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CHAPTER I 

INTRODUCTION 

Stellacyanin is a copper protein belonging to the 

family of Type I or "blue" copper proteins. These proteins 

contain Type I copper centers which are characterized by 

an intense absorption band (e- 5000 M" cm" ) around 600 nm. 

This extinction coefficient is one to two orders of magni

tude greater than those which are normally found for copper 

(II) complexes. Although stellacyanin contains only one 

copper per molecule, other blue proteins contain more than 

one copper atom in different types of copper centers. Among 

the variety of biological copper centers is the Type II or 

"non-blue" center and the Type III center [1]. Type II cop

per centers are usually found along with Type I and Type III 

centers and have no characteristic visible absorption bands. 

Type III centers are not detectable by electron spin reso

nance spectroscopy (ESR) but have a characteristic absorp

tion around 330 nm ( e — 3000 M cm ). This site has a 

two-electron reduction requirement and is believed to con

sist of pairs of magnetically coupled copper ions. 

The functions of the family of blue copper proteins 

are widely varied. Azurin and plastocyanin function as 

electron transfer proteins; ceruloplasmin functions as a 

copper storage and ferroxidase protein; laccase and 



ascorbic acid oxidase are proteins with oxidase activity; 

hemocyanin functions as an oxygen-binding protein. The 

biological function of stellacyanin has not yet been es

tablished. 

The intense blue absorbtion of the Type I copper pro

teins has been attributed in each case to a charge transfer 

transition between a cysteine sulfur and the copper (II) 

ion in a slightly distorted tetrahedral environment [2]. 

The structure of the blue copper site has been predicted 

from a series of model studies [3, 4, 5] and spectroscopic 

data [6, 7, 8]; the predictions have been confirmed in the 

case of azurin [9] and plastocyanin [10] from x-ray crys-

tallographic work. The x-ray structure of azurin from 

Pseudomonas aerugionsa confirms the presence of one copper 

per molecule, contained near the small end of a pear-shaped 

eight-stranded 3-barrel. The copper ligands are two sulfur 

atoms (cys 112 and met 121) and two imidazole nitrogen atoms 

(his 117 and his 46). A glutamine residue, number 18, is 

believed to be hydrogen-bonded to the his 46, although it 

could also have a place in the copper atom's first coordina

tion sphere. The copper atom is shielded from the solvent 

by its ligands and by met 44 and phe 114. The x-ray struc

ture of plastocyanin from Populus nigra presents a similar 

picture of the blue copper site. The ligands to the copper 

are, again, two sulfur atoms (cys 84 and met 92) and two 



imidazole nitrogen atoms (his 37 and his 87). The access 

to the copper atom is shielded only by the imidazole ring 

of the his 87 residue. The copper atom in plastocyanin is 

located near the end of an eight-stranded B-barrel. 

Stellacyanin is a monomeric protein containing a 

single polypeptide chain with 107 amino acids. Approxi

mately 40% of the total molecular weight of 20,000 is due 

to carbohydrate moieties attached at three points in the 

chain via aspargine residues. An early optical rotary 

dispersion (ORD) study of the protein [11] showed low a 

and b Moffitt parameters; the former suggesting peptide 

rotation is partially cancelled by rotation of the carbo

hydrate moieties, and the latter suggesting almost no a-

helical structure. (This data is supported by the obser

vation that the addition of 8M urea does not affect the 

ORD spectrum. 

Stellacyanin is similar to azurin and plastocyanin 

in that it contains only one -SH group, one disulfide bond, 

one copper per mole and a molecular weight in the range of 

15-20kD [12]. The protein contains no methionine residues, 

however, so the copper ligands cannot be the same. A sub

stitution of cobalt for the copper atom showed that the 

geometry of the binding site is a distorted tetrahedron 

[7]. Cobalt was chosen because the electronic spectrum of 

a high spin Co (II) center is strongly dependent on its 



coordination geometry. This study also showed that the 

binding site is held rigidly by the protein's conformation. 

The conformational rigidity is believed to counteract the 

Jahn-Teller (thermodynamically favored) distortion to the 

square planar geometry. 

The object of the first portion of this work was to 

place a probe at the copper site of stellacyanin. As ad

vances in biological systems are made at the molecular 

level, site-specific probes are becoming indispensable. 

Probes are chosen for the system in mind on the basis of 

three criteria: the site of attachment to the protein 

should be specific, the protein's reactivity should not be 

appreciably altered by the probe, and a measurable signal 

(circular dichroism, fluorescence, absorbance, etc.) should 

be easily monitored after binding. 

