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Structural Basis for the Variation of pH-Dependent Redox Potentials of

Pseudomonas Cytochromes c-5511

Fiona A. Leitch,* Geoffrey R. Moore, and Graham W. Pettigrew

ABSTRACT: The redox potentials of many c¢-type cytochromes
vary with pH over the physiological pH range. We have
investigated the pH dependence of redox potential for the four
homologous cytochromes ¢-551 from Pseudomonas aerugi-
nosa, Pseudomonas stutzeri strain 221, Pseudomonas stutzeri
strain 224, and Pseudomonas mendocina. The pH dependence
is due to an ionizable group that ionizes with pX,, in ferri-
cytochrome c¢-551 but with a higher pX, pK,., in ferro-
cytochrome ¢-551. For P. aeruginosa cytochrome ¢-551 it has
been shown that this ionizable group is one of the heme pro-
pionic acid substituents [Moore, G. R., Pettigrew, G. W., Pitt,
R. C.,, & Williams, R. J. P. (1980) Biochim. Biophys. Acta

’]?he measurement of redox potential for an electron transport
protein is essential to the understanding of its function since
this parameter helps to define its thermodynamic relationship
with other components of the electron transport chain. The
redox potentials of ¢c-type cytochromes are largely determined
by the fifth and sixth iron ligands and by the nature of the
polypeptide environment surrounding the heme (Kassner,
1973), but the precise features of this environment that can
influence the redox potential are not yet fully understood.

Ionization of groups on the protein close to the heme might
influence the redox potential, and in such cases, the heme
would impose a separation in the pK values of any such group
in the two redox states of the cytochrome. Effects of this kind
are not observed in mitochondrial cytochrome ¢ until pH values
greater than 9 and are thus not considered to be physiologically
relevant. However, in several bacterial cytochromes, the redox
potential varies with pH between 5 and 9, and in the case of
Pseudomonas aeruginosa c-551 the pH dependence has been
interpreted as being due to the ionization of a heme propionic
acid substituent with a pK of 6.3 in the oxidized form and 7.2
in the reduced form (Moore et al., 1980).

We consider these observations of importance for two rea-
sons. First, the imposed separation of pK values results in a
proton-linked electron transfer that may be of relevance to our
understanding of more complex integral membrane cyto-
chromes, such as mitochondrial cytochrome 4 and cytochrome
oxidase, which have been proposed as proton pumps (Von
Jagow & Engel, 1980; Wikstrom, 1977). Second, local
fluctuations in pH at the respiratory membrane, by perturbing
the redox potential of a cytochrome, may represent an im-
portant control mechanism over the rate of electron transport
(Hashimoto & Nishimura, 1981).

A number of cytochromes c¢-551 have been sequenced
(Ambler, 1963; Ambler & Wynn, 1973; R. P. Ambler, per-

tFrom the Department of Biochemistry, Royal (Dick) School of
Veterinary Studies, Summerhall, Edinburgh EH9 1QH, UK. (F.A.L.
and G.W.P.), and The Inorganic Chemistry Laboratory, South Parks
Road, Oxford OX1 3QR, U.K. Received July 14, 1983. This work was
supported by a Science and Engineering Research Council (S.E.R.C.)
research grant and a Wellcome Trust research grant to G.W.P. G R.M.
and F.A.L. are the holders of a S.E.R.C. Advanced Fellowship and a
S.E.R.C. Research Studentship, respectively.

590, 261-271] but the values of pK,, and pK, are significantly
lower in this protein than in the other three cytochromes.
NMR and chemical modification studies show that for the two
P. stutzeri cytochromes ¢-551 and P. mendocina cytochrome
¢-551, this propionic acid substituent is again important for
the pH dependence of the redox potential. However, a his-
tidine occurring at position 47 in their sequences hydrogen
bonds to the propionic acid and thereby raises its pK. In P.
aeruginosa cytochrome ¢-551, His-47 is substituted by Arg-47.
Hydrogen-bonding schemes involving His-47 and the propionic
acid are proposed.

sonal communication) and the crystal structure is known for
P. aeruginosa cytochrome ¢-551 (Matsuura et al.,, 1982). Thus
we can exploit the natural diversity of structure to investigate
the important features of the heme environment that influence
its redox properties. In the present paper we compare the
effect of pH on the midpoint potential for three relatives of
P. aeruginosa cytochrome ¢-551, namely, the cytochromes
¢-551 from Pseudomonas stutzeri 221, Pseudomonas stutzeri
224, and Pseudomonas mendocina, and we propose a struc-
tural model to explain the observed pH dependence.

Materials and Methods

Growth of Organisms. P. aeruginosa 10332 (Ambler, 1974;
A.T.C.C. 10145), P. stutzeri strain 221 (Stanier et al., 1966;
A.T.C.C. 17588), and P. stutzeri strain 224 (Mandel, 1966;
A.T.C.C. 17591) were obtained as peptone-dried stubs from
Dr. R. P. Ambler. The bacteria were grown anaerobically in
12-L batches for 12-24 h at 37 °C on the nitrate medium
described by Lenhoff & Kaplan (1956). Cells were collected
by centrifugation (Alfa-Laval LAB 102B-05 centrifuge).

