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ABSTRACT: Spinach plastocyanin and turnip cytochrome f have been covalently linked by using a water-soluble 
carbodiimide to yield an adduct of the two proteins. The redox potential of cytochromefin the adduct 
was shifted by -20 mV relative to that of free cytochromef, while the redox potential of plastocyanin in 
the adduct was the same as that of free plastocyanin. Solvent perturbation studies showed the degree of 
heme exposure in the adduct to be less than in free cytochrome f, indicating that plastocyanin was linked 
in such a way as to bury the exposed heme edge. Small changes were also observed when the resonance 
Raman spectrum of the adduct was compared to that of free cytochromef. The  adduct was incapable of 
interacting with or donating electrons to photosystem I.  Peptide mapping and sequencing studies revealed 
two sites of linkage between the two proteins. In one site of linkage, Asp-44 of plastocyanin is covalently 
linked to Lys-187 of cytochromef. This represents the first identification of a group on cytochromefthat 
is involved in the interaction with plastocyanin. The  other site of linkage involves Glu-59 and/or Glu-60 
of plastocyanin to as yet unidentified amino groups on cytochromef. Euglena cytochrome c-552 could also 
be covalently linked to turnip cytochrome f, although with a lower efficiency than spinach plastocyanin. 
In  contrast, a variety of cyanobacterial cytochrome c-553’s and a cyanobacterial plastocyanin could not 
be covalently linked to turnip cytochrome f. 

C y t o c h r o m e  f (cyt j)’ of the photosynthetic electron- 
transport chain functions between the two photosystems to 
reduce plastocyanin (PC) using electrons from the Rieske 

Supported in part by NSF Grant DCB-8722411 (D.W.K.), USDA 
Grant 87-CRCRI-2310 and NIH Grant 2-SO7-RR07101 (D.J.D.), and 
DOD University Research Instrumentation Grant N00014-85-G-0002 
(D.A.J.). 

* To whom correspondence should be addressed. * Purdue University. 
Present address: Department of Biochemistry and Biophysics, 

University of California-Davis, Davis, CA. 
$University of Arkansas. 

Present address: Chemistry Department, Ferris State University, 
Big Rapids, MI. 

