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Plastocyanin isolated from several species including spinach, poplar, and lettuce showed conformational 
changes both upon reduction and upon lowering the pH as determined by near-ultraviolet absorption and 
fluorescence measurements. The fluorescence excitation maximum was at 278 nm for all species of 
plastocyanin measured. In the case of spinach, the emission maximum was at 310-312 rim, similar to a 

tyrosine residue in solution. The fluorescence intensity increased 22% upon reduction of plastocyanin at pH 
7.0. In poplar plastocyanin, the emission maximum was shifted to 335 nm and increased only 10% upon 
reduction. The 335 nm emission peak observed in poplar plastocyanin is attributed to Tyr 80 which is 
hydrogen bonded to a carbonyl group on the protein backbone. Tyr 83 was also shown to undergo 
fluorescence changes upon reduction since the redox state-dependent fluorescence changes decreased for a 
nitrotyrosine (nitrotyrosine-plastocyanin) derivative of this residue. These results show that the east face of 
the molecule, which contains both Tyr 80 and 83 as well as a possible binding site [1,21, undergoes 
conformational changes upon reduction. These conformational changes may be involved in promoting smooth 
electron transport between plastocyanin and its reaction partners. Both the absorption and fluorescence were 
found to be pH dependent. The quantum yield for fluorescence increased sharply below pH 6 for both 
oxidized and reduced spinach plastocyanin. This may be related to the appearance of a redox-inactive form of 
reduced plastocyanin [3]. The conformational changes observed at low pH may provide a mechanism for 
control of electron transport by the proton gradient. Low concentrations of CaCi 2 (10 mM) had no effect on 
plastocyanin fluorescence. However, addition of 2.7 M (NH 4)2SO4 eliminated the redox-dependent fluores- 
cence changes. 

Introduction 

Plastocyanin is a 10.5 kDa 'blue copper' pro- 
tein functioning in the chloroplast electron-trans- 
port chain between cytochrome f and P-700, the 
photoactive chlorophyll in Photosyste m I [3-5]. 
The crystal structures of both oxidized and re- 
duced plastocyanin have been determined [3,6,7]. 
The copper is coordinated to four ligands (two 

Abbreviations: Cyt, cytochrome; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulphonic acid. 

histidines, a cysteine and a methionine) in a dis- 
torted tetrahedral geometry (Fig. 1). It has been 
proposed [1,2] that plastocyanin contains two 
binding sites for its reaction partners: (1) His 87 at 
the top of the molecule and (2) the region near Tyr 
83 at the side. Plastocyanin also contains two 
patches of negative charges (residues Nos. 42-45 
and Nos. 59-61) which are conserved in higher 
plant plastocyanins but are replaced by neutral or 
positively charged residues in cyanobacterial 
plastocyanins [1]. 

We have previously shown that plastocyanin in 
solution undergoes conformational changes upon 
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Fig. 1. Computer graphics representation of poplar plastocyanin. The X-ray coordinates for oxidized poplar (Populus nigra) 
plastocyanin [3] were obtained from the Brookhaven Protein Data Bank and displayed using a commercial graphics program called 
SUPERTAB. The peptide backbone, the histidine ligands to the copper, the tyrosine residues, phenylaianine 70 (which is a tyrosine 
residue in spinach) and the highly conserved negatively charged residues at positions 42-45 and 59-61 are shown. See Materials and 
Methods for further details. 

oxidation and reduction [8,9] as determined by 
near-ultraviolet absorption and circular dichroism 
measurements. In contrast, the crystal structures 
of oxidized and reduced plastocyanin appear to be 
nearly identical at neutral pH values [3]. A similar 
situation exists for mammalian cytochrome c 
which has been shown to undergo larger redox 
state-induced conformational changes in solution 
than in the crystal [10,11]. The observation that 
high concentrations of ammonium sulfate at- 
tenuate redox state-induced conformational 
changes in plastocyanin explains part of this 
paradox [9]. 

It has been postulated that plastocyanin acts as 
a mobile electron carrier [12,13] shuttling electrons 
between the cytochrome b6/f complex and Photo- 
system I which contains P-700. The redox state- 
linked conformational changes could be important 
in promoting smooth electron transport under 
these circumstances via differential binding of the 
oxidized and reduced species of plastocyanin to its 
reaction partners. For example, it would be ad- 
vantageous for reduced plastocyanin to bind more 
tightly to P-700 than oxidized plastocyanin. 

