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ABSTRACT. To study the functional significance of the unusual bimetallig €anter of cytochrome
oxidase, the direct ligands of the £aenter in subunit Il of the holoenzyme were mutated. Two of the
mutant forms, M263L and H260N, exhibit major changes in activity (10% and 1% of wild-type,
respectively) and in near-infrared and EPR spectra, but metal analysis shows that both mutants retain two
coppers in the Gucenter and both retain proton pumping activity. In M263L, multifrequency EPR studies
indicate the coppers are still electronically coupled, while all the other metal centers in M263L appear
unchanged, by visible, EPR, and FTIR spectroscopy. Nevertheless,dagmeery slow to reduce with
cytochromec or dithionite under stopped-flow and steady-state conditions. This effect appears to be
secondary to the change in redox equilibrium betweeg & heme. The studies reported here and in
Wang et al. [Wang, K., Geren, L., Zhen, Y., Ma, L., Ferguson-Miller, S., Durham, B., and Millett, F.
(2002)Biochemistry 412298-2304] demonstrate that altering the ligands of,€an influence the rate

and equilibrium of electron transfer between,Cand hemea, but that the native ligation state is not
essential for proton pumping.

The structure, function, and spectral characteristics of the
Cua center of cytochrome oxidase (CcO)have been the
subject of intense controversy for many yedkk (t is now
clear that the unusual spectral characteristics of &e due
to its dinuclear character, as initially concluded from spectral
studies 2, 3) and ultimately confirmed by high-resolution
crystal structures of the holoenzymé—8) and the Cy
domain @, 10). All the structures reveal two coppers bridged
by two cysteines (Cys-252 and -256Rmodobacter sphaeroi-
deg, with two histidines (His-217 and -260) as the terminal
ligands for each copper atom. A methionine (Met-263) ligates
the more externally positioned copper through a relatively
weak bond, while the other copper is even less strongly
bound by the main chain carbonyl oxygen of a glutamate
residue (Glu-254) (Figure 1). The structures of the holo-
enzyme reveal that Glu-254 is also a ligand of Mg through
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! Abbreviations: Ap, ampicillin; CCCP, carbonylcyanideehlo- Ficure 1: Structure and arrangement of the metal centers and
rophenylhydrazone; CcO, cytochrormseoxidase;coxl/coxll, genes associated amino acids in CcO. The amino acid side chains and
encoding subunit ll/subunit Il of cytochrome oxidase; DEAE, two hemes are shown as sticks, with,CGus, Mg, Fe, and water

diethylaminoethyl; EDTA, ethylenediamine tetraacetic acid; EPR, mglecule as spheres. The thin lines indicate the location of hydrogen

electron paramagnetic resonance; FPLC, fast protein liquid chroma-,,n4s " The figure was produced in Insightll from coordinates of

tr?%raphy;trllz T|)|Fi Eouner_trantsr:‘orm |n|ffrar_ed spdetitcr:%sqogy; tHErES’ 4]%' P. denitrificangoxidase (FJ).ARl) with the n%mbering of amino acid
ydroxyethyl)-1-piperazineethanesulfonic acid; ICP, inductively couple " - :

plasma emission spectroscopy; Kn, kanamycin; MCD, magnetic circular residues according t&. sphaeroide€cO.

dichroism; NMR, nuclear magnetic resonanceOR, nitrous oxide - 5 gige-chain carboxyl. The higher resolution structure of
reductase; PCR, polymerase chain reaction; Sm, streptomycin; Sp

spectinomycin; Tc, tetracycline; TXFR, total-reflection X-ray fiuores- ‘the Cy, domain of Thermus ther_mOPh”US baxidase 10,
cence spectroscopy. 11) suggests that Glu-254, having a bond length of 2.6 A,
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should not be described as a direct ligand of thg €enter R. sphaeroidesstrain Ga was grown aerobically in
and that the two copper atoms are more asymmetric thanSistrom’s media at 30C with rapid swirling. Strains oR.
previously indicated. However, there is some variability in sphaeroidesharboring a streptomycin/spectinomycin (Sm/
the bond lengths determined for the various structures, andSp) resistance cartridge were grown in the presence of
it remains to be seen whether these are due to the differencestreptomycin (Sm) (5@g/mL) and spectinomycin (Sp) (50
in resolution or to real differences in species or construct. ug/mL). For cells containing pRK415-1 derivatives, Tc was
Time-resolved kinetic studies have shown thag @uthe added to the medium atAg/mL.
initial electron acceptor from cytochronee(12—14), fol- Site-Directed Mutagenesidhe mutants were designed
lowed by rapid transfer to hemewith a rate constant of  using the systems described in detail in Zh2#)(Briefly,
10° s (15). According to Marcus theoryl6), electron a3 500-600 bp fragment otoxI containing the residue to
transfer in proteins is dependent on the driving force, the be mutated was amplified using the overlap extension PCR
reorganization energy of the redox centers and the distancemethod @8), with the desired mutations in the primers. The
between them. Molecular orbital calculatioh7( 18) and final PCR products were sequenced to confirm the presence
paramagnetic NMR studied9) demonstrate that the un-  of the desired mutation before ligating back into tieed!/
paired electron in the Gucenter is delocalized in the €5 Il operon in pYJ100.
(Cys) structure, resulting in a lower reorganizational energy  |n a similar approach, a “loop” mutant (LpM) was created
and contributing to the rapid electron transfer from cyto- py replacing the Curbinding loop, Cys-SerGlu-lle-Cys-
chromec to hemea (20). . Gly-lle-SerHis-Ala-Tyr-Met-Pro-lle, residue numbers 252
Among the various factors influencing the electron-transfer g5 of subunit I, with a sequence 6¥s-Ser-Glu-Pro-Gly-
rate, the role of the intervening medium between the redox His-Ser-Ala-LeuMet-Lys-Gly from azurin, in an attempt to
centers is most controversidX, 22). In bovine CcO, Cq convent the dinuclear Gucenter to a blue copper center.
is 19 A (metal-to-metal) from hemeand 22 A from heme Protein Expression and Purificatiodll the mutants were
3 (4). The almost egual distance from Cw the two heme expressed using the expression vector pRK415-1, after
groups, together with the fact that the electron-transfer rateconjugating it with the subunit Il deletion strain YZ200.

