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Abstract: 

A summary of previous research is presented that indicates that the purpose of a 

blue copper protein's fold and hydrogen bond network, aka, the rack effect, enforce a 

copper(II) geometry around the copper(!) ion in the metal site. In several blue copper 

proteins, the C-terrninal histidine ligand becomes protonated and detaches from the 

copper in the reduced forms. Mutants of amicyanin from Paracoccus denitrificans were 

made to alter the hydrogen bond network and quantify the rack effect by pK. shifts. 

The pK.'s of mutant amicyanins have been measured by pH-dependent 

electrochemistry. P94F and P94A mutations loosen the Northern loop, allowing the 

reduced copper to adopt a relaxed conformation: the ability to relax drives the reduction 

potentials up. The measured potentials are 265 (wild type), 380 (P94A), and 415 (P94F) 

mV vs. NHE. The measured pK.'s are 7.0 (wild type), 6.3 (P94A), and 5.0 (P94F). The 

additional hydrogen bond to the thiolate in the mutants is indicated by a red-shift in the 

blue copper absorption and an increase in the parallel hyperfine splitting in the EPR 

spectrum. This hydrogen bond is invoked as the cause for the increased stability of the C

terrninal imidazole. 

Melting curves give a measure of the thermal stability of the protein. A 

thermodynamic intermediate with pH-dependent reversibility is revealed. Comparisons 

with the electrochemistry and apoamicyanin suggest that the intermediate involves the 

region of the protein near the metal site. This region is destabilized in the P94F mutant; 

coupled with the evidence that the imidazole is stabilized under the same conditions 

confirms an original concept of the rack effect: a high energy configuration is stabilized 

at a cost to the rest of the protein. 
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Chapter 1: 

Blue Copper Proteins 

and the Rack Effect 
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Introduction to Electron Transfer: 

Electron transfer reactions occur widely in chemistry and biology 1,2. Storage and 

rapid movement of electrons are necessary to effect nearly every chemical reaction. If 

electron transfer is fast, then it may be readily triggered by complex systems such as 

protein-protein and protein-small molecule binding that allow greater fmesse and control 

in the cellular environment. The ground rules for facile electron transfer have been revealed 

through many years of work and may be represented by the semiclassical expression3: 

k = H 2 exp - -'-------L-
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Here, /1G0 is the standard free energy of the reaction, A is the reorganization energy 

. required for electron transfer, and HAB is the electronic coupling matrix element. When the 

energy levels of the electron donor and acceptor are distant from the energy levels of the 

intervening medium, as is the case in proteins, electron transfer occurs through a 

superexchange mechanism4 and HAB decays exponentially with distance, r (where r0 is the 

distance when the orbitals are in direct contact): 

? ? f3 H~8 = H0exp(- (r-r0 )) 

The superexchange mechanism is often visualized as the orbitals of the electron donor 

coupling through the cr-bond framework ofthe intervening medium3. Thus, HAB is also 
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called the electronic factor of the semiclassical electron transfer expression. It is clear that 

one way nature can maximize the rate for electron transfer is to minimize the distance 

between the donor and acceptor. 

The rest of the semiclassical expressio~ is known as the nuclear factor because the 

relationship between ~G0 and A determines what the position of the nuclei must be for 

the transition state to be reached. The exponential term within the nuclear factor was a 

source of controversy for many years; it predicts that the rate of electron transfer actually 

decreases with increasing driving force once a maximum (where ~G0=A) is reached. 

Experimental evidence has shown that this so-called "inverted" region exists5. For rapid 

electron transfer, it is desirable that ~G0 is as close to A as possible. Biological electron 

transfer usually requires many steps before reaching the electron's final destination. Since 

the electrochemical potential involved is limited by the oxidation/reduction of water, the 

total potential change is less than 1.6 eV. Dividing the potential between several electron 

transfer steps shows that the driving force for a biological electron transfer reaction can 

only be a few hundred millivolts at most. This number is small, so nature must minimize 

the reorganization energy to achieve rapid electron transfer. The reorganization energy has 

two terms associated with it: the inner-sphere term is small when there are few bonding 

rearrangements at the redox center, while the outer-sphere term is small when solvent 

molecules are sequestered from the site. The exclusion of solvent molecules essentially 

reduces the amount of change that occurs when an electron is added or removed from the 

metal because the solvent has a much higher dielectric constant than the protein. 
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Nature harnesses copper's potent redox abilities in order to store electrons in a 

chemically useful manner, as well as to perform chemistry directly6. The type one site 

exists solely for the purposes of electron storage and transport. The type one site becan1e 

of interest early due to its intense blue color (E.- 2000-6000 M-1 cm-1 near 600 nm), small 

hyperfine splitting (A
11 

50-90 x 104 cm-1
), and high reduction potentials (originally 300-

500 mV vs. NHE, compared to aqueous copper at 150 mV). Structurally, these sites are 

distinguished by trigonal planar coordination of the copper by two histidines and a 

cysteine, and usually possess a long (2.8-3.5 angstrom) bond to a methionine thioether in 

the axial position. In azurin, a carbonyl oxygen interacts with the copper at an axial 

position opposite to the methionine. The highly covalent bond to the cysteine is 

responsible for its surprising spectroscopy?. Many bacteria and plants contain small (10-

20 kDa) proteins that seem to possess a blue copper site as their only prominent feature. 

These proteins are mostly beta sheet in structure. Examples of these proteins, to which 

comparisons in this thesis are made, include azurin, plastocyanin, amicyanin, rusticyanin, 

umecyanin, and stellacyanin. The type one site has a low reorganization energy that 

makes it ideal for the giving and receiving of electrons. It is thus also used as a storage 

battery in larger proteins that need to have an electron (or hole) available for chemistry. 

The rack effect is a theory that attempts to explain how low reorganization energy is 

achieved by the type one site. 

Current status of the rack: 



5 

As stated above, blue copper proteins are small (I 0-20 kDa) electron transferases 

with conserved His2Cys residues that bind copper in a prearranged trigonal site, typically 

with a long axial bond (2.5- 3.2 A) to a methionine thioether8 (Figure 1.1). To achieve 

facile electron transfer within biological systems, reorganization of the redox center upon 

reduction/oxidation must be minimized9. Cupric ions are known to favor tetragonal 

structures, while cuprous ions are commonly found in trigonal or tetrahedral arrangements 

(Table 1.1 ). 6 These arguments led Malmstrom to propose that the cupredoxin fold is a 

"rack" that forces copper(II) into the copper(!) geometry, restricting the conformational 

changes associated with the redox processlO. The reorganization energy of azurin is 0.8 

eV11,12, while that ofthe unfolded azurin is estimated to be - 2.4 eV9. These numbers 

suggest that the cupredoxin fold is responsible for enhancing the rate of the self-exchange 

reaction by a factor of- 5 x 107
. 

Table 1.1: Copper coordination in inorganic compounds. 

Coordination Core (additional Geometry Cambridge Structural Database System Codes I 

Number donor atoms) (additional donor atoms) 

6 Cu(II)N2S(XYZ) Square bipyramidal COGNANOI(SSS); HAZKAU(OOO); JETMIE(SNN); 

JUXTIF(SNN); PANPID(SOO); PEWWET(SCICI); 

PEWWIX(SCICI); PITUCU(SOO); SEYNOZ(SNN)(3);2 

VUWGUP(SNN); VUWHA W(SNN)(2);2 

CIYNAZ(OOO); FICVIW(NNS); NAI-IDEF(SNN); 

PIA TCU(SOO); RACMAJ(S00)(2)/ SOFXUG(OOO) 

5 Cu(II)N2S(XY) Square pyramidal BPYTCU(NN); BUL TUX(NN); COHHIQ(NN); 

JECXEU(NN); ROQDEG(ON}( I );2 TIVT AT(NO); 

TPAECU(OO); ZEDNIF(OO); FENMEQ(OO); 

FENMIU(OO); FIPFOZ(00)(2);2 GERPAU(OO); 

GLXZCU(CICI); KEXV AC(ON); KEXVEO(NN); 

KUTSOH(S0)(4);2 LESTIM(CICI); LEYXUI(SCI); 

RIHMOK(NO); RONBOL(00)(2);2 SAI-IDOU(NN); 

SODZIU(NN); SOFXDA(OO); TIMQEL(SCI); 
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TOQFAG(BrBr); VOBSAG(OO); ZEBLIB(CICI) 

Trigonal bipyramidal MAECUT(OO); PLTUCU(NN); RUQLOE(NO); 

TIVTEX(NO); KUCZEN(NO); LEYY AP(BrS); 

NEGWUR(OO); NIVDAX(NN); RUTBAJ(NN); 

RliTBEN(NN); ZAMCUL(NN) 

4 Cu(II)NzS(X) Square planar COGMUG(S); CXTPAC(S); LESBAM(S); 

MEQUCUIO(S); NAQPA W(N); QQQDSX02(S): 

CONBUC(O); FIPFOZ(0)(2);2 HEDSAK(Br); 

NEGXA Y(O); NIJXOT(Br); VEPF AX I 0(0); 

VEPFEBIO(O); WEWSAS(Br); YUNRli(Br); 

ZEBLEX(Cl); ZOWRAE(O) 

Tetrahedral CIWVIN(S); FONXIP(S); SOFXOA(O); PANDAJ(N); 

TMCTCU(S) 

Cu(I)NzS(X) Tetrahedral BUYBA Y(S); CEWYOS I O(S); CUHBAI(N); 

CUHBOW(N)(2);2 CUHBUC(N); DIYKOL(S); 

GIKDUZ(P); HEFJIL(S)(I);2 JADDUN(S); 

NIRJED(P)( I );2 PBTUCU(S); PYDSCU I O(N); 

R1SWEV(S);2 SISFEF(S); SISFIJ(S); TOYBOY(S)( I );2 

YINJIO(S); NBTPCU(N) 

3 Cu(I)NzS Trigonal planar CUGZUZ; HICVIY; JONZOB; NILBEP; NILBIT; 

PAFZUR; VETFEF; YOMJOZ(I);2 YOMJUF(I );2 

BETYUU 

I 21 Codes as listed m January, 1999. In structures With more than one copper atom m the 
asymmetric unit, the number of structures with the given geometry is listed in 
parentheses. 