Plastocyanin is thought to be located on the 
inside of the thylakoid membrane [14,15]. Because 
of this, it should experience a 3 unit decrease in 
pH upon illumination [16]. The decrease in pH 
could affect both the conformation and activity of 

plastocyanin which could, in turn, regulate photo- 
synthetic electron transport. Decreasing the pH 
had an effect on the crystal structure of reduced 
but not oxidized plastocyanin [3]. In particular, 
decreasing the pH increased the length of the bond 
between His 87 and the copper (Fig. 1). This 
change was originally correlated with the ap- 
pearance of a redox-inactive form of reduced 
plastocyanin [17]. More recently [18], the region of 
highly conserved negative charges located at re- 
sidues Nos. 42-45 has also been implicated in 
causing the redox-inactive form of reduced 
plastocyanin. If this is true, then changes in re- 
sidues Nos. 42-45, which are 1.8 nm distant from 
the copper, can influence the copper site. These 
results suggest that plastocyanin is a flexible mole- 
cule in which 'conformational changes' at one site 
can be felt at another. 

The redox-inactive form of reduced plas- 
tocyanin is interesting because there is evidence 
that plastocyanin should be active at low pH. 
First, Takabe et al. [19] have found that the rate of 
the reaction of reduced plastocyanin with P-700 + 
is maximal at pH 4.7, under conditions in which 
plastocyanin should be inactive. Second, since 
plastocyanin is located in the lumen of the 
thylakoid, it must routinely experience a pH of 5 
during illumination. It would be unreasonable for 
one redox state to be inactive under these condi- 



tions. Because of the importance of plastocyanin 
in electron transport, we decided to examine the 
relationship between pH and redox state on the 
conformation of plastocyanin in solution. It was 
decided to use fluorescence for these studies be- 
cause plastocyanin contains only a few tyrosine 
residues (three for spinach and two for poplar 
[3,4]) and no tryptophan residues. Each of the 
tyrosine residues is located in a different part of 
the plastocyanin molecule and in a different type 
of environment (Fig. 1 of Ref. 3). Tyr 83 sticks out 
into the medium whereas Tyr 80 is on the inside 
and hydrogen-bonded to the peptide carbonyl of 
residue 76. Tyr 70 in spinach (replaced by a phen- 
ylalanine in poplar) is located near other aromatic 
residues (not shown) and has one side exposed to 
the medium [7]. The fact that the tyrosines are in 
different environments may allow us to differenti- 
ate between the fluorescence of each tyrosine and 
thus, determine which parts of the molecule un- 
dergo conformational changes. In addition, a 
chemically modified plastocyanin will be prepared 
containing a nitrotyrosine derivative of Tyr 83. 
Since the nitrotyrosine moiety is non-fluorescent 
[20], it will allow us to evaluate the contribution of 
Tyr  83 to the fluorescence spectra. 

Materials and Methods 

Isolation of plastocyanin 
Plastocyanin was isolated from spinach accord- 

ing to the method of Davis and San Pietro [21]. 
The plastocyanin was further purified using a 
Pharamcia FPLC with a Mono Q HR 5 /5  anion 
exchange column. The final A275/A597 ratio for 
oxidized spinach plastocyanin was 1.12. The FPLC 
purification was necessary for the fluorescence 
studies in order to remove the last trace of con- 
taminating tryptophan proteins. An identical pro- 
cedure was used to isolate plastocyanin from let- 
tuce. 

The same procedure was used to isolate plasto- 
cyanin from poplar (Populus deltoides) except that 
0.5% polyvinylpyrilodone was added to the chloro- 
plast isolation medium and the plastocyanin was 
treated with 60% (NH4)2SO 4 to precipitate the 
contaminating proteins prior to  the DEAE chro- 
matography. P. deltoides (cottenwood) was used 
instead of the P. nigra which was the species for 
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which the crystal structure was determined. How- 
ever, amino acid analysis showed no significant 
difference in the amino acid composition of the 
two species, particularly the aromatic amino ~icids. 
In the case of poplar, the final A275/A597 w a s  0.9 
due to its lower tyrosine content. 

Plastocyanin concentrations were determined 
using an extinction coefficient at 597 nm of 4.9 
m M - 1 .  cm-1 after addition of excess ferricyanide. 
Plastocyanin was oxidized using K 3 Fe(CN)6 which 
was subsequently removed by gel filtration on a 
Biogel P-10 column. Plastocyanin was reduced 
using sodium ascorbate which was removed by gel 
filtration on Biogel P-10. 