One of the more easily labeled functional groups on 

proteins is the cysteine sulfhydryl group. In this study, 

the only sulfhydryl in stellacyanin is at the copper bind

ing site, so a sulfhydryl-specific probe was chosen. 

2-Chloromercuri-4-nitrophenol (CMNP) is one of a series 

of organomercurial probes developed by McMurray and 

Trentham [13]. These derivatives of nitrophenols are use

ful probes because they contain an ionizable phenolic group 

with a pK value in the biological pH range and a chromo-

phore which absorbs strongly in the visible spectrum. 



Since the pK can be shown to shift dramatically depending 

on the polarity of the solution, the pK of the protein 

bound probe should give some indication as to the polarity 

of the copper-binding site. In addition to the pH titra

tion study, a sample of the labeled protein was sent to 

Dr. Woodruff at the University of Texas for resonance Raman 

study. Resonance Raman spectroscopy has been shown to be 

a valuable tool for studying the blue copper ligands and 

environment [14, 15]. By comparing the Mercurinitrophenol 

(MNP) labeled protein's spectrum with that of the free 

probe, the active site environment could be further charac

terized. 

A second labeling study was done on stellacyanin with 

dansyl cysteine, a fluorescent probe [16]. The 1-dimethyl-

aminonapthalene-5-sulfonyl (dansyl) moiety has been used in 

recent years for end group determination in peptide chemis

try. In addition to this use, the dansyl group has a fluo

rescence quantum yield and an emission maxiir.uin that are 

strongly dependent on solvent dielectric constant, which 

qualifies it as a useful probe of environment polarity. 

The dansyl group can also absorb energy transferred from 

tryptophan, an ability which allows it to be used as a 

"spectroscopic ruler", or a vehicle through which the ap

proximate distance between the tryptophan and the point of 

attachment to the protein can be quantified. Because the 



probe could conceivably label either the cysteine sulfhy

dryl or the cystine disulfide linkage in stellacyanin, the 

labeled protein was analyzed to determine the point of at

tachment. 

Included in these fluorescent studies are excitation 

and emission spectra of both native and apostellacyanin. 

Removal of the copper results in a three-fold enhancement 

of tryptophan fluorescence yield [17], an observation which 

is believed to be explained by the "uncovering" of a tryp

tophan which had been essentially quenched by the copper 

atom. A number of experiments were directed at character

izing the tryptophan near the copper site. 

The final portion of this work concerned the oxida

tion kinetics of the blue copper atom in stellacyanin. 

Although the biological function of stellacyanin is unknown, 

its function could be closely related to that of laccase, 

a somewhat more complicated blue copper protein from the 

same Japanese lacquer tree. Laccase contains four copper 

atoms per mole, of which one is a Type I copper, one is a 

Type II and two are Type III coppers. Laccase is known to 

catalyze the oxidation of polyphenols by molecular oxygen. 

One result of this reactivity is phenol coupling, which, 

if allowed to continue, results in a resinous polymer which 

acts as a protective coating for the tree when damaged [18]. 

If stellacyanin is involved in some way with the reactivity 
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of laccase, then the oxidation by benzoquinone should have a 

large second-order rate constant and favorable activation 

parameters. In addition to these kinetic results, the pro

tein's apparent self-exchange rate constant, k̂ ĵ , will be 

calculated according to Marcus theory. The equation from 

relative Marcus theory for outer-sphere electron transfer 

at room temperature is as shown [19]: 

log k̂ ^ = 2 log k^^ - log k^^ - 16.9 AE° (1) 

where k̂ ^ is the self-exchange electron transfer rate con

stant for the redox agent and AE° is the difference, in 

volts, between the reduction potentials of the protein and 

reagent. Calculated k,-, values based on cross reaction 

rate and thermodynamic data will be in good agreement with 

the true value (which has not been directly measured) if 

the same mechanism is employed by the protein for both cross 

reactions and self-exchange reactions. The calculated k^, 

value for stellacyanin with a large number of oxidants and 

reductants agree remarkably well. This agreement is not 

found for any other blue copper protein. If the k,, value 

for stellacyanin with benzoquinone as an oxidant is signi

ficantly different from the values calculated with the 

other oxidants, then the protein-reagent interactions must 

be different. It was anticipated that if stellacyanin is 
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specific in its reactivity for benzoquinone then its k . 

will be substantially larger than those found for other 

oxidants (2 x 10 M~''"cm~"'') . 
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CHAPTER II 

