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Ferricvtochrome ¢ from Rhadobacter capsidaruy was investigated by 'H-NMR, EPR and optical spectroscopics. A hacm-linked
onisation, oceurring with o pR, of 8.4 at 25°C. was observed and assigned to the onisation of the axial histidine ligand by
comparison with data for related proteins. At pH vadues below this pK | the spin-state of the haem Fe'' is shown to be a
quantum mechanically admixed § = 372, 5/2 state. Above the pK | the Fe'' is high-spin. EPR studies of intact cells grown
photoheterotrophicilly reveal that in situ eytochrome ¢ exists Jargely in the ferrous state. Upon the addition of [Fe(CN), 1} the
protein becomes oxidised and EPR spectia reveal that the Fe'* spin-state is a quantum mechanically admixed § = 372, 5/2
state. These data indicate that the unusual spin-state of ferricytochrome ¢’ is not a conscquence of changes to the protein on its
wolation, as had been suggested previously. They also indicate that in situ cytochrome ¢’ is located in an environment with a
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Introduction

Cytochrome ¢ is a periplasmic class 1 cytochrome
¢ widely distributed amongst different bacteria [1-3).
For example, it is present in many photosynthetic bac-
ternn as well as aerobes, such as Azotobucter vinelandii,
and facultative anacrobes, such as Alcaligenes spp. It
wis first isolated by Kamen and his colleagues whoe
noted that the terric protein had an unusual optical
spectrum that was pH dependent over the range 7-9
{4-6). Subsequently it was shown that other spectro-
scopic properties of the ferricytochrome, such as its
EPR {7]. and NMR [8-11] spectra, were unusual com-
pared to those of other terrhacmoproteins, Maltempo
accounted for these ditferences by showing that the
fernic spin-state ot cytochrome ¢’ could be described as
a quantum-mechanically admixed $=35/2, 3/2 state
[7.12], whilst the spin-states of other eytochromes and
globins are well-known to be simple high-spin(§ ~ 5/2)
or lowsspin (85 - 172} states ([13]) and  references
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thercin). The pH dependence has been proposed to
result from the ionisation of the axial histidine ligand
to histidinate [14,15], which causes the iron spin-state
to change to a pure § = 5/2 state. This proposal is
consistent with the structure and all the reported spec-
troscopic data of cytochrome ¢, as well as with struc-
tural and spectroscopic studices of the homologous His-
Met coordinated cytochrome 562 of Escherichia coli
[16] and the class §1b cytochromes ¢ [13].

The wealth of spectroscopic and structural data on
cytochrome ¢’ is not matched by a corresponding body
of hiochemical data. In fact, the biochemical function
of cytawhrome ¢’ is not known, It is not even clear
whether the properties of the protein in vivo are the
same as those of the isolated cytochrome ¢’ [2,3]
Despite its distinctive spectrum whole-cell EPR studies
reported by Corker and Sharpe [17] and Prince et al.
(18] failed to identify clearly cytochrome ¢ in cither
Rhodobacier capsulatus or Rhodospirilfum rubrum. With
the subsequent discovery of low-spin analogues of cy-
tochrome ¢’ containing both histidine and methionine
coordination of the iron [9,19), the proposal was made
that cytochrome ¢’ existed in the cell as a low-spin
protein that underwent a transition to a high-spin
protein apon isolation in some cases [9]. This proposal



was consistent with the carlicr suggestion of Kakuno ct
al. regarding o change in optical spectrum of ¢y-
tochrome ¢ on isolition {20).

The question of whether eytochrome ¢’ in situ i
different from the isofated protein is the subject of the
present paper. We here report the characterisation of
Rb. capsulats {erricytochrome ¢ by optical and EPR
spectroscopies and show that the spin-state of the
haem iron in the intact cell under oxidising conditions
is the same as that for the isolated protein: namely, a
quantum mechanically admixed § = 5/2. 3 /2 spin-statc
at pH values below 8.

’

Materials and Methods

Rh. capstdatus strain 37b4 [21] was grown chemo-
heterotrophically on RCV medium [22] and low oxyeen
tensions in a 100 | fermenter. This gencrated approxi-
matcly 600 g of cell paste. From this material the
ferricytochrome ¢’ was isolated and purified by the
procedure deseribed by Bartseh [1. Its optical and
EPR spectral characteristics at pH 7 were almost the
same as those reported by Yoshimura et al. for Rb.
capsularus (B10D) ferricytochrome ¢ [23).

