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ABSTRACT. In the membrane-bound redox-driven proton pump cytochromedase, electron- and proton-
transfer reactions must be coupled, which requires controlled modulation of the kinetic and/or
thermodynamic properties of proton-transfer reactions through the membrane-spanning part of the protein.
In this study we have investigated proton-transfer reactions through a pathway that is used for the transfer
of both substrate and pumped protons in cytochromddase fromRhodobacter sphaeroideSpecifically,

we focus on the formation of the so-called F intermediate, which is rate limited by an internal proton-
transfer reaction from a possible branching point in the pathway, at a glutamic-acid residue (E(I-286)), to
the binuclear center. We have also studied the reprotonation of E(1-286) from the bulk solution. Evaluation
of the data in terms of a model presented in this work gives a rate of internal proton transfer from E(I-
286) to the proton acceptor at the catalytic site of101s™1. The apparentig, of the donor (E(I-286)),
determined from the pH dependence of the F-formation kinetics, was found to be 9.4, whil€,tbk p

the proton acceptor at the catalytic site is likely to=b2.5 pH units higher. In the pH range up to pH 10

the proton equilibrium between the bulk solution and E(1-286) was much faster tAan1@nhile in the

pH range above pH 10 the proton uptake from solution is rate limiting for the overall reaction. The
apparent second-order rate constant for proton transfer from the bulk solution to E(I-28B) M 2

s~1, which indicates that the proton uptake is assisted by a local buffer consisting of protonatable residues
at the protein surface.

The kinetic and thermodynamic properties of intra- standing of the machinery by which proton pumping is
molecular proton-transfer reactions are important character-controlled because this machinery may require that ks p
istics of a redox-driven proton pump such as cytochr@me of the groups involved change during the transitions between
oxidase. Numerous studies of the pH dependence of thedifferent intermediate states of the reaction cycle. This paper
steady-state kinetics of this enzyme have been performedis focused on the kinetics of intramolecular proton-transfer
(e.g., refl). However, even though important information reactions, relevant for the understanding of the function of
can be deduced from such studies, the information aboutcytochromec oxidase.
specific reaction steps (e.g., thEgs of protonatable groups The pH dependencies of the rates of specific reaction steps
involved) is limited because in many cases the appai€s p  during oxygen reduction in the bovine heart cytochrome
obtained from the pH dependence of the steady-stateoxidase have been presented bef@&ed]. In this study we
parameters are not the trukgs of specific groups (see, e.g., have investigated both the extents and rates of a reaction
ref 2). In addition, even if a specific reaction is investigated step that is associated with an internal proton-transfer reaction
in the measurement of the steady-state activity, information in the Rhodobacter (R.) sphaeroideazyme and the repro-
is often provided only about the rate-limiting step. tonation of the internal group from the bulk solution. The

In cases in which the pH dependence of the kinetics and results are discussed in the context of information about the
extent of a specific proton-transfer reaction are measuredstructure of the enzyme that we have today and our current
directly, the relevant I, values of groups involved in the knowledge of the mechanism of the enzyme that have
reaction can often be extracted from the experimental data.emerged during the past few years from studies of the
Such investigations are particularly important for the under- function of different mutant enzyme forms.

Cytochromec oxidase is a membrane-bound enzyme that
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Ficure 1: (A) The structure of cytochrome oxidase fromR.
sphaeroidesThe enzyme catalyzes the oxidation of cytochrame
and reduction of @to water. During the process, eight protons
(four “substrate” and four “pumped”) are taken up from Nside

of the membrane, and four protons are released téthigle. (B)

The structure of the D-proton-transfer pathway and the redox-active
cofactors. The cytochrome oxidase structure is that of the.
sphaeroidesnzyme 48). The picture was prepared using Visual
Molecular Dynamic Software5g).

negative (N) side of the membrane. In addition, on average
one proton per electron is pumped from the N-side to the
positive (P) side, across the membrane (see Figure 1A).
The partial reaction steps of the reaction of the fully
reduced enzyme with {can be investigated using the so-
called flow-flash technique (for review, see réfsaand 8).
This methodology is based on the ability of reduced heme
a; to bind CO, thus blocking the £hinding site. Conse-
quently, when the fully reduced-CO complex of the enzyme
is mixed with Q, the reaction rate is limited by CO
dissociation, which in the enzyme fromR. sphaeroides
displays a time constant 6f30 s. A short time €1 s) after
mixing, CO is dissociated from the enzyme by means of a
laser flash, which allows £xo bind (see Figure 2). Initially,
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Ficure 2: A simplified scheme showing the reaction cycle of
cytochromec oxidase. The fully reduced binuclear center (R) binds
oxygen forming the ferrous-oxy complex (A). After binding 0,0
the O—-0 bond is broken concomitantly with electron transfer from
hemea to the binuclear center forming intermediate Rext, the
ferryl intermediate, F, is formed at the binuclear center. Finally,
the fourth electron is transferred to the binuclear center and another
proton is taken up from the bulk solution, forming the fully oxidized
enzyme (O). A more detailed view of the P~ F transition is shown

in the reaction scheme below the reaction cycle (whergakd
Fey3 are the iron ions at heme and hemesg, respectively). The
rate of the B — F transition at the binuclear center is determined
by intramolecular proton-transfer from E(I-286) to the acceptor site
at the binuclear center (OHbound to Cg), followed by rapid
reprotonation of E(I-286) from the bulk solution and electron
transfer from Cy to hemea. The Tyr in the catalytic site is Y(I-
288), which presumably donates a proton todDring formation

of intermediate P. Protons are pumped during the-FF and F—

O transitions and also during reduction of the oxidized enzyme
(marked as Hp, the number of pumped protons is not indicated).
Two water molecules are released during each cycle (not shown).

