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ABSTRACT

RESONANCE RAMAN SPECTROSCOPIC STUDIES OF TYPE 1 COPPER

PROTEINS

Jane Han, Ph.D.

SupervisingProfessor,ThomasM. Loehr

This thesis presents a resonance Raman (RR) spectroscopic study of natural and

protein-engineered cupredoxins that function as biological oxidation-reduction catalysts.

The "type 1" copper proteins studied include the wild-type proteins plastocyanin,

pseudoazurin, azurin, and nitrite reductase (NiR), and the mutant proteins Hisl17Gly

azurin and His80Cys (Cu/Cu-H80C) from bovine Cu/Zn superoxide dismutase. The RR

spectra of these proteins are characterized by 7 to 11 vibrational modes between 250-500

em-I, The fact that these vibrational modes occur at a relatively constant set of

frequencies is testimony to the highly conserved ground state structures of the common

Cu-S(Cys) moiety in which the five atoms Cu-S-y-C,B-Ca-Npeptideare essentially coplanar

among all structurally characterized type 1 Cu proteins.

These proteins have similar RR spectra when excited within either the -460 or

the - 600 nm absorption band. The - 600-nm band has been shown to arise from

(Cys)S - Cu charge transfer (CT). The RR results indicate that the -460-nm band

should also have predominantly (Cys)S - Cu CT character. The occurrence of the two

CT transitions helps to explain the observation that the sum of €460and €600is remarkably

constant. The assignment of RR spectral modes to Cu-ligand stretches and internal

ligand vibrations has been achieved by isotope studies employing 63/6SCU,14/ISN,and

H20/D20 substitutions for native and mutant azurins. The most intense Raman band has

the greatest Cu-S(Cys) stretching character. The frequency differences of this band

xu



among various type 1 Cu proteins reflect small variations in Cu-S(Cys) bond strengths.

The multiple intense peaks near 400 cm-1are due to coupling of the Cu-S(Cys) stretching

with Cys deformation modes which is favored by the coplanarity of Cu-S-y-C(3-Ca-N.The

contribution of His ligands to the RR spectrum is minimal, with only the weak band

near 280 cm-1 being due to Cu-N(His) vibrations. Thus, RR spectra of type 1 Cu

proteins predominantly monitor the Cu-S(Cys) chromophore, i.e., the Cu-S(Cys) bond

lengths and the conformation of the cysteinate ligand.
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Chapter 1

TYPE 1 ANDTYPE 2 COPPER SITES IN PROTEINS

Copper (Cu) is an essential trace element in biological systems. Single Cu sites

in proteins have been classified as type I or 2 based on their spectroscopic properties and

biological function (Fee, 1975; Adman, 1985; Adman, 1991). Type 1 Cu proteins

function as electron transfer proteins. Examples include plastocyanin (plants), azurin

(bacterial), and nitrite reductase (bacterial). The Cu site in a type I Cu protein contains

a short Cu-S(Cys) bond of - 2.15A and the Cu is within a trigonal or a distorted

tetrahedral coordination environment. Type 1 Cu proteins have abnormally high redox'

potentials (Eo: 200-800 mY) and an exceptional affinity for both Cu(I) and Cu(II) forms,

indicating a low activation energy (barrier) between the two oxidation states.

Spectroscopically, the type 1 Cu protein is characterized by (i) an extraordinarily intense

(Cys)S - Cu(II) charge transfer absorption near 600 nm together with a second

absorption band at about 460 nm, (Ii) an unusuallysmall parallel hyperfine coupling

constant in the EPR spectrum of the oxidized protein, and (iii) a rich and intense

resonanceRaman (RR) spectrumof fundamentalvibrationsin the 200-500cm-1region.

