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The resonance Raman spectrum of t,arnip cytochsome f ;~ ~|mi|a¢ to that of other eotype cytochromL-A with 
the exception of a single band at 1532 cm -I  which is shifted to lower frequency relative to its position 
(1542-1545 em - t )  in other e-~pe eytochrome~ Comparison of the frequency of this band with that in 
alkylated cytochrb.ne c at high )v..~ ~l:~ge==s "~a~ ~he Axth heine iron ligand in cytocln'ome f is a 
deprotonated lyslne amino group rather than a methlon|n~e sulfur. Comparison of the amino-acld sequences 
of cytochsomes 1" and e n suggests lysinc-145 as a likely candidate for the sixth heine iron ligand in 
cytochrome jr. 

Ina'oduction 

Cytochrome f is an integral membrane protein 
associated with the photosynthetic electron trans- 
port chain of the inner chloroplast membrane 
[1-3]. It is a component of the cyteehrome b t / f  
complex which has similarities to the eytochrome 
b / c  I complex present in the membranes of 
mitochondria and photosynthetic bacteria [d,5]. In 
their respective electron transport chains, cyto- 
chromes f and c u function to reduce small periph- 
eral proteins, with cytochrome f serving as the 
reductant for plastocyanin (or a small cytochrome 
c-553 in some algae and cyanobactcria), an acidic 
protein, and cytochrome ct as the reductant for 
cytochrome c, a basic protein. Amino-acid se- 
quences arc uow known for si,~ cytochromes f 
[6-11] and five cytochromes c) [12-16]. 

Since the early 1970s, resonance Roman spec- 
troscopy has provided an increasingly useful tool 
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for examination of a number of features of berne 
proteins such as oxidation state, spin state, and 
axial ligation [17-19]. A resonance Raman spec- 
trum was presented in 1975 [20] for a 'cytochrome 
f '  from Spirulina platensis, a eyanobacterium. 
Based on the similarity between its resonance Ra- 
man spectra and that of mituchondrial cyto- 
chrome c, it was suggested that the fifth and sixth 
ligands to the heine iron are histidine and 
methionine [20]. However, it now seems clear from 
the description of the protein and its preparation 
[20,21] that the protein used was not a true cyto- 
chrome f,  but rather cytochrome c-553. For this 
reason, we will refer to this protein as 'cytochrome 
f (c-553)'. Such a misidentification is not surpris- 
ing, as the distinction between the small, periph- 
eral cytochrome c-553 and the membrane-associ- 
ated cvtochrome f was not clearly made in such 
systems until the late 1970's [22,23] and literature 
reports involving eytochrome e-553 often referred 
to it as cytochrome f into the 1980's. We now 
report o:~ the resonanco Raman spectrum of an 
authentic cytochrome f ,  showing it to L-e different 
from that previously reported for mitochondrial 
cytochrome c and the "cytochrome f (c-553)'. 
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Materials and Methods 

The monomctric cytochrome f was purified 
from turnip greens by a method similar to that 
described by Gray [24]. The protein had a UV- 
visible absorption spectrum identical to that re- 
ported by Gray for charlock eytochrome f [24]. 
Analysis by SDS gel electrophoresis and gel per- 
meation chromatography indicated it to be a 
monomeric cytochrome f with a molecular weight 
of 29 000. 

The turnip eytochrome f was concentrated to 
0.1 mM using Antic, on Centfiprep centrifugation 
concentration cells with a molecular weight cot-off 
of 10000. The protein was in a 40 mM sodium 
phosphate, (pH 7.5) buffer. A crystal of dithionite 
was added to assure complete reduction. After 
filtration through a 45 #m Millipore filter, a 50 v.l 
sample was placed in a glass capillary tube and 
the resonance Raman spectrum was recorded using 
the 514.5 and 488 nm lines from a Coherent 
Radiation Innova 90 Ar + ion laser. Spectra were 
collected using a Spex Triplemate Spectrograph 
(90 ° scattering geometry) and a Tracor Northern 
TN-6500 Rapid Scan Spectrometer system with a 
TN-6144 intensified diode array detector. Laser 
power at the sample was 15-20 roW. Spectra were 
digitally corrected for scattering from the buffer 
and dark current. The samples were illuminated 
for 15-30 s and accumulations of 20-30 spectra 
were averaged to improve the signal-to-noise ratio. 
The Raman shift scale was calibrated using indene 
as a standard [36]. Spectra were plotted using the 

"rM Grapher software package (Golden Software). 

Results and Discussion 

The resonance Raman spectrum of reduced 
turnip cytochrome f was recorded using 514.5 or 
488 nm laser lines. The 514.5 nm line lies well 
within the/~ absorption band of the heine where 
resonance enhancement of Raman scattering 
would be expected and has been observed with 
other eytoehromes [17-19]. The 488 nm line lies in 
the region between the Soret and fl bands. 

