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ABSTRACT. Cytochromebd is one of the two quinol oxidases in the respiratory chaiksd¢herichia coli

The enzyme contains three heme prosthetic groups. The dioxygen binding site id, veimieh is thought

to be part of the hemeheme binuclear center along with helmgs, which is a high- spin heme whose
function is not known. Protein sequence alignments [Osborne, J. P., and Gennis, R. B.Ri@d@n.
Biophys Acta 141032—50] of cytochromebd quinol oxidase sequences from different microorganisms
have revealed a highly conserved seque@& KXXEX GRQPW:; bold letters indicate strictly conserved
residues) predicted to be on the periplasmic side of the membrane between transmembrane helices 8 and
9 in subunit I. The functional importance of this region is investigated in the current work by site-directed
mutagenesis. Several mutations in this region (W441A, E445A/Q, R448A, Q449A, and W451A) resulted
in a catalytically inactive enzyme with abnormal BVis spectra. E445A was selected for detailed analysis
because of the absence of the absorption bands from begmeDetailed spectroscopic and chemical
analyses, indeed, show that one of the three heme prosthetic groups in the enzynigphéspecifically
perturbed and mostly missing from this mutant. Surprisingly, hdnwvehile known to interact with heme

bses, appears relatively unperturbed, whereas the low-spin Hgggeshows some modification. This is

the first report of a mutation that specifically affects the binding site of hbsge

Cytochromebd quinol oxidase is one of two quinol both characteristics of the hemeopper oxidases. The
oxidases in the respiratory chain®$cherichia coli(1) and enzyme contains three heme prosthetic grodfs. Heme
is expressed under microaerophilic growth conditiols ( bssg is a low-spin protoheme 1X and is believed to be the
4). The enzyme is an integral membrane heterodirbes)( initial electron acceptor from ubiquinol ). Reduced heme
and it catalyzes the two-electron oxidation of ubiquinol-8 bssg has absorption peaks at 560, 530, and 430 nm. Heme
and the four-electron reduction of dioxygen to water with bsgs is a high-spin protoheme IX, with absorption peaks at
the release of protons into the periplasmic space and the595 and 560 nm and a recently characterized p&@k1(8)
generation of a protonmotive forc&-<9). Cytochromebd at about 440 nm in the reduced state. The role of hbsgne
is the only prokaryotic respiratory oxidase that does not is not known. Hemed is a high-spin chlorin with an
belong to the hemecopper oxidase superfamilyl@ 11) o-absorption band at 628 nm and an uncharacterized Soret
and shows no homology to the members of this superfamily peak. Hemébsgs and hemed have been proposed to be in
(12, 13). Cytochromebd contains no copper and does not close proximity and to form a diheme binuclear center where
function as a transmembrane proton purtig)( which are oxygen is reduced to watet§ 19).
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701 Gad0 | @a47was1 750 construct mutants using pTK1 as the templa2&).( The
Pa ..AFLRLTLL MG...PSGLI AIL ), . ...GL.MRTA - H :
Sy . WLLRAWVE AA.. PLGYL AVE ] L GE MRTA protocol followed was described in r27. All mutations were
HNI ..RYLKSMIA AS...PFGYA ALL ) . ...GE.LKTS confirmed by DNA sequencing. The complementation test
VcII. . .PYMYALIG MT...FSGWV ATL ), . ...GV.LRTA . .
Ef  MLWIV..ALC TFA.PF..L ) LG Lrrin was carried out as follows. P[asmld DNA from mutants was
BT YLRIM.IAL. ISF..Pr.-D R g%ggg used to transform GO105 using the TSS methzf).(Cells
e PSWL...AL. LTM.. PAPFL RS P NPTGDQL.VE were grown anaerobically, selecting of ampicillin resistance.
Pg . RWEHMIAL. VCMPLAW..V X » -« -DLLEVO The strains exhibiting ampicillin resistance were restreaked
Cj .LW...VCL. LSIPLGY..I . ....DLLPVH . ’ ) g
Aca RPLLLKALLG .GLPLEW..T . ....EVLPVG to obtain single colonies and then were grown aerobically
o T EaLES on M63 29) minimal plates supplemented with 0.3% lactate
EcT ..WLLRAALY .GIPLPW..I GEVLPTA and 0.3% succinate, plus 1@@/mL ampicillin and 50ug
Kp ..WLLAAAFY .GLPLPW..I GEVLPTA . . .
Yp . WLLRAALY .GIPLPW..T GEVLPTA /mL kanamycin. Co_mple_mgntanon was defln_ed by the
Av__.PWLLKFALY .SLPLPW..I -+G.VLPTH appearance of colonies within 482 h of incubation at 37
EcIT. .WVLKMALW .SLPLPW..TI ....DILPTY °
Rc . .WALRVAVF .AIPVPW..I ..G.LLPTA C
VeI KPWVLKAALW .S . .
Ao RRWLLKLEEY .SIBLD..LV ﬂ Y. TLRTR Cell Growth and Preparation of Protein Samplésrge-
Cv ILWILS...F .SVLCPE..L CNEUSIISTE - -G.LLKTK scale cell growth was carried out at the Fermentation Facility
BsII..WLL..IIF .MTAGPFSLI GIEFEQIFAC TR IY. H....LLKTS at the University of lllinois at 37°C, pH 7, in a 200 L
A i G AAVE. .. .- § VL. .GIYVRE VIRRGUIVY. ...GILYP.E fermenter (for GO105/pTK1/E445A and GO105/pTK1) or
Hs a 20 L fermenter (for GO105 with all other noncomple-
St . . .
o — menting mutants). LB medium with 0.3% glucose, and
Ficure 1: Protein sequence alignment of cytochrobeequinol antibiotics were used for growth. Both wild-type and the
oxidase subunit | showing the conserved region. See@efor E445A mutant cytochromkd oxidases were purified from

