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ABSTRACT: A hydrogen-bonded network is observed above the hemes in all of the high-resolution crystal
structures of cytochrome oxidases. It includes water and a pair of arginines, R481 andRRd@8{acter
sphaeroidesiumbering), that interact directly with henaeand the hemes propionates. The hydrogen-
bonded network provides potential pathways for proton release. The arginines, and the backbone peptide
bond between them, have also been proposed to form part of a facilitated electron transfer route between
Cua and heme. Our studies show that mutations of R482 (K, Q, and A) and R481 (K) retain substantial
activity and are able to pump protons, but at somewhat reduced rates and stoichiometries. A slowed rate
of electron transfer from cytochrometo Cus suggests a change in the orientation of cytochrame
binding in all but the R to K mutants. The mutant R482P is more perturbed in its structure and is altered
in the redox potential difference between hesrend Cu: +18 mV for R482P and-46 mV for the wild

type (hemea — Cun). The electron transfer rate betweensGund hema is also altered from 930005

in the wild type to 50 st in the oxidized R482P mutant, reminiscent of changes observed inr-#igzund

mutant, H260N. In neither case is th&2000-fold change in the rate accounted for by the altered redox
potentials, suggesting that both cause a major modification in the path or reorganization energy of electron
transfer.

Respiration involves the transfer of electrons through a hemes may undergo a conformational change during the
series of membrane protein complexes resulting in the catalytic cycle and facilitate proton movement to the region
production of an electrochemical gradient across a mem-above the hemesl{5). This region, including the heme
brane, which is used to drive the synthesis of ATP as an propionates, is proposed to provide a site, or sites, for proton
energy source for the cell. Cytochroro®xidase (€O)! is binding to facilitate electron transfer-coupled proton move-
the terminal electron transfer protein in most aerobic organ- ment (, 6). Changes in conserved amino acids in this region
isms; using oxygen as the final electron acceptotDC  might be expected to perturb proton pumping and/or alter
generates a proton gradient by consuming protons from thethe redox behavior of the hemeg) (

interior to make water and translocating one proton per The heme propionates participate in a hydrogen-bonded
electron across the membrane. network involving a number of water molecules at the
Pathways for the uptake of protons from the interior side interface of subunit | and subunit 1l, based on the three-
of the membrane to the level of the active site (hemye  dimensional structure of beef heart (bd®raccocus deni-
Cug) have been established. However, the route by which trificans (Pd) and Rhodobacter sphaeroid¢R9 CcO (8—
the protons are released to the exterior side is not well- 10) (Figure 1). A pair of highly conserved arginines, R481
defined. An essential glutamate (E286) in the vicinity of the and R482 RsCcO numbering), are involved in this network
and are directly hydrogen-bonded to the heme propionates
T Supported by National Institutes of Health Grants GM 26916 (to and to the ligands of a non-redox-actlve Mg site. The peptlde
S.F.-M.), GM 20488 (to F.M., L.G., and B.D.), and NCRR COBRE 1 backbone between them is hydrogen-bonded to the dinuclear
P20 RR15569 (F.M. and B.D.). Cu, site. The nitrogen atoms of R482 are hydrogen-bonded
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¥ Department of Blochemlstry, MIChIg:’:;\n State UanerSlty. a (Figure 1) At least one water connects R481 to the Mg
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| Abbreviations: €O, cytochromec oxidase; EPR, electron para- gyt channel in @O (11) and possibly in a proton exit route
magnetic resonance; PCR, polymerase chain readddrParacoccus

denitrificans Rs Rhodobacter sphaeroideRCR, respiratory control (12); However, when the Mg _Iigands are mutated and the
ratio; RuQ, ruthenium complex labeled cytochroroe Mg is perturbed or lost, the oxidase is still capable of proton

10.1021/bi0362790 CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/22/2004



Arginine Pair in Cytochrome Oxidase

-

His260 |
i34

CUA

Asp412

Mg

o
Argdsl 2.7 st Aspd07
38

)

Trp2

Heme a

~

Glu286

Ficure 1: Structure ofR. sphaeroide<CcO above the hemes

Biochemistry, Vol. 43, No. 19, 20046749

Chart 1

P R R Y I D

WT  5°-CCG CGG CGC TAC ATC GAC-3’

R482K 5°-CCG CGG AAA TAC ATC GAC-3°
R482A 5°-CCG CGG GCC TAC ATC GAC-3’
R482Q 5°-CCG CGG CAA TAC ATC GAC-3’
R482P 5°-CCG CGG CCC TAC ATC GAC-3’
R481K 5°-CCG AAG CGC TAC ATC GAC-3’

MATERIALS AND METHODS

Site-Directed MutagenesisSite-directed mutants were
constructed using PCR overlapping extension meth2g)s (

All of the oligonucleotide primers were synthesized by the
Michigan State University Macromolecular Structural Facil-
ity, East Lansing, MI. The primers used to create the mutants
are shown in Chart 1.

