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Site (Cug) of Bovine Heart Cytochrome c Oxidase, Revealed
by a Newly Developed Time-resolved Infrared System™
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pathway upon CO binding to Cug in the O, reduction site.

other protein function.
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(Background: Cytochrome c oxidase reduces O, coupled with proton pumping.
Results: A newly developed time-resolved infrared system reveals transient conformational changes in the proton-pumping

Conclusion: Cuy promotes proton collection and effective blockage of back-leak of pumping protons.
Significance: These critical findings in bioenergetics stimulate the new infrared approach for mechanistic investigation of any

N
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X-ray structural and mutational analyses have shown that
bovine heart cytochrome c oxidase (CcO) pumps protons elec-
trostatically through a hydrogen bond network using net posi-
tive charges created upon oxidation of a heme iron (located near
the hydrogen bond network) for O, reduction. Pumping protons
are transferred by mobile water molecules from the negative
side of the mitochondrial inner membrane through a water
channel into the hydrogen bond network. For blockage of spon-
taneous proton back-leak, the water channel is closed upon O,
binding to the second heme (heme a;) after complete collection
of the pumping protons in the hydrogen bond network. For elu-
cidation of the structural bases for the mechanism of the proton
collection and timely closure of the water channel, conforma-
tional dynamics after photolysis of CO (an O, analog)-bound
CcO was examined using a newly developed time-resolved infra-
red system feasible for accurate detection of a single C=0
stretch band of a-helices of CcO in H,O medium. The present
results indicate that migration of CO from heme a; to Cug in the
O, reduction site induces an intermediate state in which a bulge
conformation at Ser-382 in a transmembrane helix is eliminated
to open the water channel. The structural changes suggest that,
using a conformational relay system, including Cug, O,, heme
a3, and two helix turns extending to Ser-382, Cug induces the
conformational changes of the water channel that stimulate
the proton collection, and senses complete proton loading into
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the hydrogen bond network to trigger the timely channel clo-
sure by O, transfer from Cug to heme a;.

Cytochrome c oxidase (CcO),* the terminal oxidase of cellu-
lar respiration, reduces O, to H,O. This process occurs at a site
that includes an iron site (Fe,; of heme a;) and a copper site
(Cug). The electron equivalents for O, reduction are trans-
ferred from cytochrome c via the second copper (Cu,) and iron
(Fe, of heme a) sites. In bovine CcO, the process is coupled with
the pumping of protons from the negative side to the positive
side of the mitochondrial inner membrane in a system (H-path-
way) that includes a hydrogen bond network and a water chan-
nel operating in tandem (1). The protons being pumped are
transferred by water molecules to the hydrogen bond network
from the negative side of the mitochondrial inner membrane
through the water channel by thermal motion of the protein.
The active transport of protons to the positive side is driven
through the hydrogen bond network by electrostatic repulsion
between protons and the positive charges, created upon oxida-
tion of Fe,, which is located near the hydrogen bond network
(1). The redox-coupled conformational changes of Asp-51 at
the positive side end of the hydrogen bond network, revealed by
x-ray structural analyses, indicate that Asp-51 functions as one
of the proton-loading sites for proton pumping (or the proton
exit of the H-pathway) (2).

The function of Asp-51 has been confirmed by the D5IN
mutation of bovine heart CcO (3). Several other mutations for
the key residues of the H-pathway (4) as well as x-ray structural
analyses at various oxidation and ligand-binding states (5-7)
have established that bovine heart CcO pumps protons through
the H-pathway. However, various key amino acid residues in
the H-pathway are not well conserved. For example, Asp-51 is
not conserved in bacterial and plant CcOs, although similar

*The abbreviations used are: CcO, cytochrome c oxidase; TRIR, time-resolved
infrared.
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possible proton-conducting structures are detectable in their
x-ray structures. Extensive mutational analyses of the bacterial
possible proton-conducting structures corresponding to the
bovine H-pathway did not show any significant influence on the
proton pumping activity (8). Based on mutagenesis analyses,
another proton-conducting pathway, the D pathway, has been
proposed to transport protons for pumping as well as for the
water formation in bacterial aa; type CcOs (9). Furthermore,
mutagenesis analyses for the other bacterial terminal oxidases
(ba, type) showed that protons are pumped through the third
proton-conducting pathway, the K pathway (10). These results
strongly suggest that the proton-pumping mechanism of termi-
nal oxidases is not conserved completely. No experimental evi-
dence against the proton pumping function of the bovine
H-pathway has been reported thus far, although the H-pathway
structures are not completely conserved.

The water channel of the H-pathway of bovine heart CcO
includes water cavities, each containing at least one water mol-
ecule, and water pathways through which water molecules can
be transferred by thermal motion of the protein. The largest
water cavity, located near the junction point for entry to the
hydrogen bond network, is detectable only when both Fe_; and
Cug, are in the reduced state during catalytic turnover. Signifi-
cant narrowing of the water channel occurs upon elimination of
the largest cavity. This greatly decreases the efficiency of water
exchange and thus decreases the rate of entry of protons (sup-
plied by mobile water molecules in the water channel) into the
hydrogen bond network as well as backward leakage of protons
from the hydrogen bond network. Therefore, this state is des-
ignated as the “closed state.”

In the catalytic cycle, the O, reduction site in the fully
reduced state [Fe,;>",Cug' 7] receives O, and then sequentially
receives four electron equivalent from cytochrome c. Each of
the one-electron reduction processes is coupled with the
pumping of one proton equivalent (11). The water channel is
closed during these proton-pumping processes (1). Thus, four
proton equivalents must enter the hydrogen bond network in
the reduced state before O, binds to Fe_; (1). Just before the
water channel is opened, the hydrogen bond network is com-
pletely in the deprotonated state, because four protons are
pumped in the preceding catalytic cycle under the blockage of
the proton supply from the water channel. Upon opening the
channel, the hydrogen bond network gets protonically equili-
brated with the negative side space of the mitochondrial inner
membrane through the water channel. The protonic equilibra-
tion is the driving force for proton collection of the hydrogen
bond network from the negative side.