the hemeaz;—oxy complex (called A) is formed with a time
constant of~10 us (at 1 mM Q) (3, 9). Binding of G, to

the reduced hema; is followed by electron transfer from
hemea to the binuclear center and breaking of the-Q
bond with a time constant of~50 us. The transient
intermediate formed at the binuclear center is callgdféY
historical reasons this intermediate is called “peroxy” even
though there is a ferryl bound at hemag see Figure 2)10,

see also ref l). Its formation rate is not pH-dependent and
involves only transfer of an internal proton within the
enzyme, presumably from residues located in the immediate

1 Abbreviations and Definitions: Gu copper A; Cwy, copper B;
binuclear center, hema; and Cw; WT, wild type; substrate proton,
proton used for reduction of Oto H,O (cf. pumped proton); R,
cytochromec oxidase with a fully reduced binuclear centeg, fhe
“peroxy” intermediate formed at the binuclear center upon reaction of
the fully reduced cytochrome oxidase with @; F, “oxo-ferryl”
intermediate; O, fully oxidized enzym&-side, negative side of the
membraneP-side, positive side of the membrare;rate constantz,
time constantK™!). Mutant-enzyme nomenclature: D(I-132), aspartic
acid of subunit | at position 132; DN(I-132), replacement of D(I-132)
by asparagine; LM, dodecyl-p-maltoside.
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vicinity of the binuclear centerl@). In other words, there is  this point, see below) by gel filtration on a PD-10 column
no net proton uptake from solution on the time scale of P (Amersham biosciences) that was preequilibrated with the
formation @, 12, 13). Consequently, in statesPhere is one same solution. The enzyme was diluted to a concentration
more negative charge at the catalytic site as compared toof ~15 uM. The solution was transferred to an anaerobic
the other intermediate states of the reaction (see Figure 2).cuvette, and the electron mediator phenazine methosulfate
In the next reaction step, the excess negative charge is(PMS) was added to a concentration of @M. The air in
neutralized by proton uptake from the bulk solution forming the cuvette was exchanged for nitrogen on a vacuum/gas line
intermediate state F with a time constant-e100 us (at and 2 mM of ascorbate was added to reduce the enzyme.
neutral pH) @, 13), concomitant with electron equilibration ~ When formation of the fully reduced state was complete,
between Cn and hemea (14, 15, see also refl6). The  nitrogen was exchanged for CO.
difference betweengand F is only the additional proton at The preparation of fully reduced CO-bound DN(I-132)
the binuclear center (see Figure 2); i.e., the-PF transition mutant enzyme was done as with the wild-type enzyme but
does not involve any additional transfer of electrons to the the enzyme was incubated and reduced in the respective
catalytic site. It has been shown that the formation of buffer solutions: 100 mM Hepes, pH 7.5; 100 MM CHES,
intermediate F involves a two-step proton transfer through pH 9.4; 100 mM CAPS, pH 10.3, all containing 0.1% LM.

the D-pathway (Figures 1B and 2), in which rate-limiting  Flow-Flash ExperimentsThe experimental setup has been
proton transfer from E(I-288}o the catalytic site is followed  described earlier in25). In short, the fully reduced CO-
by rapid reprotonation of the group from the bulk solution bound enzyme was mixed with an oxygen saturated buffer
(17—19) (described in detail in the Discussion section). Thus, (ratio 1:5), at the respective pH, in a modified combined
during the A— F transition (through g), one electron and  stopped-flow/flash-photolysis setup (Applied photophysics,
one proton are transferred to the catalytic site in two distinct, U K.). After mixing, CO was dissociated/ta 7 nslaser flash
kinetically resolved reaction steps; electron transfer from at 532 nm provided by a frequency-doubled Nd:YAG laser
hemea to the catalytic site (formation ofd?7 = 50 us) is (Brilliant B, Quantel, France). The reactions were followed
followed by proton uptake from the bulk solution (formation by recording the absorbance changes at single wavelengths.
of F, 7 = 100us). The cuvette path length was 1.0 cm. To extract the rate
It has been shown that in reaction steps that are associatedonstants and extents of formation and decay of the
with proton pumping, the proton uptake takes place through intermediate states, the time-resolved changes in absorbance,
the D-pathway (see, e.g., r20). Hence, the transfer of the  measured at different wavelengths, were fitted globally to a
substrate proton to the binuclear center must be coupled bymultiexponential function using the Pro-K software (Applied
a specific mechanism to the translocation of a pumped protonphotophysics, U.K.).
(see ref21). Since the proton-transfer reaction from the bulk  The flow-flash experiments were performed at 16 different
solution to the catalytic site is rate limited by the internal pH values in the range-611. The oxygen-saturated buffer
proton transfer from E(I-286) to the catalytic site, a detailed consisted of 50 mM Bis-Tris Propanek(s of 6.8 and 9.0),
kinetic investigation of the g— F transition is important 50 mM CAPS (K, 10.4), 0.1% LM, and the pH was adjusted
for the understanding of proton pumping in cytochrome by additions of HCl or KOH. For the proton-uptake
oxidase. measurements, instead of buffer, an oxygen-saturated solution
In this paper, we present results from experimental studiesof 100 mM KCI, 0.1% LM, supplemented with 48V of
of the internal proton-transfer reaction from E(I-286) to the phenol red (. 7.8) or phenolpthalein {0, 10.2) was used.
catalytic site and the reprotonation of E(I-286) from the bulk In these cases also the enzyme solution was adjusted to the
solution. Then, we discuss these results in the context of same pH before the measurement. To determine the number
theoretical models and the mechanistic features of protonof protons corresponding to a certain absorbance change of

transfer in cytochrome oxidase. the dye, known amounts of HCI were added to the sample,
and the corresponding absorbance changes were monitored
MATERIALS AND METHODS (9).

