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ABSTRACT:. Cytochromebdis a quinol oxidase fronkEscherichia coliwhich is optimally expressed under
microaerophilic growth conditions. The enzyme catalyzes the two-electron oxidation of either ubiquinol
or menaquinol in the membrane and scavenggatdow concentrations, reducing it to water. Previous
work has shown that, although cytochrobedoes not pump protons, turnover is coupled to the generation

of a proton motive force. The generation of a proton electrochemical gradient results from the release of
protons from the oxidation of quinol to the periplasm and the uptake of protons used to $Q@rrfrdtn

the cytoplasm. Because the active site has been shown to be located near the periplasmic side of the
membrane, a proton channel must facilitate the delivery of protons from the cytoplasm to the site of
water formation. Two conserved glutamic acid residues, E107 and E99, are located in transmembrane
helix 11l in subunit | and have been proposed to form part of this putative proton channel. In the current
work, it is shown that mutations in either of these residues results in the loss of quinol oxidase activity
and can result in the loss of the two hemes at the active site, hdaratisgs. One mutant, E107Q, while

being totally inactive, retains the hemes. Fourier transform infrared (FTIR) redox difference spectroscopy
has identified absorption bands from the COOH group of E107. The data show that E107 is protonated
at pH 7.6 and that it is perturbed by the reduction of the hdfhemebsgs binuclear center at the active

site. In contrast, mutation of an acidic residue known to be at or near the quinol-binding site (E257A)
also inactivates the enzyme but has no substantial influence on the FTIR redox difference spectrum.
Mutagenesis shows that there are several acidic residues, including E99 and E107 as well as D29 (in
CydB), which are important for the assembly or stability of the helfhemebsgs active site.