The relative location of heme a against the hydrogen bond
network suggests that the overall direction of proton pumping,
which is driven by the electrostatic repulsion between protons
and the positive charges of heme a, is determined essentially by
the timing of closure of the water channel. Thus, the timely
closure of the channel is critical to ensure highly efficient
energy transduction.

For efficient energy transduction, molecular machinery must
be adapted for collection of the protons being pumped and for
sensing of the protonation state of the hydrogen bond network,
to close the water-channel immediately after complete proto-
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nation is attained. It is likely that the molecular machinery
operates during the transition from the fully reduced state in
the O, reduction site to the O,-bound state. Thus, time-re-
solved infrared (TRIR) examination of reactions between the
fully reduced enzyme and nonreducible O, analogs, such as
CO, NO, and cyanide, are expected to provide various impor-
tant insights for the mechanism of proton collection and timely
closure of the water channel.

Recent x-ray structural analyses indicate that the most prom-
inent change occurring in the protein moiety upon binding of
CO is a bulge structural formation at Ser-382 providing a new
single unpaired main chain C=0 group (7). However, because
of strong IR absorption of solvent water (12), IR measurements
of proteins in aqueous solution (i.e. under physiological condi-
tions) with sufficient sensitivity for analysis of IR spectral
changes due to a single peptide C=0O band have remained tech-
nically challenging. We have developed a novel nanosecond
TRIR system that provides performance sufficient for this pur-
pose. The TRIR results of this study indicate that Cuy is not only
asimple electron donor to the bound O, but also plays key roles
in the efficient collection of protons used in the proton-pump-
ing process and timely closure of the water channel by using a
conformational relay system that connects the Cuy, site and the
water channel.

EXPERIMENTAL PROCEDURES

Sample Preparation—CcO, purified from bovine heart mus-
cle as described previously (13), was dissolved in H,O buffered
with 100 mm sodium phosphate (pH 7.4), containing 0.2% (w/v)
n-decyl-B-p-maltoside. The protein concentration was deter-
mined by absorption spectroscopy, using an extinction coeffi-
cient of A€gy 630 nm = 46.6 mM~'cm ! for the fully reduced
form (13). Absorption spectra were also recorded after the
experiments to confirm sample integrity after exposure to laser
irradiation.

Experimental Setup— A femtosecond mid-IR pulse (>10 wJ)
with a spectral width of 350 cm ™" was produced by a difference
frequency generator with an optical parametric amplifier
(OPerA Solo, Coherent), which was pumped by the output of an
integrated Ti:Sapphire oscillator/regenerative amplifier sys-
tem, operating at 1 kHz (Micra-5 and Legend Elite-USP, Coher-
ent). A dual-row detector array (2 X 64) of MCT elements
(Infrared Systems Development) coupled to a spectrograph
(TRIAX-190, HORIBA Jobin Yvon) was employed, and the sig-
nals due to probe and reference pulses were read out with a
boxcar integrator system (FPAS-0144, Infrared Systems Devel-
opment) on a single shot basis with 16-bit resolution. The wave
number resolution was 2 cm ™.

The 25-ns, 532-nm output (0.15 mJ) of an Nd:YAG laser
(Navigator I, Spectra Physics) at 1 kHz was used as a pump
pulse, which gave 80% CO photolysis for the highest perform-
ance for minimization of the photochemical damage by the
pump pulse. A timing jitter between the visible pump and
mid-IR probe pulses was £25 ns. The pump beam was modu-
lated using a phase-locked chopper operating at 0.5 kHz, which
allowed us to perform nearly simultaneous (1-ms interval)
measurements of the pump-on and pump-off spectra.
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The sample was housed in two CaF, windows separated by a
Teflon spacer and spun at 1300 rpm to ensure a fresh spot for
each IR pulse transmission. The sample cell temperature was
keptat 28.0 °C (<<0.1 °Caccuracy). To avoid water vapor effects,
the optical setup was contained in a dry air-purged chamber
with <5% humidity. The TRIR measurements were repeated
five times to be accumulated and averaged. Each measurement
was performed with 48-s data accumulation.

Data Analysis—The TRIR measurements here are the accu-
mulated and averaged difference spectra against the spectrum
before the photolysis (the spectrum of the CO-bound form).
Because both the visible and mid-IR pulses were linearly polar-
ized, the difference spectra were recorded with the visible
pulses polarized parallel (AA)) and perpendicular (AA | ) to the
mid-IR, and isotropically averaged spectra, AA;,, = (AA; +
2AA )/3, are presented to eliminate rotational relaxation
effects (14, 15).

The TRIR difference spectra were analyzed by global fit (Igor
Pro 5.0, WaveMetrics), where each band was assumed to have a
Gaussian shape, and the time dependence of its amplitude was
fitted by a single exponential rise or decay with the wave num-
ber and bandwidth fixed. Base-line fluctuation (30 nOD levels,
estimated from the standard deviation of the AA value at 2000
cm™ ') was linearly corrected before the fitting. Prior to setting
Gaussian bands, a singular value decomposition analysis was
applied as a preliminary search to extract the principal compo-
nents of spectral changes (Igor Pro 5.0, WaveMetrics). The first
principal component showed two major peaks near 1662 and
1670 cm ™! with no time evolution after the initial appearance.
The second principal component had a peak/trough at
1655(+)/1666(—) cm ™~ * with a time constant of ~2.2 us as the
prominent change. First, four Gaussian bands were set to repro-
duce the above features. Then, additional Gaussian bands suf-
ficient for giving the fitting residual not exceeding the noise
level (30 wOD) were set to reproduce each peak. The bumps in
the fitting residual, at the peak edges which are likely to be
induced by the Gaussian curve fitting, were ignored.

Structural Exploration for the Intermediate State of Helix X
between the Ligand-free and CO-bound States—The atomic
coordinates of the crystal structures of bovine CcO in the
ligand-free and CO-bound forms were obtained from the Pro-
tein Data Bank (codes 2eij and 3ag2, respectively) (5, 7), and
subunits 1-3 were used in the following calculations.

