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ABSTRACT. Quinol:fumarate reductase (QFR) is the terminal enzyme of anaerobic fumarate respiration.
This membrane protein complex couples the oxidation of menaquinol to menaquinone to the reduction of
fumarate to succinate. Although the diheme-containing QFR Wdatinella succinogeneis known to
catalyze an electroneutral process, its three-dimensional structure at 2.2 A resolution and the structural
and functional characterization of variant enzymes revealed locations of the active sites that indicated
electrogenic catalysis. A solution to this apparent controversy was proposed with the so-called “E-pathway
hypothesis”. According to this, transmembrane electron transfer via the heme groups is strictly coupled
to a parallel, compensatory transfer of protons via a transiently established pathway, which is inactive in
the oxidized state of the enzyme. Proposed constituents of the E-pathway are the side chain of Glu C180
and the ring C propionate of the distal heme. Previous experimental evidence strongly supports such a
role of the former constituent. Here, we investigate a possible h@mogpionate involvement in redox-
coupled proton transfer by a combination of specific-heme propionate labeling and Fourier transform
infrared (FTIR) difference spectroscopy. The labeling was achieved by credfihgaccinogenasutant

that was auxotrophic for the hemprecursor 5-aminolevulinate and by providing'fG]-5-aminolevulinate

to the medium. FTIR difference spectroscopy revealed a variation on characteristic heme propionate
vibrations in the mid-infrared range upon redox changes of the distal heme. These results support a
functional role of the distal heme ring C propionate in the context of the proposed E-pathway hypothesis
of coupled transmembrane electron and proton transfer.

Quinol:fumarate reductase (QPR3 the terminal enzyme  such as formate or hydrogen (Figure 1a). In analogy to
of fumarate respiratioril( 2), a form of anaerobic respiration  aerobic respiration3), the energy released in fumarate
that uses fumarate instead of dioxygen as the terminalrespiration is transiently stored in the form of an electro-
electron acceptor. QFR couples the two-electron reduction chemical proton potential across the membrane. QFR from
of fumarate to succinate (reaction a) to the two-electron Wolinella succinogenesomprises two hydrophilic subunits

oxidation of quinol to quinone (reaction b) (A and B) and one hydrophobic, membrane-integrated
subunit C. The larger hydrophilic subunit A incorporates a
fumaratet 2H" + 2e” — succinate (a) covalently bound flavin adenine dinucleotide (FAD); the

smaller hydrophilic subunit B contains three iresulfur

quinol— quinone+ 2H" + 2¢” (b) clusters ([2Fe-2S], [4Fe-4S], and [3Fe-4S]); and the

hydrophobic subunit C harbors two hergroups (Figure
This reaction is part of an electron-transfer chain that allows 1b). On the basis of their relative distance to the hydrophilic
the bacterium to grow with various electron-donor substrates subunits, these heme groups are referred to as the “proximal”
hemebp and the “distal” hemdbp, respectively. Although
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Ficure 1: Electron and proton transfer in fumarate respiration (a)\@hduccinogene®FR (b and c). Positive and negative sides of the
membrane are the periplasm and cytoplasm, respectively. (b) Hypothetical transmembrane electrochemical potential generation as suggested
by the essential role of Glu C66 for menaquinol oxidationysuccinogene®FR ). The prosthetic groups of th&. succinogene®FR

dimer are displayed (coordinate set 1QLA; Distances between prosthetic groups are edglge distances in angstroms as defined by

Page et al.48). Also indicated are the side chain of Glu C66 and a tentative model of menaquinol J\Mktding. The position of bound

fumarate (Fum) is taken from PDB entry 1QLB)((c) Hypothetical cotransfer of one'tper electron across the membrane (“E-pathway
hypothesis”). The two protons that are liberated upon oxidation of menaquinol gM&id released to the periplasm (bottom) via the

residue Glu C66. In compensation, coupled to electron transfer via the two heme groups, protons are transferred from the periplasm via the
ring C propionate of the distal henfig and the residue Glu C180 to the cytoplasm (top), where they replace those protons that are bound
during fumarate reduction. In the oxidized state of the enzyme, the “E-pathway” is blocked.

from W. succinogeness not directly associated with the QFR heme groups is strictly coupled to a compensatory,
generation of a transmembrane electrochemical protonparallel transfer of two protons across the membrane via a
potential @—6), the three-dimensional structure of this proton transfer pathway that is transiently open during the
membrane protein complex, initially solved at 2.2 A resolu- reduction of the two hemes and closed in the oxidized state
tion (7), revealed locations of the active sites of fumarate of the enzyme. The two most prominent constituents of the
reduction 8) and menaquinol oxidatior®) that are oriented  proposed pathway were suggested to be the ring C propionate
toward opposite sides of the membrane (Figure 1b). Becauseof the distal hemdép and amino acid residue Glu C180. The
the binding of two protons upon fumarate reduction invari- role of Glu C180 in this context is supported by three
ably occurs from the cytoplasm and the release of two previous reports involving a combination of site-directed
protons associated with menaquinol oxidation invariably mutagenesis and structural and functional characterization
occurs to the periplasm, this arrangement of catalytic sitesof the enzyme 11) as well as electrochemically induced
indicated that menaquinol oxidation by fumarate, as catalyzed Fourier transform infrared (FTIR) difference spectroscopy
by W. succinogene®FR, should be associated directly with (12) and electrostatic calculation&3).

the establishment of an electrochemical proton potential It is the aim of this study to clarify any possible heme
across the membrane. To reconcile these apparently conflictypropionate involvement in the coupling of transmembrane
ing experimental observations, the so-called “E-pathway electron and proton transfer as it has been suggested for
hypothesis” 10) has been proposed (Figure 1c). According succinogene®FR in the context of the E-pathway hypoth-
to this hypothesis, the transfer of two electrons via the two esis. The orientation of the ring C propionate of hdwpén
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FiGure 2: Schematic view of the three relevant heme propionate
vibrations. On the left, the carbonyl stretching vibration of the
protonated carboxyl group (which absorbs between approximately
1700 and 1665 cm) is shown; in the middle, the antisymmetric
vibration of the deprotonated form (between 1620 and 1540'xm
and on the right, the corresponding symmetric vibration (between
1420 and 1300 cmi). The arrows indicate the motion of the
individual atoms. All shown vibrations are sensitive to tH€
isotope exchange, and a maximal downshift of-30 wavenumbers
upon isotopic labeling of the heme propionate group is expected
(14, 15).

