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ABSTRACT: The function of the binuclear Gucenter in cytochrome oxidase (CcO) was studied using
two Rhodobacter sphaeroid€cO mutants involving direct ligands of the Ccenter, H260N and M263L.

The rapid electron-transfer kinetics of the mutants were studied by flash photolysis of a cytoechrome
derivative labeled with ruthenium trisbipyridine at lysine-55. The rate constant for intracomplex electron
transfer from heme c to Guwvas decreased from 40 000'dor wild-type CcO to 16 000 and 11 000

s~ for the M263L and H260N mutants, respectively. The rate constant for electron transfer frota Cu
heme a was decreased from 90 000fsr wild-type CcO to 4000 s for the M263L mutant and only 45

s~1 for the H260N mutant. The rate constant for the reverse reaction, heme a tov@sicalculated to

be 66 000 s! for M263L and 180 st for H260N, compared to 17 000 5for wild-type CcO. It was
estimated that the redox potential of Quas increased by 120 mV for the M263L mutant and 90 mV for
the H260N mutant, relative to the potential of heme a. Neither mutation significantly affected the binding
interaction with cytochrome. These results indicate that His-260, but not Met-263, plays a significant
role in electron transfer between Cand heme a.

Cytochromec oxidase (CcO)is a redox-linked proton  elements of the structure of gdetermined by X-ray crystal-
pump that transfers electrons from ferrocytochromé&o lography of bovine CcO14, 15), Paracoccus denitrificans
molecular oxygen to form watef(2). Three of the redox- CcO (16), and a Cy domain reconstituted into a quinol
active centers, heme a, hemg and Cu, are located in oxidase fragmentl({7). In the crystallographic structures, the
subunit I, while Cy is located in subunit 1l. Our understand- sulfur atoms of Cys-252 and Cys-256 serve as bridging
ing of the structure and function of the Cuedox site has  ligands to the two copper atoms, while His-217 and Met-
evolved considerably over the last several decaded-0r 263 are terminal ligands to one copper atom and His-260
many years Cywas thought to consist of a single copper and the backbone carbonyl of Glu 254 are terminal ligands
atom with a structure analogous to that found in blue copper to the other copper atom (the sequence numbering.of
proteins such as plastocyan#).(EPR and electron nuclear sphaeroide<CcO subunit Il is used throughout).

double resonance studies of yeast CcO contaitiNgHis The reaction between ferrocytochromand CcO involves

or ?H Cys indicated that Cuis ligated by at least one His  formation of a 1:1 complex between the two proteins,
and one Cys§, 6), while a selective Cuextraction study  intracomplex electron transfer from heme c¢ to the initial
demonstrated that the Cys ligand(s) toaGare located i acceptor in CcO, and dissociation of the product complex.
subunit Il (7). A crucial change occurred when it was stopped flow spectroscopy has been used to measure the
recognized that Guhas many properties in common with  rate of complex formation, but does not have sufficient time
the binuclear copper center A in nitrous-oxide reductase, resplution to measure intracomplex electron transf@r19).
which has a mixed valence Cu(1:5Lu(1.5) spin?/; A new ruthenium photoreduction technique has been devel-
configuration 8, 9). Four different models for a binuclear oped to study electron transfer within a complex between
Cua center were proposed based on analysis of spectroscopiccO and ruthenium-cytochrome (Ru—Cc) derivatives
information (10-13). These models all have essential |abeled with ruthenium trisbipyridine2Q, 21). The Ru(ll)
group is photoexcited to a metal-to-ligand charge-transfer
" This work was supported in part by NIH Grants GM20488 (F.M.  state, Ru(lI*), which rapidly transfers an electron to heme ¢

and B.D.) and GM26916 (S.F.M.) and NCRR COBRE Grant 1 P20
RR15569 (F.M. and B.D.). (22). Reduced heme c¢ was then found to transfer an electron

*To whom correspondence should be addressed. Phone: (501) 57510 Cua in beef CcO with a rate constant of % 10* _5711
4999. Fax: (501) 575-4049. E-mail: millett@uark.edu. followed by electron transfer from Guo heme a with a

" University of Arkansas. rate constant of 2x 10* s'! (20, 21). This technique

§ Michigan State University. . o . . .
L Abbreviations: Cc, cytochrome; CcO, cytochrome: oxidase; identified Cua to be the initial electron entry site in CcO, in

Ru-55-Cc, (dimethylbipyridine)(bpyuthenium-Lys-55-cytochrome agreement with a previous flow-flash study using CO-
bpy, bisbipyridine; ReC, [Ru(bpy}]2(bphb)(PF6); bphb, 1,4-bis[2- inhibited reduced CcO2Q).