First, the interpolated coordinates between the two states
were generatedas¢ = a + A(b — 3), where 3, b, and ¢ are the sets
of the coordinates of the ligand-free form, the CO-bound form
(note that the coordinates of the ligand was removed), and the
generated interpolated states. A is a parameter (the reaction
coordinate), which takes values between 0 and 1 with each step
of 0.01 (i.e. 0.01, 0.02, ..., 0.99). Thus, 99 sets of the interpo-
lated coordinates were created as the initial conformations of
helix X for the present modeling.

The hydrogen (H) atoms were then added to all of these
structures using the LEAP module of the AMBER 9 program
package (16), and the positions of the added H atoms were
relaxed by using the steepest descent energy minimization
scheme. In all the following processes, the dielectric constant
was set to 4.0. Next, the side chain atoms were optimized, and
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then all atoms were relaxed with the energy minimization.
These calculations were performed using the SANDER module
and the parm99sb force field parameter in the AMBER 9 pro-
gram package (16). With respect to the transition metal-bind-
ing sites, i.e. Cuy,, Cug, heme a, and heme a;, the electrostatic
potentials were obtained by density functional theory calcula-
tions, which were performed in our previous study (17), and the
restrained electrostatic potential (RESP) charges were gener-
ated by using the ANTECHAMBER module of AMBER 9 (16,
18).

To explore the conformations between the substrate-free
and CO-bound states, the amino acid residues of helix X (i.e.
from Val-380 to Met-390) were moved, and the other residues
were fixed in the following calculations. For each of the 99
structures generated above, the simulated annealing protocol
was adopted for the extended conformational sampling. First,
1-ps molecular dynamics simulations involving distance con-
strains (as described below) were performed sequentially at
temperatures of 150, 200, 300, 400, 500, 450, 400, 350, and
finally 300 K. Here, the hydrogen bonds that are not relevant to
the bulge-out moieties in the crystal structures were restrained
by using the distance constrains of the backbone H atoms of
amide groups and O atoms of carbonyl groups. The distance
constrains were imposed with the use of a harmonic function,
U(F) = k(F — T,)? with a force constant (k) of 100 kcal/mol A2,
Then, energy minimization was performed for each structure,
without the distance constrains. Finally, the intermediate state
was identified as the minimum energy conformation among the
stationary energy states.

Because the root mean square deviation value between helix
X in the two crystal structures used for the sampling (i.e. the
initial and final structures of the calculations) is as small as 0.7 A
(for the heavy atoms), our present scheme can provide a fine-
grained sampling enough to examine whether the time-re-
solved observations are corresponding to the conformational
changes that were found in helix X in the crystal structures.

Exploration of Cavity in the Protein—To identify cavities
within the protein, CAVER (19) was applied to the regions in
the vicinity of helix X, with respect to the above-mentioned two
crystal structures and the intermediate structure of helix X. The
cavities that were identified as having radii lager than 1.2 A were
used to prepare visual models.

RESULTS

Performance of Our Newly Developed TRIR System Designed
for TRIR Analysis of the Conformational Changes Occurring
after Photolysis of Carbonmonoxy (CO)-bound CcO—The
strong IR absorption of water is the largest hindrance for the IR
analyses of proteins in aqueous solution. We developed a TRIR
system designed to eliminate this hindrance. One of the key
components of our system is a femtosecond IR laser as the
strong light source. We take advantage of the brightness of the
femtosecond pulse to ensure a sufficient number of photons
(10" photons/<100-fs pulse) to detect after transmission
through aqueous solution. Although the femtosecond IR tech-
nology has been developed and employed so far to investigate
ultrafast events (20 —24), it has never been utilized for the cur-
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FIGURE 1. Experimental accuracy in a spectral region with the strong
background absorption (OD of 2). The data shown are the TRIR difference
spectra of CcO at 50 us after CO photolysis in H,O buffer. Error bars represent
the standard deviation of five independent experiments (each performed
with 48-s data accumulation) on different days using different batches of CcO
preparation. The protein concentration and optical path length were 0.68 mm
and 13 um, respectively.

rent purpose, namely high sensitivity against the high back-
ground absorption.

The present nanosecond TRIR system achieved 30 wOD sen-
sitivity against a background OD of 2 in only 48 s of data accu-
mulation, as given in Fig. 1. Although a femtosecond TRIR sys-
tem has been previously applied to a protein in H,O, the
reported sensitivity was 100 wOD at best for the Amide-Iregion
(25), partially because no reference pulse was used to compen-
sate the pulse-to-pulse fluctuation of the light source in the
reported system. Recently, a quantum cascade laser has
emerged as another type of strong IR light source. However, it
provided the sensitivity of a few hundreds of wOD at present
(26, 27).

The most widely used TRIR technique is step-scan Fourier
transform (FT) IR (28 -31). However, FTIR is not a suitable
method for measuring strong absorbers. In FTIR, the IR lights
in strong absorption regions (e.g. 1600-1700 cm™ ') are spa-
tially overlapped with those in weak absorption regions (e.g
1800-1900 cm ™ %) for the sake of obtaining an interferogram
and detected simultaneously with a single-channel detector,
which prevents the use of the strong light source while avoiding
detector saturation. Thus, the high accuracy (tens of pOD) of
FTIR is normally achieved when the background absorption is
lower than an OD of 1. Nevertheless, the best sensitivity was
100 nOD even using a system with the highest performance
reported thus far (32) for the measurements at nanosecond
time resolution. This is because the data acquisition in the step-
scan procedure is in principle limited by the response speed of
detector electronics, and nanosecond is near the upper limit of
the response speed. Furthermore, long data accumulation (~1
h or more) is usually required in step-scan FTIR to achieve the
best sensitivity. The rapid data acquisition together with the
high allowable background absorbance are critical for practical
applications of the aqueous solution of proteins with high
performance.