Ficure 3: Chemical structure of the hentegroup. The circles

. indicate the positions of the introducédC atoms in the labeled
the structure of QFR7), together with the results from hemes. In addition, the indices of the heroarbon atoms in the

electrostatic calculations concerning its protonation st (- porphyrin ring system and in the vinyl substituents are shown,
indicated that this propionate might act as a proton donor/ because they will be used in the following text.

acceptor in the proposed “E-pathway”. o . ) )

In principle, electrochemically induced FTIR difference readily identified, but there is no evidence fohemAgene
spectroscopy is the appropriate method to detect reaction-°f the S_hemm route”. For the_ construction of the deficient
induced protonation and/or environmental changes of the Mutant, it was therefore sufficient to disrupt themLgene
heme propionates experimentally. The=O stretching ~ Of W. succinogenesesulting in an ALA auxotrophy. If
modes of protonated heme propionates (Figure 2) are[1—13C]—ALA_ is supplied externally as a heme precursor, the
expected to appear in the spectral range from 1700 to 16651€Me propionates of both hemes are labeled at the carboxyl
cm~1 (14, 15). Contributions from antisymmetric and sym- carbon positions, with nd°C enrichment at any other site
metric COO' stretching modes of the corresponding depro- &S Shown in Figure 3.

tonated carboxyl groups can be localized at approximately '€ combined approach &iC heme propionate labeling
1620 to 1540 cm* and 1420 to 1300 cr, respectively 14, and electrochemically induced FTIR difference spectroscopy

15). However, unlike amino acid side chains, whose role has previously been successfully employed to investigate the

can be investigated by site-directed mutagenekls 12), role of heme; propionates iﬁaracocc_us denitrificansyto-
assignment of potential signals arising from heme propionateschromec oxidase {4). However, this approach involved
requires a different approach, such as seledfieisotope d|srupt|0n.of thghemAgene of the “Shemin route” rather
labeling at the carboxy carbon positions of the heme than the disruption of theemLgene of the C-5 pathway as
propionates, which is expected to result in a maximal Performed in the work described here. _ _
downshift of 30-40 wavenumbers (c) in the FTIR ' H'ere, we prese.nt first experllmental ewdenge directly
difference spectra upon isotopic labeling4( 15). The linking a phange in hemE:\ prop|or_1ate_ protonation and/or
observed downshift for a<€0 vibration might however be confor_manon to a change in the_ oxidation state of the low-
smaller if it is coupled to the rest of the molecule, and it is Potential hemebp of the W. succinogeneQFR.
not possible to predict the exact position of the respective
signal of the labeled group in the spectrutd)( As described EXPERIMENTAL PROCEDURES
below, this labeling procedure involved disrupting heme  Biological Materials The quinol:fumarate reductase (QFR)
biosynthesis and supplying a suitably labeled heme precursorwas purified from the laboratory wild-type strain DSM 1740
The first committed precursor in the tetrapyrrole biosyn- of W. succinogeneggenome accession number EMBL
thetic pathway is 5-aminolevulinic acid (ALA), and two BX571656). Primers were purchased from ThermoHybaid
different routes for ALA biosynthesis are found in nature (Ulm, Germany). Taqg long-template polymerase for PCR was
(16). In the a group of the proteobacteria, in yeast and in purchased from Roche (Mannheim, Germany). Restriction
mammalian cells, this aminoketo acid is synthesized by a and modification enzymes were obtained from Fermentas
one-step condensation of succirgloenzyme A and glycine  (St. Leon-Rot, Germany). All cloning steps were performed
along the “Shemin” route mediated by ttieemA gene, in Escherichia coldM110 and XL1-blue MRFKan super-
encoding for the ALA synthase. However, in higher plants, competent cells (Stratagene, La Jolla, CA).
algae, and many prokaryotic systems, ALA is synthesized Media and Growth ConditionsW. succinogenesvas
from the intact carbon skeleton of glutamate using the C-5 grown in minimal or rich medium (addition to the minimal
pathway (7). This pathway involves an unusual activation medium of Brain Heart Infusion, Difco) with formate
of the carboxyl group by formation of Glu-tRN¥ for the (electron donor) and fumarate or nitrate (electron acceptors)
subsequent reduction to glutamate-1-semialdehyde. In a thirdas described elsewherEX 20). The ALA hydrochloride was
step, 5-aminolevulinate is formed by an “internal transami- purchased from Fluka. The [£€]-ALA hydrochloride was
nase reaction”, which shifts the amino group from the C-1 of 99% purity and was produced by C/D/N Isotopes, Pointe
to the C-2 position. This reaction is catalyzed by the Claire, Quebec, Canada, and purchased from Dr. Ehrenstorfer
glutamate-1-semialdehyde 2,1-amino-mutase, which is en-GmbH, Augsburg, Germany. Kanamycin (GERBU Bio-
coded by thehemL gene. In the genome sequenceVif chemicals Mart, Gaiberg, Germany) at a concentration of
succinogeneg18), the hemLgene of the C-5 pathway is 50 mg/L for E. coli or 25 mg/L for W. succinogenewas
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Table 1: Oligonucleotide Primers Used for PCR Amplification of lieenLGene and the Kanamycin Resistance Cassette