(4'-methyl-2, 2-bipyrid-4-yl)ethenyllbenzene; 3CP, carboxyl-2,2,5,5- . . .
tetramethyl-1-pyrolidinyloxy free radical; EPR, electron paramagnetic  IN this paper, the role of Gun mediating electron transfer
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the Cu ligands His-260 and Met-263 are substituted with Scheme 1

Asn and Leu, respectively. Met-263 ligates the copper that K K K,
presumably accepts an electron from Cc, while His-260  ¢rcuray — &™) - HCufa™) =  H(Cula®)
ligates the copper that is linked by a hydrogen-bond network N, hv Mk, k W,

to heme a. These mutants retain the binucleat €anter, K !

but the symmetry of the two copper atoms is altered and the ¢ +(Cul'a™) —> '+ (Cui'a™) S+ (Cuf ™)

redox potential of Cu is significantly increased2d). The

ruthenium photoreduction technique is used to measure the .
rate constants for electron transfer from Cc to.@ad from the difference between total Cc and free Cc. At zero NacCl,

; : no free Cc was observed in the ultracentrifuge scan, while
gm ;Ong ehrgr?]: ,aas well as the relative redox potentials of at 250 mM NacCl, the concentration of free Cc was equal to
' the total Cc, and there was no complex. The dissociation
EXPERIMENTAL PROCEDURES Fgg%irg]was calculated from the equatien= [Cc][CcQ]/
Materials.Horse heart cytochrome(Type VI) and lauryl
maltoside were obtained from Sigma Chemical Co. The Ru- RESULTS
55-Cc derivative was prepared as described by Liu e25). ( Reaction of Ru-55-Cc with Na& Rb. sp. CcOThe
The R. sphaeroidescytochrome oxidase wild-type and  eaction between Ru-55-Cc and wild-tyBé. sphaeroides
mutants were prepared as described by Zhen et al. in thecco has been previously shown to occur according to
preceding paper in this issug4). Scheme 1 30). Laser flash photolysis of a 1:1 complex
Flash Photolysis Experiment§ransient absorbance mea- between Ru-55-Cc and wild-typRb. sphaeroide€cO at
surements were carried out as described by Geren &13l. ( |ow ionic strength results in intracomplex electron transfer
by flash photolysis of 30@L solutions containeciia 1 cm  from photoreduced heme ¢ to £with a rate constant of
quartz semimicrocuvette. The excitation pulse was provided k, = 4 x 10* s, followed by electron transfer from Guo
by a Phase R Model DL1400 flash lamp-pumped dye laser heme a with a rate constant kf = 9 x 10* s'* (30). The

using coumarin 480 to produce a 480 nm light flash<6t.5 kinetics of the reaction remain the same up to 50 mM ionic
us duration. The reaction of cytochrorngvas monitored at  strength, and then the complex begins to dissociate, and a
550 nm using an extinction coefficient Aksso= 18.5 mM™ slow phase appears due to the second-order reaction of

cmt (26). The reduction of heme a was measured at 605 uncomplexed Ru-55-Cc with CcO. The rate constant of the
nm usingAeeos = 16 mM~* cm™! and at 444 nm usin@eaas slow phase reaches a maximum of 7900at 75 mM ionic
=59 mM™ cm™! (27). The reaction of Cuwas monitored  strength and then decreases with further increases in ionic
at 830 nm using\egzo= 2.0 MMt cm™ (28). The extinction strength.