Although D,O exchange greatly decreases the background
absorbance, especially in the Amide-I region, complete
exchange is practically impossible. As a result, the experimental
results obtained using a D,0-exchanged sample usually do not
provide a straightforward interpretation. Furthermore, D,O
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FIGURE 2. TRIR difference spectra of CcO in H,O buffer. Red, measured
spectra; blue, fitted spectra, with each Gaussian component shown by a dot-
ted curve. The fitting residual is also shown for each spectrum. The protein
concentration and optical path length were 0.72 mm and 100 um for A and
0.68 mm and 13 um for C. Error bars represent the standard deviation of three
(B) and five (D) independent experiments performed on different days using
different batches of CcO preparation.

exchange effects are often not simple, especially in proteins
with proton transfer functions such as CcO (33). For such pro-
teins, IR analyses in H,O are indispensable. Hydrated protein
films are often successfully applied to stable proteins for reduc-
ing the strong water absorption (34). However, it is impossible
to exclude the possibility of partial denaturation in the film
especially for unstable proteins. Thus, we have developed an IR
system for investigating aqueous (H,O) protein systems.

A single peptide C=0O stretching band in the Amide-I region
in the millimolar concentration range provides 260 -1300 uOD
using a light path of 13 um, depending on the microenviron-
ment of the group (35). A light path of 13 um provides a back-
ground maximum OD of ~2 in the mid-IR region (1200 -2200
cm ). Thus, the present system, which detects a 30 wOD dif-
ference against a background OD of 2 with nanosecond time
resolution as described above, is suitable for use in obtaining
TRIR measurements at sufficiently high resolution for analysis
of the infrared behavior of a single peptide C=0 group in the
Amide-I region of proteins in H,O solution.

IR Spectral Changes after CO Photolysis of CO-bound Bovine
Heart CcO—Difference spectra at various time points after
photolysis against the spectrum before photolysis (the spec-
trum of the CO-bound form) are shown in Fig. 2. In this work,
the intensity of the pump pulse was controlled to give 80% CO
photolysis for the highest performance with minimization of
photochemical damage.
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TABLE 1
Detected TRIR bands
‘Wave number Bandwidth” Time constant Al* A€
cm™! cm™! s mOD M em™!
2063 10.0 (=0.1) Rise <0.05 5.08 (+0.49) 882 (*85)
Decay 1.6 (+0.1) —4.65 (*0.39) —807 (+68)
2061 35.0 (+£0.9) Rise <0.05 1.33 (+0.17) 231 (+30)
Decay 1.7 (+0.2) —1.07 (+0.13) —186 (+23)
1965 5.9 (+0.0) Rise <0.05 —20.29 (+1.57) —3523 (+273)
1962 16.6 (+0.2) Rise <0.05 —5.23 (+0.48) —908 (+83)
1750 6.5 (+0.5) Rise 15.7 (=6.6) 0.06 (=0.00) 19 (+0)
1749 12.1(*+1.2) Rise <0.05 0.28 (=0.01) 90 (+3)
Decay 1.1 (£0.4) —0.10 (£0.01) —32(£3)
1745 11.1 (+0.4) Rise <0.05 —0.21 (*0.03) —67 (+10)
Rise 15.6 (=9.9) —0.04 (*0.01) —13(=3)
1738 11.7 (+0.7) Rise <0.05 —0.08 (£0.01) —26(+3)
Decay 0.7 (£0.5) 0.06 (£0.01) 19 (£3)
1701 114 (+0.4) Rise <0.05 —0.11 (*£0.01) —156 (+14)
1689 9.7 (+0.3) Rise <0.05 —0.09 (*£0.01) —127 (+14)
1678 10.6 (+0.4) Rise <0.05 0.29 (+0.02) 410 (+28)
Decay 1.9 (+0.8) —0.29 (*0.02) —410 (+28)
1670 9.4 (+0.2) Rise <0.05 0.79 (£0.07) 1117 (£99)
Rise 2.0 (+0.2) 0.31 (*0.08) 438 (=113)
1666 8.4 (+0.3) Rise <0.05 —0.85 (*0.07) —1202 (+99)
Decay 2.6 (£0.3) 0.85 (£0.07) 1202 (£99)
1662 9.5 (+0.1) Rise <0.05 0.55 (*0.05) 778 (+71)
1656 23.1 (+4.4) Rise 38.7 (=15.2) —0.16 (£0.01) —226 (+14)
1655 10.6 (+0.2) Rise <0.05 0.56 (*0.04) 792 (£57)
Decay 1.8 (+0.2) —0.56 (*+0.04) ~792 (£57)
1645 155 (=1.1) Rise 0.7 (*0.2) —0.19 (*0.02) —269 (+28)
1642 20.3 (£1.4) Rise <0.05 0.41 (£0.02) 580 (+28)
Decay 82.9 (+11.4) —0.33 (+0.01) —467 (+14)
1627 165 (=1.0) Rise <0.05 0.24 (*0.02) 339 (+28)
1616 8.6 (+0.5) Rise <0.05 0.16 (=0.01) 226 (+14)
Decay 14.3 (+2.7) —0.16 (+0.01) —226 (+14)
1612 14.5 (+0.6) Rise <0.05 0.17 (£0.01) 240 (*£14)
Decay 1.0 (£0.1) —0.10 (£0.01) —141 (+14)
1592 10.6 (+0.1) Rise <0.05 —0.17 (+0.01) —94.(+6)
1577 16.8 (+0.1) Rise <0.05 —0.42 (*£0.02) —233 (+11)
Decay 2.3 (0.6) 0.20 (£0.00) 111 (x1)
1559 21.4 (+0.2) Rise <0.05 —0.52 (*0.02) —289 (*11)
Decay 12.5 (+5.3) 0.26 (=0.02) 144 (+11)
1549 15.2 (+0.5) Rise 2.4 (+0.3) 0.59 (*0.01) 328 (+6)
1545 10.6 (+0.1) Rise <0.05 —0.68 (*0.02) —378 (*11)
1538 11.2 (+0.0) Rise <0.05 0.48 (=0.02) 267 (*11)
Decay 3.0 (£0.4) —0.48 (£0.02) —267 (+11)
1533 11.4 (+0.0) Rise <0.05 —1.17 (*+0.02) —650 (=11)
1524 20.3 (+0.5) Rise <0.05 —0.59 (*0.02) —328 (+11)
Decay 1.9 (+0.5) 0.14 (=£0.01) 78 (+6)
1509 15.5 (+0.3) Rise <0.05 0.14 (=0.00) 78 (+1)

“ Full width at half-maximum is given.
® Intensity change is shown.