Type 2 Cu proteins functionas enzymaticreaction centers. Examples include

Cu,Zn-superoxide dismutase (bovine and yeast), dopamine-l3-monooxygenase

(mammalian),and galactoseoxidase (fungal). The Cu is normally square planar and

coordinatedby amino acid side chains containingnitrogen (N) and/or oxygen (0) as

donor atoms. The redox potentialof the metal in a type 2 Cu protein has a normal EO

value of -200 mV. In addition, the Cu is usually coordinated by another labile

molecule, such as water, the site where substratesmay bind. Spectroscopically,the

properties of type 2 Cu proteins are similar to those of normal aqueous cupric

complexes, with (i) only weak ligand-fieldabsorptions, (ii) large parallel hyperfine

coupling constant in the EPR spectrum, and (iii) a weak or absent resonance Raman

spectrum.

1
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Study of the structural and spectroscopicproperties of type 1 and type 2 Cu

proteins is important in understandingtheir biological function, and many of these

proteins have been structurallyand spectrallywell characterized. It is becomingclear

that, insteadof relying on a singleapproach,classificationof a Cu protein as a type 1

or a type 2 Cu protein requires a variety of analyticalmethods. Here, we will discuss

the structuraland spectralproperties of type 1 and type 2 Cu proteins, and emphasize

their similaritiesand differences.

1.1 Protein and Cu Site Structures

1.1.1 Type 1 Cu Proteins

Bacterial (Pseudomonasaeruginosa)azurin and plant (poplar)plastocyaninare

two type 1 Cu proteins that were structurallycharacterizedin the late 1970s(Admanet

al., 1978; Colman et al., 1978). The structure of another bacterial azurin from

Alcaligenes denitrificanshas been refined to 1.8-A resolution (Baker, 1988). Figure

1.1A is the schematicof the protein-foldingtopology. The foldingcan be describedas

a (j-sheetsandwichcomposedof eight strands, four in a primarily C-terminallayer and

four in an N-terminallayer. The loop betweentwo of the C-terminalstrandsof the (j-

sheetcontainsthree of the ligandsto the Cu: Cys112,His117, and Met121(Fig. 1.2A).

AnotherCu ligand is His46, whichis locatedon an adjacentstrand, but is considerably

closer towardthe N-terminus. The H-bondingresiduesnext toHis46and Cysl12 further

strengthenthe interactionbetweentheseadjacentstrandsof the (j-sheet.

The Cu in azurin is locatedonly about 8 Ainsideof the protein with an edge of

His117protrudingthrougha hydrophobicsurface. The three equatorialligandsCysl12,

His117, and His46 form a trigonal SNN plane around the Cu ion that is also weakly

bound by the sulfur of Met121and the carbonyloxygenof Gly45 in the axial positions

(Fig. 1.2A). In the azurins, the Cu site geometry is best described as a trigonal

bipyramid(Fig. 1.3A). The three equatorialligandsare further fixed in positionby H-

bonds shown in Figure 1.2A. Upon reduction, the protein as well as the Cu site

structures remain the same, but the distances from Cu to the axial S(Met) and the

carbonyl oxygeneach increaseby about 0.1 A (Shepardet al., 1990). In plastocyanin

(Gusset al., 1992),the Cu is alsocoordinatedto threeequatorialligands(His37, Cys84,



3

His8?) similar to azurin, but there is only one axial ligand (Met92). This results in the

Cu being positioned 0.36 A out of the NNS plane, compared to a value of 0.12 A for

azurin (Chapter 4). Structural studies on apoplastocyanin demonstrate that the Cu site

is preformed by the protein including the general orientation of the ligating amino acids

(Garrett et al., 1984).

Another conserved structural feature among type 1 Cu sites is the conformation

of the cysteine ligand. Typically the dihedral angles for Cu-S-C~-Ca and S-C~-Ca-N are

close to 180°, indicating that the five atoms (Cu, S, C~, Ca, and N) are nearly coplanar

(Chapter 3). For example, the respective cysteine dihedral angles are 169°, 173° in

azurin and 168°, 169° in plastocyanin. This coplanar conformation of the cysteinate

ligand is important to the interpretation of RR spectra (Chapter 3). It may be a highly

conserved feature because it provides an electron transfer pathway through the protein.