The first question raised by this structural hypothesis is: does the type 1 (T I) 

copper site force the ligands into a prearranged metal binding structure? Crystal structures 

of the apo-forms ofplastocyaninl3 and azurinl4,15 reveal structures nearly identical with 

those of the holo-forms. However, it has been shown that in plastocyanin, removal of 

copper causes significant changes in the CD spectrum 16, suggesting that packing forces or 

the high salt concentrations of crystallographic buffers 17 may cause the crystal structure 

to differ significantly from the solution structure. In the reduced forms of plastocyanin 17, 

amicyanin 18,19, and pseudoazurin20, tlie C-terminal histidine ligand protonates, detaches 
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from the metal, and rotates around its cP-CY bond to assume a position identical with that 

found in the apoprotein (Figure 1.2); this reduction in coordination number causes 

shortening of the copper methionine bond (2.9 to 2.5 A) that results in a trigonal Met-

His-Cys species. In the H117G mutant of azurin, a cavity is formed that allows 

exogenous ligands to bind21. Imidazole binds the copper(II) form but is ejected from the 

cavity upon copper reduction. Ryde et al. predict that the imidazole is removed from 

copper as they use better basis sets in their calculations22. These observations suggest 

that the C-terminal imidazole must be forced to the copper. Examining the large number of 

crystal structures solved for native blue copper proteins reveals that the histidine and 

cysteine bond angles and lengths (Table 1.2)6 are highly similar between species. The area 

near these equatorial residues is highly structured due to a large number of long-range (in 

sequence space) hydrogen bonds (Figure 1.3). Eleven of the sixteen long-range hydrogen 

bonds in the azurin from Alcaligenes denitrificans are found in this region, also known as 

the northern loop23. 

Table 1.2: Metal-ligand bond distances (A). 

P. aeruginosa M-N81 M- M-N°1 M- M-0 (Gly45) PDB code 
azurin 

~His46~ SY ~C:z:s 112~ (His117) s8 (Met121) [ref] 

Cu(Il) (pH 5.5)1 2.08 2.24 2.01 3.15 2.97 4AZU 24 

Cu(l) (pH 5.5)1 2.14 2.25 2.04 2.97 3.15 N/A25 

Cu(Il) (pH 9.0)1 2.06 2.26 2.03 3.13 2.93 5Azu24 

Cu(I) (pH 9.0)1 2.14 2.27 2.15 3.10 3.17 N/A 25 

Co(ll)1 2.32 2.20 2.25 3.49 2.15 1VLX 26 

Ni(II)1 2.23 2.39" 2.22 3.30 2.46 N/A 27 
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Zn(II)1
.3 2.01 2.30 2.07 3.4 2.32 N/A 28 

A. denitrificans 
azurin 

Cu(II) 2.08 2.15 2.00 3.11 3.13 2AZA 29 

Cu(l) 2.13 2.26 2.05 3 .23 3.22 N/A 30 

Cd(II) 2.25 2.38 2.21 3.23 2 .76 IAIZ 31 

P. nigra M-Nc51 M- M-Nc51 M-
plastocyanin (His37) SY (Cys84) (His87) S0 (Met92) 

Cu(II) (pH 6.0) 1.91 2.07 2.06 2.82 IPLC 32 

Cu(I) (pH 7.0) 2.13 2.17 2 .39 2.87 5PCY 32 

Cu(I) (pH 7.8)3 2 .1 2 2.11 2.25 2.90 4PCY 33 

Hg<m 2.34 2.38 2.36 3.02 3PCY 34 

S. sp. PCC 7942 

Cu(II) (pH 5.0) 1.97 2.01 2.14 2.93 1Bxu35 

Cu(l) (pH 5.0) 2.09 2.37 2.17 2.80 IBxv35 

D. crassirhizoma M-N°1 M- M-N°1 M-

(His37) SY (Cys87) (His90) S0 (Met95) 

Cu(II) (pH 4.5) 1.99 2.23 2.06 2.94 IKDJ 36 

Cu(I) (pH 4.5) 1.95 2.2 1 2. 10 2.91 IKDI 36 

A. faecal is S-6 M-N°1 M- M-N°1 M-

(His40) SY (Cys78) (His8 1) sc5 (Met86) 
seudoazurin 

Cu(II) (pH 6.8) 2.16 2.16 2. 12 2.76 !PAZ 37 

Cu(I) (pH 7.8) 2.16 2.17 2.29 2.9 1 JPZA 38 

Cu(II) 2.01 2.13 2.0 1 2.71 8PAz39 

Cu(I) (pH 7.0) 2.10 2 .17 2.31 2.82 3PAz39 



A. cycloclastes 

seudoazurin 

Cu(II) (pH 6.0) 1.95 2.13 

Cu(l) (pH 6.0) 2.04 2.19 

T ferrooxidans M-N81 M-

(His85) SY (Cysl38) 
rustic anin 

Cu(II) (pH 4.6) 2.04 2.26 

Cu(I) 2.22 2.25 

Cu(Ii 2.14 2.26 

Cu(I) (pH 3.4t 2.09 2. 16 

Ascorbate oxidase M-N81 M-

(His445) SY (Cys507) 

Cu(II) (pH 5.5)1 2.11 2.08 

Cu(l)u 2.12 2.14 

9 

1.92 

2.11 

M-N81 
(Hisl43) 

1.89 

1.95 

2.06 

1.90 

M-N81 
(His512) 

2.08 

2.08 

2.71 

2.85 

M-

s8 (Metl48) 

2.89 

2.75 

2.90 

2.60 

M-

so (Met517) 

2.86 

2.95 

lBQK 40 

1BQR 40 

1Rcy41 

1A3Z 41 

1A8Z 42 

lCUR 43 

lAOZ 44 

lASO 45 

1Average metal-ligand bond distances are reported in cases where there are multiple molecules in the 

crystallographic asymmetric unit. 2 Atomic coordinates have not been deposited with the Protein Data Bank, 

Brookhaven National Laboratory. 3Resolution lower than 2 A. 4NMR solution structure. 

Mutations of the hydrogen bonds in this region often lead to dramatic changes in 

protein characteristics. Asp47 (in azurins), which immediately follows theN-terminal His 

ligand, is highly conserved8. The backbone amide forms a hydrogen bond with the thiolate 

of the cysteine ligand, while the sidechain nitrogen and amide each form a bond with the 

first Ser/Thr residue in the northern loop (Figure 1.4). Altering these hydrogen bonds 

frequently leads to an increased reduction potential46 or copper loss47. Removal of the 

two bonds to the Ser/Thr residue also lowers the denaturation temperature by ten degrees. 
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The interpretation of these results is that the network functions as a clasp between the 

northern loop and the rest of the protein. The removal of these bonds loosens the 

structure of the active site. The trigonal plane is present in a rigid, prearranged form. 

The axial ligand, however, takes up a variety of positions relative to the trigonal 

plane. There is an inverse correlation between the Cu-S(Met) and Cu-S(Cys) bond 

distances. The "softness" of the Cu-S(Cys) bond results in very small changes in bond 

length48. Originally, the large splitting in ligand field energies had been attributed to 

back bonding to the methionine ligand from the Cu dxz,yz orbitals49. PES studies have since 

shown that no backbonding occurs from the copper to the thioether, and that the sulfur 

acts solely as a donor50. The relative intensity of the two visible LMCT bands assigned 

to Cu(d(x2-y2))<- S(Cys(p pseudo-cr)) and Cu(d(x2-/))<- S(Cys(pn)) transitions, as 

well as the rhombicity of the EPR spectra, are very sensitive to the angular position of 

the axial ligand and the planarity ofthe site51,52. These values vary greatly in a manner 

predicted from the crystal structures. 

