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Plastocyanin treated with tetranitromethane was nitrated at a single location, Tyr-83. Tyr-83 and its
neighboring negative charges have been implicated as a binding site for positively charged redox agents
(Chapman, S.K., Watson, A.D. and Sykes, A.G. (1983) J. Chem. Soc. Dalton Trans. 1983, 2543-2548). No
effect was observed on either the plastocyanin midpoint redox potential or its reaction kinetics with P-700 *
and cytochrome f. This makes nitration an ideal spectroscopic probe for monitoring changes in the
environment of Tyr-83. The pK, of the nitrotyrosine was 8.6 and 8.3 for reduced and oxidized plastocyanin,
respectively, indicating that the charge on the copper atom is ‘felt’ at Tyr-83. The high pK, value for both
forms indicates that Tyr-83 is in a negatively charged environment, near residues Nos. 42-45 and Nos.
59-61. The extinction of the nitrotyrosine chromophore at 360 nm was not affected by a change in redox
state. However, the ellipticity of this transition was greater for the oxidized form, indicating that environment
of Tyr-83 is dependent upon the charge on the copper atom. This suggests an electrostatically driven
conformational change at Tyr-83. A conformational change at Tyr-83 could regulate the binding of

plastocyanin with its reaction partners in order to promote smooth electron transport.

Introduction

Plastocyanin is a 10.5 kDa ‘blue copper’ pro-
tein functioning in chloroplast electron transport.
It has been postulated that plastocyanin acts as a
mobile electron carrier shuttling electrons between
the cytochrome b,/f complex and Photosystem I
which contains P-700 [2-4]. The crystal structures
of the oxidized, reduced, and apo forms of poplar
plastocyanin have been determined [5-7]. A com-
puter drawn picture of oxidized poplar plas-
tocyanin is shown in Fig. 1 which displays the
normal front face view of the protein. To provide

* To whom correspondence should be sent.

Abbreviations: CD, circular dichroism; DEAE, diethyl-
aminoethyl; DPCC, diphenylcarbonyl chloride; Chl, chloro-
phyll; Cyt, cytochrome; PS I, Photosystem 1.

a reference some of the residues have been labeled
with their sequence number.

It has been proposed that there are two binding
sites for the plastocyanin reaction partners [1,8,9].
One site is at His-87 near the ‘top’ of the molecule.
This is the site at which ferricyanide oxidizes the
protein. Another binding site is in the region near
Tyr-83 at the ‘east face’ of the plastocyanin mole-
cule. This is the site at which [Ru(NH;)s-
(pyridine)}?~ reduces plastocyanin [10). The bind-
ing site near Tyr-83 also contains several nega-
tively charged residues, numbers 42-45 and 59-61.
These residues appear to form a negative ‘patch’.
This can be easily observed in Fig. 2 which dis-
plays an 1.1 nm thick slice of a rotated view of
plastocyanin such that the ‘top’ of the protein is
nearest the reader.

The negatively charged residues, numbers 42-45
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Fig. 1. Computer graphics representation of oxidized poplar
plastocyanin. The X-ray coordinates for oxidized poplar
(Populus nigra) plastocyanin were obtained from the
Brookhaven Protein Data Bank and were displayed using a
commercial graphics program. The peptide backbone, the
histidine ligands to the copper, the tyrosine and phenylanaine
residues are shown. Also shown are the highly conserved re-
sidues at positions Nos. 42-45 and 59-61 which form a nega-
tive patch near Tyr-83.

and 59-61, are conserved in plastocyanin from
higher plant species, but are replaced with neutral
or positively charged residues in plastocyanin from
cyanobacterial species [2]). In addition to Tyr-83,
spinach plastocyanin contains two other tyrosine
residues 70 and 80. In poplar plastocyanin, Tyr-70
is a phenylalanine residue [2]. Higher plant
plastocyanins do not contain tryptophan.

In solution, the protein portion of the plasto-
cyanin molecule appears to be flexible, changing
its tertiary conformation in response to changes in
pH, ammonium sulfate concentration, redox state,
and chemical modification with ethylenediamine.
This was determined on the basis of its near-ultra-
violet absorption, circular dichroic and fluores-
cence spectra [11,12]. In contrast, the environment
of the copper atom in oxidized plastocyanin re-
mained invariant.