Cytochromebd is a quinol oxidase that is found in many oxidases, the redox chemistry is coupled to the generation
prokaryotes 1, 2). The enzyme is a heterodimer, with the of a proton electrochemical gradient across the membrane
two subunits being encoded bydA (subunit I, 57 kD) and (proton motive force). In both groups of oxidases, the sources
cyd (subunit I, 43 kD) B). There is no sequence homology of electrons and protons that are brought together with O
between CydA or CydB with the subunits of the heme to generate water at the active site are on opposite sides of
copper oxidase superfamily (e.g., cytochromexidases)  the membrane. Electrons come from the oxidation of either
(4). Both the heme copper oxidases and the cytochrobte  cytochromec or a quinol, at sites located at the periplasmic
oxidases are respiratory oxidases and catalyze the four-side, and protons taken from the cytoplasm. This generates
electron reduction of ©to two HO. In both types of 3 transmembrane voltage coupled to enzyme turnover.
However, whereas the hemeopper oxidases pump protons
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protons are taken from the cytoplasm to mak©Hl1, 12). the catalytic mechanism is not known. It could be present
Unfortunately, there is no X-ray structure of a-type simply as an electron donor, or it could play a role in
oxidase. However, with the large number of sequences nowcapturing and activating OHemebsgs is ligated to H19 in
available, one can search for highly conserved residues thatCydA (40), also located at the periplasmic surfadel)(
might be candidates for such a role. Several years ago, onHemesd and bsgs are adjacent, and because hebag is
the basis of sequence alignments, two glutamic acid residuedocated on the periplasmic surface, it follows that the heme
were picked out as prime candidates for being componentsd/hemebsgs active site must be located near the periplasmic
of a proton-conducting channel, E107 and EBSdherichia side of the membranel().
coli) (12). These are both predicted to be in transmembrane Electron transfer from hemsg to the hemel/hemebsgs
regions and are conserved. In the current work, the effectsactive site generates a transmembrane voltage (positive
of mutations in these as well as other acidic residues areoutside) ¢1). This cannot be a direct result of the electron
reported. transfer itself because henbgsg and the hemel/lhemebsgs
There are currently about 815 sequences of the cytochromeactive site are both located near the periplasmic surface.
bd genes available from genomic data and environmental Hence, the voltage must be generated by the coupled
sequencing projects. Cytochrorbeis much more prevalent  movement of protons across the membrane from the cyto-
in the genomic sequences than in the environmental se-plasm to the active site on the opposite side of the membrane.
quences, which may indicate a biased presence in pathogenihis is the basis for predicting a proton-conducting channel
bacteria, which have been a major focus of genomic projects.to facilitate this proton translocation.
Indeed, a number of publications have indicated a role of A number of residues in CydA are totally>09%)
cytochromebd in virulence and the ability of pathogenic  conserved in the 815 sequences (Hemp, J., and Gennis, R.
bacteria to survive as intracellular parasit&3<17). B., manuscript in preparation). These residues include H19
A phylogenetic analysis of the sequences of both CydA (hemebsgs ligand) @0), H186 and M393 (hembssg ligands)
and CydB indicates that thed-type oxidase group in four (32, 33), K252 and E257 (implicated in quinone binding)
phylogenetically coherent families (Hemp, J., and Gennis, (29), R448 (unknown function), and E99, E107, and S140
R. B., manuscript in preparation). It has been shown that (suggested as components of a proton chanfg)) Slightly
subunit Il has evolved significantly faster than subunit |, less well-conserved (9599%) are E445 (critical for the
leading to more sequence diversity in subunitl®) Many electrochemical properties of heniges) (41, 42), N148
prokaryotes have representatives of more than one of thesgpossible proton-channel component), and R9 (unknown
families, suggesting that they may play distinct roles in the function). Somewhat less conserved (about 85%) are R391
physiology of the organisms. THe. coli genome encodes  (critical for the electrochemical properties of hegy) (43)
two bd-type oxidasesdydAB and cyxAB). CyxAB (previ- and D239 (unknown function), but these are totally conserved
ously calledappBC), together withappA, consititutes the  within the group ofbd-type oxidases with a “long Q loop”,
acid phosphatase regulohdj, and the enzyme appears to to which the E. coli oxidase belongs. Other conserved
be optimally expressed under anaerobic or near anaerobiaesidues are glycines, prolines, phenylalanines, or tryp-
conditions @0). The enzyme has not been extensively tophans, which presumably play structural roles. There is
studied, but it has been isolated and characteri2&d The only one totally &99%) conserved residue (W57) in CydB,
CydAB oxidase has been more extensively studied and iswhich displays much more sequence variation than CydA
optimally expressed under microaerophilic conditions. Cyd- (18). However, acidic residues R100, D29, and D120 are
AB is the predominant oxidase E coligrown to stationary  totally conserved within the family of “long Q loopbd-
phase or grown under conditions of limiting, (22—-25). type oxidases, and D5&( coli) is either an aspartate or
CydAB is part of a closely related subgroup loé-type glutamate.
oxidases that contains an insertion in the C terminus of the |n the current work, the results are reported for mutations
Q loop, a large periplasmic “loop” connecting transmembrane in several conserved acidic residues: E99, E107, D239, and
helices 6 and 7 (out of 9 predicted transmembrane helices;E257 in CydA and D29 in CydB. The locations in the
see Figure 1)12, 26, 27). The Q loop has been implicated predicted topology of each subunit are shown in Figure 1.
by many experimental techniques as being involved in Several mutations result in the loss of henteand bsgs
ubiquinol binding and oxidation28—31). E99A, E99Q, E107D, and D29E (CydB). Mutant oxidases
All of the bd-type oxidases contain three hemes. Heme E107Q, D239N, D239A, and E257A have no quinol oxidase
bssgis located within CydA, ligated to H186 and M393, and  activity, but all of the hemes are present in the isolated
predicted to be near the periplasmic surfa8g @3). The enzymes.
role of hemebssg appears to be to facilitate electron transfer  Fourier transform infrared (FTIR}ifference spectroscopy
from the reduced quinol substrate. The binding of quinone of the wild-type cytochroméod has previously implicated
analogues, such as antimycid4f or aurachin D 29, 35), at least one acidic residue as being involved in quinone
causes a red shift of the absorption spectrum of hbsge binding, and more than one acidic residue was shown to be
The active site, where Qs activated and reduced to water, perturbed upon reducing the hemdd, (45). This approach
is composed of two high spin hemes (herdesdbsss) that is extended in the current work. FTIR difference spectroscopy
appear to be adjacent and function as a bimetallic ceBéer ( of the E107Q mutant oxidase shows that E107 in the wild-
37). Ferrous heme binds stably to @ (hemed F&*—0O;) type oxidase is protonated at pH 7.6 and that this residue is
and, upon the addition of two more electrons, forms a heme
d Fer"=02 oxoferryl species (plusOH) (38). The protein 1 Abbreviations: FTIR, Fourier transform infrared; EDTA, ethyl-

ligand of hemed is not known. Hemdses does not stably  enediaminetetraacetic acid; TMPRN,N',N-tetramethylp-phenylene-
bind to exogenous ligand89), such as CO, and its role in  diamine; SHE, standard hydrogen electrode.
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Ficure 1: Schematic showing the topology of the CydA and CydB subunits obthigype oxidase fronE. coli. Conserved residues,
which are referred to in the text, are highlighted.