Samples of ferricytochrome ¢ for NMR were pre-
parcd by cxchanging the supporting H,O buffer for
2H,0, containing 25 mM rhosphate buffer at pH 7.4,
with a Centricon device. The protein concentration was
1-2 mM. Samples of cytochrome ¢ for EPR were 0.5
mM in protein in a 25 mM phosphate solution or in a
buffer cocktail consisting of 0.2 M Caps, 0.05 M Taps,
0.05 M Hepes, 0.05 M Pipes and 0.05 M Mes. Identical
results were obtained with both types of samples. For
experiments with intact cells, Rb. capsulatus 37bd was
grown phototrophicatly on RCV medium in completely
filled 1 litre flat-sided bottles. Cells of Rb. capsulatus
were pelicted by centrifugation at 10 000 x ¢ for 20
min, resuspended in 0.1 M Hepes buffer at pH 7.4, and
then spun again at 10 000 x g for 20 min and the
excess buffer was then removed with o syringe.

The cell suspension was then transterred to an PR
tube with a syringe. In some samples 60 mM
KiFe(CN), L or 60 mM tctramethyl-p-phenylenc-
diamine (TMPD), in 0.1 M Hepes buffer at pH 7.4 was
added dropwise to the cell suspension in the EPR
tube. The sample was then shaken and tmmediately
frozen

All pH values given in the figure captions are direct
meter readings uncorrected for any isotope cffect. Thus
pH* is used w indicate the meter reading for “H,0
solutions,

The 'K NMR spectra were recorded with a JEOL
GX-400 spectrometer. 1,4-dioxan was used as an inter-
nal reference but all chemical shifts are reported in
parts per million (ppm) downficld from the methyl
resonance of 2,2-dimethyl-2-silapentane-S-sulphonate.
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Fig, L UVaiable spectra of 9 @M ferrieytochrome ¢, in 25 mM
soddium phosphate, as i function of pH. The pH range of the spectra
s 711

The EPR spectra were obtained with a Bruker ER-
200D spectrometer equipped with a Bruker ESP 1600
data system and Oxford Instruments ESR 9 ¢ryvostat.
The spectra were recorded with o modulation ampli-
tude of 9.78 G and microwave power of 2.02 mW. The
optical speetra were measured with i Hitachi 557 dual
beam spectrophotometer.

Resuits

Opdical spectra of ferricvtochrome ¢

The UVevisible region of the spectrum of ferricy-
tochrome ¢ aver the wavelength range 430 750 nm
and at various pH o vadues s shown in Figo 1 The
gencral appearance of the spectiunt and its pH depen-
dence s typical of ferricytochromes ¢ {1-3] One of
the major distinguishing fcatures is the increase in
absorbance of the 638 nm band with increasing pH.
This change is indicative of an increase in the high-spin
character of the ferric spin-state |24.25] which is pro-
posed to recult from the ionisation of the histidine
ligand to a histidinate [14,15]. The pK | ior the transi-
tion obtained from the optical spectra is 8.4 (Fig. 2).

NMR spectra of ferricytocirome ¢

High-frequency regions of the 'H-NMR spectra of
ferricytochrome ¢’ at 25°C and various pH ™ values are
shown in Fig. 3. The general appearance of the spee-
trum strongly resembles that of R rabrum. R, molischi-
anum and Chramativm vinosum ierricytochromes ¢, in
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particular the presence ol the three-protons intensity
resomanees between 60 and 80 ppm {89, 11]. These
arise from the haem methyls, The shift in these reso-
mances ws a function of pHY s consistent with a haens
linked one-proton onisation occurring with a pK, of
~ 8.6, The tine-broadening of the haem methyl reso-
manves at pH?* 8.0 indicates that the rate of proton
assoviation and dissociation at the pR, s ~ 1008 1
The incrzase in finewidth of the haem methyl reso-
nance at 88 ppm (pH* 7.3, 180 He, on-going from
pHY 7.5 (o pH ™ LS s consistent with a chiange in the
proportion of high-spin character of the Fe®', with the
mare atkahine protein bemg more high-spin [10],
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Fig. % High-frequency regions of the 400 MHz 'H-NMR spectra of
ferricytochrome ¢ at various pH * values. The spectrit are the sum
of H0 seans and measured with o spectrad width of 60 000 Hz and 32
K data poitts, and with suppression of the solvent signal by a 0.4 s
pre-irradiation pulse.

LPR spectra of ferricvtochrome ¢f

The EPR spectra of fe ricytochrome ¢ at 10 K and
pHE 6.1 and 98 are shown in Fig. 4. At pH 9.8 the
spectrum is typical of high-spin ferrihaem, the g values
of 6019, .80 and 1.99 arising from the lowest Kramers
doublet of the § - 5/2 state. At pH 6.1 the spectium

~ LM boonostochiome < dentenated bhatfer mixtare (see Matenals and Methods). (et pH - 6.1 (right)

WAGHz gam Uelo 310 (righp 40-10 1



has the appearance of a quantum mechanically ad-
mixed S =5/2,3/2 spin-state, the g values being 5.70,
497 and 1.99. The g, signals are sensitive to the
degree of mixing between the sextet and the quartet
states such that g =60 a® + 4,0 b where @ and b
are the coefficients of the § = 5/2 and 3/2 states
contributing to the ground state. Analysis by the proce-
dure developed by Maltempo [12) shows the admixed
spin-state at pH 6.1 can be described as a mixture of
~60% §=35/2and ~40% S = 3/2 states.