A fluorescence study of plastocyanin nitrated at
Tyr-83 indicated that Tyr-83 participates in the

Fiz. 2. Slice of plastocyanin containing Tyr-83 and near-by
negative charges. A 1.1 nm thick slice of plastocyanin contain-
ing Tyr-83 and the associated negative charges was made and
was rotated so that it is viewed from the top of the molecule.
All amino acid side chains are included and Tyr-83, the nega-
tive charges at residues Nos 42-44 and 59-61 and the phenyl-
alanine residues are specifically labelled.

redox-state-dependent conformational changes in
spinach plastocyanin [12]. This is interesting in
view of its role as a possible binding site. A
redox-state-dependent binding site conformation
could induce differential binding of the oxidized
and reduced forms of plastocyanin with its reac-
tion partners Cyt f and P-700", This in turn
would promote smooth electron transport since
plastocyanin is believed to be a mobile electron
carrier [2-4]. It is the purpose of this article to
document the properties of nitrotyrosine-plasto-
cyanin and to use this point modification to ex-
amine the effect of the plastocyanin redox state on
the local environment of Tyr-83.

Methods

Nitration of plastocyanin. Tetranitromethane
adds a nitro group to the ortho position of access-
ible tyrosine residues {13,14]. The protonated form
of nitrotyrosine exhibits transitions at approx. 270
nm and 360 nm. Upon deprotonation, the 360 nm
transition shifts to 428 nm. The pK, for a typical
nitrotyrosine is approx. 7.0.

Spinach plastocyanin was isolated according to
previously published procedures [12] and sus-
pended in 50 mM Tris-HCI (pH 8.5) + 100 mM
NaCl. The plastocyanin concentration was ad-



justed to 0.3 mM and initially oxidized with excess
ferricyanide. A 10 pl aliquot of tetranitromethane
was then added to the plastocyanin sample every
10 min until the total tetranitromethane added was
50 pl.

The reaction was quenched by gel filtration
after a 5% decrease in absorbance at 597 nm
occurred. Nitrated plastocyanin was separated
from excess tetranitromethane on a Sephadex G-25
column equilibrated with 10 mM sodium succinate
(pH 6.0). Nitrotyrosine-plastocyanin was stored at
lower pH values to prevent denaturation.

FPLC purification of nitrotyrosine-plastocyanin.
The above procedures result in a mixture of singly
modified nitrotyrosine-plastocyanin, unmodified
control plastocyanin, and denatured (apo-)nitro-
tyrosine-plastocyanin. This mixture was reduced
by sodium ascorbate and desalted on a Bio-Gel
P-10 column equilibrated with 10 mM sodium
succinate. It was then separated using a Pharmacia
FPLC with the MONO Q anion exchange column
(Fig. 3). This column was equilibrated with 25 mM
Tris-HCI (pH 8.2) and eluted with a linear NaCl
gradient. The isolated nitrotyrosine-plastocyanin
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Fig. 3. FPLC separation of control plastocyanin (PC), nitro-
tyrosine-plastocyanin (NT-PC), and denatured (apo-)nitro-
tyrosine-plastocyanin (DN-PC). The products of the tetra-
nitromethane reaction were separated by FPLC using a linear
NaCl gradient in 25 mM Tris-HCI (pH 8.2). The B buffer was
25 mM Tris-HCI (pH 8.2) plus 0.5 M NaCl. Other conditions
were as described in the Materials and Methods section.
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contained a single nitrotyrosine. This was de-
termined using the molar extinction coefficients of
2790 at 360 nm for nitrotyrosine 4900 at 597 nm
for oxidized plastocyanin.

Location of modification. The location of the
nitrotyrosine modification was determined by
HPLC separation of the nitrotyrosine-plastocyanin
tryptic peptides. Heat-denatured control plasto-
cyanin and nitrotyrosine-plastocyanin were di-
gested for 1 h with 1% DPCC-treated trypsin. The
peptides were separated using reverse phase chro-
matography on a LDC HPLC with an Anspec
RP-8 column. The peptides were eluted using 45%
9:1 acetonitrile/0.1% trifluoroacetic acid in water
gradient. The identity of the peptides were de-
termined using a Beckman 119 CL Amino Acid
Analyzer.