Solomon and coworkers have proposed that the Cu-S(Met) bond length is finely 

tuned by the protein 53. Their measurements and calculations show that in the protein, 

methionine donates less to the copper than it would in equilibrium50. They attribute this 

to the protein restricting the movement of the thioether sidechain. The Met backbone has 

intraloop hydrogen bonds to the His carbonyl and the Cys amide39, while the sidechain is 

almost always sandwiched between two hydrophobic residues8,54. However, in the case 

of strong axial ligation, like the Met 121 His azurin, the copper is dramatically pulled out 
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ofplane55 (Figure 1.5). At low pH, Hisl21 detaches and there is a massive rearrangement 

in the copper-binding loop following the His117 ligand. Thus, strong metal-ligand or 

steric interactions overwhelm whatever stability the loop possesses. Canters' group has 

replaced the northern loop of P. versutus amicyanin with the equivalent loops from 

azurin, plastocyanin, pseudoazurin, and nitrite reductase 56. While the energies of the 

visible absorption bands remain (confirming the retention of the trigonal structure), once 

again the shifts in their relative intensities clearly show that the site becomes more 

rhombic (the Met is pushed away from the axial position) with increased loop length 

(Table 1.3). The spectra for the proteins with azurin and pseudoazurin loops are 

temperature dependent, indicating flexibility . 

Table 1.3: Absorbance ratios ofthe loop mutants of P. versutus amicyanin. 

Protein: Amicyanin Ami-Pcy3 Ami-Azurin Ami-Paz3 

A--46ol A..6oo 0.10 0.26 0.19 0.28 

a Amt-Pcy and Amt-Paz refer to the plastocyanm and pseudoazunn loop mutants of 

amicyanin respectively. 

Apo-azurin readily binds zinc(II), cobalt(II), and nickel(II). These metals have similar 

ionic radii, cobalt being the largest. The crystal structures of all of these forms have been 

solved and show significantly more tetrahedral character and a compression of the axial 

ligands towards the metal site (carbonyl oxygen-S6(Met) distance shrinks from 5.88A 

(Co11
) to 5.44A (Ni11))57 (Table 1.4). There also exists a striking change in the carbonyl 

oxygen-metal-S6(Met) angle. 
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Table 1.4: Metal-ligand bond lengths in various divalent metal derivatives of P. 

aeruginosa azurin. 

Metal to ligand bond length (A) Co-Azurin Ni-Azurin Zn-Azurin Cu-Azurin 

M to 45 C=O 2.15 2.46 2.32 2 .97 

M to 46 N°1 2.32 2.23 2.07 2.11 

M to 112 SY 2.20 2.39 2.30 2.25 

M to 117 N°1 2.25 2.22 2.01 2.03 

Mto121S6 3.49 3.30 3.38 3.15 

45 0 to 121 so 5.51 5.44 5.88 5.78 

45 0-M-121 so angle (degrees) 155 141 180 141 

In fact, the bond lengths and angles for each metal are in accord with the averages 

found in many model compounds of the respective metals. In addition, the bond length 

changes upon reduction are commensurate with the change in radius for the copper ion58. 

These observations demonstrate two things: the restraining force for methionine is not as 

great as proposed and the metal-equatorial ligand bond lengths are not unusual. 

These structures raise the question of whether the observed geometry is 

deleterious for copper. Recent calculations suggest that the blue copper site is unstrained 

for both copper(II) and copper(I)59; However, most of these compounds are made in 

solution, with no protection from solvent molecules or other potential reactants. If one 
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were to limit the exposure of the metal to additional ligands, by use of noncoordinating 

solvent and ligands with bulky substituents, complexes similar to the protein should be 

able to form. Kitajima and coworkers have shown that this is the case by using 

pyrazolylborate and pentafluorinated phenyl thiolates in methylene chloride. These 

complexes possess visible absorption and EPR spectra very similar to blue copper60,61. 

The bond lengths and angles found in the crystal structure also match those of the 

protein, including the short thiolate bond that has not been found in other compounds62. 

Tolman has also recently prepared a compound with blue copper spectroscopic 

properties. It is important to note that these compounds have only been prepared and 

characterized in the copper(II) state. No functional analogues have been made to date. All 

that can be said, then, is that copper (II) is comfortable in the confines of a type one site. 

It has already been shown that the protein stabilizes the transition state for 

electron transfer. It has also been shown that the scaffold is needed to enforce full ligation 

upon the reduced copper and to tune the reduction potential into the functional range. 

Elimination of one or two constraining hydrogen bonds as mentioned above leads to 

dramatically increased reduction potentials. The potential increase is actually 60 m V 

greater than that observed for the M121L mutation46! This behavior is attributed to a 

loosening of the ligand loops, thereby allowing the reduced form to reach a fully relaxed 

configuration. Thus it is apparent that copper(!) is strained in the folded protein. The 

fact that Kitajima was unable to measure reduction potentials for his complexes indicates 

that there may be a large structural change upon reduction. One method to probe the 

stability of the metal-protein complex rs by denaturation. In order to understand the 
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relative stabilities of the copper(II)/copper(I) proteins, work done on the apo-forms must 

first be reviewed. 

When apo-azurin is chemically denatured by guanidine hydrochloride (GdnHCl), 

the process exhibits two clearly separate phases in the far-UV circular dichroism 

spectra63: one phase, attributed to the active site, has a titration midpoint of 1.66 M. The 

midpoint of the second phase occurs at 3.09 M. Assignment of the first phase is 

supported by the fact that it disappears upon addition of zinc or copper; this 

disappearance also indicates an increase in protein stability upon metal binding. Two 

separate arguments may be made for the lower stability of the apo-form: Either the 

presence of the metal ties the protein together, or the lack of the metal allows the 

denaturant increased access to the hydrogen bond networks of the protein, as evidenced 

by solvent presence in the active site of the apo-protein. Thermal and low pH 

denaturations64 also demonstrate that apo-azurin is less stable than either holo-form. 

Which is more stabilized, copper(II) or copper(!)? When azurin is unfolded by 

GdnHCl, the reduction potential is raised65; apparent confirmation that the reduced form 

is more stable when unfolded. Indeed, two state fits to the denaturation curves give 

midpoints of 2.6 M for copper(I) and 3.9 M for copper(II)63. EXAFS and XAS indicate 

that the coordination of the unfolded, reduced form is 1.5 - 1 N(O) and 1.5 - 2 S(Cl) 

ligands66, which could be interpreted as the His-Cys-Met ligation revealed by the low-pH 

plastocyanin crystal structurel7. Thermal experiments present a conflicting view, 

however. The reduced form of azurin unfolds at only 3 degrees below the oxidized 
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protein64, but reduced plastocyanin unfolds at ten degrees higher than that oxidized 

speciesl6~ GdnHCl unfolding of copper(II) often results in reduction of the copper by the 

thiolate ligand, with subsequent unfolding of the less stable reduced species, while thermal 

unfolding of copper(II) does not lead to reduction, as an EPR signal consistent with 

2N,20 coordination (type two copper) is obser.ved in the unfolded form67 . It is clear that 

the different methods of denaturation produce different states of the proteins. It may also 

be that plastocyanin and azurin unfold differently, especially since plastocyanin has 

several highly charged patches and azurin's charge is spread homogeneously, with 

opposite charges often coupled to each other, across the surface23. 

Perhaps an understanding of the energetics of the metal-protein complex may be 

gained by comparing electrostatic effects vs. the differences in stabilities of d9 and d 10 

metals. The NMR spectrum of cadmium(II)-substituted pea plastocyanin has been 

interpreted in terms of a hydrogen bonding network that is much more similar to 

copper(II) than copper(I)68, suggesting that electrostatics are quite important in 

stabilizing the structure ofthe active site. However, GdnHCl denatures zinc(II)-azurin at 

2.75 M, or approximately the same value as copper(I)-azurin63. It is interesting that both 

the lower and higher Gdn unfolding phases of apo-azurin disappear when metallated, 

suggesting that the stability of the metal site is increased at a cost to the rest of the 

protein. This idea of sacrificing global energy to achieve local strain has been a core rack 

concept since its inception69. Copper(II)-azurin is far more stable than apo-azurin, 

reinforcing our statement earlier that the cupric ion is comfortable in a type one site. 

While the electronic environment of the· hydrogen bonds may change based on 
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electrostatics, the unfolding curves are a better measure of protein stability, and so it is 

concluded that the stuctural preferences of d9 and d 10 ions rather than electrostatics 

control the structure of the metal site. 

Finally, the previously mentioned case of thermally denatured azurin with its EPR 

signal corresponding to 2N, 20 coordination, raises another role of the protein fold: 

exclusion of solvent. The oxygen coordination in the unfolded structure is ascribed to 

water molecules, yet there is no sign of them in the folded protein. The various azurin 

ligand mutations Hll7G21 , H46G70, and Ml21X (X= Gly, Ala, Val, or Leu)71 all have 

external ligands binding in the cavities left by their mutations. Often, the ligand is 

water/hydroxide, but many other ions and small molecules may exhibit this behavior. This 

occurrence means that water is at most an imidazole away from the copper. The 

dissociation constants for the Ml21X mutants decrease with less sidechain packing from 

the 121 residue. Since the difficulty of electron transfer for the Cull/1 couple in solvent is 

known and these perturbations in the protein matrix all result in solvent penetration, it is 

apparent that another role of the protein is to shield the copper from solvent and 

potential extemalligands.6 

Conclusions: Extensive experimental and theoretical work has led to a consistent picture 

of a blue copper site. The His-His-Cys triplet that makes up the trigonal plane is 

positioned to bind the metal, while the axial interactions may be easily forced into 

alternate conformers. The ligand sidechains, as well as the rest of the protein framework, 

also exist to sequester the metal from undesired ligands such as solvent, ions, and small 
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molecules. In keeping the solvent from the copper, but only by a small distance, blue 

copper proteins simultaneously minimize the reorganization energy while maximizing 

coupling. These two factors together allow for the rapidest possible electron transfer in 

biological copper systems. 
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Figure 1.1: X-ray structure of the copper ligation sphere in P. denitrificans amicyanin. 