iron-sulfur protein of the cytochrome b6/f complex as a re- 
ductant (Bendall, 1982; Hauska et al., 1983). Cyt f and PC 
are functional analogues of cytochrome c, and cytochrome c, 
which function in the mitochondrial electron-transport chain. 
In some algae and cyanobacteria, a small c-type cytochrome, 
cyt c-553, replaces PC under certain growth conditions (Wood, 

~~~~~~ 

I Abbreviations: Chl, chlorophyll; cyt f, cytochrome f, PC, plasto- 
cyanin; PC-cyt f, covalently linked adduct between plastocyanin and 
cytochrome f, cyt c-553, cytochrome c-553; EDC, l-ethyl-3-[3-(di- 
methylamino)propyl]carbodiimide; SDS, sodium dodecyl sulfate; PS I, 
photosystem I; TMPD, N,N,N’,N’-tetramethyl-p-phenylenediamine; MV, 
methylviologen; CNBr, cyanogen bromide; TFA, trifluoroacetic acid. 

0006-2960/89/0428-8039!§01.50/0 0 1989 American Chemical Society 



8040 Biochemistry, Vol. 28, No. 20, 1989 Morand et al. 

1977, 1978; Sandmann & Boger, 1980). 
Cyt f has been purified from a variety of plant (Bendall, 

1982), algal (Kamimura & Matsuzaki, 1978; Bohme et al., 
1980a), and cyanobacterial (Ho et al., 1979; Ho & Krogmann, 
1980; Bohme et al., 1980b) sources. From most higher plants, 
purification of cyt f results in the production of oligomeric or 
aggregated forms of the protein (Bendall, 1982). Monomeric 
forms of cyt f have been purified from members of the Cru- 
ciferae family (Takahashi & Asada, 1975; Matsuzaki et al., 
1975; Tanaka et al., 1978; Gray, 1978). Cyt f is generally 
found to have an apparent molecular weight near 33 000 and 
a redox potential near +370 mV (Bendall, 1982). In contrast 
to other C-type cytochromes that have a methionine sulfur as 
the sixth iron ligand, recent resonance Raman studies (Davis 
et al., 1988) indicated that cyt f utilizes a lysine amino group 
as the sixth iron ligand. This observation is consistent with 
the suggestion of Siedow et al. (1980) and is supported by other 
recent physical measurements (Rigby et al., 1988). 

Electron transfer from cyt f to PC is extremely rapid, with 
rate constants in excess of lo7 M-I s-l having been reported 
(Wood, 1974; Niwa et al., 1980; Tanaka et al., 1981). The 
rate of electron transfer is sensitive to the ionic strength of the 
medium, suggesting that electrostatic interactions contribute 
to the interaction between the two proteins (Niwa et al., 1980; 
Takabe et al., 1986). As PC is extremely rich in negatively 
charged carboxyl groups, it seems likely that some of these 
groups on PC might interact with positively charged lysine or 
arginine residues on cyt f. Several amino acid sequences are 
now known for cyt f (Hauska et al., 1988; Kallas et al., 1988). 
Comparison of charge distribution in these sequences relative 
to that in the sequence of cyt cI has led to the suggestion that 
three regions of cyt f (residues 45-69, 150-166, and 180-190) 
might be potential candidates for the PC binding site (Davis, 
1987). Consistent with the electrostatic nature of the inter- 
action between the cyt f and PC is the observation that the 
two proteins can be covalently linked in the presence of the 
water-soluble carbodiimide EDC (Davis & Hough, 1983). In 
this paper, we describe further characterization of the PC-cyt 
fadduct obtained when the two proteins are incubated in the 
presence of EDC, including effects on the redox potential of 
the components, heme accessibility, and identification of groups 
involved in the covalent linkages between the two proteins. 
Characterization of a similar adduct has been recently de- 
scribed by Takabe and Ishikawa (1989). 

MATERIALS AND METHODS 
Turnip cyt f was purchased from Sigma or purified ac- 

cording to the method of Gray (1 978). PC was purified from 
spinach according to previously published procedures (Geren 
et al., 1983). Cyanobacterial cyt 13553’s were purified as 
described by Ho et al. (1979), and Euglena cyt c-552 was 
purified by the method of Mitsui (1971). 

PC was cross-linked to turnip cyt f by using EDC as pre- 
viously described (Davis & Hough, 1983). The cross-linking 
reaction was terminated after 2 h by the addition of ammo- 
nium acetate to a final concentration of 200 mM. For peptide 
mapping studies, the entire reaction mixture was passed 
through a Sephadex G-50 column equilibrated with 100 mM 
ammonium bicarbonate. The collected adduct was concen- 
trated to less than 5 mL with an Amicon ultrafiltration unit 
utilizing a YM-30 membrane. For other studies, the quenched 
reaction mixture was passed through a Sephadex G-10 column 
equilibrated with 10 mM Tris-HC1, pH 8.0, to remove excess 
reagents, and the PC-cyt f adduct was purified by ion-ex- 
change chromatography on DEAE-cellulose (Whatman DE- 
52). The properties of the PC-cyt f adduct were identical 

regardless of which preparative method was used. 
The ability of cyanobacterial and algal proteins to be 

cross-linked to turnip cyt f in the presence of EDC was ex- 
amined under the conditions used for the initial characteri- 
zation of the PC-cyt f adduct (Davis & Hough, 1983). 

SDS polyacrylamide gel electrophoresis was performed by 
using a Bio-Rad minigel apparatus. Samples were denatured 
by the addition of SDS to a concentration of 1%. Electro- 
phoresis was done by using 10% polyacrylamide gels with a 
Laemmli (1970) Tris-glycine running buffer. After the 
completion of the run, protein bands were visualized by 
staining with Coomassie Brilliant Blue. Molecular weight 
markers (Sigma MW-SDS-70L) were run simultaneously and 
used as the basis for molecular weight determinations. 

Routine spectral data were collected with a Cary 210 
spectrophotometer. Spectral data for determination of the 
redox potentials were collected by using an Aminco DW2a 
spectrophotometer with samples that had been equilibrated 
against ferri-/ferrocyanide couples of varying ratio. The sum 
of the ferri- and ferrocyanide concentrations was kept constant 
at 1 mM, and an Eo of +420 mV was assumed for the fer- 
ri-/ferrocyanide couple. The protein concentrations were at 
10 pM. All measurements were made in 10 mM sodium 
phosphate, pH 7.0. At any wavelength, the absorbance was 
assumed to be the sum of the contributions from all absorbing 
species described by 
A = ef,ox[fltotal + ep,ox[Pltotal + Aef,red-ox[flred + 

Aep,red-ox [PI red ( 1 ) 
where e is the extinction coefficient for the indicated com- 
ponent (f = cyt f ,  P = PC) in the indicated redox state. By 
measuring the absorbance at two wavelengths, it was possible 
to set up simultaneous equations to solve for [fired and [PIrd. 
As the total concentration of each component was known, it 
was then possible to calculate [f],, and [PI,,. The log 
([flox/[fIred) and log ([P],,/[P],) were then plotted against 
the half-cell potential (Eh)  calculated from the ratio of ferri- 
and ferrocyanide in the solution against which the sample had 
been equilibrated. The two wavelengths used in the present 
study were 554 and 597 nm, which correspond to the a peak 
in the spectrum of reduced cyt f and the visible peak of oxi- 
dized PC, respectively. At 554 nm, the following millimolar 
extinction coefficients were used: cyt fox ,  6.61; cytLed, 27.7; 
PC,,, 3.10; PCred, 0.00. At 597 nm, the following millimolar 
extinction coefficients were used: cyt fox, 1.07; cyt Led, 0.00; 

Solvent perturbation studies to assess heme exposure were 
done on the cyt f and the PC-cyt f adduct in the reduced state 
by using 20% ethylene glycol as the perturbant as in Schlauder 
and Kassner (1979). The degree of heme exposure was cal- 
culated on the basis of their data by using the heme octapeptide 
of cyt c as a model for fully exposed heme (Schlauder & 
Kassner, 1979). Protein concentrations were 10 pM. Cyt c 
was also examined as a control. 

Resonance Raman spectra of the PC-cyt f adduct were 
recorded with the instrumentation described by Davis et al. 
(1988). Excitation was with the 514-nm line from an Are ion 
laser. Laser power at the sample was 50 mW. Samples were 
illuminated for 25-s intervals with a total accumulation of 50 
scans. Because of the large luminescence background, peak 
positions were determined by taking the second derivative of 
the acquired spectral data. 

The ability of the PC-cytfadduct to donate electrons to 
PS I was examined by using PS I particles prepared from 
spinach by the procedure of Mullet et al. (1980). The PC-cyt 
fadduct (1 5 pM) and PS I particles (25 pg of chl/mL) were 

PC,,, 4.90; PC,d, 0.00. 
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placed in a cuvette containing 50 mM Tris-HC1, pH 8.0, and 
the absorbance at 554 nm was followed by using an Aminco 
DW2a spectrophotometer equipped for side illumination. 
Illumination was provided through a 650-nm cut-off filter with 
the photomultiplier being protected by a complementary filter. 