MATERIALS AND METHODS 

Instrumentation 

Ultraviolet and visible spectra were run on an Aminco 

model DW-2a spectrophotometer using a 3 nm slit. A Metrohm/ 

Brinkmann model pH-103 meter was used to monitor pH, and all 

kinetics were run using a Durrum D-110 stopped-flow spectro

photometer. The fluorescence and polarization measurements 

were taken on a Perkin-Elmer fluorimeter. Model MPF-44B 

with a DCSU-2 corrected spectra accessory. Fluorescence 

lifetime data were obtained with an SLM-Model 480 phase-

modulated spectrofluorometer, utilizing sinusoidally-modu-

lated continuous light from a 1 kW xenon arc. Lifetimes 

were measured at 10 and 30 MHz. Resonance Raman spectra 

were run at the University of Texas on a Carey 82 spectro

meter with a cooled ITT FW-130 photomultiplier and photon 

counting detection. Laser excitation was provided by a 164 

Argon ion laser, and samples were contained in 1 mm glass 

capillaries. 

Methods 

Purification of Stellacyanin 

Stellacyanin from the latex of the Japanese lacquer 

tree Rhus vernicifera was purified according to the method 

9 
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of Reinhammar [20] with minor variations. The procedure was 

carried out entirely at 4°C and the standard buffer was pH 

6.0 mixed sodium phosphate (NaPi). Two packages (100 g. 

total) of the protein as an acetone powder obtained from 

Saito and Co., Ltd., Tokyo were emptied into a large pre-

chilled blender with one liter of pre-chilled .01M buffer. 

The solution was blended at low speed for two minutes and 

then allowed to stir overnight at 4°C. The solution was 

filtered three times through Reeve-Angle #226 filter paper 

and then once through Whatman #41. The murky green filtrate 

was dialyzed exhaustively against. OlM standard buffer. The 

dialysate was then stirred gently with about 150 ml of swol

len CM C-50 Sephadex beads for thirty to forty-five minutes. 

The slurry was filtered carefully through Whatman #41 in a 

Buchner funnel. The beads, then a deep blue, were not al

lowed to dry out throughout this procedure. The bead slurry 

was then degassed and layered onto a previously poured CM 

C-50 Sephadex colum.n (a Biorad 3 x 60 cm Econocol-omn) . 

This column was equilibrated with .OlM buffer and kept at 

4°C. The filtrate was checked spectrophotometrically to 

insure that the majority of the two copper proteins laccase 

and stellacyanin, had been removed. After equilibration, 

eight ml fractions were collected with a step gradient in 

which the column was first washed with .05 M buffer until 

no absorbance was observed at 250 nm, after which laccase 
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was eluted with .1 M Pi in a broad band, followed by stella

cyanin, which was ultimately eluted with .2M buffer. 

The two proteins were distinguished by the positions 

of their blue absorbance maxima (604 nm for stellacyanin, 

614 nm for laccase). After exhaustive dialysis against 

.OlM buffer, the proteins were concentrated separately on 

smaller CM C-50 Sephadex columns (2.5 x 15 cm) or through 

an Aminco Diaflow PM-10 ultrafiltration membrane. The cri

terion used for gauging the purity of the protein was the 

ratio of the aromatic amino acid absorbance peak (280 nm) 

to the blue peak. This ratio for pure laccase is 15.2; 

for pure stellacyanin, 5.6. The stellacyanin samples used 

in these studies had a purity index in the range of 6.0 to 

7.3. 

Preparation of the Apoprotein 

Apostellacyanin (Cu removed) was prepared according 

to the method of Morpurgo et al. [17]. A known concentra

tion of stellacyanin was reduced with a 2:1 excess of sodium 

ascorbate. Immediately after reduction, the protein was 

placed in dialysis at 4°C against four liters of .02M 

Na^CO-. with .02 M NaCN at pH 11 for one hour. Copper recon-

stitution experiments with Cu(ClO^)2 confirmed Morpurgo's 

observation that longer times in the cyanide dialysis ad

versely affected the reconstitution ability of the protein, 

their observation that copper removal was facilitated by the 

initial reduction of the protein was also confirmed. 
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After the cyanide dialysis, the protein was dialyzed 

exhaustively against pre-chilled double distilled water 

(DDH2O) and finally against the desired phosphate or tris 

buffer. Apostellacyanin was found to react with the probes 

most successfully when used within three days of its pre

paration. The apoprotein lost all activity when frozen or 

kept above 4°Q presumably due to the reactivity of the ex

posed sulfhydryl. 