The Cys-His-Met ligands are located closely to each other along the Northern loop. The 

copper is represented by the ball. 





20 

Figure 1.2: Equilibria of the C-terminal histidine ligand. In the reduced form, the 

imidazole protonates, and then rotates to hydrogen bond with a nearby carbonyl. 
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"pK a" 



22 

Figure 1.3: Details of the hydrogen bond network that holds the copper site together in 

Pseudomonas aeruginosa azurin. (Figure is generous gift of Prof. Brian Crane.) 
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Pseudomonas aeruginosa Azurin 
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Figure 1.4: Detail of asparagine hydrogen bonds to the cysteine and threonine of the 

Northern loop. These bonds act are believed to act as a clasp, holding the ligand loop 

against the rest of the protein. Taken from the crystal structure of P. denitri.ficans 

amicyanin. Solid lines indicate covalent bonds, dashed lines indicate hydrogen bonds. 



25 

~ 
Rest of Ligand Loop 
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Figure 1.5: Region ofthe crystal structure ofM121H azurin at alkaline pH, exhibiting the 

the apical imidazole pulling the copper out of the ligand plane. Notice that the carbonyl of 

Gly45, normally considered a ligand, is quite distant. 
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Chapter 2: 

Electrochemistry of Amicyanin 
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Background: 

While the rack effect is supported by the observations in the previous chapter, 

much of the information is qualitative, or quantitative on a scale that is not very gradual. 

In order to properly quantify the rack effect, the hydrogen-bonding network around the 

active site needs to be altered in a minimalist manner that does not result in copper loss 

(such as alteration of the conserved asparagine) or dramatic rearrangements ofthe copper 

site itself (such as ligand mutations or metal substitution). 

A reaction that is well suited as a reporter of the rack effect is the protonation of 

the C-terminal histidine residue. In the reduced state, poplar plastocyanin I and A. faecalis 

S-6 pseudoazurin2 crystal structures have shown that this histidine ligand protonates, 

detaches from the copper, and rotates into another conformer (Figure 2.1 ). The same 

occurrences were observed by NMR for P. versutus amicyanin3. It is becoming apparent 

that other proteins of the family, such as CBP4, also exhibit this behavior, but at much 

lower pH. Reexamination of previous data reveals discrepancies that may be easily 

explained by histidine ligand protonations. In fact, the pKa's range from 7.5 (P. 

denitri.ficans amicyanin)6 to 3.8 (CBP), although lower values are likely to exist. One of 

the conclusions from the introduction is that a function of the rack is to hold the ligands 

in the proper orientation for metal binding, especially copper(!). Thus, the measurement 

and adjustment of this pKa would be one way to quantify the rack. 

Shortly after the discovery 7 and electrochemical characterization of plastocyanin 8 

by Katoh, Williams and coworkers suggested the pH-dependent reduction potential was 
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due to the protonation of the C-terminal histidine ligand9. This suggestion was 

subsequently supported by the NMR measurements of Markley in 197510. The x-ray 

structure was solved in 1978 by Freeman II, but low-pH forms that clearly demonstrated 

the histidine conformer weren't available until 19861. Sykes has spent much time 

elaborating on the process through redox reactions with numerous small inorganic 

complexesl2. It was found that the protonated forms were unreactive with these 

compounds, which is expected because three-coordinate copper should have a high 

reduction potential. In the 1980s and 90s, more proteins that exhibited redox inactivity at 

low pH were discovered. When the database of blue copper proteins had grown, the 

question of what was responsible for the differences in proto nation became more 

tractable. Sykes first proposed that the number of amino acids in the loop separating the 

cysteine ligand from the protonating histidine controlled imidazole protonation (Table 

2.1) 13, 14. Freeman later suggested that the key feature was not the number of residues, 

but the number ofhydrogen bonds to the thiolate ofthe cysteine ligand15; all the blue 

copper proteins have a hydrogen bond to the cysteine sulfur from the amide of the 

Table 2.1 : Sequences of the Northern loop regions of several blue copper proteins. 

Amicyanin* Cys Thr Pro His Pro Phe Met 

Plastocyanin* Cys Ser Pro His Gln Gly Ala Gly Met 

Pseudoazurin* Cys Thr Pro His Tyr Ala Met Gly Met 

CBP Cys Asn Phe Pro Gly His Cys Gin Ser Gly Met 

Azurin Cys Thr Phe Pro Gly His Ser Ala Leu Met 

Rusticyanin Cys Gin lie Pro Gly His Ala Ala Thr Gly Met 

* protonates with a pKa > 4.5 
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conserved asparagine that follows theN-terminal histidine ligand. However, in the forms 

that do not proto nate (or rather, proto nate at very low pH), a second hydrogen bond is 

linked to the thiolate. The origin of this hydrogen bond is the amide proton of the second 

amino acid after the cysteine (Cys +2, Figure 2.2). The species that protonate possess a 

proline at this position and thus no amide proton. 

Mutants of the pseudoazurin from Alcaligenes faecalis have been made, with the 

proline changed to alanine and isoleucinel6. Crystal structures indicate that the alanine 

allows a water into the cavity, while isoleucine's sidechain prohibits the entry ofwaterl7. 

The amide of the isoleucine forms the predicted hydrogen bond, but pH-dependent 

properties of the mutants have not been investigated. The amide proton of the alanine 

mutant points between the water oxygen and the cysteine thiol. Analogous phenylalanine 

and alanine mutations were made in the amicyanin from Paracoccus denitrificans, and 

the properties of these variants were examined. Amicyanin has the highest pKa of these 

proteins, so any difficulties that arise from low-pH measurements should be best avoided 

in this system. 

Amicyanin is a typical blue copper protein, with an absorption maximum at 596 

nm 18. The crystal structure of amicyanin (Figure 2.3) shows that it possesses a beta 

sandwich structure 19. The species examined in this thesis is found in the peri plasm of 

Paracoccus denitrificans. When grown on methylamine, amicyanin is expressed as a 

vital electron carrier in the first stage of respiration (Figure 2.4). Electrons are transferred 

from methylamine dehydrogenase (MA_DH) through amicyanin to cytochrome c551 i or 
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c550 in a ternary complex between all three proteins20. The crystal structures of the 

MADH/amicyaninlcytochrome c551i ternary complex21 , as well as both binary 

complexes22, have been solved. In the binary complexes, the cytochrome and MADH 

bind to the same position on amicyanin: the hydrophobic patch located near the metal 

site23. In the ternary complex, MADH occupies this position, while the cytochrome is 

resident further away. It is tempting to suggest that the protonation behavior of amicyanin 

is a regulatory gate for electron transfer and the metabolic cycle, but experiments have 

shown that the potential of amicyanin in the complex is pH-independent6, disproving that 

hypothesis. 

Methods and Materials: 

Site-directed mutagenesis: Mutants were created using the Quikchange method from 

Stratagene. A plasmid consisting ofthe amicyanin gene cloned into pUC 19 was the 

generous gift of Victor Davidson (Figure 2.5). A typical reaction consists of 50 ng 

template, 125 pmol of each primer, 100 ).!M total dNTPs, 5 A. lOx buffer, 1 A. Pfu turbo 

polymerase (adjusted to 50 A. total volume with ddH20). An initial melt ofx min at 95 

degrees C was followed by 16 cycles of melting, annealing, and extension (30s at 95 

degrees C, 1 min at 55 degrees C, 9 min at 68 degrees C). The reaction mixture was then 

set for a five minute extension and cooled to 4 degrees C. PCR products were analyzed 

on 1% agarose gel in T AE and detected by ethidium bromide staining. Digestion of the 

template DNA was carried out by addition of 1 A. Dpnl restriction enzyme (10 U/ A.) and 

incubation at 3 7 degrees C for at least an hour. One A. of this mixture was used to 
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transform fifty/.. of chemically-competent XL 1-Blue cells by a 45 second heat shock at 

42 degrees C and two minutes cooling on ice. Following this, 0.5 mL ofNZY+ broth (at 

42 degrees C) was added and the mixture was shaken for one hour at 3 7 degrees C, at 

which point it was plated on LB plates containing 1 00 J..tg/mL ampicillin. Approximately 

16 hours later, colonies were picked from the plates and grown in 3-5 mLs LB with 100 

J..tg/mL ampicillin. After overnight growth, these cells were collected and the DNA 

extracted using Qiagen spin column minipreps. DNA was eluted with water at pH 7.0 and 

submitted to the Caltech Sequencing Facility to confirm mutagenesis. The primers used 

for these mutants are in Table 2.2. F and B refer to forward and backwards primers. 