Experiments were done in the presence and absence of 5 mM 

PS I dependent oxygen consumption was also measured by 
using the PS I particles of Mullet et al. (1980). The reaction 
mixture contained 50 mM Tricine, pH 8.0, 5 mM MgC12, 10 
mM sodium ascorbate, 67 pM TMPD, 133 pM MV, and PS 
I particles a t  16 pg of chl/mL. PC was at  a concentration 
of 3 pM when added. The concentrations of cyt f and the 
PC-cyt f adduct were varied between 0.38 and 12.5 pM when 
added. Illumination was provided by a Kodak Ektagraph 
Model B2 slide projector, and oxygen consumption was 
measured with a Yellow Springs Instrument Co. Model 53 
oxygen electrode. 

CNBr digestion of the PC-cyt f adduct was performed 
according to the method of Gross (1967) after the adduct was 
lyophilized and resuspended with 75% (v/v) TFA (Pierce 
HPLC/spectro grade). A single clean white crystal of CNBr 
was added and the reaction allowed to proceed in the dark for 
16 h. The mixture was dried under nitrogen. The dried 
cleavage products were dissolved in 10% (v/v) formic acid and 
subjected to reversed-phase HPLC. Under these conditions, 
quantitative cleavage at  Met-57 of PC was obtained, but no 
detectable cleavage at  Met-55 of cyt f was observed. 

A proteolytic predigestion of the concentrated purified 
PC-cyt f adduct was performed after the addition of urea 
(BRL, ultrapure) to a concentration of 2 M. The adduct was 
predigested with endoprotease Arg-C (Boehringer-Mannheim) 
and passed through a Sephadex G-50 column (28 X 1.5 cm) 
equilibrated with 100 mM ammonium bicarbonate. The entire 
eluate between the void volume and the salt fraction was 
collected and concentrated with an Amicon ultrafiltration unit 
using a Y M- 10 membrane. After lyophilization, the dried 
predigest was dissolved in 500 pL of 8 M urea after which 2 
mL of 100 mM ammonium bicarbonate was added. Further 
digestion was done with TPCK-treated trypsin (Pierce) or 
endoprotease Asp-N (Boehringer-Mannheim). The reactions 
were stopped by the addition of 350 pL of 88% formic acid. 
The acidified mixture was microfuged at maximum speed for 
2 min and the supernatant subjected to reversed-phase HPLC. 
All protease digestions were done in the dark at 37 "C for 20 
h. Aliquots of the protease were added at  0, 3, and 6 h with 
a final protease to substrate ratio of 1:40 (w/w). 

All HPLC work was performed on a Varian Model 5060 
instrument with a built-in UV-100 detector using a Syn- 
chropak RP-R c-18 column (250 X 1.4 mm). The column 
was developed by using a 0-60% (v/v) gradient of acetonitrile 
in 0.1% (v/v) TFA at a flow rate of 1 mL/min. Collected 
fractions from the chromatogram were lyophilized. 

Lyophilized peptides obtained by HPLC were redissolved 
in 10% (v/v) formic acid and rechromatographed by re- 
versed-phase HPLC. The resulting samples were lyophilized 
and then sequences as described by Cohn et al. (1989) by using 
an Applied Biosystems 470 protein sequencer. 

RESULTS 
Stoichiometry of PC-Cyt f Adduct. When examined by 

SDS gel electrophoresis, spinach PC and turnip cyt f were 
found to have apparent molecular weights of 12300 and 
29 300, respectively. The PC-cyt f adduct was observed to 
have an apparent molecular weight of 43 000, indicative of a 
stoichiometry of 1 : 1 between the two proteins in the adduct. 

MgC12. 
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FIGURE 1: Spectral analysis of PC-cytfadduct. The spectra of the 
PC-cyt fadduct in the reduced (-) and oxidized state (-e-) are 
shown. The spectrum of cyt f (at the same concentration) in the 
oxidized state (- - -) is also shown for comparison. All samples were 
in 10 mM sodium phosphate, pH 7.5. The main panel shows data 
collected with a sample having a PC-cytfconcentration of 8.5 pM. 
The inset shows data obtained with a sample having a concentration 
of 34 pM. The difference between the spectra of the oxidized adduct 
and oxidized cytfin this region is due to the presence of PC in the 
adduct. 

The UV-visible spectrum of the PC-cyt f adduct is shown in 
Figure 1 .  The spectrum of the reduced adduct in the visible 
region is essentially identical with that of reduced cyt f as 
reduced PC has no absorbance in the visible region. The UV 
region of the spectrum is higher than normal and exhibits some 
of the fine structure commonly associated with this spectral 
region in PC. The spectrum of the reduced PC-cyt f adduct 
was used to determine the amount of cyt f present in the 
adduct. The amount of PC present in the adduct was de- 
termined from the difference between the spectra of the ox- 
idized PC-cyt f adduct and that of a sample of oxidized cyt 
f a t  the same concentration (Figure 1, inset). By use of this 
method, the stoichiometry of the adduct is routinely found to 
be between 0.8:l and 1:l PC per cytf. 

Redox Properties, Heme Accessibility, and Resonance 
Raman Spectrum of the PC-Cyt f Adduct. The redox po- 
tential for both components of the PC-cyt f adduct was de- 
termined from spectra of samples of the adduct that had been 
equilibrated against ferri-/ferrocyanide couples of predeter- 
mined potential. Figure 2 shows the results of such deter- 
minations for the individual proteins and for the components 
of the PC-cyt f adduct. The determined redox potentials for 
PC (+381 mV, n = 0.95) and the PC component of the PC- 
cyt f adduct (+383 mV, n = 0.90) are identical and consistent 
with values reported in the literature, indicating that the redox 
properties of PC have not been altered by its covalent linkage 
to cytf. In contrast, the redox potential for cyt f in the adduct 
(+355 mV, n = 0.95) is 20 mV more negative than that 
reported for other cyt f preparations or for our preparation 
of turnip cyt f (+372 mV, n = 1.08), suggesting that the heme 
environment may be altered by the covalent linkage of cyt f 
to PC. 

To examine this possibility, the heme exposure in the PC-cyt 
f adduct has been examined by solvent perturbation spec- 
troscopy using 20% ethylene glycol as the perturbant. The 
results (Table I) indicate that the degree of cyt f heme ex- 
posure is decreased from 34% to 7% as a result of the covalent 
linkage of PC to cyt f. As a control, the degree of heme 
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Table 11: Comparison of Resonance Raman Peak Positions at Cyt f 
and PC-Cyt f Adduct 

CJ) 
0 

E,, m v  

FIGURE 2: Redox potential determination for PC, cytf, and the PC-cyt 
fadduct. The amounts of PC and cytfin the oxidized and reduced 
states were determined as described in the text after equilibration 
against ferri-/ferrocyanide couples of known potential. Data were 
plotted according to the Nernst equation. All measurements were 
made in 10 mM sodium phosphate, pH 7.0. The concentrations of 
the individual proteins or the PC-cytfadduct were 10 pM. The left 
panel shows data for the individual proteins and the right panel data 
for the PC-cytfadduct. Solid circles are PC data and open circles 
cyt fdata in each case. 

1 .  
ado ' lob0 ' 12100 14bo ' 16b0 ' , ,bo 
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FIGURE 3: Resonance Raman spectrum of PC-cyt f adduct. The 
resonance Raman spectrum of the PC-cytfadduct was recorded as 
described under Materials and Methods. The frequency scale is in 
cm-I. Shown above the raw spectrum is the second derivative of the 
spectral data which was used in assigning peak positions. The second 
derivative of the spectrum was obtained by using the signal processing 
software of the Tracor TN-6500 diode array controller subsequent 
to a 15-point Savitsky-Golay polynomial smoothing of the experi- 
mental data. 

Table I: Heme Exposure in Cyt f and PC-Cyt f Adduct Measured 
by Solvent Perturbation Spectroscopy with 20% Ethylene Glycol 

AAIA exposure" reference 
% heme 

C Y t f  0.0309 f 0.0042 31.5 i 4.5 this work 
PC-cyt f adduct 0.0067 f 0.0024 7.3 f 2.6 this work 
cyt c 0.0197 i 0.0014 21.6 f 1.5 this work 
cyt c 0.0186 20.4 Schlauder and 

Kassner (1979) 
a Heme exposure was measured by solvent perturbation spectroscopy 

using 20% ethylene glycol as the perturbant as described by Schlauder 
and Kassner (1979). All values shown represent an average of three 
determinations. 

exposure in cyt c was also determined and found to be near 
20%, a value consistent with that reported in the literature 
(Schlauder & Kassner, 1979). 

Figure 3 shows the resonance Raman spectrum of the PC- 
cyt f adduct in the reduced state. The spectrum shown is 
similar to that reported previously for cyt f (Davis et al., 1988). 
Analysis of the peak positions by taking the derivative of the 
spectrum shown did, however, reveal shifts of 1-4 cm-' in the 
positions of some of the peaks relative to those observed with 

Deak Dosition 
~~~~~ 

