% of the total CO). Some of the smallest
features, such as the carboxylic acid bands above 1700 cm-1,
are very weak, with a signal-to-noise ratio of 2-4. The
limited signal-to-noise notwithstanding, these features are
highly reproducible, even for different samples and different

enzyme preparations. The spectra shown are the best of the
3-5 separate data sets obtained for each experiment.

There are evident differences in comparing the main
features of the cryogenic and room-temperature spectra.
Some of the differences between these two spectra result
from the relatively narrower bands in the spectrum recorded
at 80 K, but other differences must be due to the fact that in
one case (80 K), the final state has CO bound to CuB,
whereas in the other case (room temperature), CO has
dissociated from the enzyme. In the cryogenic difference
spectrum, a feature due to a change in absorbance of the
CdO stretch of the carboxylic acid side chain of a glutamic
or aspartic acid can be observed as predominantly a trough
at 1730 cm-1 with a small positive band near 1734 cm-1

(Figure 1, inset). We assign this as the equivalent to the
feature that we previously identified in cytochromebo3

originating from residue E286 (18), and is, therefore,
attributed to a perturbation of the equivalent residue in the
bovine oxidase, namely, E242. In the time-resolved (125µs)
spectrum, this feature is shifted slightly and broadened, and
the positive component is significantly more prominent
(Figure 1, inset). The time-resolved spectrum is essentially
identical to the photostationary spectrum obtained by Rich
et al. (42), in which the contribution of two different residues
is inferred from the H/D isotope dependence of these
features. The close correspondence of the time-resolved
spectra reported here with the photostationary spectrum of
Rich et al. implies the contribution of two different carboxylic
acid groups in the time-resolved spectra at room temperature.
These carboxylic acid features decay on a time-scale
coincident with the recombination of CO to hemea3. It is
evident that there is a substantial perturbation of these
carboxyl groups upon light-induced dissociation of CO from
hemea3 and ligation to CuB, but that persists well beyond
the time scale of the dissociation of CO from CuB.

Figure 2 shows the time-resolved step-scan FTIR differ-
ence spectrum (1.2 ms) following photolysis of the CO

FIGURE 1: Comparison of the FTIR difference spectra of the CO adduct of the fully reduced bovine cytochromec oxidase (cytochrome
aa3) following photolysis of the hemea3 Fe-CO complex. Lower trace: cryogenic (80 K) light minus dark difference spectrum. Upper
trace: step-scan time-resolved spectrum recorded at 295 K and co-averaged over the first 125µs following photolysis. The weak CuB-CO
peak at 2063 cm-1 in the time-resolved spectrum is shown on a 10 times expanded scale. Inset: lower left, expanded region showing the
carboxylic acid features in both the 80 K (lower) and time-resolved, 295 K (upper) spectra.
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adduct of cytochromebo3 at room temperature compared to
the light-minus-dark spectrum ofbo3 recorded at 80 K.
Again, the room-temperature and cryogenic spectra show
significant differences. In cytochromebo3, the binding
constant of CuB for CO (when CO is not bound to hemeo3)
is substantially larger than that of cytochromeaa3, such that
CO occupies approximately 27% of the CuB sites during
equilibrium rebinding (43). This is evident in the room-
temperature trace, wherein CuB-CO is visible at 2067 cm-1

with appreciable intensity. However, full occupancy of CuB-
CO produces a significantly larger band, as is seen in the 80
K spectrum. Comparison of the integrated intensities for these
bands reveals a room-temperature occupancy of the CuB-
CO state of about 29%, which is consistent with the measured
K of 400 M-1 and the CO concentration of 1 mM. As in the
aa3 spectra, difference features in the amide and side chain
regions (below 1800 cm-1) are substantially more intense
in the 80 K spectrum. This difference could be due to either
narrower peak widths or greater occupancy of CuB in the 80
K spectrum. The E286 carboxyl CdO stretching band is seen
as a derivative-shaped feature in both spectra with the trough/
peak at room temperature at 1726/1732 cm-1 and at low
temperature at 1724/1730 cm-1. Analogous toaa3, there is
an additional feature in the room-temperature data, but clearly
resolved in this case with a peak/trough at 1740/1749 cm-1.
The shape of the difference feature that we have associated
with E286 inbo3 (E242 inaa3) is not invariant. Because the
observed frequency shifts are smaller than the infrared peak
widths of this residue (18), the shape of the difference feature
is very sensitive to whether intensity, line width, frequency,
or any combination of these change upon photolysis.
Depending upon which of these change and in what direction,
the difference feature can appear as a simple positive or
negative peak, or as a first- or second-derivative-like line
shape.