Absorption measurements 
Absorption measurements were carried out 

using a Cary 118 C spectrophotometer. Plasto- 
cyanin (15-25 ~M) was suspended in 10 mM 
concentrations of the buffers indicated. Plasto- 
cyanin concentrations were determined at the end 
of each experiment by measuring the absorbance 
at 597 nm after addition of excess ferricyanide. 
Absorption spectra were normalized to 20 ~M. 
The absorbance of plastocyanin was found to vary 
linearly with concentration between 20 and 100 
~M, indicating that aggregation effects do not 
contribute to our results. 

Fluorescence measurements 
Fluorescence spectra were measured on a Spex 

Fluorolog fluorometer using a Bascomb-Turner 
electronic recorder and an Apple II computer for 
data processing. All fluorescence spectra were cor- 
rected for water Raman, incomplete oxidation or 
reduction and differences in concentration. The 
correction for water Raman was necessary, since it 
contributed up to 40% of the total emission at 310 
r i m .  

The fluorescence excitation spectra were moni- 
tored at 310 nm for spinach and lettuce plasto- 
cyanin and 340 nm for poplar plastocyanin. The 
slit width for the excitation monochromator was 2 
nm. Excitation spectra were corrected for the 
wavelength dependence in lamp intensity. The 
excitation wavelength for the emission spectra was 
285 nm and the slit width for the emission mono- 
chromator was 10 nm. The shape of the emission 
spectra were independent of the excitation wave- 
length. 
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Plastocyanin (10-25 ~tM) was suspended in 10 
mM concentrations of the buffers indicated. The 
plastocyanin concentrations were determined at 
the end of the experiment as described above and 
the spectra were normalized to 20 ~M. 

Chemical Modification of plastocyanin 
A nitrotyrosine derivative of spinach plasto- 

cyanin was prepared by a modification of the 
procedure of Davis and San Pietro [21]. 50 ~1 of 
tetranitromethane were added in 10 ~l aliquots 
every 10 min to a stirred 2.5 ml solution of 0.3 
mM plastocyanin in 50 mM Tris-C1 (pH 8.5) + 100 
mM NaC1. The total reaction time was approx. 1 
h. The nitrotyrosine-plastocyanin was then sep- 
arated from unmodified and denatured plasto- 
cyanin on the FPLC as described above. The 
number of nitrotyrosine residues per plastocyanin 
molecule was determined by measuring the ab- 
sorption of the nitrotyrosine-plastocyanin at 360 
nm and 597 nm. This number was found to be 
near unity. The location of the label was de- 
termined by monitoring the nitrotyrosine absorp- 
tion following trypsin digestion and HPLC sep- 
aration of the tryptic peptides. Heat denatured 
plastocyanin and nitrotyrosine-plastocyanin were 
digested for 1 h with 1% DPCC-treated trypsin. 
The peptides were then separated using reverse 
phase chromatography on a LDC HPLC with an 
Anspec RP-8 column. The peptides were eluted 
using a 0-45% gradient of a 9 : 1 acetonitrile/0.1% 
trifluoroacetic acid in water solution. The identity 
of the peptides were determined using a Beckman 
119 CL Amino Acid Analyzer. The nitrotyrosine- 
containing peptide was identified as peptide 6 
which contains Tyr 83. No other peptides were 
labelled. 

Computer graphics display of poplar plastocyanin 
A graphical display of the three-dimensional 

structure of oxidized poplar plastocyanin was made 
using the X-ray coordinates obtained from the 
Brookhaven Protein Data Bank, Chemistry De- 
partment, Brookhaven National Laboratory, Up- 
ton, N.Y. 11973 together with a commercial en- 
gineering wireframe modeling graphics package 
called SUPERTAB which is part of the IDEAS 
package. 

SUPERTAB is available to universities through 

grants from its developer (Structural Dynamics 
Research Col, Milford, OH). A processor was de- 
veloped to adapt SUPERTAB for the display of 
biological molecules. Further details of the graph- 
ics will be published elsewhere [23] and are also 
available from the Brookhaven Protein Data Bank. 

Materials 
DEAE-cellulose and Biogel P-10 were obtained 

from Biorad Laboratories. Hepes, Tris and 
DPCC-treated trypsin were obtained from the 
Sigma Chemical Co. HPLC grade acetonitrile and 
water were obtained from Burdick & Jackson 
Laboratories Inc. All other chemicals were of re- 
agent grade. 