Purification of Cytochromes. The cytochromes ¢-551 were
purified from acetone-dried powders of the cells essentially
as described by Ambler & Wynn (1973). Both strains of P.
stutzeri contain two forms of cytochrome ¢-551 (designated
forms I and II) that can be separated by ion-exchange chro-
matography. The two forms are identical except that form
IT has an N-terminal glutamic acid whereas in form I this
appears to be converted to pyrrolidonecarboxylic acid (Ambler
& Wynn, 1973). For both cytochrome forms, however, the
level and pH dependence of E, were virtually identical and
the two forms were used interchangeably in subsequent ex-
periments.

Initial experiments with P. stutzeri 221 cytochrome ¢-551
were carried out on cytochrome that was a gift from Dr. T.
E. Meyer. Dr. R. P. Ambler kindly supplied P. mendocina
CH 110 cytochrome ¢-551, purified according to Ambler &
Wynn (1973).

Redox Potential Measurements. Midpoint oxidation—re-
duction (redox) potentials were determined spectrophoto-
metrically for each cytochrome in the presence of ferri-
cyanide—ferrocyanide solutions of known potential (Pettigrew
et al., 1975; Davenport & Hill, 1952; Hanania et al., 1967).
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This method allows a single potential measurement to be made
at a defined pH.

For each redox potential measurement, added potassium
ferrocyanide was 0.5 mM and added potassium ferricyanide
was 0.017, 0.003, or 0 mM. The cytochrome concentration
was approximately 5 X 10 M. The total ionic strength was
0.007-0.009 mol/L. The redox mixture was buffered at a
chosen pH value by addition of 2 mM acetic acid—sodium
acetate (pH 4.5-5.8), 2 mM sodium phosphate (pH 5.8-7.5),
2 mM Tris-HCI (pH 7.5-8.8), 2 mM glycine-NaOH (pH
8.8-9.5), or 2 mM borate-NaOH (pH 9.3-10.7). The pH was
measured before addition of sodium dithionite, which was used
to achieve complete reduction.

The value of E obtained by this method was checked in
a few cases by complete redox titration of the cytochrome. The
values obtained by the two methods were in good agreement.

NMR Experiments. Cytochrome samples were prepared
for NMR spectroscopy by passage through Sephadex G-25
packed into a Pasteur pipet and equilibrated in 10 mM
NaCl-0.5 mM sodium phosphate, pH 7.0, in 2H,0 (Merck
Sharp & Dohme). Cytochrome concentrations were in the
range 0.5-2 mM.

The pH of solutions in the NMR experiments were moni-
tored by a glass electrode (Radiometer) that was inserted
directly into the NMR tubes. The pH was adjusted by ad-
dition of small aliquots of concentrated NaO?H or 2HCl in
2H,0. pH values quoted for NMR experiments are direct
meter readings, and since they are not corrected for any isotope
effect (Glascoe & Long, 1960) they are denoted pH* (and
pK values are denoted pK*).

'H NMR spectra were obtained by using a Brucker 270
MHz or 300 MHz spectrometer as previously described
(Moore et al., 1977). Chemical shifts are quoted in parts per
million (ppm) downfield from the methyl resonance of 4,4-
dimethyl-4-silapentane-1-sulfonate.

Chemical Modification of P. stutzeri (221) Cytochrome
c-351. Ethoxyformic anhydride (EFA, Sigma) was prepared
as a 110 mM stock solution by injection of 8 uL of 100% EFA
into 0.5 mL of acetonitrile (Sigma).

To a solution of P. stutzeri (221) cytochrome ¢-551 in 50
mM sodium phosphate, pH 7.0, a single addition of EFA was
made to give an 18X excess of EFA over cytochrome. The
modification was allowed to proceed for 100 min at 20 °C,
the extent of reaction being followed spectrophotometrically
at 238 nm. The amount of N-(ethoxyformyl)histidine formed
was calculated by using Aeyyg = 3200 M~ em™ (Ovadi et al,,
1967). The modified cytochrome solution was then applied
to a Sephadex G-25 column equilibrated in 2 mM sodium
phosphate, pH 7.0, to remove unreacted EFA. Redox potential
measurements were then made as described above.

The redox potential of the EFA-modified cytochrome at pH
7.2 was measured 2 h after the addition of EFA and then again
after 8 h. The values were very similar, indicating that the
modifying group remains attached over this period of time.

For NMR experiments, the cytochrome was modified in the
same way as described above and then concentrated by ad-
sorption to diethylaminoethylcellulose (Whatman) at pH 7.0,
followed by elution with 0.5 M NaCl and desalting on
Sephadex G-25 equilibrated in 10 mM NaCl-0.5 mM sodium
phosphate, pH 7.0, in 2H,0.

Chemical Modification of Imidazole. EFA was added to
10 mM imidazole, pH 7.5, to give a 1:1 ratio of EFA:
imidazole. This solution was used directly for NMR studies.

NMR spectra of the EFA-modified imidazole showed five
resonances: three of these were assigned to the C-2, C-4, and
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FIGURE 1: pH dependence of midpoint oxidation reduction potential
(Eq) of the cytochromes ¢-551 from four species of Pseudomonas:
(A) P. aeruginosa [data taken from Moore et al. (1980)], pK; =
6.2, pK,oy = 7.3. (B) P. mendocina, pK,; = 7.2, pK,eq = 8.0. (C)
P. stutzeri (221), pKx = 7.6, pKog = 8.3; (D) P. stutzeri (224), pKyx
= 7.8, pK,eq = 8.45.