Rost et al. have recently obtained the redox difference
FTIR spectra ofP. denitrificansin both fully reduced and
mixed-valence forms (39). They note that in theParacoccus
enzyme, there is no detectable signal due to E278 (corre-
sponding to E242 in bovine and E286 inE. coli) following
CO photolysis for the fully reduced form; however, this
residue does give rise to a difference feature for the mixed-
valence form. They conclude that the perturbation felt by
E278 is caused by back-electron-transfer from hemea3 to
hemea, a process that does not occur in the fully reduced
enzyme. As reported here, this is obviously not the case for
either bovineaa3 or bo3 from E. coli.

The TR-FTIR spectra of cytochromebo3, taken at three
discrete times after photodissociation (10, 70, and 385µs),
are shown in Figure 3. Analysis of these results suggests
that cytochromebo3 does not behave as a single homoge-
neous population following photodissociation of CO, but that
there are at least two populations with spectroscopically and
kinetically distinct CuB-CO species. The inset in Figure 4
shows the initial CuB-CO peak centered at 2067 cm-1

decays within 20µs to an intermediate spectrum with a
slightly shifted center frequency (2070 cm-1), which in turn
decays to the steady-state rebinding fraction discussed above
within 200 µs. Within this same early time, the carboxylic
acid features are also diminished (Figure 3, inset) with
concomitant evolution of band shape. Although there are very
few time points covering the fastest decay, a rough estimate
of the decay rate can be extracted by fitting a biexponential
decay function to the integrated intensity of the CuB-CO
band (Figure 4). Extrapolation of these results to zero time
and peak integration yield the approximate fractions of total
enzyme represented by these kinetic phases: 60% in the fast
phase (∼70 000 s-1); 13% in the intermediate phase (∼7000
s-1); and 27% in the steady-state phase. While multiple
kinetics phases are also seen in the CO rebinding reaction,

FIGURE 2: Comparison of the FTIR difference spectra of the CO adduct of the fully reducedE. coli cytochromebo3 following photolysis
of the hemeo3 Fe-CO complex. Lower trace: cryogenic (80 K) light minus dark difference spectrum. Upper trace: time-resolved step-
scan FTIR spectrum recorded at 295 K and at 1.2 ms following photolysis. Inset: expanded region showing the carboxylic acid features
in both the 80 K (lower) and time-resolved, 295 K (upper) spectra.
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previous saturation kinetic measurements show that none of
these correspond to the rapid phase of CO dissociation from
CuB following photolysis (43). In addition, the photostation-
ary CuB-CO IR band shape most closely resembles the
spectrum of the slowly dissociating conformer (in frequency
and bandwidth), suggesting that the population of the CuB-
CO form of the slowly dissociating conformer predominates
at equilibrium. We conclude that the fast CuB-CO dissocia-
tion phase is due to a conformer that predominates in the
Fe-CO and transient CuB-CO forms of bo3 (on the

microsecond time scale) but equilibrates to a minor fraction
of the total by the time CO rebinding commences (mil-
liseconds).

DISCUSSION

We have used time-resolved step-scan FTIR difference
spectroscopy in the current work to examine the dynamics
of the heme-copper oxidases. We have shown that the shifts
in the IR signal from the glutamic acid residue E286 in
cytochromebo3 from E. coli, which were previously observed

FIGURE 3: Time-resolved step-scan FTIR difference spectra of cytochromebo3 obtained at three times following photodissociation of CO
at 300 K: solid trace, 10µs; dashed trace, 70µs; dotted trace, 385µs. Inset: expanded region showing carboxylic acid features at the same
three time points.

FIGURE 4: Integrated intensity of the CuB-CO band of cytochromebo3 vs time after photolysis of the heme-CO species. The dotted line
represents the best fit of a biexponential decay function (k1 ∼ 70 000 s-1, k2 ∼ 7000 s-1) with the intensity at long times representing the
equilibrium CuB-CO occupancy before heme-CO rebinding occurs. Inset: spectra of the CuB-CO band frombo3 at various times. Note
the shift from 2067 to 2070 cm-1 within the initial fast (20µs) decay.
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in the static difference spectra at 80 K, are also present in
the time-resolved FTIR spectra at room temperature. More-
over, analogous features are observed in both the cryogenic
and room-temperature time-resolved FTIR spectra of bovine
cytochromeaa3. The time-resolved measurements establish
a connection between the ligation reactions of the binuclear
center and the proton-labile side chain of E286 (E278,
bovine) under functional conditions (i.e., room temperature).
This residue has been implicated as a key feature of the
redox-linked proton pump of the heme-copper oxidases.
Recently, Backgren et al. (5) have shown that although this
glutamic acid is highly conserved, it is not specifically
required for enzyme activity. Mutant studies of theP.
denitrificansenzyme in which E278 (equivalent to E286 in
E. coli) and a neighboring glycine have been substituted show
dramatically reduced activity, but further substitution of Phe-
274 to tyrosine causes recovery of activity to nearly 10% of
that of the wild type. This triple mutant mimics the structure
of cytochromecaa3 from Rhodothermus marinus, one of the
few examples of a heme-copper oxidase that lacks the E278
equivalent. It is apparent that the oxidase enzymes require
either a protonatable or at least a hydrophilic residue in this
region of the protein to assist in establishing a pathway from
the D-channel to the binuclear active site.