Growth of Bacteria and Purification of Cytochrome ¢ AS & control, wild-type enzyme samples were also prepared

OxidaseR. sphaeroidesxpressing either wild-type or DN(I- (@t pH 6 and 10) in which the enzyme was incubated and

132), histidine-tagged, cytochromeoxidase were grown reduced in the same buffer solution and at the same pH as
aerobically at 30°C in shaker incubators. Cytochronte the respective oxygen buffers. This was done to test whether

oxidase was purified as described in ré® and 23, with thg _proton equilibration of the enzyme_with t.he buffer after
the exception that in the last step the enzyme was elutedMiXing was complete before the reaction with oxygen was
from the N#*-affinity column with imidazole rather than with ~ initiated by the laser flash.

histidine. The buffer was exchanged to 0.1 M Hepes, pH RESULTS

7.4, 0.1% dodecyB-p-maltoside (LM), and the enzyme was

stored frozen at-80 °C. The DN(I-132) mutant enzyme was ~ The absorbance changes at 580 (Figure 3), 445, and 605
constructed as described earli@#, nm (not shown) were measured after initiation of the reaction
Preparation of the Fully Reduced CO-Bound Enzyhe of the fully reducedR. sphaeroidegytochromec oxidase
buffer in the wild-type enzyme sample was exchanged for with O, at different pH values. The data were fitted to a
100 mM KCI, 0.1% LM, pH~7.5 (no buffer was added at  function consisting of a sum of three exponentials corre-
sponding to the transitions A Pg, Pk — F, and F— O. At

21 not otherwise indicated, amino acid residues are numbered 980 nm (Figure 4), the unresolved initial steptat 0 is
according to theR. sphaeroidesytochromec oxidase sequence. associated with the dissociation of CO from the reduced
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FiGURe 3: Absorbance changes at 580 nm after flash-induced pgure4: The rate (A) and amplitude (B) of F formation measured
dissociation of CO from the fully reduced wild-type cytochrome 4t 580 nm (see Figures 3 and 6) with the wild-ty®§ &nd DN(I-
oxidase in the presence o Orhe increase in absorbance frdm 135y mytant (1) enzymes as a function of pH. At pH 10.3 the
= 0.1 ms, seen at pH 7.5, 9, and 10, is associated with formation formation of F was biphasic with the two rates and amplitudes
of the F intermediate. The following decrease in absorbance, seengicated in the graph, *). The rate of the fastest phase of proton
at pH 7.5 and 9 on this time scale, is associated with the decay Ofuptake A\, see Figure 5) is also plotted in (A). At pH 11 the rate
F and formation of the oxidized enzyme (state O). The data at 580 f the B, — F transition merges with that of the-F O transition.

nm, together with data from 445 nm (not shown), were fitted with Therefore, we could only determine the amplitude of the rapid

a sum of three exponential\A®t) = Y2, AA(t)-exp ki), componentK.°), which is shown in parentheses. The solid line in
starting att = 35 us, i.e., after the R to A transitiorkd ., = 1.3 panel A is a plot of eq 2 using the parametekg(fr) = 9.4 and
1 s71). The three components correspond to the=APg, P — k® = 1.1:10*s"L. The rate of F-formation in the DN(I-132) mutant
F, and F— O transitions, respectively. Fitting parameters were enzyme is constant at all measured pH vakegs = k° = 1.1:10%
ka—p, = 3+1-10* 571 (first component in the sUMAAYY, = s71 "and the amount of F formed was smaller with the DN(I-132)

4+41-1073, the rates and amplitudes at 580 nm of the" second than with the wild-type enzyme (see.Discussion). The absorbance

component corresponding to the F transition are pH-dependent ~ changes have been scaled toM reacting enzyme (the concentra-

and given in Figure 4k- .o = 1-10? — 1-10° s'1, depending on tions of reacting enzyme were determined from the CO-photolysis
580 5+1-10-3. All absorbance changes at 445 nm usinfyeaof 8.9-10* M~1cm™1).

pH (increases with decreasing p 0 = - > ;
absorbance changes were scaled oM reacting enzyme. The The rates and amplitudes $hown in the graph are .obtalned from
fits are presented as solid noise-free lines, and the residuals aré?ne set of measurements with one enzyme preparation. Each value

shown in the lower panel. Conditions (after mixing): 42 mM Bis- Was determined from a global fit of the kinetic traces at the
Tris Propane, 42 mM CAPS, 17 mM KCI, 0.1% LM, 400M measured wavelengths where each kinetic trace is an average of

ascorbate, 140 nM PMS, pH as indicated in the grapk3 2M 5—10 measurements. The standard deviation from the curve fitting
reacting e’nzyme, 1 mM bT = 22 °C. Each trace shown is an  Was 10%. The same experiments were done with three different

average of 510 traces at the respective pH value. The traces have €NZyme preparations (results not shown). The standard deviation
been scaled to M reacting enzyme (the concentrations of reacting ©f the parameters from measurements with different enzyme
enzyme were determined from the CO-photolysis absorbance Préeparations is given in the text.

changes at 445 nm using an absorption coefficidr) of 8.9-10*

M~icm?, (39)). time scale and it is not seen in the graph. Figure 4 shows

the pH dependence of the observed-P F transition rate

enzyme, followed by @binding to hemess (forming state and the amplitude of the 580 nm absorbance increase
A). The decrease in absorbance with a time constant of 50associated with this transition.