The 692 bp final PCR product was digested wahl/
Hindlll, and then the 519 bp fragment was subcloned into
pND38, a plasmid that contains part of the subunit | gene of
cytochromec oxidase. The pND38 plasmid with the mutation

showing the position of the pair of arginines and their interaction \yas digested wittBglll/Hindlll, and the 652 bp fragment

with the heme propionates and the connection to subunit Il amino

acids (yellow) and the dinuclear @@and redox-inactive Mg. This

figure was produced using Rasmol from the crystal structure 1M56

(10).

pumping (2, 13). Studies of site-directed mutants of the
arginine pair in thebos; quinol oxidase inEscherichia coli

was subcloned to pJS3-XeHa plasmid containing the entire
subunit | gene with a 6-histidine tag at the C-terminus of
the COXI gene 23). The subsequent subcloning and
conjugation were conducted as previously descrit#4.
All of the mutants were subjected to DNA sequencing by
the Michigan State University Sequencing Facility, East

membranes suggest that mutations of R482 do not destroyLansing, Ml, and no secondary mutations were found. Amino
proton pumping but that the R481 mutants are more acid numbering is folRs CcO subunit | unless there is a

disruptive both structurally and functionallyl4). The

superscript (e.g., for a subunit Il residue, ERPp4

question remains whether R482 and R481 have only a Enzyme Purification. R. sphaeroideslls, overexpressing

structural role in stabilizing the hemes and the subunit /11

cytochromec oxidase, were grown in Sistrom’s media as

interface or whether they are crucial for rapid proton transfer described 25, 26), and the €O was purified by Ni-NTA

or in maintaining the redox potentials of the hemes.

The question has also been raised as to whether th
arginine pair and their connecting peptide backbone play a

role in electron transfer. Cytochronaas the initial electron
donor for @GO and delivers its electron to the dinuclearaCu
site. From there the electron is rapidly transferredk[20*
s (15-17)] to heme a, facilitated in part by a low

reorganization energy due to the polar environment of heme

a (18). The route of electron transfer from £to hemea

appears to be strongly preferred over the route to the almost

equidistant hemeag (19). This raises the issue of whether
there is any role of the protein in directing or facilitating
the electron transfer procesX)( 21). The peptide backbone
of the arginine pair is within hydrogen-bonding distance of
His260, a ligand of one of the coppers at the,Gite, and

e

affinity column chromatography26, 27) with some modi-
fications. The protein, after Ni-NTA affinity column chro-
matography 28), was further washed with 0.1% lauryl
maltoside, 10 mM Tris-HCI, and 40 mM KCI, pH 8.0, three
times by a Centricon-50 concentrator (Amicon) to remove
Ni—histidine. Prior to reconstitution into vesicles, an ion-
exchange chromatography purification step was carried out
using two DEAE columns (Tosohaas DEAE-5PW 4
particle size, 8 mmx 7.5 cm) in tandem using an FPLC as
before @5, 27, 28).

Reconstitution of Cytochrome ¢ Oxidag&/tochromec
oxidase vesicles (COVs) were prepared as descritie@6)
with 20 mg/mL asolectin and 2M oxidase with 3% sodium
cholate. The vesicles were dialyzed against 100 volumes of
75 mM HEPES-KOH, pH 7.4, 14 mM KCI, and 0.1%
cholate for 5-6 h, 100 volumes of 75 mM HEPESKOH,

the long arginine side chains reach down to the hemes as ify14 7.4, and 14 mM KClI for 12 h, 100 volumes of 50 mM

forming an electron wire20). However, the R481 appears
to interact with the propionate groups of both heamand

HEPES-KOH, pH 7.4, 25 mM KCI, and 15 mM sucrose
for 5—6 h, and 500 volumes of 50M HEPES-KOH, pH

heme a;. The present study addresses these questionsy 4, 45 mM KCl, and 44 mM sucrose for 5 h, with repetition
regarding the structural and functional role of the arginine of the last dialysis step. Oxygen consumption assays were
pair by analysis of the spectral, catalytic, and proton pumping performed in 10 mM HEPESKOH, pH 7.4, 41 mM KClI,

properties of mutant forms &. sphaeroide€cO including

and 38 mM sucrose for the reconstituted enzymes in order

R481K and R482K, R482Q, R482A, and R482P. The results to determine the respiratory control ratio (RCR), which is a
indicate an important structural role and potential involve- test of whether the COVs are able to produce and maintain
ment in proton and electron transfer. a membrane potential and pH gradient and whether the
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Scheme 1 Table 1: Activity and Spectral Characteristics of theQCArginine