C Y t f  PC-cyt f adduct difference 

1581 1585 +4 
(Davis et al., 1988) (this study) (cm-I) 

1532 
1490 
nd" 
nd 
1398 
1361 
1312 
1226 
1173 

1535 +3 
1491 +1 
1462 
1431 
1398 0 
1357 -4 
1313 +1 
1229 +3 
1174 +1 

'nd, not detected. These peaks were detected with the PC-cyt f 
adduct but were not found in the resonance Raman spectrum of cyt f 
(Davis et al., 1988) that was run at a lower cower level. 

Table 111: Examination of Ability of PC-Cyt f Adduct To Serve as 
an Electron Donor to Photosystem I 

rmol of O2 consumed 
(mg of chlorophyll)-' h-l ' 

68 f 27 
68 f 27 
68 f 27 

540 i 30 
622 f 78 
541 i 21 

conditions 
(la) Asc + TMPD 
(lb)  la  + cyt f 
(IC) l a  + PC-cyt f adduct 
(2) l a  + PC 
(3) l a  + PC + cyt f 
(4) l a  + PC-cvt fadduct + PC 

~ ~ ~ _ _ _  

'02 consumption was measured by using reaction mixtures and il- 
lumination conditions described under Materials and Methods. 

cyt f (Table II), also suggesting some change in environment 
of the cyt f heme in the PC-cyt f adduct. 

Inability To Act as Electron Donor to Photosystem I .  The 
PC-cyt f adduct has also been examined to determine whether 
it is capable of serving as an electron donor to photosystem 
I. In an attempt to examine this question, two approaches were 
taken. In the first, the possibility that the PC-cyt f adduct 
could be photooxidized by PS I particles prepared as described 
by Mullet et al. (1980) was examined by spectral analysis of 
oxidation of the cyt f component of the adduct when illumi- 
nated in the presence of PS I particles. No photooxidation 
of the cyt f component of the adduct was observed in either 
the presence or absence of 5 mM MgClz (data not shown). 

In the second approach, the ability of the PC-cyt f adduct 
to donate electrons to PS I was measured by PS I reduction 
of O2 via methylviologen (Table 111). An ascorbate plus 
TMPD electron-donating system supported electron transport 
through PS I a t  a low rate that was increased nearly &fold 
in the presence of PC and 9-fold in the presence of both PC 
and cyt f. In contrast, no increase in the rate was observed 
when the PC-cytfadduct was used with the ascorbate plus 
TMPD electron-donating system, indicating the PC-cyt f 
adduct to be incapable of interacting with PS I. Furthermore, 
the addition of free PC in the presence of the PC-cyt f adduct 
increased the electron-transfer rate to the same degree as did 
PC alone, indicating that the presence of the PC-cyt f adduct 
did not inhibit the interaction of free PC with PS I. 

Identification of Groups Involved in Covalent Linkages in 
the PC-Cyt f Adduct. Four large-scale preparations of the 
PC-cyt f adduct each resulted in 9-10 mg of adduct, repre- 
senting a 68-75% recovery of the cyt f present in the cross- 
linking reaction mixture. A portion of the concentrated adduct 
(about 2 mg) was lyophilized without prior chemical or en- 
zymatic treatment for the purpose of determining N-terminal 
sequences. When analyzed by reversed-phase HPLC, cyt f 
and the PC-cyt fadduct had identical retention times, indi- 
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FIGURE 4: HPLC purification of PC-cytfadduct before and after 
CNBr digestion. Prior to sequencing experiments, the PC-cytfadduct 
(panel A) and the CNBr digest of the PC-cytfadduct (panel B) were 
purified by HPLC. CNBr digestion and HPLC procedures were as 
described under Materials and Methods. 