us is associated with the A Pr transition. The following We also investigated the pH dependence of the rate and
increase in absorbance in the pH 7.5, 9, and 10 traces isextent of proton uptake from the bulk solution during the
attributed to the R— F transition at the catalytic site. The reaction of the wild-type enzyme with,@measured using
transition displays a time constant efLO0us at pH <8.5. a pH-sensitive dye). These results provide information about
At pH 11 no increase in absorbance aftgrf@mation was the proton equilibration rate between the bulk solution and
seen (see Discussion). The following decrease in absorbancéhe enzyme at different pH values. Figure 5 shows absorb-
(of which only the initial part is seen in the pH 7.5 and 9 ance changes of the pH-sensitive dye phenol red at pH 7.8,
traces) is associated with decay of the F intermediate to formmonitored at 560 nm, and the dye phenolpthalein at pH 9.8
the oxidized state (O). This transition involves electron and 10.5, monitored at 550 nm. At pH 7.8 and 9.8, the fastest
transfer from the hemea/Cu, equilibrium to the binuclear  phase of proton uptake has the same rate as that ofghe P
center and proton uptake from the bulk solution through the — F transition §{ = 100 and 33Qus at pH 7.8 and 9.8,
D-pathway. At pH 10 and 11, this decay occurred on a slower respectively; see also Figure 4A). Two additional phases of
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FIGURE 5: Absorbance changes at 560 nm of the dye phenol red FIGURE 6: Absorbance changes at 580 nm after flash-induced
(at pH 7.8) and at 550 nm of phenolphthalein (at pH 9.8 and 10.5), dissociation of CO from fully reduced DN(I-132) mutant cyto-
associated with proton uptake (absorbance increase) from the bulkchromec oxidase in the presence ob'he increase in absorbance
solution after flash-induced dissociation of CO from fully reduced N the time range-50—300us, associated with formation of the F
wild-type cytochromee oxidase in the presence osCOrhe data at intermediate, is smaller than that of the wild-type enzyme (cf. Figure
pH 7.8 and 9.8 were fitted with a sum of three exponentials, while 3 and Figure 4B); see text for details. The absorbance data at 580

the data at pH 10.5 were fitted with one exponential (solid noise- @1d 445 nm (not shown) were fitted with a sum of three
free lines). The residuals are shown in the lower graph. At pH 7.8 €xponentials as described in the text and in the flgure%%aptlon to
and 9.8, absorbance changes were normalized so that length of théigure 3. Fitting parameters welg.p, = 3-10* s7%, AALZ, =
arrow in the left upper corner correspond to the uptake of one proton 1.4+ 0.1 x 1073, kp—r = 1.1-:10* 571, and the amplitudes at 580
per enzyme molecule. The absorbance change at pH 10.5 isnm of the second component are given in Figure kB = 1-

arbitrarily scaled. Conditions: 100 mM KCI, 0.1% LM, 4M 10°-1-10° s'%, depending on pH (increases with decreasing pH).
phenol red or phenolphthalein, 4@ ascorbate, 140 nM PMS, A third phase withk = 2.7-1(% s~ and amplitudes at 580 nm
pH as indicated in the graph;3 uM reacting enzyme, 1 mM £ ranging from 0.7 to 2.4.0~3 absorbance units was also included.

T = 22 °C. Each trace shown is an average efl® traces at the The fits are presented as solid noise-free lines, and the residuals
respective pH value. At the wavelengths at which measurementsare shown in the lower panel. Conditions: 0.1% LM:;2 uM

were done, the absorbance contribution from the heme groups isreacting enzyme, 1 mM £400uM ascorbate, 140 nM PMS, =

very small. To correct for these absorbance changes, signals from22 °C. Buffers were as follows: pH 7.5, 100 mM Hepes; pH 9.4,
buffered samples were subtracted from those of the unbuffered 100 mM CHES; pH 10.3, 100 mM CAPS. Each trace shown is an
samples. average of 510 traces at the respective pH value. All absorbance
changes were scaled tquM reacting enzyme (the concentrations

of reacting enzyme were determined from the CO-photolysis

proton uptake are seen, one concomitant with the-f© absorbance changes at 445 nm usingeaof 8.9-10° M1 cm-1).

transition and one slower with a time constant~e6 and
~7 ms at pH 7.8 and 9.8, respectively. About 1 Her
enzyme were taken up in each of the P F and F— O of the reaction. Figure 6 shows the absorbance changes
reaction steps and 0.6'Hn the slower phase at both pH monitored at 580 nm measured with the DN(I-132) mutant
values. At pH 10.5 the proton uptake was fitted to one phaseenzyme at three different pH values. It is seen that the rate
with a time constant of7 ms. The extent of this phase could of F formation is the same at all three pH valuks<(1.1
not be determined (see legend of Figure 5). 10* s'1), while the amplitude decreases at increasing pH.
To investigate whether the pH dye/buffer could assist in The F— O transition rate is limited by the proton uptake
proton transfer during F formation at high pH, the reaction from the bulk solution and is slowed by a factor €200
at pH ~10 was studied also in the absence of the dye or due to removal of D(I-132). There is also a small decrease
buffer. The same rate and extent of F formation were in absorbance at 580 nm with a time constantdfms that
observed without and with the dye/buffer (data not shown). follows F-formation (see Discussion).

To investigate the #— F transition in a system in which We also investigated the pH dependence of the-PF
the internal proton-donating group is not reprotonated from reaction rate with the bovine heart cytochromexidase
the bulk solution on the time scale of thg P F transition, (data not shown). Thelfa was determined to be8, which

we studied the pH dependence of the 580 nm absorbancéds in agreement with published resul8 4). However, with
changes in the DN(I-132) mutant enzyme. In this mutant the bovine enzyme the lowest value at which the rate levels
enzyme, the proton uptake from the bulk solution is blocked out at high pH is~5-10° s, while the experimental data

at the entrance of the D-pathway, and the F intermediate iswith theR. sphaeroidesnzyme could be satisfactorily fitted
formed using the internal proton in the D-pathway-19). to an equation in whickyy,s = 0 at pH—00. This difference
Hence, the extent of F formation, as determined from the suggests that in the bovine heart enzyme there is (at least)
amplitude of the absorbance increase at 580 nm, reflects theone more group, which is able to donate a proton to the
fraction of the protonated internal donor prior to the initiation binuclear center.
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DISCUSSION solution, while the internal proton transfer from E(I-286) to
the proton acceptor at the binuclear center is slower.
According to the model in eq 1, if the equilibrium between
the bulk solution and the protonatable group E is much faster
than the proton-transfer rate fromy B C, i.e.,ky > k°,, one

of the terms in eq A3 (see Appendix) vanishes and
[ECy](t,pH) is approximated by a single-exponential func-