Ethylenediamine modification of nitrotyrosine-
plastocyanin. Nitrotyrosine-plastocyanin was
chemically modified with ethylenediamine plus a
water-soluble carbodiimide using the procedure of
Burkey and Gross [15] with minor alterations. The
ethylenediamine and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide concentrations were 20
and 5 mM, respectively. The reaction time was 1 h
at 4°C. These conditions result in a mixture of
forms containing between one and three molecules
of ethylenediamine per plastocyanin, thus all forms
have a net negative charge.

Isolation of Cyt f. Cyt f was isolated from
turnip leaves by the procedure of Matsuzaki et al.
[16]. The Cyt f had a purity index ratio of 0.3
(Asyss/A,7,) after Sephadex column chromatog-
raphy. This was sufficiently pure for the kinetic
experiments,

Measurement of the kinetics of the reaction of
plastocyanin with P-700* and Cyt f. Rates of P-
700" reduction were determined as previously de-
scribed [15]. PS T was isolated according to the
method of Shiozawa et al. [17]. PS I (at 15 ug/ml
Chl) was incubated with up to 2 M plastocyanin
or nitrotyrosine-plastocyanin in a reaction mixture
containing 10 mM sodium succinate (pH 6.0) + 5
mM MgCl,. MgCl, titration curves were de-
termined by titrating PS I (at 15 pg/ml Chl) and
either 1 uM control plastocyanin or nitrotyrosine-
plastocyanin in 10 mM Tris-HCI (pH 8.0) with up
to 7 mM MgCl,.

The rate of oxidation of Cyt f by control
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plastocyanin and nitrotyrosine-plastocyanin was
determined by using an Aminco DW-2a with a
stopped-flow attachment. Second-order rate con-
stants were obtained using equal concentrations of
plastocyanin and Cyt f (1 pM) in 10 mM phos-
phate buffer (pH 7.0) + 100 mM NaCl. The oxida-
tion of Cyt f was monitored by observing the
decrease in absorbance at 421 nm with the refer-
ence wavelength at 650 nm. A reduced-minus-
oxidized extinction coefficient of 1230 M '.s™!
for 421 nm was determined from the cytochrome f
used for this study. The data were recorded using
a Bascomb-Turner Model 2110 electronic recorder
at a rate of one data point per ms.

Determination of the midpoint redox potential.
The midpoint redox potentials of nitrotyrosine-
plastocyanin and control plastocyanin were mea-
sured using a twin-electrode design in a thin-layer,
optically transparent electrochemical cell [18]. The
E° values for plastocyanin obtained in mediated
thin-layers were dependent upon the type of medi-
ator used. Some mediators (most notably ferri-
cyanide) were not electrochemically reversible at
the surface of the gold electrode. The E°’ obtained
for both control plastocyanin and nitrotyrosine-
plastocyanin using 1,1’-bis(thydroxymethyl)ferro-
cene as a mediator was +370 mV vs. a normal
hydrogen electrode.

Near-ultraviolet absorption and circular dichroic
spectra. The absorption and circular dichroic (CD)
spectral measurements were performed using a
Cary 118 C spectrophotometer and a Jasco 500A
spectropolarimeter, respectively [11]. Plastocyanin
(15-35 uM) was suspended in 10 mM concentra-
tion of the buffers indicated. Both the absorption
and the CD of plastocyanin varied linearly with
concentration between 15 and 100 M, indicating
that aggregation effects do not contribute to our
results.

Plastocyanin concentrations were determined
after each experiment using an extinction coeffi-
cient at 597 nm of 49 mM™'-cm™! after the
addition of excess ferricyanide. Plastocyanin was
oxidized using K;Fe(CN), which was subse-
quently removed by gel filtration on a Bio-Gel
P-10 column. Plastocyanin was reduced using
sodium ascorbate which was removed by gel filtra-
tion on a Bio-Gel P-10 column.

