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ABSTRACT. The structural basis for the pH dependence of the redox potential in the tetrdbesuiéaibrio

vulgaris (Hildenborough) cytochrome; was investigated by site-directed mutagenesis of charged residues

in the vicinity of heme I. Mutation of lysine 45, located in the neighborhood of the propionates of heme

I, by uncharged residues, namely threonine, glutamine and leucine, was performed. The replacement of
a conserved charged residue, aspartate 7, present in the N-terminal region and near heme | was also
attempted. The analysis of the redox interactions as well as the redox-Bohr behavior of the mutated
cytochromes; allowed the conclusion that residue 45 has a functional role in the control okthefp

the propionate groups of heme | and confirms the involvement of this residue in the redox-Bohr effect.

Observed in several electron-transfer proteins, the pH (15); (ii) two protons participate in this redox-Bohr effect
dependence of the redox potential (the redox-Bohr effect) is and they titrate with the samép(16); (iii) the redox-Bohr
a mechanism that not only allows a fine regulation of the cooperativities are all positive since the macroscopigs
redox potential but also allows the coupling between of the redox-Bohr protons increase along the reduction
electronic and protonic energy, a key process in bioenergeticsprocess [§.'s of 5.3, 5.6, 6.4, 7.1, and 7.4 for fully oxidized,
(1-3). Several studies have been performed with different one-, two-, three-, and four-electron-reduced proteins, re-
cytochromes in order to elucidate the molecular basis spectively (3)]; (iv) the pH dependence is mediated by
responsible for the redox-Bohr effect, suggesting the involve- charged residue(s) readily accessible to the solvent and close
ment of heme propionated<10). Although the iKaof @ o heme | since the largest redox-Bohr cooperativity is
solvent-exposed propionate group is usually loW{ 4),  observed for this heme, that is, heme | has the strongest pH
insertion of such a group into the hydrophobic core of a gependence of its reduction potentiaby; (v) pH titrations
protein, incorporation into a hydrogen-bonding network, and/ onjtored by NMR performed with tHeoHcs and the highly

or the presence of charged residues in the immediatenqmologous ferricytochrome of D. sulgaris Miyazaki also
environment may significantly increase th&,po values jgicate that the protonation center involves at least the
which are within the pH range where the redox-Bohr effect propionate group attached to pyrrol carbon number 13

is _T_)bserhved in cyto;:]hromes. 114 kD bl (numbered according to the IUPAC nomenclature), HP-13,
etraheme cytochromess are small {14 kDa), soluble o tpoe |0 17). Theoretical studies also suggest that HP-
electron-transfer proteins from sulfate reducing bacteria that13 of heme | can be the protonation center responsible for

have been extensively characterized in recent years, bOththe redox-Bohr effect oDuHes as well as being involved

structurally and b'OChem'Fal.lym_M)'. In partlcular, cy- in the positive homotropic cooperativity observed between
tochromecs from Desulfaibrio vulgaris (Hildenborough) h :

1 o . emes | and 1118). Comparison between the X-ray structure
(DuHicg)* exhibits homotropic (electron/electron) and het- of the oxidizedDvHc; (19) and the NMR structure obtained

‘ o . ) 3
erotropic (electron/proton) cooperativities. A detailed analy for the reduced form20) strongly indicates that the structural

sis of the pH behavior was performed resulting in the tif ble for the 2é2H" tivity invol
following conclusions: (i) the cytochrome has the ability to motit responsible for the " cooperalivity INVOves
hemes | and Il, the two propionates of heme I, and their

couple proton transfer with a concerted two-electron transfer . : . ;
interactions with K45 and C46 (Figure 1). The X-ray
tThis work was supported by EU Grants FMRX-CT-98-0218, structure oDvHc; (19).shows t.hat thg propionate groups of
PRAXIS PCNA BIO/74/96 (AVX), and JCNIT BIA-2164/95 (L.M.S.). heme | are only partially buried, with HP-17 being more
*To whom correspondence should be addressed. Phone: 351-1-exposed than HP-13. Lysine 45 is located near heme I,

4428616. Fax: 351-1-4428766. E-mail: xavier@itqb.unl.pt. establishing a H-bond between its NMiand propionate 17.
Universidade Nova de Lisboa.

