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ABSTRACT: The aa3-type cytochrome c oxidase from Rhodobacter sphaeroides utilizes two proton-input
channels to provide all the protons for chemistry (water formation) and proton pumping. The D-channel is
responsible for the uptake of all pumped protons, four protons per O2. Several substitutions of either N139 or
N207, near the entrance of the D-channel, were previously reported to decouple the proton pump from
oxidase activity. In this work, the characteristics of additional mutations in this region of the protein (N139,
N207, N121, and S142) are determined to elucidate the mechanism of decoupling. With the exception of the
substitution of a large, hydrophobic residue (N139L), all the mutations of N139 resulted in an enzyme with
high oxidase activity but with a severely diminished proton pumping stoichiometry. Whereas N207D was
previously shown to be decoupled, N207A and N207T exhibit nearly wild-type behavior. The new data
display a pattern. Small, nonionizable substitutions of N139 or N121 result in decoupling of the proton pump
but maintain high turnover rates. These residues are directly hydrogen bonded to two water molecules
(Water6574 and Water6584) that are part of the single-file chain of water molecules within the D-channel
leading to E286 at the top of the channel. The data suggest that the integrity of this water chain within the
D-channel is critical for rapid proton transfer. The mechanism of decoupling is most likely due to the slowing
of the rate of proton delivery below a threshold that is required for protonation of the putative proton loading
site. Protons delivered outside this time window are delivered to the active site where they are consumed in the
formation of water. The rate of proton delivery required to protonate the pump site must be significantly
faster than the rate of delivery of protons to the catalytic site. For this reason, mutations can result in
decoupling of the proton pump without slowing the catalytic turnover by the enzyme.

Cytochrome c oxidase couples the redox chemistry of the
reduction of O2 to water to the pumping of protons across the
membrane and generation of a proton motive force. During each
turnover, eight protons are taken up from N-side of the mem-
brane; four of them are used to reduce oxygen to water (chemical
protons), and four are pumped out of the membrane (pumped
protons) (1). Crystal structures of bacterial cytochrome c oxidase
reveal two proton input channels (2-4). The D-channel provides
two of the four protons required to reduce O2 to water at the
heme-copper active site, and all four protons that are pumped per
O2 (5, 6). The second channel is designated theK-channel, named
for a highly conserved lysine (K362, Rhodobacter sphaeroides
numbering). The K-channel delivers the remaining two chemical
protons to the active site per O2 and is not directly used for the
uptake of pumped protons (7).

The “D-channel” has a highly conserved aspartate resi-
due (D132) at the entrance of the channel (8, 9). A string of

hydrogen-bonded water molecules connects this aspartate to a
highly conserved glutamate (E286). E286 is proposed to be the
branch point of both the chemical protons and pumped pro-
tons (10). The water string is stabilized by hydrogen bonds to a
series of hydrophilic residues: N139, N121, N207, S142, S200,
S201, and S197 (2). Asparagine 139 is unique insofar as it inter-
rupts what would otherwise be a continuous hydrogen-bonded
network of water molecules between D132 and E286 (2).

Mutations that remove the acid group of D132 at the channel
entrance by replacing it with either an alanine (D132A) or an
asparagine (D132N) severely reduce the oxygen reduction acti-
vity (<5%) and abolish proton pumping (8, 9, 11). Similarly,
removing the acid group of E286 at the “top” of the D-channel
essentially eliminates enzyme turnover (10).

In contrast, several mutations in which N139 or N207 is
replaced have been reported to maintain high oxidase activity
but without proton pumping. For example, N139D has twice the
oxidase specific activity of thewild-type oxidase but does not pump
protons (12). N207D has turnover equal to that of the wild type,
but no proton pumping (13). N139 andN207, together withN121,
form a cluster located ∼10 Å “above” D132, the entrance of the
D-channel. The X-ray structures show a constriction or “aspara-
gine neck” in the D-channel, disrupting the hydrogen-bonded
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water chain which provides the pathway for the rapid transfer of a
proton to E286 and, from there, to either the active site or the
P-side of the membrane (2).