¢ Molar extinction coefficient change is as follows: Ae = AI/([P]-0.8:]); where [P] is the protein concentration used in the experiment; [ is the optical path length. The CO pho-

tolysis yield (0.8) was taken into account.

As indicated in Table 1, 30 bands are detectable between
2100 and 1500 cm ™ *. It should be noted that the kinetic behav-
ior of these bands at this resolution, except for the carbonmon-
oxy CO stretch peaks for Cuy-CO and Fe,;-CO, has not been
reported thus far. These bands can be classified in terms of the
time scale of their appearance or decay into the following three
types: (i) band appearance within 50 ns; (ii) band appearance or
decay with a time constant of 0.7 ~ 3 us, and (iii) band appear-
ance or decay with a time constant of 12—83 us. The type i
bands without further change after the initial rapid appearance
are controlled by CO release from Fe,;. The type ii bands are
likely to be coupled with CO release from Cuy, although the
type iii bands appear following the process of the CO release
from Cuy. These results suggest that Fe,, and Cuy control the
conformations of different areas of the CcO protein.

IR Spectral Changes in the CO Band Region—Positive Cu,-CO
and negative Fe_;-CO peaks appear at 2063 and at 1965 cm ™",
respectively, within 50 ns (Fig. 24). The assignments of these
bands have been given previously (36, 37). The Cu,-CO species
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decays with a time constant of 1.6 = 0.1 us, with no recovery of
the Fe_,-CO species (Fig. 2B), consistent with previous reports
(38-40). The integrated areas of these two peaks at 50 ns indi-
cate stoichiometric transfer of CO from Fe,; to Cuy upon
photolysis.

1655(+)/1666(—) cm ™' Band Pair—The most prominent
change in the Amide-I region is the appearance of a peak/
trough at 1655(+)/1666(—) cm ™! within 50 ns (Fig. 2C). This
feature vanishes with a time constant of 2.2 = 0.3 us (Fig. 2D).
This signal is assignable to the Amide-I change of the bulge
segment in the H-pathway, based on the wave number, inten-
sity, and temporal behavior, as described below.

The only possible side chain that can give a signal at 1655/
1666 cm ™! is the guanidino group of Arg (41). However, the
contribution from this side chain is unlikely because the gua-
nidino group shows two bands in the Amide-I spectral region:
antisymmetric CN stretch with 1652-1695 cm ™' and symmet-
ric CN stretch with 1614 -1663 cm ™' (41) with similar intensity
(300-500 M~ ' cm ™). Their frequencies are known to be posi-
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FIGURE 3. Structural modeling of the intermediate form detected after photolysis of CO-Fe,;. A, side view of the modeled structure of the intermediate
form (center), compared with x-ray structures of the reduced (left) and CO-bound (right) forms. The location of the concerned helix structure in the overall
proton pumping system in the reduced form is shown with a square. The red dotted surfaces (and gray portions in the left scheme) represent the water cavities
identified as spaces with the radii greater than 1.2 A. The green dotted lines indicate hydrogen bonds. The locations of water pathways are not given for
simplicity. B, top stereo view of the modeled structure of the intermediate form (gray), superimposed with x-ray structures of the reduced (blue) and CO-bound
(red) forms. The red circle indicates the location of the water cavity that is eliminated by Ser-382 upon CO binding.

tioned higher by salt bridge formation (42). Thus, a salt bridge
structural change upon photolysis of CO-bound CcO would
provide a simultaneous two-band transition, which is not the
present case. Thus, contribution of any guanidino group to the
signal is unlikely

It has been reported that an a-helix with partial disorder
provides an Amide-I signal with a higher-than-usual wave
number (>1660 cm ™) (43, 44), consistent with the reasonable
prediction that engagement of the peptide C=0O with a hydro-
gen bond induces a lower wave number shift in the C=0
stretching band. Thus, the 1666(—)/1655(+)-cm ™' band tran-
sition strongly suggests that bulge structures are eliminated by
introduction of additional hydrogen bonds.

The intensity of the band transition suggests that the transi-
tion is induced by one C=0 moiety or so, as revealed by the
following data examinations. The averages of the peak and
trough intensities and the positive and negative area intensities
for the band transition at 1655(+)/1666(—) cm ™' induced by
0.68 mMm CcO (placed in a cell with a path length of 13 wm) are
0.70 (£0.025) mOD and 5.0 (£0.15) mOD cm ™%, respectively
(under 80% photolysis), which correspond to 0.88 and 6.25
mOD c¢m™ ' under complete photolysis conditions. The
reported molar absorption coefficient of the Amide-I band is
between 200 and 1000 M~ ' cm ™" (35). Thus, the peak intensity
of 0.88 mOD (995 OD M~ *cm™*) for the band transition at
1655(+)/1666(—) cm™ ' after complete photolysis, as described
above, suggests that 1-5 C=0 stretch bands are involved in the
transition. On the other hand, the area intensity corresponds to
0.029% of the absolute area intensity of the Amide-I region
(1610-1690 cm™'). Assuming that the absolute area intensity
of the CcO sample (21.5 OD ¢cm ™ ') is only due to Amide-I and
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that the area intensity of each peptide C=0O moiety is inde-
pendent of the microenvironment, the band area intensity of
the transition is expected to be 0.6 of the single C=O stretching
band intensity. The absolute spectrum in the 1610 -1690-cm ™"
region also includes various bands other than the peptide C=0
stretching bands, such as bands arising from Arg and Tyr resi-
dues. Nevertheless, the experimental value of 0.6 supports the
conclusion drawn from the peak intensity described above.
Thus, the 1666(—)/1655(+) cm ™ * band transition is most likely
to be due to a transition in the stretching frequency of at least
one C=0 moiety.