In this study we have investigated an internal proton-
transfer reaction from a protonatable group in the D-pathway
to the catalytic site during the gP— F transition in
cytochromec oxidase. Because this pathway is also involved
in the transfer of pumped protons, information about the
kinetics of this reaction step is important for the understand-

ing of the mechanism of proton pumping. tion

Proton Transfer during the #— F Transition.Formation
of intermediate F from Prequires protonation of a group at [ECLI(tpH) =1 — exp(-t-kydpH)) (2a)
the binuclear center (Figure 2). The replacement of E(I-286) _ 1 O
in the D-pathway (see Figure 1B) by its nonprotonatable koodPH) = K™ aigy(pH) (2b)
analogue GIn results in blockage of the catalytic cyclegat P H) = 1 >
(26—-28); i.e., the proton needed to form intermediate F is aey(pH) = ‘1 4 1PHPKE) (2c)

not transferred to the binuclear center in the EQ(I-286)
mutant enzymeZ6). Replacement of E(I-286) by another \nereq., is the fraction of group E in the protonated state.

protonatable residue, Asp, resulted in a slightly slowed F g scenario is illustrated in Figure 7A (case 1). In this case
formation (factor of~5) (17). When proton transfer was ¢ £ jntermediate (G see above) is formed with the same
blocked further down the pathway, at D(1-132), close to the o1 yenendent ratéq in the entire enzyme population (i.e.,
protein surface, the F intermediate was formed, but the o ampiitude of the absorbance changes associated with
associated proton uptake from solution was impai®8 ( ¢5rmation of F is pH independent). The observed rigg)(

19). Together, these results show that thet®F transition is determined by the proton-transfer rate fromta C (k.‘i)

E"‘}na?[ﬁcg “S”.‘tghg ?ro:gtrl) ;romtgllzelr}tr(ca)matlhiogolrkwslg]lmt'ghne and the fraction protonated Exgy), where the fraction
pathway, without p up u uti protonated E is determined by the bulk pH and tig pf

f)ﬁhé?:ﬁl?te O;nzegfiﬂ';:g \Ii\liiset‘i:cosnggr:sgcgfeigiggé/tilgnas?g:)dsy E. The observed rate of proton uptake from the bulk solution

in cytochromec oxidase. The Z#1 ions presumably bind at 1S t.he.same as that of F formatiok,{) even though 'the

the protein surface nea} D(I-132) (there are also othéf-Zn intrinsic rate of the proton uptake from the bulk solution to
E in itself is much faster.

binding sites29), which had as an effect that proton uptake Internal Proton Transfer in the D-Pathwayn the pH

from the bulk solution was impaired, but still F was formed range up to pH-10, the absorbance changes associated with

; : A .
of the ciscussion above an {aking i account he fact thag O7MaoN OfF (meastired at 580 nm) were found t0 cisplay
9 a pH-independent amplitude and were found to be mono-

E(1-286) is the only protonatable amino acid residue “above phasic with a rate that decreased with increasing pH (see

tagtlfr‘\ Zu)(’:k:\:} gesﬁtliarpgutrri]r?é ti(e;;g?? tgrfzi(teio%r?;c;g I(iiognuc;; to Fjgures 3 a_nd_{l). This scenario is consistent with the above-
2). This assumption is further supported by results from discussed Ilmmng case (eq 2). The data co_uld be fitted well
stL.Jdies of a double mutant @2 sphaeroideenzyme in to eq 2b,c with a l4(E) of 9.4+ 0.2 and an intramolecular

. proton-transfer rate fromEto C, k%, of 1.1+ 0.2 x 10*

which E(I-286) “was moved” to anothem-helix on the 1 (Mean valuek standard deviation. based on results from

opposite side of the D-pathway. The mutant enzyme was > - (Mean valuet standa ' deviation, based on resutts Iro

able to reduce @to water and pump protons, but the rate of measurements on three o!lfferent_enzyme preparations. The
! standard deviation associated with measurements on each

the f — F transition was slowed by a factor of 20, and the preparation was smaller.) It should be noted that at, e.g., pH
apparent K, associated with the @ F transition was 10 and 10.3, the protonation fraction of group E~g80%

shifted to <7 (30). In addition, results from a recent study . .
- and ~10%, respectively. This means that the,f E can
(Namslaver etal., unpublished) showed that the appargnt p be determined accurately using the measured data up to pH

ggaeglges upon introduction of an Asp in the vicinity of E(l- 10 (the data above pH 10 are discussed below).