Table IV: N-Terminal Sewencine. of PC-Cvt f Adduct 
interpretation 

cvcle raw data cvt f seauence PC seauence 
1 V (183),’Y (112) Y (112) V (183) 
2 E (131), P (86) p (86) E (112) 
3 V (124), I (72)  I(72) V (124) 
4 L (227), F (109) F (109) L (227) 
5 L (188), A (96) A (96) L (188) 
6 G (45). Q (33) Q (33) G (45) 
7 G (43h Q (58) Q (58) G (43) 

9 D ( W ,  Y (49) y (49) D (26) 
10 G (841, E (81) E (81) G (84) 
11 S (301, N (38) N (38) s (30) 
12 L (351, P (36) P (36) L (35) 
13 A (45) ndb A (45) 
14 F (34) nd F (34) 
15 L (50) nd L (50) 

17 G (53) nd G (53) 

8 G (84) G (42) G (42) 

16 p (50) nd p (50) 

18 D (13) nd D (13) 
1 10 18 
V E V L L G G G D G S L A F L P G D - PC N-terminus 

cytfN-terminus Y P  I F A Q Q G Y E N P -  
Values in parentheses indicate the number of picomoles for each 

amino acid determined in that cycle. bnd, not determined. 

cating that retention of the adduct by the column was due to 
interaction with the cyt fcomponent of the adduct and not 
with the PC component. The chromatographic behavior of 
PC alone was irregular and not reproducible (data not shown). 
Figure 4A shows the chromatogram of the adduct. The peak 
fraction, labeled “adduct”, was subjected to N-terminal se- 
quencing. The results obtained (Table IV) were consistent 
with a dual sequence consisting of the 18 N-terminal residues 
of cytfand the 12 N-terminal residues of PC. Overall, the 
sequences are of roughly equivalent picomole values, consistent 
with the 1:l stoichiometry of the adduct. Exactly equivalent 
values were not expected as each sequence will have a dif- 
ference in its sequencing efficiency. Cycle 8 has a glycine for 
both sequences. The raw value of 84 pmol was evenly dis- 
tributed between the two sequences. The N-terminal sequence 
determined for PC was identical with that reported by Scawen 
et al. (1975) for spinach PC. The N-terminal sequence of 
turnip cytf is identical with that of several other higher plant 
cytffor which complete sequences are known (Hauska et al., 
1988). 

Table V: Squencing of Cyanogen Bromide Treated PC-Cyt f Adduct 
interpretation 

cycle raw data 

(41) 
1 V (72),’ Y (46), S 

2 E isoj, P (20) 
3 V (53), I (38)  
4 
5 L (60), A (38) 
6 G (2% Q (18) 
7 G (301, Q (20) 

L (34), F (41), D (40) 

PC N-terminus 
cyt f N-terminus 

PC (res 58-62) 

CYt f PC PC 
(N-terminus) (N-terminus) (res 58-62) 
Y (46) V (72) S (41) 

p (20) E (40) E (40) 
I(38) V (53) (E missing) 
F (41) L (34) D (40) 
A (38) L (30) L (30) 
Q (18) G (25) ndb 
Q (20) G (30) nd 

1 7 
V E V L L G G -  
Y P I F A Q Q -  
58 62 
S E D x D L  

‘Values in parentheses indicate the number of picomoles of each amino 
acid determined in that cycle. bnd, not determined. 
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FIGURE 5: HPLC peptide mapping of trypsin digest of PC-cyt f 
adduct. Following a predigestion with endoprotease Arg-C, the PC-cyt 
fadduct was digested with trypsin, and the resulting fragments were 
separated by HPLC as described under Materials and Methods. The 
initial separation is shown in panel A with the peak for which sequence 
data were obtained indicated with an arrow. The results of rechro- 
matography of this peak prior to sequencing are shown in panel B. 

Figure 4B shows the chromatogram of CNBr digested ad- 
duct. The peak had an irregular shape, suggesting the pos- 
sibility of mutiple fragments. Fractions from the front and 
back sides of the main peak were sequenced separately. Table 
V summarizes results from the back side of the peak. The 
seven N-terminal residues from both PC and cytfwere ob- 
tained in addition to an internal sequence of PC representing 
residues 58-62. In cycle 2, the glutamate was distributed 
between position 2 of the PC N-terminus and position 59 of 
the PC internal sequence. The leucine in cycle 5 was dis- 
tributed in a similar manner. However, the glutamate at  
position 60 in the PC internal sequence (cycle 3) was absent, 
indicating that it is cross-linked to cytf. Similar results (data 
not shown) were obtained from the front side of the peak 
except that in this case glutamate 59 of PC appeared to be 
cross-linked to cytfrather than glutamate 60. Glutamate 59 
was not totally absent from these sequences, but its sequencing 
yield was very poor relative to all other residues, suggesting 
that most but not all of the adducts in this fraction were linked 
via Glu-59. It has not yet been possible to identify the lysine(s) 
on cytf to  which these residues on PC are covalently linked. 

