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ABSTRACT: The crystal structure of the hemeopper oxidases suggested a putative channel of oxygen
entry into the hemecopper site of @reduction. Changing a conserved valine near this center in cytochrome
bo; of Escherichia colito isoleucine caused a significant increase in the appdtgribr oxygen with

little or no change iNVmax suggesting that oxygen diffusion had been partially blocked [Riistama, S.,
Puustinen, A., GafarHorsman, A., lwata, S., Michel, H., and WiKatmpM. (1996)Biochim. Biophys.

Acta 1275 1—4]. To study this phenotype further using rapid kinetic methods, the corresponding change
(V279l) has been made in cytochroragz from Paracoccus denitrificandn this mutant, the apparent

Km for oxygen is 8 times higher than in the wild-type enzyme, wheMas is decreased only to
approximately half of the wild-type value. Flow-flash kinetic measurements show that the initial binding
of oxygen to the heme of the binuclear site is indeed much slower in the mutant than in the wild-type
enzyme. However, the subsequent phases of the reaction witheQlso slow although the pure heme-
to-heme electron transfer process is essentially unperturbed. It is suggested that the mutation sterically
hinders Q entry into the binuclear site and that it may also perturb the structure of local water molecules
involved in proton transfer to this site.

Consumption of oxygen plays a key role in the process the membrane, making the redox reaction itself electrogenic.
by which most living cells obtain energy from their sur- In addition, the reaction drives a proton-pumping function,
roudings. Reduction of dioxygen to water serves, in effect, effectively doubling the amount of energy conserved.
as the positive pole of a battery. Electrons which are derived In almost all cytochrome oxidases, electrons enter the
from the oxidation of foodstuffs flow to this pole via a series enzyme at Cp, a binuclear copper centebut a one electron
of membrane-bound enzymes known collectively as the res-carrier—near the membrane surface. FromaCelectrons
piratory chain. The enzymes which make up the chain draw flow to a low-spin heme site (henzeor Fe)) and from there
energy from this current to create and maintain an electro- to a binuclear hemecopper site (hemas—Cug) where the
chemical proton gradient\+)* across the membrane. This  actual reduction of dioxygen takes place. The low-spin heme
gradient is the source of energy for the synthesis of ATP. is close to the dioxygen-binding heme, and structural models

The final element in the respiratory chain, where reduction show the two hemes buried to roughly the same depth in
of oxygen to water actually takes place, is known as the the membrane 3-5). These crystal structure models of
terminal oxidase. In eukaryotic organisms this role is played cytochromec oxidase revealed what appeared to be a
by cytochrome oxidase, which resides in the mitochondrial hydrophobic channel by which:@ould reach the binuclear
inner membrane along with the other members of the site of the enzyme from the hydrophobic core of the
respiratory chaink). This enzyme, and its bacterial relatives, membrane &). To study this further, a series of mutations
make up an enzyme family known as the hemepper were constructed in the closely related enzyme, cytochrome
oxidases, which transduce redox energy energy MiQ. bo; of Escherichia coli with the intention of sterically
by two mechanisms: The reduction of oxygen is arranged blocking oxygen diffusion through this putative channel. One
topographically in such a way that the electrons and protonsof these mutants, in which a conserved valine close to the
needed to make water are obtained from opposite sides ofoxygen reduction site was replaced by isoleucine (V2871 in

the E. coli sequence numbering), showed a markedly lower

T This work was supported by grants from The Academy of Finland, apparent aﬁl.nlty for oxy_gen with little or n.o ef.feCt .dn“ax
The University of Helsinki, the Sigrid Jiies Foundation, and  (6), Suggesting restriction of oxygen diffusion into the
Biocentrum Helsinki. enzyme and pointing to a likely oxygen diffusion path. The

*To whom correspondence should be sent. E-mail: Marten. same path was also indicated by molecular dynamics

Wikstrom@Helsinki.Fi. . . . )
1 Abbreviations: A, the ferrous-oxy compound of Fg; DM, dodecyl calculations of @diffusion in the X-ray structure modery.

maltoside Aui;, electrochemical membrane proton gradiéhterryl However, direct demonstration of restricted oxygen entry
intermediate; Fg low-spin heme; Fg, the oxygen binding heme®, requires kinetic resolution of the initial formation of the
fully oxidized form of binuclear oxygen reduction site; “peroxy” ferrous-oxy intermediate.

intermediate; PMSF, phenylmethylsulfonyl fluorid®;, unliganded, . Y . .