Determination of the pK, of the nitrotyrosine

derivative. The pK, of the nitrotyrosine was de-
termined for both oxidized and reduced nitrotyro-
sine-plastocyanin by measuring its absorption at
both 360 and 428 nm as a function of pH between
6.0 and 9.5. The pH was adjusted by the addition
of 0.1 M NaOH or HCL

Computer graphics display of poplar plas-
tocyanin. A graphic display of the 3-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 NY 11973, U.S.A,, together with a commercial
engineering wireframe modeling graphics package
IDEAS. Further details of the graphics methodol-
ogy will be published elsewhere [19].

Materials. DEAE-cellulose and Bio-Gel P-10
were obtained from BioRad Laboratories. Tetra-
nitromethane, 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 reagent grade.

Results

Location of the nitrotyrosine derivative. Davis
and San Pietro [14] reported an average of one
nitrotyrosine residue per molecule for plastocyanin
treated with tetranitromethane. FPLC separation
(Fig. 3) of the products obtained by this procedure
showed three separate peaks. These were identified
as unmodified control plastocyanin, singly mod-
ified nitrotyrosine-plastocyanin, and denatured
(apo-)nitrotyrosine-plastocyanin, This identifi-
cation was made on the basis of the ratio of the
nitrotyrosine absorbance at 360 nm to the copper
center absorbance at 597 nm. Only the singly
modified nitrotyrosine-plastocyanin was exten-
sively studied.

The tryptic peptides of singly modified nitro-
tyrosine-plastocyanin were separated using HPLC.
Only peptide 6, which includes Tyr-83, contained
a nitrotyrosine. Therefore, Tyr-83 is the nitro mod-
ification site. This is reasonable, since Tyr-83 ap-
pears to be the most accessible tyrosine residue in
poplar plastocyanin (Fig. 1).

The effect of nitration on the plastocyanin activity
and redox potential. Several kinetic experiments



were performed to determine the effect of nitra-
tion on the activity of plastocyanin. The E°’ ob-
tained for both control plastocyanin and nitro-
tyrosine-plastocyanin using 1,1’-bis(thydroxy-
methyl)ferrocene as a mediator was +370 mV vs.
a normal hydrogen electrode. Thus modification at
Tyr-83 does not appear to affect directly the en-
vironment of the copper site. This is consistent
with the lack of change observed in the visible
absorption and CD spectra of oxidized plas-
tocyanin upon nitration with tetranitromethane
(see below).

The rate of P-700" reduction was measured at
pH 6.0 for both control plastocyanin and nitro-
tyrosine-plastocyanin. At this pH nitration had no
effect on either the K, for the plastocyanin or the
Mg™ requirement. The phenolic hydroxyl group
for the nitrotyrosine is protonated at pH 6.0.
However, at pH 8.0 the K, for the Mg ion re-
quirement increased from 3.0 to 6.0 mM upon
nitration of the plastocyanin. Similar results were
obtained for pH 9.0 (not shown). The phenolic
hydroxyl group is partially deprotonated at pH 8.0
and completely deprotonated at pH 9.0 (see be-
low). These results are consistent with the need for
shielding the additional negative charge [20].

The second-order rate constant for the reaction
of Cyt f with plastocyanin was determined to be
5-107 M~'.s"!. This rate is in good agreement
with that of Takenaka and Takabe [21] who re-
ported a rate of 1.1-10® M~'- s~ !, Rates of Cyt f
oxidation were identical for control plastocyanin
and nitrotyrosine-plastocyanin. These results show
that formation of the nitrotyrosine-plastocyanin
derivative does not cause a major alteration in the
plastocyanin structure. In addition, the nitration
of Tyr-83 does not alter the binding of plas-
tocyanin with either of its reaction partners Cyt f
and P-700. Since the plastocyanin activity is not
affected, the nitro modification of Tyr-83 is an
ideal spectroscopic probe for determining changes
in the environment of the plastocyanin ‘east face’.

The effect of oxidation state and ethylenediamine
chemical modification of the pK , of the nitrotyrosine
chromophore. Previously, redox-state-dependent
changes in the plastocyanin conformation which
were thought to be electrostatically driven by the
change in charge on the copper atom have been
observed [11,12]. If this is true, there should be a
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change in the electric field around Tyr-83 which
can be monitored by determining the pK, of the
nitrotyrosine chromophore as a function of redox
state. This was accomplished by varying the pH
between 6.0 and 9.5 and determining its effect on
the nitrotyrosine-plastocyanin absorbance at 360
and 428 nm. These are the wavelength absorption
maxima for the protonated and unprotonated
forms of nitrotyrosine, respectively. The spectra
for both the protonated and deprotonated froms
are the same as those observed by Davis and San
Pietro [14].