from Cu, to hemeg appears much faster than to heme 260N, M263L, and LpM were also overexpressed using
leads to the question of whether there are special features o he system described in Zhen et &9) and purified using

the (.:U\ center, or the i”ter"e’?"?g protein structure, that metal-affinity chromatography and additional purification by
contribute to the apparent selectivity for transferring electrons DEAE-FPLC chromatography26)

to hemea. The smaller reorganization energy associated with
electron transfer between £and heme has been suggested . ) X
to account for the difference2), but a possible thgrgugh- corded as descrlbed_ln ré_9, and the CO-difference spectra
bond electron-transfer pathway from Cio hemea has also were 'd.()ne as described in 24, -
been invokedZ3). The suggested route involves one of the ~ ACtivity Assay.The turnover numbers of the purified
Cua ligands, His-260, the peptide bond between an arginine ©Xidases were measured polarographically apBDcyto-
pair immediately below it, and several hydrogen bonds Chromec as described in res0.

Spectrophotometric Analysi©ptical spectra were re-

connecting these regions to a herae propionic acid Metal AssayMetal analyses were done using inductively

substituent §, 23) (Figure 1). coupled plasma emission (ICP) spectroscopy at the chemical
In this study, the operon encoding subunit Il and subunit @nalysis laboratory at the University of Georgia and total-

1l (coxI/Il) was deleted from theR. sphaeroideshromo-  reflection X-ray fluorescence spectrometry (TXRF) at the

some and the strain was complemented with a plasmid Physics department of the University of ®borg, Sweden.
containing the entirecoX!/lll operon (see Supporting The sample concentrations were in the range of BDuM.
Information), making it possible to use site-directed mu-  EPR Spectroscopyeasurements were performed for the
tagenesis techniques to study the structure and functionspurified oxidase in a solution of 10 mM Tris-HCI, 40 mM
associated with subunit Il in the holoenzynd) and to KCI, pH 8.0, 0.1% lauryl maltoside. The sample preparations
address questions regarding rapid electron transfer to hemdor high Mg or high Mn content oxidases were the same as
a and coupled proton translocation in CcO. described in re81. Multifrequency measurements were made
using loop-gap resonators and low-frequency microwave
METHODS AND MATERIALS bridges designed and built at the National Biomedical ESR
Material. All restriction endonucleases, other DNA- Center (Medical College of Wisconsin, Milwaukee, W3
modifying enzymes, and the DIG/Genius system were from 33). X-band spectra were obtained on a Varian Century
Boehringer Mannheim (Indianapolis, IN); plasmids pH45  Series spectrometer at Milwaukee and on a Bruker ESP-
pPRK415-1 ancEscherichia colstrain S-17-1 were obtained ~ 300E spectrometer at Michigan State University.

from the sources indicated in Shapleigh and Gen2. ( FTIR Spectroscopy=TIR spectra were recorded for the
Plasmid pYJ100 containingoX! and coXll was originally purified oxidases after the enzymes were first made anaerobic
prepared by Cao et al26). pJP5603 (KR) was obtained by repeated cycles of vacuum and CO flushing in small vials,
from Dr. Gennis at the University of lllinois. and then sodium dithionite was added to a final concentration

Cell Growth. E. colistrain S-17-1 and TG1 were grown of 30 mM. The sodium dithionite solution had been made
in LB medium at 37°C. Plasmids pUC19, pRK415-1, and anaerobic with CO gas. Wild-type oxidase was incubated
pJP5603 and their derivatives were maintained in the for 1 h before being transferred to the Gafndows, while
presence of the following antibiotics: ampicillin (Ap) (50 M263L and H260N were incubated for@® h for completed
ug/mL), tetracycline (Tc) (1xg/mL), and kanamycin (Kn)  reduction. Instrumentation and experimental conditions were
(25 ug/mL), respectively. as described in the figure legends.
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Heme a and aReduction Assaylhe reduction of heme 0.05 —r———T——T1 T+
a andag was done anaerobically with an OLIS-RSM-1000
stopped-flow spectrometer by rapidly mixinge® CcO and
30 mM sodium dithionite in 200 mM Bis-Tris-propane, pH 0.04
6.5, 0.1% LM. Both the oxidase and the dithionite solutions
were degassed under oxygen-free nitrogen for at least 15
min before being transferred to the stopped-flow instrument
equipped with anaerobic tonometers. The reduction of
oxidase was followed by rapid scanning, 1000 scans/s from
390 to 620 nm. At least three data sets were recorded and
averaged. The data of the reduced-minus-oxidized difference
spectra were analyzed using global fitting software provided
with the OLIS-RSM-1000 stopped-flow spectrometer. The ¥
first-order rate constants for kinetically independent species, 0.01 i
hemea andas, were determined. VS