Preparation of CMNP and MNP-labeled Stellacyanin 

Chosen from a number of chromophoric organomercurials 

whose preparation is outlined by McMurray and Trentham [13], 

2-chloromercuri-4-nitrophenol (CÎ NP) was synthesized by 

starting with 2-acetomercuri-4-nitrophenol. One gram of 

the acetate was dissolved in 35 ml of IM KOH. Concentrated 

HCl was added until no further precipitation was observed. 

The substituted nitrophenol was filtered off, washed with 

DDH^O, and dried for 24 hours at 75°C. The dried residue 

was recrystallized in a minimum volume of hot methanol. 

The solution was filtered through a warm funnel with fluted 

Whatman #41 filter paper, seeded, and then left to sit at 

4°C for 45 minutes. The yellow, flaky crystals were col

lected in a cold Buchner funnel and washed with a minimum 

amount of cold methanol. A 4 5% yield of pure product was 

obtained with a melting point of 240°C and X^^^ at 405 nm, 

e = 1.74 X 10^M~-^cm~^ [13]. Mercurinitrophenol labeled 
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stellacyanin (MNP-St) was prepared by mixing apostellacyanin 

with a 4:1 excess of CMNP, as a 1 mM stock solution in .IM 

KOH. The solution was stirred gently for ten minutes and 

then run through a small G-25 Sephadex column to remove 

any unbound probe. 

Stoichiometry Determination of the C^^P/Apostellacyanin 

Reaction 

Beyer's method [22] was initially chosen to study the 

addition stoichiometry of the probe-protein interaction. 

The absorbance spectrum of an aliquot of apoprotein was 

measured before and after the addition of excess probe. 

The point of greatest absorbance change would then be moni

tored as a function of the amount of probe added. Because 

the chromophore absorbs strongly in the UV, near the protein 

peak, this procedure proved difficult and an alternate meth

od was attempted. A Bradford protein concentration curve 

[23] was established using bovine serum albumin as a stan

dard. Samples of apostellacyanin were mixed with known 

amounts of CMNP and run separately through a small G-2 5 

Sephadex column. Aliquots of the collected fractions were 

analyzed for protein content using the Bradford method while 

additional alquots were measured at 405 nm in basic solution 

for the MNP content. The extinction coefficient of the pro

tein-bound probe was assumed to be the same as that of the 

unbound probe. Assays with 5.5-dithiobis(2-nitrobenzoic 
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acid) (DTNB) [24] proved that no free sulfhydryls were pres

ent in the labeled protein. 

pH Titration of CMNP and MNP-stellacyanin 

A set of mixed phosphate buffers were made up with a 

constant ionic strength of .IM and ranging in pH from 4 

to 10.5. The final MNP concentration was 10 '̂ M. Spectra 

of all samples were measured in the region from 350 to 500 

nm, and A,QC was plotted as a function of pH. 

The pK values were determined by the initial assump

tion that two species contributed to the absorbance at 405 

nm, the protonated probe [L-H], and the deprotonated probe 

[L~]. The absorbances were then described: 

^405 ^^""^ " ^' ^^^"^^ ^̂ ^ 

A^Q5 [L"] = £ 1[L"] . (2) 

Modifying the equilibrium expression, Ka, and substituting 

for the concentration of the protonated probe, the final 

equation (5) was obtained. 

L-H =^ L~ + H"̂  (3) 

Ka =l£m:i (4) 
[L-H] 

A.n^ = ^^^^^ 1 (5) 
4°5 Ka + [H+] 
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Non-linear least squares analyses were performed with three 

parameters using a modified Marquardt algorithm [21]. 

Fluorescent Measurements of Native and Apostellacyanin 

In the comparison study of native and apostellacyanins 

excitation and emission spectra, the two samples were kept 

at the same ionic strength using y = .1 M mixed sodium phos-

phate pH 6.0 buffer. The samples were diluted until both 

had an optical density of approximately 0.5 at 280 nm. 

Preparation of Dansyl-cysteine Labeled Stellacyanin 

The dansyl-cysteine probe was attached to the protein 

by incubating apostellacyanin with a ten-fold excess of di

dansyl cystine for twenty-four hours under a nitrogen atmos

phere [16]. This mixture was then run through a small G-2 5 

column and the fractions containing significant absorbance 

at 280 nm were pooled and dialyzed exhaustively against 

.1 M pH 6.0 mixed phosphate buffer. The stoichiometry of 

the dansyl addition was determined using the Bradford analy

sis for the protein concentration and the optical density 

at 330 nm for the dansyl concentration (e = 398 M cm ) [25]. 