HemL1_Fw 5-CCG GAT CCG CAT CACCCCCGAAGCCTTGGC TGTC-3
HemL1_Rv 5-CCG AAT TCG GTT AAACGC CCAAAG TGC CAC GCC C-3
KanM_Fw 5-CCC CGG GCC CGG AAAGCCACGTTG TGT CTC AAAATC TC-3
KanM_Rv 5-CCC CCC ATG GGG CGC TGA GGT CTG CCT CGT GAA GAA GG-3

added when required. Large-scale protein production is and minimal media containing kanamycin and different
performed in 60 L of anaerobic minimal medium containing concentrations of ALA. Observation of the cells at the late
0.2 mM labeled ALA and kanamycin. exponential phase by an optical microscope ¢4p@id not
DNA Isolation and ManipulatiorPlasmid extractions from  show any optical difference between the mutant and wild-
E. coliand DNA extraction from agarose gels were carried type cells. In rich medium, growth was obtained in every
out using Qiagen kits (Qiagen GmbH, Hilden, Germany). circumstance, although the final cell density decreased toward
Other DNA manipulations were performed using standard a lower concentration of ALA. In minimal medium, growth
protocols, as described by Sambrook et aLL)( Genomic was experienced only in media containing ALA at a
DNA preparation fromV. succinogenesas performed using  concentration equal to or above 0.2 mM. At the lowest
DNeasy Tissue Kit (Qiagen). Construction of pBR0O1, a concentration of ALA, we found that several cultures failed
plasmid suitable for homologous reciprocal recombination to start growing; thus, cell growth was irreproducible,
with the genome o¥. succinogene®ne-step gene disrup-  especially upon up-scaling to larger culture volumes. This
tion), consisted of two stages. In a first stage, the gene problem was overcome by increasing the ratio of inoculum
glutamate-1-semialdehyde 2,1-aminomutdse(), includ- to fresh medium from 1:200 to 1:50, so that growth was
ing 570 bp from the upstream region and 360 bp from the fully recovered and comparable to higher concentrations of
downstream region, was amplified by PCR from wild-type ALA. Because it was observed that longer degassing times
strain genomic DNA. The amplification was carried out using of the medium often reduced the irreproducibility of growth,
the two synthesized oligonucleotide primers HemlFiv and this problem might be due to hypersensitivity of the mutant
HemL1_Rv (see Table 1). At the'®nds of these primers, cells to oxygen. A speculative explanation to the phenomenon
the restriction site€coRl and BanHI were introduced for could be that the cells may require readily available heme
insertion of the fragment into the vector pBR322 by ligation. groups and functional heme proteins to eliminate oxygen or
In a second stage, this new recombinant plasmid (pBRHO1) reactive oxygen species (ROS) present in the medium before
was then digested witiNcd and Bspl20l, generating a  commencing growth.
deletion into the 1.3 kbhpemLgene of 740 bp. A 1.21 kbp Expression and PurificationThe mutant strain of/V.
DNA fragment containing the kanamycin resistance cassettesuccinogenedacking the hemL gene was pre-inoculated
was amplified by PCR using two newly synthesized primers overnight in a minimal medium preculture supplemented with
(KanM_Fw and KanM_Rv, see Table 1) flanked by the 0.4 mM labeled ALA. This was subsequently re-inoculated
Bs@dL201 andNcd restriction sites. This latter amplified DNA  in the 60 L of minimal medium at a ratio of 1:50. Because
fragment was inserted into th&hemL deletion plasmid, of the high cost of the labeled compound, the growth medium
maintaining the same direction of theemL promoter. was supplemented with ALA at a concentration of 0.2 mM.
Restriction analysis on this new plasmid, called pB#01, Cells were harvested by centrifugation at a late exponential
was performed with the four cloning restriction enzymes and phase after 24 to 30 h. The large-scale preparation yielded
BssSI to ensure the correct insertions and directions in the about 64 g of cells, hence about half of the usual yield for
construct. The pBRHO1 was digested witBarmHI/EcdRl the wild-type strain in rich medium. QFR isolation was
restriction enzymes, so that only thdemLflanking regions, performed with identical procedures as described for the
which are needed for double homologous recombination, andwild-type enzyme 23), with the exception that the diethyl-
the kanamycin resistance gene could be integrated byaminoethyl (DEAE) CL-6B was replaced by a DEAE-
electroporation into the genome of the wild-type DSM1740 sepharose chromatography and that the elution gradient was
of W. succinogeneas described2?). As expected, the  0—300 mM NaCl. The washing cycles were performed in
excised recombinant DNA fragment was about 500 bp larger Centrisart | filtration tubes (Sartorius, @mgen, Germany)
than the one contained in pBRHO1. Recombinant cells were with a cutoff weight of 100 kD and a volume of 2.5 mL.
collected from rich medium agar plates containing kanamycin Samples of3C-labeled and unlabeled QFR were character-
(25 mg/L) and 1 mM ALA. To verify a homologous ized after the isoelectric focusing purification step. The
recombination event, the primers foemL amplification purification profile (see Table S1 in the Supporting Informa-
were used to perform a PCR on the isolated colonies. Astion) based on methylene blue (MB) activity exhibits a usual
anticipated, the recombinant genome from the deletion enzymatic behavior of the QFR. Analysis by sodium dodecyl
mutant yields an amplified DNA fragment that was un- sulfate-polyacrylamide gel electrophoresis (SBBAGE)
equivocally 500 bp larger than the wild type. The presence of the isoelectric focusing (IEF)-purified QFR yielded the
of only the target amplified DNA band could rule out the three characteristic bands of the three subunits A, B, and C
possibility of a nonhomologous recombination mutant, which and very weak contaminant bands, comparable to typical
would be characterized by DNA amplification of both sizes. wild-type QFR preparations (see Figure S1 in the Supporting
Characterization of the Mutan©f 12 colonies screened, Information). The hemé concentration was also calculated
10 showed the corretiemLdeletion. The growth yield and  spectrophotometrically at the Soret band and proved a molar
doubling times of these 10 mutants were determined by heme/protein ratio of about 2:1. Further proof is given by
following growth curves in minimal medium containing 1 the observation of two titrating groups of equal contributions
mM ALA. The deletion strains were also inoculated in rich in the heme redox titration curve, as expected for a di-heme-
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containing QFR (see Figure S3 in the Supporting Informa- ments of the hemes extracted from the unlabeled'8@e
tion). The samples subjected to FTIR spectroscopy analysislabeled samples yielded clear signals at 616 atomic mass
were washed and concentrated in 100 mM potassiumunits (Wz) and 618 atomic mass unitefz), respectively
phosphate (K buffer at pH 7 containing 100 mM KCl as  (see Figure S2 in the Supporting Information). Examination