Mutants Compared to Wild Type
activity of enzyme,

k; Kq kp

- Y a) - Sh(Cuf ) =

CS+:(Cu,?1,+ a}+) c‘“:(Cuf; az+) €a50mm

hv CcO e staa™ (% WT) mM~tcmt
K, . ke Nk, ke T ky WT 1500 (100) 2.0
3+ 2 3+ 2 24 3+ 3+ 2 2+ R482K 1400 (93) 2.0
SR o ) o+ Cua) R482Q 600 (40) 15
R482A 480 (32) 2.0
enzymes are inserted correctBA( 26). The RCR is the ratio Sjgii 1538 ((;%0) g'.g

of the uncontrolled rate (in the presence of uncoupler) over

a Steady-state activity measurements were made in a Gilson oxygraph

the controlled rate (in the absence of any ionophores), which
is expected to be 1 for the free enzyme.
Stopped-Flow Proton Pumping Assafteasurements of

with 30 «M horse heart cytochromg 3 mM ascorbate, 1 mM TMPD,
2 mg of asolectin lipids, and 0.05% lauryl maltoside. The extinction
coefficient of Cu at 850 nm was calculated from fully oxidizeccG

cytochromec oxidation were made in an Olis rapid-scanning minus fully reduced €0 (see Figure 2B)43).
stopped-flow spectrophotometer in the absence of phenol red

with reduced cytochrome?*. Turnover rates were calculated 19 K using an Oxford ESR900 helium cryostat. Spectra were
from exponential fitting of the decrease in absorbance at 550 measured at either 2 or 20 mW of microwave power and a
nm and then multiplying thik:s (s™*) by the concentration  modulation amplitude of 12.7 G.

of cytochromec?" [from esso = 17000 Mt cm! from the
difference spectr&2Q) and cell path length of 0.4 cm] divided
by the [aag]. Proton pumping assays were conducted on the )
Olis-rsm Spectrophotometer as described previom 'G'he Overall Steady-State Aﬂty The isolated m!.]tants all haVe
buffer was 5uM HEPES-KOH, pH 7.4, 45 mM KCI, and a Iower steady-state activity compared to wild type W|_th the
44 mM sucrose with phenol red as the pH-sensitive dye at €xception of R481K and R482K (Table 1). The mutation of
1004M final concentration. There is a 1:1 stoichiometry of R482 to a small hydrophobic alanine causes considerable
substrate protons to electrons, and therefore the increase 0SS of steady-state activity but without affecting ACu
absorbance (alkalinization on the outside) in the presencebinding. The R482P mutant has the lowest activity, showing
of uncoupler (CCCP) is representative of the electrons Only 4% of wild-type steady-state oxygen consumption

RESULTS

consumed. Therefore, the'k¢ ratio is derived by compar-
ing the amplitude of the absorbance changes with valino-
mycin (H": acidification) with that of uncoupler (e
alkalinization). The traces for phenol red absorbance are
corrected for the mixing artifact observed in the controlled
state with no ionophores, which is shown as uncorrected data
Flash-Actvated Ruthenium Cytochrome c Kinetics Assay.

activity. Part of this loss is due to the presence of dissociated
forms, but a reasonable fractionn%0%, Table 1) appears

to have native Cuand heme content (Figure 2). Therefore,
the considerable loss of activity in the R482P mutant is not
just an effect of disassembled protein.

. Optical SpectraSome loss of heme was noticed in all

but the conservative mutations of R481K and R482K, after

Ruthenium fast kinetic measurements were carried out asinitial purification by metal affinity chromatography. How-

described in Geren et all§) and Wang et al.30) using the
Ru-55-@ derivative of horse heart cytochrome The
reaction of cytochrome was monitored at 550 nm using an
extinction coefficient ofAesso= 18.5 mM* cm (31). The
reaction of CW was monitored at 850 nm usitkgso = 2.0
mM~tcm™ (32), and the reduction of henawas measured

at 605 nm usingAegos = 16 mMt cm™t (33). Reaction
solutions typically contained-310 uM Ru-Cc, 5—20 uM
CcO, 10 mM aniline, and 1 mM 3CP in 5 mM Tris-HCI,
pH 8.0, at 22°C. The aniline and 3CP functioned as
sacrificial electron donors to reduce Ru(lll) and prevent the
back-reaction with heme Fe(ll). The ionic strength was
adjusted by adding sodium chloride. The transients were
fitted to appropriate theoretical equations for Scheme 1 as
described by Geren et all§), and the reported errors are
the estimated standard deviations.

Optical Spectroscopylhe dithionite-reduced minus fer-
ricyanide-oxidized €O spectra of the purified enzyme were
recorded with a Perkin-Elmer Lambda 40P UV/visible
spectrometer at 28C. For measuring the 850 nm band, at
least 30uM oxidized GO was used with the background
reduced spectra subtracted.