X-ray structures of bovine CcO indicate that the structural
transition related to the bulge conformation is detectable only
in the segment extending from Val-380 to Ser-382 in helix X
(the trans-membrane a-helix located between the planes of
heme a; and heme a). Ser-382 and Val-380 in the CO-bound
and ligand-free reduced states, respectively, are in the bulge
conformation of helix X (Fig. 3). Thus, upon CO photolysis,
bulge elimination is detectable only at Ser-382. Therefore, the
1666(—)/1655(+) cm ™' band transition is conclusively assign-
able to bulge elimination at Ser-382. The transition indicates
that an intermediate state in which Ser-382 is incorporated in
helix X by forming a new hydrogen bond appears before the
Val-380 bulge formation.

The 1666 cm ™' negative band is assignable to the spectral
change due to formation of hydrogen bonds to Ser-382 result-
ing in a lower wave number shift to give the 1655 cm ™' band.
Then, the intermediate conformation was transformed to the
ligand-free reduced form with the Val-380 bulge upon elimina-
tion of hydrogen bonds that exist in the intermediate state.

“QSEpEN
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Hemea

FIGURE 4. X-ray structure of the water cavity near Ser-382 in the fully reduced state. The stereo drawing is a view from the positive side perpendicular to
the membrane surface. The water cavities are drawn on the surfaces calculated by the van der Waals radii of atoms exposed to the cavity spaces. The cavity near
Ser-382islocated closest to the positive side among the four cavities seen in this figure. The red and blue areas on the cavity surface are due to the peptide C=0
moieties of His-378 and Ser-382 and the peptide N-H of Met-383. The remainder of the surface is yellow and shows the location of nonpolar carbon atoms,
including His-378 (Cp), Ser-382 (Cp), Met-383 (C,,, C;, and C), Val-386 (Cp Co1, and Cs,), Phe-387 (C5,and C,), Phe-425 (C_, and C,), Met-417(C ), Val-421 (Cp and
Cs,), the heme a plane (2-methyl and a methine bridge), and the hydroxylfarnesylethyl group of heme a (C,,, C;5, and C, ). The Ser-382(OH) group is located
close to the cavity surface but does not form part of the cavity surface as described in the text.

The segment from Val-380 to Ser-382 has one bulge C=0
moiety and two a-helix C=0 moieties in both the CO-bound
and ligand-free reduced states, as shown in the reported x-ray
structures (Fig. 3). Thus, the segment provides an essentially
identical Amide-I band in both the states. Consistent with this
expectation from the x-ray structures, the 1666(—)/1655(+)-
cm ™! band disappears after CO release from Cus.

In the CO-bound form, the Ser-382 bulge feature eliminates
the largest water cavity detectable in the ligand-free reduced
form as given in Fig. 3 (7). However, the intermediate confor-
mation in which Ser-382 is incorporated into helix X is likely to
have a water cavity similar to the cavity detected in the ligand-
free reduced state.

Other Spectral Changes in the Amide-I Region—Strong bands
in the Amide-I region, other than the 1655(+)/1666(—) cm™*
band pair, are detectable as follows: the bands at 1670 and 1662
cm™ ! appear within 50 ns. A 1678-cm™ " band also appears
within 50 ns but shifts with the time constant of ~2 us to 1670
cm™', which overlaps with the 1670-cm™" band appearing
within 50 ns (Fig. 2C and Table 1). These bands are likely to
arise from CN stretch of Arg (41), C=0O stretch of Asn/Gln (41),
or C=0 stretch of heme side chains (propionate or formyl
group) (45-48). However, the conformational changes in these
functional groups are too small to be detectable in the x-ray
structural analyses at the highest resolution available at present
(1.84)(5,7).

Surface of the Water Cavity Near Ser-382(OH) Group—The
surface (or wall) of the cavity near the Ser-382(OH) group,
defined by van der Waals radii of the atoms, includes only two
negatively polarized atoms (peptide C=0) and one positively
polarized atom (peptide N-H) (Fig. 4) (5). The rest of the wall is
occupied by 20 nonpolarized carbon atoms, including —CH,—
—CH= of methine bridge of heme a porphyrin, and phenyl
groups of Phe residues. The OH group of Ser-382 is located
quite close to the wall of the cavity (3.4 A from the cavity wall)
but is not exposed to the cavity space. These structures pro-
vide a highly hydrophobic environment in the cavity. These
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polarized groups are likely to trap water molecules under the
hydrophobic (low dielectric) environment inside this space.
Furthermore, the hydrophobic environment would promote
electrostatic interactions between any protonated water
molecules inside the cavity and the polarized Ser-382(OH)
group located close to the cavity wall in addition to the pep-
tide C=0 and N-H moieties, included in the wall as described
above. Thus, these x-ray structures suggest that the protona-
tion state of the water molecule trapped by the peptide N-H and
C=0 in the hydrophobic environment is electrostatically
sensed by the Ser-382(OH) group. The Ser-382(OH) group in
the reduced state migrates toward the cavity surface upon CO-
binding to Fe_; to eliminate the cavity as shown in Fig. 3. Thus,
in the intermediate state, the OH group is expected to be
located closer to the wall of the cavity than in the ligand-free
reduced state. Thus, the protons of a hydronium ion in the
cavity would be stabilized significantly by interacting with
the Ser-382(OH) group, to promote proton collection from
the negative side of the mitochondrial membrane.

Structural Modeling of the Conformational Changes in the
Bulge, Revealed by the Present IR Analysis—Possible conforma-
tional changes occurring after CO photolysis were preliminar-
ily explored by structural modeling combined with conforma-
tional sampling techniques as described under “Experimental
Procedures.”