C-5 protons of the modified imidazole, the other two being
assigned to the C-2 and C-4 protons of residual unmodified
imidazole. The reaction of EFA with only one of the imidazole
ring nitrogens creates different environments for the C-4 and
C-5 protons, which are equivalent in unmodified imidazole.

pH titration of the NMR spectra showed that the three
resonances of EFA-modified imidazole had pH-dependent
chemical shifts, titrating with a pK* of 3.6 in agreement with
the figure quoted by Melchior & Fahrney (1970). The two
resonances of unmodified imidazole titrated with a pX* of
approximately 7.

Results

Redox Potential Measurements. Figure 1 shows the be-
havior of midpoint potential (£,,) with respect to pH for four
homologous bacterial cytochromes, the cytochromes ¢-551
from P. aeruginosa, P. stutzeri 221, P. stutzeri 224, and P.
mendocina. Since with all these cytochromes E, is a function
of pH, a proton must be involved in their redox reaction and
their Nernst equation must include a proton concentration
term. The appropriate equation that describes the curves
observed in Figure 1 can be derived by using the methods of
Clark (1960) and is

+
Em=E+Eln [H ]+Kred
nF — [H] + K,
where K, and K4 are proton dissociation constants for a
chemical group that ionizes with a different pX in the two
redox states of the cytochrome.

Equation 1 was used to generate the theoretical curves in
Figure 1 by selecting values of K, and K4 to give the best
fit to the experimental data. For all four cytochromes the
appearance of these curves is the same but the values of K,
and K,q differ; in P. aeruginosa ¢-551 the pKs occur about
1 pH unit lower than for the other three cytochromes.

The existence of a heme-linked ionization with pK 4 = 7.2
in P. aeruginosa ferrocytochrome ¢-551 was confirmed by

(1)
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Table I: Aromatic Amino Acids Occurring in the Four
Pseudomonas Cytochromes c-551

residue
source of ¢-551 7 27 34 47 56 77

P. aeruginosa Phe Tyr Phe Arg  Tmip Trip
P stutzeri 221 Phe Phe Tyr His Trp Tip
P, sturzeri 224 Phe Leu Asn  His Trp Trip
P. mendocina Phe Leu Asn His Trp Tmp
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FIGURE 2: Aromatic region of the 300-MHz convolution difference
spectrum of P. stutzeri (221) cytochrome ¢-551. The ferricytochrome
spectrum was obtained at pH* 6.5 (27 °C) and the ferrocytochrome
spectrum at pH* 7.7 (27 °C). The labeled resonances are F7 = Phe-7;
F27 = Phe-27; W56 and 56 = Trp-56; W77 and 77 = Trp-77; Y34
= Tyr-34.

spectrophotometric pH titration in the region of the a-band
(Moore et al., 1980). Red shifts and the appearance of
asymmetry in the a-peak in alkaline solutions were also ob-
served for the other Pseudomonas cytochromes studied here,
but the changes were too small to allow quantitative analysis
of pK values.

NMR Resonance Assignments for Cytochromes c-551. The
aims of the NMR studies were to confirm that the tertiary
structures of P. stutzeri (221) and P. mendocina cytochromes
¢-551 are similar to the P. aeruginosa c-551 structure, to
identify the group ionizing with pK,, and pK,, in each of the
cytochromes, and to determine whether a conformational
change accompanies ionization. The NMR spectra therefore
first had to be characterized in terms of resonance assignments.

(a) Aromatic Assignments. The assignment of aromatic
resonances of these cytochromes is facilitated by the small
number of aromatic amino acids in their sequences and by
fortuitous substitutions between the three cytochromes. From
Table I it can be seen that P. mendocina c-551 contains no
tyrosine and only one phenylalanine; P. stutzeri (221) ¢-551
and P. aeruginosa c-551 both contain one tyrosine and two
phenylalanines, but only Phe-7 occurs at the same position in
both sequences.

The aromatic regions of the convolution difference spectrum
of P. stuzeri (221) ferricytochrome and ferrocytochrome are
shown in Figure 2. These can be compared with the previously
published spectra of P. aeruginosa c-551 (Moore et al., 1977).
Assignments to amino acid types were made for the majority
of resonances by using standard double-resonance techniques.
However, for P. stutzeri (221) cytochrome c¢-551, a ferro—
ferricytochrome exchange titration was required to complete
the assignments. This is shown in Figure 3. The exchange
titration was particularly useful for cross assignment of Trp-56

VOL. 23, NO. &, 1984 1833

8 (PP
FIGURE 3: Titration of P. stutzeri (221) ferricytochrome ¢-551 with
ascorbic acid. Figures on the left refer to the percent ferrocytochrome
present. Labeled resonances are (a) His-47 C-2, (b) Trp-77 C-4 or
C-7, (c) Phe-7 ortho, (d) Phe-27 ortho, (e) Trp-56 C-5 or C-6, (f)
Trp-56 C-6 or C-5, and (g) Phe-27 para.
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FIGURE 4: 'H NMR spectrum of P. stutzeri (221) ferricytochrome
¢-551 obtained at pH* 6.3 (27 °C). The labeled resonances are M1,
M3, M5, and M8 = heme methyls, P1 and P2 = the 3-CH, protons
of heme propionic acid 7, and Met = Met-61 methyl.

resonances since two of these coincidently overlap a thioether
CH resonance in the ferrocytochrome.

From consideration of the identified coupling patterns,
chemical shifts, and the amino sequences, the resonance as-
signments are deduced to be those shown in Table II.