perturbed upon reduction of the herdemebsgs active- QuikChange mutagenesis kit was used to construct mutants
site hemes. In contrast, the E257A mutant appears to beusing plasmid pTK1 (see above) as the templat).(
located at or near the quinone-binding site, as previously The oligonucleotide primers were synthesized by the Uni-
proposed Z9). versity of lllinois Biotechnology Center and purified using
MATERIALS AND METHODS oligonucleotide purification cartridges with a melting tem-
perature around 8TC based on the Stratagene formul&)(

The mutagenesis was performed as describ&t). (All
mutations were confirmed by DNA sequencing. The comple-

; . mentation test was carried out as reported previously b
expressing both the wild-type and mutant cytochrdnde P P y by

from a plasmid. To obtain wild-type cytochrorbd, plasmid Zhang et al. 49).

pTK1 (33) was introduced into the strain. Mutants of  Cell Growth and Protein Sample Preparatidrarge-scale

cytochromebd were expressed using pTK1 plasmid as well. cell growth of strains that grow aerobically (i.e., expressing
Site-Directed Mutagenesis, Expression, and Complemen-the wild type or E107D mutant) was carried out in 24 2-L

tation Test of the Mutant Cytochrome .bthe Stratagene  flasks, shaking at 220 rpm at 3T using an Innova 4330

Strains and Plasmid<. coli strain GO105¢ydAB::kan,
cyo, recA), which lacks both cytochromtao; and cytochrome
bd quinol oxidases 33), was used as the host strain for
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Table 1: Summary of the Properties of the CytochrdsdeMutants

complementation of heme content UQ:H; oxidase = TMPD oxidase

aerobic growth (UV —vis spectrad activity (%) activity (%)
wild type yes all hemes present 100 100
E107D yes little heme (<15%) 0 0
E107Q no low heme content (50%) immediately after preparation; 0 20

hemed/hemebsgs are labile and readily lost after purification

E99A no no hemel/hemebsgs 0 0
E99Q no no hemd/hemebsgs 0 0
E257A no wild type 0 50
D239A no wild type 0 300
D239N no wild type 0 120
D29E (CydB) no no heme/hemebsgs 0 0

aHemed values were obtained from the absolute spectrum of the dithionite-reduced enzyme, normalized per milligram of protein, as a very
rough estimate? A 100% ubiquinol-1 oxidase activity corresponds to a turnover of about 1456 & The designation “0” means 1% of the
wild-type activity. The concentration of cytochrorbd in the assay mixture was varied between about 10 and 100 nM. Higher concentrations of
enzyme were used to analyze mutants with little or no activify.100% TMPD oxidase activity corresponds to a turnover of about 10G#€.
The designation “0” means 1% of the wild-type activity. The concentration of cytochrobukin the assay mixture was varied between about 10
and 100 nM, with higher concentrations used to analyze mutants with little or no activity. The assay is reproducible to within about 10%, and the
values presented are rounded off.