The remarkable structural similarities of type 1 Cu proteins are further

documented in Chapter 3. There are also some significant differences. Although all type

1 Cu sites have the same SNN ligand set, the Cu site geometry varies between trigonal

planar and distorted tetrahedral, regulated by the fourth axial ligand. In plastocyanin,

the Cu-S(Met) distance of 2.82 A is shorter than the 3.13 A distance in azurin. Nitrite

reductase and cucumber basic protein have even shorter Cu-S(Met) distances of 2.62 A,

resulting in a distortion toward tetrahedral geometry (Fig. 1.3B). This structural

variability and its spectroscopic consequences are detailed in Chapter 4. The contents

of Chapters 3 and 4 have been published by Han et al. (1991 and 1993, respectively).

1.1.2 Type 2 Cn Proteins

CU2,Zn2-superoxide dismutase (SOD) is a well-known type 2 Cu protein

(Valentine and Pantoliano, 1981; Getzoff et al., 1983). The 2-A structure refinement of

bovine SOD was reported in 1982 (Tainer et al.). The protein functions as a dimer, but

has independent active sites 33.8 A apart. The protein has an eight-stranded J3-barrel

plus three external loops. As shown in Figure 1.1B, this folding topology is very similar

to that of azurin, with some insertions and deletions in the non-repetitive structure.

However, the Cu site is located at the middle of the 13sheet rather than in the C-terminal

loop of the type 1 Cu sites. The placement of Cu site in SOD is actually similar to the

type 2 site of NiR (Fig. 1.1C).
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The Cu is coordinatedby four His sidechainsin a distortedsquareplanewith the

more open side facing the solvent. The squareplanar geometry is the one most often

encounteredfor inorganicCu(II) complexes. The Cu lies on the outsideof its {3-barrel

about 4 A from a smoothedsurface of the protein. The amino acids near the surface

provide a pocket into whicha superoxideion can both fit and be activelyguidedby an

electrostaticfieldgradient(Taineret al., 1983). The Cu site is capableof bindingother

anions such as cyanide(Han et al., 1992). The Zn is tetrahedrallycoordinatedto three

His and an aspartic acid ligand. This Zn, as a structural metal center, is completely

buried inside the protein. The Cu and Zn are 6.3 A apart and the two metal ions are

bridged by a commonHis ligand (Fig. 1.2B).

Nitrite reductase(NiR)representsa classof copperproteinscontainingboth type

1 and type2 Cu sites. Structuraldata forAchromobactercycloclastesNiR showthat the

locationof the type 2 Cu site is more flexiblesincethe Cu is held at a domaininterface

(Goddenet al., 1991). The protein is a trimer, in which each monomerfolds into two

domains. Each domainpossessesthe Greek-key{3-sheetfoldingtopologyas in azurin,

and is shown in Figure 1.IC. The N-terminaldomainbinds a type I Cu. The type 2

Cu site is found between domain 1 of one moleculein the trimer and domain 2 of a

second molecule, so that in all, six Cu atomsare boundby the trimer (Fig. 1.1D).

The presenceof a Cu-S(Cys)bond alone does not necessarilygive a type 1 Cu

site. For example, site-directedligandmutationsin SOD, in whichone of the type 2 Cu

ligands was replaced by Cys (e.g., His120Cys and H46Cys) show type 2 Cu

spectroscopic properties. However, the Zn site mutant His80Cys, now with Cu

substitutedfor Zn, shows type 1 Cu properties(Lu, 1992;Lu et al., 1993). The main

differencebetween the Cu and Zn sites is their geometry: Cu is in a distorted square

plane, whileZn is in a distortedtetrahedralenvironment. These resultsdemonstratethat

the geometryis a critical structuralelementfor a type 1 Cu site.

In summary, type 1 and type 2 Cu proteins are different with respect to Cu

ligands, Cu site geometry, Cu location,and biologicalfunction. A type 1 Cu site must

have the important Cu-S(Cys)bond, and the three strongSNN ligands are locatedin a

trigonal or tetrahedral coordinationenvironmentaround the Cu. A type 2 Cu site

consists of four strong equatorial ligands in a nearly square planar coordination
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environment. However, type 1 and type 2 Cu proteins can have similar p-sheet folding

topology, indicating a distant evolutionary relationship. Even within the type 1 Cu

family, the sequence homology is less than 10%, the only fully conserved residues being

the Cu ligands (Ouzounis and Sander, 1991; Ryden and Hunt, 1993). Nonetheless, their

active site structures and, to a large degree, their overall structures, are superimposable.