(b) Heme Substituent Assignments. The heme substituent
resonances in P. stutzeri (221) and P. mendocina ferro-
cytochromes were assigned by using standard double-resonance
techniques (Keller & Wiithrich, 1978). Our assignments agree
with those recently published by Senn & Wiithrich (1983).

The four heme methyl resonances of P. aeruginosa ferri-
cytochrome ¢-551 have previously been assigned (Keller et al.,
1976; Keller & Wuthrich, 1978) and the similarity in chemical
shifts for these resonances in P. stutzeri and P. mendocina
ferricytochromes ¢-551 indicates that their assignment is the
same. The numbering of these is shown for P. stutzeri (221)
¢-551 in Figure 4. The resonance at —16.6 ppm arises from
Met-61, the sixth iron ligand, and an analogous resonance
appears at a similar chemical shift position in the spectra of
the other cytochromes. Figure SA shows the P. stutzeri (221)
ferricytochrome spectrum at pH 8, between 5 and 20 ppm.
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FIGURE 5;: Low-field region of the 300-MHz NMR spectrum of P.
stutzeri (221) ferricytochrome ¢-551 obtained at pH* 8 (27 °C). (A)
Conventional spectrum; (B) the NOE difference spectrum obtained
upon irradiation of P1 for 0.5 s prior to acquisition. The labeled
resonances are P1 and P2 = the 8-CH, protons of heme propionic
acid 7 and W = Trp-56 C-2.

The two one-proton resonances P1 and P2 arise from one of
the heme propionic acid substituents occurring at positions 6
and 7 on the heme ring (the “outer” and “inner” propionic
acids, respectively). The NOE difference spectrum (Figure
5b) shows that irradiation at P1 causes an intensity change
in P2 and in the C-2 resonance of Trp-56. From this it is
deduced that P1 and P2 are the 8-CH, protons of the inner
propionic acid because the same experiment performed on P.
aeruginosa ¢-551 gives an identical result and the X-ray
structure of P. aeruginosa c-551 shows that N-1 of Trp-56 is
hydrogen bonded to the inner propionic acid (Matsuura et al.,
1982).

pH Titration of the Cytochrome NMR Spectra. (a) Fer-
ricytochrome c-551. NMR spectra of P. stutzeri (221) fer-
ricytochrome ¢-551 were obtained at a number of different
pH values. Figure 6 shows that shifting resonances titrate with
a pK* of 7.5-7.7, corresponding to the pX,, of 7.6 observed
in the E_, vs. pH curve for this cytochrome (see Figure 1). In
the aromatic region of the spectrum only two resonances have
pH-dependent chemical shifts, these being the resonances of
the His-47 C-2 and C-4 protons. The direction of these shifts
and their magnitude are typical for deprotonation of a histidine
(Westler & Markley, 1979). Both resonances broaden con-
siderably above pH* 6.5, although the C-2 resonance sharpens
again beyond pH* 8.5, and their chemical shifts can only be
followed in non resolution enhanced spectra. Broadening of
histidine resonances midway through the course of a pH ti-
tration is a common occurrence (Bachovchin & Roberts, 1978)
and is due to a relatively slow proton on—off rate (Sudmeier
et al., 1980). The two titration curves are fitted to pK* values
of 7.6 (Figure 7), and again this value agrees with the pK,,
value obtained from redox measurements. A few other res-
onances in the aromatic region show small shifts with pH,
notably Trp-56 and Tyr-34 resonances, but these shifts are
too small (<0.05 ppm) to be fitted to theoretical curves.

Qualitatively similar results were obtained for the P. men-
docina pH titration, the same resonances shifting to about the
same extent. All the titrating resonances could be assigned
pK™s of 7.5. However, in this cytochrome the agreement with
pK., predicted from redox measurements (pK = 7.2) was less
good.

(b) Ferrocytochrome c-551. In the diamagnetic ferro-
cytochrome, the only resolved heme substituent resonances are
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FIGURE 6: pH dependence of chemical shifts (8) for heme-substituent
resonances of P. stutzeri (221) ferricytochrome ¢-551. (O, ®, A, A,
¢, #) represent experimental points. Theoretical curves were cal-
culated by using the following pX values: M5, pK = 7.5; M3, pX
= 7.7; P1, pK = 7.5; P2, pK = 7.5. Labeling of resonances as for
Figure 4.
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FIGURE 7: pH dependence of chemical shift for His-47 C-2 and C-4
resonances of P. stutzeri (221) cytochrome ¢-551. (O, ®) represent
experimental points. The theoretical curves were calculated by using
the following pK values: (a) C-2 (ferrocytochrome), pX = 8.2; (b)
C-2 (ferricytochrome), pX = 7.6; (c) C-4 (ferricytochrome), pK =
7.6; (d) C-4 (ferrocytochrome), pK = 8.2.

those of the meso protons, which occur at the downfield end
of the aromatic region between 9 and 10 ppm (see Figure 2B).
With the exception of a small shift (<0.02 ppm) observed for
the v meso resonance, none of these resonances shifted with
pH in P. stutzeri (221) ferrocytochrome ¢-551.
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Table II: Comparison of Aromatic Resonance Assignments

chemical shift (ppm)