A question of prime interest is how these mutations, near the
entrance of the D-channel, decouple the proton pump from
oxidase turnover. Previous studies have pointed to a perturbation
of E286 caused by the mutations (14). Both the N139D and
N207D mutations increase the apparent pKa of E286, as judged
by the pH dependence of the rate of transfer of a proton from
E286 to the heme-copper center, measured by the kinetics of the
PRf F step in the single-turnover flow-flash reaction of the fully
reduced enzyme with O2 (13, 15). Despite the distance of>20 Å,
an electrostatic effect has been suggested. The higher pKa would
lower the rate of transfer of a proton to the proton acceptor in the
pump exit channel, proposed to have a pKa that is slightly higher
than that of E286 (pH ∼9.4) (12, 14, 15). Transfer of a proton
from E286 to the partially reduced oxygen species at the active
site would not be influenced significantly because of the high
proton affinity of the proton acceptor. The electrostatic explana-
tion is consistent with the restoration of proton pumping by the
N139D/D132Ndoublemutant, which should reduce the negative
charge at the entrance of the D-channel, compared to N139D/
D132, lowering the pKa toward the value in the wild-type
oxidase (15).

However, the N139T mutation, which also results in decou-
pling of the proton pump and which has ∼40% of the oxidase
activity of the wild type, lowers the apparent pKa of E286 (16).
Hence, the correlation between the increased pKa of E286 and the
lack of proton pumping is not maintained. Recent work on the
equivalent of an N139C mutant of the oxidase from Paracoccus
denitrificans (N131C) showed that this mutant has high oxidase
activity (86%) but only ∼10% of the proton pumping stoichi-
ometry of the wild type (17). These data suggest that the
electrostatic explanation for the perturbation of E286 is incorrect
since cysteine should be neutral under these conditions.

There are additional data to suggest there is a structural
perturbation of E286 due to the decoupling mutations (e.g.,
N139D). FTIR1 difference spectroscopy shows that in decoupled
mutants, E286 remains protonated (neutral pH) but is in a slightly
altered environment (18). This has also been demonstrated for the
equivalent mutation in the oxidase from P. denitrificans (19). The
X-ray structure of the N131D mutant of the P. denitrificans
oxidase (equivalent to N139D in R. sphaeroides) shows that the
mutation results in substantial perturbation of the water chain
within the D-channel and also in an alteration of the orientation
of the side chain of E278 (E286 in R. sphaeroides) (19).

In this work, the characteristics of additional mutations in this
region of the R. sphaeroides oxidase are reported as part of an
effort to determine which features result in the decoupling
phenotype. Mutations of N139 (A, C, E, L, Q, and S), N121
(A, T, andD), S142 (A andD), andN207 (A and T) are reported.
Double mutants, N207A/S142A and D132N/N139T, were also
examined. The data show the particular sensitivity of the enzyme
to virtually any mutation of N139. The mutations that result in
decoupling appear to be those most likely to alter the water chain
within the D-channel.

MATERIALS AND METHODS

Site-Directed Mutagenesis. The mutagenesis-expression
protocols have been previously described (12, 13). Briefly, the
mutants were constructed using the QuikChange site-directed
mutagenesis kit from Stratagene using primers from Integrated
DNA Technologies (IDT). The mutations were verified by
partially sequencing (University of Illinois Biotechnology Center)
the final expression plasmid. The pRK415 expression plasmid
harboring the mutated gene encoding subunit I was transferred
into R. sphaeroides strain JS100 by conjugation from Escherichia
coli S-17-1 cells by electroporation, and then S-17-1 cells were
conjugated to R. sphaeroides JS100. The R. sphaeroides JS100
genome lacks the gene for subunit I of cytochrome aa3 (coxI), and
this is complemented by the expression of subunit I encoded by
the gene on the pRK415 expression plasmid.
Cell Growth and Enzyme Purification. The procedures

used to prepare the mutant oxidase are modifications of those
previously described (12, 13). The frozen stock of R. sphaeroides
cells was first streaked on a Sistrom-agar plate containing 50 μg/
mL streptomycin, 50 μg/mL spectinomycin, and 1 μg/mL tetra-
cycline (Sistrom-SST plate). The plate was inverted and incu-
bated at 30 �C for 3-4 days until colonies were visible. Individual
colonies were used to inoculate 120 mL of Sistrom-SSTmedium,
and the cells were grown aerobically with shaking at 30 �C to the
early stationary phase. Aliquots (4 mL) of this culture were used
to inoculate 2 L flasks containing 1 L of Sistrom-SST medium,
and the cells were grown aerobically at 30 �C. When the growth
reached the early stationary phase, the cells were harvested by
centrifugation at 8000 rpm [relative centrifugal force (rcf) of
10800g] for 10 min.