details. Highlighted letters are 100% conserved, and bold letters jsolated membranes of GO105/pTK1 as described previously
are highly fc?hnser\{edhrers;gues. The_ (;"‘Ste”.*f’ﬁoiﬂgicﬁéﬁsaﬂ},e (8), except that the hydroxyapatite column was omitted.
sequence of the cytochro uinol oxidase . coli, : . ;
theq arrow()indicat)(/es the highl?/ conserved E445 residue examined FTactions with anAsudAxo ratio greater than 0.5 were
in this work. collected from a Fast-Flow Sepharose DEAE column. The

, ) , pooled fractions were concentrated to the desired concentra-
of the mutants, E445A, was characterized in detail, and thejon ysing an Amicon concentrator with a 50 kDa filter and
results show that, in this mutant, one of the heme prostheticjap, dialyzed three times against 50 mM sodium phosphate
groups, hemesgs, is greatly perturbed and is essentially buffer, pH 7.9, containing 5 mM EDTA and 0.05%-
missing from most preparations of the mutant enzyme. In |5,royisarcosine (sodium salt). Both wild-type and mutant
contrast, hemdsss and hemed are not grossly perturbed.  yiochromebd samples were then examined, using the same
This is particularly surprising given the indications that heme dialysis buffer for appropriate dilutions unless specified
bses and hemed are in close proximity Z1—24). Hence, otherwise.
mutations in this region of the protein may be of great help Ubiquinol-1 and TMPD Oxidase Acity Assays Cyto-
in studying the role of hemlasgs in the catalytic mechanism. — ohomehd mutants were assayed both in isolated membranes,
In this paper, the characterization of the E445A mutant is ;, \vhich there is no other quinol oxidase, and with the

described using UV vis, electron paramagnetic resonance  yiied enzyme. For membranes, samples were homogenized
(EPR)! FTIR, and resonance Raman spectroscopies, as Well, 25 M Tris-HCIl and 1 mM EDTA, pH 7.5. Purified
as electrochemical measurements. protein samples were dialyzed against 50 mM sodium
phosphate buffer, pH 7.9, containing 5 mM EDTA and
MATERIALS AND METHODS 0.05% N-lauroylsarcosine (sodium salt). Various dilutions
Strains and Plasmid<. colistrain GO105¢yd AB::kan, of either the homogenized membrane samples or pure protein
cyo, recA, which lacks both cytochromao; and cytochrome  samples were added to 1.9 mL of the respective buffer
bd quinol oxidases 45), was used as the host strain for containing either 2 mM dithiothreitol or 4 mM ascorbate that
expressing both the wild-type and mutant cytochrdrden had been equilibrated to 37C in a Clark-type oxygen
a plasmid. Under the selection conditions utilized, the secondelectrode (Yellow Springs Instrument Co.). A baseline was
cytochromebd oxidase bd-1l), encoded by thd=. coli app taken, and the reaction was initiated by addition of ubiquinol-1
operon R6), is not expressed. To obtain wild-type cyto- (kindly provided by Hoffman-LaRoche) or TMPD to a final
chromebd, plasmid pTK1 25) was introduced to the strain.  concentration of 24&zM and 1 mM, respectively. Activities
This plasmid is a derivative of pBR322 and contains the were determined assuming a value of 281 O, for air-
whole operon encoding wild-type cytochrorée as well as saturated buffer at 37C.
the ampicillin-resistance gene for selection. Mutants of  Optical Spectroscopic Measuremensl of the absor-
cytochromebd were also expressed using this same plasmid bance spectra in the UWis region were obtained with a
system. DW2000 spectrophotometer (Aminco) ugia 1 cmpath-
Site-Directed Mutagenesis and Complementation Analysis length cuvette. The series of absorbance spectra used to
The Stratagene QuikChange mutagenesis kit was used taletermine the heme midpoint potentials were obtained with
a UV-2101PC scanning spectrophotometer (Shimadzu).
1 Abbreviations: BCA, bicinchoninic acid; DAD, diaminodurene; Heme AnalysisThe hemeb contents of both wild-type
DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic adigh, mid- and E445A mutant purified cytochronte were measured