The time-resolved, step-scan FTIR measurements also
reveal the dynamics of the ligation reactions at the binuclear
center and the coupled protein response. In the current work,
this technique was used to obtain spectra of the oxidases at
room temperature with a time resolution of 5µs and longer,
both during (for cytochromebo3) and after (for both
cytochromesbo3 andaa3) the dissociation of CO from CuB

and its equilibration with solution, and before significant
recombination with the heme has occurred. The averaged
spectrum obtained in the first 125µs following photolysis
of the heme Fe-CO adduct of cytochromeaa3 (upper trace
in Figure 1) shows that the CuB-CO adduct has already
reached its dissociative equilibrium (<10% CuB-CO, 2063
cm-1 region) in the bovine enzyme and that a perturbed
carboxylic acid feature is still visible at 1736/1744 cm-1.
Hence, the persistent change in environment sensed by the
carboxyl in theboVine enzyme must be due to some effect
in addition to the formation of the CuB-CO adduct, because
this effect persists after CuB-CO has dissociated. The
situation is not so clear in the case ofbo3, because although
there is some decay of the initial amplitude of the carboxylic
acid features (Figure 3, inset), there may also be a persistent
component that is difficult to distinguish from that due to
the large steady-state population of the CuB-CO form of
the protein. In addition, we cannot rule out the possibility
that an analogous initial decay of the carboxylic acid features
in aa3 occurs during the dissociation of CO from CuB (1.5
µs half-life), because this process is complete before our
earliest measurement (5µs).

There are a number of possible explanations for the
persistence of the carboxylic acid features. The most likely
scenario in our view is that the binding of CO to CuB triggers
a change in the protein structure that persists for relatively
long times (several milliseconds) after dissociation of the
CuB-CO adduct. This change could be a loss of one of the
histidine ligands to CuB or a rotation of the side chain
conformation of the glutamic acid, either of which could have
an activation energy for reversal following the departure of

CO from CuB. In contrast, the fraction of the perturbation
that decays with the loss of CO from CuB is likely due at
least in part to an inductive effect of CO bound to CuB,
through a direct hydrogen-bonded pathway as proposed
previously (18).

Recent work by Rich et al. (42) has demonstrated that for
aa3 there are two different glutamic acid residues that are
perturbed by CO photolysis. The time-resolvedaa3 spectra
presented here closely match the photostationary spectra
obtained by Rich et al. for the protein in D2O (42). The
photostationary spectra have been shown to have contribu-
tions from two different residues based on H/D isotope
exchange experiments, a low-frequency component near
1735/1742 cm-1 (deuterated, i.e.,-COOD) and a higher
frequency component (not deuterated, i.e., exchange-inac-
cessible). Furthermore, the spectrum at low temperature
obtained in the present work clearly contains only the lower
frequency component. The higher frequency component must
be due to an activated process, such as a conformational
change of the protein, which is not accessible at low
temperature (80 K). The analogous two components are
observed forbo3 albeit at slightly different frequencies. Both
a low-frequency (1726/1732 cm-1) and a high-frequency
(1740/1749 cm-1) component are observed in the time-
resolved spectra ofbo3, but only the low-frequency compo-
nent is observed at low temperature (Figure 2, inset). The
low-frequency component has been assigned to E286 on the
basis of site-directed mutagenesis studies (18). The high-
frequency component was not observed previously, because
the spectra were all obtained at low temperature. It is likely
that the low-frequency signal inaa3 (the exchange-accessible
residue) is due to the analogous residue (E242), and that the
higher frequency component (exchange-inaccessible) corre-
sponds to the analogous high-frequency component inbo3.