Results 

Near-ultraviolet absorption spectra for oxidized and 
reduced spinach and poplar plastocyanin 

The near-ultraviolet absorption spectrum of 
spinach plastocyanin (Fig. 2) shows peaks or 
shoulders at the following wavelengths: 284, 278, 
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Fig. 2. Near-ultraviolet absorption spectra were determined for 
oxidized and reduced spinach and poplar plastocyanin (at 20 
ttM) suspended in 10 mM Hepes buffer (pH 7.0). Other 
conditions were as described in the Materials and Methods 
section. , Reduced spinach plastocyanin; . . . . . .  , 
oxidized spinach plastocyanin; . . . . .  , reduced poplar plasto- 
cyanin; . . . . . .  , oxidized poplar plastocyanin. 
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273, 269, 266, 259, 252 and 248 nm. The peaks at 
284 and 278 nm can be attributed to the tyrosine 
residues and the rest to the phenylalanine residues 
[24]. The small absorption bands observed for 
reduced plastocyanin between 290 and 310 nm 
may be due to histidine charge transfer bands 
because the associated circular dichroic bands dis- 
appear upon removal of the copper [9]. Reduction 
of spinach plastocyanin caused a 50% increase in 
the absorbance at 278 nm. The absorbance at 278 
nm is less for poplar than for spinach plastocyanin 
as predicted from the difference in amino acid 
composition. The absorbance of poplar plasto- 
cyanin increased 70% upon reduction. 

A comparison of reduced plastocyanin with 
non-denatured apo-plastocyanin showed that, at 
wavelengths below 270 nm, the absorbance of 
apo-plastocyanin was greater than that for re- 
duced plastocyanin indicating that charge transfer 
bands can not be responsible for the absorbance 
increases observed upon reduction of the protein 
(not shown). At 278 nm, the absorbance of apo- 
plastocyanin was slightly less than that observed 
for reduced plastocyanin. However, if the total 
decrease in absorbance observed at 278 nm upon 
forming apo-plastocyanin were due to charge 
transfer bands, they would account for only one- 
fifth of the absorbance increase observed upon 
reduction of plastocyanin. 

Fluorescence excitation and emission spectra of 
spinach and poplar plastocyanin 

Fig. 3a shows the fluorescence excitation spec- 
tra of the oxidized and reduced forms of spinach 
plastocyanin at pH 7.0• Upon reduction, there was 
a 40% increase in the fluorescence at the excitation 
maximum of 278 nm. The shape of the excitation 
spectra resembles the absorption spectrum of 
tyrosine in solution indicating the tyrosine residues 
in plastocyanin are responsible for the fluores- 
cence. It is unlikely that there is any significant 
fluorescence from the copper center charge transi- 
tions in this region, since such fluorescence (if it 
occurred at all) would be emitted from the lowest 
excited state (approx. 775 nm for copper in its 
oxidized state). The fluorescence excitation spec- 
trum of poplar plastocyanin has the same shape as 
that of spinach (not shown). However, the fluores- 
cence intensity is only 35% that of spinach, and 
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Fig. 3. Fluorescence excitation and emission spectra for 
plastocyanin. Spinach or poplar plastocyanin (at 20 # M) was 
suspended in 10 mM Hepes buffer (pH 7.0). Other conditions 
were as described in the Materials and Methods section. (A) 
Excitation spectra: - - ,  Reduced spinach plastocyanin; 
. . . . . .  , oxidized spinach plastocyanin. (B) Emission spectra: 
- - ,  reduced spinach plastocyanin; . . . . . .  , oxidized 
spinach plastocyanin; . . . . .  , reduced poplar plastocyanin; 
. . . . . .  , oxidized poplar plastocyanin. 

there is only an 18% increase upon reduction. 
The fluorescence emission spectra of oxidized 

and reduced spinach and poplar plastocyanin are 
shown in Fig. 3b. Both oxidized and reduced 
spinach plastocyanin showed an emission maxi- 
mum at 310 nm which is identical to that observed 
for tyrosine in solution. Identical results were ob- 
tained for lettuce plastocyanin (not shown). The 
fluorescence emission intensity for oxidized poplar 
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plastocyanin was only 48% of that of oxidized 
sFinach plastocyanin. Also, there was only a 10% 
increase in fluorescence upon reduction. The shift 
in emission spectrum to longer wavelengths has 
been interpreted as being due to the formation of 
a deprotonated tyrosine (tyrosinate) in the excited 
state (exciplex). This type of emission spectrum 
was observed for adrenodoxin [25] and was attri- 
buted to the presence of hydrogen-bonded tyro- 
sine which should promote exciplex formation. 
For this reason, we have attributed the 340 nm 
emission band in poplar plastocyanin to Tyr 80. 
Thus, Tyr 80 undergoes conformational changes 
upon reduction of plastocyanin. 