P. aeruginosa
cytochrome ¢-551

P. mendocina
cytochrome ¢-551

P. stuszeri
cytochrome ¢-551

resonance assignment ferri® ferro® ferri® ferro® ferrod
Trp-56
C-4 or C-7 6.70 7.36 6.76 7.4 7.72
C-5 or C-6 6.02 6.38 5.8 6.23 6.29
C-6 or C-5 6.34 5.81 6.32 6.23 5.74
C-7 or C4 7.23 7.08 7.23 7.24 7.03
C-2 6.63 7.77 6.64 7.75 7.67
Trp-77
C-4 or C-7 8.16 8.02 8.06 7.99 7.96
C-5 or C-6 7.43 7.28 7.34 7.2 7.24
C-6 or C-5 7.10 7.12 6.96 7.05 7.01
C-7 or C-4 7.22 7.61 7.07 7.65 7.54
Cc-2 7.13 7.28 7.21 7.34 7.34
Phe-7
ortho 7.01 7.26 7.16 7.18 7.04
meta 6.81 6.94 7.61 6.93 6.69
para 7.15 7.12 7.87 7.08 6.56
Phe-27
ortho 6.51 6.0
meta n.d. 5.11
para 5.45 547
Phe-34
ortho 7.60 7.22
meta 7.60 7.22
para 7.60 nd.
Tyr-27
ortho or meta 6.40 5.80
meta or ortho 4.98 4.69
Tyr-34
ortho or meta 6.63 7.29
meta or ortho 7.02 7.52
His-47
C-2 8.68 8.62 8.46
C4 7.65 7.03 7.05

@ Assignments made at pH 5.5 (27 °C). Y Assignments made at pH 6.5 (27 °C). € Assignments made at pH 7.7 (27 °C). ¢ Assignments

made at pH 7.0 (57 °C).

As in the ferricytochrome, the His-47 C-2 and C-4 reso-
nances are the only resonances in the aromatic region having
marked pH-dependent chemical shifts. Figure 7 shows that
in this oxidation state the titration curves have pK* values of
8.2, agreeing well with the values of 8.3 obtained for pK . in
Figure 1B. Again, some of the resonances of Trp-56 and
Tyr-34 show small shifts with pH but these are not fitted to
theoretical curves.

The P. mendocina titration was very similar to the P.
stutzeri titration in this oxidation state too, the only shifting
resonances being those of His-47 and with pK 4 being greater
than pK,, by at least 0.3 pH unit. This titration was less
satisfactory than the P. stutzeri ferrocytochrome titration
because reoxidation of the cytochrome and the subsequent
electron exchange caused a marked deterioration in the spectral
quality.

To summarize, the pH titrations of P. stutzeri (221) and
P. mendocina cytochromes ¢-551 show that certain heme-
substituent resonances and the His-47 resonances have pH-
dependent chemical shifts. In the ferricytochrome these
resonances titrate with the pK,, value of 7.6 predicted from
the redox measurements. The His-47 resonances titrate with
a higher pX in the ferrocytochrome, this value agreeing with
the predicted pK,.4 of 8.3. However, it is not clear from these
data alone whether the ionization of His-47, which lies adjacent
to the inner propionic acid, causes the observed shifts of the
heme-substituent resonances or whether these are due to the
ionization of the inner propionic acid itself (as in P. aeruginosa
c-551).

Chemical Modification of P. stutzeri Cytochrome c-551.
In order to determine the importance of His-47 for the pH
dependence of redox potential in P. stutzeri c-551, the histidine
was chemically modified with ethoxyformic anhydride (EFA).
EFA has been shown to react quite specifically with accessible
histidine residues in many proteins (Melchior & Fahrney,
1970; Miles, 1977). The progress of modification is followed
by an increase in the cytochrome absorption at 238 nm, the
absorbance maximum of N-(ethoxyformyl)histidine. Using
the reaction conditions described in the legend to Figure 8,
a value of 1.3 mol of histidine modified/mol of cytochrome
was obtained. This value may be greater than unity because
a bis(ethoxyformyl)histidine species can be formed in the
presence of excess EFA and this species has a higher extinction
coefficient at 238 nm (Avaeva & Krasnova, 1975).

Only two histidines are present in P. stutzeri (221) ¢-551,
His-47 and His-16, the fifth axial heme ligand. The relative
instability of N-(ethoxyformyl)histidine prevents the isolation
of modified peptides but the modified histidine can be iden-
tified by the following arguments: (i) His-16 is buried in the
center of the protein and is much less likely to be accessible
to EFA than His-47, which lies near the surface of the protein;
(ii) if His-16 was modified, it would have an impaired function
as an iron ligand, which would certainly result in large changes
in the visible spectrum but no such changes were observed;
(iii) treatment of P. aeruginosa ¢-551 with EFA under the
same conditions as the P. stutzeri cytochrome produced no
increase in absorbance at 238 nm. P. aeruginosa c-551 has
Arg-47 in place of His-47 but His-16 provides the fifth iron
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FIGURE 8: Chemical modification of His-47 of P. stutzeri (221)
cytochrome ¢-551 by treatment with ethoxyformic anhydride (EFA).
Cytochrome = 28 uM; EFA = 500 uM. Reaction was carried out
in 40 mM sodium phosphate buffer, pH 7.0 (25 °C). Absorption
maximum at 238 nm is due to N-(ethoxyformyl)histidine.
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FIGURE 9: Effect of EFA modification of His-47 on the redox potential
of P. stutzeri (221) cytochrome ¢-551. (@) Experimental points for
unmodified cytochrome; the theoretical curve was fitted by using pK,,
= 7.6 and pK,,4 = 8.3. (O) Experimental points for modified cyto-
chrome; the theoretical curve was fitted by using pK,, = 5.45 and
pKreg = 6.3.

ligand in this cytochrome also. The modified histidine is
therefore concluded to be His-47.