1.2 Electronic Absorption Spectra

1.2.1 Type 1 Cu Proteins

The intense absorption band near 600 nm (E = 2,000-8,000M-I cm-I)is one of

the unique features used to characterize oxidized type 1 Cu sites (Adman, 1985). This

band has been assigned as sulfur to Cu(II) charge transfer (CT) since the early studies

of Solomon et al. (1976). A complete review of the electronic structures of the Cu-

ligand bonding in type 1 and type 2 Cu proteins was published recently by Solomon and

coworkers (1992). Their combined studies using polarized single crystal electronic

absorption and low temperature magnetic circular dichroism (LTMCD) spectroscopy,

together with SCF-Xa-SW calculations on plastocyanin reveal a detailed picture of the

unusual Cu-S(Cys) interaction.

The ligand-field orbital energies of Cu-S(Cys) binding in plastocyanin are shown

in Figure 1.4. The highestoccupiedorbitalsin free thiolateare a doublydegenerate7r

set which are mostly S3p orbitals. Upon binding to the Cu, the Cu-S-C bond angle is

107°. As the result of bending, the two 7rorbitals split into non-degenerate levels. The

higher-energy orbital is oriented perpendicular to the Cu-S-C plane and is thus 7r bonding

to the Cu. The lower-energy orbital is now a q bonding orbital having mostly S-C

character. The remaining 7rlevel of the free ligand, the S3p orbital which is in the C-S-

Cu plane, has electron density lying mostly along the S-Cu bond and has become q

bonding to the Cu. This has been defined as a pseudo-q bond by Solomon et al. (1992).

Therefore, in plastocyanin, the Cu-thiolate bond contains a strong 7r, a pseudo-q, and a

weak q interaction (rather than a strong q and two weak ?r interactions for a normal

metal-sulfur bond). This unusual bonding occurs because of the Cu-S-C orientation,

which changes the orbitals of the (Cys)S with respect to Cu, as shown in Figure 1.5.
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A spectral analysis of plastocyanin is summarized in Figure 1.6A and Table 1.1

(Gewirth and Solomon, 1988). The low-energy bands 5 through 8, which are relatively

weak in the absorption spectrum, are intense in the LTMCD spectrum and were

identifiedas d-d transitionswith the ordering llx2_y2<c dz2 <c llxr <c

dxy+yz<Cdxz-yzin the elongated C3v-symmetryCu site. The high-energy bands 1 and 2

were assignedto Met - Cu and His - Cu CT, respectively. The most intense band 4

at -600 nm was identified as (Cys)S('1')- Cu CT, with the strong intensitybeing due

to the good overlap between the ground and the excited state wave functions (Fig. 1.5B).

Band 3 at - 535 nm was identifiedas (Cys)S(pseudo-o)- Cu CT by these authors. Its

intensity would also be expected to depend on the extent of overlap of the ground and
the excited state wave functions.

Our studies of the Raman enhancement profiles of several type 1 Cu proteins

(Chapter 4) have led us to question the assignment of bands 2 and 3. In the case of

azurin, pseudoazurin, nitrite reductase, and CUzCuzH80Cmutant SOD we found that the'

-46O-nm electronic transition can have large (Cys)S - Cu(II) CT character. Hence, we

have proposed that both 460- and 6OO-nmabsorptions are likely due to CT transitions of

the Cu-S(Cys) chromophore. The occurrence of two different (Cys)S - Cu(II) CT

transitions at -460 and -600 nm helps to explain the fact that although their relative

absorptivities vary, the sum of €460and €600appears to be fairly constant (Chapter 4).

The - 46O-nm absorption band may well be due to (Cys)S(pseudo-o) - Cu CT rather

than, or in addition to, the His(Pl) - Cu CT suggested in Table 1.1.

