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The heme propionate substituents in Pseudarionas cytochrome c-551 are partially buried by folds of polypeptide in the structure of 1the protein,

and are involved in several hydrogen bonds. The jonization behavior of these groups has been of interest because the oxidation potential of the

heme changes with pH in a manner that may parallel ionization of a propionaie. The ionization pK,'s of these groups have been delermined by

following the NMR chemical shifts of nearby protons acting as probes of the ionization state of the propionates. In Pseudomonas aeruginosa e-551

the /3-propionate (IUB-1UPAC porphyrin nomenclature) has been assigned a pK, of 3.1, and the /7-propionale a pK, of 7.2, In the homologous
Pseudomonas snuzeri c-551, the respective propionates both have pK, values of 3.0.

Pseudomonas cytochrome; Propionate ionization; Dissociation constant

1. INTRODUCTION

Cytochrome (cyt) ¢-551 is a member of the cyto-
chrome family found widely distributed among prokar-
yotes, with high concentrations especially in pseudo-
monads [1-3]. With approximately 82 residues, it is a
smaller version of mitochondrial cytochrome ¢ (approx-
imately 103 residues). In spite of the deletions, it has a
highly similar protein folding structure, including char-
acteristic features like ligand geometry, partial burying
of the heme propionic acid groups, and a network of
hydrogen bonds involving the propionates {4-6]. In
spite of many similar functional properties to mitochon-
drial eyt ¢, one outstanding difference is the fact that in
cyt c-551 the oxidation potential of the heme is sensitive
to pH, while in mitochondrial ¢yt ¢ it is insensitive [7-9].
NMR resonances in eyt ¢-551 show chemical shift titra-
tion behavior that closely follow the oxidation potential
change with pH, and so NMR has been used extensively
to probe the question of what specific site in cyt ¢-551
is ionizing in concert with the oxidation potential
change. Although there have been other proposals
[6,10], recent multi-dimensional NMR studies [11] have
confirmed the earlier conclusions [8,9] that in Pseudo-
monas aeruginosa ¢yt ¢-551 it is the inner or buried
propionic acid, the /7-propionate in 1lUB-IUPAC por-
phyrin nomenclature, that ionizes with a pK, similar to
the transition pK for the oxidation potential change.

The inner propionic acid is hydrogen bonded to a
sequence invariant, Trp-56, and to residue 47. This is
arginine in cyt ¢-551 from Ps. aeruginosa and many

Correspondence address: R, Timkovich, Department of Chemistty,
University of’ Alabama, Tuscaloosa, AL 35487-0336, USA. Fax: (1)
(205) 348-9104.

Published by Elsevicr Science Publishers B.V,

other strains, but substitutions do occur, such as re-
placement by a histidine in Ps. stutzeri and Ps. men-
docina. In these latter cases, the sensitive ionization has
still been assigned to the inner propionate, albeit with
a perturbation in pK, value due to the Arg/His change
[9). The assigned pK,’s were 7.3 in Ps. aeruginosa and
8.3 in Ps. sturzeri eyt c-551, A solution structure confor-
mation has recently been determined for ferrocyto-
chrome ¢-551 from Ps. stutzeri, based upon extensive
proton assignments and NMR-derived structure con-
straints [12]. With the assignments in hand for protons
structurally close to the propionates, it became possible
to probe their chemical shifts with pH. In spite of ex-
tremely high structure homology between cyt ¢-551
from Ps. aeruginosa and Ps. stutzeri, the evidence indi-
cates that the ionization events for the inner propionates
are very different.

2. EXPERIMENTAL

References to isolation procedures and NMR technigues have been
given [13). The strain of Ps. stezeri was obtained from the American
Type Culture Coliection (ATCC 17588). For comparison to the earlier
literature, this strain was originally deposited there as the Stanier
strain 221. The chemical shifts of resonances 1o be discussed were
determined in resolved cases in one<dimensional speetra, or otherwise
in two-dimensional NOESY or homonuclear Hartmann-Hahn spec-
tra.

3. RESULTS AND DISCUSSION

Fig. 1 displays the chemical shift titration behavior of
His-47 imidazole protons in Ps. sturzeri. The shifts to
lower frequency at aikaline pH and the magnitude of
the jump are virtually textbook examples of an imi-
dazolium-to-imidazole deprotonation monitored by the
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Fig. |. Dependence on pH of the chemical shifls of His-47 C2and C5
in Ps, sierzeri ferrocytochrome c-351, Thearetical curves correspond
to a pK, of 8.2,