Small absorption changes occur at 270-300 nm in parallel
with those at 238 nm on treatment of P. stutzeri c-551 with
EFA (Figure 8). The positions of the maxima at 280 and 290
nm are suggestive of perturbation of a tryptophan. It is
possible that a small proportion of tryptophan becomes mod-
ified, although tryptophan in proteins is normally resistant to
this reagent. Model studies with /N-acetyltryptophan in ethanol
showed that modification by EFA results in a decrease in
tryptophan absorbance (Rosen et al., 1970). In view of the
parallel nature of the absorbance changes at 238 nm and at
270-300 nm and in view of the possibility that Trp-56 and
His-47 may both be hydrogen bonded to the inner propionic
acid, the changes at 270-300 nm are more likely to be due
to an alteration in the environment of the tryptophan. This
alteration may be the ionization of the heme propionic acid
as the histidine modification proceeds.

Figure 9 shows the effect of modification on the pH de-
pendence of redox potential of P. stutzeri (221) cytochrome
¢-551. At low and high pH values, the redox potential of the
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FIGURE 10: pH dependence of chemical shift () for the heme methyl
resonances M1, M3, M5, and M8 of EFA-modified P. stutzeri (221)
ferricytochrome ¢-551. The theoretical curves were both fitted by
using pK = 5.8.

modified and unmodified cytochrome is very similar. Since
redox potential is a sensitive monitor of the heme environment,
it is concluded that modification has not induced any signif-
icant structural rearrangements.

However, the main point to note from Figure 9 is that the
chemical modification of His-47 has not abolished the pH
dependence of redox potential. Instead, the effect has been
to lower the values of pK,, and pK,4 by 2 pH units. Therefore,
we conclude that the principal ionization that affects the redox
potential is that of the inner propionic acid. However, the
interaction of this propionic acid with nearby His-47 affects
the pKs at which the ionization occurs in the unmodified
protein.

NMR Spectrum of EFA-Modified P. stutzeri Cytochrome
¢-551. The NMR spectrum of EFA-modified P. stutzeri (221)
ferricytochrome ¢-551 was largely similar to that of the un-
modified cytochrome with regard to the chemical shifts of the
heme methyl and Met-61 resonances although all resonances
were broadened. Figure 10 shows the chemical shifts of the
heme methyl resonances at various pH* values, and it can be
seen that the resonances that shift titrate with a pK* value
of 5.8, in resonable agreement with the pK,, of 5.45 calculated
from the redox measurements described above. The propionic
acid resonances were broadened in the modified spectra and
the chemical shifts were not followed during the pH titration.

The NMR spectrum of EFA-modified imidazole shows the
C-2 resonance to be located at 9.4 ppm at low pH, shifting
to 8.3 ppm at high pH with a pK* of 3.6. EFA-modified P.
stutzeri (221) cytochrome ¢-551 gave poor quality spectra,
perhaps due to protein aggregation, but a singlet resonance
was clearly discernible at 8.25 ppm in the ferricytochrome and
at 8.4 ppm in the ferrocytochrome. This singlet has the ap-
proximate chemical shift expected for the C-2 resonance of
neutral EFA-modified His-47. Titration of the cytochrome
over the pH* range 4.4-8.2 produced no change in the
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chemical shift of this resonance in either oxidation state.

No singlet resonance with a chemical shift comparable to
the C-4 resonance of EFA-modified imidazole was observable
in the NMR spectrum of either oxidation state during the pH
titration.

From these data we conclude that the EFA-modified His-47
of P. stutzeri cytochrome ¢-551 has a pK of <4.4 and that in
this form it probably does not interact with the inner propionic
acid.

Discussion

Structural Comparison of the Four Cytochromes c-551.
Published NMR data for P. aeruginosa ¢-551 suggested that
the observed pH dependence of redox potential was a result
of the ionization of one of the heme propionic acid substituents
(Moore et al., 1980). A refined three-dimensional structure
for P. aeruginosa ¢-551 has since become available (Matsuura
et al., 1982), and together with further NMR data presented
in this paper, it is now clear that the propionic acid occurring
at substituent position 7 on the heme ring, the inner propionic
acid, is the species ionizing with pK,, in the ferricytochrome
¢-551 and with pK 4 in the ferrocytochrome.

The P. stutzeri and P. mendocina cytochromes c-551 show
the same general pattern of pH dependence of E,, as the P.
aeruginosa cytochrome (Figure 1), but pK,, and pK,.4 are
shifted about 1 pH unit more alkali. Sequence comparisons
of the four cytochromes suggest that they should have very
similar three-dimensional structures and this is confirmed by
the NMR assignments for heme substituent and aromatic
resonances, the latter being given in Table II. The NMR pH
titration data and the modification data demonstrate that the
inner propionic acid is involved in the deprotonation event in
P. stutzeri and P. mendocina cytochromes ¢-551 also, but with
considerably more alkaline pK values. We propose that this
alkaline shift in pX can be explained in terms of the immediate
environment of the propionic acid in the different cytochromes.

From the P. aeruginosa c-551 crystal structure it is known
that two amino acids, Arg-47 and Trp-56, are hydrogen
bonded to the propionic acid. In the P. stutzeri and P. men-
docina cytochromes, Trp-56 is conserved but Arg-47 is re-
placed by His-47. Precisely how this His substitution can lead
to high pK,; and pK 4 values for the propionic acid is discussed
below.