point potential; EPR, electron paramagnetic resonance; FTIR, Fourier i ; R
transform infrared; LB, Luria broth; TMPD, tetramethylphenylene- by the pyridine hemochromogen assay, using an extinction

diamine; UQ-1/UQH+1, ubiquinone-1/ubiquinol-1; WT, wiid type; RR,  CO€fficient for the wavelength pair 556-:540 nm= 23.98
resonance Raman. mM~! cm™! (30). The hemed content was determined from
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Table 1: Summary of the Characteristics of Mutants in Subunit | of Cytochmihe

ubiquinol-1 TMPD heme content
complementation oxidase activity oxidase activity (umol of hemeb/
analysis (% of wild type) (% of wild type) umol of hemed) UV —vis spectral features

wild type + 100 100 2.06 WT spectra
E445A mutant - 0.2 0.7 1.18+ 0.33 no hemdsgsabsorbance bands
E445Q mutarht - 1.2 2.9 nd no hemebsgsabsorbance bands
W441A mutant - nd nd nd nd
R448A mutartt - nd decreased hentkband
Q449A mutant + 100 100 nd WT spectra
W451A mutant - nd nd nd nd

a Assays were conducted with purified enzymes unless otherwise indié&edluated using membrane preparatidited, not determined.

the reducedninus“as isolated” difference spectrum with region could be detected in the control experiment with
the Ae(628-607 nm) = 10.8 mM* cm™t (31). The samples lacking the protein. As a supporting electrolyte, 100
concentration of the wild-type cytochrorbdwas determined  mM KCI was added. Approximately-68 uL of protein
from the reducedhinusas isolated difference spectrum, using sample was added, sufficient to fill the spectroelectrochemi-
Ae(560-580 nm)= 21.4 mMtcm (32). The concentra-  cal cell. Changes in the absorption spectrum were monitored
tion of the E445A mutant protein was determined by the using a UVPC-2101 spectrophotometer (Shimadzu). The
BCA assay using wild-type cytochronbe as standard. Each  equilibration time was less than 10 min under the conditions
of the measurements was repeated at least three times. as described above. Redox titrations were performed by

EPR Spectroscopic Measuremertsband EPR spectra  Stepwise setting the potential and recording the absorption
were acquired on a Bruker ESP 300 equipped with an Oxford spectrum after sufficient equilibration. All measurements
liquid helium cryostat and ITC4 temperature controller. were obtained at SC and were repeated at least twice.
Spectra were recorded with ferricyanide-oxidized samples Absorbance changes at 628 nm vs solution potential were
of both wild-type and mutant cytochroniel at about 100  used for generating the herdditration curve, and both 428

uM enzyme at 9 and 25 K. and 560 nm were used for generating the hdmnigration
Resonance Raman Spectroscoflye enzyme concentra- ~ Curve. The midpoint potentialsEf) were obtained by
tions of wild-type and E445A mutant cytochrorbe used interactive fitting to the Nernst equation, examining fits with