fully reduced enzymey, time constant t{,); TMPD, N,N,N',N'- Kinetic and spectroscopic studies have resolved a number
tetramethyl-1,4-phenylenediamine. of steps in the reaction of cytochrone oxidase with
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FULLY REDUCED MIXED VALENCE chromebo; from E. coliin which the heme-to-heme electron
transfer is slow 17) showed a corresponding decrease in
] IHW nlm i YOHI the rate of this initial redox step of the oxygen reactién (
Cu, Fe (Fe Cu R Cu, Fe |Fe Cu R 18, 19-
The reaction with dioxygen can also be initiated from a
o.ls “mixed-valence” state in which on_Iy e a_md Cy are
2l Hs reduced, so that no electron transfer is possible from the low-
l YOH spin heme. Now oxygen is still trapped but at a five times
cu, Fe |[Fe-0, cu |A slower rate. While the ferroasoxy compound A) forms
I © normally, the subsequent conversionfofo P is slow ¢ ~
170 us; 20). Here, theP intermediate forms with one less
170“sl reducing equivalent in the hemeopper site and has been
l JoF namedPy (Figure 1, right). The® intermediate, which forms
cikully =P simultaneously with oxidation of the low-spin heme,.ha.ls been
» I 00’ M namedPr. Both Py andPgr have the same characteristic 607
! nm absorbance, so it seems likely that the iromygen
H'—> l140us moiety is the same in both cas&d). The consensus today,

on the basis of spectroscopic data, is that both species have

Cu‘er o Yo:éx F an qxoferryl irorj at Fg (22—26). The adgitional ox_idiziryg
I HO equwalent |r.PM is probably a neutraj radical of an invariant
tyrosine residue that is covalently linked to a histidingsCu

H—» l1.3m5 ligand @7—29; Figure 1), although a trivalent Gustate

cannot be excluded.

. Im IIII YEHH When thePgr intermediate is reached in the reaction of

Cu,Fe |Fe-Q; Cu O the fully reduced enzyme with oxygen, Fe oxidized and

HO the fourth electron is still on Gu In the next phaser(~

FiGURe 1: Reaction of cytochrome oxidase with Q. The boxes ~ 140us at RT (room temperatureg0), Pr is converted to
and the symbols represent states of the binuclear hemEug the oxy—ferryl speciesF (30—32). At approximately the

oxygen reduction site, which includes the conserved tyrosine 280 same time, Cu becomes partially oxidized as the fourth
(YOH). The proximal ligand of hemas and an oxygenous ligand  g|ectron equilibrates between Cand Fe (15), as indicated

of Cug are shown. The Gucenter and the low-spin henzare . . B .
depicted on the left of the box. In state F one electron is shared !N Figure 1 (left). Finally, in @ much slower process+

between heme and Cu. The sequence on the left depicts the 1—3 ms), the remaining electron, shared between el
reaction of the fully reduced enzyme with,.Dn the right, the Cua, migrates to the binuclear center resulting in the

reaction of the two-electron reduced,_“mixed valence”, enzyme iS conversion ofF into the fully oxidized enzyme( (15).

shown. YO* denotes the neutral tyrosine 280 radical. Approximate ceqrly kinetic studies of this type, which can resolve the

time constants at RT for the individual reaction steps are given. .” .- ' . ! .

The initial reaction with dioxygen shows the time constant at 1 initial formation of the ferrousoxy intermediateA, were

mM O,. needed to clarify the nature of the inhibition in the V287I
mutant. However, cytochromen; is a poor vehicle for this

oxygen: When the oxygen molecule first enters the enzyme, type of measurements as compared to cytochraaa€33).

it is believed to bind weakly to GU(8, 9), the copper ion of  We have therefore constructed the corresponding mutant in

the heme-copper site, and subsequently to,f® form a the cytochromeas of Paracoccus denitrificansjiz. V27912

ferrous-oxy compound A), the first spectroscopically Here, using this new mutant enzyme, we report the kinetic

identifiable intermediate in the reaction (Figure 1). Perhaps consequences of the mutation in some depth. As expected,

surprisingly for an enzyme whose function is to consume the binding of oxygen to form the ferrot®xy intermediate

oxygen, the initial binding of @in the ferrous-oxy species A is considerably decelerated. Surprisingly, however, sub-

is very weak 10, 11. Instead of acquiring the oxygen sequent reaction steps also proceed at significantly slower

molecule by tight binding-an energetically expensive rates than in the wild-type enzyme.