Table 2.2: Primers used for site-directed mutagenesis. 

P94F-F 5 '-ACT ATCACTGCACCTTCCATCCCTTCAT -3' 

P94F-B 5'-ATGAAGGGATGGAAGGTGCAGTGATAGT-3 ' 

P94A-F 5 '-ACTA TCACTGCACCGCCCATCCCTTCAT -3 ' 

P94A-B 5' -ATGAAGGGATGGGCGGTGCAGTGATAGT-3' 

M28F-F 5' -ATCGTCGTCGACATCGCCAAGTTCAAATACGAAACCCCCGAA-3 ' 

M28F-B 5'-TTCGGGGGTTTCGTATTTGAACTTGGCGATGTCGACGACGAT-3' 

M51F-F 5'-AACCGCGAGGCGTTCCCGCACAATGTCCAT-3 ' 

M51F-B 5' -ATGGACATTGTGCGGGAACGCCTCGCGGTT -3' 

P52G-F 5 '-AACCGCGAGGCGATGGGGCACAA TGTCCAT -3' 

P52G-B 5'~ATGGACATTGTGCCCCATCGCCTCGCGGTT-3 ' 

P52G,M51F-F 5' -AACCGCGAGGCGTTCGGGCACAA TGTCCAT-3' 

P52G,M51F-B 5' -ATGGACATTGTGCCCGAACGCCTCGCGGTT -3 ' 
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N54P-F 5 ' -AGGCGATGCCGCACCCGGTCCATTTCGT -3 ' 

N54P-B 5 '-ACGAAA TGGACCGGGTGCGGCATCGCCT -3 ' 

Protein expression and purification: Plasmid DNA was transformed by the heat-shock 

method into chemically competent BL21(DE3) cells from Novagen and plated on LB 

plates containing 1 00 f..lg/mL ampicillin, which were then incubated at 3 7 degrees C. 

Colonies were usually observed after ~ 8-12 hours, at which time one was picked and 

grown in 3-5 mL LB with 100 f..lg/mL ampicillin. These cultures were then scaled to 4- 1 

L batches and grown overnight at 30 degrees C with 100 f..lM Cu(S04) . The cells were 

induced with 300 f..lM IPTG, and collected after 3-4 hours by centrifugation for 10 

minutes at 4 degrees C in a GSA rotor at 5000 rpm. Cell pellets were immediately 

resuspended in 20mL/g cells lysis buffer (0.2 M Tris, pH 7.3, .5 M sucrose, 0.5 mM 

EDTA,) and brought to 30 degrees C. 5mg/ g cells lysozyme was added and the solution 

was osmotically shocked by an equal volume of ddH20 at 30 degrees C. This solution 

was stirred for 20 minutes at 30 degrees, then centrifuged at 12000 rpm in a GSA rotor. 

The supernatant was removed and placed in dialysis sacks (1 OkDa cutoff, SpectraPor). It 

was dialyzed against 1 OmM K.Pi pH7.0, and then concentrated by ultrafiltration methods 

to approximately 20 mL. The protein was oxidized with K3Fe(CN)6 or Na2IrCl6·6H20, 

and applied to a DE52 column that had been equilibrated with the same buffer. Oxidized 

amicyanin clearly eluted as a blue band with continued addition of the same buffer, and 

purity was checked by A2so/A596 ratio and SDS-PAGE. Identities ofmutants were 

confirmed by electrospray-MS at the C~ltech Microanalytical Facility. 
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Electrochemistry: All electrochemistry was performed in a two-chamber cell using a 

standard three-electrode configuration with silver/silver chloride as reference. The 

reference electrode potential was calibrated using ferricyanide24 as a standard. Edge

plane graphite (EPG) was used as a working electrode, although measurements were 

confirmed with a gold electrode freshly modified by aminoalkylthiols. The EPG electrode 

was freshly prepared for each sample by polishing in a slurry of 0.3 ~ alumina and 

nanopure water, followed by sonication for ten minutes. The gold electrode was prepared 

first by polishing and sonication identical to the EPG electrode. Then, the electrode was 

placed in a three-electrode arrangement and repeatedly scanned from 1.6 to- 0.2 Vat 

1 V /s in 1 M H2S04 until the cyclic voltammogram was reproducible (typically 15-20 

scans). At this point, the electrode was sonicated, and placed in 1 mM aminoethanethiol 

for one minute. After rinsing again, the electrode was then used for measurement. 

Platinum wire was chosen as the counter electrode. The electrodes were driven and 

measured by a CH instruments CHI660. Temperature dependence measurements were 

made in an isothermal cell, adjusted for the change in reference potential as in the 

literature25. Cyclic voltammograms were typically performed at scan rates between 1 and 

200 mV/s. 

UV -visible absorption spectroscopy: All measurements were made on a HP8452 

spectrophotometer using a 1.000 em pathlength cell. Blanks of the corresponding buffers 

were taken prior to measurements. 
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Results and Discussion: 

Wild Type 

The potentials of wild type amicyanin from P. denitrificans had not been reported, 

so direct electrochemistry was performed. The protein exhibited quasi-reversible 

behavior (Figure 2.6). The Faradaic current from chronoamperometry26 experiments 

(Figure 2.7), i.e., the current due to a redox active species, was fit to the Cottrell 

equation27 (1) to yield a diffusion constant of3.44 x 10·6 cm2/s, which is within the 

expected range for a protein of 11 kDa (Table 2.3). 

I = nFAD
112

C 
c (mY'z (1) 

Ic is the Faradaic current, n is the number of electrons transferred, F is Faraday ' s 

constant, A is the area of the electrode surface, D is the diffusion constant, C is the 

concentration of the redox-active species, and t is the time after the potential step. Cyclic 

voltammetry gave peak to peak separations of approximately 90 m V. 
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Table 2.3: Diffusion coefficients and heterogenous rate constants for blue copper 

proteins. 

Protein Diffusion Constant k (heterogeneous Reference 

x 10-6 cm2/s et) X 10-3 crn/s 

Parsley plastocyanin 1.3 4 28 

Spinach plastocyanin 0.7 (pH 4) 2(pH 8)- lO(pH 4) 29 

P. a. azurin 3.3 30 

A. c. pseudoazurin 2.23 37 31 

Cucumber plantacyanin 4.8,2.5 30 

R. v. stellacyanin . 1.3, 3.3 30 

Horseradish umecyanin 2.0, 4.6 30 

P. d. amicyanin (WT) 3.44 5.0 This work 

P.d amicyanin (P94F) 3.44 1.2 This work 

Heterogeneous rate constants were derived from cyclic voltammograms by the method of 

Nicholson; the rate constant is in the middle of the range for blue copper proteins. The 

pH-dependent reduction potentials were fit to equation 2, which is derived for the case of 

a single-protonation event occurring only in the one-electron reduced state32. 

EpH = E alk + ( RT) ln[ l + ( [H+] )J (2) 
F Ka ,red 

In this equation, EpH is the potential measured at a certain pH, Ealk is the value of the 

potential at its high pH asymptote, R is. the ideal gas constant, Tis the temperature, F is 
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Faraday's constant, [H+] is the bulk solution proton concentration, and Ka,red is the acid 

dissociation constant of the histidine in the reduced copper state. The parameters derived 

from the data fit an alkaline potential of265 +- 4 mV (vs. NHE) and a pKa of7.0 (Figure 

2.8). The potentials were checked with an arninoalkylthiol-modified gold electrode. No 

signal was detected when surface modification was not included in the preparation of the 

electrode (Figure 2.9). 

Scan rate dependences clearly show that an event competitive with reoxidation 

occurs in the protein (Figure 2.1 0). Cathodic peak currents were always linear with the 

square root of the scan rate, as expected for linear diffusion to the electrode26, but the 

anodic peaks deviated from linearity at higher scan rates. The forward reaction is too fast 

to resolve with standard solution electrochemistry, but the return to an oxidizable species 

is not. It appears to be pH-dependent. The kinetics behavior cannot be properly modeled, 

but since the process is easily affected by scan rates around 100 m V /s, it is expected to 

have a time constant around a second. This is very surprising, as NMR evidence shows 

that the protonation/deprotonation events occur at 104 s-1 and the rotation of the imidazole 

ring occurs at 102 s-1
, both far faster than what is observed here3. 

P94A mutant: 

This mutant displays a potential 120 m V higher than the wild type, and a pKa of 

6.3. Similar increases in potential were observed in the pseudoazurin mutants. The crystal 

structure indicates that no hydrogen is formed to the thiolate from the amide, so these 
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results are not surprising. The blue copper absorption peak is shifted from 596 nm to 606 

nm. 

P94F mutant: 

The P94F mutant also has a dramatically upshifted potential of 415 m V vs. NHE. 