coefficients for the heme in Ru-55-Cc at 605 and 830 nm  Reaction of Ru-55-Cc with Rb. sp. CcO ACligand

were measured to beeos = 1.2 mM™* cm™* and Aegzo = Mutant M263L.Flash photolysis of a solution containing
0.15 mMtcmt. The transients for heme a and £at 605 10 uM Ru-55-Cc and 16:M M263L CcO in 5 mM TrisCl,
and 830 nm, respectively, were corrected for the small pH 8.0, 20 mM NaCl, resulted in rapid photoreduction of
contribution from heme c at these wavelengths. Reaction heme c followed by biphasic reoxidation with rate constants
solutions typically contained-310 uM Ru—Cc, 5-20 uM of 16 000+ 4000 s and 330+ 100 s, as monitored at
CcO, 10 mM aniline, 1 mM 3CP in 5 mM TrisCl, pH 8.0, 550 nm (Figure 1). An additional very slow phase in the
at 22 °C. The aniline and 3CP fUnCtioned as SaCI’ifiCial 550 nm transient with a rate constant Of 13@ 5 due to
electron donors to reduce Ru(lll) and prevent the back the back reaction of heme ¢ Fe(ll) with the sacrificial electron
reaction with heme Fe(ll). The ionic strength was adjusted donor system. The 830 nm transient indicated that reduction
by adding sodium chloride. The transients were fitted t0 of Cy, is biphasic with rate constants of 170805000 s'*
appropriate theoretical equations as described by Geren epnd 370+ 100 s (Figure 1). The 605 nm transient indicated
al. (21), and the reported errors are the estimated standardihat reduction of heme a is also biphasic with rate constants
deviations. ReC was a generous gift from Russell H.  of 15000+ 5000 s! and 270+ 80 st (Figure 1). The
Schmehl (Departnemt of Chemistry, Tulane University), relative amplitude of the 605 nm transient is much smaller
prepared as described by Baba et 28)( than for wild-type CcO, indicating a low ratio of heme a
Ultracentrifuge Experiment3.he equilibrium dissociation  reduced to Cureduced. Photoreduction of heme ¢ makes a
constant of the high affinity complex between horse cyto- negative contribution to the 605 nm absorbance, and thus
chromec andR. sphaeroide€cO was measured using the the fast phase of the 605 nm transient starts below the
Beckman XL-A analytical ultracentrifuge. Samples typically baseline (Figure 1). The contribution of heme ¢ to the 605
contained M horse Cc, uM CcO, in 5 mM TrisClI, pH nm transient was taken into account in the kinetic analysis.
8, 0.1% lauryl maltoside, and 0 to 250 mM NaCl. The The fast phase at all three wavelengths is consistent with
ultracentrifuge was run in the sedimentation velocity mode intracomplex electron transfer from heme c to,Caith a
at a speed of 48 000 rpm. Absorbance scans were recordedate constant ok, = 16000+ 4000, followed by electron
every 15 min at a wavelength of 410 nm. Free Cc sedimentedtransfer from Cy to heme a with an apparent rate constant
at a sedimentation velocity of 1.74 S, while CcO sedimented greater than 16 000~& The fast phase has a relative
at 9.7 S. The concentration of free Cc in the sample was amplitude of 30+ 10%. The slow phase observed at all three
obtained from the absorbance in the free Cc plateau region,wavelengths is apparently due to a fraction of Ru-55-Cc that
using an extinction coefficient of 106 mM cm™. The is bound in a configuration that is very poorly oriented for
concentration of the Cc:CcO complex was calculated from electron transfer to Gu such that the rate constant is only
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Ficure 1. Photoinduced electron transfer from Ru-55-Cc to M263L kR 3: Photoinduced electron transfer from Ru-55-Cc to M263L
Rb. sphaeroideCcO at 25 mM ionic strength. The solution Ry sphaeroide<CcO at 75 mM ionic strength. The solution
contained 1uM Ru-55-Cc and 1M M263L CcO in 5 MM contained 1uM Ru-55-Cc and 1&M M263L CcO in 5 mM
TrisCl, pH 8.0, 20 mM NaCl, 10 mM aniline, 1 mM 3CP. The 550 ' Tyi5C|, pH 8.0, 70 mM NaCl, 10 mM aniline, 1 mM 3CP. The rate
nm transient indicated reoxidation of heme c in three phases with qnstants of the slow phases were 18400 s, 1800+ 300
rate constants of 16008 4000 s, 330+ 100 s*, and 130+ 30 51, and 1600+ 300 s for the 550, 830, and 605 nm transients.
s ! and relative amplitudes of 30, 50, and 20%. The fast phase =~ ' ’ '