Dansyl fluorescence measurements were compared with those of 

didansyl cystine in samples with equal optical densities at 

330 nm. 
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Kinetics of Stellacyanin Oxidation with Benzoquinone 

Initially, benzoquinone (BQ) stability in acid solu

tions was studied by monitoring the concentration of BQ 

under controlled conditions. Benzoquinone will polymerize 

readily in neutral or basic solutions. It was hoped that 

mildly acidic solutions (1 mM HCl) would enhance the com

pound's stability. Samples were stored in septum-capped, 

foil-covered serxim bottles and stored in the dark. The ab-

4 c 

sorbance at 246 nm (e - 2.18 x 10 ) was measured as a func

tion of time; aliquots were removed each time with a gas-

tight syringe. The samples lost 5% of the initial BQ con

centration after twelve hours; initial loss was not noticed 

until eight hours after mixing. 

Fifty ml of 2 X 10~^ M stellacyanin were prepared for 

kinetics by dialysis against .2 M NaPi pH 7.0. The protein 

was then placed in a septum-capped serum bottle and degassed 

for thirty minutes with nitrogen. A slight excess of sodium 

ascorbate was added to reduce the protein; throughout this 

and subsequent kinetic procedures the protein was kept on 
ice. 

-3 
Samples of benzoquinone were made up in 1 x 10 M 

HCl and stored in foil-covered, septum-capped serum bottles. 

Prior to the runs, samples were degassed for thirty minutes 

with nitrogen which had been passed through two chromous 

scrubbing towers. Oxidation of stellacyanin was followed 
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by monitoring '^QQ^- Observed first order rate constants 

were obtained by performing a least-squares analysis on the 

linear regions of the In (Â  - Â o) vs. time plots. Reported 

rate constants are an average of three determinations. Ac

tivation parameters were taken from an Eyring plot. The 

slope and intercept were found after plotting In (k/T) vs. 

T using a linear least squares analysis according to Equa

tion 6; 

ln(k/T) = ln(k̂ /h) + ASVR - AHVRT (6) 

where k, is the Boltzamn constant, H is Plank's constant, 

R is the ideal gas constant, and T is the absolute tempera

ture . 



CHAPTER III 

RESULTS AND DISCUSSION 

The CMNP-Labeling of Stellacyanin 

The absorbance spectr-om of CMNP-labeled stellacyanin 

is shown in Figure 1. There is one MNP bound per mole of 

protein. The protein peak at 280 nm is present, as it 13 

in the native protein, but the characteristic peak at 604 nm 

is not present because the copper atom was removed prior to 

the labeling. The peak at 405 nm in basic solution corres

ponds to the deprotonated phenolic group of the probe. When 

protonated, this peak disappears completely, as shown in the 

curve corresponding to the spectrum in neutral pH buffer. 

This latter spectrum is essentially identical to the spec

trum of unlabeled apostellacyanin. 

The pK of the phenolic proton of the probe is 6.49 -

.06 in an aqueous medium but it can be shown to shift dramat 

ically depending on the solvent polarity. Figure 2 shews 

the pH profile of the free probe in 0%, 25% and 50% dioxane 

with corresponding pK's of 6.49, 6.79, and 7.81, respec

tively. As the dioxane to water ratio increases, the pK 

of the phenolic group shifts to higher pH and the absolute 

absorbance plateau at high pH decreases. 

The protein-bound probe (Figure 3) has a pK of 6.72 r 

.23, which is within experimental error of the pK for the 

18 
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Figure 1 

The absorbance spectrum of M^JP-labeled s t e l l a c y a n i n (8 .6 x 

10~^M) in pH 7.0 b u f f e r ( ) and pH 10.0 b u f f e r ( ) 
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Figure 2 

The effect of solvent polarity on the pK of CMNP. The 

m-olar absorptivity as a function of pH for 0% (*-*-*-); 

25% Co-o-o); and 50% dioxane C+-+-+-) . 
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Figure 3 

The effect of protein binding on the pK of phenolic function 

of CMNP. The molar absorptivity as a function of pH for 

the free probe (*-*-*) and the protein-bound probe (o-o-o>. 
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probe in an aqueous or a 25% dioxane environment. Subse

quent experiments with the sensitive fluorescent probe and 

resonance Raman studies of the MNP probe determined that 

the environment of the copper-binding site was relatively 

solvent-accessible and not buried within the hydrophobic 

interior of the protein. 

The resonance Raman data is shown in Figure 4. Nc 

major shifts were observed between the free probe in solu

tion and the protein-bound probe, suggesting that the cop

per site environment is not appreciably different from the 

solvent. In addition, there appears to be no direct inter

action between the chromophore and the protein, since no 

protein Raman lines are observed. 