Other AssaysDetermination of catalytic activity was
measured as describe2¥yf. Continuous X-band EPR spectra

ever, after FPLC purification the resulting enzyme, from each
of the mutants, has a spectrum similar to that of the wild
type with a Soret peak of reduced@ at 445 nm and an

peak at 606 nm, which is distinctive for reduced heme
(Figure 2A). However, for R482P, the spectrum is consider-
ably more disrupted with a blue-shifted Soret angeak,
suggesting some perturbation of both hemes due to structural
disturbance.

Measurement of the absorbance in the near-IR range of
the ferricyanide-oxidized €D, with subtraction of the
dithionite-reduced €0 background, gives a broad peak
centered at 850 nm for wild-typedO that has been assigned
to Cu, (34). Using the absorbance of fully reduced@at
605 nm with a known extinction coefficient (38 miicm 1)
the concentration of the protein can be calculated. This is
then used to calculate an apparent extinction coefficient for
Cua. A eg5o0f 2 MM~ cm! was obtained for the wild type
(Table 1). All mutants show similar visible spectra of Cu
to that of the wild type and the €© mutant R481K, with
the broad peak being centered at 850 nm (Figure 2B).
R482K, R481K, and R482A have an appareg of 2.0
mM~! cm, the same as that of the wild type, while R482Q
and R482P have an apparesi, of 1.5 and 1.0 (Table 1),
respectively, implying that there is loss of Cin R482Q

were measured using a Bruker ESP-300E equipped with a(25%) and R482P~50%), probably due to some loss of
TE102 cavity resonator. The temperature was maintained atsubunit Il.
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Ficure 2: Visible spectra of reduced wild type and R481/20C
mutants showing (A) normal Soret (445 nm) an@06 nm) bands
in all but R482P. €O (~2 uM) was reduced with sodium dithionite.
(B) Broad Cuy spectra in the 7061000 nm near-IR region of
oxidized @O (with ferricyanide) minus reducedcO (with sodium
dithionite).

Mg Site and Cy and Heme a Esnronments: EPR
Spectra.The Mg site and Cu and hemea environments

Biochemistry, Vol. 43, No. 19, 20046751

A

WT
R481K

R482K

R482A
M\f"
i“/sz\PN\/N’
1 " 1
3000 Field (G) 3500

200 B
f WT —— |

W .
RAS2P ]
g=2.83

2500 3000 3500 4000
Field (G)

Ficure 3: Structural analysis of the arginine mutants by examina-

tion of the Cy, and Mg metal sites. Electron paramagnetic resonance

(EPR) spectra of € with (A) enrichment with Mn shows six-

line hyperfine Mn signals a = 2.0. (B) Enrichment in Mg reveals

the Cy, EPR spectra. Additionally, oxidized henaeis observed
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can be monitored by EPR (electron paramagnetic resonancegt, or close to, the vertical line depicting tge= 2.83 signal.

spectroscopy. The oxidized forms of Cand hemea are

paramagnetic (have an unpaired electron), and the Mg siteR481K the changes are more marked and show some

can be substituted with paramagnetic Mn wikersphaeroi-
desis grown under high [Mn]/low [Mg] conditions4, 25).
Compared to the distinctive six-line hyperfine Mn signals
at theg = 2.0 region for the wild type (Figure 3A), the
R482K spectrum shows a slight alteration in the Mn signal.
Further comparison by integration of the first peak of the
wild type and R482K spectra indicates that 65% of the Mn
is present in the Mg site in the R482K mutant. TheQC
mutants R482A, R482Q, and R482P failed to bind Mn,
resulting in the appearance of the L£signals which are

similarity to the Mn spectrum in the reduced enzyr38)(
Growth of R. sphaeroide@ high [Mg]/low [Mn] media

removes the Mn signal and allows that of {Cand hemea

to be observed. Characteristic £signals aty = 2.19 and

g = 2.02 are seen for the wild-typecO and all of the

mutants. These signals are weaker for the R482©® C

mutant, probably because of a decreased amount af Cu

(Table 1), and somewhat altered showing some disturbance

of the dinuclear Cu site (Figure 3B). Oxidized hema in

the wild-typeRsCcO shows a characteristic EPR signal at

g = 2.83 (Figure 3B) distinct from the bovinecO atg =

normally masked. These results suggest that the nonconserg g3 @5). Interestingly, several of the R482 mutants, most

vative mutants lose substantial Mn/Mg binding ability. The

notably R482K and R482Q as well as R481K, have a spectral

conservative mutants, R482K and R481K, undergo a minor shift of hemea to g = 2.85, toward the bovine value, and
structural change at the Mg site as seen in subtle changes ogimilar to that of the mutant H260N36) CcO, which is a
the EPR hyperfine splitting, suggesting that these have slightligand of Cy, (Figure 1). R482P does not show a peak in

alterations in the interactions of ligands with the metal. In

this region.
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Table 2: Activity of R482 Mutants Reconstituted into Vesicles and