Interaction of His-47 with the Heme Propionic Acid Sub-
stituent. In P. aeruginosa c-551, deprotonation of the inner
propionic acid permits salt bridge formation with Arg-47.
However, in P. stutzeri and P. mendocina cytochromes ¢-551
the situation is more complex in that the deprotonation event
involves two groups, His-47 and the inner propionic acid. The
pK affecting these two groups is the same and is well above
the normal pX for either group. We shall show that this pK
represents a one-proton ionization and that it is higher than
normal because of a hydrogen-bonding interaction between
the histidine and the propionic acid.

Two types of hydrogen-bonding scheme can be envisaged,
involving either two protons (Figure 11A) or only one proton
(Figure 11B,C). The following arguments strongly support
a one-proton scheme: (i) If eq 1 is rewritten to incorporate
two deprotonations occurring with the same pK, then the
equation becomes

+12 + 2
gomp4 RO P Kl 4 K
nF T [HYP + Ko [HY] + Ky

In generating the theoretical curve for the P. stutzeri (221)
cytochrome ¢-551 redox potential data of Figure 1C, we
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FIGURE 11: Possible hydrogen-bonding interactions between His-47
and the inner propionic acid: (A) two-proton scheme; (B) loss of
hydrogen-bonded proton; (C) loss of non-hydrogen-bonded His proton;
(D and E) cytochrome modified with EFA (R = ethoxyformyl).

Table III: A6 for the Heme Substituent Resonances of the
Cytochromes ¢-551¢

source of Ab (ppm)
cytochrome ¢-551 M5 M1 M8 M3 Pl P2
P. aeruginosa 1.1 -1.5 24 -1.0 -4.2 3.0
P. stutzeri 221 1.1 -0.35 -0.1 -08 14 -1.05
P. mendocina 06 -03 -0.05 -0.8 -1.3 1.25
P. stutzeri 221 -045 -2.1 1.8 0

(EFA modified)

2 A6 is the difference in chemical shift value at alkaline and acid
pH (i.e., 6A - SHA)'

substituted values of 7.6 for pK,, and 8.3 for pK .4 in eq 1.
If these same pK values are used in eq 2, a markedly different
theoretical curve is obtained and the redox data clearly do not
lie on this line (not shown). By selecting values of pK,, = 7.8
and pK 4 = 8.1 for eq 2, it is possible to produce a theoretical
curve that will fit the experimental data but ApK,.q_ is re-
duced from 0.7 to 0.3 pH unit. For this cytochrome, the NMR
pH titration data yielded pKs that were very close to the redox
pKs obtained by using eq 1, and ApK,.4_, Was identical. (ii)
With the one-proton scheme, it is easy to understand how
His-47 and the propionic acid could be affected by the same
deprotonation; the two-proton scheme offers no simple ex-
planation.

Several different possibilities exist for hydrogen bonds in-
volving one proton, two of which are shown in Figure 11B,C.
In (B), the proton to be lost is involved in the hydrogen bond.
In (C), the proton lost is not the one involved in the hydrogen
bond, but as a result of the histidine deprotonation, the proton
in the hydrogen bond is attracted more strongly to the histidine.
This latter scheme is also the currently accepted form of the
Asp-Ser-His interaction in the catalytic triad of the serine
proteases (Steitz & Shulman, 1982, and references cited
therein). In these composite schemes both groups carry a
partial charge at low pH, but following loss of a proton, neutral
histidine and fully charged propionate are generated. The pH
dependence of the NMR chemical shifts supports a composite
scheme. Table III shows the change in chemical shift, Aé, of
heme substituent resonances during pH titration of P. aeru-
ginosa, P. stutzeri 221, and P. mendocina c-551. For each
of the P. aeruginosa c-551 resonances Aé is the same or larger
than for the corresponding resonance of P. stutzeri or P.
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mendocina ¢-551. This is consistent with the propionic acid
being partially charged at low pH in the P, stutzeri (221) and
P. mendocina cytochromes as shown in parts B and C of Figure
11. The overall change in charge on the propionic acid on
going to high pH is therefore larger in P. aeruginosa ¢-551
where the propionic acid is uncharged at low pH, and so its
resonances experience bigger shifts.

At present it is not possible to distinguish which of the
schemes B and C operates in P. stutzeri and P. mendocina
¢-551.

Possible interactions between chemically modified His-47
and propionic acid are shown in parts D and E of Figure 11.
Above pH 4 modified His-47 is neutral, and the NMR pH
titration data indicate that His-47 is unaffected by the pro-
pionic acid ionization. Scheme E is therefore likely to be the
situation obtaining for the modified cytochrome.

Table III also shows Ad for some of the heme resonances
of chemically modified P. stutzeri cytochrome ¢-551. Since
the propionic acid is uncharged at low pH, the magnitude of
Aé for any resonance is expected to be larger than the value
for the corresponding resonance of the unmodified cytochrome
and similar to the values observed for P. aeruginosa c-551.
However, 8 values for the propionic acid resonances of the
modified cytochrome were not measured. Two of the methyl
resonances, M1 and M8, do show larger shifts than any methyl
resonance of the unmodified P. stutzeri cytochrome and also
show similar values of Ad to M8 and M1 to P. aeruginosa
c-551.