The pH dependence of the EPR spectrum is shown
in Fig. 5. The signals of the high-spin and intermedi-
ate-spin/ high-spin species are in slow ¢xchange and
thus as one increases in intensity the other decreascs.
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Fig. 5. pH dependence of the low-fickd region of the X-band EPR
spectrum of ferrieytochrome . The quoted pH values are trom
reom lemperature measurements, Samples were prepared at room
temperature, using the buffer mixture described in Materials and
Mcthods to achieve the desired pH volue, and then frozen to 10 K
fos the EPR measurement. Protein concentration ~ | mM o deuler-
ated zwitterionic buffer; sample temperature = 1 K, microwave fre-
quency = 9.3 GHz: power = 202 mV: modulation amplitwde - 2.78
Gsogain = 6,310 or 4.0- 104 spectra normalised for gan
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Fig. 6. Low Hield regions of the X-biund EPR spectra of (a) Kb,
cupstdaties tearicytochrome ¢ phE b and mtact Rb. capsidars cells
() betore and th) atier addition of K JFCCON), L Cells wore sus-
pended v 0.1 M Hepes buffer. pH 7.4 Sample temperature - 10 K;
microwase frequency = 9.3 GHz: power - 202 mVo modeLtion ame

plitude - 978 Gogam 6.3 10

The pK, for the spectrad change s~ 78 The ditfer-
ence between this nd the value obtained from the
optical and NMR pH titrations probably arises from
the sample temperature differences, This series of
spectrit are essential for the analysis of the whole cell
EPR since the pH of the eytochrome ¢ environment in
situ is not known.

PR spectra of whole cells

The low-tield region of the EPR specirum of intact
Rb. capsudatus cells suspended in u awitterionic buffer
at pH 74 is shown in Fig. 6¢c. The addition of
KFe(CN), ] (Fig. 6b) or TMPD (not shown) causes
the spectrum to change. The g~ 5.7 and g~ 4.3 sig-
nals increase in intensity and a broad feature at g ~
1.5-5.2 hecomes apparent. The broad feature and the
2~ 5.7 signal strongly resemble the spectrum of ferri-
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eytochirome ¢ at phE oot tcompare Figs, ob and ) ol
therefore we assien these features o ovfochiome o'
The ¢ 6.0 shoubder s due o other high spin ten
haems, By comparison with othor systems the g~ 143
sinal s sssigned o monomenc non-lacn gon,

Phe appe mance ol the ferneytochreme ¢ speetrum
i mtact eells shows that the unusual clectromic ctrie-
ture of the haem s wamtuned within the eoll and s
not o consequency of the protein being altered on
isotation. Therefore, sinee the haem electronic strue-
ture is particularly sensitive to changes in the ligand
field {121, which in turn depend on the protein strue-
ture. our dati strongly suggest that the protein in situ
has the samie structure as the isolated proten.

Discussion

The funchion of evtochrome ¢ s not known but the
dita of Fig 6 indicate two factors that may be impor
tant m future attempis o define ds function. Firstly.
the protein can st i the el largely in the ferrous
torm  This was shown by the EPR expeniments on
whole colls, Smee ovtochrome ¢ s autoxidisable it
indicates that the celis were anacrobic under our con-
ditions, Ovtochrome ¢ is located in the periplasm of
Ciramenegative bacterkt and this raises the guestion of
how the ferrous form iy generated in situ. One possible
reductant is ubiguinol. Although this molecule s lo-
cated in the evtoplismic membrane it is possible that
membranc-issociated evtochrome ¢ could mteract with
this reductant. Cstochrome ¢ can be redueed by wa-
ter-soluble duroguinol (A.G. Mcbwan, unpublished
obsarvitions).

Seeondly, The pHoof the Tocal envitonment s less
than 70 Fhus, the onisation of the aaal histidine s
unbrhely to have o maor physiological significanee un-
fess it s perturbed o st Theretore the Tunetional
tarm ot avtochiom: ¢ will have a mono-His coorde-
mated hacm. This form of ovtochrome ¢ has relatively
slow ligand binding properties {2.26.27} and this. cou-
pled with its rektively low redox potential of - 10 1o
L3I0 mV ]3] and references therein), makes it unhikels
that ovtochrome ¢ s o termma oadase, However, the
question of whether ovtodwome ¢ fungtions i clec-
tron transder o hgand binding renins open.
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