A correlation between the intensity of the -46O-nmabsorption band and Cu site

geometry was discoveredby Lu and coworkers (1993) and is more fully discussed in

Chapter 4. A trigonal Cu site with a long Cu-S(Met) bond has a weak 46O-nm

absorptionas in plastocyanin(Fig. 1.6A). A distortedtetrahedralCu site with a shorter

Cu-S(Met)bond and Cu out of the SNN plane has a stronger46O-nmabsorption. NiR

has a particularlytetrahedralsitewith Cu out of the SNNplaneby 0.5 A. The intensity

of its - 46O-nmabsorption has greatly increased and, in fact, has become the most

intenseband in the spectrum(Fig. 1.5C). A similarspectrumis observedfor Cu in the

Zn-site of SOD-His80Cys (Fig. 1.5B), which is also believed to be tetrahedral.

Therefore, the relative intensities of two absorption bands at -460 and - 600 nm appear

to be good indicators of Cu site geometry.
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1.2.2 Type 2 Cu Proteins

Type 2 Cu proteins have absorption spectral properties resembling normal cupric

inorganic complexes. The ligand-field transitions are weak (E < 50 M-I cm-I) and occur

between 550 and 800 nm. The ligand-to-metal charge-transfer transitions (LMCT) are

generally at energies higher than 400 nm. Both u and 1(transitions are expected with the

u transition at higher energy and with greater intensity due to its greater overlap with the

dx2_y2orbital (Fig. 1.4a). With the same coordinated ligand set, the ligand-field

transitions and LMCT transitions are expected to shift to lower energy when the Cu

center geometry changes from tetragonal to tetrahedral (Fawcett et al., 1980; Lu, 1992).

CU2Cu2-S0Dhas both type I and type 2 Cu absorption spectra (Fig. 1.6D). The His-

Cu CT bands at high energy are very weak and are overwhelmed by the strong protein

absorption band at 280 nm. In the low energy region, the ligand field transitions are also

very weak. The band at 664 nm (inset, curve 1) is due to the d-d transition of the square

planar Cu (Cu in the Cu site), and the band at 810 nm (inset, curve 2) is due to the d-d

transition of the tetrahedral Cu (Cu in the Zn site). The red shift is consistent with the

geometry change from tetragonal to tetrahedral.

A type 2 Cu site containing a Cu-S(Cys) bond is expected to have an intense

(Cys)S - Cu CT transition. In the SOD Cu-site mutant His46Cys, the Cu is coordinated

by Cys in a distorted square planar site (Lu, 1992). As shown in Figure 1.6E, the

absorptionspectrumhas a high energybandat 397 nm. The 397-nmband is likely due

to (Cys)S(u) - Cu CT, as illustratedin Figure 1.5A. In additionto the mutantHis46Cys

example, there are many other synthetic complexes containing a Cu-SR linkage

(Kitajima, 1993;Chapter4). Thesecomplexesusuallyhavelong Cu-SRbondsof about

2.25-2.35 A and have more regular Cu centers such as square planar or square

pyramidal. Absorptionspectraof Cu complexeswithaliphaticthiolatesshowan intense

band between 380-520 nm (Chapter4). The extinctioncoefficientis in the range of

1,000-4,000M-I cm-I, similar to the value of type 1 Cu. These bands are assignedto

the RS - Cu CT transitions, more specificallyto the RS(u) - Cu CT based on the

theoretical interpretation of Solomon et al. (1992).

In conclusion, absorption spectral studies have exposed the differences between

type 1 and type 2 Cu proteins, with or without the Cu-SR bond. Square planar
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(tetragonal) versus tetrahedral geometries are readily distinguished by the energies of

their d-d and LMCT bands. Trigonal planar versus tetrahedral geometries are

distinguishedby the intensities of their different S - Cu CT bands. The unusual

absorption spectral properties of type 1 Cu proteins are a consequence of the Cu-S(Cys)

being in a trigonal plane or tetrahedral coordination environment. How the absorption

spectrum relates to the Cu-S(Cys) bond length is not yet clear. In addition, since most

Cu-SR containing complexes have large Evalues, we cannot use the Evalue to distinguish

type 1 and type 2 Cu sites. We also cannot distinguish between the two types when the

absorption maximum is between 440 and 550 nm, but EPR and RR can address this

topic.