alternative-the enzyme makes a rapid but loose attachment,

and the Q molecule is subsequently “trapped” by the first MATERIALS AND METHODS

redox step of the reaction. This achieves an apparent Site-Directed Mutagenesi$he system used for in vitro

dioxygen affinity for the enzyme’s reaction which is orders mutagenesis was based on the method of Vandeyar et al.

of magnitude more favorable than the binding affinity itself (34). A 1.6 kB Pst -Hind Il fragment containing thetaDl|

(10, 19. gene which encodes subunit |Bf denitrificanscytochrome

The step in which @is trapped € ~ 30 us) converts the  aas (35) was moved into M13mp18 and used as a template.

ferrous-oxy intermediate4) into intermediaté®, so named  After mutagenesis, the mutant gene was cloned into a

because it was originally thought to be a peroxy spedigs (  derivative of the broad host range plasmid pEG486) (

In the reaction of the fully reduced enzyme with, @e low- containing a streptomycin marker and to&aDIl gene,

spin heme becomes oxidized at the same time Ehag together with its promotor region. THe. coli strain SM10

formed (3—16; Figure 1, left). In fact, the rate of the transformed with this plasmid was conjugated wih

oxygen-trapping reaction depends critically on how quickly

the electron from the low-spin heme can arrive at the 2 ypjess otherwise noted, amino acid sequence numbering refers to
binuclear center. Experiments with a variant form of cyto- subunit | of cytochrome oxidase fromP. denitrificans




Valine 279 in Cytochromeas from P. denitrificans Biochemistry, Vol. 39, No. 21, 2008367

denitrificans strain 9220, from which the chromosomal 250 y

copies of thectaDIl and its isogenetaDI had been deleted
(37). The mutation was confirmed by DNA sequencing
(ALFexpress DNA sequencer, Pharmacia) throughout all _**[
processing states, as well as from fermentor cultivations.
Bacterial Growth and Enzyme Purificatiowild-type and
mutant strains oP. denitrificanswere grown at 32C under
strong aeration in a fermentor using succinate (50 mM) as
carbon source in minimal mediun8®) that was supple-
mented by streptomycin (28g/mL). Cells were harvested
in the exponential growth phase, and the enzyme was isolated 3 g
as described earlieB). %0
Activity MeasurementsOxygen consumption was mea-
sured polarographically at 2&, using a Clark type oxygen
electrode. The medium contained 50 mM KCI, 0.5 mM %

EDTA, and 50 mM Tris-Cl, pH 7.5, supplemented with 11 . ) o
M K+ ascorbate, 24M horse heart cytochrone(Sigma) Ficure 2: Oxygen concentration dependence of respiration in

m ! Yl g ' isolated wild-type cytochromeas (upper) and V2791 mutant

1.1 mM TMPD, and 0.3 mg/mL asolectin. The rate of oxygen (jower) from P. denitrificans O, consumption was measured

uptake was determined after addition of the enzyme. To polarographically at 253C. Key: Solid lines, experimental data;

determine the appareKi, for O,, the reaction was allowed dashed lines, best fits with the indicated values\ixy andKM,app

to continue until all the oxygen in the measuring cell was
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denitrificanscells and the oxidant pulse method to measure %9

proton translocation were as described previou$t).(The 8-0.02 o 2 o

reaction medium contained either 100 mM KSCN, 100 MM £-o0.03

KCI, 100 mM sucrose, and 3 mM Mggbr 200 mM KCl, 2 004

100 mM sucrose, 3 mM MgGland 0.5-1 M valinomycin, o5 o _ :

supplemented with 1620 M rotenone and 2.5 mM 0 01 02 03 0 1 2 30 5 10

succinate. time, (ms)

Kinetic MeasurementsMethods for room-temperature
flow-flash (9), low-temperature flow-flash2l), and anaero-
bic photolysis 17) measurements have been published
previously.