The Dansyl-Cysteine Labeling of Stellacyanin 

In addition to labeling stellacyanin with a fluores

cent probe molecule, preliminary fluorescence studies were 

done on the native and apoproteins. This was done to con

firm a previous suggestion in the literature by Morpurgo 

et al. [17] that two different types of tryptophans are 

found in native stellacyanin, one whose fluorescence is 

partially quenched by the copper atom, with a fluorescence 

emission maximum blue-shifted from that normally observed 

for tryptophan, and the remaining two which behave "nor

mally". Figure 5 shows the excitation spectra for native 

and apostellacyanin along with that of bovine serum albumin 
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Figure 4 

The resonance Raman spectra of CMNP when unbound and bound 

to apostellacyanin. Unbound (1): count time .8 sec, 

1 3 -1 
convergence range 10 - 10 counts, scan rate .5 cm /sec, 

slits 5 cm , capillary, measured in CH-CN. Bound (2): 

1 3 count time 2 sec, convergence range 10 - 10 counts, scan 

rate .2 cm /sec, slits 5 cm , capillary. 
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(BSA) . The excitation spectra all show the same general 

characteristics with a peak for tryptophan excitation near 

280 nm as expected. However, the excitation spectrum for 

apostellacyanin is distinctly different from that of the 

native protein and BSA. This suggests that the tryptophan 

that is the major fluorescence emitter in the apoprotein 

may be in a different environment than the tryptophan(s) 

that dominate the emission in the native protein. Further 

support for this conclusion is shown in Part B of Figure 5. 

The excitation spectrum for the tryptophan fluorescence of 

native stellacyanin varies with a variation in the emission 

monochrometer setting. For a setting of X at 315 nm, the 
em 

peak wavelength is 290 nm whereas a setting of X at 345 nm 
em 

resulted in a peak wavelength at 293 nm. 

The em.ission spectra of tryptophan in native and apos

tellacyanin are shown in Figure 6. In agreement with the 

findings of Morpugo, the fluorescence intensity is shown to 

increase three-fold upon removal of the copper atom when 

samples of similar optical density at 280 nm are compared. 

Tryptophan fluorescence lifetimes were determined to 

be 1.4 i .1 ns for the native protein and 2.5 i .1 ns for 

the apoprotein. These findings may verify the suggestion 

that two types of tryptophans are found in the native pro

tein. The dominant emitter of the native protein is apparent

ly different from the dominant emitter of the apoprotein. 
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Figure 5 

A) the excitation spectra (X at 330 nm) of tryptoohan for 
' em J. rr ^ 

apo-(a) and native (b) stellacyanin and BSA (c). 

Instrimiental gain is .3 for (a) and (b) , and .1 for (c) . 

O.D.2gQ is .48. Slits: Em - 5 nm, Exc - 5 nm. All 

samples are in pH 7.0 mixed phosphate buffer. 

B) the excitation spectra of native stellacyanin with (a) 

^gj^ ^t 3.5 nm and (b) X^^ at 345 nm. Instrumental gain 

is the same for both spectra. Slits: Em - 5 nm, 

Exc - 2 nm. Buffer is pH 7.0 mixed phosphate. 
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Figure 6 

A) the emission spectra (X at 278 nm) of tryptophan for 

apo-(a) and native stellacyanin. (b) Instrumental gain 

is 10 (a), and 30 (b). O.D. ^^^ -.48. Slits: Em - 2 nm, 

Exc - 5 nm, buffer is pH 7.0 mixed phosphate. 

B) The emission spectra (X at 278 nm) of tryptophan for 

apo-stellacyanin (a) and daynsyl-stellacyanin. (b) In

strumental gain is 1.0 for both spectra. O.D. ̂on "'12. 
2 o u 

Slits and buffer, same as A. 
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Attempts to discern two different lifetimes were unsuccess

ful since the measurements were taken at the li.-p.it of the 

instrument's sensitivity. 

The emission and excitation spectra of the dansylated 

protein as compared to that of didansyl cystine, for samples 

of similar optical density at 330 nm, are shown in Figure 7, 

parts A and B, respectively. Both emission spectra show 

the A^^^ at 580 nm which is characteristic of the dansyl 

moiety in an aqueous environment [25]. The signal for the 

protein is somewhat smaller than that of the didansyl cys

tine. If the dansyl group were in an environment with a 

local dielectric constant significantly lower than that of 

water, one would see a large blue-shift of the emission max

imum and a large increase in fluorescence yield [25]. 