When fit, the data is consistent with a pKa of 5.0. However, there are not enough points in 

the low pH region to properly assign a pK3 • The lack of points beneath pH 5.5 is due to 

poor response of the protein to the electrode as well as difficulties with protein stability. 

The cathodic wave is also quasi-reversible and diffusion-controlled similar to wild type, 

e·xcept that the deprotonation and religation of His95 occur at a much faster rate than wild 

type at the same pH (Figure 2.11). This increase in rate is observed as a larger fraction of 

reoxidizable reduced protein being present, i.e., the curve deviates less from the diffusion 

limit for any given time between the forward and the reverse scan in the P94F than the 

wild type. The absorption maximum shifts to 608 nm. The parallel hyperfine splitting is 

95 x l0-4 em-f , while the wild type is only 74 xl0-4 em-f (Figure 2 .12). The red-shift in 

absorption and increase in hyperfine splitting indicate that a hydrogen bond has been 

made to the cysteine thiolate. 

These experiments support the hypothesis that a second hydrogen bond controls 

the stability of the imidazole in the reduced form, i.e., this interaction enhances the rack 

effect. However, crystallographic experiments have recently demonstrated that the 

plastocyanin from Dryopteris crassirhizoma does not undergo rearrangement in the usual 

pH range33,34, despite having only one _hydrogen bond and high sequence identity. In 
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addition, while the protonation activity has been "turned off' in the P94F mutant, it has 

not been clearly identified how the pKa is tuned from 7.0 in amicyanins to 4.8 in 

plastocyanin. Comparisons of several crystal structures lead to a revision of Freeman's 

model. 

As shown in Figure 2.1, there is an equilibrium coupled to the 

protonation/deprotonation equilibrium that involves the rotation of the imidazole ring. 

Crystallographic analyses reveal that, after rotation, the imidazole hydrogen bonds to the 

carbonyl of the residue immediately preceding theN-terminal histidine ligand (Figure 

2.13). It is possible that this "docking site" affects the protonation equilibrium, leading to 

a combination of the two as the observed equilibrium. The major difference that the D. 

crassirhizoma plastocyanin has from its relatives is that it has a glycine (like azurin) 

instead of a proline (like other plastocyanins) in the appropriate position (Table 2.4). In 

fact, every other known plastocyanin has a proline prior to theN-terminal histidine 

ligand. 

Table 2.4: Sequences of various blue copper before N-terminal histidine iigand. 

Amicyanin Met Pro His 

Plastocyanin (Poplar) Phe Pro His 

CBP Xxx Met His 

Pseudoazurin Lys Gly His 

Azurin Met Gly His 

Rusticyanin Phe Gly His 

Plastocyanin (Dryopteris) Thr Gly His 
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Not including the copper ligands, this proline undergoes the largest change in 

position of any residue in plastocyanin, due to an CY-exo to CY-endo isomerization 1. The 

thermal factor, <B>, for Pro36 in reduced poplar plastocyanin increases monotonically 

from 19.8 A 2 at pH 7. 8 to 31.6 A 2 at pH 3. 8. The larger thermal factor reflects greater 

mobility in Pro36. It has been proposed that this disorder in the cavity allows the C

terminal histidine the freedom to reorient and hydrogen bond to the carbonyl. The 

thermal factors for the glycine in pseudoazurin increase from less than 7 A 2 to 15 A 2 

upon reductionl7. The <B> for amicyanin's proline is 10 A2 in either casel9. The glycine 

for all azurins examined had thermal factors of 15 A2 or less35,36. D. crassirhizoma 

plastocyanin ranges from 10 to 20 A2
. It is possible that these numbers increase as the pH 

is lowered, but whether rearrangement occurs because of high disorder or disorder occurs 

because of rearrangement is a chicken or the egg question until more crystallographic 

experiments are performed. In either case, <B> is a static measurement of disorder in the 

crystal which do not necessarily reflect dynamics, and as such is not that significant a 

statistic. 

Regardless, in an attempt to mimic this behavior, the Pro52 in wild type 

amicyanin was changed to glycine. In addition, the methionines 28 and 51 were changed 

to phenylalanine in the hopes that they could help amicyanin adopt an extremely acid 

stable conformation, similar to rusticyanin37. Unfortunately, all the electrochemistry and 

absorption spectroscopy were identical to the wild type (Figure 2 .14). This result is 

considered very odd, since the addition of the phenylalanines should have driven the 

potential much higher (similar mutatioi).s have had this effect). In addition, the mutation 
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analagous to Pro52Gly was made in spinach plastocyanin38; this change increased the 

reduction potential by 20 m V and strongly slowed down the reaction with its natural 

redox partner, photosystem I. A logical explanation is that something is occurring in the 

secondary structure that is not predicted by simple modeling. 

It is interesting to consider the potential shifts in the P94F and P94A mutants. The 

approximately 400 m V reduction potential represents a large increase that is very similar 

to the potentials seen by Adman and coworkers16. They suggest that the increase is due to 

a loosening of the region around the copper site that allows rearrangement to a position 

more favored by the reduced copperl7. The copper(!) in their crystal structures are, in 

fact, more trigonal than those usually seen in blue copper structures. Two other 

arguments raised in the introduction chapter are pertinent here: first, when P. aeruginosa 

azurin is slightly unfolded by guanidine, the reduction potential is measured to be 420 

m V vs. NH£39. The other point is that when the two hydrogen bonds connected to the 

threonine in the ligand loop of A. denitrificans azurin are removed, the resulting 

reduction potential is 396 mV vs. NH£40. These examples accomplish the loosening of 

the rack by different means, but all four yield potentials of approximately 400 m V, 

suggesting that these states are all very similar, and confirming that one purpose of the 

rack effect is to lower the reduction potential of many blue copper proteins. 

Summary: 

Attempts to control the protonation of amicyanin by mimicking the hydrogen 

bonding networks of more stable blue c;opper proteins have been successful. The addition 
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of a hydrogen bond connecting the cysteine thiolate to the residue prior to the C-terminal 

histidine inhibits imidazole detachment from the copper. These results support Freeman's 

model but do not explain the nonprotonation behavior of Dryopteris crassirhizoma 

plastocyanin. The increased stability of the imidazole is reflective of the rack keeping the 

ligands near the metal, while the increased reduction potential shows that the area outside 

the metal-ligand bonds has become more flexible with the mutation of a rigid proline in 

the ligand loop. 
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Figure 2 .1: Putative equilibria of the C-terminal histidine ligand in blue copper proteins. 

As the pH is lowered, the imidazole protonates and then rotates to hydrogen bond with 

the carbonyl of the residue immediately prior to theN-terminal histidine ligand. 
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Figure 2.2: A comparison of the crystal structures of (Top) amicyanin, (Middle) azurin, 

and (Bottom) CBP. Hydrogen bonds to the cysteine thiolate appear as dashed lines. 
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Figure 2.3: Ribbon diagram of the x-ray structure of oxidized P. denitrificans amicyanin. 

The sphere near the top left is a space-filling model of the copper atom. 
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Figure 2.4: First steps of the respiratory chain in Paracoccus denitrificans, as induced by 

growth on methylamine. Methylamine dehydrogenase (MADH) transfers electrons only 

to amicyanin, which then gives the electrons to a variety of cytochromes c. The 

cytochromes are eventually oxidized by cytochrome c oxidase. 
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Figure 2.5: Map of the construct used for the expression of amicyanin. The amicyanin 

gene was ligated into a pUC 19 vector, disrupting the lac Z gene (dark black). 
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Fi2:ure 2.6: A typical cyclic voltammogram of P94F amicyanin at a scan rate of 10 m V /s. 
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Figure 2.7: Single step chronoamperometry ofwild type amicyanin. Blown up inset 

indicates the Faradaic current, Ic, caused by the presence of the protein, which is fit to the 

Cottrell equation. 
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Figure 2.8: Plots ofE0 vs. pH for wild type, P94F, and P94A amicyanin. The lines 

represent best fits to equation 2 for each protein. 
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Figure 2.9: Cyclic voltammograms at a gold electrode with (black) and without 

(gray) aminoethanethiol treatment. 
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Figure 2.10: Plots of the cathodic current (Ipc) and anodic current (Ipa) as a function of the 

square root of the scan rate for wild type arnicyanin at pH 6.3. Linear behavior indicates a 

diffusion process that occurs linearly to the electrode face, instead of molecules diffusing 

radially to microsites on the electrode surface. The deviation from linearity at high scan 

rates and low pH for the anodic peak represent the protonation process that is competitive 

with reoxidation of the reduced protein. 
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Figure 2.11: Plots of the cathodic current (lpc) and anodic current (Ipa) as a function of the 

square root of the scan rate for P94F arnicyanin at pH 6.4. Linear behavior indicates a 

diffusion process that occurs linearly to the electrode face, instead of molecules diffusing 

radially to microsites on the electrode surface. The rates for the reaction that competes 

with reoxidation of the reduced species, i.e., protonation, are much slower than those for 

wild type at the same pH. 
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Figure 2.12: EPR spectrum ofP94F and wild type amicyanin. 
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Figure 2.13: X-ray structure of poplar plastocyanin's active site, detailing the docking of 

the protonated histidine ligand to the proline carbonyl. The sphere in the center is the 

Cu1
+ ion, bound in a trigonal plane by His-Cys-Met ligation. Dashed lines indicate 

hydrogen bonds. 