The absorption and fluorescence properties of spinach 
plastocyanin containing a nitrotyrosine derivative of 
Tyr 83 

We evaluated the contribution of Tyr 83 by 
preparing a nitrotyrosine (nitrotyrosine-plasto- 
cyanin) derivative [21] of that residue. Peptide 
m a p p i n g  (Anderson,  G.P.,  Drahe im,  J.E., 
Ketchner, S. and Gross, E.L., unpublished data) 
showed that Tyr 83 was the only residue modified. 
The nitrotyrosine residue produced is non-fluo- 
rescent [20] and has two new absorption bands at 
360 and 420 nm, respectively. Therefore, a com- 
parison of the absorption and fluorescence proper- 
ties of control and nitrotyrosine (nitrotyrosine- 
plastocyanin) should allow us to determine the 
absorption and fluorescence properties of Tyr 83 
(Table I). The absorption and fluorescence intensi- 
ties of Tyr 83 were calculated from the difference 
between control plastocyanin and nitrotyrosine- 
plastocyanin and from comparison to model 
nitrotyrosine-Tyr amides in solution. It  can be 
seen that the increase in absorption for nitrotyro- 
sine-plastocyanin is larger than the control indicat- 
ing that most of the absorption increase is due to 
either Tyr 70 or 80. At .least some of the absorp- 
tion change must be due to Tyr 80, since it is also 
observed in poplar plastocyanin (Fig. 2) which 
lacks Tyr 70. The contribution of Tyr 70 can be 
estimated from the difference in absorbance at 284 
nm between spinach and poplar plastocyanin. This 
difference increases by 44% when plastocyanin is 
reduced indicating that Tyr 70 also undergoes 
redox state-dependent absorbance changes. In 
contrast, most of the change in fluorescence inten- 

TABLE I 

THE EFFECT OF CHEMICAL MODIFICATION ON THE 
ABSORPTION AND FLUORESCENCE PROPERTIES OF 
SPINACH PLASTOCYANIN 

Absorbance at 278 nm and the fluorescence intensities were 
determined as described for Figs. 2 and 3b and in the Materials 
and Methods section, except that plastocyanin was suspended 
in 10 mM citrate buffer (pH 6.0). The absorbance measure- 
ments were corrected for the nitrotyrosine ahsorbance at 278 
nm by using the ratio of 278 to that at 340 nm obtained for 
model nitrotyrosine compounds. The quantum yields of fluo- 
rescence were calculated using the following formula. 

dPty r * ( 1 - 1 0  -tyr'bs) * /plastocyanin 
dPplastocyanin = ftyr * (1 - 10 -plast°cyanl . . . .  ) 

where ~bty r is the quantum yield of fluorescence for tyrosine in 
water, namely 0.25; tyrabs is the absorbance of tyrosine; 
plastocyaninab s is the absorbance of plastocyanin; fplastocyanin 
and ftyr are the fluorescence intensities of plastocyanin and 
tyrosine, respectively. Spinach plastocyanin was chemically 
modified with tetranitromethan6 as described in the Materials 
and Methods section. The absorbance and fluorescence inten- 
sity of Tyr 83 were calculated from the difference between 
these quantities for control and nitrotyrosine-plastocyanin. 
+ refers to an increase; - refers to a decrease. 

Oxidation state Control Type of plastocyanin 

Nitro- Tyr- 
t y r o s i n e -  83¢alc 
plasto- 
cyanin 

Absorbance 
Oxidized 0.111 0.057 0.054 
Reduced 0.180 0.117 0.063 
% Change on reduction + 62 + 105 + 17 

Fluorescence intensities 
Oxidized 154 77 77 
Reduced 211 95 116 
% Change in reduction + 37 + 23 + 51 

Fluorescence quantum yields 
Oxidized 0.0150 0.0137 0.0145 
Reduced 0.0137 0.0088 0.0185 
% Change in reduction - 9 - 36 + 28 

sity is due to Tyr 83. The relative quantum yield of 
fluorescence of Tyr 83 increases upon reduction of 
plastocyanin whereas that for the remaining por- 
tion of the protein decreases. The increase of flu- 
orescence may be due to Tyr 83 moving into a 
more hydrophobic environment when plastocyanin 
is reduced [26]. In any case, these results show that 
Tyr  83 is involved in the redox state-dependent 
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conformational changes. The fluorescence results 
are confirmed by circular dichroism measurements 
[22]. The involvement of Tyr 83 in conformational 
changes is of interest, since this residue may be 
involved in one of the binding sites for plas- 
tocyanin's reaction partners [1,2]. 