It is interesting to note that the data fit well with a simple
endersonr-Hasselbach titration curve. Groups within pro-
teins often show complicated titration patterns due to
interactions with neighboring protonatable groups, as shown,
K, k.0 e.g., for cytochrome oxidase 81). Thus, the results from
(bulk) === E,C — ECy 1) this study suggest that the rate of the-P F transition is
determined by the protonation state of a single residue (see
where (bulk) is the bulk solution (i.e., a proton pool), E is also @32)).
assumed to be E(I-286), and C is the binuclear center. The As pointed out above, an important assumption of the
subscript H indicates a protonated site. In this study C and model in eq 1 is that the proton transfer from E(I-286) to
Cy correspond to statesgrPand F, respectively, at the the catalytic site is irreversible. This means that tKg pf
binuclear center. An important assumption of the model is the proton acceptor at the catalytic site (in staigi® much
that the proton transfer from E(I-286) to the catalytic site is higher than that of E(I-286). It is reasonable to assume that
irreversible, which is discussed in detail below. the protonation reaction at the catalytic site drives the
The above-discussed results indicate that at neutral pHtranslocation of the pumped proton. Thus, in the absence of
there is a rapid equilibrium between E(I-286) and the bulk an electrochemical potential gradient (i.e., in this study), the

On the basis of the above-discussed results, we evaluatq_|
the data presented in this study using the following model
(see also Appendix and Figure 7):
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A

Case 1
WT enzyme at pH<10

M D(I-132)

B

WT enzyme at pH>10 or DN(I-132)

Case 2

Namslauer et al.

k, >> ky, k, << ky
1
_ 70 = 0 580 —_
kohs(pH) - Jk]-l ) 1+10pH—pK,(E) sfgn(pH) =1 kobs,l(PH) - IIkH AAnurm,l (PH) - 1+ lopﬂ_pxa(E)

Koz (PH) =k A4 (pH) =1-A400  (PH)
: - ; 100 kg =1.1 104 S_] L S 100
@ T - \
F: % e rate, kypg | N E
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pH pH

FiGurRe 7: A schematic illustration of the two limiting cases 1 and 2 of the model in &gpdis the observed rate constant of F intermediate
formation (increase in absorbance at 580 nm). (A) According to case 1(observed with the wild-type enzyms 40pHhe group E

(which is assumed to be E(I-286), see Discussion) is in rapid proton equilibrium with the bulk solution kp>h#&tC. In this casekops

is described by eq 2b (solid line in the graph in panel A); i.e., the rate is determink\&idnd the fraction protonated E. The amount of

F formed is pH-independent, i.e., the normalize&Pe,,, = 1 (dashed line in panel A). (B) According to case 2 (cf. the wild-type enzyme

at pH >10 and the DN(I-132) mutant enzyme), the proton-transfer rate from group E to the binuclear center is faster than the proton
equilibrium between E and the bulk solution. In this case there are two enzyme populations on the time scale of F intermediate formation.

In one population group E, is protonated and F is formed with a rate coﬂé{.atntthe other population, E is not protonated. Therefore,
formation of F is much slower, determined by proton-transfer all the way from the bulk solution with & ratke observed rate is
biphasic and the amplitudes of these two phasesA#®%,,m 1 and AA%8%,,m 2 In practice, the slower of the two phases (with riafe
overlaps with the next transition (= O). Therefore, only onedP— F phase is seen with ralgys 1and amplitude at 580 nn\A>8%,5m 1,

as shown in the graph.

driving force should be large because the energy must beenzyme population). A likely proton acceptor at the catalytic
sufficient to translocate at least one proton across thesite is the hydroxide ion bound to gin the R state b)
membrane in the presence of a gradient. The electrochemical{see Figure 2B). The Ky, of H,O is 15.7 in an aqueous
gradient across the membrane at physiological conditions issolution. Even if it is likely to be lower when the base OH
normally ~200 mV, which corresponds to a driving force, s stabilized by binding to a metal io83), taken into account
ApK,, of ~3 units. This largeApK is further supported by that the K. is expected to depend strongly on the protein

results fr_om_ a recent study (Namslauer et al., unpublished gnyironment, a value of 12 for the proton acceptor is not
data) which indicate that when the appardgj pf the proton unlikely.

donor is raised by~1.5 units (as determined from the pH
dependence of therP— F kinetics), the F intermediate is
still formed to ~100% at pH 11. This implies that in the
wild-type enzyme the I, of the proton acceptor at the is a deviation of the data gP— F rate) from the solid line
catalytic site must be-12 (1 unit difference in thelg, and based on the limiting conditions of eq & (> k3, see case
the pH on the outside results in F formation in 90% of the 1 in Figure 7A). This is because proton uptake from the bulk

Proton Uptake and F Formation alre pH 10.As seen
in Figure 4A, in the measured pH range above pH 10.3, there
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solution becomes rate-limiting above pH 10; ik.,is no
longer much larger thahﬂ (cf. Figure 7), and E(I-286) is

Biochemistry, Vol. 42, No. 6, 20031495

the diffusion-controlled proton uptakéy®, and the bulk
proton concentration:k;%[H*]. Since at pH 9.8k; >

no longer in rapid equilibrium with the bulk solution on the 3.1:10°s™%, we obtaink,® > 2:10"* M~'s™. This simple
time scale of F formation. It should be noted that we assume estimation shows that the proton uptake is much faster than
the same model (eq 1) in the entire pH range. The deviationis expected from a diffusion-controlled protonation reaction
of the solid line from the data in Figure 4A means that the (K = 4-10° M~1s7%, 34, see also refl). The possibility
simplification based on the assumption that > K, that the proton is taken directly from the dye (at a concentra-
discussed above, is not valid in the pH range above pH 10.tion of 40 M) in the solution is excluded since the extent
We note that another limiting case of eq A3 in the and rate of F formation at pH 10 were exactly the same in
Appendix (case 2) is obtained if the equilibrium between a buffer-free solution as with 460M dye or 50 mM buffer.
the bulk solution and group E (eq 1) is much slower than Thus, the data indicate that the proton is taken from buffering
the proton transfer from [to the binuclear center, i.ek; groups at the surface, in rapid equilibrium with the proton
< kﬂ In this case there are two enzyme populations that Pool in the bulk solution. This type of scenario has been
react differently (note that E is assumed to be in equilibrium discussed by Gutman and Nachliel, in terms of a “proton-
with the bulk solution prior to the experiment). In one collecting antenna’34, see also re85). Such antenna were
population @en, See eq 2c above, given by eq A2) group E suggested to consist of a number of interacting groups,
is protonated and the observed ratéds The normalized including carboxylates that attract protons through electro-
amplitude of the absorbance change at 580 nm with the ratestatic interactions and histidine residues that act as a local

— ky®, AASEY  (H) see Figure 7B, is thus proton buffer near the entry point of a proton pathway.
koesa = ki's Anom {PH) g Similar structures have been found also in other enzymes

which show fast rates of proton uptakag].