for resonance Raman experiments were the same as for thd, 2, or 3n = 1 components, using the program Origin 5.0
EPR measurements. The reduction to the ferrous state wagMicrocal Software Inc.).
achieved by adding microliter aliquots of a 10 mM sodium  Ubiquinol-1 Reduction of Cytochrome .deor the anaero-
dithionite solution to an argon-purged sample in the Raman bic reduction by ubiquinol, purified E445A was made
capillary cell, and the reduction was monitored by t¥is anaerobic by purging with argon gag fbh in ananaerobic
spectroscopy in the same cell. Resonance Raman spectrﬁuvette. Then a mixture of dithiothreitol and ubiquinone-l
were obtained on a custom McPherson 2061/207 spec-was injected into the cuvette to final concentrations of 4 and
trograph (set at 0.67 m with variable gratings) equipped with 1 mM, respectively. A series of absorbance spectra were
a Princeton Instruments liquid nitrogen cooled CCD detector taken with the DW2000 spectrophotometer (Aminco) until
(LN-1100PB). Kaiser Optical supernotch filters were utilized Nno further changes could be observed. For the aerobic
to attenuate Rayleigh scattering. Excitation sources consistededuction, the same procedure was used, except the argon
of an Innova 302 krypton laser (413 nm) and a Liconix 9as purge was omitted.
4240NB He/Cd laser (442 nm). Spectra were collected ina FTIR Measurement of Cyanide Bound to Cytochrome bd
90 °C scattering geometry on samples at room temperaturePurified E445A (22uM) was incubated in the presence of
with a collection time of a few minutes. Frequencies were cyanide [50 mM sodium phosphate buffer, pH 7.6, 5 mM
calibrated relative to indene and GGitandards and were EDTA, 0.05% N-lauroylsarcosine (sodium salt), 25 mM
accurate to+1 cnmrl. CCl, was also used to check the Potassium cyanide] for23 h and then concentrated in a
polarization conditions. Optical absorption spectra of the microconcentrator (Amicon, cutoff MW 50 kDa) by cen-
Raman samples were obtained on a Perkin-Elmer Lambdatrifugation. The sample was transferred to the electrochemical
9 spectrophotometer to monitor the samples before and aftercell (36). The difference spectrum was measured for a step
laser illumination. from —500 to 500 mV (against a Ag/AgCl reference
Redox Titrations Both wild-type and E445A mutant electrode). Single beam spectra were recorded on_a_Bio-Rad
cytochromebd samples were prepared as described above.275C FTIR spectrophotometer at ¥ after sufficient
The redox titration was carried out using the ultrathin layer €quilibration of the sample at the chosen potential. Typically,
spectroelectrochemical cell for the WWis as previously 320 interferograms at 4 cm resolution were added. Five
described 3, 34) and kindly provided by Dr. Werner 0 10 spectra were then averaged to improve the signal-to-
Mantele (University of Frankfurt, Germany). The gold-grid NOIS€ ratio.
working electrode was chemically modified by 2 mM RESULTS
cysteamine solution as reported befo8®)( To accelerate
the redox reaction, 15 different mediators were added as Heme Analysis and Optical Spect@ome of the properties
reported in ref35 to a total concentration of 40M each. of the mutants are summarized in Table 1. Aside from the
At this concentration and with the path length below.dd, Q449A mutant, all of the mutants failed to support aerobic
no spectral contributions from the mediators in the visible growth (no complementation in a genetic screening) and had
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part of the spectrum. The herbgss a- andS-band bands at
A 560 and 530 nm and the hendenear-IR band at 628 nm
0.18- are present. The absence of the hdweabsorption bands
016 can be bett.er seen from the difference spectrum constructed
0.14. — wildtype bd reduced by dithionite by subtracting the vylld-typg spectrum from that of the mytant
0.1 - - - - E445A reduced by dithionite (E445A reduced minus wild-type reduced spectrum, Figure
8 o10] 2B). These spectra were normalized by the intensity of the
s hemed peak at 628 nm vs the 607 nm reference point. The
£ 008 difference spectrum has troughs at 595, 555, and 440 nm,
2 0:067] which are all features expected for heimgs (17, 18, 37).
< 0.047 These data show that the optical features of the reduced heme
0.02 bsgs are missing in the mutant.
0.00 . . i . . i . EPR SpectraEPR spectra of the fully oxidized WT and
400 450 500 550 600 650 700 E445A cytochromebd were recorded at 9 and 20 K. The
Wavelength (nm) EPR spectrum of the oxidized WT cytochrore taken at
9 K is shown in Figure 3 and is essentially the same as
B described previously2d, 38—40). In the low-field region
0.02- (Figure 3B, there are signals from high-spin heme(s)
consisting of an axial component (featuregat 6.07 and
© 5.78) and a rhombic signal with the extremagat 6.22
g 0.004 WTred and 5.66. The axial signal gt= 6 has been assigned earlier
8 \ to hemed and the rhombic component to herbgys (39,
2 / 555 595 E445Ared - WTred 41), although the opposite attribution has also been suggested
270021 in ref 40. It is noted that the two hemes appear to be very
Y close to each other, arodi® A apart, and that they interact
-0.04- :' electronically 17), so the two hemes should have a strong
}fm mutual effect on their respective EPR signals.
450 540 630 In the high-field region (Figure 3B), there is a set of signals
Wavelength (nm) (features ag = 2.50, 2.40, 2.32, 1.86, and 1.83) previously
assigned to a fraction of hentewhich is low spin 89).

FiGure 2: UV-vis absorbance spectra of wild-type and E445A The small positive peak a = 2.6 has been previously
mutant cytochromebd. (A) Absolute spectra of the dithionite-  gttributed by Spinner et al.38) to a detergent-induced

reduced wild type-{) and E445A mutant (- - -) normalized to the P i
same protein concentration. Conditions were as described in themOdIf'C""tIon of the enzyme. The low-spin herbgs has a