The absence of the 312 nm peak in poplar 
plastocyanin also suggests that Tyr 70 is involved 
in the conformational changes. However, small 
species-dependent changes in the amino acid se- 
quence of plastocyanin could change the geometry 
of the hydrogen bond between Tyr 80 and the 
peptide carbonyl group of residue No. 76 which 
would prevent exciplex formation. Thus, Tyr 80 
may also fluoresce at 312 nm in spinach (Fig. 3), 
lettuce (not shown) and parsley [27]. 

The effect of pH upon the absorbance and fluores- 
cence of spinach plastocyanin 

The absorbance at 278 nm was almost pH 
independent for oxidized spinach plastocyanin 
(Fig. 4). In contrast, the absorbance for reduced 
plastocyanin increased from p H  5 to 7 and de: 
creased again at higher pH's.  The absorbance in- 
creased upon reduction for all pH ' s  tested. 

The effect of pH on fluorescence intensity is 
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Fig. 5. Fluorescence intensity as a function of pH for spinach 
plastocyanin. The fluorescence intensity was determined as a 
function of pH. Conditions were as described for Figs. 3 and 4 
and in the Materials and Methods section. The excitation 
wavelength was 278 nm and the emission wavelength was 310 
nm. (A) Reduced spinach plastocyanin; (B) oxidized spinach 
plastocyanin. 
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Fig. 4. The effect of pH on the absorbance of tyrosine residues 
in spinach plastocyanin. Oxidized and reduced spinach plasto- 
cyanin was suspended in 10 mM concentrations of the buffers 
indicated below after which the absorbance at 278 nm was 
determined. Other conditions were as described for Fig, 2 and 
in the Materials and Methods section. Buffers used: v, glycine- 
HCI; zx, Tris-HC1; O, Hepes; D, succinate; O, citrate. Open 
symbols refer to oxidized plastocyanin; closed symbols refer to 
reduced plastocyanin, 

more complicated (Fig. 5). In the case of reduced 
plastocyanin, the fluorescence intensity was highest 
at p H  5, decreasing sharply between p H  5 and 6 
and more slowly between pH 6 and 9. The de. 
crease in fluorescence intensity between pH 5 and 
6 was also observed for oxidized plastocyanin. 
However, the fluorescence intensity increased again 
between p H  6 and 9. Because of this, the fluores- 
cence change observed upon reduction changes in 
both magnitude and sign as a function of pH. For 
example, the 22% increase observed at pH 7 be- 
came a 14% decrease at pH 9. There is almost no 
change in fluorescence upon reduction at pH 8. 

Similar results were obtained for poplar  
plastocyanin (Table II). In this case, a small de- 
crease in fluorescence was observed at pH 7.0 both 
at 312 and 335 nm. These results contrast with 
those presented in Fig. 3 probably due to the fact 
that pH 7 is very close to the crossover point in 
poplar. The fluorescence of poplar plastocyanin at 
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TABLE II 

THE EFFECT OF SPECIES, pH  A N D  A D D I T I O N  OF SALTS ON THE F L U O R E S C E N C E  YIELD OF PLASTOCYANIN 

Fluorescence intensities were determined as described in the Materials and Methods Section. The excitation wavelength was 278 nm. 
The error in determining individual fluorescence intensities was +4%. The following buffers were used: 10 m M  Hepes (pH 7.0); 10 
m M  citrate (pH 5.0). The values for the fluorescence intensity are given in arbitrary units. + denotes an increase in fluorescence; 
- d e n o t e s  a decrease in fluorescence. 

pH Salt Concn. Wavelength Fluorescence intensity % Change upon 

(M) (nm) oxidized reduced reduction 

Poplar 
7.0 
7.0 
5.0 
5.0 

Spinach 
7.0 
7.0 
7.0 
7.0 

CaC12 0.0l 
CaC12 0.1 
(NH4)2SO 4 2.7 

312 97 81 - 1 7  
335 105 94 - 12 
312 146 183 + 25 
335 151 170 + 13 

312 199 221 + 11 
312 197 219 + 11 
312 192 176 - 8 
312 108 108 0 

312 and 335 nm was greater at pH 5 than that at 
pH 7.0. In addition it increased upon reduction. 
The ratio of the emission at 312 nm to that at 335 
nm also increased slightly suggesting that exciplex 
formation is pH dependent. 