Data Analysis.Basic data matrix manipulations and
presentation were done with MATLAB (The Mathworks, that it had the same interesting steady-state turnover proper-
South Natick, MA). Decomposition of data surfaces was done ties as the original cytochrom®; mutant. Figure 2 shows
using SPLMOD 41), a global multiexponential fitting  the dependence of enzyme activity on oxygen concentration

Ficure 3: Flow-flash reaction of fully reduced wild type and VV279I
mutant cytochromeag from P. denitrificanswith O,. Zero on the
time scale is the point at which the laser was fired. Concentrations
after mixing: tricine, 100 mM (pH 8); DM, 0.025%; ascorbate,
0.4 mM; TMPD, 17uM; enzyme, 2.54M; O, 1 mM.

program running under a MATLAB front-end interface.
FTIR Spectroscopyurified wild-type and V2791 enzymes
were diluted 10-fold into 100 mM sodium phosphate and
0.01% DM, pH 7.8, in DO and reconcentrated. This was
repeated twice. Enzyme samples (63 mM) were made

during steady-state turnover for wild-tyg& denitrificans
cytochromeags and the V2791 mutant enzyme. The effect
of the mutation on the appareKi, for dioxygen is similar
to that of the corresponding mutationin coli cytochrome
bos. The apparenky for oxygen is 8 times higher whereas

air-free by repeated vacuum/argon cycling and then reducedthe V.« is decreased only by ca. 50%, as compared to the
by dithionite, after which CO (1 mM) was mixed into the wild-type enzyme. The mutant enzyme was found to pump
solution. Cells for IR spectroscopy had Ga#indows and protons with the same efficiency as the wild type in
50 um Teflon spacers. Spectra were recorded at either 230multiturnover experiments with spheroplasts (not shown), as
or 278 K using a Bruker 155 spectrometer equipped with a was the case for thE. coli mutant enzymeg).
modified Specac cryostat and a Lauda RK8-CS thermostat Since the valine-to-isoleucine mutant in cytochroaze
bath circulating ethanol. To obtain “light-minus-dark” spec- from P. denitrificanstherefore also shows indications of
tra, data were acquired in sets of 64 scans, alternately withhindered Q entry, we set out to observe the binding of
and without illumination of the sample. The results were oxygen directly. The kinetics of oxygen binding to the
subsequently averaged and subtracted. “Light” spectra wereenzyme as well as the initial steps in the reduction of oxygen
acquired under continuous off-axis illumination of the sample to water can be studied using the “flow-flash” methda)(
by a mercury arc lamp, the beam of which had been passedn which the reduced enzyme, inhibited by carbon monoxide,
through a water filter and a Schott BG-3 filtéx 6 mmthick is mixed with oxygen in the dark and the reaction initiated
germanium plate was used to keep the photolysis light out rapidly by photodissociating the bound CO. Figure 3 shows
of the MCT infrared detector. the time course of the oxygen reaction in wild-type and
RESULTS V2791 mutant enzyme. The traces in the left panel show
absorbance changes at 595 nm, ihg« for the ferrous-
After the V2791 mutant oP. denitrificanscytochromeaas oxy intermediaté in aas type enzymesl, 33. In the wild-
had been expressed and purified, it was necessary to confirntype enzyme, photolysis of C&he jump at time zereis
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FiGure 4: Kinetic component spectra from reactions of fully wavelength, (nm)

reduced V279l mutant cytochronaes from P. denitrificanswith

O, at low temperature£20 °C): left panel, rate constant too fast
to resolve accurately; center pankl= 84 s'%; right panel,k =
28.8 sl Spectra were obtained by a four-component fit (see . 1 .
Materials and Methods) of which only the first three are shown; [© resolve accurately; right panél= 7.4 s*. Spectra were obtained
the small fourth component had a rate constant of 7.8 s by a two-component fit; see Materials and Methods. Concentrations
Concentrations after mixing: HEPES, 34 mM (pH 7); DM, 0.01%; after mixing: HEPES, 25 mM (pH 7); DM, 0.03%; ethylene glycol,
ascorbate, 0.45 mM; TMPD, 14M; ethylene glycol, 40%; enzyme, ~ 40%; enzyme, 1kM.

11 uM.

Ficure 5: Kinetic component spectra from reactions of mixed-
valence V2791 mutant cytochroness from P. denitrificanswith
O, at low temperature£20 °C): left panel, rate constant too fast

impossible to observe with the 1 ms/spectrum resolution of

followed by an increase in absorbance as oxygen binds toour instrument 21), but it is clearly visible here because
Fey to form intermediate (z ~ 7 us) and then a decrease the process is much slower in the V2791 mutant. The second
asA is converted to th@x intermediate, simultaneously with ~ reaction component (center panel) shows the sum of three
oxidation of Fg (r ~ 35 us). These kinetics are similar to  simultaneous changes, viz. conversion of intermedkate
those reported earlier for the bovine enzyme (see Introduction(decreased absorption at 595 nm) to intermedre(in-
and Figure 1). creased absorption at 607 nm), together with net oxidation