On the basis of the above discussion, we concluded that
proton transfer from the bulk solution to E(I-288), is much
faster thankﬂ in the pH range up to pH 10 but becomes
rate-limiting at pH>10 and, e.g., at pH 10.5 the observed
proton-uptake rate is slower than the rate expected from the
titration curve based on case 1, Figure 4A. Therefore, if one
would plot the true proton uptake ratkX from the bulk
solution as a function of pH, the points would be found above
the titration curve in Figure 4A at pH10 but below the
curve at pH>10. Thus, the maximum slope of the (hypo-
thetical) tracek; (pH) corresponds to a decrease in rate that
is larger than 1 order of magnitude per pH unit (i.e., a slope

1

1+ 10°MP® ©

AAgg?m,l(pH) =

In the remaining population E is not protonated, and the
proton is transferred from the bulk solution with the observed
rate Kops.2 = Ki.

The time dependence of EGormation is described by
(derived from eq A3):

[ECHI(t.pH) = 1 — [og(pH) expe-t-k,’) +
(1 — ogy(pH)) exp=t-ky)] (4)

According to case 2, there is one kinetic phase witharate .~ ~- .
constant ofk° (from the enzyme fraction with protonated of ~1 |'n Figure 4A). )
E, aen(pH)) and one kinetic phase with réte(in an enzyme As discussed above, the proton uptake during the-H-
is constant, but their relative contribution changes with pH. Put rather a direct proton transfer from interacting surface
In the pH range above 10, the latter of the two phases, with 9roups. Thus, one possible explanation for a slspel is
ratek;, dominates. For example, at pH 10.3 the data could that the protonation of groups near the entry point of the
be fitted with two rate constants ks 1 (k) = 1.2210°s 2, D-pathway is cooperative by way of electrostatic interactions

kops 2(K1) = 710 s, with a larger contribution from the latter, ~@nd/or structural rearrangements of the surface groups.
which is consistent with the model (see “** and-* in However, in this context it should be pointed out that in the

Figure 4). As indicated above, the total extent of F formed @bove discussion we have assumed that the raiteterhal

should be constant in the entire pH range. However, at high Proton transfer from E(1-286) to the binuclear centef, is

pH, where the rate is biphasic, the component with the rate PH-independent. If this is not the case, the deviation of the
kovs2 iS the same as that of proton uptake from the bulk rate from that_ predlct_ed_ from the model (case 1), may be
solution, which also determines the rate of the next reaction due to a slowing of this internal rate due to, e.g., structural
step, the F— O transition (because this transition requires changes around the E(I-286) site at pt10.

proton uptake from the bulk solution). Thus, in the enzyme
fraction with unprotonated group E, dey(pH), F is not

Internal Proton Transfer in the DN(I-132) Mutant Enzyme.
To further investigate the mechanism of proton transfer

populated to any detectable level and therefore the reactionduring the B — F transition, we studied the reaction as a

apparently proceeds directly fromgRo O at high pH.

function of pH in the DN(I-132) mutant enzyme. In this

Consequently, the observed amplitude of the absorbanceenzyme form, the proton needed to form F is taken internally,

increase at 580 nmA@A S, (pH) + AAYS . (pH)), associ-

presumably from E(I-286), and reprotonation of E(I-286) is

ated with formation of F decreases with increasing pH as blocked. This scenario is consistent with case 2 discussed

seen in Figures 3 and 4B.
Proton Uptake from the Bulk Solution to the D-Pathway.

above (see Figure 7), i.eky < K. With the DN(I-132)
enzyme, the protonation state of E prior to the experiment

We note that, e.g., at pH 9.8 the measured rate of protonis determined by the pH andKg(E). Since the proton

uptake from the bulk solutiorkeps is ~3.1:1C° s™2. If the

equilibrium between the bulk solution and E is much slower

proton is taken from the aqueous solution, the proton-uptakethan the R — F transition, on the time scale of the
rate,k;, is determined by the second-order rate constant for experiment there are two enzyme populations, one in which
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E is protonated and one in which E is not protonated. The pK, of 9.4, determined in this study. However, it should be
fraction in which E is protonated is described by eq 2 and noted that in the FTIR experiments as well as in theoretical
in this fraction F is formed with the same ratgy ;= k% = calculations, a staticky in a specific state is determined. In
1.1:10* sY) as that at low pH with the wild-type enzyme the experiments discussed in the present study, an apparent
(where E is fully protonated). In the remaining fraction of PKais determined from the kinetics. This apparet may

the DN(I-132) mutant enzyme, the F formation rate is reflectthe [K,of the proton donor in a transient conformation
determined by the proton-uptake rate from the bulk solution from which it donates a proton. Moreover, the measured

(kobs2= ki = 4 s1); i.e., it merges with the rate of the-+ value of the K, may also include the equilibrium constant
O transition. The observed decrease in the amplitude of thebetween the two conformations of the proton donor.
580 nm absorbance change with r&t# in the DN(I-132) The structure of th®. sphaeroidesytochromec oxidase

mutant enzyme does not exactly follow the pH dependenceshows that E(I-286) is connected with the protein surface
simulated by eq 2, using the parameters determined with thethrough a chain of water molecules and polar amino acid
wild-type enzyme. The apparenKpis shifted to a higher  residues over a distance of24 A. From E(I-286) the

value in the mutant enzyme (byl pH unit). structural properties of the proton pathway are less clear.