Preliminary resonance Raman spectra collected 
on turnip eytochrome f showed the presence of 
several peaks superimposed on a large broad en- 
velope of background scattering or luiainczcence 
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Fig. L Resonance Raman spectrum of turnip cytochrome f. 
The solid line represents the initial spectrum obtained as 
described in the text. The dashed line represents the estimated 
background scattering which was not removed by ['titration 

through a Mdlipore filler. 

Although the size of ffds envelope was not de- 
creased by the inclusion of 0.1 M KI, its size was 
considerably diminished but not l~tally eliminated 
by passage of the sample through a 45/~m Milfi- 
pore filter. The filter showed no evidence of reten- 
tion of cytochrome f which might have resulted 
from protein aggregation at high initial protein 
concentration. 

The resonance Raman spectrum of a filtered 
sample of turnip cytochrume f (about 50 tzl) 
obtained with 514.5 nm excitation is shown in Fig. 
1. The dashed line is an estimation of the baak- 
ground scattering which remained after filtration. 
Subtraction of this background scattering from 
the recorded spectrum results in the resonance 
Raman spectrum shown in Fig. 2. Peak positions 
were determined by taking the derivative of the 
top spectrum, a procedure which permits more 
accurate estimation of peak positions when a 
background of this type is present. When excited 
with 488 nm light, no resonance-enhan,'~ed Raman 
bands were observed. 

The positions of the peaks in the resonance 
Raman spectrum are summarized in Table I. For 
comparison, peak positions for the resonaJ.ce Ra- 
m~n spectra of mitochondrial cytochrume c [20]. 
alkylated cytochrome c at pH 7.0 and 10.7 [20], 
'cytochrome f (c-553)' [20], and cytochrom~ cl 



Bax l ln*  od usled 
and gmoo h*d 

• , . , , , , , , , , / 

1TO0 1200 1300 1400 1500 1600 1700 

R o m a n  5 h l f f  ( c m - 1 )  

Fig. 2. Corrected and smoothed resonance Raman spectrum of 
cytochrome f. The background scattering indicated in Fig. 1 

was digitally subtracted and smoothed using cubic spline fit. 

[25] are also presented in Table  I. With one excep- 
tion, the positions of  the resonance Raman  peaks 
of  turnip cytochrome f are similar to those of 
cytochrome c, alkylated cytochrome c (pH 7.0), 
and  "cytochrome f (c-553)' .  The  peak commonly 
used as an oxidation state marker  [17-19j  is located 
at  1361 crn - t ,  consistent with the reduced state of  
the protein. The  band characteristic of  the spin 
state [17-19]  located at 1581 c m - t  demonstrates a 
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low-spin Fe(I1) consistent with EPR studies of 
cytochrom¢ f [26]. Polarization studies showed 
the bands at 1312 and  1581 ¢m - t  to be  anoma- 
lously or inversely polarized (data  not shown) as 
has been observed for other cytochromes [20,27]. 

The  single peak which appears to be  shifted in 
the resonance R a m a n  spectrum of  turnip cyto- 
chrome f relative te  the other  cytochromes shown 
is the 1532 em : peak. which is 1 0 - 1 3  em - I  
lower than for the o ther  cytochromes (Table  1). 
This  peak has been previously danmnstrated to be  
sensitive to the nature  o f  the sixth l igand to the 
heine iron [20]. Tab le  I shows that a shift to 
similar frequency is observed when alkylated cytc~ 
chrome c is shifted from p H  7.0 to 10.7. This  p H  
shift has been related to the binding of a deproto- 
hated lysiue amino group as the sixth fig,and to the 
heine iron [28,29]. 

Based on the frequency of the 1532 c m - l  peak, 
we would suggest that the normal sixth heine iron 
l igand in cytochrome / is also a lysine amino 
group, rather  than a methionine. This  is consistent 
with the lack of  a 695 nm absorption band in the 
spectrum of  oxidized cytochrome .( [24,26,30]. The  
695 band which is present  in the spectra of  oxidized 
eytochrome c [311 and  cytochrome e t [32,33] is 
thought to be eharaeterised of  a heine i ron with 
methionine as the sixth ligand. It is also consistent 
with the magnet ic  circular  diehroism da ta  of  

TABLE I 

RAMAN SHIFTS (era - t  ) FOR CYTOCHROME3 

Cytochrome f Cytochrome c Alkylated Alkylated ~ p~a!~, si~ C~ t-~c.~eme c l 
(This work) [20] cytochrome c cytochrome c cytochrome f [251 
work) (pH 7.0) (pH 10.7) (c-553) [20] 

120[ [2,3] 