the supporting electrolyte and 1 mMdodecyls-p-maltoside of all of the peaks obtained from the labeled sample
(Glycon Biochemicals, Luckenwalde, Germany) [cm©.17 demonstrated that only a negligible percentage of the
mM (24)] as the detergent. Samples with protein concentra- propionates were not isotopically labeled.
tions of about 1.5 mM were prepared for the FTIR- Electrochemistry FTIR, and Vis Spectroscopilectro-
spectroscopic experiments. The final sample concentrationchemically induced FTIR difference spectroscopy and heme
was adjusted in Vivaspin 5QiL concentrators (Vivascience, titration were performed in an ultrathin-layer spectroelec-
Hannover, Germany) with a 100-kD cutoff. The total protein trochemical cell83). The preparation of the samples as well
concentration was measured by the bicinchoninic acid assayas the experimental setup (i.e., electrochemistry and spec-
(BCA assay, Pierce Biotechnology, Bonn, GermarRg) ( trometer) and conditions (i.e., surface modification of the
and the hemeb concentration was determined photo- gold grid working electrode, 15 redox mediator substances
metrically as described earlie®,(26). of ~40 uM each, sample volume, equilibration times, and
Enzymatic Actiities. The 13C-labeled QFR preparation data acquisition and processing) were the same as described
obtained after IEF was diluted to a concentration of about 1 previously in refs9 and 12. All measurements were
mg/mL in a buffer containing 20 mM HEPES, 1 mM EDTA, performed at 5C. For details regarding the determination
2 mM malonate, 0.01% dodecgto-maltoside, and 0.1%  of the midpoint potentials of the hentegroups of QFR,
decyl{-p-maltoside and kept at 37C for 30 min prior to see refd. The midpoint potentials of thEBC-labeled hemé
the assay. Two kinds of assays were performed. First, thegroups of QFR were determined at pH 7 by monitoring the
reduction of MB by succinate was monitored (“MB assay”; absorption changes of the Soret amndbands of the hemes
27, 28). This assay requires only the hydrophilic QFR in the visible spectral range during a potential titration. The
subunits A and B. Second, the oxidation of 2,3-dimethyl- observed midpoint potentials for the high- and low-potential
1,4-naphthoquinol (DMNE) by fumarate was monitored hemes were-4 and—137 mV, respectively (the correspond-
(“DMNH ; assay”;23, 29) This assay requires all three QFR ing titration curves are shown in Figure S3 in the Supporting
subunits A, B, and C. The specific activities of the purified Information). The respective values for the unlabeled QFR
13C-labeled protein, determined with the “MB assay” (17.4 WT were —9 and —152 mV @) Thus, both values are
units/mg) and the “DMNHassay” (6 units/mg), are perfectly —approximately 1615 mV more positive than the average
comparable to those of the unlabeled wild-type QFR enzyme midpoints measured for the unlabeled WT. For the latter,
(9). the statistical basis was broader because more independent
Native Quinone QuantificationAs already described in  data could be collected, and a typical experimental error of
the literature [e.g., for the photosynthetic reaction center £10 mV was estimated from the data scattering at pH 7.
(30)], hydrophobic substrates such as quinones, which bind For the'*C-labeled enzyme, the value obtained for the high-
to the transmembrane region of the enzyme, are found topotential proximal hemdp lied within this error and the
substoichiometrically copurify during the isolation procedure. value for the low-potential distal heni®, exceeded it by
Quinones give rise to characteristic IR signals at certain +5 mV. Hence, the influence of thH€C label on the heme
wavelengths during redox changes around0 mV (all midpoint potentials, if any, was minor. We concluded that
quoted potentials versus the standard hydrogen electrodethis difference was due to experimental errors rather than a
SHE) that may be interfering with our FTIR spectra analysis. real shift of the midpoints.
To exclude any significant influence because of major All IR difference spectra in the range of 1860000 cnt
guinone-occupancy differences between QFR preparationswere recorded using a modified Bruker IFS 25 FTIR
with unlabeled and®C-labeled heme propionates, quinone- spectrometer that has been described in previous repdits (
like species (methyl-menaquinone and menaquinone) were35). Difference spectra were obtained by applying an initial
extracted from the same protein samples used for FTIR potential at which a reference spectrum was recorded. Then,
spectroscopy. Quantification of native quinone was per- the electrode potential was changed and another single-beam
formed as described earliegd1) using commercially available  spectrum was recorded after equilibration of the sample.
(Sigma, Munich, Germany) menaquinone WMi/itK ;) as a Because of the presence of redox mediators, the very thin
standard. Separation and quantification were carried out bylayer of protein solution, and the gold grid surface modifica-
HPLC, giving a “quinone/monomer” ratio of 0.28 0.03. tion, equilibration times were rather short (of the order of
MALDI—TOF Analysis of Hemes volume of 50 uL minutes). None of the presented data was smoothed or
from the purified 13C-labeled and unlabeled QFR at a subjected to any spectral deconvolution. The single method
concentration of about 20 mg/mL was used for heme employed to enhance the signal-to-noise ratio was to average
extraction with a procedure already describ8@)( After multiple single-beam spectra (each being the average of 128
solvent evaporation, the extracted hemes were redissolvednterferograms with a spectral resolution of 4 wavenumbers,
in 50 uL of acetonitrile and stored at20 °C until mass a triangular apodization function, and a zero-filling factor
spectrometer measurements. A Voyager DE-PRO (Applied of 2) that were recorded at the same electrode potential.
Biosystems, Framingham, MA) mass spectrometer and 2,5Because of the small amplitude of the signals that were
DHB matrix (20 mg/mL dihydroxybenzoic acid in 0.1% TFA investigated and because of the occurrence of noticeable
in 3:1 water/ACN) were used. Mass spectra were recordedbaseline instabilities in the same experiments (cf. Figures 5
in positive-reflector mode with external calibration. Each and 6), the spectra corresponding to the “partial-potential
spectrum is accumulated over-280 laser shots. Measure- steps” had to be baseline-corrected: the respective pairs of
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(see also the Experimental Procedures). The high specific
activity together with the analysis by SBSAGE (see
Figure S1 in the Supporting Information) of the isolated
labeled QFR after isoelectric focusing allowed the conclusion
that the enzyme functionality and purity is comparable to
the usual wild-type QFR preparation. Furthermore, the redox
midpoint potentials of the labeled QFR hemes have been
measured by visible spectroscopy (see Figure S3 in the
Supporting Information). Any differences were found to be
insignificant within the context of this paper.