Proton Pumping Assayytochrome oxidase vesicles were [ LoM
made by the cholate dialysis methd), with 20 mg/mL 0.00 T
asolectin lipids and 2M oxidase. Proton pumping activity R
was measured with an OLIS-RSM-1000 stopped-flow spec- e L L)1
trometer as described in r&b, in a solution of 50uM 700 750 800 850 900 950 1000
HEPES-KOH, 45 mM KCI, 44 mM sucrose, 1 mM EDTA, Wavelength [nm]
with one syringe containing 2QaV Phenol Red and 16M FicURE 2: Near-infrared spectra of bovine aRdsphaeroide€cO.
prereduced cytochrome and the other one with 0,5M Oxidized-minus-reduced spectra for bovine, wild-type and mutated
oxidase in vesicles. One thousand scans per second Wer‘?ési?irﬁiir?édifecr?e?ﬁ 2%‘0"'}’\”- thTehiasrggfg;aame;ecgli%oige%eas
recorded from'500 to 650 nm. At least three data sets wereg o «oncentration of 20M.
averaged to give the data shown.

0.03

0.02

Absorbance

imidazole @1, 42) was tried by growing the mutarR.
RESULTS sphaeroidestrains in the presence of imidazole. However,

) , i the cell growth was severely inhibited by 10 mM imidazole,
_ Mutagenesis of the GiCenter. (i) Expression of Mutants ¢ concentration used successfullyEincoli (41). Failure
in Rhodobacter Membranego study the significance of the 1, rescue His-to-Gly mutants during growth was previously
dinuclear character of Gu a number of mutants were  ,pcened irR. sphaeroide§3), suggesting thaR. sphaeroi-
created, including H217C, H217G, C256S, H260C, H260G, jesmay not have the transport system to take up imidazole,
H260N, M263L, and LpM, with the aim of altering the £u o takes it up too well, to the detriment of cell growth.

center to different degrees. (iii) Loop Mutant (LpM).The purified LpM, designed to

All the mutated oxidases were expressed at reasonablecreate a blue-copper center, has a shifted heme spectrum,
levels, in contrast to attempts to make similar mutations in with the o and Soret peaks centered at 600 and 440 nm,
yeast 86), but the levels of some were decreased to less respectively. EPR analysis of this mutant shows that the Cu
than 50% that of wild-type (data not shown). With mutated sjgnal is completely gone, but the characteristics of a type 1
oxidases of low activity there is considerable selective copper EPR signal are not present either (data not shown),
pressure to eliminate the part of the plasmid containing the indicating that the attempt to convert the LCcenter to a
coxXl/lll gene, contributing to lower oxidase expression. type 1 copper did not succeed. Without thex@enter, the
Structural instability, as suggested by the blue-shifted hemeg30 nm absorption peak from Gis not present (Figure 2),
aa-peaks in H217G, C256S, and H260G (data not shown), and the purified oxidase has no measurable activity.
can also contribute to low apparent expression. However, Characterization of H260N and M263L. (i),@onsump-
despite their low activity, expression of H260N and M263L tion Activity. The activities of these two mutants are very
mutant forms was close to wild-type when grown fresh from |ow, about 1% and 10% of wild-type activity for H260N
newly conjugated cells, and expression was further increasedand M263L, respectively (Table 1). The residual activity
using the overexpression system described in Zhen &@%l. ( measured for H260N is not due to any exogenous contami-
We have focused on the characterization of these two nant since it is reproducible in repeated preparations and
mutants, due to their availability in sufficient amounts and purifications, and can be inhibited by cyanide.
their representative properties, one mildly (M263L) and one (i) Optical Spectra.The reduced spectrum of M263L is
greatly (H260N) disrupted in the spectral properties of their aimost identical to that of wild-type (Table 1), indicating
Cua centers. Similar mutational analyses have been done inthat the mutation has no effect on the structures of the two
the P. denitrificansholoenzyme and Gudomain @7—40). heme groups on subunit |. The-peak of the reduced
However, new aspects of activity are measured in the spectrum for H260N is blue-shifted about 1 nm, indicating
RhodobacterCcO mutants, and different conclusions are slight structural disturbance of the hemeenter; however,
drawn on the effects of similar mutations (see below). its Soreté. -peak ratio is the same as that of wild-type,

(i) Attempted Chemical Rescue of H217G and H260G. indicating no differential loss of hemaor as.
H217G and H260G, in which the histidines are replaced with  The CO-binding abilities of the mutants are also similar
glycine, are presumably left with cavities inside the protein to that of wild-type (Table 1)30), indicating that the heme
where the imidazole side chain was. Chemical rescue with a;—Cug center is not disturbed structurally.
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Table 1: Characteristics d?. Sphaeroide€ytochromec Oxidase Subunit Il Mutants H260N and M263L
optical spectra CO-binding
o-peak Soretl (%)

606 5.6: 0.1 100
H260N 605 55:0.1 1.34+0.03 15+ 10 1.49+£0.05 1.22+0.06 96
M263L 606 5.6£0.1 1.23+0.03 150+ 50 1.49+£0.05 1.17£0.04 95

a Spectral determination as described in Zhen et2a). (Error on measurements #510%.