$ University of Georgia. The.o.retical calculations dqne dnyvHcs suggest that the _
0 Wageningen Agricultural University. positive charge of K45 might have a large electrostatic

1 Abbreviations: NOESY, nuclear Overhauser enhancement spec- i i i
troscopy: HP-13 and HP-17, heme propionatedCE and 18CHs, influence on both propionates of heme | and predict that its

heme methyl groups (numbered according to the IUPAC rulzstiics, r?p@?ement.by noncharged residues such as glycine should
Desulfaibrio vulgaris (Hildenborough) cytochromes. significantly increase the Ky, of the redox-Bohr 18). In
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Ficure 1: Representation of the vicinity of the heme | propionates
of DvHcs. The on-arrow and the off-arrow indicate the start and
the end of the polypeptide segment, respectively.

this article, involvement of the propionates of heme I in the
redox-Bohr effect is investigated. Therefore, K45 is replaced
by uncharged amino acid residues of similar size, to probe
their effect in the K, of the heme | propionates.

MATERIALS AND METHODS

Reagents. Synthetic oligonucleotides and Elong&se
(used for site-directed mutagenesis) were from Life Science
Technologies, restriction endonucleases were from Amer-
sham or Boehringer, anduf**S]-dATP from Amersham

Biochemistry, Vol. 37, No. 35, 19982161

recorded with a Shimadzu UV-360 recording spectropho-
tometer. Anaerobic visible redox titrations were performed
as previously described ), using a 2uM protein solution

in 100 mM MES/BisTris-propane and with the appropriate
redox mediators (uM). EPR spectroscopy studies were
carried out, as in re24, with a Bruker ESP 380 spectrometer
equipped with a continuous flow helium cryostat (Oxford
Instruments CO.). For the NMR studies, the samples (2 mM)
were prepared as previously described)( All H two-
dimensional spectra were recorded at 297.5 K on a 500 MHz
Bruker DRX-500 spectrometer. For protein samples in
intermediate stages of oxidation, NOESY experiments were
performed using mixing times of 25 ms, a data size of 512
x 2048, and a spectral width of 33 kHz. Chemical shifts
are presented in parts per million (ppm) relative to sodium
3-(trimethylsilyl)-(2,2,3,3%H,) propane sulfonate, using Tris-
(hydroxymethyl)-aminomethane {8:;NOs3) as an internal
reference.

RESULTS

Global Structure and Spectroscopy of the Mutated Cyto-
chromes. The involvement of the heme | propionates in the
redox-Bohr effect was studied by replacing K45, which forms
a salt bridge with HP-17, by uncharged amino acids. When
K45 is replaced by threonine or glutamine, stable proteins
are produced which can be purified with similar yields (0.25
mg of protein/g of wet-weight cells) as the wild-type protein
expressed iD. desulfuricans200 @4, 26). Purified wild-
type and mutated proteins all had a highly similar purity
coefficient ([(Asssred — As7ored/Azsood = 2.9) and identical
UV —vis spectra, in both the oxidized and reduced forms
(data not shown). In contrast, replacement of K45 by leucine
resulted in very low yields of the mutated protein, which
rapidly denaturated and did not allow further study.

No major differences are observed in the EPR spectra of

Nucleotide sequencing was with the Thermo Sequenasewild-type and K45T- and K45Q-mutated ferricytochrome

Cycle Sequencing kit (Amersham).

Site-Directed Mutagenesis and Purification of Mutated
Proteins. Plasmid pJ800, containing the gene @rHc;

Table 1 shows theg values obtained by simulation of the
experimental data according to Camp@3)(

2D NMR results of the reduced K45T- and K45Q-mutated

(21), was used for site-directed mutagenesis. The codonscytochromes (data not shown) revealed that the interheme

for K45 and D7 in the cytochrome; gene in pJ800 were
replaced by those for Thr, GIn, or Leu and Ala or Asn,

NOESY cross-peaks network, which involves heme methyls,
heme thioether methyl groups, and meso protons, is identical

respectively, according to a PCR-based mutagenesis methodo that observed for the wild-type protei@9).