Revsersible FTIR Difference Spectra of the “Full-Poten-
tial” Step. Figure 4 shows the reversible electrochemically
induced FTIR difference spectra of the unlabeled i
labeled QFR enzymes, respectively, at pH 7 for the “full-
potential” step, i.e., with an initial reference potential at
which all cofactors were fully reduced and a final potential
at which all were fully oxidized (and vice versa). The FTIR
difference spectra obtained for the QFR containing'#ae
labeled heme propionates were very similar to those for the
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Ficure 4: Electrochemically induced FTIR difference spectra of
unlabeled and3C-labeled QFR at pH 7, “full-potential step”. A
comparison of reversible “oxidized-minus-reduced) @nd “reduced-
minus-oxidized” {-+) FTIR difference spectra of unlabeled (in black,
average of 23 datasets) aMtC-labeled (in gray, average of 34

datasets) QFR. The reference electrode potentials (versu§ SHE
for the spectra displayed were0.21 V (full oxidative potential)
and —0.37 V (full reductive potential).

unlabeled QFR, which were discussed in rEL This
indicated that the possible heme propionate contributions in
the full-potential step were of small amplitude. Thus, it was

) ) ) . advisable to experimentally separate the contributions of the
difference spectra, e.g., “reduced-minus-intermediate” and jngividual heme groups and to compute double-difference
“intermediate-minus-reduced”, were summed to determine gpectra to better resolve any smaller signals (see below).
the baseline drift, which was subsequently sut_)trac_ted. As a Signals of Hemes and Heme Propionatésnultitude of
consequence of the correction, the opposite directions, €.9.neme vibrations, which partly overlap with the amide 1, II,
‘reduced-minus-intermediate” and “intermediate-minus- anq ||| regions, have been observed and assigned in many
reduced”, are symmetrical and contain the same information; ETIR and Raman studies for the heme porphyrin ring,
thus, only one direction is shown in Figures 5 and 6. gypstituents, and propionates (e.g., see téfand37—41).
However, also, the reactions that involved the intermediate a|sg in the case of QFR, the two herbgroups are expected
potential were reversible as observed for the full-potential 15 show significant contributions to the FTIR difference
step. The data shown in Figure 4 was not subjected to agpectra, which reflect the electrochemically induced redox-
baseline correction. state changes of the hemes. Protonated heme propionates are
generally expected to contribute between 1700 and 1665
RESULTS AND DISCUSSION cm! (14, 15). This region overlaps with the amide |

In anaerobic bacteria, the glutamate-1-semialdehyde-2,1-vibrations and is dominated by the large negative difference
amino-mutase encoded by themLgene is responsible for ~ signal at 1678 cmt (see Figure 4). Thus, it is difficult to
the synthesis of ALA, a precursor of the heme biosynthesis assign contributions of any protonated heme propionates
(36). The deletion of thehemL gene in the wild-typeW. without further distinction such d3C-labeling (as performed
succinogenesesulted in an auxotrophic strain that did not for this study). The deprotonated forms of the propionates
possess a functional glutamate-1-semialdehyde-2,1-amino-exhibit antisymmetria’ad COO™) (between 1620 and 1540
mutase and was therefore able to grow in minimal medium cm1) and symmetricvs(COQO") vibrations (between 1420
only by making use of exogenously supplied ALA. After and 1300 cm?') (14, 15). Furthermore, assignments of heme
the [143C]-ALA was provided, theheml-deletion mutant propionate bands are complicated because ionized Asp or
strain of W. succinogenesvas able to produce a QFR Glu side-chain contributions are expected at comparable
specifically and highly*3C-labeled at the carboxyl carbon frequencies37).
atoms of the heme propionates. After protein expression and The strong absorbance at 1545 €nin 'H,O in the
purification, the labeled QFR sample was characterized andreduced state (see Figure 4) is tentatively assignegtCy)
compared to the unlabeled sample to exclude any differenceand/or antisymmetrie.d C.Cr) porphyrin modes of the heme
in the physicochemical properties between the two samples.b groups 88, 39); the labeling of hemé atoms is analogous
Analysis by MALDI-TOF (see Figure S2 in the Supporting to ref39. However, the band did not shift upon deuteration
Information) ascertained that full labeling of the heme (12), as would be expected for this assignmed®)( A
propionates indeed occurred, thus confirming the results of corresponding symmetric mode 1Q{C.C), namely, v«
the genetic work and providing a solid basis for the (C.Cn), is expected between 1486 and 1458 €138, 39).
discussion of the spectroscopic results. Enzymatic activities The reduced-minus-oxidized difference spectrum of the QFR
of the 13C-labeled QFR were very similar to those of the enzyme featured a small signal in the oxidized state at 1462
unlabeled QFR, ensuring that the former enzyme is correctly cm™ in H,0.
folded and functional (see the Experimental Procedures). Thev(C.Cy) vibration is expected in an adjacent frequency
Because both hemes are believed to be involved in the totalregion between 1450 and 1435 cth{40). In the respective
enzymatic activity 9), the full functionality indicates that range in the QFR difference spectrum, a small shoulder is
the QFR contains all cofactors, including the labeled hemes present in the reduced state around 1438%m
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Ficure 5: Electrochemically induced FTIR difference spectra of Ficure 6: Electrochemically induced FTIR difference spectra of
unlabeled and3C-labeled QFR at pH 7, “high-potential step”. A unlabeled and3C-labeled QFR at pH 7, “low-potential step”. A
comparison of “oxidized-minus-intermediate” FTIR difference comparison of “intermediate-minus-reduced” FTIR difference
spectra of unlabeled (in black, average of 12 datasets)'¥:d spectra of unlabeled (in black, average of 19 datasets)*¥:d
labeled (in gray, average of 11 datasets) QFR. The referencelabeled (in gray, average of 22 datasets) QFR. The reference
electrode potentials for the spectra displayed we@e21 V (full electrode potentials for the spectra displayed we@.08 V
oxidative potential) and-0.08 V (intermediate potential). (intermediate potential) anet0.37 V (full reductive potential).