was not resolved on the time scale shown, and the slow phase is
due to the back reaction of heme c¢ Fe(ll) with the sacrificial electron 8.5 4
donor system. The 830 nm transient indicated that reduction gf Cu :
was biphasic with rate constants of 17086000 st and 370+
100 st and relative amplitudes of 40% and 60%. The 605 nm
transient indicated that reduction of heme a was biphasic with rate 8.0
constants of 1500@ 5000 s and 2704+ 80 st and relative
amplitudes of 30% and 70%. 5
o
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mM NacCl Ficure 4: lonic strength dependence of the second-order rate
. constants for the reaction from Ru-55-Cc to Cim the CcO

FicurRe 2: lonic strength dependence of the slow phase of electron pytants. The second-order rate constants were measured in 5 mm

transfer from Ru-55-Cc to M263L CcO measured at 830 ®n ( TrisCl, pH 8.0, NaCl, 10 mM aniline, and 1 mM 3CP. Wild-type

and 605 nm@®). The solutions contained XM Ru-55-Cc and 16 (W): M263L mutant #); H260N mutant 4).

uM M263L CcO in 5 mM TrisCl, pH 8.0, NaCl, 10 mM aniline,

\}wmm iggérmgngee%??tams at 830 and 605 nm were the Samereduction of Cu, andk, + k. is much larger than 1800°%

The ratio of reduced heme?*ato Cu'* formed upon
350 + 100 st As the ionic strength was increased above completion of the reaction was calculated to be Gt06.01

20 mM, the rate constant of the fast phase remained constantising extinction coefficients ohesos = 16 mM™ cm™* for

but the amplitude decreased until it reached zero at 100 mMheme a and\egzo = 1.03 mM cm? for Cua (24). This
NacCl, indicating that the complex was completely dissoci- indicates that the equilibrium constant for electron transfer
ated. The rate constant of the slow phase increased to éetween Cy and heme a iK = ky/k. = 0.06 & 0.01,
maximum of 1800 st at 75 mM ionic strength and then corresponding to a difference in redox potentials-Gf2 +
decreased with further increases in ionic strength (Figure 2).5 mV, compared to-46 mV for wild-type. The transients
At 75 mM ionic strength, the rate constants of the slow at all three wavelengths were fitted to the complete equations
phases were 18484 300 s?, 18004 300 s?, and 1600+ for Scheme 1, withk,ps = 18004 300 s, ky > 1500 s?
300 s for the 550, 830, and 605 nm transients, respectively andk: > 25 000. It was thus possible to measure the ratio
(Figure 3). The slow phase is due to the bimolecular reaction ky/'k;, but only set lower limits to the values &f and k..

of solution-phase Ru-55-Cc with M263L CcO and is rate- The second-order rate const&gtonqdecreased with increas-
limited by complex formation. Since the rate of reduction ing ionic strength above 100 mM ionic strength, consistent
of heme a is the same as that of Cwithin experimental ~ with an electrostatic interaction between the two proteins
error, the rate constant for electron-transfer equilibrium (Figure 4). The value OKseconafor the M263L mutant was
between Cy and heme a is fast compared to the rate of 3.2-fold smaller than that of wild-type CcO at 95 mM ionic
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Table 1: Reaction of Ru-55-Cc and &f with R. Sphaeroides 1000 A
CcO Mutant3

800

ksecond

mutant ki (s™) K ko (s79) ke (s (uM™ts™h

wild-type 38000 6.1 93 000 17 000 310
M263L 16 000 0.06 =>1500 >25 000 96
4000* 66 000*
H260N 11000 0.20 36 184 41
6 29 200 -

@ The kinetic parameters were measured as described in the text in 0 -—u—rl-l*'
5 mM TrisCl, pH 8.0, 10 mM aniline, 3 mM 3CP, and-G00 mM 0 100 200 100
NaCl. k,, the fast intracomplex rate constant for electron transfer from
Ru-55-Cc to Cy was measured at ionic strengths from 5 mM to 75 mM NaCl
mM. The rate constantls, andk: for electron transfer between €U Ficure 6: lonic strength dependence of the slow phase of electron
and heme a were calculated over the ionic strength rangd 30 mM. transfer from Ru-55-Cc to H260N CcO measured at 830 an (
The second-order rate consta@fcnaWas measured at 95 mM ionic  and 605 nm+, W). The solutions contained 2 Ru-55-Cc and
strength. Rates obtained by reaction with,®uare marked by an 24 uM M263L CcO in 5 mM TrisCl, pH 8.0, NaCl, 10 mM aniline,
asterisk (*). The error limits in the rate constants &@0% or less. 1 mM 3CP.