Effect of Ionizable Groups on Redox Potential. NMR data
published for P. aeruginosa cytochrome ¢-551 (Moore et al.,
1980) and data presented in this paper for the other two
cytochromes ¢-551 indicate that no conformation changes
accompany ionizations occurring in the ferricytochromes or
the ferrocytochromes. The change in chemical shift position
observed for the heme-substituent resonances can be explained
in electrostatic terms if an ionization occurring close to the
heme affects the electronic distribution within the heme ring.

We propose that the deprotonation of the heme inner pro-
pionic acid substituent in each of the four cytochromes ¢-551
discussed, and the coupled deprotonation of His-47 in three
of these cytochromes, causes the observed fall in redox po-
tential at alkaline pH. That the lowering of potential can be
explained by a change in the net charge carried by His-47 and
the propionic acid (or the propionic acid alone in P. aeruginosa
¢-551) is rationalized as follows: in ferricytochrome ¢-551 the
heme iron carries a net positive charge whereas in the ferro-
cytochrome it has zero net charge. The presence of the pos-
itively charged His-47 close to the iron at low pH will tend
to destabilize the ferricytochrome with respect to the ferro-
cytochrome while the presence of the negatively charged
propionate at high pH will tend to stabilize the ferricytochrome
with respect to the ferrocytochrome. This change in the
relative stabilities of the two oxidation states will cause the
redox potential to fall with increasing pH.

Acknowledgments

We thank Professor R. J. P. Williams for providing facilities
and for reading the manuscript, Dr. T. E. Meyer for his gift
of P. stutzeri (221) cytochrome, and Dr. R. P. Ambler for

LEITCH, MOORE, AND PETTIGREW

unpublished sequence information.

Registry No. Cytochrome ¢-551, 9048-77-5; ascorbic acid, 50-81-7;
ethoxyformic anhydride, 1609-47-8; histidine, 71-00-1; N-(ethoxy-
formyl)histidine, 27932-76-9.

References

Ambler, R. P. (1963) Biochem. J. 89, 349-378.

Ambler, R. P. (1974) Biochem. J. 137, 3-14.

Ambler, R. P., & Wynn, M. (1973) Biochem. J. 131, 485-498.

Avaeva, S. M., & Krasnova, V. 1. (1975) Bioorg. Khim. 1,
1600-1604.

Bachovchin, W. W., & Roberts, J. D. (1978) J. Am. Chem.
Soc. 100, 8041-8047.

Clark, W. M. (1960) in Oxidation Reduction Potentials of
Organic Systems, Williams & Wilkins, Baltimore, MD.

Davenport, H. E., & Hill, R. (1952) Proc. R. Soc. London,
Ser. B 139, 327-345,

Glasoe, P. K., & Long, F. A. (1960) J. Phys. Chem. 64,
188-190.

Hanania, G. . H., Irvine, D. H., Eaton, W. A., & George,
P. (1967) J. Phys. Chem. 71, 2022-2030.

Hashimoto, K., & Nishimura, M. (1981) J. Biochem. (Tokyo)
89, 909-918,

Kassner, R. J. (1973) J. Am. Chem. Soc. 95, 2674~2677.

Keller, R., & Wiithrich, K. (1978) Biochem. Biophys. Res.
Commun. 83, 1132-1139.

Keller, R. M., Wiithrich, K., & Pecht, I. (1976) FEBS Lett.
70, 180-183,

Lenhoff, H. M., & Kaplan, N. O. (1956) J. Biol. Chem. 220,
967-982.

Mandel, M. (1966) J. Gen. Microbiol. 43, 273-292.

Matsuura, Y., Takano, T., & Dickerson, R. (1982) J. Mol.
Biol. 156, 389-409.

Melchior, W. B., & Fahrney, D. (1970) Biochemistry 9,
251-258.

Miles, E. W. (1977) Methods Enzymol. 47, 431-442,

Moore, G. R, Pitt, R. C., & Williams, R. J. P. (1977) Eur.
J. Biochem. 77, 53-60.

Moore, G. R., Pettigrew, G. W, Pitt, R. C., & Williams, R.
J. P. (1980) Biochim. Biophys. Acta 590, 261-271.

Ovadi, J., Libor, S., & Elodi, P. (1967) Acta Biochem. Bio-
phys. Acad. Sci. Hung. 2, 455-458.
Pettigrew, G. W., Meyer, T. E., Bartsch, R. G., & Kamen,
M. D. (1975) Biochim. Biophys. Acta 430, 197-208.
Rosén, C., Gejvall, T., & Anderson, L. (1970) Biochim.
Biophys. Acta 221, 207-213.

Senn, H., & Wiithrich, K. (1983) Biochim. Biophys. Acta (in
press).

Stanier, R. Y., Palleroni, N. J., & Doudoroff, M, (1966) J.
Gen. Microbiol. 43, 159-271,

Steitz, T. A., & Shulman, R. G. (1982) Annu. Rev. Biophys.
Bioeng. 11, 419-444,

Sudmeier, J. L., Evelhoch, J. L., & Jonsson, N. B. H. (1980)
J. Magn. Reson. 40, 377-390.

Von Jagow, G., & Engel, W. D. (1980) FEBS Lett. 111, 1-5.

Westler, W. M., & Markley, J. L. (1979) in Biological Ap-
plications of Magnetic Resonance (Shulman, R. G., Ed.)
Academic Press, New York.

Wikstrom, M. K. F. (1977) Nature (London) 226, 271-273.