Below 1400 cm?, two further significant heme porphyrin  step. The positions of the spectral differences are indicated
vibrations are expected, th€C,N) vibration between 1390 in Figure 6 between 1530 and 1516 ¢nhand around 1390
and 1320 cm! (40) and thed(C,H) mode between 1270 cm?%, and the marked regions coincided very well with the
and 1150 cm! (39). The QFR difference spectra exhibit expected frequency ranges for vibrations of protonated and
small contributions in the oxidized state between 1390 and deprotonated heme propionaté,(15).

1358 cntt and in the reduced state between 1356 and 1312  Furthermore, it was possible to add the difference spectra
cm . Also the region below 1270 crhshows several bands  of the two different partial-potential steps to obtain a
belonging to either the reduced or oxidized state. However, computed difference spectrum of the full-potential step (see
all contributions below 1400 cr are altered upon deutera-  Figure S4 in the Supporting Information). The close similar-
tion (data not shown). Thus, an assignment to the respectiveity of the computed and measured difference spectra verified
heme vibrations is by no means unequivocal, and additional the approach of subdividing the complete redox reaction into
non-heme vibrations such as amide Ill, FAD, quinone, and two halves. The discrepancies between the computed and
several amino acid vibrations also have to be considered.original difference spectra of the full-potential step might
Finally, signals from the heme substituents are expected: thearise because of conformational changes or environmental
positive band at 1617 cr (see Figure 4) might be assigned differences, which are specifically related to the intermediate
to a heme vinyb(C,=Cj) stretching vibration in the reduced  potential state, because this state does not contribute to the
state 89, 41). full-potential step. This addition of difference spectra was

Separation of Redox-Induced IR Signals from Hemes b performed in an equal manner for thi€-labeled enzyme
and bp. The locations of the high- and low-potential heme (data not shown).
groups in the structure ofV. succinogene®QFR have FTIR Difference Spectra of the “Partial-Potential” Steps.
previously been assigned to the proximal and distal heme The FTIR difference spectra of the two partial-potential steps,
positions, respectively1@). Because the midpoint potentials which include the intermediate potential, reflect the redox
of these two heme groups differ by almost 150 mV, it is transitions of the two heme groujps andbp, but spectral
feasible to separate the corresponding spectral signals anaontributions from other cofactors, prosthetic groups, and
address the low- and high-potential hemes individually by the protein itself are inevitable. Positive signals in Figure 5
setting the appropriate reference potentials in the experiment.belong to the oxidized state, and negative signals belong to
The best separation is achieved at an “intermediate” potential,the intermediate state. In Figure 6, positive signals refer to
which is equal to the average of the two midpoints. At this the intermediate state, whereas negative signals are associated
intermediate electrode potential 600.08 V, about 95% of  with the reduced state. Although the difference spectra of
the high-potential heme groups are reduced and 95% of thethe two different partial steps reveal clear deviations, the
low-potential hemes are oxidized. Thus, the separation of positions and proportions of the main spectral features are
the two heme midpoint potentials is wide enough to similar for both partial-potential steps and also comparable
guarantee negligible contributions %) of the respective  for the unlabeled an&#C-labeled QFR enzyme (see Figures
other heme in the two partial-potential steps “oxidized-minus- 5 and 6), except for the deviations mentioned above that are
intermediate” and “intermediate-minus-reduced” (and vice related to thé=C label. The strong differences between the
versa). The corresponding spectra are shown in Figures 5two steps in the amide | range-1700-1610 cn?) of the
and 6. Even without inspection of double-difference spectra, spectra could arise from distinct sets of amino acid residues,
the differences between the unlabeled &i@tlabeled QFR  which are only addressed in the course of the individual
were clearly more pronounced for the low-potential partial potential step, and/or they could indicate redox-induced
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structural changes of the polypeptide backbone of QFR, 3
which are either related to the redox transition of the high-
or low-potential heme.

As stated above, the sharp peak at 1545%which is
observed in the full-potential step, is tentatively assigned to
heme porphyrinv(C,Cp) and/orv,dC.Cy) vibrations (2).

An analogous signal is present in both partial-potential steps
(with lower intensity compared to the full-potential step),
which is in line with this assignment. The contributions
observed at 1516 and 1501 chin the full-potential step,
which were tentatively assigned to Tyr modég)( are also
visible in the high-potential partial step at 1516 and 1503 0+
cmtand at 1516 and 1496 cry in the low-potential step.