600 -

400 -

k (observed)

configurations of the complex. At 25 mM ionic strength the
reoxidation of heme ¢ measured at 550 nm was biphasic with
rate constants of 11008 3000 $ and 90+ 30 s'!, while
the reduction of Cy observed at 830 nm had rate constants
of 120004 5000, and 120t 40 s*. The fast phase had a
relative amplitude of 25t 10%. The reduction of heme a
measured at 605 nm did not have any fast phase, but only a
slow phase with a rate constant of £320 s . As the ionic
strength was increased, the amplitude of the fast phase in
the 550 and 830 nm transients decreased until this phase
0.418 . . . . disappeared above 75 mM ionic strength. The rate constant
0 0.1 0.2 0.3 0.4 0.5 of the slow phase in the 550 and 830 nm transients increased
Time (msec) until a maximum of 1000 ¢ was reached at 75 mM ionic
Ficure 5: Photoinduced electron transfer from JRuto M263L strength an(.j then decreased with further increases in lonic
Rb. sphaeroide€cO. Photolysis of a solution containing 2Mm strength (Figure 6). In contrast, the 605 nm transient
RwC and 16uM M263L in 10 mM aniline, 1 mM 3CP and 5 mM  consisted of two phases of equal amplitude with rate
TrisCl, pH 8.0 resulted in a 605 nm transient with a rate constant constants of 22@: 40 s! and 45+ 20 s over the ionic
of 70000+ 20000 s™. strength range from 45 mM to 155 mM (Figure 6). The
o transients at all three wavelengths for a sample in 75 mM
strength (Table 1), but the ionic strength dependence wasjgnic strength buffer are shown in Figure 7. These results
very similar, indicating that the electrostatic interaction was gre consistent with bimolecular electron transfer from Ru-
similar (Figure 4) 81). 55-Cc to Cy with an apparent rate constant of 1000,s
Reaction of RiC with Rb. sp. CcO CGulLigand Mutant  followed by biphasic electron transfer from Cto heme a
M263L.The kinetics of the Cumutant M263L were studied  with apparent rate constants of 226 and 35 s’. The ratio
further by use of the Ru dimer RO which has previously  of heme a reduced to Gueduced iK = ky/k; = 0.20 &
been used by Zaslavsky et 82 to investigate the reduction  0.03, consistent with a redox potential difference-af1 +
of heme a by the Gucenter in native Rb. sp. CcO. This 5 mV (wild-type = +46 mV). Using the ratidyk. = 0.20
dimer has a charge of4 and binds specifically to the Cc  and the relatiorkap, = ky + ke, the individual rate constants
binding site on CcO. The photolysis of 2M Ru.C with were calculated ti, = 36 st andk. = 184 s’ for the fast
16 uM M263L CcO in 5 mM TrisCl, pH 8.0, resulted in  phase and, = 6 s andk. = 29 s for the slow phase
rapid reduction of Cuy within 1 us, followed by electron  (Table 1). The biphasic reduction of heme a indicates that
transfer from Cy to heme a with an apparent rate constant there are two slightly different conformations of the ,Cu
of kepp = 70 000 s*, as measured at 605 nm (Figure 5). It center in the H260N CcO mutant. The second-order rate
was not possible to measure the 830 nm absorbanceof Cu constant was smaller than that of wild-type CcO by a factor
at times less than 2@s with our detector, as is the case for of 7.5 at 95 mM ionic strength (Table 1), but the ionic
wild-type enzyme 32), so the initial rate constant for strength dependence was similar (Figure 4).
reduction of Cy could not be measured. However, the  Measurement of Dissociation Constants by Ultracentrifuge
lifetime of the RuC excited state is 1.0s, and Cu is the Methods The formation of a complex between native horse
only possible redox intermediate between,®uand heme  Cc and the mutants of CcO was studied using the Beckman
a in this enzyme. Using thie/k; value of 0.06 obtained from  X|L-A analytical ultracentrifuge operating in the sedimenta-
the Ru-55-Cc data and the relatiég, = k, + k. (Figure tion velocity mode as previously described by Wang et al.
5), ks = 4000+ 1000 s* andk. = 66000+ 15000 s*. (30). Under conditions of excess CcO, the dissociation
Reaction of Ru-55 with Rb. sp. CcO Quigand Mutant constant of the high-affinity binding site was determined by
H260N. The reaction between Ru-55-Cc and H260N CcO measuring the concentration of complexed and uncomplexed
was also biphasic at low ionic strength, consistent with two Cc as a function of ionic strength. Both mutants formed a
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Ficure 7: Photoinduced electron transfer from Ru-55-Cc to H260N
Rb. sphaeroidesCcO at 75 mM ionic strength. The solution
contained 17«M Ru-55-Cc and 24M M263L CcO in 5 mM
TrisCl, pH 8.0, 70 mM NaCl, 10 mM aniline, 1 mM 3CP. The 550