These results become more comprehensible if 
we consider relative quantum yields for fluores- 
cence (Fig. 6). The quantum yields for fluores- 
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Fig. 6. The effect of pH  on the quan tum yield for fluorescence 
for spinach plastocyanin. Conditions were as described for 
Figs. 2, 3, 4 and 5 and in the Materials and Methods section. 
Open symbols refer to oxidized plastocyanin and closed sym- 
bols refer to reduced plastocyanin. Fluorescence quan tum yields 
were determined as described for Table I. 

cence incorporate both changes in absorbance and 
fluorescence intensity. The data can be divided 
into two pH regions. Increasing the pH from 5 to 
6 caused a decrease in the quantum yield of flu- 
orescence for both oxidized and reduced plasto- 
cyanin. Above pH 6, the quantum yield for 
oxidized plastocyanin remained constant, whereas 
that for reduced plastocyanin continued to de- 
crease with increasing pH. Most important, how- 
ever, is the observation that the total quantum 
yield for fluorescence decreased upon reduction 
for all pH values tested. However, the contribution 
of the various tyrosine residues is pH dependent. 
The quantum yield for oxidized and reduced 
nitrotyrosine-plastocyanin increased 33% and 
106%, respectively when the pH was lowered from 
6 to 5. In contrast, the quantum yield for Tyr 83 in 
oxidized plastocyanin decreased by 12% upon 
lowering the pH, while for reduced plastocyanin it 
increased 17%. These results show that at least two 
of the tyrosine residues are involved in the pH-de- 
pendent conformational changes. 

Cu 2÷ cannot be a quencher under these cir- 
cumstances, since the quantum yield for fluores- 
cence actually increases upon oxidation of the 
protein. Furthermore, with respect to fluorescence 
intensity, at high pH values the oxidized plasto- 
cyanin fluoresces more than the reduced form, 
whereas the converse is true at low pH. This would 



imply that Cu I ÷ is the quencher at high pH, while 
Cu ÷ is the quencher at low pH. 

The effect of salts on the fluorescence of spinach 
plastocyanin 

Salts have been shown to promote the interac- 
tion of plastocyanin with P-700 [28-31], while 
inhibiting that between plastocyanin and cyto- 
chrome f [32]. These results have been interpreted 
in terms of charge screening [33]. However, this 
does not rule out effects on the conformation of 
the electron carriers themselves. For this reason, 
the effect of salts on plastocyanin fluorescence was 
studied. It was found that concentrations of CaC12 
(10 mM) sufficient to saturate the interaction of 
plastocyanin with P-700 had no effect on plasto- 
cyanin fluorescence (Table II). Thus, salt-induced 
conformational changes in plastocyanin cannot be 
required for its binding to P-700. However, the 
addition of 100 mM CaC12 decreased the fluo- 
rescence of reduced plastocyanin suggesting that 
reduced plastocyanin is more sensitive to environ- 
mental influences than is oxidized plastocyanin. 
Addition of 2.7 M (NH4)2SO 4 decreased the fluo- 
rescence intensity for both oxidized and reduced 
plastocyanin and completely eliminated the in- 
crease in fluorescence observed upon reduction. 
This is interesting, since poplar plastocyanin is 
usually crystallized from 2.7 M (NH4)2SO 4. Thus, 
one would expect the redox state-dependent con- 
formational changes to be damped in the crystal. 
These results add further support to our hypothe- 
sis that the conformation of plastocyanin in solu- 
tion is not identical with that observed in the 
crystal. The changes in fluorescence observed at 
high salt concentrations are probably due to 
changes in hydrophobic interactions rather than 
simple charge screening. 