Materials and Methods. (B) Dithionite-reduced E44%ainus so-calle.d HALS (“highly anisotropic |0YV spin”) EPR spec-
dithionite-reduced wild-type difference absorbance spectrum trum, with g, around 3.5 88). Notably, in the spectrum in
(---)- The spectra used to generate the difference spectrum areFigure 3C, there are two peaks@t= 3.67 and 3.37. The
the same as in panel A. The absolute dithionite-reduced spectrumpgad trough ag = 1.45 has not previously been observed.
of the wild type () is also shown in panel B for comparison. This is probably the,, component of the ~3.5 signal from

little or no catalytic activity. The two mutants at position "€MeDsse. The origin of theg = 2.91 signal, present in
E445 (E445A and E445Q) appeared to be missing Hagae previously reported spectra, is also not known.
and E445A was selected for detailed analysis. The heme EPR spectra of the oxidized E445A mutant (normalized
content of the E445A mutant was determined using the to the same concentration as the WT enzyme) show dramatic
pyridine hemochromogen method and is close to one hemechanges in thgy = 6 region. Both the axial and rhombic
b per equivalent of enzyme, whereas the wild-type value is signals seen of the WT enzyme are absent, replaced by a
2 (hemebssg plus hemebsgs). These results are consistent much broader, less intense signal. The most straightforward
with the loss of one of the twb-type hemes in the enzyme conclusion is that since henfogss is missing in the mutant,
(Table 1). The exact content of hernef the isolated E445A  the remainingg = 6 signal belongs to high-spin henag
mutant depends on the preparative protocol. Lower numberswhich is altered compared to the signal in the WT enzyme.
(close to 1 per enzyme molecule) are obtained with prepara-Part of the high-spin signal in the mutant may arise from a
tions of the enzyme that use the conventional two-column fraction of hemebssg that has been converted to a high-spin
purification protocol. It appears that one of thiéype hemes  form (42). Changes in the low-spin region of the spectrum
(hemehbsgs as shown below) is destabilized by the mutation are much smaller. The signals attributed to the low-spin heme
and that the extent of loss depends on the details of thed are almost identical with those observed with the WT
preparation. In all cases, there is substantial loss of the hemegnzyme. The EPR signal from the low-spin component of
and in some preparations the loss appears to be completehemebsss is affected by the E445A mutation. The relative
The absolute spectrum (Figure 2A) of the dithionite- amplitudes of the two components of theHALS signal
reduced E445A mutant indicates disappearance of thefrom hemebsss change in favor of the form with a peak at
features associated with herbgs, such as thex-band at g = 3.37. Also, the trough a = 1.45 shifts tog = 1.67 in
595 nm. There is also a substantial loss of absorbance in thehe mutant. The mutation may shift the ratio of two
Soret band. Spectroscopic properties of hégeand heme  conformations of the enzyme responsible for the two types
d are not perturbed significantly, as evidenced by the visible of hemebssg signals.
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Ficure 4: Resonance Raman spectra of reduced wild-type and
E445A cytochromdod oxidase: The high-frequency region of the
WT (A) and E445A (B) resonance Raman spectra was obtained
with a 413-nm excitation. The inset shows the low-frequency region
of the WT (C) and E445A (B) resonance Raman spectra obtained
with a 442-nm excitation.
significant decrease of the high-spin heme signal (Figure 4B).
The loss of contributions assigned to the high-spin ferrous
hemebsgs is also observed in the low-frequency resonance
Raman spectra obtained with 442 nm excitation. The latter

) —— WT bd at 9K 1mW
] - - - E445A at 9K 1mW

EPR Intensity

5
800 900 1000 1100 1200 1300 1400 1500

Magnetic Field (Gauss) near-Soret excitation is known to selectively enhance-iron
histidine stretching vibrations in ferrous high-spin heme
- 2 C species44). In the WT spectrum a relatively strong band is
. T observed at 225 cm (Figure 4C), but it is absent from the
—— WT bd at 9K 1mW RR spectrum of the E445A mutant (Figure 4D). We assign
=== E445A at 9K TmW this signal to the/(Fe—His) of ferrous hemésgs and attribute

its disappearance in the E445A mutant to the losbsef
This assignment is consistent with tke&l cnm upshift of
this vibration in%Fe-labeled WT cytochrombd oxidase
(43). Another resonance Raman study has assigned a band

EPR Intensity

S at 250 cn1? to thev(Fe—His) of ferrous heme4s). However,
I « § as discussed in ref3, the latter frequency is more likely to
1500 2000 2500 3000 3500 4000 4500 5000 involve pyrrole tilting modes that also sho¥Fe isotope
Magnetic Field (Gauss) upshifts @6).