Cell pellets suspended in 50 mM potassium phosphate buffer
(pH 8.0) containing 1mMEDTAwere homogenized with a glass
homogenizer after addition of ∼20 mg of DNase I (Sigma) and
100 μL of protease inhibitor (Sigma). The suspended cells were
then passed five times through a “microfluidizer” (Watts Fluidair,
Inc.). Cell debris was removed by spinning the cell lysate at 8000
rpm (rcf of 10800g) for 20min. Cellmembranes in the supernatant
were collected by ultracentrifugation at 40000 rpm (rcf of
186000g) for more than 4 h.

The cell membranes were homogenized in 50 mM potassium
phosphate buffer (pH 8.0) containing 40 mM NaCl and then
solublized by addition of dodecyl maltoside (DDM), from a 20%
stock solution, to a final concentration of 1%, stirred at 4 �C for
2 h, and then centrifuged at 40000 rpm (rcf of 186000g) for
30min. To the supernatant was added 5-10mLofNi-NTA resin
with imidazole (final concentration of 5 mM), and the mixture
was stirred at 4 �C for 2 h. Then the mixture was loaded into a
chromatography column and washed with 10 column volumes of
50 mM potassium phosphate buffer (pH 8.0) containing 40 mM
NaCl, 15 mM imidazole, and 0.1%DDM. The enzyme was then
eluted with 50mMpotassium phosphate buffer (pH 8.0) contain-
ing 40 mM NaCl, 150 mM imidazole, and 0.1% DDM. The
enzyme was concentrated with a 100 kDa cutoff concentrator
(Millipore), and the buffer was exchanged with 10 mM Tris-HCl
(pH8.0) containing 0.05%DDM.The proteinwas aliquoted and
flash-frozen with liquid nitrogen and stored at -80 �C.

For proton pumping assays, the protein was further purified
by anion exchange chromatography. Purified protein (5-10 mg)
was diluted to 4 mL with 10 mM Tris-HCl buffer (pH 8.0)
containing 1mMEDTAand 0.05%DDM(buffer A) and loaded
onto a DEAE-5PW column (Toso-Haas) attached to an FPLC

1Abbreviations: FTIR, Fourier transform infrared spectroscopy;
Sistrom-SST plate, Sistrom-agar plate containing 50 μg/mL streptomy-
cin, 50 μg/mL spectinomycin, and 1 μg/mL tetracycline; COV, cyto-
chrome oxidase vesicles; RCR, respiratory control ratio; TMPD, N,N,
N0,N0-tetramethylphenylenediamine; CCCP, carbonyl cyanide 3-chlor-
ophenylhydrazone; PDB, Protein Data Bank; WT, wild-type.
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system (Amersham). The columns were washed with buffer A,
and the oxidase was eluted at a flow rate of 0.5 mL/min using a
gradient with buffer B (buffer A with 1 M KCl). The gradient
rapidly increased from 0 to 15% buffer B over 0.5 column
volume, and then the oxidase was eluted as the gradient was
slowly increased from15 to 45%buffer B over 4 column volumes.
The enzyme was collected and concentrated.
UV-Vis Spectroscopy.UV-vis spectra were recorded with

a Shimadzu UV/vis-2101PC spectrophotometer. The concen-
trated enzyme was diluted with FPLC buffer A. Both oxidized
and reduced spectra were recorded. The enzyme was fully redu-
ced by addition of a few granules of dithionite. The concentra-
tion of the protein was determined using either the reduced-
minus-oxidized spectra {concentration of oxidase (millimolar)=
[A605(red-ox) - A630(red-ox)]/24 mM cm-1} or the spectrum of the
fully reduced enzyme {concentraton of oxidase (millimolar)=
[A604(red) - A640(red)]/40 mM cm-1}.
Steady-State Activity Assay. Steady-state activity was

measured polarographically at 30 �C in a YSI model 53 oxygen
meter, as previously described (12, 13); 1.8 mL of 50 mM
potassium phosphate buffer (pH 6.5) containing 0.1% DDM
and supplemented with 2.8 mM ascorbate and 0.55 mM TMPD
was placed in the sample chamber. Horse heart cytochrome
c (Sigma) was added to a final concentration of 40 μM. The
reaction was initiated when the enzyme was injected into the
mixture. The enzyme turnover (number of electrons per second
per enzyme) was calculated from the slope of the oxygen
consumption traces.
Reconstitution of the Oxidase into Proteoliposomes.