incubator shaker (New Brunswick Scientifig}3). Strains there is no other quinol oxidase, and with the purified enzyme
expressing the wild type and those inactive mutants, which (42). The oxidase activity assays were performed as described
could not grow aerobically, were grown at the Fermentation previously by Zhang et al4@).
FaC|I|ty at the University of lllinois or the OSU Fermentation E|ectrochemist|'y and FTIR Difference SpectroscéiR
Facility at 37°C and pH 7, in a 20-L fermenter using LB (ifference spectra recorded at°& as a function of the
containing 100ug/mL Amp, 50 ug/mL Kan, and 0.3%  applied potential with BioRad (now Varian, Inc.) FTS-6000
glucose 43). FTIR. Each FTIR difference spectrum consisted of 256
Both wild-type and mutant cytochrontel oxidases were  interferograms at 4 cni resolution, and approximately 20
purified as described previousl¢2). The pooled fractions  spectra were averaged to give a better signal-to-noise ratio.
were concentrated using an Amicon concentrator with Triangular apodization is used for Fourier transformation.
a 50 kDa molecular-weight cutoff filter and then dialyzed Equilibration at the applied potential is achieved in less than
3 times against 50 mM sodium phosphate buffer at pH 7.8 10 min. FTIR spectra were monitored until no change was
containing 5 mM ethylenediaminetetraacetic acid (EDTA) detected. Experimental conditions fodl quinol oxidase and
and 0.05%N-lauroylsarcosine. Both wild-type and mutant  electrochemical cell setup are described in detail previously
cytochromebd samples were then examined, using the same (42, 48). A mixture of 13 different mediators was added to
dialysis buffer for appropriate dilution unless specified a 40 uM final concentration of 1,tdicarboxylferrocene,
otherwise. All of these assays were performed as reportedferricyanide, dimethylparaphenylendiamine (DMPPD), quin-
in ref 42 hydrone, tetramethylparaphenylendiamine (TMPPD), tetra-
UV—Vis Spectroscopic Measuremengd| of the absor-  chlorobenzoquinone, 2,6-dichlorophenol indophenol, ruthe-
bance spectra in the UWis region and the absorbance njum hexamine chloride, 1,2-naphthoquinone, menadione,

spectra for midpoint potential measurements were obtained2-hydroxy-1,4-naphthoquinone, benzyl viologen, and methyl
with a UV-2101PC spectrophotometer (Shimadzu) using a viologen.

1-cm path-length cuvette or an ultrathin layer spectroelec-

trochemical cell 42, 43). RESULTS
Heme AnalysisThe hemeb contents of both the wild- ) o ) )
type and E99Q mutant purified cytochrorbd were mea- The primary motivation of this work was to examine

sured by the pyridine hemochromogen assay, using anmutations of E107 and E99, which are each totally conserved
extinction coefficient for the wavelength pair 556540 nm  and predicted to be within a transmembrane span in the CydA
= 23.98 mM?! cm! (46). The hemed content was subunit 1) (Figure 1). In addition, three other highly
determined from the reduced minus “as isolated” difference conserved acidic residues were also replaced by mutagen-
spectrum, with theAe(628-607 nm) = 10.8 mM1 esis: D239, E257, and D29 (CydB). A summary of the
cm 1t (39) The concentration of the W||d-type Cytochrome biochemical results are in Table 1 and brlefly described
bd was determined from the reduced minus as isolated below.
difference spectrum, using\¢(560-580 nm) = 21.4 (1) E107 was replaced by glutamine and aspartate. The
mM~1cm™ (47). Because the “as isolated” enzyme contains E107Q mutant oxidase was the most useful because it was
varying amounts of the ferrous hengeoxy complex and assembled and the UWis spectrum of the isolated enzyme
oxoferryl hemed species, the hemd content was also is most similar to that of the wild-type enzyme. The content
determined by the absolute spectrum of the fully reduced of hemed is about half of that expected compared to the
enzyme, using the extinction coefficiemegrg-670 = 25 wild type (Table 1), and upon storage, the enzyme loses
mM~t cm™ (41). hemesd and bsgs. There is no ubiquinol oxidase activity,
Ubiquinol-1 and N,N,NN'-Tetramethyl-p-phenylenedi- but there is a small amount of TMPD oxidase activity. It
amine (TMPD) Oxidase Aciity Assays Cytochromebd has been shown that TMPD donates electrons to a site distinct
mutants were assayed in both isolated membranes, in whichfrom ubiquinol and appears to be oxidized directly at the
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hemed/hemebsgs active site 49). A low activity with TMPD -
suggests a perturbation of the hedibemebsgs active site s

by the E107Q mutation. Expression of the plasmid-encoded AA Abs W
E107Q oxidase in a host strain that has no genomically £ SR
encoded respiratory oxidases (GO1@%d, cyo does not % 1778 1780 1728 ATO0

confer the ability to grow aerobically to the strain. Hence,
the E107Q enzyme is isolated from membranes of anaero-
bically grown cells.