Carbon Monoxide Binding to the E445A Mutarithe

Ficure 3: EPR spectra of the oxidized form of the wild-type and .bmdmg of CO to. the reduced vylld-type cytochrorbe .
E445A mutant cytochrombd. Wild-type enzyme ) (100 uM) induces c_ha_mges in the Soret region of the spectrum with a
and E445A mutant (---) (86.M) were preincubated with a  characteristic “W” shape with a double trough at about-425
mixture of mediators (%M each): DAD; 1,4-benzoquinone; 1,2- 430 and 443-445 nm (Figure 5A, insert3(l). This peculiar
naphthoquinone-4-sulfonate. The samples were oxidized with W-shaped trough is not observed in the case of the CO

ferricyanide (5 mM for at least 10 min under anaerobic conditions) . .
and frozen in liquid nitrogen. Spectra were recorded at 9 K, 1 mw COMPplex of mixed-valence (ferrous hemiand ferric hemes

power, with a modulation frequency of 100 kHz and modulation b) Wild-type enzyme and has, therefore, been assigned as a
amplitude of 32 G. The spectra have been normalized accordingspectral perturbation of ferrous herbgs induced by CO
to protein concentration. Panels B and C show expanded regionsbinding to ferrous hemd (17). In the E445A mutant, the
of the spectra. The numbers indicated in the figure gaxalues. W-shaped trough in the Soret region is absent, and there is
Resonance Raman Spectrdigh-frequency resonance a simple minimum in the difference spectrum, the position
Raman spectra of the fully reduced WT and E445A cyto- of which varied between 434 and 439 nm for different
chrome bd oxidase were obtained with Soret excitation preparations (Figure 5A). This observation is consistent with
(Figure 4). Such resonance conditions have been shown tahe absence of heniiggsin the mutant enzyme. In the visible,
favor resonance Raman contributions of the hdme of the CO difference spectrum of the E445A mutant shows
cytochromebd oxidase 43). In the WT spectrum (Figure  spectral changes around 550 and 630 nm diagnostic of CO
4A), the characteristic high-spiry at 1472 cm* of ferrous binding with hemed. A more detailed attribution of the CO-
hemebsgs is intense, while thes; of the low-spin ferrous induced spectral changes based on the comparison of the
heme bssg at 1493 cm? is weak. By comparison, the optical absorption, CD, and MCD data will be described
resonance Raman spectrum of the E445A mutant shows aelsewhere (Aruyunyan et al., paper in preparation).
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Wavelength(nm) FIGURE 6: Redox titration of hemal in the E445A mutant.
Oxidation—reduction of the hemes in the course of the titration
B was followed by recording the absorption spectra in the-40ID
: nm region on a UVPC-2101 spectrophotometer (Shimadzu). The
0.025+ absorbance spectrum of the oxidized E445A sample (aboulg§0
5 .= was used as baseline. Redox-dependent absorbance changes at 628
0.020 nm were used to generate the data shofraxis values give the
redox potential vs a Ag/AgCl electrode. See Materials and Methods
2 for the description of the instrumentation and curve fitting protocol.
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Ficure 5: Reaction of the reduced E445A mutant cytochrdide < 200s
with CO. The E445A mutant (about 28V final concentration) Time (5)

was made anaerobic by purging argon gaslfo and was reduced

by adding freshly made dithionite solution. The absorption spectrum FIGURE 7: Kinetic traces of ubiquinol-1 reduction of the hetne
was recorded and taken as a baseline. Aliquots of CO-saturatedcomponent of cytochrombd recorded under aerobic conditions.
buffer were added to the sample, following which the absorbance Ubiquinol-1 reduction of the wild-type and E445A mutant cyto-
spectra were taken. (A) A typical difference spectrum induced by chromebd. Measurements were recorded with a DW2000 spec-
addition of 25uM CO. The insert shows the CO-induced difference trophotometer (SLM-Aminco). The reaction was initiated by adding
spectrum obtained with the wild-type enzyme (from 8dj. (B) a mixture of ubiquinol-1 and DTT (preincubated on ice for 30 min
The same protocol was followed for the CO titration except that to fully reduce ubiquinone-1) to final concentrations of 220

the final protein concentration was about 2L2. Absorbance and 1.1 mM, respectivelyBoth traces were normalized to the same

changes at 642 nm minus 619 nm have been used to monitor COhemed concentration. The final concentration was 0,8@ for
binding to hemed. wild-type cytochromébd and 0.44uM for the E445A mutant.

A titration with CO was performed with the reduced concluded that the E445A mutation and the loss of heme
E445A mutant, showing that the spectroscopic changes arebsgs have no major influence on the redox behavior of the
linear with added CO until a clear titration end point (Figure two remaining hemes.
5B). Assuming that CO binds stoichiometrically to hethe Ubiquinol/TMPD Oxidase Actities. The ubiquinol-1
the titration yields a concentration of hem®f 21.6uM in oxidase activity is almost totally lost in the E445A mutant
the sample, which is essentially the same value obtainedenzyme (less than 1% of that of the wild type). The same is
independently by the reduced minus oxidized spectrum (21.2found also for the TMPD oxidase activity (Table 1). In the
uM). These data indicate that the E445A mutant has the full presence of ubiquinol-1 under either aerobic or anaerobic
complement of heme. conditions, the hemes of the E445A mutant eventually