Cytochrome oxidase vesicles (COVs) were made by the follow-
ing method (20). Purified asolectin (40 mg/mL) was suspended
in 75 mM HEPES-KOH buffer (pH 7.4) containing 2%
sodium cholate and sonicated until the solution was clear.
Cytochrome oxidase was added to the sonicated asolectin/
cholate buffer to a final concentration of 2 μM. Cholate was
removed by the addition of Bio-Beads, leaving the protein
incorporated into the vesicles. Bio-Beads were removed by
centrifugation, and the COV solution was dialyzed against a
60 mM KCl solution.

Respiratory Control Ratio. Before the proton pumping
measurements, the respiratory control ratio (RCR) was mea-
sured as previously described (12, 13) to test the quality of the
COVs. The steady-state oxidase activity of the reconstituted
enzyme was determined using the procedure described above,
but without the detergent in the buffer. The oxidase activity was
measured in the absence of ionophores, and again after the
addition of valinomycin (10 μM) and CCCP (5 μM). The RCR
was calculated by dividing the activity in the presence ionophores
by the activity in the absence of the ionophores.
Proton Pumping Measurements. We assessed proton

pumping as previously described (13) by determining the change
in solution pH after the addition of a limiting amount of oxygen
to a solution of COVs with excess reductant. A solution contain-
ing 1mLof 60mMKCl, 500 μLofCOVs (∼0.6μMoxidase), and
40 μM cytochrome c was adjusted to pH 7.4 and placed in the
reaction chamber (25 �C) fitted with a sensitive pH electrode
attached to a computer through an A/D converter and stirred
with a magnetic stirrer. The chamber was purged with wet argon
gas for 40 min until the solution was anaerobic. Then 50 μM
ascorbate was added to reduce the cytochrome c, followed by
valinomycin, to a final concentration of 10 μM. Following this,
10 μL of air-saturated water (containing ∼256 μM dioxygen),
equilibrated at 25 �C, was added to the reaction chamber to
initiate the reaction, and the pH change was recorded. Subse-
quently, 10 μL of anaerobic 1 mM HCl was added as a
calibration. The last step was to repeat the measurement after
the addition of the protonophore CCCP (30 μM) to allow rapid
equilibration of the pH between the inside and outside of the
vesicles. The addition of air-saturated water results in alkaliniza-
tion since one proton is consumed per electron by the chemical
reaction.

RESULTS

The four residues that were mutated are shown in Figure 1.
The UV-vis spectra of all of the mutants appear identical to that
of the wild-type oxidase, indicating that the hemes are not
substantially perturbed by the mutations.

FIGURE 1: (A) Continuous chain of water molecules from D132 to D286 in the D-channel of the aa3-type oxidase from R. sphaeroides (2). The
water hydrogens and orientations were estimated usingWHAT IF (24). (B) Structural detail of the region aroundN139 showing watermolecules
(red spheres) and other residues discussed in the text. From PDB entry 2GSM.
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The steady-state activities of all the mutants, as well as wild-
type oxidases, were measured at pH 6.5. The turnover number
(electrons per second) of thewild-type enzyme is∼1100 electrons/s,
and the activity of each mutant is expressed as the percent of this
value in Table 1.

Most of the substitutions for N139 result in relatively modest
effects on oxidase activity. As previously reported (12, 14), N139D
has twice the turnover of the wild type. N139S, N139C, and
N139E have approximately the same activity as the wild type,
whereas N139A, N139T (16), and N139Q retain approximately
half of the specific activity. The only mutation to substantially
reduce the oxidase activity is N139L, which has only 7% of the
wild-type activity.

Remarkably, every mutation of N139 that was examined,
besides N139L, has either no detectable proton pumping or
substantially reduced proton pumping. Similarly, each of the
three mutations of N121 (A, T, and D) has substantially reduced
proton pumping and approximately wild-type oxidase activity.
Substituting an aspartate for either N121, N207, or N139 results
in the elimination of proton pumping. Nonionizable substitu-
tions of either N139 or N121 (alanine and threonine) also
eliminate proton pumping, but this is not observed with N207.
Both N207A and N207T appear to be similar to the wild-type
oxidase in all respects.