The reduced and oxidized forms of nitrotyro-
sine-plastocyanin exhibited pK, vlaues of 8.6 and
8.3, respectively. These were both much higher
than the pK, of 7.0 observed for the model tyro-
sine tripeptides, which were used as a control (see
also Ref. 13). This indicates that Tyr-83 is in a
very negatively charged environment, consistent
with its location near residues Nos. 42-45 and
59-61.

Furthermore, the environment of Tyr-83 be-
comes less negative upon oxidation of the plsto-
cyanin molecule, consistent with the increase in
positive charge at the copper site. If the high pK,
of both oxidized and reduced plastocyanin is due
to the presence of these nearby negative charges,
then chemical modification of these charges with
ethylenediamine should change the pK, of the
nitrotyrosine. Chemical modification with ethyl-
enediamine and a water-soluble carbodiimide re-
places negative charges with positive charges
[13,15,22]. This results in a mixture of forms in
which those containing 1-3 molecules of ethylen-
ediamine per plastocyanin dominate, changing the
charge character of the negative patch. Ethylene-
diamine modified nitrotyrosine-plastocyanin ex-
hibited a pK, for its nitrotyrosine chromophore of
8.1 and 7.75 for its reduced and oxidized forms,
respectively. Therefore, the high pK, value for
nitrotyrosine-plastocyanin must be due in part to
the effect of these nearby negatively charged re-
sidues. Secondary effects due to changes in the
conformation of plastocyanin upon ethylenedia-
mine modification cannot be ruled out. The pK,
of denatured (apo-)nitrotyrosine-plastocyanin was
7.2 similar to the model compounds. Thus the
3-dimensional structure near Tyr-83 is also an
important factor in maintaining the high pX, in
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nitrotyrosine-plastocyanin.

Near-ultraviolet absorption and CD spectra. Fig.
4A shows the near-ultraviolet absorption spectra
of oxidized and reduced nitrotyrosine-plas-
tocyanin and control plastocyanin at pH 6.0.
Oxidized and reduced control plastocyanin both
exhibit transitions between 250-290 nm. The tran-
sitions at 278 nm and 284 nm are attributed to
tyrosine residues, while the transitions between
250-270 nm are attributed to phenylalanine re-
sidues [23]. The extinction in the 250-290 nm
region increases upon reduction as previously de-
scribed [11,24]. No more than 20% of the increase
in extinction at 278 nm and none of that at 260
nm can be due to charge-transfer transitions [24].
When protonated, the nitrotyrosine chromophore
in nitrotyrosine-plastocyanin exhibits transitions
at 360 nm and 270 nm. The 360 nm transition is
very broad with a bandwidth at half-maximum of
approx. 60 nm. Upon deprotonation this transi-
tion shifts to 428 nm.

Fig. 4B shows the absorption difference spectra
(nitrotyrosine-plastocyanin minus control plasto-
cyanin) of both the oxidized and reduced forms.
Changing the redox state does not alter the extinc-
tion of the 360 nm nitrotyrosine transition. How-
ever, there is a small change at approx. 270 nm.
There are several possible explanations which are
not mutually exclusive: (1) the extinction of the
270 nm nitrotyrosine transition changes upon re-
duction of the copper atom; (2) the extinction due
to Tyr-83 (in control plastocyanin) changes upon
reduction; (3) nitration at Tyr-83 alters the 278 nm
extinction of the two remaining unmodified tyro-
sine residues (Nos. 70 and 80). The visible absorp-
tion spectrum (not shown) of oxidized nitrotyro-
sine-plastocyanin and control plastocyanin were
identical. This indicates that the incorporation of a
nitro group at Tyr-83 does not directly perturb the
geometry of the oxidized copper center.