Cu/Fe ratio
TXRF

1.26+ 0.08

EPR spectra
Mn
normal

distorted
normal

turnover
(C)
1700+ 200

€(830)
(cmtmM)

2.06+ 0.05

ICP
1.514+-0.08

Cln

normal
distorted
distorted

enzyme
wild-type

Oxidized CcO has a weak absorption in the near-infrared
region which has been assigned to,@d4). In bovine CcO,
this band is centered at 830 nm (Figure R).sphaeroides
CcO also absorbs in the near-infrared region with a similar
extinction coefficient of 2.0 crmt mM~* for the oxidized
minus reduced spectra (Figure 2); however, the peak of the
absorption foR. sphaeroide€cO is at 850 nm, indicating
it is not identical to bovine CcO.

This 850 nm band in the oxidized enzyme is shifted and
diminished in both H260N and M263L, with a decreased
apparent oxidized minus reduced extinction coefficient of
1.34 and 1.23 cmimM %, respectively (Table 1) (Figure 2).

(i) FTIR Spectra. Fourier transform infrared (FTIR)
spectra provide additional information about the heme
a;—Cug center by measuring the stretching frequency of the
C—0 bond, which is sensitive to the local environment of
the center 45). In reduced CcO at low temperatures, CO
will bind to hemeags in the dark, and Cuafter a light flash.
The C-0 stretching frequency is influenced by the metal
center to which it is bound and the environment around it,
providing one of the few assays for the integrity of thesCu
site.

1966
2060

Wild-type

.
-

/j q1953

M263L

Absorbance

| H260N

-

1950 2000 2050

1900 2100

The FTIR difference spectra of wild-type, M263L, and
H260N are shown in Figure 3. In the wild-type spectrum
two negative peaks associated with thesf®und CO are
observed at 1953 and 1966 cinrespectively, designated
aso- andp-forms @6). The frequencies of the two peaks
for Fe—CO in wild-type are similar to those observed
previously @5, 46), but only one positive G#CO peak is
resolved at 2060 cm, corresponding to the form. For
M263L and H260N, the frequencies of FE—O and Cu-
C—0 and the relative ratios of the- and -forms are the
same as wild-type, confirming unaltered hemeand Cu
centers.

(iv) Metal Analysis.Metal analyses were done on wild-

Wavelength [cm ]

Ficure 3: FTIR absorbance spectra (light-minus-dark) of wild-

' type oxidase, H260N, and M263L froR sphaeroidesThe “light-
minus-dark” FTIR spectrum reveals the distinctO stretching
frequencies associated with the,5€C—0 and Cg—C—0 forms
as negative and positive peaks, respectively. Thed®@ absorption
bands in wild-type and mutant oxidases are centered at 1953 cm
and 1966 cm?, while the Cu-CO is at 2060 cm! For photodis-
sociation of CO from hemas, the samples were illuminated with
a 150 W halogen bulb. The infrared component of the actinic light
of a 150 W halogen bulb was removed by filters. The spectra were
recorded at 200 K on a Nicolet 740 spectrometer with a KBr beam-
splitter and a Graseby mercurgadmium-telluride (MCT). The
double-sided interferograms were collected at 4 tmesolution
and apodized by using a Happ-Ganzel apodization function. The
temperature was controlled by a Lake Shore Cryogenic temperature

type and mutants using both ICP and TXRF spectroscopiescontrol unit (Model 321). An oxidase concentration of about 200

(Table 1). The Cu-to-Fe ratio found for wild-type CcO from

uM in 100 mM KH,PO, buffer, pH 7.0, with 0.2% LM was used.

ICP analysis is 1.51, which is in good agreement with the ) .
known three Cu and two Fe atoms per CcO molecule. The changes in the Gucenters compared to wild-type. In the g
CulFe ratio measured by TXRF for wild-type oxidase is nigh field region, partial hyperfine splitting was resolved in

slightly lower than the theoretical number. For H260N and the spectrum of M263L. In the, lower field region, the

M263L, their Cu/Fe ratios are comparable to that of wild-

single peak ag = 2.19 in the wild-type is gone, replaced

type oxidase using either method, indicating that these two BY Some hyperfine splittings in M263L. These results agree

mutants both retain two coppers at the,Glite.

(v) EPR Analysis of Cuand Hemesln wild-type R.
sphaeroideLcO, the EPR signals @& = 2.83, 2.31, and
1.62 arise from the low spin henae and those ag = 2.19
and 2.00 from Cn (30) (Figure 4). Due to antiferromagnetic
coupling, the high spin henma and Cy are normally EPR-
silent. In M263L, the hema signal at 2.83 is identical to
wild-type; in H260N, the signal is shifted tg = 2.85,
indicating some slight alteration in the region of heme
The spectra of H260N and M263L both reveal significan

with observations on a similar mutant createdPindenitri-
ficans(47). For H260N, the alteration of the Gicenter is
even more dramatic, but no apparent hyperfine splitting
pattern is present.

A more detailed analysis was carried out with multifre-
guency EPR, since in wild-type oxidase the theoretical seven-
line hyperfine pattern characteristic of a mixed-valencg Cu
center 48) is not resolved at X-band frequency, but can be
better resolved at C- and S-band frequencies to compare with

t the mutant forms.