Replacing S142 with an aspartate virtually eliminates oxidase
activity, unlike the aspartate substitutions for the nearby aspara-
gines. On the other hand, S142A has oxidase activity and proton
pumping comparable to those of the wild type, like N207A. The
doublemutant, S142A/N207A, is also nearlywild-type-like (80%
active and 80%proton pumping). The X-ray structure (Figure 2)
shows that the side chains of both N207 and S142 are hydrogen
bonded to Water6638 (2).

Previously, it was shown that the loss of oxidase activity and
proton pumping caused by the D132Nmutation was reversed by
the N139D mutation (15). The rationale at the time was that
N139D restored the charge that had been removed by theD132N
mutation.Whereas theD132Nmutant has∼5%oxidase activity,
the data in Table 1 show that N139T restores the activity to the
D132N mutant to 90% of the wild-type level. However, proton
pumping is not restored in N139T/D132N.

Only two of the mutations in the set, N139L and S142D,
have very low oxidase activity. As a rule, all mutations in the
D-channel that have very low oxidase activity (<10%) lack
proton pumping, and the same is true for both N139L and
S142D. Furthermore, the respiratory control ratio (RCR) of
each of these mutants is less than 1 (Table 1), in contrast to all the
other mutants, which have RCR values significantly greater than
1. RCR values of less than 1 have been previously reported and
discussed for both the D132N (11, 15) and G204D (21) mutants.
These mutations effectively block translocation of a proton
through the D-channel.

DISCUSSION

Several proposals have been made to explain how some muta-
tions near the entrance of the D-channel result in the decoupling
of proton pumping from oxidase activity while maintaining
oxidase activity near wild-type levels or, in the case of N139D
from R. sphaeroides, even higher. Briefly, these proposals are as
follows. (1) An electrostatic perturbation of E286 results in an
increase in the apparent pKa of E286, with the consequence of
preventing the transfer of a proton to the pump loading site but
not to the enzyme active site(22). (2) A structural perturbation of
E286, likely transmitted through the alteration of the chain of
water molecules in the D-channel, has the same consequence of
selectively preventing the transfer of a proton to the pump
loading site (19). (3) A local perturbation of the water molecules
slows proton transfer below a minimum rate needed for the
transfer of a proton to the pump loading site (19, 23).

The electrostatic effect was suggested on the basis of the
behavior of the N139D (12) and N207D (13) mutants, as well

Table 1: Characteristics of the Mutations in Subunit I of the Cytochrome

Oxidase from R. sphaeroides

activitya (% of the

WT value)

respiratory

control ratio

proton pumpingb

(% of the WT value)

WT 100 10 100

N139A 40 2.4 <5

N139C 110 5 <5

N139D (12, 14) 200 7 <5

N139E 110 7 <5

N139L 7 0.7 <5

N139Q 60 6 30

N139S 90 9 <5

N139T (16) 40 5 <5

N121A 110 9 20

N121T 100 9 20

N121D 70 4 <5

N207D (13) 100 5 <5

N207A 90 9 90

N207T 90 8 80

S142A 80 7 90

S142D 2 0.45 <5

N207A/S142A 80 5 80

D132N/N139T 90 6 <5

aSteady-state oxidase turnover number measured as described in the
text. The activity of the wild type is ∼1100 electrons/s. bProton pumping
measured as described in the text. Thewild-type oxidase is assumed to pump
one proton per electron. The assays often give values lower than this for the
wild type, so the data are reported relative to the wild type. Due to
undetermined systematic errors, the actual pumping of the wild type in
these assays was 0.5-0.7 proton per electron.Mutations with no detectable
proton pumping are indicated as having <5% proton pumping.

FIGURE 2: Structural detail showing the hydrogen bonding of S142
and N207 to Water6638 in the cytochrome oxidase from R. sphaer-
oides (2). Distances are in angstroms. From PDB entry 2GSM.
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as the N139D/D132N double mutant (15). However, this expla-
nation was made unlikely by the demonstration that N139T also
decouples and, in addition, shifts the apparent pKa of E286 in the
opposite direction compared to N139D (16). Subsequently, the
equivalents of the N139C and N139A mutations were shown to
be decoupled in the oxidase from P. denitrificans (19). In this
work, N139C, N139A, and N139S are also shown to be de-
coupled while retaining high oxidase activity (Table 1). Even
N139Q has substantially weaker proton pumping, similar to the
behavior of the equivalent mutant in the P. denitrificans oxi-
dase (19). Assuming that the decoupling of the proton pump is
due to the same fundamental mechanistic cause, these data rule
out a direct electrostatic effect between the residue at position 139
(or 207) andE286 as being the cause of the decoupling phenotype.