The energy of the system after the breakage of the Fe—CO
bond (corresponding to photolysis) decreased almost monoto-
nously in our calculation (i.e. barrierless) until the intermediate
was formed. This is not contradictory to the time scale that was
observed in the present experiment (< 50 ns). For the subse-
quent stage, the energy barrier between the intermediate and
final states was estimated to be ~10.2 kcal/mol through our
calculations. The order of this value agrees well with that of the
time scale observed in the present experiment, ~2 us. Here, we
adopted the transition state theory to obtain the time scale that
is corresponding to the energy barrier (49).
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This preliminary analysis suggests that there is a transient
stable structure in which Ser-382 in the bulge structure in the
CO-bound form is incorporated into helix X to induce the for-
mation of two additional hydrogen bonds without forming the
Val-380 bulge (Fig. 3A4). (The extensive theoretical analyses for
this intermediate state are underway.) This structural change is
consistent with the lower wave number shift from 1666 to 1655
cm ™! observed upon CO photolysis (Fig. 2C). The water chan-
nel is open in the intermediate state, as expected after interpre-
tation of the results of the present IR analyses and the x-ray
structures. However, it is apparent that the open conformation
is different from the “open state” in the x-ray structure of the
fully reduced CcO (Fig. 3A4). This state is therefore designated
as the “intermediate state”.

DISCUSSION

The respective time scales of CO dissociation from Cuy, the
1666(—)/1655(+)-cm ™' band transition and the previously
reported Fe,;-His stretch resonance Raman shift (50), essen-
tially coincide with each other (~2 us). Ser-382 and His-376
(the latter, the fifth ligand of heme a;) are located within the
adjacent two turns of the a-helix of helix X (Fig. 3B). Further-
more, it has been shown that the CO stretch band of CO bound
to Cuy shifts from 2061 to 2040 cm ™' upon oxidation of Fe,,
(51), suggesting that a significant interaction exists between
Cuy and Fe,; via the bound ligand. These results suggest the
existence of a conformational relay system that includes Cug,
CO (and thus O,), Fe,,, His-376, a segment of two a-helix turns
of helix X (from His-376 to Ser-382), and Ser-382.

The present TRIR analyses for CO flash photolysis of CcO
indicate that the Cug site, upon O, binding, induces conforma-
tional changes in the relay system to induce “intermediate” con-
formation in the water cavity. The location of Ser-382 closer to
the cavity in the intermediate state than in the “open” state
suggests higher proton affinity of the cavity in the former state
(as described in Figs. 3 and 4). Thus, Cug upon O, binding is
expected to facilitate effective proton collection.

Ser-382(OH), which is located near the wall of the largest
water cavity, is likely to sense the protonation state of the cavity,
which is protonically equilibrated with the hydrogen bond net-
work of the H-pathway. Conformational changes in Ser-382,
upon sensing the protonation state, would stimulate the relay
system to trigger a structural change in the O, reduction site
giving higher O, affinity of Fe_; relative to Cug. Then, O, bind-
ing to Fe_, triggers conformational changes in the relay system
to eliminate the water cavity by forming the Ser-382 bulge, giv-
ing timely closure of the water channel.

Collection of four proton equivalents at once to the hydrogen
bond network of the H-pathway is unlikely, because the water
cavity does not have enough space for keeping four proton
equivalents. Furthermore, existence of a possible O, storage
structure, located near the Cuy site, as described below, sug-
gests a reversible (or repetitive) O, binding to Cug, coupled
with the open to intermediate conformational transition in the
cavity. These two structures (the narrow water cavity and the
possible O, storage structure) support the consecutive proton
collection.
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X-ray structures of bovine and bacterial CcOs indicate that a
branch in the O, pathway is detectable near the O, reduction
site between the two hemes (3, 52). The walls of both the branch
and the O, pathway are composed of highly hydrophobic resi-
dues. The branch also has enough space for O, storage. No
significant electron density peak is detectable in the interior
spaces of the branch as well as the O, pathway in the fully
reduced state of CcO. However, it has been proposed that pro-
tons used in the proton-pumping process are transferred
through the branch from Glu-242, assuming a water array
inside the branch and the pathway (53, 54). Nevertheless, the
structure of the branch, as described above, strongly suggests
the O, accepting function. Thus, the branch is expected to store
the O, molecule released from Cuy to efficiently induce the
repetitive formation of the intermediate state in the consecu-
tive proton collection.

A more comprehensive description of the mechanisms for
proton collection and timely closure of the water channel is
given in Fig. 5. In the fully reduced CcO [Fe,;*>",Cu;' 7] under
turnover conditions after the last proton-pumping step in the
previous turnover, the water channel is in the open state, and
the hydrogen bond network is fully deprotonated (Fig. 54). In
this conformation, Cug traps O,, which enters through the O,
pathway (55) (or from an O, storage area located near the O,
reduction site (1)). The initial O, binding to Cugy and not to Fe
is supported by the CO release from Cuy without rebinding to
Fe,, as revealed by TRIR analyses. The TRIR results indicate
that Fe,,>" before complete protonation of the hydrogen bond
network of the H-pathway has essentially no affinity to O.,.

The bound O, triggers the conformational change in the
water cavity with the relay system from Cuy to Ser-382 to pro-
vide the intermediate conformation of the cavity (Fig. 5B). The
conformational change from open to intermediate accelerates
the rate of entry of a proton into the cavity from the negative
side. Once a proton is incorporated into the cavity, the confor-
mation of the cavity returns to the open state. The protonated
open state (Fig. 5C) influences the O,-binding affinity of Cuy,
through the relay system to trigger the release of O, from Cug
without rebinding to Fe_,. The resulting protonated open state
without O, at Cug (Fig. 5D) is supported by the present TRIR
results indicating the CO release from Cuy, (without rebinding
to Fe,;) coupled with the transition from the intermediate state
to the open state of the cavity.

The cavity in the open state has weaker proton affinity than
in the intermediate state. Thus, the proton in the cavity is read-
ily taken up by the empty hydrogen bond network (Fig. 5E),
thereby regenerating the deprotonated open state (Fig. 5F). The
highly hydrophobic and fairly narrow structure of the cavity
space (revealed by the x-ray structure, Fig. 4) indicates that the
conformational change in the cavity upon deprotonation is a
reasonable proposal. This state is ready to start another proton
collection cycle by receiving O, transferred from the O, storage
area (Fig. 5, B-D).