Proton Pumping Stoichiometry from Stopped-Flow Measurerients 0.02 uc WT uc 0.01
activity, e s taa ™t R4ABIK]
COVs controlled uncontrolled RCR  Hf/e ¢ M
0.004 et 0.00
WT 80 670 8.4 0.9 C C
R482K 82 840 10.2 0.8
R482Q 61 460 75 0.8 Vv \Y
R482A 58 390 6.8 0.6 -0.02 -0.01
R482P 5 15 3.0 0.0
3See Figure 4° RCR = respiratory control ratic= uncontrolled . S
rate/controlled rate”. H /e~ represents the efficiency of proton pumping 0.01] [, T AT
ucC R482K

(1.0 is the expected efficiency). Errors in these measurements are £

expected to be at leasi0.2. = W
5 0.00Luen 0.00
Respiratory Control and Proton Pumping Agty. Re- ‘3 C
constitution of the arginine mutants, purified by an additional =

U Hsbebyobieifionpinl 0,01
R482Q
C
v
1

FPLC chromatography step, gave normal respiratory control & -0.01 .01
ratios (RCR> 1) as measured under steady-state conditions "= \% Py 2
for oxygen consumption (Table 2), suggesting that these 2 ucC ' ' 0.010
mutants have incorporated into the asolectin lipid vesicles ﬁ 0.01 W R482P
properly. The RCR for R482P is low due to the low activity Rag2A| UC

of this mutant so that even the uncontrolled rate, in the C 0,005
absence of a membrane potential or pH gradient, is only  0.00 )
capable of attaining 2% of the wild-type activity. Proton \Y%

pumping is observed as a decrease in absorbance in the M
presence of the ionophore valinomycin, which relieves the  -0.01 \ et 0.000
membrane potential AW). When uncoupler (CCCP) is C

added, only an increase in absorbance is observed, which 0 K 20 10 20 30
represents alkalinization due to the protons consumed on the Time (sec) Time (sec)

inside for the reduction of &to H,O. The results show that Ficure 4: Normal proton pumping is observed for all of the

all of the mutants, with the exception of R482P, have good Mutants with the exception of R482P. Proton pumping is detected
efficiency of proton pumping, evidenced by the'/g in a stopped-flow spectrophotometer using a phenol red dye on

. . . the outside of the vesicles to monitor proton changes using the
approaching 1 (0:80.6) (Figure 4, Table 2). However, itis  gpsorbance change at 557 nm, which is close to the maximal

possible that the observed lower rates of pumping (and lower absorbance of the dye and is an isosbestic point for cytochome
catalytic turnover) are due to rate limitation by an altered Phenol red (10Q«M) changes on the outside of COVs (0.4

proton exialh. T Ra32P mutan may have aconsideraby G} A L, € GG L 00 CHEEEIS) o e
disturbed structure such that it is unable to efficiently pump dye absorbance), UE uncontrolled with 24M valinomycin . 5

protons against a pH gradient. ' uM CCCP (alkalinization gives an increase in dye absorbance).
Photoinduced Electron Transfer MeasuremeriRapid

electron transfer betweerc@nd the R482 G0 mutants was  Table 3: Rapid Kinetics Reaction of Ru-5%@ith CcO Arginine
studied using Ru-55-€ which contains a ruthenium trisbi-  Mutants

pyridine complex covalently attached to lysine 55 on the Ka(s) k(s ks AE (mV)
bottom surface of € away from the binding domain. The CcO Cc—Cun Cun—a (uMis? K (@a—Cu)
ruthenium complex on Ru-55eCloes not affect the interac- 40000 93000 310 6410 46+ 4
tion with CcO (37). The Ru(ll) group is photoexcited to a R482K 50000 >60000 170 3.6:1.0 28+8
metal-to-ligand charge transfer state, Ru(l*), which rapidly 22222 ?ggg >4§)‘(1)80 2*;1 55i 1-8 gi g
transfers an electron to herog38). Ru-55-& forms a 1:1 RAS2P 50 64 5610 184 10

complex with R. sphaeroide<cO at low ionic strength, :
allowing measurement of electron transfer from photoreduced, : The rate constans, for electron transfer from hemeto Cunand
h c ith £ 40000 s foll d k, for electron transfer from Guto hemea were measured for 1:1
emec to Cuh with a rate constark, o ' % Tollowe complexes between Ru-55%@nd GO mutants in 5 mM Tris-HCI,
by electron transfer from Guto hemea with rate constant  pH 8.0 at 23°C. The second-order rate constantvas measured in 5
ko (Scheme 1)37). The value ok, is larger than that ok, mM Tris-HCI, pH 8.0, and 90 mM NaCl. The equilibrium constant for
and thus could not be measured using Ru-85Hbwever, electron transfer between £and heme, K = ky/k;, and the difference
k, was measured to be 90000tsising a ruthenium dimer in redox potentialsAE, were independent of ionic strength. The error
. . " 9 . limits in ky, ky, andk; are +20%.
which reduces Cudirectly within 1 us (39). The ratio of
reduced hemato Cu,, after equilibrium is reached in about cytochromec to Cu, within the Go/CcO complex is not
1 ms, is 6.1, indicating that the equilibrium constant for altered by increasing ionic strength (Figure 5A), but as the