Discussion 

Fluorescence as a monitor of conforrnational changes 
in plastocyanin 
The near-ultraviolet absorbance and fluorescence 
spectra depicted above show that plastocyanin un- 
dergoes conformational changes upon changes in 
redox state, pH and salt concentrations. These 
results present a picture of plastocyanin as a flexi- 
ble molecule capable of responding to changes in 
its environment. 
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Spatial location of the conforrnational changes in 
plastocyanin 

A comparison of the absorbance changes for 
spinach and poplar plastocyanin implicates both 
Tyr 70 and 80 in the redox state-dependent con- 
formational changes. An analysis of the fluores- 
cence spectra for spinach, poplar and spinach 
plastocyanin containing a nitrotyrosine derivative 
of Tyr 83, shows that Tyr 80 and 83 are involved 
in the conformational changes. These results taken 
together confirm our previous findings [9] that the 
conformational changes are global in nature. In 
addition, the fluorescence studies suggest that the 
conformation of the protein in the neighborhood 
of Tyr 80 may be species dependent. The involve- 
ment of Tyr 83 in the conformational changes is 
important for two reasons. First, this part of the 
molecule has been proposed as a potential binding 
site for one of the reaction partners of plas- 
tocyanin [1,2]. Second, it has also been implicated 
in the formation of the redox-inactive form of 
reduced plastocyanin observed at low pH values 
[18]. The extent of the conformational changes are 
probably small (< 0.1 nm) since there were no 
corresponding changes in secondary structure 
(Draheim, J.E. and Gross, E.L., unpublished re- 
sults). Nonetheless, they may be sufficient to alter 
the binding of plastocyanin with its reaction 
partners. For example, it would be useful if 
oxidized plastocyanin bound more tightly to re- 
duced Cyt f than reduced plastocyanin. The con- 
verse would be true for P-700. Thus the conforma- 
tional changes could be involved in promoting 
smooth electron transport. 

The effect of pH on the conformation of plastocyanin 
The absorbance measurements indicate that the 

reduced form of plastocyanin is more sensitive to 
pH than is the oxidized form. These results agree 
with the crystallographic data. However, the fluo- 
rescence measurements indicate that both the 
oxidized and reduced forms of plastocyanin are 
sensitive to pH, especially below pH 6. Thus, the 
conformation of plastocyanin will be different 
when chloroplasts are illuminated and the internal 
thylakoid pH drops to approx. 5 than during the 
dark. In fact, the high-fluorescent form observed 
at low pH may represent a 'redox-inactive form'. 
If this is true, how does one account for the high 
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rates of  P-700 ÷ reduct ion observed at low p H  
values? There are two possible explanations. First, 
there may  be two forms of  plastocyanin present at 
low pH, one of  which is redox-inactive and one of  
which can reduce P-700 ÷ with very high rates 
(Eqn. 1): 

plastocyanin(Cu l+ )pHS.l '-' plastocyanin(Cu t+ )pFI5,A 
$ 

plastocyanin( Cu 2 + )pn 5. A + P-700 + 
$ 

plastocyanin( Ca 2 + ) + P-700 (1) 

where A and I refer to active and inactive confor-  
mat ions  respectively. If  this is true, the fluores- 
cence experiments are moni tor ing the inactive 
form, since it would predominate  at low p H  val- 
ues. 

The second possibility is that  the redox-inactive 
form is converted to a redox-active form upon  
binding to P-700 (Eqn. 2): 

plastocyanin(Cu 1 + )pH7 
$ 

plastocyanin(Cu 1 + )pHS.l + P -700+ 

plastocyanin(Cu 2 + ) pn 5. A -- P-700 + 
$ 

plastocyanin(Cu 2 + ) + P-700 (2) 

This would prevent  reduced plas tocyanin f rom 
giving its electron to any but  its physiological 
reaction par tner  and, thus, control  electron trans- 
port.  Fur ther  experiments are required to dis- 
tinguish between these two models. In  either case, 
the structure and function of  plastocyanin is in- 
fluenced by the pro tonmot ive  force. This, in turn, 
could provide a means for controll ing the rate of  
electron t ransport  through this par t  of  the elec- 
t ron- t ranspor t  chain by  affecting the binding con- 
stants of  oxidized and reduced plas tocyanin with 
its reaction partners.  

Conclusions 

In  conclusion, it has been shown that  plasto- 
cyanin undergoes conformat ional  changes in re- 
sponse to reduction,  lowering the p H  and addit ion 
of  high concentrat ions of  salts. This indicates that  
the plastocyanin molecule is flexible and capable 

of  responding to changes in its environment.  Tyr  
80 and 83 were found to be definitely involved in 
these conformat ional  changes. There is also some 
evidence that  Tyr  70 in involved. These conforma-  
tional changes may  be involved in promot ing 
smooth  electron t ransport  between Cyt f and 
plas tocyanin as well as allowing electron transport  
to be regulated by the pro tonmot ive  force. 
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