When the hydrogen bond network becomes saturated with 4
eq of protons, a proton in the cavity cannot be extracted by the
hydrogen bond network (Fig. 5G). The increase in the protona-
tion level is sensed by Ser-382, which triggers a conformational
change at the Fe_ site using the relay system to increase the O,
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O,-storage) l

O =mmm———

After complete protonation of
the hydrogen-bond network

FIGURE 5. Schematic representation of the function of the conforma-
tional relay between Cug and Ser-382. The gray structures indicate a sche-
matic representation of the hydrogen bond network and the water cavity
detectable in the reduced state of the proton-pumping system. The green
arrows indicate the direction of propagation of the conformational changes.
The bulge conformation is indicated by the protruded shape of the helix
ribbon. Three types of water cavity conformations are indicated by the shape
of the water cavity. The CO-bound, fully reduced form used for the present
experiments is the fully protonated CO-bound form that corresponds to |,
because the hydrogen bond network is protonically equilibrated with the
bulk aqueous phase before initiation of the CO photolysis experiments. Thus,
the form that is generated after flash photolysis corresponds to the interme-
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affinity of the Fe_, site (Fig. 5H). For formation of the O,-bound
form (Fig. 5I), the O, affinity of Cuy is lowered by the relay
system as in the case of the O, release step from Cuy, (Fig. 5C).
In other words, Cuy also contributes to the channel closure.
The O, binding eliminates the water cavity by the conforma-
tional changes in the relay system (by the Ser-382 bulge forma-
tion) (Fig. 51) to close the water channel.

For complete protonation of the hydrogen bond network, it
is critical that the protonated cavity induces the increase in O,
affinity of Fe_; at a controlled rate (Fig. 5, G and H). If the O,
affinity increase is faster than the rate of proton transfer from
the cavity to the hydrogen bond network, the channel would
close before complete protonation of the hydrogen bond net-
work is attained. The kinetic requirement has not been experi-
mentally proven, although various mechanisms are possible, for
example, for control of the interaction between the water cavity
and Ser-382.

The initial intermediate of the O, reduction process by this
enzyme is an oxygenated form (Fe,;>"-O,) as illustrated in Fig.
5I(1). The electron transfer process from cytochrome ¢ via Cu,
and heme a is coupled with proton pumping (1, 11). The O,
reduction site in the oxygenated state does not receive electrons
from cytochrome c, but it does after reduction of the bound O,,
initiated by the electron transfer from Cug' ™" (7). If the channel
closure induced by the O, binding to Fe_, is not sufficiently fast,
the electron transfer to the O, reduction site from cytochrome
¢, coupled with inefficient proton pumping in the open state of
the water channel, would occur before the channel closure. To
ensure that the O, reduction occurs after the channel closure,
Cug must sense the channel closure through the relay system
(from Ser-382 to Cuy) before the electron donation to the O, at
Fe,,>". This sensing of the channel closure by Cuy, via the relay
system is not included in Fig. 5 for the sake of simplicity.

After flash photolysis of CO-bound CcO, CO is transiently
bound to Cuy and released without rebinding to Fe,;. The
absence of CO rebinding after the CO release from Cuy indi-
cates that Fe_; has essentially no affinity for CO. The x-ray
structures do not indicate the presence of any amino acid resi-
due that could block the CO rebinding, as has been suggested
(38). Thus, the affinity of Fe_; for CO is expected to be con-
trolled by the coordination structure of the fifth ligand of heme
a3, His-376, in the relay system. A subtle structural change in
the coordination structure of the heme iron could greatly influ-
ence the ligand affinity as in the case of O, affinity of hemoglo-
bin (56, 57).

Except for the redox property of Cuy as a single electron
accepting site, the chemical properties (or functions) of the
copper site have been essentially unknown, because the site is
spectrally quite inert. In fact, electronic absorption of the site is
completely masked by the strong absorption of the two hemes.
The cupric state of Cuy is EPR-silent because of the magnetic
coupling with the ferric Fe,,. This study has revealed a critical

diate state (B) with the fully protonated hydrogen bond network. Then, a
proton is taken up in the cavity, which releases CO from Cug. After that, the
fully protonated and fully reduced form (H) is generated, which is ready to
receive CO (and O,) and corresponds to the fully reduced form obtainable by
reduction of the purified preparation.
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role of Cuy, in the proton pumping function of this enzyme for
efficient proton collection and timely closure of the water chan-
nel. The role has never been proposed until this study, although
CO binding to Cuy was discovered by FTIR analysis 32 years
ago (37).

The critical contribution of the newly developed TRIR sys-
tem to the present unexpected findings is obvious. X-ray struc-
tural analysis of a protein is the most powerful for determina-
tion of the three-dimensional arrangements of atoms located in
the functional site of the protein. However, the picture pro-
vided by an x-ray structure does not indicate the dynamic
aspects of each of the atoms in the functional site. Thus, TRIR
analyses of the functional site are indispensable for elucidation
of the mechanism of any protein function. Our system provides
a uniquely powerful strategy for elucidation of the mechanism
of any protein function under physiological (i.e. aqueous)
conditions.

Understanding of the functional mechanism of the H-path-
way as the proton-pumping system has been improved signifi-
cantly by this work. Proton pumping systems, including the D
or K pathways instead of the H-pathway, have been proposed
based on mutagenesis analyses for bacterial enzymes, as
described in the Introduction. The present results do not
improve the proposed mechanisms, including the K or D path-
ways, because the conformational changes in helix X provide no
direct structural influence on either the K or D pathways. Fur-
thermore, none of the two pathways is likely to pump protons in
the bovine enzyme, consistent with a preliminary mutational
result that indicates no involvement of the bovine D pathway in
proton pumping (58). The H-pathway structures and functions
are not conserved well between bovine and bacterial enzymes.
Thus, it is not clear whether the present IR results are common
between these enzymes.
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