electron transfer between g@and hemea is K = kyk, = ionic strength is raised, the amplitude of the fast phase
6.1 (Table 3) 87). This indicates that the difference in heme decreases, indicating complex dissociation. Above 50 mM
a and Cuy redox potentialsAE (hemea — Cu,), is +46 ionic strength a new slow phase appears due to the bimo-

mV in the state where hemes and Cyg both remain lecular reaction of uncomplexed Ru-55-@ith CcO (Scheme
oxidized. The rate constark, of electron transfer from  1). The pseudo-first-order rate constkgt of the slow phase
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FiGure 5: lonic strength dependence of the reactions between Ru-

55-Cc and GO mutants. The solutions contained 2M Ru-55-

Cc, 16 uM CcO in 5 mM Tris-HCI, pH 8.0, 8-300 mM NacCl, 10
mM aniline, and 1 mM 3CP. (A) The observed first-order rate
constantskyys for the fast phase (open symbols) and the slow
biomolecular phase (solid symbols) are plotted as a function of
ionic strength for the indicated derivatives. (B) For the R482P
mutant, the observed rate constégy; for electron transfer from
hemec to Cu, and the rate constait for electron transfer from
Cua to hemea are both plotted.

reaches a maximum at 75 mM ionic strength and then

decreases with further increases in ionic strength (Figure 5B).

At ionic strengths above 90 mMgpsincreases linearly with

Biochemistry, Vol. 43, No. 19, 20046753

type GO, indicating a larger dissociation constant for the
complex (Figure 5). As with the wild-typedD, the observed
rate constanti,,s for reduction of hemea for R482K and
R482A was the same as that for oxidation of henad low
ionic strength, and it was only possible to determine a lower
limit for k, (Table 3). However, for the R482Q mutant at
low ionic strength, the rate constant for hemeeduction
measured at 605 nm is smaller than that for oxidation of
hemec, 3400 s vs 8800 s?, respectively (Table 3). This
result indicates that the rate constigfor electron transfer
from hemec to Cu, is 8800 st and the rate constaky for
electron transfer from Guto hemea is 3400 s*.

The kinetics of the R482P mutant were significantly
different from that of wild-type €O and the other R482
mutants. The observed rate constiapifor electron transfer
from hemec to Cu, was very small at low ionic strength,
10 s}, increased to a maximum of 1140'sat 55 mM ionic
strength, and then decreased with further increases in ionic
strength (Figure 5B). This result suggests that the complex
between Ru-55-€and R482P €O is very poorly oriented
for electron transfer at low ionic strength but can achieve a
more favorable orientation at higher ionic strength. Over the
entire ionic strength range the rate constant for reduction of
Cua, measured at 830 nm, was the same as that for oxidation
of hemec measured at 550 nm. An example is shown in
Figure 6A, where the rate constant for electron transfer from
hemec to Cu, is 1100 s at 75 mM ionic strength. The
true intracomplex rate constak, is larger than the pseudo-
first-order rate constanky,s at this ionic strength. The
reduction of Cy is followed by a much slower reoxidation,
which is paralleled by the reduction of heraeneasured at
605 nm (Figure 6B). This slow phase is therefore due to
electron transfer from Guto hemea with rate constank.

The value ofk, is 50 st at 75 mM ionic strength and is
nearly independent of ionic strength (Figure 5B, Table 3).
After equilibrium is reached in 100 ms, €is 67% oxidized
(Figure 6B), from which it can be estimated that the
equilibrium constanK for electron transfer from Guto
hemea is 2.0 and theAE value (hemea — Cu,) is +18
mV. This estimate does not depend on the extinction
coefficient of Cy, or the possibility that some of the s

lost. Any enzyme missing Guwould not react with Ru-55-
Cc and would not contribute to the absorbance transient

CcO concentration, allowing measurement of a second-ordersijgnals.

rate constank, (Table 3) 87).

The conservative mutation R482K does not significantly
affect the rate constarit, for electron transfer from pho-
toreduced hemeto Cu, at low ionic strength and decreases
the second-order rate constdatat 90 mM ionic strength
by only a factor of 1.8 (Figure 5, Table 3). The transition
between intracomplex and bimolecular kinetics occurs at
nearly the same ionic strength as wild-typeGZ indicating
that there is little effect of the R482K mutant on the
dissociation constar¢, of the complex (Figure 5). However,
the equilibrium constar for electron transfer between gu
and hemea is decreased to 3.0, indicating that the difference
in redox potentialsAE, is 28 mV (Table 3).