Electrochemical Measurementshe electrochemical ti-  become reduced, characterized by the peaks of 562 nm from
tration of the E445A mutant (Figure 6) revealed that the heme ferrous hemé» and 628 nm of ferrous hente A comparison
d midpoint potential is the same as in the wild type (about between the WT and mutant enzymes of the rates of aerobic
250 mV vs NHE). The titration ob-type hemes (monitored  reduction of theb-type hemes by ubiquinol is shown in
at 560 nm) (not shown) was biphasic for both the WT and Figure 7. Aerobic reduction of the wild-type enzyme with
E445A mutant. The major component has a midpoint excess ubiquinol-1 occurs after the utilization of all the
potential of about 80 mV in both cases. This value dependsdioxygen. This is monitored using the wavelength pair of
on the detergent and other solution conditiodg) (and is 560/580 nm (Figure 7) for thie-type hemes or 627/607 nm
similar to previous measuremengy). Quantitation was not  (data not shown) for henma: There is a short (few seconds)
as clear due to apparent multiple components, which can beapparent aerobic steady state in which the absorbance
due to hemdisgs in the WT enzyme and, possibly, hetero- indicates about 30% reduction of thetype hemes. Once
geneity in hemddssg in the mutant. Nevertheless, it can be dioxygen has been depleted, the rate of reduction of the
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T 48). A trough due to cyanide bound to the ferrous heme iron
T in the fully reduced form of the mutant is observed at 2037
cmL. This mode was not previously reported for cytochrome
bdin refs 32 and48. However, the spectra presented in the
current work are based on electrochemical reduction of the
] enzyme, in which a lower potential can be achieved to fully
2092 2087 reduce the enzyme. The previous report of cyanide bound
to the photoreduced enzyme described a band at 2084 cm
(49).

AAbsorbance

2200 2150 2100 2050 2000 DISCUSSION

-1
Wavenumber (cm ) The cytochromebd quinol oxidase is found in many
Ficure 8: FTIR oxidizedminusreduced difference spectrum of prokaryotes and is often associated with microaerophilic

the cyanide-bound E445A mutant. The spectrum was recorded ongrowth conditions 2—4). Although not a proton pump, the

a Bio-Rad 575C FTIR spectrophotometer (see Materials and Method ; ; ; Py
for details). KCN was added to the sample buffer to a final enzyme. is electrogenic7( 49)’ so that quinol oxidation
concentration of 25 mM. The E445A protein sample (32) was results in charge separation across the membrane. The

incubated in the above buffer for-3 h before measurement. mechanism by which the enzyme generates a protonmotive
force is of interest. Almost certainly, the charge separation
hemes is slow due to the fact that ubiquinol-1 is a rather results from the fact that electrons and protons that are used
weak reductant. The reduction of all three hemes proceedsto reduce dioxygen to water originate from opposite sides
simultaneously after anaerobiosis, so no internal electronof the membrane7( 8, 37, 49—51). Specific residues required
transfer is rate limiting. for quinol binding have not been identified, but it is known
The kinetic trace is very different for the E445A mutant that quinol oxidation involves the “Q-loops@—55), which
enzyme, as shown in Figure 7. One would expect hbgge is a hydrophilic loop connecting transmembrane helices 6
to be fully reduced during the aerobic steady state if the and 7 in subunit I, and is on the periplasmic side of the
mutation in E445A selectively perturbs the reaction of membraneg6). The low-spin hemdysss component that is
dioxygen at the hemeé site, but this is not what is observed. thought to be the initial electron acceptor from quinb)(
Instead, there is a long lag phase, presumably reflecting theis ligated to His186%7) and Met393 25, 38), also located
aerobic steady state during the very slow depletion of near the periplasmic surface of subuni0). The dioxygen
dioxygen from the buffer. Approximately one-third of heme binding site is hemel (18, 19), which has not been localized
bsss is reduced during this phase, and hemhe@emains with respect to the membrane bilayer. However, it appears
oxidized. Once oxygen is depleted (Figure 7), the reduction that hemed shares the same binding pocket within the protein
of hemebsss (and hemad, not shown) proceeds. The rate of ~With hemebses (17, 22), which is ligated to His19 in subunit
heme reduction after anaerobiosis is similar to that observed! (43). Recently, the predicted topology of subunit I was
with the WT enzyme and presumably reflects the fact that revised such that His19 is now also predicted to be near the
quinol is not a potent reductant in the absence of the dioxygenpPeriplasmic surface2().
electron acceptor. The work presented here shows that E445, located within
The major observation is that of the initial aerobic steady- a highly conserved region in subunit |, is required to stabilize
state spectrum if E445A does not display fully reduced heme the binding of hemébsgs. Since the region of the protein
bsss. It can be concluded that the E445 mutation does not containing E445 is located on the periplasmic side of the
simply block the reaction with dioxygen but appears also to membrane, it is reasonable to conclude that the hesge