Fig. SA shows the near-ultraviolet CD spectra
of oxidized and reduced control plastocyanin and
nitrotyrosine-plastocyanin. Control plastocyanin
exhibits positive ellipticity at approx. 252 nm in
the phenylalanine spectral region and negative el-
lipticity at approx. 280 nm in the tyrosine spectral
region. Upon reduction there are significant
changes in the near-ultraviolet CD spectra which
have been previously discussed in detail [11,24]. In
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Fig. 4. (A) Near-ultraviolet absorption spectra of control and
nitrotyrosine-plastocyanin as a function of oxidation state.
Near-ultraviolet absorption spectra were determined for
oxidized and reduced control and nitrotyrosine-plastocyanin
suspended in 10 mM sodium succinate (pH 6.0). The ab-
sorbance spectra were normalized to 20 uM concentrations of
plastocyanin. Other conditions were as described in the Materi-

als and Methods section. -—-—- , reduced control plastocyanin;
------ , oxidized control PC; , reduced nitrotyrosine-
plastocyanin; — — —, oxidized nitrotyrosine-plastocyanin. (B)

Near-ultraviolet difference absorption spectra for oxidized
nitrotyrosine-plastocyanin minus oxidized control plastocyanin
and reduced nitrotyrosine-plastocyanin minus reduced control
plastocyanin. Conditions were as described for Fig. 4 and in
the Materials and Methods section. — — —, reduced nitro-
tyrosine-plastocyanin minus reduced control plastocyanin;
----- , oxidized nitrotyrosine-plastocyanin minus oxidized
control plastocyanin.

addition, there are small positive CD bands of
300-340 nm which are most likely due to charge-
transfer transitions, possibly involving the histi-
dine ligands [24].