Resuspension of the lyophilized adduct and CNBr cleaved 
products proved difficult. Heavy sample loss occurred, pre- 
sumably due to irreversible aggregation of the denatured and 
dehydrated sample. Exploiting the fact that PC is devoid of 
arginine, the adduct was predigested with endoprotease Arg-C, 
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Table VI: Sequencing of Trypsin Digestion Fragment of PC-Cyt f Adduct 
interpretation 

cycle raw data PC (31-53) cyt f (185-193) cyt f (186-198) 
1 N (250); K (165), E (114) N (250) K (165) E (114) 
2 N (243), E (172) N (243) E (172) (K missing) 
3 A (318), G (185) A (318) (K missing) G (185) 
4 G (502) G (167) G (167) G (168) 
5 F (290), Y (138) F (290) (G missing)b Y (138) 
6 P (188), Y (214), E (180) P (188) Y (214) E (180) 
7 H (25), E (174), I(171)  H (25) E (174) I(171)  

9 V (229), T (73), L (214) V (229) T (73) L (214) 
10 V (452) V (226) nd‘ V (226) 

12 D (137), A (161) D (137) nd A (161) 

14 no release (D missing) nd nd 
15 (E 120) E (120) nd nd 
16 I(102)  I(102) nd nd 
17 P (67) p (67) nd nd 
18 s (11) s (11) nd nd 
19 G (82) G (82) nd nd 
20 v (82) V (82) nd nd 
21 D (33) D (33) nd nd 
22 A (61) A (61) nd nd 
23 A (53) A (53) nd nd 

8 N (149), I (241), T (45) N (149) I(241)  T (45) 

1 1  F (145), D (56) F (145) nd D (56) 

13 E (77h S (15) E (77) nd s (15) 

3 1  44 5 3  
pc (res 31-53) N N A G F P H N V V F D E x E I P S  G V D A A  

c y t  f ( r e s  185-198) K E  ? G G Y E  I T L v D A s  
185 198 

‘Values in parentheses indicate the number of picomoles of each amino acid determined in that cycle. bG was expected in this position but not 
observed. The reason for the apparent absence of G is not known. ‘nd, not determined. 

Table VII: Sequencing of Endoprotease Asp-N Digestion Fragment 
of PC-Cyt 1 Adduct 
cycle raw data interpretation: PC (res 61-70) 

1 D (32)’ 
2 L (37) 61 70 
3 I (12)b D L I N A P G E T Y  
4 N (26) 
5 A (21) 
6 p (20) 
7 G (18) 
8 E (11) 
9 TC 

10 y (12) 
’ Values reported in parentheses are the number of picomoles for 

each amino acid determined in that cycle. *This assignment may be in 
error as the amino acid in this position is reported as L in the original 
report of the sequence of spinach PC (Scawen et al., 1975) and is 
conserved in all PCs for which sequences have been determined. 
Picomole value not determined. 

a treatment that greatly reduced sample loss. The predigested 
adduct was then digested with either trypsin or endoprotease 
Asp-N. Figure 5 shows the chromatographic profilie of the 
trypsin digest. Sequence data are presented in Table VI for 
the peak indicated by the arrow. Three internal sequences 
were obtained, one from PC and two from cytf. The two from 
cytfare staggered sequences of the same portion of cytfwhich 
resulted from cleavages after Arg- 184 or Lys- 185. The PC 
sequence represented residues 31-53. Glycine in cycle 4 was 
distributed between all three sequences, while valine at cycle 
10 was distributed between only two sequences. Asp-44 of 
PC (cycle 14) was absent as was Lys-187 of cyt f (cycle 3, 
residues 185-193; cycle 2, residues 186-198), indicating that 
Asp-44 of PC is linked to Lys-187 of cytf The inability of 
trypsin to cleave at  Lys-187 is also consistent with its being 
“nonavailable” due to covalent linkage to PC. 

Figure 6 shows the chromatographic profile for the endo- 
protease Asp-N digestion of the PC-cyt fadduct. Sequence 

E 
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FIGURE 6: HPLC peptide mapping of endoprotease Asp-N digest of 
PC-cyt fadduct. Following predigestion with endoprotease Arg-C, 
the PC-cysfadduct was treated with endoprotease Asp-N, and the 
resulting peptides were separated by HPLC as described under 
Materials and Methods. Panel A shows the initial separation with 
the peak for which sequence data were obtained indicated with an 
arrow. The results of rechromatography of this peak prior to se- 
quencing are shown in panel B. 

data for the peak indicated with the arrow are summarized 
in Table VII. It was consistent with a single internal peptide 
of PC consisting of residues 61-70 containing Glu-68. The 
only carboxyl groups on PC not covered by the sequencing 
efforts were Glu-25, Glu-26, and Glu-76. 

Additional Cross-Linking Studies. We have also covalently 
linked spinach PC to spinach cytfwith EDC using a modified 
procedure of Davis and Hough (1983). As purified spinach 
cyt f forms oligomers, a 16-h preincubation of the reaction 
mixtures in the presence of 0.1% (v/v) Triton X-100 at 4 “ C  
was required. EDC was added and the reaction allowed to 
proceed at room temperature. The preincubation may result 
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Table VIII: Cross-Linking of Various Electron-Acceptor Proteins to 
Turnip Cyt f 

cross-linked to turnip cyt f in the 
protein presence of EDC 
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charge from negative to neutral. The recent observation 
(Jackman et al., 1987) that the positively charged PC from 
Anabaena variabilis has an Eo of +340 mV in contrast to the 
+370-380 mV values typical of higher plant PC's suggests that 
the nature and distribution of charges on PC may affect its 
E O .  

The possibility that the shift in redox potential of the cyt 
f component of the PC-cyt f adduct might be a reflection of 
a change in heme environment was examined by solvent 
perturbation spectroscopy. Siedow et al. (1980) have suggested 
that the high redox potential of cyt f might be due to the heme 
being buried within the protein. Our solvent perturbations 
studies would discount this explanation as we find the degree 
of exposure to be slightly greater than that observed with cyt 
c. The degree of heme exposure was found to be decreased 
in the PC-cyt f adduct relative to that observed in free cyt 
f. This observation suggests that PC is covalently attached 
to cyt f in such a manner that the exposed portion of the heme 
in cyt f is buried at the interface between the two proteins. 
It seems likely that the exposed portion of heme in cytfmay 
be important in electron-transfer reactions as has been observed 
in the case of cyt c. 

Small shifts in the resonance Raman spectrum of the PC- 
cyt f adduct were observed relative to the peak positions re- 
ported previously for cytf. These shifts may also be indicative 
of a change in heme environment. It is not possible from the 
present data to determine whether this change is due to al- 
teration of the exposure of the heme to solvent or due to 
microenvironmental changes in cyt f as a result of the covalent 
attachment of PC. 