and 830 nm transients each had a slow phase with a rate constan
of 1000+ 200 s't. The 605 nm transient consisted of two phases

of equal amplitude with rate constants of 22040 s ! and 344
20 sL.

Table 2: Equilibrium Dissociation ConstaK for the Binding of
Horse Cc to the High Affinity Site olRb. Sp CcO

Kp (in uM)
mutant G-30mMI| 45mMI 65mMI 85mMI 105mMI
wild-type <0.2 1.0 5.6 18 >30
H260N <0.2 0.8 5.0 19 >30
M263L <0.2 1.7 9.0 22 >30

aKp (in uM) was measured using the ultracentrifuge in the
sedimentation velocity moderfd h at 48 00Gpm. Solutions contained
4 uM Cc and 7uM CcO in 5 mM Tris-Cl, pH 8.0, 0.1% lauryl
maltoside, and £250 mM NaCl to adjust the ionic strength I. The
error limits are+20%.

strong 1:1 complex with native horse Cc at 5 mM ionic
strength with aKp value less than 0.2M. The Kp values

Wang et al.

pared with a mononuclear type 1 copper site. Larsson et al.
(12) have proposed that the reorganization energy could be
reduced significantly in the symmetric binuclear site since
the bond-length changes upon electron transfer would be only
half as large as for a mononuclear site. This could have a
significant effect on the rates of electron transfer from Cc
to Cuy and from Cy to heme a because of the small driving
forces involved in these reactions. An additional advantage
of the binuclear Cp site is that different pathways for
electron entry from Cc and electron exit to heme a can be
utilized.

The electron-transfer reactions of £in wild-type R.
sphaeroide<CcO have been previously investigated using
horse Ru-55-Cc, which is labeled with ruthenium trisbipy-
ridine at lysine 55 on the bottom of Cc remote from the
binding domain 80). The ruthenium complex on Ru-55-Cc
does not interfere in the interaction with CcO, nor does it
affect the binding constan8(). Kinetic studies of subunit
Il surface mutants indicated that the acidic residues Asp-
214, Glu-157, Glu-148, and Asp-195 interact electrostatically
with lysines surrounding the heme crevice of C0)(
Mutational studies have also implicated the corresponding
residues irParacoccu<cO in the interaction with C3Q).
Mutation of Trp-143 to Phe or Ala dramatically decreased
the rate constant for electron transfer from Ru-55-Cc t@ Cu
by 450-1000-fold, without affecting the binding strength
(30). Trp-143 is located on the surface of subunit Il just
above the copper atom that is ligated by Met-263-(17).

{t was proposed that Trp-143 could provide a pathway for
electron transfer from the Cc heme group to this copper atom
in the Cw binuclear center30, 34). Roberts and Pique3b)

have used a computational docking program to determine a
theoretical model for the complex between Cc and CcO that
is fully consistent with the kinetic and binding studies of
the R. sphaeroide€cO mutants 0, 36).