75 

His37 

Met92 



76 

Figure 2.14: Electrochemistry ofP52G, (M28,51F), and (M28,51F,P52G) mutants. 
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Chapter 3: 

Thermal Denaturation of Amicyanin 
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Temperature-dependent Research: 

Work reported in Chapter two has shown that the presence of the second 

hydrogen bond to the cysteine thiolate increased the strength of the rack. However, one of 

the goals was to quantify the rack, which may be accomplished by measuring the shift in 

the pKa of the imidazole in the copper(!) state. Amicyanin, the protein with the highest 

pKa, was chosen because it should allow the largest pH "window" for the observation of 

change. Unfortunately, low pH measurements are challenging and sometimes impossible 

to make; protein stability and electrode interactions became difficulties near pH 5.0, 

which is not surprising since the pi of amicyanin is 4.8. 

Another way to measure stability is to unfold the protein by increasing the 

temperature 1. Protein structure was monitored primarily by circular dichroism in the far 

ultraviolet (210-250 nm). Measurements were made at pH 6.0 and ph 8.0, effectively 

bracketing the pKa ofHis95 in reduced, wild type amicyanin; at one pH, 90% of His95 is 

protonated, contrary to the other pH where 90% is fully ligated. By choosing a small pH 

spread, stability effects due to other protonation events are minimized. The metal was 

removed from the protein to distinguish phenomena occurring at the metal site from those 

occurring elsewhere in the protein. 

Materials and Methods: 

Preparation of Apoamicyanin: 3mLs of approximately 100 ).tM amicyanin was placed in 

10 mM TRIS at pH 8.0 with an excess ofdithionite and 0.1 M KCN. After 20 hours, the 

sample was exchanged into fresh 10 ~ TRIS pH 8.0. 
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Circular dichroism spectroscopy: All measurements were carried out on a (spectrometer 

name) spectrometer in a 1.000 em pathlength cell. Protein concentrations were typically 

5-10 ).!M. Wavelength scans spanned from 250 -210 nm, integrating at each wavelength 

(one nm steps) for five seconds with a 1.5 nm bandwidth. Temperature scans were 

typically from 298 to 358 Kin two-degree intervals. Reversed scans were initiated 

immediately after the forward scans. 

Results and Discussion: 

The circular dichroism spectrum at room temperature is characteristic of a twisted 

interacting J3-sheet2. The ellipticity at 220 nm as the temperature is varied clearly 

demonstrates three states: a native (N), an intermediate (I), and an unfolded form (U). 

The transition from N to I involves a decrease in the magnitude of ellipticity, while the 

transition from I to U (or N to U) involves an increase. Table 3.1 condenses the 

information found in the melting curves in Figures 3.1-3 .6. Each of these figures also 

features the spectra taken before and after the melting curves were performed. 

These data indicate some trends. As Luo demonstrated in his thesis3, the removal 

of metal destabilizes the overall fold of the protein, as the melting temperature for the 

unfolded P. aeruginosa azurin drops approximately 15 degrees. The assignment of the U 

state to a large scale unfolding of the protein seems reasonable in that the P94F mutation 

doesn' t affect the relevant melting temperature. 
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Table 3.1: Melting curve parameters for amicyanin. 

Mutation Redox State Jill Im (I state) Im (U state) Comments 
Wild Type Red 8.0 46 69 
Wild Type Ox 8.0 47 70 
Wild Type Red 6.0 58 70 
Wild Type Ox 6.0 57 75 
P94F Red 8.0 44 73 
P94F Ox 8.0 44 ? V. small I 

state 
P94F Red 6.0 44 60? 
P94F Ox 6.0 74 U is ppt. 
ApoWT N/A 8.0 54 U is shallow 
ApoWT N/A 6.0 54 U is sharp 
Apo P94F N/A 8.0 55 Shallow 
AEO P94F N/A 6.0 62 

The high temperature for thermal unfolding often exceeds 70 degrees C, and has been 

ascribed to a number of factors in different blue copper proteins, including intramolecular 

hydrogen bonds, hydrophobic effects, stabilization by copper ion binding, and disulfide 

bridges (which amicyanin does not possess)4-7. Plastocyanin is quickly degraded without 

the presence of copper in the mediumS. 

The presence of the I state, on the other hand, seems directly related to the metal 

site because the apo-enzymes lack this melting phase. An explanation could be that the I 

state becomes destabilized so that it is now observed at room temperature. However, the 

ratio of the CD signal at 220 nm to the absorption at 280 nm is the same for the apo-form 

as for the wild type, suggesting that they share the native structure. Another possibility is 

that the I state is destabilized, but many other states that display native-like CD signals 

are also present at room temperature. A third explanation is that the I state is stabilized 

above the U state, which implies that the presence of copper stabilizes the metal-binding 
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site7,9. Essentially, a combination ofthe mutation and copper(II) structural preferences 

could make the I state very high in energy. 

There are other possibilities. So far, discussion of the state characterizations has 

occurred from a native-centric view, as if the stabilities of the native states are unaffected 

by mutation, oxidation/reduction, or pH changes. In fact, since dramatic changes have 

occurred in the reduction potential and structure because of mutation, redox state, and 

pH, it is just as likely that the stabilities of the native structures are changing. Since only 

differences in free energy may be measured, it is difficult to tell to what extent each state 

is changing. The I<:=>U melting temperatures are very similar to each other over a range of 

pHs and both redox states in the wild type. It is unlikely that the N and U states change 

by the same amount; it is tempting to say, then, that the N state energetics are constant 

because the N<:=>U temperature gap is constant. [This assumption would be a grievous 

error.] 

The free energy of thermal unfolding is described by the modified Gibbs

Helmholtz equation I (1): 

where ~G and ~H are the Gibbs free energy and enthalpy, ~Cp is the change in the 

isobaric heat capacity, Tis the temperature, and Tm is the melting temperature. The first 

difficulty with assigning values for energy to the melting curves is that the heat capacity 



86 

change, ~Cp, has not been measured for the melting process. This parameter is usually 

measured by differential scanning calorimetry. This equation also shows that the melting 

temperature, T m, is an empirical parameter indicating the temperature at which half of the 

transition has been completed. Thus, it is unfortunately not linked to any of the desired 

thermodynamic parameters except that it sets an assigned value for one point on the 

curve. Different melting temperatures indicate different thermal stabilities, but not 

different state to state free energy gaps, which would be obtained by fitting the shape of 

the melting transition. 

The melting temperature of the I state appears to be pH-dependent in the wild 

type, but pH-independent in the P94F mutant, similar to the reduction potential in the last 

chapter. In addition, while the melting temperature has no dependence on the redox state 

of the metal in either the wild type or the mutant, intensity of the phase change is nearly 

zero in the oxidized form ofP94F! The phase change in reduced P94F is similar to that in 

either wild type transition, but only half as intense with a less sharp transition. The CD 

spectrum of oxidized P94F at 50 degrees centigrade is identical with the spectrum at 

room temperature (Figure 3. 7); therefore, little structural change, if any, is occurring in 

this sample. The N¢=>I transition was found to be fully reversible in wild type protein at 

pH 8.0, but irreversible at pH 6.0 (Figures 3.8-3.9). This transition in the P94F mutant 

was irreversible at both pHs, but lost more structure at pH 6 than at pH 8 (Figure 3.1 0). 

This result indicates that the I state may involve a protonatable group with a pKa between 

8 and 6, possibly the C-terminal histidine ligand. Also, the hydrogen bond or packing 

forces of the phenylalanine may restrict the copper site from accessing the I state. Once 
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that bond or packing is disrupted, return to the native state is improbable. Similar pH 

dependences in plastocyanin are thought to involve a surface tyrosine I D. 

Specifically, what part of the protein is changed in the N~I transition? To answer 

this question, several studies were performed. Spectroscopies sensitive to different 

regions of the protein were used to probe the I state. The absorbance of each of the blue 

copper bands was observed to be independent of temperature until the onset of the U 

state. The aromatic region (260-300 nm) showed a slight (20%) irreversible increase in 

absorbance. However, no change was witnessed in the CD of the aromatic region. In 

addition, EPR spectroscopic measurements were made on a sample of wild type 

amicyanin that had been flash frozen from 55 degrees centigrade (Figure 3.11). The 

spectrum is identical with a sample frozen from room temperature. Taken together, these 

results suggest that the oxidized copper maintains its geometry II, but possibly the 

surrounding region is affected. 

In previous experiments with GdnHCl, it was found that there is a slightly 

unfolded form of azurin assigned to a "loosening" of the surrounding structurel2. This 

loosening allowed the reduced form of the protein to rearrange into a less restricted form; 

this rearrangement was experimentally observed as an increase in the reduction potential. 