In the V2791 mutant enzyme, both the rise and the of a significant portion of Fg(decreased absorption at 605
subsequent decrease in absorbance at 595 nm are mucAm; see reR1). The third component (right panel) shows
slower than in the wild type. The rate of formation of the formation of the fully oxidized enzyme, indicated by the
compoundA has decreased almost 30-fold £ 196 us), appearance of the absorbance band in _the 660 nm region.
indicating that the replacement of valine-279 by isoleucine This component reflects the decay of thentermediate at
has interfered with binding of oxygen to the heme. However, 980 nm, together with the oxidation of the remaining, Fe
this cannot be the only effect of the mutation. If the step (decreased absorption at 605 nm).
which follows oxygen binding had its normal rate { 35 The simpler reaction of ©with the mixed-valence V279l
us), such slow oxygen binding should go almost unobserved, mutant enzyme was also studied by the low-temperature
as is the case when the wild-type enzyme reaction takes placdechnique. Figure 5 shows spectra of the two phases of this
at low oxygen concentration$,(43). It follows that the next reaction (see Introduction and Figure 1, right). The first phase
step after oxygen bindingthe conversion ofA to the P (left panel) reflects binding of oxygen and is essentially
intermediate-has also been significantly retarded in the identical to the first phase of the fully reduced reaction
mutant. This can be seen more clearly at other wavelengths.(Figure 4, left panel). The second phase (right panel) shows
The center panel of Figure 3 shows flow-flash traces at 605 the conversion of intermediaté to intermediate Py,
nm where the dominant contribution to the absorbance reflected by a trough near 595 nm and a peak near 610 nm,
change comes from the oxidation of,F& wild-type enzyme respectively. Unlike the corresponding phase in the reaction
the initial oxidation of this center takes place rapidty~¢ of the fully reduced enzyme (Figure 4, center panel), here
35 us; see Introduction and Figure 1), but in the V2791 there is no oxidation of Reto complicate the spectrum. In
mutant, this change is preceded by a significant lag, and thethe V2791 enzyme, under these conditions, this step takes
entire process is slow relative to the wild-type enzyme.  place extremely slowly; the time constant is 135 ms as

The Amax Of the F intermediate is at 580 nm. At this compared to 4.5 ms in the bovine enzyme at the same
wavelength, a flow-flash trace for the V2791 mutant (right- temperature21).
hand panel of Figure 3) shows a rise and a decay, both phases Taken together, these data show that the V2791 mutation
being significantly slower than would be expected for the exerts two rather different effects. First, it apparently inhibits
wild-type enzyme, based on the similarity betweBn the binding of oxygen to ke and second, it slows down
denitrificansand bovine cytochromessas. all subsequent processes of reduction of ©© water.

To extend these single wavelength data, the reaction of Investigations of these two aspects of the reaction will be
the enzyme with @was carried out using a low-temperature presented in turn.
flow-flash technique which allows the reaction to be followed  One reason that the individual steps in reduction of the
across the entire spectrur@lj. Figure 4 shows spectra of bound oxygen could be slowed is if the mutation has
the three major kinetic phases in the reaction of the fully decreased the rate of the underlying electron-transfer pro-
reduced V2791 mutant enzyme with @ ~—20°C, obtained cesses, in particular, heme-to-heme electron transfer (see
by a global kinetic fit (see Materials and Methods). The Introduction). However, the low-temperature flow-flash data
fastest component (left panel) indeed reflects the binding of show that the formation of thB intermediate is slower in
O, to the reduced binuclear center to form intermediate  the V2791 mutant than in wild-type enzyme regardless of
(Amax Near 595 nm). In the bovine enzyme, this phase was whether Fgis able to contribute an electron to the reaction
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0.15 a spectrum and time constant typical of the electron transfer

} from the hemes to Gu(not shown). Failure to see this
ﬁ wr varl spectrum at the two-electron reduction level is probably an

o
-

o
o
&

indication that the redox potentials of the metal centers are

L slightly altered by the mutation or that the magnitude of

‘ ‘ ‘ ’ redox interactions between the metal centers has been

changed.