To investigate the mechanism of electron transfer from
Cc to heme a mediated by gutwo R. sphaeroide£cO
mutants were examined, M263L and H260N. Met-263 ligates
the copper that presumably accepts an electron from Cc,
while His-260 ligates the copper that is linked by a hydrogen-
bond network to heme a. In both of these mutants, two copper
atoms are retained at the Caenter, but the EPR signal is
altered, and the 830 nm band is shifted and decreased in
amplitude. In addition, the difference in redox potentials
between heme a and gus decreased from-46 mV for
wild-type CcO to—72 mV for M263L CcO and—41 mV
for H260N CcO. The visible and EPR spectral properties of
heme a are unaltered in M263L Cc@4j, suggesting that

increased with increasing ionic strength until the compleX {ne redox potential of heme a is unchanged, and that the
was dissocated above 100 mM ionic strength (Table 2). The rgqox potential of Cu is increased by 118 mV relative to

H260N CcO mutant has the saiidg value as wild-type CcO
throughout the ionic strength range, while tkg value of

that in wild-type CcO. Although the visible and EPR spectral
properties of heme a are altered somewhat in the H260N

the M263L CcO mutant is about 1.7 times larger than that ., tant 4, it is likely that most of the change in the

of wild-type CcO. The sedimentation coefficients of both
mutants are 9.7 S, the same as wild-type CcO.

DISCUSSION

difference redox potential is due to an increase in the redox
potential of Cy of approximately 87 mV. These results
indicate that the mixed valence Cu(%5Lu(1.5) state of
the wild-type Cy center is converted to a state in which the

The structure of the C-terminal globular domain of subunit two copper atoms are no longer equivalent, but still coupled

Il consists of a 10-strande@barrel which is homologous

(24). The spectroscopic and kinetic properties of the equiva-

to that of type 1 blue copper proteins such as plastocyaninlent Cy, mutant M2271 ofParacoccus denitrificansiave
(14—17). This raises the question of what advantages the also been studied{), giving similar results with respect to

mixed-valence binuclear Gusite found in CcO has com-

redox potential changes.
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The reactions of Ru-55-Cc with the M263L and H260N since Met-263 ligates the copper that presumably accepts
CcO mutants are biphasic at low ionic strength. Since a slow an electron from Cc, while His-260 ligates the copper that
phase is not seen in wild-type CcO, it appears that the is linked by a hydrogen-bond network to heme a. On the
mutations alter the conformation of the binding site on the basis of crystallographic information and theoretical calcula-
surface of subunit Il such that Ru-55-Cc binds in two tions, it has been proposed that the pathway for electron
orientations at low ionic strength. The fast phase is due to transfer from Cy to heme a involves a hydrogen-bond
electron transfer within a complex that is favorable for rapid network through the Gu ligand His-260, the peptide
electron transfer. Since the fast phase rate constants remaitvackbone, and the highly conserved subunit | residue Arg-
the same from 5 mM to 75 mM ionic strength, the binding 482, to the heme a propionatelsi{-16, 39—43). The large
orientation of Ru-55-Cc is independent of ionic strength, as decrease in the rate constants for electron transfer between
is also observed with wild-type Cc@(@). The slow phase  Cu, and heme a in the H260N mutant suggests that this
at low ionic strength is due to Ru-55-Cc binding in a pathway is important for electron transfer. Medvedev et al.
configuration that is very poorly oriented or inactive in (44) carried out tunneling current calculations indicating that
electron transfer. In the latter case, Ru-55-Cc would have to an alternative pathway involving the gligand Cys-256,
reorient from the inactive to the active configuration for Arg-482, and the heme propionates is dominant, largely as
electron transfer to occur, an example of configurational a result of the large degree of delocalization of electron
gating @38). The rate constant of the slow phase of electron density in the Cn center on the sulfur of Cys-256. The
transfer increases with increasing ionic strength up to 75 mM, present studies question the importance of this pathway,
suggesting that a decrease in the strength of the electrostati@lthough it is not possible to rule out an effect of the H260N
interaction allows Cc to dissociate from the inactive con- mutation on the ligation of Guwith Cys-256.
figuration and bind to the active configuration more readily
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