The reduction potentials of the wild type and P94F amicyanins were measured at 

temperatures ranging from 25 to 55 degrees centigrade (at which point the edge plane

graphite electrode was unresponsive to any samples or standards). Potentials increased 

linearly with temperature, with no abrupt changes that would correspond to the 
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chaotropically loosened state. Equations 2 and 3 were used to calculate the enthalpy and 

entropy of reduction. F is Faraday' s constant, n is the number of electrons transferred, T 

is the temperature, and Em is the midpoint potential of the cyclic voltammogram. The 

enthalpy of reduction was measured to be - -41 kJ/mol in both the wild type and the 

mutant by plotting EmiT vs. 1/T (Figures 3.12-3.13). The entropy of reduction varied 

from -53.3 J/mol Kin the wild type to -8.6 J/mol Kin P94F, both of which are within 

the range of blue copper proteinsl3-15 (Table 3.2). 

t!..G = -nFEm (2) 

t!..G = !:ili - t!..S (3) 
T T 

Entropy differences in these proteins are ascribed to solvent rearrangements. The 

side of the C-terminal histidine ligand opposite the copper is normally hydrogen bound to 

a water networkl6-19, so this change in entropy could be due to a tightening of the loop 

structure that draws the histidine into the protein, as one would expect from the proposed 

mutant hydrogen bond. 43 J/mol K is a large difference in entropy. The removal of a 

single water molecule from a strong acceptor, such as a metal ion, has been estimated to 

be 29 J/mol K20; however, the blue copper proteins alone span a range from 31 to -58 

J/mol K, indicating that there is something fundamental to the protein structure that may 

account for this large a change. 
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Table 3 .2: Enthalpies, entropies, and potentials of reduction. 

Protein/Compound L\H (kJ/mol) L\S (J/mol K) E0' (m V vs. NHE) 
WT Amicyanin -40.9 -53 .3 260 (pH 8.0) 
P94 F Amicyanin -41.6 -8.6 410 
Plastocyanin (S. -46 -36 366 
oleracea) 
Plastocyanin (P. -38 -10 360 
Vulgaris) 
Plastocyanin (C. -45 -30 374 
sativus) 
Azurin (P. -49 -65 307 
aeruginosa) 
Azurin (A. -36 -32 276 
denitrificans) 
Azurin (A. faecalis) -43 -58 266 
Stellacyanin (R. -25 -22 187 
vernicifera) 
Stellacyanin ( C -32 -21 265 
sativus) 
CBP (C. sativus) -20 +31 306 
SBP (S. oleracea) -31 +7 345 
Umecyanin (A. -33 -17 290 
laphatifolia) 
Fungal laccase (P. -73.1 +7.1 780 
versicolor) 
Rubredoxin (C. -41.8 -150.6 -55 
paste uri anum) 
Rubredoxin (P. -54.4 -171.5 31 
furiosus) 
Ru(bpy)3 +to 25 
(acetonitrile) 

Comparisons between the mutant and wild type melting curves indicate that the 

additional hydrogen bond (or phenyl ring) restricts the I state from fully forming. The 
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only example of an unfolding feature in blue copper proteins occurring at such a low 

temperature has been found by Muga and coworkers2 1. They have measured the FTIR 

spectra of the amide I bands of poplar plastocyanin as a function of temperature. 

Specifically, there is an increase in intensity of a component at 1665 cm-1 as the 

temperature reaches 40 degrees centigrade. They did not assign this change, but did 

assign overall melting temperatures between 45 and 53 degrees centigrade at pH 4.8. This 

transition temperature increases between 13 and 20 degrees with a pH increase of 2.2 

units, a similar magnitude but opposite direction as found in the I state. 

Summary: 

The melting of amicyanin has been identified as a three-state process, involving a 

thermodynamic intermediate with pH-dependent reversibility that is linked to the metal 

site by investigations of apoamicyanin. Comparisons of the wild type and P94F mutant 

show that the additional hydrogen bond has the effect of reducing the magnitude of 

change between the native and intermediate states. The melting temperature of the 

intermediate state in the mutant is pH-independent; however, the melting temperature of 

the wild type increases with decreasing pH, indicating that the region near the metal site 

becomes more stable in the wild type. 

As shown in Chapter two, this is the opposite of the case for the metal-ligand 

interactions, where it is the mutation that makes the copper-histidine bond more resistant 

to dissociation. These two results show that the mutation stabilizes a local interaction, 

i.e., the metal-ligand bonding, at a cost to the nearby protein matrix. The original idea of 
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global energetics being used to stabilize a high-energy configuration is supported by 

these findings. 
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Figure 3.1: Melting curves of reduced wild type amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Inset: Full CD curves taken before and after the melt/reverse melt process at 25 degrees 

C. Protein at the beginning of the experiment is represented by the solid curves, while 

protein after the experiment is represented by the dashed curves. 
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Figure 3.2: Melting curves of oxidized wild type amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Inset: Full CD curves taken before and after the melt/reverse melt process at 25 degrees 

C. Protein at the beginning of the experiment is represented by the solid curves, while 

protein after the experiment is represented by the dashed curves. 
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Figure 3.3: Melting curves of reduced P94F amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Inset: Full CD curves taken before and after the melt/reverse melt process at 25 degrees 

C. Protein at the beginning of the experiment is represented by the solid curves, while 

protein after the experiment is represented by the dashed curves. 
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Figure 3.4: Melting curves of oxidized P94F amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Inset: Full CD curves taken before and after the melt/reverse melt process at 25 degrees 

C. Protein at the beginning of the experiment is represented by the solid curves, while 

protein after the experiment is represented by the dashed curves. 
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Figure 3.5: Melting curves of wild type apoamicyanin at pH 8.0 and pH 6.0. The forward 

melt, taken while increasing the temperature, is represented by a solid line; the reverse 

melt, taken while decreasing the temperature, is represented by a dashed line. Inset: Full 

CD curves taken before and after the melt/reverse melt process at 25 degrees C. Protein at 

the beginning of the experiment is represented by the solid curves, while protein after the 

experiment is represented by the dashed curves. 
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Figure 3.6: Melting curves ofP94F apoamicyanin at pH 8.0 and pH 6.0. The forward 

melt, taken while increasing the temperature, is represented by a solid line; the reverse 

melt, taken while decreasing the temperature, is represented by a dashed line. Inset: Full 

CD curves taken before and after the melt/reverse melt process at 25 degrees C. Protein at 

the beginning of the experiment is represented by the solid curves, while protein after the 

experiment is represented by the dashed curves. 
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Figure 3.7: UV circular dichroism spectra of oxidized P94F at pH 8.0. Solid line 

represents spectrum taken at 25 degrees C, dashed line represents spectra taken at 55 

degrees C. Similarity indicates no major structural differences at these temperatures. 
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Figure 3.8: Melting curves of reduced wild type amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Temperature only raised until the plateau of the I state. Inset: Full CD curves taken before 

and after the melt/reverse melt process at 25 degrees C. Protein at the beginning of the 

experiment is represented by the solid curves, while protein after the experiment is 

represented by the dashed curves. Results indicate the process is reversible at pH 8.0, but 

in-eversible at pH 6.0. 



0 
"(3 

-27 

-27.5 

:"§. -28.5 
........ 
~ 

-29 

-29.5 

-50 

-52 

-54 

-56 

-58 

-60 

-62 

-64 

25 

I 

25 

I' 
I 

30 

107 

Wild Type Reduced, pH 8.0 

\ I 
\ I 

I 

I 
I 

I 

I 
I 

---Melt 

I 
/ 

I 

I 

- Reverse scan 

35 40 45 50 

Temperature ( deg C) 

Wild Type Reduced, pH 6.0 

\( 
200nm 

---Melt 
- Reverse scan 

30 35 40 45 -50 55 60 

Temperature ( deg C) 

55 

65 



108 

Figure 3.9: Melting curves of oxidized wild type amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Temperature only raised until the plateau of the I state. Inset: Full CD curves taken 

before and after the melt/reverse melt process at 25 degrees C. Protein at the beginning of 

the experiment is represented by the solid curves, while protein after the experiment is 

represented by the dashed curves. Results indicate the process is reversible at pH 8.0, but 

irreversible at pH 6.0. 
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Figure 3.10: Melting curves of reduced P94F amicyanin at pH 8.0 and pH 6.0. The 

forward melt, taken while increasing the temperature, is represented by a solid line; the 

reverse melt, taken while decreasing the temperature, is represented by a dashed line. 

Temperature only raised until the plateau of the I state. Inset: Full CD curves taken before 

and after the melt/reverse melt process at 25 degrees C. Protein at the beginning of the 

experiment is represented by the solid curves, while protein after the experiment is 

represented by the dashed curves. Results indicate the process is irreversible at pH 8.0 at 

both pHs. 
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Figure 3.11: EPR spectra of oxidized wild type amicyanin, taken at 77K. I state sample 

was flash frozen from 328 K. Native was flash frozen from 298 K. Spectra appear 

identical, indicating that the copper structure of the I state is the same as the structure of 

the native. 
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Figure 3.12: Plot ofE0/T vs. liT: the temperature dependence ofthe reduction potential 

of wild type amicyanin. 
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Figure 3.13: Plot of E0 IT vs. liT: the temperature dependence of the reduction potential 

ofP94F amicyanin. 
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