015 The similarity of the fast phase data for the mutant and

wild-type enzymes confirms the expectation that the heme-

3% 410 430 450 400 420 440 460 to-heme electron transfer process is not itself significantly
wavelength, (nm) perturbed by the V2791 mutation. Since this is the electron-

FIGURE 6: Kinetic component spectra of the processes which follow transfer rate on which the trapping of oxygen in the enzyme

photolysis of CO from CO mixed-valence wild-type and V2791 dependsq, 11), these results confirm that the raised apparent

mutant cytochromaag from P. denitrificans circles, first phase, . . : _
wild type, 7 = 3 us, V2791,7 = 2.5 us. squares, second phase, Km for O, in the mutant is not attributable to slow heme

wild type, 7 = 46 us, V2791,7 = 10 us. Conditions: HEPES, 50 ~ {0-heme electron transfer.
mM, pH 7.0; DM, 0.1%; CO, 1 atm. Spectra were obtained by a  Another way to investigate the slow binding o @ to
two-component fit; see Materials and Methods. study binding of a similar diatomic ligand, viz. carbon
monoxide. Like @, CO binds to Fg?" in the reduced
or not. This suggests that the cause for the slow redox bimetallic site. The Fg—CO bond is photolabile, and when
reactions is not the heméieme electron transfer per se. it is broken, CO jumps rapidly to GuAt room temperature,
However, the rates of electron transfer between sites in thethe CO then rapidly equilibrates with the external medium
enzyme can also be studied directly. When CO is photolyzed and only returns slowly to the Egby way of Cw (8). In
from the CO mixed-valence form of the enzyme, in the the wild-typeP. denitrificansenzyme, CO rebinding after
absence of g the redox potential of Bedrops, and electrons  photolysis took place with a time constant of approximately
are free to redistribute to the previously oxidized metal 14 ms ([CO]~ 1 atm,~20 °C), while in the V279 mutant
centers, Fgand Cu. In bovine cytochrom@as two phases  recombination was only slightly slowerr (~ 18 ms).
of fast electron transfer are observed: The first phase ( However, as described above, the rate-limiting step in CO

1

o

(=3

1] =]

absorbance change
1
°©
=

3 us) has been assigned as electron transfer fropt&é&e, rebinding is the final transfer from Guo Feg. Since this is
(43). The second phase ¢~ 35 us) consists of electron 3 relatively slow stepy(~ 1 ms; ref8), this could mask
redistribution out of this Fg <> Fe, equilibrium to Cu (44). even relatively large changes in accessibility ofsGom
The same processes are found in cytochraaag from the external medium.

Rhodobacter sphaeroideshere the apparent rate constants At lower temperatures, the CO cannot escape from the
are almost identical, but the amplitudes of the electron oxygen binding site47) and this provides a way to study
redistributions are different4g). We used this method to  both the Fg—CO and Cy—CO structures using FTIR
study internal electron transfer in wild-type and V2791 spectroscopy48). Figure 7 shows low-temperature light-
cytochromeaas from P. denitrificans The left panel of  minus-dark FTIR spectra of wild-type and V2791 mutant
Figure 6 shows the results of a two-component global kinetic enzymes. The stretching frequency of CO bound t@ Fas
fit to the data for the wild-type enzyme. The two major changed slightly in the mutant (Figure 7, middle). This
phases of absorbance change which take place followingyibration of the wild typeParacoccusytochromec oxidase
photolysis of the wild-type CO mixed-valence enzyme have shows two conformersy (1965 cntl) and (1954 cni?)
rates and spectra quite similar to those observed in the bovineof which the lower frequencg conformer is more occupied.
(44) andR. sphaeroidegt5) enzymes. The faster component  This pattern is usually observed in the cytochranesidases
may, in fact, be made up of two processes; a three-componenbnly at low pH @9), but here it is observed at pH 8. At
model leads to a slightly better fit (not shown). In the wild- higher temperature (278 K) most of the enzyme is indhe
type enzyme, th&n of Fe, is approximately 18 mV more  conformer (not shown). The V2791 mutant enzyme also has
negative than that of kg based on the amplitude of the  two conformers, the frequencies of which are slightly shifted
first phase at 445 nm. from those of the wild-type enzyme, suggesting small local
The right-hand panel of Figure 6 shows the results of a changes at the binuclear center (Figure 7, middle). This figure
similar two-component fit to the data for the V2791 mutant also shows that the mutation has a slight effect on the CO
enzyme. The fast phase of electron transfer appears to takestretching vibrations when carbon monoxide is bound te Cu
place in much the same way as in the wild type. The rate is There are also changes in the vibrational modes assigned
similar while the spectrum is slightly different, presumably to hemeas (50, 51), most of which are small differences in
because the mutation perturbs the spectra of the hemes. Theeak heights. The dominant difference band at 1665'cm
slow phase in the mutant enzyme is distinctly different from is an exception (Figure 7; right panel). This signal has been
that in the wild-type enzyme and has yet to be assigned. assigned to therc—o of the formyl group of hemes (50,
However, these results were obtained with the two-electron 52), although the involvement of other groups, such as amide
reduced enzyme, where the amplitude of electron redistribu-1 and amino acid side chains, cannot be excluded. In the
tion to Cu is small. When the bovine enzyme is reduced resonance Raman spectrum of the bovine oxidase, this mode
further, the amplitude of this phase increases, reaching ais observed at 1665 crhin the reduced form and at 1666
maximum when the enzyme has taken up about threecm!in the reduced CO-bound enzynt?). In the infrared
electrons 46). When the V2791 mutant sample was allowed difference spectrum of the bovine enzyme this frequency is
to become further reduced, a phase was observed which hadhifted from 1660 to 1664.5 cm upon photolysis%0). In
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Ficure 7: Light-minus-dark FTIR spectra of fully reduced, CO-bound cytochr@ae wild type (dashes) and V2791 mutant (solid)
enzymes. The spectra were normalized using the integrated intensities ofsh€Bepeaks. Resolution: 2 crh The center panel shows
the CO stretching region for the metal bound CO, the left panel shows the region typical for the asymmet(2)Qtretch of hydrogen
bonded HO (HOD), and the right panel shows the region of theo of the formyl group of hemes. The spectrum of wild-type enzyme
is the result of 3136 scans; the spectrum of the V2791 enzyme is the result of 3008 scans. See Materials and Methods.