2292 Biochemistry, Vol. 41, No. 7, 2002 Zhen et al.

Geucu = 219

283 2.14 X-band (9.2 GH7)
6.0 : -

/ h (\ 162
\ » W

L | _J

Jeocs = 218

—/\P._AAJLJ C-band (3.4 GH»)
/fﬂA/ M263L

3000 3050 33100 3350 3200 3250

C-band (4.5 GH2)

([\/\
S-bund (3.4 GHz)

1000 1500 2000 2500 3000 3500 4000 4500
Magnetic Field [G]

Ficure 4: X-band EPR spectra of wild-type oxidase, H260N, and
M263L. The spectra were recorded at 100 K using a Bruker ESP-
300E spectrometer. The relatgdalues are indicated in the plots.
The rhombic signal withg values of 2.83, 2.31, and 1.62 is from
the low-spin hemea, whereas thegy = 6.0 signal arises from a  FIGURES: Mutifrequency EPR spectra for wild-tyfie sphaeroides
small amount of uncoupled high-spin herag The axial signal CcO. The microwave frequencies used in the experiments are
with g values of 2.19 and 2.02 are from the Leenter. Thanset S-band (3.4 GHz); C-band (4.5 and 5.4 GHz); X-band (9.2 GHz).
is the enlarged g region for M263L from 3000 to 3300 G.  Temperatures of 15 K were maintained with a helium flow system
Spectrometer conditions: microwave frequency 9.48 GHz; micro- (Air Products, Allentown). Spectrometer conditions: modulation
wave power 2 mW; modulation amplitude 12.7 G. Temperature amplitude 5 G, microwave power 25 dB with an incident power of
was maintained at 10 K using an Oxford helium cryostat assembly 10 mW.

(Oxford Instruments, Concord, MA).

Table 2: Mutifrequency EPR Parameters for Mixed-Valence Cu

Sites
For wild-typeR. sphaeroide€cO, the different frequenc - -
EPR spect)rls are Féompared in Figure 5. In thg X—med sample g ;"™ A7'(G) AL (C) ref
spectrum, a single peak gt= 2.19 is seen in the low field ~ R.sphaeroidegwt) 2.19  2.02 30 28  this work
region and one aj = 2.02 in the high field region. At C- Bovine %‘ig 5'8(2) gg gg 22:28“23 g;[;"
and S-band, lines from a seven-line hyperfine pattern begin p263L 219 202 6557 36 thiswork

to be resolved, from which a splitting constant can be

determined AY" = 28 G (Table 2). The splitting constant  reduction of the intensity is due to inequivalent couplings
for AS" is about 30 G as determined from the line width of from the two coppers in the mixed valence site resulting in
the line in the g region (Figure 6), but the hyperfine struc- inhomogeneous line-broadeninggavalue of 2.17, arAj;
ture is not resolved. The EPR parameters of the bovine CcOyalye of 65 G and amS! value of 58 G account for the
and the nitrous oxide reductase,®R) Cu sites are not jines resolved in the X-band spectra (Figure 6). The lines
identical to theR. sphaeroide€cO, indicating some subtle  gre petter resolved at the edge of the pattern where there are
structural difference, consistent with the near-infrared spectrasewer transitions and less resolved in the center where there
(Figure 2). are more transitions. In fact there likely exists a range of

Multifrequency EPR spectra were also obtained for M263L values due to an increase ga and A-strain that results in
(Figure 6). Hyperfine lines were well resolved, even at the decreased intensity in tigg region. The resolved lines
X-band, in the high fieldy; region. A copper splittingAg" are a subset of all the orientations in the axial direction and
of 36 G can be measured. To determine whether these highvary somewhat from sample to sample (Figures 4 and 6).
field lines are from a seven-line pattern, i.e., a mixed valence The strain is much less in tigg region where the lines are
dinuclear copper site, or a four-line pattern, a distorted type resolved and the intensity is not changed at all microwave
1 site @7, 38), g-values were calculated as a function of frequencies for all M263L samples. The mutation of the
microwave frequency assuming a seven-line pattern or a four-methionine ligand in M263L likely changes the equivalency
line pattern (Table 3). Since thgvalue was found to be  of the two copper atoms and slightly alters their electronic
invariant for a seven-line pattern and not for a four-line structures, but the effect is not severe enough to decouple
pattern, we conclude that the altered Giite in M263L is the two copper atoms, in agreement with conclusions from
still a mixed valence dinuclear site witlty-c, = 2.02. studies of the Cy domain of the baoxidase {1).

In the gy region, hyperfine lines were resolved in the For H260N, the alteration of the Gwenter is even more
X-band spectrum of M263L, while the intensity of the pattern dramatic (Figure 4), in contrast to studies of an equivalent
is noticeably less than for the wild-type. Assuming that the mutation in the engineered gudomain in azurin 49).
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FiGure 7: Hemea and az reduction assay in wild-type oxidase
and M263L. The experiments were done in a stopped-flow
apparatus in a solution of 100 mM Bis-tris-propane, pH 6.5, 0.1%
LM, with 2.5 uM oxidase and 15 mM dithionite. (A) The spectral
change for wild-type (top) and M263L (bottom) in the visible region
for the firda 5 s of dithionite reduction. (B) The kinetic of the
reduction of heme anda; followed at the Soret (top) and-peak
(bottom).