The E107D oxidase does complement GO105, demon-
strating that replacing the glutamate by an aspartate results
in the assembly of a sufficiently active oxidase to support
aerobic growth. However, the isolated E107D mutant oxidase E107Q
lacks hemesl andbsgs and has no oxidase activity (Table
1). Whole cells from the culture of GO105 expressing E107D A Abs
do respire, but the respiratory activity is lost upon isolation 0.0002
of the enzyme. Apparently, the mutation destablizes the
binding of hemesl andbsgs to a point where even isolation
of the membranes results in the loss of activity. These data Wavenumber (cm™)
also support the conclusion that E107 is important for the Ficure 2: Oxidized-minus-reduced FTIR difference spectra of the
binding of hemedermebsss balfor & potontial Step o 708 10252 v versus S, The.

(2) E99 was replaced by "’F'a”'”e and .gluta'mlne. Both the inset shc?ws the enlerl)rged view of a double-difference spectrum
E99A and E99Q mutant oxidases are inactive and do not gptained by subtracting these spectra.
contain hemal or bsgs. It is concluded that E99, similar to
E107, is near hema@/hemebsgs and important for their stable  ing or changing protonation state concomitant with the redox
assembly in the protein. reaction. The positive signals correspond to the oxidized

(3) E257 was replaced by alanine. The E257A mutant form, and the negative signals correspond to the reduced
oxidase lacks ubiquinol oxidase activity but retains significant state. The spectra of the wild-type oxidase have been
TMPD oxidase activity (Table 1). Spectroscopically, E257A previously described in ref4 and include the contributions
is similar to the wild-type oxidase, indicating no perturbation of several protonated acidic residues (i.e., COOH). It is noted
of the heme content. Data from the Mogi gro@9)(indicate that anaerobically grow&. coli primarily contains menaquino-
that E257 is at or near the ubiquinol-binding site, as one ne as a component of its respiratory chain, whereas aerobi-
might predict based on its location in the Q loop. cally grown cells use ubiquinone. Cytochrorné can use

(4) D239 was replaced by both asparagine and alanine.either menaquinol or ubiquinol as a substrate. The E107Q
Both the D239N and D239A mutant oxidases lack ubiquinol mutant enzyme, isolated from anaerobically grown cells,
oxidase activity but have TMPD oxidase activity equal to exhibits clear perturbations in the spectral region that is
or higher than that of the wild-type oxidase (Table 1). This typical for protonated acidic residues (1730750 cnt?)
indicates that the enzyme retains the ability to bind, activate, (50). Other components may also contribute to the FTIR
and reduce @to water. The UV-vis spectra of D239A and  spectrum in this region, including lipid$1) and possibly
D239N are similar to that of the wild type, indicating no hemed, whose FTIR spectrum is unknown. As shown in
perturbation of the heme content. The location of D239 near Figure 2, the FTIR redox difference spectrum of the mutant
the Q-loop interface with the membrane (Figure 1) suggestsoxidase differs from that of the wild-type oxidase. The
a possible involvement with the ubiquinol-binding site. The absence of the negative band at 1753 tand the perturba-
midpoint potential of hemd was determined for the D239N  tions around 1738 and 1700 chkare highlighted in a double-
mutant (data not shown) and compared to that of the wild difference spectra in the inset of Figure 2. On the basis of
type. The results show a large decrease in the midpointthese shifts, E107 can be assigned to the signal in the wild-
potential of hemal from the wild-type value of+240 mV type spectrum, with a negative trough near 1753 tand
[versus standard hydrogen electrode (SHE)HH00 mV positive band at 1738 cm. This sigmoid-shaped band is
(data not shown). most readily interpreted as being due to the reorganization

(5) D29 in CydB was replaced by glutamate. The D29E of the environment around a protonated form of E107. The
mutant is totally inactive with either ubiquinol or TMPD as basic conclusion is that E107 must be protonated at the pH
the substrate, and hemdsand bsgs are not present in the  of the experiment (pH 7.6), and it is perturbed upon changing
isolated enzyme. the redox state of one or more of the heme components of