If the performed tentative assignment for the respective IR
bands is correct, this observation would indicate the (de)- A
protonation reaction of two different Tyr residues or that a Wavenumber [cm ]

single Tyr is engaged in a very broad transition with respect Ficure 7: Detail of FTIR difference spectra of unlabeled aA0-

to the applied redox potential. Numerous Tyr residued/in  labeled QFR at pH 7. FTIR difference spectra of the partial-potential
succinogene®FR (38 Tyr/QFR monomer) are conceivable St€P “intermediate-minus-reduced” (solid black line) for the un-

; . - . . labeled WT and “intermediate-minus-reduced” (solid gray line) for
as pQSSIbIe Cand_ldates for Inyolvement In the induced recjoxthe13C-IabeIed WT. The reference electrode potentials are the same
reaction. Alternatively, the pair of bands might however have 35 indicated above.
to be assigned to heme vibrations. Further mutagenesis work
is required to clarify the precise origin of this distinct spectral cm™! (37) is of particular interest with respect to a possible
feature. coupling of proton transfer via acidic groups to the redox

As mentioned in previous studies, the PO modes from the transition of the high- and low-potential heme, respectively.
potassium phosphate buffer below 1200 émeflect proton At 1718 cn1?, a signal in the full-potential step of the
exchange of the enzyme and the mediators with the bufferunlabeled QFR wild-type enzyme has tentatively been
(42—44). The spectra for the two partial-potential steps show assigned to a FAD(C,=O0) vibration in the oxidized state
that this effect is more pronounced in the low-potential partial (12). This signal can also be identified in the oxidized state
step (see Figures 5 and 6) because the amplitude of theof the high-potential partial step, and it is slightly more
respective bands is stronger in this step. A quantification pronounced in thé3C-labeled enzyme (see Figure 5). The
and further assignment of the observed PO buffer bands toaffiliation of this signal to the high-potential step is in line
a particular protonation reaction was not attempted becausewith the midpoint potential of the covalently bound FAD in
signals of comparable amplitudes in the range between 1200QFR [-20 mV (47)]. The difference spectra of th&C-
and 1000 cm! can also be observed in experiments lacking labeled and unlabeled QFR associated with the low-potential
the protein (data not shown). For thee; complex, such step and thus with hent®, differ considerably above 1710
quantification was performed in r&. cm™! (see Figure 7). In the unlabeled WT, two separated

Although the QFR samples contained some native quinonepositive contributions associated with the intermediate state
species, there were no noticeable contributions to the FTIRare centered at 1740 and 1726 @min the 3C-labeled
difference spectral@). The same holds true for the possible enzyme, the low-potential step reveals one broad contribution
discrepancy in quinone content in the labeled and unlabeledin the intermediate state around 1728 ¢énHence, it has to
QFR samples and the corresponding double-differencebe concluded that at least one propionatégtontributes
spectra because no clearly quinone-like signals could bein this high-frequency range and that the vibration is
detected. What could be identified while addressing the downshifted by 15 to 20 cmt upon*3C-labeling (see Figure
guestion of potential quinone contributions was an artifact 7), where they are heavily obscured by other vibrations (i.e.,
at 1292 cm? in the “intermediate-minus-reduced” difference the amide | and the strong water absorbance, which are both
spectra (see Figure 6). With the help of control experiments, centered around 1650 cr), which agrees well with the
this feature could be ascribed to the mediators that were tooexpected range of a possible downshift and with observations
highly concentrated in this particular experiment. This signal from other studies14, 15). On the basis of observations
might well originate from one or several quinonés,(46) from multiple independent experiments on the unlabeled
in the mediator mixture, but as verified by measuring the QFR WT enzyme, the signal around 1718 ¢mappears to
mediator-buffer mixture alone (data not shown), the position be more susceptible for amplitude variations under identical
of this band does not interfere with the intended assignmentsexperimental conditions. Although frequencies above 1710
of heme propionate signals. Especially the range above 1500cm™* would be very high for a(COOH) heme propionate
cm™1, where the most prominent and reliable heme pro- vibration (14), the results obtained in this study indicate a
pionate difference signals were identified, is free from any frequency for a propionate group carboxyl vibration that is
possible quinone contributiond, 46). Most importantly, in the range of Glu or Asp(COOH) modes37). However,
the FTIR double-difference spectra of the labeled and this is conceivable if the local environment of the specific
unlabeled QFR did not display any noticeable signal in the propionate is very hydrophobic so that it is not hydrogen-
region around 1292 cm (Figure 8). bonded, enabling the observed high frequency for the

Signals of Protonated Heme, iPropionates.The range v(COOH) mode. If experimental errors such as insufficient
of Asp or Gluy(COOH) modes above approximately 1710 equilibration or differences in local pH can be excluded, the

A Abs * 10 [OD]

T T T T T
1740 1725 1710
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Amide | - difference spectra of unlabeled and labeled QFR for the high-
4410 ] el ) and Iow-_potentlal partial steps, respectively, demonstrated
1 // that the independent procedures of baseline-correcting the
. e FTIR difference spectra in Figures 5 and 6 do not interfere
= with the spectral information contained in the data, especially
o, not in the range of signals that are related to the anti- and
é? RED — IM symmetric vibrational modes of the heme propionates.
P 8 The direqt comparisc_)n of the double-difference spectra
1 ) corresp_ondmg to the high- and Iovy-potential partial steps,
% 77 respectively, clearly allows the assignment of the observed
/ contributions to the redox transition of the low-potential distal
: hemebp. As can be seen in Figure 8 for the low-potential
ARG LIRS0 o1 SO RIJC 00 =00 LB SIS step, the positions of the obtained FTIR double-difference
Wavenumber [cm”] bands of “unlabeled-minu$C-labeled” QFR in the IR

Ficure 8: FTIR double-difference spectra of “unlabeled-minus- spectrum coincide very well with the expected ranges for