Since, in principle, didansyl cystine could dansylate 

either the cystine of the cysteine residue in apostellacyanin, 

a series of experiments was designed to determine the point 

of attachment to the protein. Native stellacyanin was not 

dansylated under the conditions where accstellacyanin in

corporated .8 dansyl residues per mole of protein. The dan

syl group is linked to one of the copper ligands at the ac

tive site. To rule out attachment to one of the sulfurs 

in the cystine linkage, a DTNB assay for free sulfhydryls 

was performed on the dansylated protein. No free sulfhydryl 

groups were detected. This result, along with the 
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Figure 7 

A) the emission spectra (Exc - 330) for (a) didansyl cys

tine and (b) for dansyl-stellacyanin. Instrumental gain 

is (a) .3 and (b) 1. O.D.^^Q = 3.0. Slits: Exc - 5 nm, 

Em - 2 nm, buffer is pH 7.0 mixed phosphate. 

B) the excitation spectra (Em - 570) for (a) dansyl-stella

cyanin and (c) didancyl cystine. Instrumental gain is 

the same for both spectra. The polarization spectra of 

Cb) dansyl-stellacyanin and (d) didansyl cystine. In

strumental gain is the same for both spectra; both 

samples were measured in 50% glycerol. Scale as shown 

is doubled. Slits: Exc - 5 nm, Em> - 5 nm, buffer is 

pH 7.0 mixed phosphate. 
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observation that the MNP-labeled apoprotein could not be 

dansylated provide excellent evidence that the point of dan-

sylation is the cysteine residue at the copper-binding site 

of the protein. 

The availability of a stellacyanin derivative with a 

dansyl group at the copper binding site raised the possibil

ity of energy-transfer from the tryptophan residue that has 

been postulated to be near the copper-binding site. The 

presence of energy transfer from this tryptophan to the 

dansyl moiety should be reflected in both the excitation 

spectrum for dansyl fluorescence and the fluorescence polar

ization spectrum of the dansylated protein. The overlaid 

curves in part B of Figure 7 show the excitation and polar

ization spectra for dansyl fluorescence of both the dansyl

ated protein and didansyl cystine. The two excitation spec

tra are essentially identical, indicating that light absor

bed by tryptophan residues does not lead tc dansyl fluores

cence. If energy transfer were present, the fluorescence 

should exhibit less polarization in the region where tryp

tophan absorbs (near 2 80 nm) then where the dansyl group ab

sorbs directly. As seen in Figure 7, the two polarization 

spectra do not differ significantly in the 280 to 290 nm 

region. 
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The Oxidation Kinetics of Stellacvanin with Benzoquinone 

From the linearity of the In(A - A^) vs. time plots, 

the kinetics of the reaction of reduced stellacyanin with 

benzoquinone could be fitted to a second-order rate law: 

" ' ^ ^ 1 " " = :< [St(I)) [BQI. 

The kinetic results are summarized in Table 1. By varying 

the concentration of excess benzoquinone, the reaction was 

established to be pseudo-first order and the second order 

rate constant was determined from the slope of the plot of 

observed rate vs. the concentration of benzoquinone, as shown 

in Figure 8. The second order rate constant was determined 

4 -1 -1 to be 2.28 ± .17 x 10 M sec when the linear least squares 

analysis was performed on all points, and 2.27 t .13 x 10* 

M sec when performed on only the average of the experimen

tal data sets. The activation parameters, as derived fror̂ . 

the Eyring plot shown in Figure 9, are iH' = "''4.19 i .23 

kcal/mol, and IS' = -53 1 5 e.u. The calculated self-ex-

2 

change rate constant for the protein, k,,, is 2.34 x 10 

M~ sec" , a value which is three orders of magnitude lower 

than those calculated with other oxidants and reductants [26] 

It is clear from these results that stellacyanin does not 

have a specific affinity for benzoquinone as an oxidant, as 

was postulated. The abnormally low k^^ is generally taken 



Table 1 

Kinetic Results 
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[BQ] 

9 . 7 3 

9 . 7 3 

9 . 7 3 

9 . 7 3 

9 . 7 3 

6 . 8 8 

4 . 8 6 

2 . 7 3 

4 . 6 8 

1 .49 

2 . 6 1 

1 . 5 3 

4 . 0 0 

3 . 7 5 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-4 

10-4 

10*4 

1 0 - 4 

1 0 - 4 

1 0 - 5 

1 0 - 4 

1 0 - 2 

1 0 - 2 

1 0 - 2 

1 0 - 2 

1 0 - 2 

1 0 - 2 

1 0 - 2 

Temp (°C) 