One of the goals of this work was to determine whether the enzyme. The frequencies observed for the residue indicate
E107 and/or E99 carboxyl groups contribute to the FTIR that E107 is in a hydrophobic environment and that there is
redox difference spectrum previously reportéd, @5). Only stronger hydrogen bonding upon reduction (shift from 1751
the E107Q mutant could be isolated with the heme contentto 1738 cn?).
intact and approximating that of the wild-type oxidase. Figure  Additional spectroscopic shifts around 1700 and 1685
2 shows the oxidized-minus-reduced FTIR difference spectracm™! are observed in the spectra, and these spectroscopic
(from +708 to—292 mV versus SHE) of the wild type and changes may include contributions from the heme propi-
E107Q mutant of anaerobically grown cytochrorbe onates and the backbone. In the lower spectral range, only
oxidase. The spectra include the contributions of all hemes, minor variations can be seen in the spectrum of the E107Q
the bound quinone, the backbone, and all residues reorganizmutant oxidase, and these may be attributed to the small loss
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active site (from+708 to +128 mV versus SHE), and a full

; P Ficure 4: Oxidized-minus-reduced FTIR difference spectra of the
otential step (from-708 to—292 mV versus SHE), which includes :
gontributiong grom all cofactors plus the quinon)e. wild type and E257A mutant of cytochrorbe (from +708 to—292

mV versus SHE) with and without the inhibitor aurachin C 1-10.

. . . The 1635 cm? band in the spectrum of the wild-type oxidase is
of hemed that is observed over the time required to complete ¢ the bound quinone. Thisﬁs shifted to 1633731r'my51e mutant,

the spectroscopic measurements. showing that the quinone remains bound to the E257A mutant
The redox-induced perturbation of the E107 environment oxidase, although there is a perturbation of this@mode. In the
was further examined over more narrow ranges of solution presence of aurachin C 1-10, the band is significantly reduced in
potential. Figure 3 shows the double-difference spectrum in INtensity, in the wild-type oxidase, but is not altered in the E257A
the 1750 cm region of the spectrum over the ranges from o Flence. aurachin C 110 does not displace the bound
9 P vel ange quinone. Quinones present in the preparations are a mixture, with
—292 to +118 mV (versus SHE), within which is the menaquinone-8 and ubiquinone-8 being major components. The
midpoint potential of cytochromésss, and from+128 to strong negative features at about 1583 and 1410'are often
+708 mV (Versus SHE)’ which will Capture Changes ac- Obsirved Wlth mUtantIS.kOfi Cyﬁ]ochrhorbd. Altholugf:jthelrhorlgln 1S
. : : . not known, it seems li ely that t ey are re ated to the egree to
companying the. oxidation/reduction of hemdb?’% The which lipids are present in the preparations.
midpoint potentials of hemeasandbsgs are sufficiently close

(+256 and+223 mV versus SHE) to preclude resolving g a4 by the presence of the absorption band at 1633 cm
spectroscopic changes that can be attributed to either hem%vhich is assigned to the=€D stretch of a bound quinone

alone. The spectral alterations over the entire voltage range Con - :
(from —292 to 4708 mV versus SHE) are also shown in (44). Another band indicating bound quinone is at 1611 &tm

Figure 3, which includes changes coupled to the reduction/ and present in the E257A mutant spectrum, which is due to
gure s, 9 Pi€ the G=C mode ¢4). The 1635 and 1611 cri bands are
oxidation of all three hemes plus the quinones. The results

) shifted in the E257A mutant spectrum to 1633 and 1614
clearly show that the perturbation of the spectrum of E107 ~ . X
is associated with the redox changes of haifiemebsgs  C » 'eSPectively. Both of these shifts may result from a
There are other changes in the 1750-&megion of the perturbation of the bound cl|umone._ With the wild-type
spectrum of the wild-type enzyme, suggesting the perturba-cytocmomebbd’ t(;'e 1?]35_ %ﬁé band is h"’.lbs&m I\D/vhen the
tion of other protonated acidic residues besides E107 coupledenzyme IS bound to the Inhibitor aurachin I‘ resum-
to the reduction/oxidation of the metal centers. E99 is a good 2P!Y: the inhibitor either displaces or alters the binding of
candidate, but the loss of henihemebses from both the the quinone to the protein. The same observation has been

E99A and E99Q mutants rules out meaningful FTIR differ- Made with aurachin C 1-10, which is thi-hydroxy
ence spectroscopy. derivative of aurachin D and is a somewhat less potent