essentially as described by Landt et aR)( Mutated genes

EPR and NMR data indicate that removal of the salt bridge

were subcloned into pUC18 and checked by nucleotide between K45 and HP-17 in the K45T- and K45Q-mutated
sequencing for the presence of the desired mutation and theproteins does not cause a significant rearrangement of the
absence of any unwanted mutations. For the production of architecture of the heme core, the overall folding of the
mutated cytochromes; proteins, mutated genes were proteins, or the electronic structure around the heme irons.
recloned into broad-host-range vector pJRD228) (and However, the apolar side chain of leucine is not tolerated in
transferred by conjugal transfer froischerichia colito this position.
Desulfaiibrio desulfuricans G20Gs described previously Also, the putative involvement of another residue close
(24). D. desulfuricans G20€ecombinants were grownina to heme I, D7, in the redox-Bohr effect was tested by
30 L fermentor in Starkey’s mediun2§) containing 0.4 mg  replacement of this residue by alanine and asparagine.
mL~* kanamycin. Cells from these cultures were harvested However, these mutations did not allow the production of
by centrifugation, resuspended i'nto 10 mM Tris/HCI, 150 gtgple holoprotein. Failure to produce D7A- and D7N-
mM NaCl, pH 7.6, and broken in a French Pressure cell mytated cytochromes; suggests that the network of
(SLM/Aminco) at 8000 psi. Purification of mutated cyto-  hydrogen bonds provided by the carboxylate group of D7
chromesc; was done as described previousBaX (to the peptidyl NH group and hydroxyl side chain of S23
Biochemical and Spectroscopic Characterization of the (19)) is structurally important for the appropriate folding
Mutated DvH Cytochromes £ UV-—vis spectra were  around heme |I.
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Table 1: EPRg values for the Wild-Type and MutatddvHcs

Oz Oy, Ox
heme | heme Il heme Il heme IV
DwvHc; K45 (27) 2.96,2.31,1.44 3.14, 2.30, 1.07 2.80,2.31,1.64 2.99,2.30, 1.56
DoHcsz K45T 2.97,2.28,1.44 3.14, 2.30, 107 2.83,2.31,1.64 2.98, 2.30, 1.56
DvHc; K45Q 2.96,2.29,1.44 3.14, 2.30, 1207 2.83,2.31,1.64 2.99,2.30,1.56
a g, not observed, determined g2 = 16 (28).
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FiGURE 2: Chemical shift pH dependence of the heme methyl group resonant@id;1,8 8'CHy'", 12'CH,!", and 18CH3"V of K45T DyH
cytochromecs. Squares correspond to stage 1 of oxidation, circles to stage 2, downward-pointing triangles to stage 3, and upward-pointing
triangles to stage 4. The full lines represent the best fit (rm$50 ppm) of the shifts for the mutat&bH cytochromes; to the model

of five interacting centers using the energy parameters listed in Table 2. Dotted lines represent the best fit for the Wittty €3, 17).

The Redox-Bohr Effect in Wild-Type and K45-Mutated obtained by fitting the chemical shift data for both mutated
Cytochromes £ The redox properties of the mutated cytochromes 13, 17). This allowed the determination of
cytochromesc; were analyzed by monitoring one methyl the absolute redox parameters for K45T and K45Q cyto-
group of each heme (18H3', 18'CHj', 12'CH3", and chromes, which are shown in Table 2.

18'CHsY) during an NMR redox titration performed as  The NMR data show that replacement of K45 induced
previously reportedi(s, 30). Under the experimental condi-  some changes in the cooperativities. For K45T cytochrome
tions used, the intermolecular electron exchange is slow onc; the redox-Bohr interactions between the ionizable center
the NMR time scale so that separate peaks are observed fopnd hoth hemes | and Il weakened, causing small alterations
each oxidation stage. Each heme methyl resonance was theth the macroscopick, values of the various oxidation stages
traced from the different oxidation stages throughout each for this mutant, when compared with those of the wild-type
one-electron reduction step, back to its resonance in the fU"chtochrome (Table 3). Altogether, there was a small

reduced proteinl@, 24). The chemical shifts of the methyl  decrease of the redox potentials of the hemes and a decrease
groups at intermediate oxidative levels were obtained from of 0.8 units in the globahpKa (pKa ¢ — pK:>, i.e., total

NOESY spectra (Figures 2 and 3). redox-Bohr effect).