(1616) a 1621 1623 n,r. b t 622 ! 625 
1581 ] 584 | 585 1583 1586 1588 
1532 1545 1542 1533 1545 1540 
1490 1493 1492 1489 1493 1495 
139g 1401 1399 1398 1400 1400 
1361 1363 1361 t 359 1 361 1363 
1 3 1 2  1 3 1 3  1 3 1 1  1 3 1 0  1 3 1 2  1 3 1 5  

1226 1228 1228 | 225 1 229 1232 
1 1 7 3  1 1 7 4  1 1 7 2  1 1 7 2  1 1 7 6  1 1 7 6  

(1121) a 1130 1127 1124 1131 n.r. b 

a The exact position of this peak is difficult lo determine from tbe spectrum shown in Fig, 2 due to the signal-to-nolse ratio. The 
value Riven should be considered only as an approximation, 

b Not reported. 
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Siedow et al. [26] which suggested that a lysine 
might be the sixth heine iron ligand in cytochrome 
f .  Further evidence that methionine cannot be the 
sixth iron ligand in cytochrome f comes from 
comparison of the six available amino-acid se- 
quences [6-11]. The only conserved methionine 
residue is located at position 283 in the amino-acid 
sequence. This position is in the region exposed to 
the outer surface of the membrane, while the heine 
binding domain is located on the inner surface of 
the membrane [6]. 

In an attempt to predict regions on cytochrome 
f and c 1 which might be involved in binding of 
plastoeyanin and eytochrome c, respectively, a 
possible alignment of cytochrome f and el 
amino-acid sequences has been presented [34]. The 
proposed alignment showed 17% homology be- 
tween the two proteins based on strictly conserved 
positions and 30% if conservative replaceme~*.~ 
were considered as identical. Three regions were 
detected which were negatively charged in cyto- 
chrome e t but positively charged in cytochrome f 
with the change in charge distribution being sug- 
gested to account for the binding of either posi- 
tively charged cytochrome e or negatively charged 
plastocyanin [34]. 

Fig. 3 shows a modified form of this alignment 
in which the sequence of bovine heart cytochrome 
c t and spinach cytochrome f are compared. (The 
sequence of turnip cytochrome f has not yet been 
determined.) The homology between the two pro* 
teins shown is about 32% when conservative re- 
placements are considered identical. As cyto- 
chrome cl contains methionine as the sixth iron 
figand [32,33] and the methionine at position 160 
is the only conserved methionlne in the five cyto- 
chrome c t sequences known to date [12-16], it 
seems reasonable to assume that this residue must 
be the sixth ligand in cytochrome cx. (The recent 
studies of Mukai et al. [35] would appear to dis- 
count the suggestion that a ¢ysteine, rather than a 
histidine, is in fifth ligand in cytochrome c 1 [33]. 
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In addition, the only eysteine residues which are 
conserved in cytochrome e I sequences [12-16] are 
those involved in covalent linkage of the heine to 
the protein.) The proposed afignment brings a 
lysine at position 145 in the sequence of cyto- 
chrome f into afignment with the methionine at 
position 2.60 in cytochrome cl. Although the se- 
quences of the two proteins do not show a high 
degree of homology in this region, it is noted that 
the phenylalanine at position 143 and the tri- 
peptide, profine-isoleucine-tyrosine, at positions 
147-149 of cytochrome f are aligned with identi- 
cal residues in cytochrome c t. We would thus 
propose that the lysine at position 145 in cyto- 
chrome f is a strong candidate for the sixth heine 
iron ligand in ojtochrome f .  

For a lysine to serve as a ligand to the heine 
iron, it must be in the deprotonated state, even at 
pH 7.0. This would require a considerable shift to 
lower pK~ for the lysine group ser~ng as the 
ligand. One environmental effect which might pro- 
duce such a shift would be placing the lysine in a 
hydrophobic environment where the deprotonated 
state would be stabilized. Of the 20 lysines present 
in the cytochrome f sequence shown in Fig. 3 only 
the lysine at position 145 appears to he located in 
a highly hydrophobic region of the sequence with 
two hydrophobic residues preceding it and five 
following it. The lysine at position 145 in the 
sequence of cytochrom¢ f is tiros in an environ- 
ment which might allow it to be easily deproto- 
hated such hat it might serve as the sixth heine 
iron ligand. 
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Fi& 3. Comparison of amino-acid sequences of bovine heart cytochrome c I and spinach oytcchrorne f .  The seclucl~c~ of bovine heart 
cytochrome cl and spinach eytochrome f are from 12 and S, respectively. The numbe~ng system above the sequences refers to 
cytochrome c 1 and that below the sequences to cytocbrome f .  Charged R-~roups are indicated by + and - sigas above and below 
the sequences for the respective protcia~ Areas of homology an~ indicated betwem the two sequences with a $, indicating an exact 

match of the alisned amino acids, and an 6 ,  indicating conservative replacements. 
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