2 5 . 0 

3 7 . 4 

3 0 . 4 

1 8 . 1 

9 . 6 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

2 5 . 0 

^ ^ K = t s e c " ] i 
o b s 1 

2 2 . 5 1 

2 8 . 6 

2 4 . 3 
i 

1 6 . 6 i 
1 

1 3 . 6 

1 .77 

1 0 . 3 

5 2 . 1 

6 2 . 8 

2 8 . 0 

6 3 . 3 

3 8 . 7 

9 4 . 4 

8 3 . 4 
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Figure 8 

The variation in the observed rate as a function of benzo

quinone concentration. Data points are shown along with the 

line from the linear least squares analysis of the data points 
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Figure 9 

The Eyring plot for the oxidation of stellacyanin with 

benzoquinone. The tringles are data points and the line 

is the result of the linear least squares analysis on the 

data points. 
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as evidence for a non-adiabatic electron transfer [27], 

although such non-adiabaticity is usually seen for very 

hydrophilic redox agents. The results from the kinetic 

portion of this work, in conclusion, suggest that Marcus 

theory is not applicable to the understanding of the cross 

reaction rate constant, k,^, for reduced stellacvanin and 

benzoquinone. The conditions on which the theory is based 

(weak but effective overlap between the donor orbital of 

St CI) and BQ acceptor orbital) are evidently not satisfied. 

Further studies will attempt to affirm the suggestion that 

the quinone molecule is hindered from approaching the cop

per CI) site in an orientation conducive to electron trans

fer. 



CHAPTER IV 

CONCLUSIONS 

The copper site of Rhus vernicifera stellacyanin was 

determined to be in an environment which is relatively sol

vent-accessible and not buried within the hydrophobic in

terior of the protein. This observation was affirT.ed by 

the measured pK of MNP-stellacyanin, which was determined 

to be within experimental error of the pK of the free probe 

in an aqueous solution. The resonance Raman spectrum of 

the MNP labeled derivative showed a pattern of peaks which 

was similar to the spectrum, of unbound probe in solution. 

In addition, the dansyl emission spectrum of the dansyl cys

teine in an aqueous environment. 

No evidence of energy transfer was detected from the 

tryptophan near the copper site to the dansyl moiety at

tached to the protein at the active site's cysteine residue. 

Fluorescence measurements did, however, confirm earlier 

reports that two types of tryptophans are emitting in native 

stellacyanin. One type appears to be close to the conper 

atom with its emission partially quenched, while the other 

appears to emit normally. 
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[11] J. Peisach, et al., J. Biol. Chem., 212, 2847 (1967). 

[12] W. Bergman, et al., Bicchem Biophys. Res. Communica
tions, 11_, 1052 (1977) . 

[13] C. H. McMurray and D. R. Trentham, Bicchem J., 115, 
913 (1969) . 

[14] N. S. Ferris, et al. , Journal of the Am.erican Chemical 
Society, 100, 5939 (1978) . 

[15] N. S. Ferris, et al., Bicchem Biophys. Res. Comjnunica-
tions, ^ , 288 (1979) . 

[16] C. W. Wu and L. Stryer, Proc. National Acad, of 
Science, 6^, 1104 (1972) . 

[17] L. Morpurgo, et al., Biochimica et Biophvsica Alta, 
271, 292 (1972). 

45 



46 

[18] B. R. Brown. Oxidative Coupling of Phenols. Ed. '.v. I. 
Taylor and A. R. Battersby. Marcel Dekker: Mew York, 
p. 176 (1976) . 

[19] R. A. Marcus, J. Phys. Chem. , ei_, 853 (1963). 

[20] B. Reinhammar, Biochimica et Bioohysica Alta, 205, 
35 (1970). 

[21] D. W. Marquardt, J. Soc. Indus. Appl. Math., 11, 
431 (1963). — 

[22] P. D. Boyer, Bicchem, 1^, 4331 (1954) . 

[23] M. M. Bradford, Anal. Bicchem., Jl' 248 (1976). 

[24] G. L. Ellman, Arch. Bicchem. Biophys. 82, 70 (1959) . 

[25] R. F. Chen, Arch. Bicchem. Biophys., 120, 609 (1967). 

[26] D. Meisel and R. W. Fessenden, Journal of the American 
Chemical Society, 98, 7505 (1976). 

[27] R. A. Holwerda, Journal of the American Chemical 
Society, 102, 1142 (1980). 

[28] S. Wherland and H. B. Gray. Biological Aspects of 
Inorganic Chemistry. Ed. A. W. Addison, et al., 
Wiley: New York. p. 289 (1977). 