S-band (3.4 GH»)

Ficure 6: Mutifrequency EPR spectra for M263L. The microwave . i
frequencies used in the experiments are S-band (3.4 GHz); C-band€Vels as that of the wild-type oxidase, but the absorbance

(4.5 and 5.4 GHz); X-band (9.2 GHz). Temperatures of 15 K were change at 444 nm for M263L is much smaller than that of
maintained with a helium flow system (Air Products, Allentown).  the wild-type. In CcO, previous studies have shown that

Spectrometer conditions were as described in Figure 6. hemea contributes most¢80%) of the 606 nm absorbance,
. but only 50% of the 444 nm absorbance. The results suggest
Table 3: Mutifrequency EPR Parameters for M263 that hemea was completely reduced within the first 14 s,
microwave frequency  geu-ci® g A(G) while the reduction of hema; in M263L is slow. However,
X-band (9.2 GHz) 2.02 1.99 35 when reduction rates for hemaeandaz were analyzed using
g-gang 8.;1 g:z; 3.83 i.gg gg a global fitting program, the observed rates of reduction in
-pDan . z . . 1 1
S band (3.3 GHy) 502 Toa 4 M263L were 3.9 £0.2) st and 0.14 £0.01) s, respec-

tively, for hemea andag, both about 50% lower than those
* geu-cu calculated assuming the resolved lines on the high field side ohserved for wild-type CcO, 7.640.9) s and 0.31 £0.01)
of the spectrum arise from a 7-line pattern @agfrom a 4-line pattern. sL Thus, the lesser level ad; reduction must reflect a
change in the equilibrium, not in relative rate of electron
However, no apparent hyperfine splitting pattern was presenttransfer to heme.
in the X-band spectrum, leaving its electronic structure  (uiii) Proton Translocation.The proton pumping activity
unresolved. of purified wild-type and mutant oxidases reconstituted into

(vi) EPR Analysis of the Mn Centem R. sphaeroides  phospholipid vesicles was measured by a stopped-flow
CcO, it has been shown that the Mg atom located at the Scanning spectrophotometed5( 50).
interface of subunit | and 1l can be replaced by a Mn atom  In the presence of valinomycin, an ionophore that abolishes
when the cells are grown in a higher than normal ratio of the membrane potential, the addition of reduced horse
Mn to Mg (31). The distinct EPR spectrum of Mn can then cytochromec results in rapid acidification outside the vesicles
be used as a probe to check the structural integrity of the (Figure 8), indicating proton pumping by wild-type CcO.
interface. The Mn EPR spectra were recorded for wild-type When proton uncoupler CCCP is added, a large alkalinization
and the two mutants50). While the Mn EPR spectrum of  is observed, due to rapid equilibrium of protons across the
H260N was altered as compared to that of the wild-type CcO, lipid bilayer to support water formation in the interior of
suggesting some delocalized effect of the mutation, M263L the vesicles. The proton pumping stoichiometry {¢t) for
did not show any changes, indicating a strictly localized wild-type oxidase is about 1#0.2). Both M263L and
effect of the mutation. H260N show proton pumping activity with stoichiometries

(vii) Heme a and a Reduction KineticsHeme as in of 0.9 &0.2) H/e” and 0.3 £0.1) H'/e", respectively.

M263L and H260N was difficult to be reduced with

dithionite, as indicated by the persistence of a 418 nm peak,DISCUSSION

while hemea; of wild-type CcO was quickly reduced (Figure The 830 nm Band of the CuA CentBespite considerable
7A). To investigate this unexpected phenomenon, M263L evidence for the correlation of the 830 nm band intensity
was mixed anaerobically with dithionite as the reducing agent with the redox state of Gu(51—54), various studies have

in a stopped-flow apparatus. As shown in Figure 7B, after suggested that the two heme groups) @nd Cy (56) might

14 s, the absorbance of 606 nm reaches almost the samalso contribute to the absorbance in this region, and Hendler




2294 Biochemistry, Vol. 41, No. 7, 2002 Zhen et al.

supports the conclusion that the Coenter in CcO is the
only site that can accept electrons from cytochrame

0015 Effects of H260N and M263L Mutations on Spectral
Characteristics of CcO. (i) Visible, EPR, FTIR Analysis of
Heme a, g and Cu. Visible spectral analysis shows that

o.012f H260N' Lo.020

0.008 -

0.004 F0.010

2 0.000 0.005 the hemea center is intact in M263L with an-band at 606

2 0.000 nm. The hemeg—Cug center in M263L is also not disturbed,

2 oo + Valinomycin as probed using FTIR spectroscopy and CO-binding. The
< + Valinomyein 0005 internal electron-transfer events in M263L have been inves-

-0.008
+ Valinomycin

2,010 tigated using the flash photolysis techniqug2)( In the

o012 mixed-valence enzyme, the reverse electron-transfer rate from

00 05 10 150 3 6 5 12 1% 3 6 5 12 15" hemeas to hemea in M263Lwas the same as in wild-type,
Time (second) Time (second) which further confirmed that hensandas were not altered.

Ficure 8: Proton pumping assays for wild-type, M263L, and The Mg center, although sharing a_Ilgand W'thAChas a

H260N oxidases. The proton pumping activities were measured by Normal EPR spectrum when substituted with Mn. So the
following phenol red absorbance changes with oxidase vesicle in mutation of M263L has no detectable global effect on the
a stopped-flow apparatus as described in the Materials and Methodsprotein structure and the changes observed in activity of the

The spectra show increased absorbance for alkalinization andy,tant can be attributed to the localized effects on the Cu
decreased absorbance for acidification under uncoupled conditions.