non-labile carbon-bound protons [14]. The pK, ob-
served of 8.2 matches very closely the reported midpoint
oxidation potential pK of 8.3 [9]. The ~-COOH proton
of the propionic acid has never been observed and pre-
sumably is in fast exchange with the solvent. In princi-
ple, one might expect that the ionization of the carbox-
ylate could be monitored by the propionate alpha- and
beta-methylene protons, However, it has been shown
that these are relatively insensitive to pEH, and that bet-
ter probes are provided by the protons hydrogen
bonded to propionate carbonyl oxygens [11]. The indole
NH of Trp-56 was determined to be hydrogen bonded
to an inner propionate carbonyl oxygen in both the
crystal structure of Ps. qeruginosa and the solution
structure of Ps. stuszeri eyt ¢-551. Fig. 2 displays the
titration behavior of this resonance in botl proteins.
The major transition with pK, of 7.2 in Ps. aeruginosa
cyt ¢-351 is atiributed to the ionization of the inner
propionate. The minor transition with p&, of 12 is as-
cribed to deprotonation of the Arg-47 side chain. In Ps.
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Fig. 2. Dependence on pH of the chemieal shift of the Trp-56 indole
protonin Ps. stuezeri and Po. aeruginosg ferrocytochrome c=351. Thes
aretical curves correspond to pK,’s of 3.0 and 8.2 for Ps. stuzerd, and
7.2 and 12.0 for Ps. aeruginosa.
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Fig. 3. Dependence on pH of the chemical shift of the /3 meso proton
in Ps. seatzeri and Ps. aeruginosd ferrocytoclirome ¢-551. Theoretical

curves correspond 1o a pK, of 3.0 for Ps. siutzerf and 7.2 for Ps.
aeruginosd,

sturzericyl ¢-551, the major transition occurs with a p&|
of 3.0, indicating that in this protein the inner propion-
ate is mmuch more acidic than in £s. aeruginosa. A minor
transition at a pK, of 8.2 reflects His-47 deprotonation.
These transitions in the two proteins are reflected by
other protons near to the propionates, even if not hy-
drogen bondzd. For example, the /5 meso proton (JUB-
IUPAC porphyrin nomenclature) and the gamma pro-
tons of the ligand Met-6] are in spatial proximity to the
inner propionate. Both show pH dependences (Figs. 3
and 4) that follow the assigned pK,’s of the inner propi-
onate.

The outer propionate (/3-propionate) in both pro-
teins is hydrogen bonded to the main chain amide pro-
ton of Val-35. Fig. 5 displays the titration behavior of
this resonance in both cases. The major transition is
nearly identical for both, indicating that the exposed
outer propionate ionizes in both proteins with a typical
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Fig. 4. Dependence an pH of the chemical shift for the Met=61 gamma
proton in P sruezerf and Ps. aeruginosa ferrocytochrome ¢-351. Thes
aretical curves correspond to respective pK.*s of 3.0 and 7.2.
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Fig. 5. Dependence on pH of the chemical shift of the amide of Val-55

in Ps. stuezeri and Ps. aeruginosa ferrocytochrome ¢-531. Theoratical

curves correspond to pK,’s of 3.0 and 8.2 for Ps. stutzeri, and 3.1 and
7.2 for Ps. aeruginosa.

carboxylate pK, near 3. In the case of Ps. sturzeri, the

" chemical shift perturbation is especially large and this
is ascribed to a sensitivity of the Val-55 amide to the
charge state on the inner propionate whose pK, is also
hear 3.

The scheme in Fig. 6 schematically sumimarizes the
proposed formal protonation states in the two proteins.
Why is the inner propionic acid such a stronger acid in
Ps. stuzzeri given the highly homologous structures? We
hypothesize with the following simple physical picture,
which is easy to grasp even if it lacks rigor. The weaker
base in Ps. stutzeri, His-47, binds the imidazolium pro-
ton less strongly than Arg-47, the stronger base, binds
the guanidinium proton. This allows a stronger hydro-
gen bond to the oxygen of the inner propionate. In turn
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this weakens the bond to the non-shared proton and
allows it to dissociate more readily in Ps. stuwizeré than
In Ps. aerugimosa.

The symbolic picture in Fig. 6 is an over-simplifica-
tion. Because of tautomerization, the precise location of
the acidic proton is problematic. The precise charge
distribution over the groups involved would depend
upon the actual polarization of any hydrogen bond, and
for clarity the figure displays pure donor and acceptor
characteristics. As reporied here and in previous work
[11,13,15), the Trp-56 indole proton is non-labile and
readily observed in spectra, but neither the propionate
-COQOH, the His.A7 imidazole, nar the Arg=<}7 terminal
NH protons have bzen observed. We have sought evi-
dence for these protons in terms of one-dimensional
peaks or two-dimensional cross-peaks in NOESY or
homoenuclear Hartmann~Hahn spectra at acidic, neu-
tral, and basic pH values and have not been able to find
any indication of their presence. Solvent exchange ap-
pears to be taking place rapidly, even though the inner
propionate environment is relatively buried. It is per-
haps most appropriate to think of this region in terms
of an interlocking network of hydrogen bonds, includ-
ing interactions with solvent. There may be differences
in the polarization of bond strengths between two pro-
teins, such as in Ps. saurzeri and Ps. qeruginosa, and
these may allow a formal assignment of respective
pK,’s. However, the total behavior within the network
may be the most important factor. It is not generally
true that the ionization of the inner propionate is linked
to the pH dependence of oxidation potential, fer in Ps.
aeruginosa the oxidation potential midpoint matches
that of the propionate pK, while in Ps. sturzeri, it
matches the His-47 imidazole. This work does not an-
swer the mechanistic question of how behavior in the
network is related to the oxidation potential. Is it a
cause or merely a symptom of other factors? This work
does provide insight into some of the characteristics of
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Fig. 6. Proposed ionization of the inner propionic acid and residue 47 in ferrocytochromes. {A) Ps. stuizeri, (B) Ps. avrugingsa.
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a hydrogen bonding pattern that is invariant in cyto-
chromes ¢-551.
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