The E257A mutant was examined by FTIR spectroscopy. Inhibitor of cytochromend (35, 52). Figure 4 shows the redox
The redox difference spectrum, shown in Figure 4, is very difference spectra of the wild-type and E257A mutant
similar to that of the anaerobically grown wild-type oxidase ©Oxidase, in the presence and absence of aurachin C 1-10.
in the 17306-1750 cntt region @4). Hence, it is concluded The 1633 cm? band is clearly observed in the redox FTIR
that E257 is not contributing to the redox-coupled spectro- difference spectrum of the E257A mutant oxidase. This
scopic changes. Either E257 is not protonated (i.e., not indicates that, under the conditions of this experiment, the
absorbing in the 1750 cm region of the spectrum) or, ifit ~ quinone (mainly menaguinone) remains bound to the enzyme
is protonated, its environment is not altered by the redox in the presence of aurachin C 1-10. Under these conditions,
changes. the equivalent band in the wild-type oxidase is diminished

Previously reported site-directed mutagenesis of E257 hasin magnitude, suggesting partial displacement of the bound
implicated this residue as being at or near the quinol-binding quinone. It is concluded that either the binding of aurachin
site 29). The FTIR redox difference spectrum (Figure 4) C 1-10 to the E257A mutant oxidase is altered or the effect
shows that the E257A mutant oxidase retains the boundof the inhibitor binding on the bound quinone is altered by
quinone, which is primarily menaquinone. This is demon- the E257A mutation.
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DISCUSSION mutants both have labile hemdsand bsgs. In the case of
. . E107Q, the heme content is about half of the expected
Previously reported FTIR difference spectroscop ¢5) amount upon isolation, but after 12 h at@ and pH 7.6,