The PC-cyt f adduct was demonstrated by two criteria to 
be incapable of donating electrons to PS I.  This observation 
suggests that the same region (or a t  least some common fea- 
ture) of PC may be involved in the interaction of PC with both 
cyt f and PS I such that when the PC component is covalently 
linked to cyt f it is no longer capable of interacting with PS 
I. Results of chemical modification studies of Anderson et 
al. (1987) did not rule out the idea of a ternary complex 
involving cyt f, PC, and PS I, although they consider such a 
complex to be unlikely. Our data would tend to more strongly 
refute the idea of a ternary complex as our results indicate 
that when PC is (covalently) bound to cyt f, it is incapable 
of interacting with PS I. PC may thus be similar to cyt c, 
which uses a common portion of its surface in its interaction 
with both its oxidase and reductase. The observation that the 
addition of free PC restored full activity would seem to indicate 
that the PC-cyt f adduct does not even bind to PS I. Oth- 
erwise, one might have expected a competition between free 
PC and the PC-cyt f adduct for the site. In contrast to our 
results, Takabe and Ishikawa (1989) found their PC-cyt f 
adduct to be partially active as an electron donor to PS I. 
However, the activity they reported was extremely low (about 
1% that of native PC) with PS I particles comparable to those 
used in the present study. The inability to observe the pho- 
tooxidation of cyt f in our PC-cyt f adduct might be inter- 
preted as due to an absence of electron transport within the 
adduct as has been observed by Peerey and Kostic (1989) for 
a covalently linked adduct involving PC and cyt c. However, 
Takabe and Ishikawa (1989) have demonstrated that electron 
transfer from cyt f to PC can occur in a PC-cyt f adduct 
similar to that used in this study. 

Cleavage of the PC-cyt f adduct, peptide mapping, and 
sequencing have allowed identification of two sites of covalent 
linkage between the two proteins. In one of these it has been 
possible to identify both partners in the covalent attachment 

spinach PC YES, strong formation (70-100%) 
of 1:l adduct when performed 
in the presence of a 2-fold 
excess of PC 

NO, no adduct formed in the 
presence of a 2- or 4-fold excess 
of PC 

YES, weak (<20%) yield of 1:l 
adduct when cyt c-552 is 
present in 4-fold excess; no 
adduct detected when cyt c-552 
is present in 2-fold excess 

NO, no adduct formed in the 
presence of a 2- or 4-fold excess 

A. variabilis PC 

Euglena cyt c-552 

S .  maxima cyt c-553 

of cyt C-552 
A .  flos-aquae cyt c-553 NO, no adduct formed in the 

presence of a 2- or 4-fold excess 
of cyt c-553 

presence of a 2-fold excess of 
cyt c-553 

presence of a 2-fold excess of 
cyt c-553 

Microcystis aeruginma cyt c-553 NO, no adduct formed in the 

Anacysris nidulans cyt c-553 NO, no adduct formed in the 

in the dissociation of the cyt f oligomer. If the preincubation 
was omitted and/or the reaction time was longer than 90 min, 
the cross-linked reaction product would remain on top of the 
10% resolving gel during SDS gel electrophoresis. This oc- 
curred when cyt f was incubated with EDC in the presence 
or absence of PC, suggesting that EDC was forming cross- 
linkages within the cyt f oligomer. 

The ability of algal and cyanobacterial proteins serving as 
electron acceptors for cyt f to be covalently linked to turnip 
cyt f in the presence of EDC has also been examined (Table 
VIII). While Euglena cyt c-552 could be covalently linked 
to turnip cyt f in the presence of EDC, the efficiency of 
cross-linking was substantially less than that observed with 
spinach PC. None of the cyanobacterial proteins tested could 
be cross-linked to turnip cyt f in the presence of EDC. 

DISCUSSION 
The PC-cyt f adduct described in this paper has a molecular 

weight and spectral characteristics consistent with a 1 : 1 
stoichiometry for the two components in the adduct. While 
the Eo for the PC component of the adduct was unchanged 
from that of free PC, that of the cyt f component of the adduct 
was shifted by -20 mV relative to free cyt f. Takabe and 
Ishikawa (1989) have reported an Eo for cyt f in their PC-cyt 
f adduct similar to that which we have measured. They did 
not, however, compare their value to that of free cyt f. A 
similar shift has been previously reported for the cyt c com- 
ponent of a PC-cyt c adduct prepared in a similar fashion 
(Geren et al., 1983). While it is not certain that the shift in 
Eo for cyt f is physiologically significant, it is interesting that 
the shift is in the direction which would favor electron transfer 
from cyt f to PC. 

Although Gross and co-workers (Burkey & Gross, 1981, 
1982; Anderson et al., 1987) demonstrated that modification 
of PC with ethylenediamine in the presence of EDC alters the 
Eo of PC, our data showed no significant difference between 
the Eo of PC in the adduct and that of free PC. This dif- 
ference may be due to the fact that the modification used by 
Gross and co-workers changes the charge at the site of mod- 
ification from negative to positive, while the use of EDC in 
covalent attachment of PC to cyt f would only change the 
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with Asp-44 of PC being covalently linked to Lys-187 of cyt 
f. 

31 "D" 5 3  

PC N N A G F P H N V V F D E x E l P S G V D A A  

c y t f  K Q l l R K E x G G Y E I T L V D A S  

I 80 "K" I98 

The lysine of cytfinvolved in the covalent attachment to PC 
lies in one of the three regions of cyt f suggested previously 
to be candidates for contributing to the PC binding site (Davis, 
1987). This paper is the first identification of a binding site 
on cytffor PC. This region of the cyt f amino acid sequence 
is rich in basic residues as would be expected for interaction 
with a negatively charged protein such as PC and is highly 
conserved in all cytfsequences known to date (Hauska et al., 
1988; Kallas, 1988) except that of the cyanobacterium, Nostoc 
PCC 7906 (Kallas, 1988), where the region is rich in acidic 
residues. This change may be functionally important as 
Nosloc, being a filamentous cyanobacterium, would be ex- 
pected to utilize a positively charged electron acceptor (PC 
or cyt c-553) in contrast to the negatively charged electron 
acceptors utilized by unicellular cyanobacteria, algae, and 
higher plants (Ho & Krogmann, 1984). The differences in 
this region of the cytfamino sequence of Nostoc as compared 
to those of higher plants may be indicative of an evolutionary 
adaption to match the charge characteristics of the protein 
serving as the electron acceptor. 