the Paracoccuswild-type enzyme thec—o of the formyl normal rates. Instead, the reaction step which follows oxygen
group is not a clear derivative-shaped feature as it is in the binding—conversion of intermediaté to P—is also slow,
bovine enzyme. This could be related to the two separate as are subsequent reaction phases.

and 8 frequences for therre-co Vvibration, suggesting that The mutation could give rise to slow,®inding in at least
the two heme conformers may also be reflected in the formyl two ways: First, the larger isoleucine side chain could
vibration. Two correspondingc—o modes may be close to  partially block the putative oxygen channel, restricting O
one another, causing the observed broadening of the light-entry into the vicinity of the Fg—Cug oxygen reduction
minus-dark difference spectrum (Figure 7, right). In contrast, site. Alternatively, the isoleucine side chain may interfere
in the V2971 mutant enzyme the two main iron-bound CO directly with binding of diatomic ligands to ke The slightly
modes are 17 cnt apart. Thus the two observed light/dark reduced rate of CO rebinding after photolysis is consistent
shift features at 1675/1668.5 and 1663.5/1660 ‘coould with both alternatives. Although we cannot exclude that CO
arise from two different formyl surroundings. Finally, a diffusion from Cuw into the medium may be retarded to some
possiblevo-y mode at 3566/3557 cm in the difference  extent by the mutation, this cannot be the rate-limiting step
spectrum is shifted to lower frequency by the mutation in the binding of Q since in such a case a lag would have
(Figure 7, left panel). It is concluded that the structure of been observed in the kinetics of formation of intermediate
the binuclear hemecopper site is somewhat perturbed in A, and this is not seen (Figure 3, left panel). Therefore, the
the V2971 mutant but that the perturbation is relatively small, effect of the mutation appears primarily to be interference
in agreement with the fact that thén.x is decreased only  with the binding of a diatomic ligand to kg In the FTIR

by ~50%. spectrum, both the Ee-CO and Cyg—CO peaks are slightly
perturbed by the mutation. The perturbedsF€O vibration
DISCUSSION is consistent with directly hindered ligand binding, but in
Construction of the V2791 mutant in cytochroraes of other cases perturbations of this signal have been brought

P. denitrificanshas allowed us to use fast kinetics method about by mutations of amino acid residues which are not in
to probe further into the consequences of replacing this contact with the heme (e.g. ré®).