has shown that more than one aC|d|.c residue is perturbedthe hemed content is significantly lower (about half, data
when the metal centers are reduced in cytochrbohiom not shown). At higher pH, the lability of the hemes is
E. coli. In addition, at least one acidic residue appears 0 be jreased, which is the case for the wild-type oxidase as well.
protonated at pH 7.6 when the enzyme is bound 10 rpe £107D mutant oxidase is functionial sivo, but the
menaquinone but deprotonated when the enzyme is bound, ity is lost upon preparing membranes and the isolated
to ubiquinone 44). Three _aC|d|c amino acid residues are enzyme lacks hemaandbses Clearly, E107 is important
totally (>99%) conserved in all of the sequences offlde ¢, otk function and the structural integrity of the active
type oxidases: E99, E107, and E257. site. Evidently, having an acidic residue at this location is
E257 Mutations in E257 (E257A and E257Q) have been not suyfficient for stability because aspartate does not
examined by Mogi et al.29), and it was concluded that this  sypstitute for glutamate at this position. This is reflected in
residue is involved in the binding of the substrate ubiquinol. tpe sequence alignments, which show only glutamates at
These mutations each result in about-a43fold increase in equivalent positions to E99 and E1012).
the K, of ubiquinol-1. E257A had &/max that was about The E107Q mutant was sufficiently stable for FTIR
30% of the wild-type value, whereas E257Q had a slightly gifference spectroscopy. The results (Figure 2) show a
higher Vimax. In the current work, the E257A mutant was  gypstantial difference between the spectra of the wild type
further examined. Under the conditions of our assay, the ang E107Q mutant. The double-difference spectrum (inset
E257A mutant is inactive, with ubiquinol-1 as the substrate, ¢ Figure 2) clearly shows that E107 absorbs at 1738cm
and the heme content is normal. The FTIR redox difference i, the oxidized form of the enzyme but at 1752 ¢rwhen
spectrum (Figure 4) is similar to that of the wild-type enzyme ¢ enzyme is fully reduced. The spectroscopic shift is
isolated from anaerobically grown cells. In particular, in the coupled to the redox change of the hedfieemebses center
region around 1750 cm, the similarity indicates that E257 (rigyre 3). The position of the absorption demonstrates that
is not contributing to the spectroscopic perturbations becausez1g7 is in a hydrophobic environment and that it is
of the oxidation/reduction of the metal centers. Hence, E257 protonated in both the reduced and oxidized forms of the
can be ruled out as the acidic residue whose protonation Stat&nzyme. Furthermore, the shift to a higher wavenumber
is altered depending upon whether ubiquinone or menaquino-ingicates that the hydrogen bonding of E107 is strengthened
ne is bound to the protein. when the enzyme is reduced. Clearly, the population of the
In addition, the FTIR redox difference spectrum of the enzyme lacking the henthemebsgs active-site hemes does
E257A mutant shows that quinone remains bound to the not respond to any redox changes in these metal centers;
protein. Hence, the loss of function is not due to the therefore, these data are not based on the fraction of the
elimination of the bound quinone (primarily menaquinone). enzyme in which these hemes are lacking.
The data from Mogi et al29) show that E257 is not essential D239 and D29 (CydB)In addition to the three totally
for the interaction of the enzyme with ubiquinol-1, although conserved acidic residues, the D239A/N and D29E (CydB)
mutants do increase th&, by several fold. In the experi-  mutants were examined. Neither D239 (in subunit ) nor D29
ments reported here, the presence of endogenous quinongin subunit 1) is totally conserved. However, each of these
mostly menaquinone-8, is reported. The E257A mutant may agspartates is conserved within the familyboftype oxidases
alter the way in which the quinone binds to the protein and with the “long Q loop”. D239 is located at the N terminus
reduce the rate of catalysis. Under our assay conditions (100of the Q loop. Both the D239N and D239A mutant oxidases
#M ubiquinol-1), we have virtually no oxidase activity. Using  |ack ubiquinol oxidase activity but have high TMPD oxidase
the values reported for thén.x andK:, by Mogi et al. 29), activity. The midpoint potential of heme is substantially
we would expect about 5% of the oxidase activity compared reduced by the D239N mutation. However, the shift in the
to that of the wild type. The reason for the discrepancy, which midpoint potential is in the opposite direction as would be
may be insignificant, will require further investigation. expected if the influence of D239 on hemievas due to the
Figure 4 also shows the FTIR redox difference spectrum removal of a negative charge from the vicinity of hethe
of the E257A mutant in the presence of aurachin C 1-10. Removing a negative charge by mutagenesis should stabilize
The 1633 cm? band is not eliminated by aurachin C 1-10, the reduced form of the heme, but the opposite is observed.
indicating that either aurachin C 1-10 is not binding under If D239 was deprotonated in the oxidized enzyme but
the conditions of the experiment or the binding is perturbed protonated upon reduction, then the D239N mutation might
in such a way that the bound quinone is not displaced. With be expected to make it more difficult to reduce hetnas
the wild-type oxidase, aurachin C 1-10 under the same observed. This will require further work to clarify.
conditions results in a spectrum in which the 1633 tband D29 in subunit 2 (CydB) is also not totally conserved,
is not present (Figure 4). Mogi et aR9) have shown that  but changing this to a glutamate has a dramatic effect on
the binding of aurachin D to the E257A mutant is not the oxidase: the hem@hemebsgs center is not present in
abolished but is perturbed, and the data in Figure 4 arethe isolated enzyme. The N-terminal portion of CydB has
consistent with this result. been previously implicated in the binding of hemfdeme
E99 and E107Both the E99A and E99Q mutant oxidases bsgs. Several randomly selected mutants, which resulted in
lose the hemeal/lhemebsgs active site and, therefore, were the loss of hemel, were mapped to the N-terminal third of
not useful for FTIR spectroscopy. It is reasonable to conclude CydB (63). Also, proximity mapping, using an artificial
that E99 is important for binding the diheme center at the protease, demonstrated that residue 39 in CydB is near
enzyme active site, as is E107. The E107D and E107Qresidue 255 in CydA, which is within the Q loop4).
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The data in the current work indicate a cluster of acidic 13. Loisel-Meyer, S., Jimenez de Bagues, M. P., Kohler, S., Liautard,
residues from both CydA and CydB that are important for
the stable assembly of the hemd#nemebsgs center. These
include E99, E107, and D29 (CydB). Even conservative

substitutions of glutamate for aspartate or vice versa are not 14.

tolerated. The ease of destabilizing the binding of heme
d/hemebsgs has been previously noted and speculated to

possibly indicate that these hemes are present at the interfaceis.

between CydA and CydB, susceptible to perturbations at that
interface b63). The current work is consistent with this
possibility but does not rule out other possibilities.

The major motivation of the current work was to inves-
tigate the possibility that E99 and E107 participate in
conveying protons to the henadéhemebsgs active site. This
remains possible, and the likely proximity of both E99 and
E107 to heme is consistent with this role. However, the
structural importance of both E107 and E99 make it difficult
at this point to make any conclusions about a possible role
of these residues in proton translocation within a possible
proton channel.
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