The identity of the residue responsible for the high-
frequency signals in both the bovine andE. coli enzymes is
unknown, but it must be aprotonatedcarboxyl residue and
therefore must have an unusually high pKa as a consequence
of being buried within the protein and protected from the
solvent. In addition, the higher frequency means a stronger
CdO bond and therefore weaker H-bonding to surrounding
groups or structural water. There are only a limited number
of possibilities that meet these conditions based on inspection
of the crystal structure of the bovine oxidase, namely,
residues E62II (aa3 sequence, subunit II), E90III , D246III , D51I,
and the heme propionates. The residues in subunit III seem
unlikely candidates, as this subunit has been shown to be
unnecessary for enzyme activity (44), and therefore unlikely
to be perturbed by events at the catalytic site. D51I is part
of a possible proton channel proposed by Yoshikawa et al.
(45), who have suggested that it is protonated in the fully
reduced enzyme. This residue is glycine inbo3, however,
which eliminates it as the source of the analogous features
in the two enzymes. The IR frequencies of the heme
propionates inParacoccus denitrificanscytochromec oxi-
dase have been established using specific13C labeling and
FTIR difference spectroscopy (33, 46). An infrared band at
1676 cm-1 has been assigned to the COOH mode of
protonated heme propionate, eliminating it as the source of
the high-frequency feature. E62II sits near the entrance of
the K channel and is shielded from water, and hence would
likely have a protonated, weakly H-bonded carboxyl group,
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consistent with the observed high-frequency IR feature.
Mutation of the corresponding residue inbo3 (E89II) has been
shown to reduce turnover by as much as 90% (47). Also,
electrostatic calculations have suggested that there is sizable
coupling between the corresponding residue E78II of the
Paracoccus denitrificansoxidase to K354I (K channel) and
to the binuclear site and that there is significant change in
the degree of protonation of this residue with redox state,
approaching 80% in the fully reduced enzyme (48). Site-
directed mutagenesis studies will be required to definitively
assign the high-frequency IR feature, but the weight of the
present evidence suggests that it is E62II (E89II in bo3).

The observation of a second proton-labile group connected
to the binuclear center is important regardless of its assign-
ment. The connection could be via a direct H-bonded
network whereby the change in ligation state of the binuclear
center is transmitted as a change in the H-bonding to the
carboxyl side chain. Alternatively, the connection could be
more indirect, via a conformational change that affects either
the electrostatic environment of the carboxyl side chain or
the H-bonding, or both. Moreover, the connection between
the sites is via an activated process that can be frozen out at
80 K. In contrast, the perturbation of the low-frequency
feature due to E242I (E286I in bo3) occurs even at 30 K and
must therefore be activationless. This means that the coupling
of the active site to two possible proton channels (the D
channel containing E242 and the K channel having E62 near
its entry) to the active site is fundamentally different.
Interestingly, the delivery of protons to the heme-copper
center apparently goes via different routes prior to (K-
channel) and following (D-channel) the binding of dioxygen
to the binuclear center (29). A protein conformational change
has been suggested as a molecular switch of the preferred
pathway for proton delivery (29). A molecular switch such
as this could be triggered by the interaction of dioxygen either
with hemea3 Fe or with CuB, and hence could be related to
the IR perturbations observed in the current work.

Another conclusion from this work concerns the dynamics
of CO dissociation from the enzyme in cytochromebo3.
Previous studies of CO photodissociation of the heme-
copper oxidases have demonstrated that following photolysis,
CO forms an obligate complex with CuB prior to equilibration
with CO in the bulk solution (35, 37, 43, 49, 50). However,
the microscopic rate constants describing the association and
dissociation rate constants as well as the binding constant
for the CuB-CO adduct vary widely in different oxidases
(43, 49, 50). Kinetic modeling, for example, has shown that
at room temperature the dissociation rate constant for CuB-
CO is 7× 105 s-1 for bovineaa3 and 500 s-1 for bo3 from
E. coli, and is very small for theba3-type oxidase from
Thermus thermophilus(37, 43, 49, 50). The current work
confirms that the CuB-CO adduct of cytochromebo3 is
indeed, at a substantial level of occupancy, long-lived, and
can be observed spectroscopically several milliseconds
following photolysis by time-resolved step-scan FTIR dif-
ference spectroscopy. The fraction of occupancy of CuB-
CO at long times is approximately the same as the persistent
population of the shifted E286 signal in cytochromebo3.

Previous data obtained with the bovine oxidase are
consistent with the requirement that the CuB-CO adduct
dissociates prior to the reaction with dioxygen (51). There
are numerous reports (26, 52-54) of dioxygen reacting with

fully reduced cytochromebo3 with half-times well below 1
ms following photolysis of the heme Fe-CO complex (i.e.,
flow-flash experiments), which would appear to be incon-
sistent with the long-lived CuB-CO adduct in this enzyme
(Figure 2). It is obviously important to reconcile these
observations. Our analysis of the time-resolved FTIR spectra
following photolysis of the CO adduct of cytochromebo3

shows that there are distinct populations of the enzyme with
very different rates of dissociation of the CuB-CO adduct
and different CuB-CO vibrational frequencies. The existence
of a population representing some 60% of the enzyme in
the post-photodissociation reaction, wherein CO is entirely
dissociated from CuB within 20 µs, is sufficient to explain
the apparent discrepancies between the flow-flash oxygen-
ation experiments and the saturation kinetics behavior of the
CO rebinding reaction. The substantial population of the fast
CO dissociating conformer should allow uninhibited access
of O2 to the active site.
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