virtually invariant valine near the oxygen binding site by a  Likewise, there could be several possible explanations for
somewhat bulkier group. Like the corresponding mutant in the slow reactions which follow oxygen binding. As de-
E. coli, this enzyme exhibits a significantly higher apparent scribed above, if the underlying electron-transfer processes
Kum for oxygen, which suggests that entry of oxygen into were to be slowed, this would be expected to affect the rate
the enzyme is hindered by the mutatid). (This view has of steps in the oxygen reaction. However, direct measure-
now been corroborated by flow-flash studies which show ments of the rates of heme-to-heme and heme-to-Cu
that the initial binding of @in this mutant enzyme is much  electron transfer show that neither is significantly affected
slower than in the wild type. However, it is also clear from by the mutation.

the kinetic results that this single point mutation has effects Two other possible causes must be considered. First, if,
on more than one aspect of the catalytic cycle. If slow oxygen as discussed above, the isoleucine chain were able to interfere
entry were the only consequence of the mutation, we would with O, binding directly, this perturbation might also affect
expect subsequent steps in the reaction to take place at theithe nature of binding of the oxygen moiety to the heme in a



Valine 279 in Cytochromea; from P. denitrificans

way that interfers with optimum catalysis of subsequent
reaction steps. The fact that the FTIR spectrum shows the
Fes—CO peak only slightly perturbed weighs against this
explanation. Second, the isoleucine could interfere with
proton-transfer events. All steps beyond thentermediate
require net proton uptaké$; Figure 1, left). In addition,
whereas no protons are taken up from the solution inAthe
— P transition, the rate of formation d® shows a solvent
deuterium isotope effect of about 1.4 in the reactions of both
the fully reduced %3) and half-reducedsd; M.V., J.E.M.,

and M.W., unpublished) enzymes with oxygen. EXAFS
experiments have suggested that a water molecule is nea
Cus in the reduced binuclear sité%), and ab initio density
functional calculationsg6) have indicated that such a water
molecule is essential for the-@D bond splitting reaction
that forms theP intermediate. Moreover, statistical mechan-
ical calculations on the X-ray structural models have sug-
gested that 23 water molecules may lie between the
conserved glutamic acid 278 and the binuclear site and that
one additional water molecule lies at an-Ou distance of

ca. 2.6 A from Cy (57, 58, in agreement with the EXAFS
data. Modeling suggests that this latter water molecule may
be significantly displaced upon changing the valine 279 to
isoleucine, and this may explain the strongly decelerated
conversion of intermediat to P. The other water molecules

modeled in this domain have been suggested to relay protons

from the conserved glutamic acid 278 toward the binuclear
center 7, 58. Since they are also predicted to lie very close
to the side chain of valine 279, the mutation to isoleucine
may compromise the formation of such a proton-conducting

path. However, the crystal structures have not revealed water 10.

molecules in this region of the enzyme. This may be due to
their intrinsic mobility, or they may be present to form a
transient hydrogen-bonded, proton-conducting pathway only
in certain states of the catalytic cyclBg]. In either case,
the formation of such an ordered chain of water molecules
may be disturbed by the valine to isoleucine mutation, with

the consequence that proton transfer to the binuclear center

may be retarded. This would explain the observation that
all reaction steps beyond tlreintermediate are retarded by
the mutation.

Most of the present evidence suggests that all those protons 13

that are destined to be pumped across the membrane, as we
as many of those to be utilized in water formation in the
binuclear site, are transferred via the so-called D-channel,
involving the aforementioned conserved glutamic acid 278
(see ref58). Hence, a “bifurcation” of proton transfer for
pumping or for consumption at the binuclear site would be
expected beyond the glutamic acid residue in the channel,
whether this occurs by means of a histidine cycle type of
mechanismg9, 60 or by some other more direct mechanism
(61). In this respect it may be of interest to note that due to
the position of the valine side chain in the structure, relative
to the predicted water molecules, its mutation to isoleucine
would primarily be expected to retard proton transfer into
the binuclear center but not to affect the efficiency of proton
translocation, which is consistent with the observations in
this work.

In conclusion, we suggest that the mutation of valine 279
to isoleucine has three discrete effects on the function of
the enzyme. First, it hinders formation of the oxygen adduct
of hemeas (compoundA) by sterically hindering @diffusion
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into the site and/or proper binding ob@ the heme. Second,

it may displace a water molecule in the f@action site §5)

that is essential in the ©0 bond splitting reaction5),
thereby decelerating the conversion of intermediatéo
intermediateP. Finally, the isoleucine side chain may prevent
proper organization of water molecules that assist proton
transfer from glutamic acid 278 into the oxygen reduction
site, thereby retarding the reaction steps which convert state
Pr to F andF to O, both of which depend on net proton
uptake from the inside of the membrane.
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