As seen in Figure 4B, the amplitude of the absorbance Between E(I-286) and the binuclear center there is a
increase at 580 nm associated with formation of intermediate hydrophobic cavity, which most likely contains water
F in the DN(I-132) mutant enzyme is about half of that mol_ecules that conduct protons. To transferaproton the side
observed with the wild-type enzyme, at pt9.5. In the wild- chain of E(I-286) may have to move toward the binuclear
type enzyme, thedP— F transition is associated with electron center §5—48). The results from this study show that the
transfer from Cy to hemea. Thus, since in the DN(I-132) protpn-transfer rate _from E(I-286) to the binuclear center,
enzyme the electron transfer from Cto hemea does not ki, is 1.1:10* s™. This rate may reflect the proton transfer
take place, the smaller absorbance change could be due téhrough the hydrophobic cavity. However, it may also be
lack of this electron transfer. According to published data détermined by the dynamics of the E(I-286) side chain (see
with the bovine enzyme37—40) and our unpublished data  (49) and the transfer of pumped protons (see below).
with the R. sphaeroidegnzyme, the absorbance change at  Relatively high K, values of functionally important
580 nm upon reduction of hene(i.e., the reduced minus  carboxylates have also been found in other biological
oxidized difference spectrum) is small. Due to variation of Systems. For example, in bacteriorhodopsin, the light-induced
the isosbestic points in different investigations, the spectral proton-transfer involves an internal proton transfer from Asp
contribution has been reported to be either positd& énd 96 to the Schiff base. The aspartate is located in a
unpublished data with thé&?. sphaeroidesenzyme) or  hydrophobic environment, connected through a proton
negative 87, 38, 40).The assignment of the contribution from pathway to the cytoplasmic surface. It was found to have a
hemea is further complicated by the fact that these heame ~ PKaOf >11 in the ground state, but its affinity for protons is
redox difference spectra were obtained at equilibrium condi- lowered in the transition where the proton is donated (for
tions with enzyme in which the binuclear center was poised review, see §0)).
in either the reduced or oxidized form with CO or CN The D-pathway in cytochrome oxidase is used for the
respectively. Therefore, these difference spectra might nottransfer of both substrate and pumped protons during reaction
be directly comparable to the redox difference spectrum of of the reduced enzyme with,OThis means that there must
hemea in a transient state during enzyme turnover. A more be a branching point at which the substrate protons are
relevant comparison is that with a previously investigated transferred to the catalytic site and the pumped protons to
mutant enzyme (ML(11-263)) in which the electron transfer an acceptor, in contact with the output side of the enzyme.
from Cu, to hemea was slowed due to increased midpoint To prevent the transfer of all protons te,@roton-transfer
potential of Cu. In this enzyme a smaller absorbance reactions from this point must be regulated either by
increase at 580 nm was seen during thePF transition controlling the rates and/or driving forces to the acceptor of
even though proton uptake from bulk solution was not pumped protons and the catalytic site, respectively. Even
impaired. Consequently, we propose that the smaller increasghough the experiments discussed here were done with the
at 580 nm in the DN(I-132) than in the wild-type enzyme is solubilized enzyme and only the net proton uptake is
due to the lack of electron transfer from Cto hemea on observed, the enzyme presumably pumps protons during the
the time scale of thegP— F transition in the former. It should ~ Pr — F transition. Since both pumped and substrate protons
be noted that the intrinsic rate of the internal proton transfer, are transferred through the D-pathway, proton pumping
k0, is the same in the DN(I-132) as that in the wild-type requires that the transfer of the proton to be pumped is tightly
enzyme. coupled to the transfer of the substrate proton to the catalytic

As seen in Figure 6, a decrease in absorbance at 580 nrsite. Therefore, the rate-limiting step for the proton transfer

with a time constant of-4 ms was observed after formation 1© the catalytic site upon formation of intermediate F may
of F. The cause of this absorbance decrease is unclear. P€ determined by the transfer of a “pumped proton”. If this

. . . is the case, theKy and proton-transfer ratdxﬂ, that were
Foﬂ:izrrt?gﬁg;srﬁfiE}g;ggﬁ?ﬁgfr;ggg?g:;;g?”fﬂ“i';t%_ determined from this study may reflect those for the transfer
chromec oxidase fronP. denitrificansand bovine heart and of a proton from E(1-286) to an acceptor for pumped protons.

ubiquinol oxidase fronE. coli (32, 41—44) indicated that CONCLUSIONS

E(1-286) R. sphaeroideaumbering) has an unusually high

pKa compared to the solution value and that it is at least The examination of the pH dependence of the rates and
partly protonated up to pH 10, which is consistent with the amplitudes of the — F transition and the proton uptake
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from the bulk solution associated with the reaction made it The expressions for the two concentrations, normalized
possible to determine an appareit,walue of E(I-286) of to the total enzyme concentration, are
9.4. The proton-transfer rate from E(I-286) to a proton

acceptor was found to be $1I¢* s™*. Reprotonation of E(l- kk? k(K — [E CIO),)

286) from the bulk solution was found to be at least a factor [EC_](t) = — exp «,t) —
of 100 faster than that expected from a diffusion-controlled 12 (i = key)

reaction, which shows that surface groups around the entry 0 (k. — [E.CI(O

point of the D-pathway provide a local surface-bound buffer ki (K~ [ECIO)er) exp( «,t) (A3)

that facilitates the proton uptake. This work establishes the KoKy = 1))
foundation for future and ongoing work on mutant forms of
cytochromec oxidase in which the thermodynamic properties wherex; andk, are solutions to eq A4 taken with the reverse
of the D-pathway are altered. For example, tik pf E(l- signs:
286) could be modified in a controlled way making it
possible to investigate the proton-transfer rate as a function K2+ (ky kg + k) +kek =0 (A4)
of driving force, as has been done previously with carbonic
anhydrase&g1).
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