The pH dependence of the observed paramagnetic shifts - sjgnificantly, for K45Q cytochromes; the heterotropic
of the four heme methyl groups for both mutated cyto- cooperativities were quite altered. Although thi&.$s is
chromes was fitted within the framework of a model which maintained, the |pa values for all four other redox states
considers five interacting centers: four hemes and oneincreased, showing a rise o2 units for the global Ka
ionizable center3, 15) (Figures 2 and 3). The pH range (Table 3). No major alterations were observed in the heme
was chosen in order to minimize any contribution from redox potentials, but a much lower value of the homotropic
addi.tional ionizat.ions.that can occur at extreme pH values, cooperativity between hemes | and Il was measuret! (
outside the physiological pH rang#J). meV). Both in the wild-type and in the K45T cytochrome

UV —uvis titrations performed at two pH values (pH6.6 Cs, the second and third hemes to be oxidized, hemes Il and
and 8.0) were used for calibration of the microscopic redox I, have a stronger positive homotropic cooperativity4Q
potentials and heme redox interaction energies which weremeV). This is reflected by the fact that the observed
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Ficure 3: Chemical shift pH dependence of the heme methyl group resonances of K45Q cytochrdime heme methyl group resonances
and legend details are the same as that of Figure 2.

Table 2: Energy Parameters Calculated Using a Model of Five Table 3: K, Values of the Wild-Type and MutatedvHcs in the
Interacting Centers Fitted to the NMR and Visible Data Different Oxidation Stagés
energies (meV) pKa
ionizable stage DvHc; K45 (13) DyHcs K45T DvHc; K45Q
heme | hemell hemelll heme IV center 0 74 6.9 93

DuHc; K45 (13) 1 7.1 6.7 8.5

heme | —245 —43 20 -4 —70 2 6.4 6.4 7.3

heme I —267 -8 8 —30 3 5.6 5.9 6.1

heme IlI —334 32 —18 4 5.3 5.7 5.3

heme IV —284 -6 ApKa 2.1 12 4.0
Dylgrglz}ikl)lsgrcenter 439 _a‘_l'he stages are numbered from O _(fylly reduced) to 4 (fully

her3ne | —2929 —42 15 0 51 oxidized), according to the number of oxidized hemes.

heme I —263 —6 5 -9

Egmg :{'/ —s318 _233 :g Conformational Differences between Wild-Type and Mu-

ionizable center 410 tated Cytochromeszc The changes in the NMR chemical
DuvHcs K45Q shifts caused by nearby aromatic rings (ring current shifts)

heme | —273 -1 32 14 -84 were used to probe conformational changes of the amino

n:m: ”I —276 _34‘i 233, :;‘71 acid segment comprising residues-4% between the wild-

heme IV —283  —40 type @0) and the mutated cytochromes These residues

ionizable center 548 are close both to heme Il and to the propionate groups of

@ As described in re13. Diagonal elements (boldface) represent the hgme . When K45T Cytochrprm-:g.ls compared with the
energy for oxidizing the hemes (standard errors of 5 meV) and Wild-type cytochrome, no major differences are observed.
deprotonating the ionizable group in the fully reduced molecule. The Also, the ring current shifts of R44 are similar in wild-type
pﬁ-diagpnal eIement; re.present the energie;s of redox (-:md redox-Bohrgnd in K45Q cytochromess. However, the contributions
Qtﬁ)rr‘j‘:g?gsn?ep\‘;)” oxidation and deprotonation, respectively (standard ¢ i, ring currents to the chemical shifts of the Bif residue

: 45 and the I8 of C46 are higher in the K45Q mutated protein
paramagnetic shift of 122G in oxidation stage 2 is smaller  than in the wild-type protein (0.3 and 0.1 ppm, respectively,
than in stage 1, at neutral and high pH. For K45Q cf. Table 4). As the ring current shifts on these protons are
cytochromec; the observed paramagnetic shift of 215" dominated by the contribution of heme I, this increase
in stage 2 is no longer smaller than in stage 1. Nevertheless,indicates that the backbone of these residues becomes more
the same order of oxidation was observed, and the ability to buried in the mutated cytochrome, moving toward heme II.
couple proton transfer with a proton-assisted concerted two-This conclusion is supported by the observation that the
electron transfer is maintained (Figure 4). In fact, although intensity of the NOE cross-peak between the Bif Q45
the magnitude of the positive redox interaction has decreasedand the meso15 proton of heme | decreases, while the cross-
it is still sufficient to cancel the negative contribution from peaks between theddprotons of heme | HP-13 and those
the electrostatic interaction. of its methyl 12 become more intense. These results
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Ficure 4: Macroscopic reduction potentials of the four oxidation stages for K45T (A) and K45@¢HB)cytochromes; calculated as
a function of pH from the energy parameters listed in Table 2. Dotted lines represent the macroscopic reduction potentials for the wild-type
DyHcs (13).