A second site of covalent linkage between PC and cytfhas 
also been identified as involving Glu-60 (and perhaps Glu-59) 
of PC. It has not yet been possible to determined the lysine 
residues on cytfto which these groups are covalently attached. 
Our data have also allowed us to eliminate other carboxyl 
groups on PC at positions 2, 9, 18, 42, 43, 45, 51, 61, and 68 
in PC as being involved in the covalent linkage between PC 
and cyt f in the adduct. No determination could be made 
regarding carboxyl groups in PC at positions 25, 26, and 76, 
although their positions in the structure of PC would make 
it unlikely that they would be involved in interaction with cyt 

The locations of the residues on PC involved in covalent 
linkage to cyt f in the PC-cyt f adduct observed in the present 
work are supported by the chemical modification studies of 
Anderson et al. (1987) which indicated that both of the acidic 
patches on PC (residues 42-45 and 59-61) are involved in its 
interaction with cyt f: The involvement of the acidic patch 
including residues 42-45 on PC in its interaction with cyt f 
has also been suggested by Beoku-Betts et al. (1983, 1985). 
The involvement of the second acidic patch in covalent linkage 
of PC to cyt f in the adduct may explain the inability of the 
PC-cyt f adduct to serve as an electron donor to PS I. The 
chemical modification studies of Anderson et al. (1987) in- 
dicated that, in addition to alteration of interaction with cyt 
f, modification of the second acidic patch also altered the 
interaction of PC with PS I. If the second acidic patch is a 
feature shared in common by the binding sites for cytfand 
PS I ,  the PC-cyt f adduct would not be expected to interact 
with PS I .  The observation that modification of the first acidic 
patch (residues 42-45) affects the interaction of PC with cyt 
fbu t  not with PS I would also suggest that although the two 
binding sites on PC are not identical, there must be a con- 
siderable overlap such that PC would be incapable of inter- 
acting with both cyt f and PS I simultaneously. 

The inability of A.  uariabilis PC to be covalently linked to 
turnip cyt f in  the presence of EDC is most likely due to 

f. 

sequence variation in the region of the two acidic clusters. 
40 65 _ _ _ _ _ _ _ _ _  ---___- 

V F I D  E 0 E l l  P S G V - 0 A A K I 5 M SIE E OIL L N A Spinach (Scanen e t  a l  
1975)  

V F l O  A A L IN  P A K S A 0 L A K - S L S I H  K Q I L  L M 5 A .  v a r l a b l l l s  (A l tken  
1975) 

I 8  
I ,  
8 ,  
6 ,  

------__- _ _ _ _ _ _ _  

Comparison of these regions of the amino acid sequences of 
the two proteins indicates the negative clusters found in spinach 
(and most higher plant PC's) are not present in the A .  uar- 
iabilis sequence. 

Changes in the surface charge distributions may also be 
responsible for the differences in the abilities of the various 
C-type cytochromes examined to be covalently linked to turnip 
cytf: We observed that Euglena cyt c-552 could be covalently 
linked to cyt f but with a lower efficiency than observed for 
PC. Wood (1978) has noted a cluster of negative charges in 
the sequence of Euglena cyt c-552 that might be functionally 
equivalent to the acidic cluster near residue 60 in PC. As our 
cross-linking data on the PC-cyt f adduct (described above) 
and the chemical modification studies of Anderson et al. 
(1987) indicate that both acidic clusters of PC are involved 
in its interaction with cyt J the Euglena cyt c-552, having only 
a single acidic cluster, might be expected to interact less 
strongly with cyt f, resulting in a lowered efficiency of 
cross-linking of cyt c-552 to cyt f: 

No evidence was found for formation of a covalent linkage 
between cyt f and the cyanobacterial cyt c-553's examined. 
The positive charge of Aphanizomenon flos-aquae cyt c-553 
(Sprinkle et al., 1986) is probably responsible for its inability 
to be covalently linked to turnip cytfin the presence of EDC. 
As the cyt c-553 from Spirulina maxima is a negatively 
charged protein, we were initially surprised that it was not 
covalently linked to cyt f in the presence of EDC. However, 
kinetic studies have shown it to react with higher plant cyt f 
with a rate constant approximately 1 order of magnitude less 
than does PC (Ho & Krogmann, 1980), suggesting that the 
interaction between the two proteins might be less efficient. 
In addition, comparison of the amino acid sequences in the 
region suggested by Wood (1978) to be analogous to the 
negative cluster near residue 60 of PC shows the negative 
cluster present in Euglena cyt c-552 to be missing in the 
cyanobacterial cyt c-553's examined here. 

7 5  _ _ _ _ _  _ _  58 
A Y E G V L S1E 0 E l l  V A V T 0 Y V Euslena (Pe t t ig rew 1 9 7 4 )  

G F N G R L S I P  K 411 E 0 V A A Y V 5 .  maxima (Ambler and Ear tsch  1975)  

A F G K A L K I A  E 011 E N V A A Y V L flos-asuae 1Spr lnk le  e t  a l  1986) 

I ,  
I ,  

, I  
8 ,  

_ _ _ _ _ _ _  
It is probably the precise arrangement of negative charges on 
the cyt c-553's rather than just their presence that contributes 
to the specificity of the cross-linking reaction. The observation 
that there are significant sequence differences in the cyano- 
bacterial cyt f (Kallas et al., 1988) relative to those of higher 
plant cyt f may also be indicative of differences in the binding 
site(s) for electron acceptors in procaryotic and eucaryotic 
systems. 
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