In this work, mutations of N139 as well as residues in the
immediate vicinity of N139 are examined to determine if any
pattern emerges among thosemutations thatmanifest the decoup-
ling phenotype. The recent 2.0 Å resolution crystal structure of the
R. sphaeroides oxidase (PDB entry 2GSM) provides structural
detail that is particularly useful for this purpose (2). This structure
reveals highly structured water molecules in the D-channel. These
form a continuous hydrogen-bonded chain from D132 to E286,
disrupted by onlyN139 (2). An optimized orientation of the hydro-
gen atoms in this chain of water molecules, obtained with WHAT
IF (24), is shown in Figure 1A. This “proton wire” is essential for
rapid proton transfer, which proceeds by the Grotthus mechan-
ism (25). Mutations that disrupt this single-file water chain would
be expected to slow or block the transfer of a proton to E286.

The detailed structure in Figure 1B shows that N139 interrupts
the continuous water chain fromD132 to E286.Molecular dyna-
mics show that N139 acts as a gate for the translocation of a
proton to E286 (26). The N139 side chain must move out of the
way to complete the water chain and provide a pathway for
protons to proceed up the D-channel to E286. Large hydro-
phobic substitutions at this position, e.g., N139L (Table 1),
completely block the flux of protons through the D-channel.
The structure makes it clear that N139 plays a unique role, and

from the results in this work, as well as previous studies (19), it
appears that only asparagine at this position will allow proper
function. This is one important conclusion of this work.

Figure 3 shows the distances between residues and resolved
watermolecules, focusing onN139 (Figure 3A), N121 (Figure 3B),
and N207 (Figure 3C). The cluster of three asparagines constitutes
the “neck” or region of constriction of the water chain. The three
asparagines are not, however, equivalent. A schematic is shown in
Figure 4. Several points to notice from the structural information
are as follows.

(1) Above N139, there is a single-file water chain starting with
Water6574, leading to E286. This chain includes Water6574,
Water6584, Water6563, Water6613, Water6575, Water6558,
Water6560, and E286.

(2) N139 blocks the connection of this water chain to the bulk
water phase, and the side chain interacts directly with both
Water6574 and Water6584. This conclusion is based on the
distances in the reported X-ray structure (2), though WHAT
IF (24), which optimizes the water orientations, does not show
direct hydrogen bonds. However, the water orientations may be
fluctuating rapidly, still allowing for hydrogen bonds to be
plausibly formed.

(3) BelowN139, Water6614 is hydrogen bonded to both N139
and D132, which is at the entrance of the D-channel.

(4) The side chains of N139 and N121 are each hydrogen
bonded to Water6574 and Water6584, which are components of
the water chain leading to E286.

(5) The side chains of N207 and S142 are not directly hydrogen
bonded to water molecules within the single-file chain leading to
E286. Both N207 and S142 are hydrogen bonded to Water6638
which, in turn, is hydrogen bonded to Water6574.

(6) Oxidase structures (RsCcO 2GSM and 3DTU) (2, 27) indi-
cate that S142 has at least two conformations. One of these confor-
mations is hydrogen bonded to Water6638, but the second con-
formational state is not. This suggests that the orientation of S142 is
not an essential feature of the proton channel. The fact that S142A
has near-wild-type characteristics is consistent with this (Table 1).

FIGURE 3: Structural detail of the cytochrome oxidase from R. sphaeroides (2) showing (A) likely hydrogen bonds from N139 to Water6614,
Water6574, Water6584, and Water6638. (B) Hydrogen bonding of N121 to Water6574 and Water6584 and hydrogen bonding between these
water molecules andWater6638. (C) Hydrogen bonding ofN207 toWater6638 and interactions amongWater6638,Water6574, andWater6584.
The distances from N207 to Water6574 and between Water6638 and Water6584 are too large to predict hydrogen bonds. Distances are in
angstroms. From PDB entry 2GSM.
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The data (Table 1) show that small, nonionizable substitutions
for N139 or N121 result in decoupling of the proton pump. This
correlates with the fact that both of these residues directly hydro-
gen bond to Water6574 and Water6584, which are part of the
single-file water chain of the D-channel. In contrast, N207A,
N207T, and S142A are not significantly different from the wild-
type oxidase. These two residues are not directly hydrogen bonded
to either Water6574 or Water6584 but are indirectly linked
through Water6638. We conclude that the decoupling due to the
nonionizable substitutions of either N139 or N121 is likely the
result of a structural perturbation of the single-file water chain.