The spectra were corrected for back leak. ThigeH ratios were cente_r. . . .
calculated from the amplitudes of the acidification and alkaliniza- A similar mutant, M2271, was created in the oxidase from

tion. The absorbance scale on the left refers to the wild-type P. denitrificans(37), in which the equivalent residue to Met-
measurement; the absorbance scale on the right refers to both mutan?63 was mutated to isoleucine. Unlike tRe sphaeroides

015

measurements. M263L, the CO difference spectra of M227I retained a strong
(57) cautions that the 830 nm absorbance cannot be used ag¢17 nm peak, interpreted as being due to an alteration of
a indicator of the redox state change ofaGienter. hemeaz in M2271. However, it is more likely that the altered

The independent expression of the solubley @omain CO-binding spectrum of M2271 is due to an indirect effect
of CcO removes any heme spectral contributions; this on the reducibility of hemes; as a result of the altered
construct retains the broad absorbance in the 830 nm regiongequilibrium between Cuand hemea (Figure 7) 62).
showing that Cn is the major contributor to this absorbance. = The mutation in H260N causes more disturbance of the
However, the absolute extinction coefficient of the 830 nm oxidase, as evidenced by the shift of the henoptical (605
band for the oxidized Gucenter in the soluble domain [1.6 nm) and EPR ¢ = 2.85) spectra and the alteration in the
mM~t cm (58)] is considerably smaller than that of the Mn EPR spectrum. The crystal structures of CcO reveal that
holoenzyme (3.2 cnt mM™1), indicating that other metal  there is an extended hydrogen-bonded network including a
centers could contribute to the absolute absorbance in thisnumber of waters at the interface between subunits | and Il
region. (63) (Figure 1), in which His-260 plays a role. This Cu

The 830 nm band is only present in the oxidized enzyme; ligand is hydrogen-bonded to the peptide bond between a
upon reduction, the band disappears and small absorbancéighly conserved arginine pair in subunit I, one of which
bands appear in the region of 700 to 800 nm, which have interacts with a propionate substitutent of the hentierough
been assigned to heraeanda; (59, 60). Although no major another hydrogen bond. In addition, the arginine pair is also
absorbance peak is resolved in the 830 nm region in the hydrogen-bonded to a henag propionate and to the Mg
reduced spectrum, the baseline absorbance is quite highligand, D412. Previous studies have shown that the position
which results in a smaller oxidized-minus-reduced difference of thea-peak of heme is strongly influenced by interactions
extinction coefficient (2.06 cmt mM~1). between hema and Tyr-414 45) and Arg-52 64). Mutation

In this study, a mutated oxidase (LpM) was created, which of Arg-52 was observed to cause a 10 nm blue-shift of the
has completely lost the Gucenter and the 830 nm band in  hemea o-peak, while mutation of Tyr-414 causes it to
the oxidized spectrum, but retains a relatively noriaak shift 5 nm in opposite direction. It is possible that the
ratio. Upon reduction, only a small baseline change is mutation of His-260 produces some structural disturbance
observed, supporting the essentially exclusive role of Cu of Arg-52, accounting for the small shift of the-peak in
in the redox changes at 83850 nm. Optical and MCD  H260N (Figure 1).
spectra of theaas-600-type quinol oxidase also show that In the Cw center, residue His-260 is a strong ligand of
the 830 nm absorbance is not presest) ( the lower of the two copper ions, along with Glu-254; the

EPR studies have shown that the electronic structure oflatter residue interacts less strongly with the same copper
the Cuy sites in bovine andR. sphaeroidesare slightly via its main-chain carbonyl and with the Mg ion via its
different 30) (Table 2). In addition, the near-infrared carboxyl @). The mutation of residue His-260 may thus alter
spectrum of oxidizedR. sphaeroide€cO is at 850 nm, rather  the position of Glu-254 and other nearby residues, affecting
than at 830 nm as in bovine CcO. These results point to the structure of the Mg/Mn center. But as in the case of
some unique aspects of the structure of the two copper atomsvi263L (the weaker ligand of the upper of the two copper
of the bovine and bacterial Gucenters, although crystal ions), the hemes;—Cus center in H260N is not disturbed,
structures of these two enzymes are not yet at sufficiently as shown from the FTIR and CO binding studies.
high resolution to reveal the nature of the differences. (i) EPR Analysis of the GuCenter.Surprisingly, metal

The correlation of the missing of Gusite in LpM with analyses show that there are still two copper atoms at the
no cytochrome oxidase activity for this mutant also strongly Cu, centers in both H260N and M263L, even though their
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EPR spectra are severely altered. In the high-figid
spectrum of M263L, the signal is resolved into a seven-line
hyperfine pattern, a characteristic of a mixed valence

Biochemistry, Vol. 41, No. 7, 2002295

difference between henageand Cuy calculated from the rapid
kinetics assay is abodt50 mV (AE° = E; — Ecya, see the
following paper in this issue) compared t0+100 mV in

dinuclear center. The electronic density on the dinuclear bovine (L4). Assuming 250 mV for the redox potential of
coppers on M263L increases as indicated by the increase ofCua in both oxidases, this suggests that the redox potential

At from 28 G in wild-type to 36 G in the mutant (Table 2).
The decrease of the intensity of thyg region is attributed

to multiple forms caused by greater strain induced by the
mutation, perturbing the axial but not the {Sp plane.
However, it is difficult to estimate the electronic state of
the Cu, center in CcO solely based on the X-band spectrum

of hemea is about 300 mV (rather than 360 mV as for
bovine).