. g . -
Table 4: Chemical Shifts and Ring Currents (ppm) of the Assigned should modify the o and g<g*¢ values in a S.'m'lar way.
Protons in the Fully Reduced Form of the Wild-Type and Mutated ~ HOwever, as previously reported for the wild-type cyto-

DvH Cytochromess; chrome c; (20), reduction leads to a movement of the
residue residue  residue polypeptide chain between residue 44 and residue 47 toward
R44 X45 C46 the propionate edge of heme I. In fact, for K45Q cytochrome
Ho HB® Hy2 HO Ha Ha HB cs the alterations detected in the NMR spectra of the reduced
Chemical Shifts (ppm) state indicate that the HP-13 of heme | becomes even more

DvHcs K45 (20) 4.85 1.93 158 3.29 495 4.99 247 protected in this mutant, explaining the much higher value
DyHcs K45T 491 193 163 331 496 497 246 forits pK e (~2 pK units) when compared to theKged of
DrHe K45Q  4.89 1.98  1.63 3.34 528 503 257 yye wild-type cytochrome. This effect is supported by the
DoHcaKéS (20 051 R(i)”%cgrgegés (8%'3) 063 0.28-0.65 NOE and ring current effects described above. On the
DuHGs KA5T 057 012 000 011 064 026-067 contrary, although for the reduced form of K45T the NMR
DuHcs K45Q 056 0.17 000 014 096 0.32056 structural parameters are similar to those of the wild-type

a Average values. ferrocytochrome, a decrgase in .thKaf 4 (~0.5) for th'is
mutant occurred, suggesting that in this case the propionates
of heme | become more exposed in the reduced state.

indicate that the movement of the polypeptide chain between ,
44 and 46 toward the interior of the protein induces a Although several effects occur simultaneously, the data

conformational alteration of HP-13 propionate of heme I, to ShoW that the nature of residue 45 influences thggf the
maintain the H-bond of the carboxylate group to the main ProPionate groups and, more importantly, support the

chain NH of C46, the cysteinyl ligation of heme 1. hypothesis that heme | propionates and their neighboring
residues control the redox-Bohr effect observeddoHcs.
DISCUSSION The local arrangement of charged groups in the vicinity

) . _of heme propionates may be a more general motif for

The analysis of the thermodynamic parameters obtalnedcoupnng the transfer of electrons and protons. In fact,
for the mutated cytochromes clearly shows that replacementcompariSon oDuHc; with bovine andParacoccus denitri-
c_>f K45 affects the homotr_o_p|c _and heterotropic cooperativi- ficans cytochrome oxidases8{—33) shows that the archi-

ties. The observed modifications may result from several yecqyres of the heme cores have interesting similarities which
smultaneoqs effepts: (!) the different H-bond ca}pab|llw qf may justify some speculatior24). In cytochrome oxidase

the new amino acid residues when compared with K45; (i) 4 charged residue, R473, forms a hydrogen bond with a

t_h_e different solvent acce_s_sibility for heme | propionates; propionate group of heras and is followed by R474, while
(iii) the removal of the positive charge near the carboxylate DuHcs there is an equivalent hydrogen bond between a

groups of the propiongtes, which should cause an increasepropionate group of heme I and K45, which is preceded by
of the rKavaIues,_ and (iv) the local conforma_ltlonal changes_. R44. In both proteins electron transfer is coupled to proton
The data obtained for the mutated proteins show that, in transfer, and the fact that a similar arrangement around the

general, the absence of the positive charge of K45 alteredredox centers is observed may be more than just a coinci-
the K, values, although to a different extent depending on dence.

the redox state of the protein (Table 3). TheP for K45Q

cytochromec; is identical to that of the wild-type cyto- ACKNOWLEDGMENT
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