Ionizable residues (D or E) have a more potent effect, which
depends on position. N139D, N139E, and N121D each decouple
the proton pump, likely by direct interaction with the single-file
water chain.Whereas N207A andN207T pump protons, N207D
is decoupled, showing that the perturbation caused by placing a
charged residue at this position is more potent than the perturba-
tion due to either alanine or threonine. S142D, on the other hand,
completely blocks oxidase activity, likely due to a structural or
electrostatic perturbation that completely disrupts the proton-
conducting water chain. An anionic residue at this site could
substantially change the orientation of nearby water molecules
and the abilities of particular water molecules to act as hydrogen
bond donors or acceptors, preventing the Grotthus mechanism
from operating. The respiratory control ratio (RCR) of S142D is
less than 1, which is similar to the values of other mutations that
block all flux of protons through the D-channel (11, 13, 21),
including N139L (Table 1).

The structure of the N131D mutant of the P. denitrificans
oxidase has been reported (19). This is equivalent toN139D in the
R. sphaeroides oxidase. Substantial perturbation of the water
chain leading to E278 (equivalent to E286 in the R. sphaeroides
oxidase) was observed, as well as a change in the orientation of
the side chain of E286. In addition, it was shown that the added
aspartate (N131D) is deprotonated. Which of these perturba-
tions is the primary cause of the decoupling of the proton pump is
unclear. The most likely explanation from this work is that the
alteration of the water chain itself is the immediate cause of the
decoupling, since nonionizable substitutions result in decoupling
only when they are introduced into sites in direct contact with
Water6574 or Water6584.

Decoupling is most likely caused by the mutations that slow
the passage of protons through the region defined by N139,
Water6574, and Water6584. This mechanism (19, 23) is consis-
tent with the “kinetic gate” controlling whether protons coming
through the D-pathway are directed to the pump loading site or
to the catalytic active site (28). There must be a critical time
during which protons are directed to the proton loading site. A
delay in proton delivery beyond this critical time results in
protons being directed to the active site to be consumed in the
generation of water. The threshold rate, below which proton
pumping is decoupled, must be substantially faster than the rate-
limiting step for the delivery of protons to the active site. Hence,
proton pumping can be eliminatedwithout slowing the rate of the
oxidase reaction. The nature of the gating, i.e., the opening and
closing of proton pathways, and the factors that control gating
are not known. The net charge and charge distribution within the
active site provide the impetus for the cascade of equilibria that
constitute the steps initiated by the transfer of an electron to heme
a. Quite possibly, the placement of watermolecules in response to
the chemistry at the active site provides the critical links in the
opening and closing of proton pathways.

The kinetic model of decoupling described above is an
attractive explanation of the mutations described in this work.
However, the model does not readily explain mutations in the
D-channel that decouple the proton pump but which have
substantially reduced oxidase activity (e.g.,D132N) or the double
mutant, D132N/N139D, in which the N139D mutation restores
proton pumping to D132N but does not fully restore the oxidase
activity. There appear to be two separate kinetic ranges in which
the rate of proton translocation through theD-channel will result
in decoupling from the proton pump. One range is at rates above
or near the rate-limiting step of oxidase activity, described in this
paper, and the second window is below a second threshold
corresponding to ∼10% of the rate of oxidase activity. Proton
pumping is coupled to oxidase activity between these two time
windows.

The perturbation of the water chain by decoupling mutants
might also result in a change in the conformation of E286, at the
top theD-pathway, and this conformational change could also be
the primary cause of decoupling of the proton pump. A con-
formational change in this glutamate has been observed in the
X-ray structure of the N131D mutation of the P. denitrificans
oxidase (19). However, the X-ray structures of two decoupling
mutants of the R. sphaeroides oxidase, N139D and N139C, have
also been determined, and no change in conformation of E286 is
observed in either case (manuscript in preparation). These
unpublished structural data, in combination with the work
presented here, strongly support a kinetic mechanism of decoup-
ling caused by local perturbations to the water chain within the
D-pathway.
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