In M263L, an altered redox potential of gis calculated
from the rapid kinetics assay in the following study in the
this issue. The redox difference between hearend Cy
(AE°®° = E4 — Ecyua) is about—72 mV, suggesting that the

(1), and therefore, multifrequency EPR spectra were recordedredox potential of the Gusite in M263L is about 120 mV

for M263L in this study. At X-, C-, and S-band frequencies,
partial hyperfine splittings were resolved at theand g
regions for M263L, and thg-values could be estimated from

more positive than that of the native Csite; this is in good
agreement with the result from the direct redox titration assay
done on M227I fromP. denitrificans giving a midpoint

these hyperfine lines. The g-values were found to be invariantpotential of the altered Gusite about 100 mV higher than
at the different frequencies if a seven-line hyperfine structure in the wild-type @8). The similar redox potentials observed

analysis was applied. A four-line hyperfine structure analysis

for both M2271 and M263L, in addition to their similar

for a decoupled or a mononuclear copper (as assumed withX-band EPR spectra, suggest that the alteregd €tes in

simulation of M2271, see below) resulted in differenatalues

the two mutants have similar electronic structure. The redox

at different frequencies. These studies strongly indicate thatPotential change, along with an expected change in reorga-

the Cw center in M263L is still a coupled dinuclear center.
Studies on other mutant form$5) of the soluble Cy
domain of CcO fromThermus thermophilugl0), in which

the equivalent methionine ligand was converted to glutamate

(M160E) or glutamine (M160Q), also retain a coupled

nization energy, can account for the slower hemeduction
rate observed, as also concluded for the M2271 mutaRt in
denitrificans(38).

In the oxidation of fully reduced CcO, the fourth electron,
originally in the Cu site, is required to convert the “ferryl”

dinuclear center. In this case, stronger liganding at the (O F) intermediate to the “oxidized” (or O) form. In M263L,

methionine position is thought to be the effect of the Glu
for Met substitution, resulting in more spin density on the
coppers and a larger hyperfine couplif@)as also observed
here in M263L.

Perturbed X-band EPR spectra of {have been reported
for M2271 from P. denitrificans(37). The hyperfine pattern
in the go region in M2271 is very similar to that found for
M263L, but EPR simulation done on the X-band spectrum
of M2271 suggested that the altered LCsite in M2271 is a
type 1 copper with a decoupled configuration [Ca{Cu(2)].
However, a more definitive method to determine whether
the site is a mixed valence or a type 1 copper site is to
measure thg-values as the microwave frequency is varied

(Table 3) as discussed above. Since the two mutants of the,vI
methionine ligand have similar redox properties (see below) C
and spectral characteristics, it appears likely that both retain

a coupled configuration of the Gucenter, though altered
compared to wild-type. In the case of H260N, further analysis
will be required to determine if the two coppers are
interacting.

Functional Effects of H260N and M263L. (i) Redox
Potential Change<Cu, is the initial electron acceptor from
cytochromec (13, 67). The redox potential of bovine cyto-
chromec is 260 mV in solution and lower when bound to
CcO (68). The redox potential for Guwas found to be 260
mV in P. denitrificansoxidase 87), and in bovine oxidase,
values of 250 mV and 360 mV were reported foraGand
hemea, respectively §9, 70). Although the redox potentials
for Cus and hemea in R. sphaeroide€cO have not yet
been reported, the value for £is likely similar to that of
bovine andP. denitrificansoxidases. However, the redox
potential of heme in the bacterial oxidases may be different

the increase of the redox potential of LCseverely slows
the electron-transfer rate from £to hemea, and alters the
equilibrium between them. As a result, the conversion of
the F intermediate to the O intermediate is slow@®).(The
accumulation of intermediate F was also observed in M227I
in P. denitrificans(38).

The slow reduction of hemag in M263L is apparently
not due to direct alteration of the herag(or Cus) center as
suggested in the study &f. denitrificans(37) since FTIR
and visible spectra indicate it is in a native configuration. It
appears that the equilibrium favors Cwver hemeas
reduction due to the 120 mV more positive redox potential
of the Cu.

The situation in H260N is more complicated than in
263L. The redox potential difference between heme a and
UA is about—41 mV compared te-47 mV for wild-type,

as estimated from the equilibrium in the rapid kinetics assay
(see the following paper in this issue). As in the case of
M263L, inhibition of electron transfer from Guo hemea
would be expected, due to the lower driving force and likely
increase in reorganization energy, and is observed. However,
hemea is also altered spectrally to a small extent, possibly
having a higher positive redox potential as well, while the
intrinsic electron-transfer rates (see the following paper in
this issue) are far slower than for the M263L mutant. An
even greater change in reorganization energy may be
involved, but to account for the size of the rate change
(~1000-fold), an effect of this residue on a proposed
hydrogen-bonded electron-transfer pathway must also be
considered.

(i) Proton Pumping.Besides being an initial electron
acceptor, Cy was originally proposed to be involved in
proton pumping 71). Current arguments against this model

from bovine oxidase, since their optical and EPR spectra are based on the fact that quinol oxidases, which are

are different. InR. sphaeroide€cO, the redox potential

homologous to CcO but do not have LCecenters, can still
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pump protons {2). However, the quinol oxidases could

conceivably use a different pumping mechanism, making this

evidence not completely conclusive. In this study, both
H260N and M263L have a significantly distorted {zenter,

but

retain proton pumping activity. The retention of proton

pumping activity in these Gumutants shows that the native
structure of the Cucenter is not required for proton pumping

and adds strength to the conclusion that this center is not

directly involved in the pumping mechanism.

SUPPORTING INFORMATION AVAILABLE

The deletion and the complementation of tbexIl/Ill
operon inRhodobacter sphaeroidés create strain YZ200
is described in detail. This material is available free of charge
via the Internet at http://pubs.acs.org.
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