impede the entry of electrons to herbgs hemed binuclear center is located near the periplasm. Since
FTIR Oxidized Minus Reduced Difference Spectrum of the protons used to form water must originate from the
Cyanide Bound to Cytochrome btihe FTIR redox differ- ~ bacterial cytoplasm, the enzyme must provide a proton-

ence spectrum shown in Figure 8 is the enlarged view of conducting pathway for protons to reach the dioxygen
the region characteristic for the=eN vibrational mode. reactive site near the opposite side of the membrane. This
Spectra of the wild-type enzyme bound to cyanide have beensituation is very similar to that of the hemeopper oxidases,
reported, with a peak at 2161 cirfor the oxidized enzyme, where proton pathways leading to the binuclear center have
2138 cn for the partially reduced enzym@4, 32), and  been well characterized®).

2084 cmt for the photoreduced enzymég). The signal at The purified E445A mutant is remarkable insofar as it is
2161 cmrt was interpreted to indicate that cyanide can bridge lacking one of the three heme prosthetic groups and yet
the two high-spin hemed and bsgs (32). In the E445A appears to be otherwise intact, albeit nonfunctional. The
mutant, there is a new feature at 2156 énof unknown amount of protein that is expresseddncoliis substantially
origin which overlaps a band at 2162 chnthus making less than in the wild-type enzyme, but the isolated mutant is
the latter a shoulder instead of a distinct peak. Neverthelessstable. The absence of hetngs in the membranes contain-
the signal at 2162 cm, presumably equivalent to the ing the mutant enzyme is apparent from the lack of the
previously reported band at 2161 ch(32), appears to be  characteristic peak at 595 nm in the reduced minus oxidized
present. The difference spectrum (Figure 8) also has a broadlifference spectrum (not shown), and this is confirmed in
trough at approximately 2092 crhin the spectral range the isolated enzyme. All of the spectroscopic and analytical
characteristic of free cyanide, due to the release of cyanidetechniques indicate the absence of hdmg in the E445A
upon reduction of the enzyme, as previously repor&®] (  mutant. It is remarkable that the redox midpoint potential
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and spectral characteristics of hemh@ppear to be undis-
turbed by the loss of hemiggs, despite the fact that these
two hemes appear to be physically close and within the same
protein binding pocket1(7, 22). The low-spin hemésss

appears, however, to be somewhat perturbed by the mutation.

The loss of hemdsgs results in changes in the UWis
absorption spectra consistent with previous spectroscopic
assignments1(7, 18, 37) and confirms these assignments.
The resonance Raman spectrum of the E445A mutant also
confirms the assignment of the band at 225 ¢ras the
ferrous iron-histidine stretching frequency for hentoggs
(43).

The FTIR redox difference spectrum of cyanide bound to
the enzyme is less affected by the mutation than expected.
The band at 2162 cm appears to be present, although as a
shoulder on a new feature at 2156 ¢m(Figure 8).
Previously, the 2162 cm band was tentatively assigned as
being due to cyanide bridging between hethand heme
bses (24, 32). The current data suggest that this may not be
correct, since the band is still present in the E445A mutant
in which hemebsgs is absent. Possibly, the 2162 and 2156
cm ! bands represent different conformers of the cyanide
complex of the oxidized cytochromied mutant, strongly
influenced by interactions between the cyanide moiety and
protein residue(s). An alternate explanation of the current
data is that the preparation of the mutant used for the FTIR
experiments contained sufficient residual hdmsg to yield
the observed band at 2162 chbut this is unlikely. Further
study of this issue is warranted since the presence of a
bridged cyanide between hemand hemebsgs places severe
structural contraints on the distance between the heme irons.

The absence of hembsgs results in loss of catalytic
function, using either ubiquinol-1 or TMPD as reductant.
Hemebsgs and hemel are known to be physically close and
appear to function as a diheme ur22), and hemebsgs is
required for rapid electron transfer between hdmg and
hemed (59). Therefore, it might be expected that the loss
of heme bsgs would specifically block the reaction with
dioxygen or the electron transfer between helbpg and
hemed. However, the loss of function of the E445A mutant
cannot be uniquely ascribed to a block of processes following
the reduction of hemdssg since inhibition of these steps
would result in full reduction of hemlassg during the aerobic
steady state, and this is not observed. Both the reduction of
hemebssg and the reoxidation of hem®ss must be inhibited
by the E445A mutation, presumably due to the loss of heme
Dsgs.

The current work indicates not only that the site of quinol
oxidation and the dioxygen reactive site are on the same side
of the membrane but that they are likely to be relatively close
to each other.
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