The R482A mutation decreases the valueplby about
5-fold compared to wild-type €0 and also decreases the
second-order rate constakyt by 11-fold at 90 mM ionic
strength. The transition between intracomplex and biomo-
lecular kinetics occurs at a lower ionic strength than for wild-

DISCUSSION

Itis perhaps surprising that such highly conserved residues
as R481 and R482 should, upon mutagenesis, retain sub-
stantial activity and integrity. Even with loss of Mg in the
R482Q and R482A mutants, reasonable steady-state activity
is retained. This is consistent with studies on mutants of the
Mg ligands, such as D412A, which also have significant
activity despite loss of the Mgle, 13). However, in the
intrinsic rate measurements, changes of 6-fado( Cua)
and as much as 30-fold (zuo hemea) are observed for
the mutants (R482Q/A) where the charge is altered. Proline
at that position appears to cause a large local conformational
change particularly affecting the herasite and the subunit
I/l interface.

General Effects from Mutation of the Argininéa/hen
R482 is mutated to a lysine, the enzyme is essentially wild
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0.1832 The visible spectra indicate a fairly minimal disturbance
0.626 4 A of the hemes when the arginines are mutated, with the
exception of the R482P mutation (see below). However, in
most of the arginine mutants there is a shift in the EPR band
40.1830 of oxidized hemea from g = 2.83 to 2.85. Although small,
this may be a revealing change, due to the slgift=(3.05)
in this direction that is seen in the native bovine oxidase
and all other oxidases of thees type exceptRs CcO and
Pd CcO. Previous studies have concluded that the logver
value forRsCcO can only be accounted for by proposing a
more negative character of one or both of the histidine
ligands of heme (24). Inspection of the crystal structures
of hemea in R. sphaeroidesand bovine €O reveals a
difference in the hydrogen bonding of one of the histidine
ligands (H102R. sphaeroidedH61, bovine) where a serine
(S44, R. sphaeroidgs (9, 10) replaces a glycine (G30,
—_— —0.1824 bovine). This extra hydrogen bond in wild-typsCcO could
0 2 4 6 s 10 account for the altered magnetic environment of oxidized
Time (ms) hemea and for the altered redox potential, which is-80

mV less positive inRs CcO than bovine 36). It is unclear

B how the mutation of R481 or R482 would alter the magnetic
0.1839 830 nm environment of hema, but small perturbations in helix Il
which contains H102, or helix | containing S44 could be
involved. Decreasing the interaction of S44 with H102 would
explain the EPR spectral shift but would suggest a corre-
sponding increase in heme redox potential, whereas a
decrease is suggested by the changeKir{equilibrium
constant) 24).

It was proposed that R481 is more essential to maintenance
of activity in the bo; oxidase than R4821¢). R481K,
although a conservative replacement, would be expected to
have a noticeable effect on the structure, as it interacts with
the hemea; propionates and D412, a ligand of the Mg site,
via the peptide backbone. Calculations of an electron transfer
pathway from Cu to hemea predict that R481 does not
| i . i i have a significant role in electron conductidi®)f. R481K

0 20 40 60 80 100 CcO retains its Mg site, although it is slightly disturbed, and
Time (ms) has apparently normal activity when assayed in its isolated
FiIGURe 6: Photoinduced electron transfer from Ru-56t€ R482P form. It also _ShOWS normal proton pumping efficiency. It is
CcO. The solution contained 10M Ru-55-G, 16 uM CcO in 5 therefore unlikely that either of the arginines, R481 or R482,
mM Tris-HCI, pH 8.0, 10 mM aniline, 1 mM 3CP, and 70 mM  are the protonatable sites above the heeggiredfor proton
NaCl. (A) 550 nm (€) and 830 nm (Cy) transients at 10 ms time  exit, although they may still be indirectly involved in proton

scale. (B) 830 and 605 nm (heraptransients at 100 ms time scale.  joyement through their organization of water and interaction
Thekgys rate constant for electron transfer frons © Cu, is 1100 with the heme propionategq).