13C-labeled” QFR at pH 7. The upper trace shows the data for the ; ; ; ; ;
potential step “oxidized-minus-intermediate”, whereas the lower propionate vibrationsifl, 15). The negative band in the FTIR

shows the data for “intermediate-minus-reduced”. The positions of double-difference spectrum of the low-potential step at 1554
the relevant double-difference bands are indicated in the figure. cm™* (**COQ") is shifted down to 1546 cm (**COQO") by
The crossed areas correspond to regions of elevated noise level (ir8 cn 1. The negative band at 1528 ch{*?*COQ") is shifted

the amide | region between 1700 and 1600 trecause of the  down to 1502 cmt® (:3COO") by 26 cntl. Because both

strong HO and amide | absorbance and below 1200 thecause ; ; ; At min e, "
of the absorbance of Kiuffer modes), which are difficult to signals are negative (in an “intermediate-minus-reduced
handle in double-difference spectra and should thus be excludedSPectrum), they belong to the reduced state. Furthermore,

from the analysis. both signals indicate a deprotonation and/or an environmental
change of at least one of the two propionates of hége
observed spectral differences between the specifié¢élly upon reduction. As inferred from the crystal structure of QFR
labeled and unlabeled QFR in this range are a direct (7) and rationalized by previous electrostatic calculations
consequence of th¥C-labeling of the heme propionates. (13), the ring D propionate of the low-potential distal heme
Furthermore, such a scenario is covered by the particularbp is engaged in a salt bridge with the positively charged
position and environment of the ring C propionate of heme Arg C162 and both heme propionates of the high-potential
bo because it is oriented parallel to the membrane plane proximal hemebp are involved in salt bridges with positively
inside the hydrophobic subunit (and not along the membranecharged amino acid residues. This leaves the ring C propi-
normal as the other propionates, see Figure 1b). Thus, it isonate of heméyp as the only likely candidate to explain the
feasible that the observed difference signals above 1710 cm larger signal at 1528 cm. The smaller signal at 1554 cth
contain heme propionate contributions, which indicates a could arise from a slightly altered environment of also the
redox-coupled protonation change and/or an environmentalring C propionate of hembp upon reduction, if the (de)-
change of the ring C propionate group lf. However, it protonation reaction occurs in the vicinity of th& walue
remains difficult to explain the entire spectral features in of the particular propionate group. Thus, the data indicate a
terms of heme propionate vibrations, and additional effects, deprotonation, probably superimposed by an environmental
e.g., because of small scaling errors, cannot be excluded. or conformational change of currently unknown nature, of
Signals of Anti- and Symmetric Vibrations of Deprotonated the ring C propionate of hent® upon reduction. The present
Heme lp Propionate(s) To obtain a clearer picture of the experiments do not allow an unambiguous identification of
spectral differences that were induced up#@+-labeling of the group(s) to which this protonation is transferred, but we
the heme propionates of QFR, it is possible to compute andcannot rule out that the protonation of the Glu C180 side
analyze “double-difference” spectra (see Figure 8) by chain upon heme reduction demonstrated previousB (
subtracting the spectra shown in Figures 5 and 6, respec-occurs, at least partially, at the expense of ring C propionate
tively. The double-difference spectra are rather noisy, which of hemebp.
is almost inevitable because independent experiments always Only residual contributions of very small amplitude (as
differ slightly from each other. In addition, the spectra have mentioned above, an overlap of 5% at the intermediate
to be scaled for a comparisohd), which is another potential ~ potential was estimated for the contributions of the two
source for inaccuracies in the double-difference spectra.hemes) plus noise are seen at the corresponding wavenum-
Furthermore, the signals that are of interest here arebers in the “oxidized-minus-intermediate” potential step
comparatively small. As can be seen in Figure 8, rather large (Figure 8).
double-difference signals occur in the amide | range between The corresponding mandatory signals for the symmetric
roughly 1700 and 1600 cr. Because thé*C label is not v(COQ") vibrations are present in the double-difference
expected to affect any amide vibrations directly, it is assumed spectra in the expected frequency range between 1410 and
that the observed signals are related to and/or strongly1360 cn?, including the possible downshift upoRC-
influenced by an elevated noise level in this region becauselabeling (L4, 15), although they are less pronounced. At least
of the intense KO and amide | absorbances, which lead to for the acidic side chains of Asp and Glu, this observation
a reduced detector sensitivity in this frequency rang®. ( is in line with smaller extinction coefficients for symmetric
Thus, this particular region as well as the range between 1200v(COQO") modes compared to the antisymmetric ori2g.(
and 1000 cm? should be excluded from the analysis (see Another experimental observation, which supports the as-
also the caption of Figure 8). The good agreement of the signment of heme propionate vibrations, was to perform the
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presented experiments in a,@based buffer (data not

Biochemistry, Vol. 44, No. 50, 2009.6727

purification steps, (Figure S2) MALBDITOF analysis of the

shown). The respective FTIR difference spectra clearly show extracted hemes, (Figure S3) hefmétration curve of the

that the assigned propionate signals are sensitivétb@/

lSC_

labeled QFR wild type at pH 7, and (Figure S4)

2H,0 solvent exchange, which is the classical straightforward comparison of FTIR difference spectra of the “full-potential
method to verify the assignment of IR signals of carboxyl step” as measured to those computed by summation of the

groups (e.g., re87).

spectra of the “low-potential step” and “high-potential step”.

Differences between the Full- and Partial-Potential Steps This material is available free of charge via the Internet at

for bp. The direct comparison of the two partial-potential
steps (Figures 5 and 6) and the corresponding FTIR double-

http://pubs.acs.org.

difference spectra (Figure 8) led to the conclusion that only REFERENCES

the propionate(s) of the low-potential heme grdupare
involved in a (de)protonation reaction and/or an environ-
mental change. Thus, it can equally be deduced that the »
propionate groups of the high-potential heme do not con-
tribute to the FTIR difference spectra of the full-potential
step. A close observation of the spectral features above 1700
cm ! shows that there are noticeable differences between

the full- and the low-potential step (cf. Figures 4 and 6). 3.

The observed discrepancies that are visible for the two steps
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CONCLUSION 9.
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