Nitrotyrosine-plastocyanin has a broad negative
CD band centered at 340 nm with a bandwidth at
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Fig. 5 (A) Near-ultraviolet CD spectra for control and nitro-
tyrosine-plastocyanin as a function of oxidation state. Control
and nitrotyrosine-plastocyanin were incubated in 10 mM
sodium succinate (pH 6.0). Ellipticities were normalized to 20
uM concentrations of plastocyanin. Other conditions were as
described in the Materials and Methods section. , re-
duced nitrotyrosine-plastocyanin; -—-~- . reduced control
plastocyanin; — — —, oxidized nitrotyrosine-plastocyanin;
~~~~~~ , oxidized control plastocyanin. (B) Near-ultraviolet dif-
ference CD spectra for oxidized nitrotyrosine-plastocyanin
minus oxidized control plastocyanin and reduced
nitrotyrosine-plastocyanin minus reduced control plastocyanin.
Conditions were as described for Fig. 5 and in the Materials
and Methods section. — — —, reduced nitrotyrosine-plasto-
cyanin; -—-—- , oxidized nitrotyrosine-plastocyanin minus
oxidized control plastocyanin.

half-maximum of approx. 60 nm. This CD band
can only be due to the nitrotyrosine chromophore,
since it is not observed in the control plastocyanin
spectra. The ellipticity at 340 nm increases upon
oxidation. The ellipticity of a transition is depen-
dent upon both its oscillatory and rotatory
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strength, while the extinction of a transition is
dependent only upon its oscillatory strength. Since
the ellipticity of the nitrotyrosine transition varies
with plastocyanin redox state, the environment of
Tyr-83 must be sensitive to the charge on the
copper atom. The center of this CD band is blue
shifted 20 nm from the center of the main absorp-
tion band of nitrotyrosine. One possible explana-
tion is multiple transitions. If there were two close
lying overlapping transitions of unequal oscillatory
and rotatory strength, then one would not expect
the absorption and CD spectra to exhibit the same
maxima. Preliminary results concerning the pH
dependence of the CD bands (not shown) favor
this interpretation. The visible CD spectrum of
oxidized plastocyanin was not altered by treat-
ment with tetranitromethane providing further evi-
dence that the geometry of the oxidized copper
center was not perturbed.

Fig. 5B shows the difference CD (nitrotyro-
sine-plastocyanin minus plastocyanin) for both the
oxidized and reduced forms. In addition to the
spectral changes at approx. 340 nm, there are also
changes in the difference CD spectra in the
aromatic region usually associated with transitions
due to phenylalanine and tyrosine residues. How-
ever, these changes are difficult to interpret. There
is a positive extremum in the difference CD spec-
trum at 280 nm which is probably due to a higher
energy nitrotyrosine transition. These results also
suggest that the environment of Tyr-83 is depen-
dent upon the redox state of the plastocyanin
molecule.

Discussion

Nitration of Tyr-83 in spinach plastocyanin does
not affect either the reaction kinetics of plasto-
cyanin with Cyt f and P-700" or the plastocyanin
midpoint redox potential. Thus it is an ideal spec-
troscopic probe for monitoring changes in the
environment of Tyr-83. Previously, it was shown
that the local environment of Tyr-83 is sensitive to
the plastocyanin redox state [12]. The results of the
pK, study indicate that the environment of Tyr-83
is sensitive both to nearby negative charges and to
the redox state of the copper center. This can be
interpreted as either a direct electrostatic effect or
an electrostatically driven conformational change
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in the plastocyanin molecule. This latter interpre-
tation is supported by the results of our previous
study of the fluorescence of control and nitrotyro-
sine-plastocyanin [12] which showed a decrease in
the relative quantum yield for the fluorescence of
Tyr-83 upon oxidation of the protein. This was
interpreted as a decrease in the hydrophobicity of
the environment of Tyr-83 [26]. However, purely
electrostatic effects cannot be distinguished from
changes in the plastocyanin tertiary conformation.
There are two possible explanations for the
observed change in the ellipticity of the nitrotyro-
sine transition with plastocyanin redox state: (1)
changing the charge on the copper atom directly
perturbs the environment near Tyr-83 through an
electrostatic mechanism; (2) changing the charge
on the copper atom induces a change in the
plastocyanin tertiary conformation which is ‘felt’
at Tyr-83. According to the first explanation,
changing the electrostatic field due to the charge
on the copper atom will alter the asymmetric
electric field applied at the nitrotyrosine. This in
turn will alter the optical activity of the nitrotyro-
sine transitions through the one-electron mecha-
nism. The one-electron mechanism of optical activ-
ity is a state mixing mechanism whereby an electri-
cally allowed transition is mixed with a magneti-
cally allowed transition in the presence of an
asymmetric static perturbing field [25]. An asym-
metric physical twist can also produce the same
effect. Both transitions become optically active
with opposite polarity. According to the second
explanation, the ellipticity of the nitrotyrosine
transitions can be affected by either the one-elec-
tron mechanism or by the coupled oscillator mech-
anism of optical activity. The coupled oscillator
mechanism is obviously dependent upon the pre-
cise geometry of the nitrotyrosine chromophore
and any other chromophore to which it is coupled.
Presently, it is impossible to distinguish between
the two possible explanations. Considering the size
of the plastocyanin molecule, it is likely that
changing the plastocyanin tertiary conformation
will also affect the electrostatic field at the nitro-
tyrosine. In addition, changing the charge at the
copper atom will also probably perturb the local
conformation of the nitrotyrosine chromophore.
The conformational changes required could be
quite small, but still be significant with respect to

the interaction of plastocyanin with its reaction
partners. The change in charge at the copper center
could cause a subtle conformational change in the
Tyr-83 region which could cause binding or release
of the reaction partner. This would be particularly
useful for a mobile electron carrier. Conversely,
binding of the reaction partner could alter the
electrostatics of the surface producing a conforma-
tional change which could alter the electron trans-
port properties of plastocyanin. This would be
analogous to the effect of ethylenediamine modifi-
cation which affects not only the pK, of the
nitrotyrosine but also the plastocyanin near-ultra-
violet absorption and CD spectra [11] and mid-
point redox potential {15,22]. Protonation of the
negative charges on the plastocyanin ‘east face’
also influence the midpoint redox potential and
electron transport properties of the copper center
of plastocyanin [1,10].

Conclusions

Plastocyanin treated with tetranitromethane was
nitrated at a single location, Tyr-83. The pK, of
the nitrotyrosine indicated that the environment of
Tyr-83 is highly negatively charged due in part to
the nearby negative ‘patch’ (residues Nos 42-45
and 59-61). The nitrotyrosine pK, was also sensi-
tive to the plastocyanin redox state, becoming
more negative upon reduction. These changes can
be interpreted as either a direct electrostatic effect
due to the copper atom or an electrostatically
driven conformational change.
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