s71, while the rate constark, for electron transfer from Guto ) . .
hemea is 50 s1. Proton pumping has been demonstrated in mutants with

low activities [M263L, H260N 86), and W143F 41)], and
type in many respects, presumably because this is 250 the inhibition of electron transfer alone in R482P is

conservative replacement retaining the positive charge andnsufficient to explain the lack of proton pumping. The lack
the hydrogen bonding. However, the amino acid side chain of proton pumping in R482P may refI_ec_t the dlsru_ptlon of
length is different, as is the electrostatic charge distribution. nge:gg(:#ae ?(le)\(/);/r?titnhe I‘flg{gﬁsbglit_l:esag)rzportant In proton
The purified R482Q mutant ®sCcO has somewhat lower "~ -, Kine?ic Studieg Ex lain Decreased Mutant At
activity, ~40% of the wild type, than observed in studies of b P

heE. coli b . i th b Both | The R482 mutants, with the exception of R482K, show a
the E. coli bo; oxidase in the membrane$d). Both results o r0a50 in electron transfer rates from cytochromoeCus,

suggest that there is not a strict requirement for a protonatableka, that is parallel to the decreased steady-state activity; i.e.,
side chain at this position or a positive charge. However, \yi|q type = R482K > R482Q> R482A > R482P (Tables

the arginine replacement with N or Q still allows hydrogen 1 and 3). The rapid electron transfer measurements indicate
bonding, and this may be a more important property, as thethat R482P has altered the orientation of Ru-55&E the
hydrophobic mutants, R482A and R482P, have much lower high-affinity binding site at low ionic strength, such that the
activities [although the R482L mutant of the; oxidase in rate of electron transfer from cytochrometo Cu is

E. colimembranes was reported as quite active{85%) decreased-4000-fold. At higher ionic strength the reorienta-
a4)]. tion of the Ru-55-€ allows for more rapid electron transfer,
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but the rate of electron transfer (1100)sis maximally still is likely, due to the ring structure of proline; thus, the
7-fold less than the wild type (Figure 5). However, because hydrogen bond of the backbone of Arg481/482 with His260
optimum electron transfer occurs at a similar ionic strength is likely to be broken. These structural effects could account
for R482P as for the wild type, the binding affinity of Ru- for the major alterations of the heme sites and the I/ll
55-Cc with the R482P mutant is unlikely to be significantly interface in R482P and the significantly decreased electron
different from the wild type, but rather, the major effect of transfer activities. Indeed, the mutant R482P shows many
the R482P mutant appears to be on the orientation of theof the same spectral, structural, and functional alterations as
complex. This is also true to a lesser degree in the otherH260N @36). This mutation of the Cu ligand has a
arginine mutants where altered activity is observed. Com- significantly altered redox potential of Guand hemea, as
putational docking of the horse heart cytochrame bovine well as similarly drastically reduced rates of electron transfer
CcO (42) and mutational analysisA8, 44) show that the between them (4579), even though the two copper ions are
interaction of @ with CcO in the @&/CcO complex involves retained in the Cusite.

both subunits | and Il of @0. The stability of the subunit

I/l interface is likely to be influenced by the presence of SUMMARY

Mg, which contains ligands from both subunits (H41412 An intact arginine pair above the hemes is not essential

, E2541, D229"). Loss of this metal site in the R482Q, ¢o; the proton pumping mechanism, as all of the mutants
_R482A, and R482P may well explain the variable decrease 4, capable of proton pumping with the exception of R482P,
in Cc to Cu electron transfer and decreased,@oihemea which is more severely disturbed structurally. However, it

electron transfer rates. As in R482P, the ionic strength hhears that there is a need for an arginine at position 482
dependence of the cytochrongeto Cua reaction is only 15 maintain the native redox potential of both hemand
slightly decreased in the R482A mutant, but a perturbed ¢, anq allow rapid electron transfer between the two metal

cytochromec binding site is likely due to structural changes  jies The data suggest that the interaction between subunits
at the I/ll interface. The Guto hemea electron transfer | 54 | js important for facilitating optimal cytochrome

rate in the R482A mutant is faster than that of R482Q, ¢/cco binding and that a part of the role of the Mg site is a
although the cytochrome to Cu, electron transfer rate iS  |onger range influence on structure for cytochramieterac-
about the same for the two mutants, mdlcatlng that these oy The backbone of the helix XiXII loop in subunit I,
two electron transfer paths are differentially affected by the \hich contains R481/482 and interacts closely with subunit
R482 mutants. II, is likely involved in stabilizing the subunit/subunit

Arginine as Part of an Electron Transfer Pathwayhe interface. More importantly, the arginines and their peptide
mutant R482P, like H260N, has a dramatlclally decreasedpackhone are part of a protein network whose structure
electron transfer rate from Guo hemea, 50 s compared  jnflyences the rate of electron transfer across the subunit

to 93000 s* for the wild type. This large difference in rate jnterface to hema. The data reported here show that the
cannot be explained by the redox potential difference Change-arginine mutations markedly affect the redox potential of
The theoretical value of the rate of electron transfer betweenpame a, most strongly in the case of R482P but also,
Cux and hema (k,), based on the measured redox difference gy rprisingly, in the conservative R482K and R481K muta-
between Cn and hemea in R482P, is lowered by less than  tjgps.

50%, to 5.5x 10* s™%, assuming that there is no change in

the electronic coupling. Therefore, the Idyin R482P of ACKNOWLEDGMENT
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