1.3 Electron Paramagnetic Resonance Spectra

1.3.1 Type 2 Co Proteins

Type2 Cu proteinshaveEPRspectrasimilarto thoseof normalcupriccomplexes

which exhibita signalwith gl > g 1 > 2.0023 and a large parallel hyperfinesplitting

(AI > 140 x 1<Jiem-I). The Cu site of SOD (His80Cysmutant)has gl = 2.26 and

g 1 = 2.05 (Fig. 1.7A). The fact that these observed g values deviate from 2.0023 and

are anisotropic is due to the orbital angular momentumof the d orbitals and the

orientationsof the d orbitalsin theappliedmagneticfield(Wertzand Bolton, 1986). The

small rhombic splitting of g 1 indicates a lower symmetry of the Cu site, which is best

described as a distorted square-planar Cu site in which the four His ligands are

inequivalent.

A and g values are the two important features in the EPR spectrum (Addison,

1983). The g value is a measure of spin and orbital angular momentum. The magnitude

of g I in four-coordinate cupric complexes is determined by the following factors: the

identity of the ligands, the coordination geometry, and the overall charge of the complex.

With respect to the ligands, gl values follow the series 04 < N202 < N30 < N4 <

N2S2 < S4 (Fig. 1.8). This trend reflects an increasing covalency and decreasing ligand

electronegativity. For a given set of ligands, g I increases as the coordination geometry

changes from square planar to tetrahedral. Although the overall charge on a cupric
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complex has a relatively small effect on g I, in general increasing the positive charge

increasesg I.
The A value is a measure of electron-nuclearinteraction, and is called the

electron-nuclearhyPerfinecouplingconstant(Addison,1983). Generally,an increaseof

the positivecharge on a cupric complexdecreasesthe AI. For a given set of ligands,

increasingdistortionfromsquareplanar to tetrahedralinvariablyresults in a decreasein

the value of A I. Substitutionof an N or 0 donor ligand for an S donor generally

decreasesA I value, reflectingthe increasedbond covalency. However, formationof a

Cu-SRbond does not in itself guaranteea smallvalueof AI. As an example, the SOD

Cu site mutantHis46Cyshasa tyPe2 EPR spectrumwitha largeAI of 151 x 1<r4cm-1

(Chapter 4). There are other Cu-SR-containingcomplexeshaving large AI as well

(Chapter 4). Thus, both the ligand and the Cu site geometry are important in

determiningA I. For a given set of similarligands, there is usuallya linear relationship

betweenincreasinggl and decreasingAI as shownin Figure 1.8.

1.3.2 Type 1 Cu Proteins

A I is the most importantparameter used to distinguish tyPe 1 and tyPe 2 Cu

proteins. As shown in Figures 1.7C and 1.8, all tyPe 1 Cu proteins have smallAI

values (10-90 x 10-4em-I). The origin of this smallAI has been an interestingissue.

The distorted tetrahedral (D:zJ CuC142-complex also exhibits small EPR parallel

hyPerfine splittings similar to that of tyPe 1 Cu proteins. This small A I has been

explainedas arising from 4pz mixinginto the 3llx,2_y2ground state wave functionin this

distortedtetrahedralCu complex(Bateset al., 1962;Yokoiand Addison, 1977;Roberts

et al., 1980). The 4pz orbitalhas a spin dipolarcontributionwhich opposesthat of the

3dx2_y2orbital; thus this mixingreducesthe couplingbetweenthe unpairedelectron spin

and the Cu nuclear spin. A 12% pz mixing into llx,2_y2would lower the value of A I to

the experimentallyobservedvalue (Sharnoff,1965). Sincemost tyPe 1 Cu proteinshave

their active sites describedas distortedtetrahedral, the smallvalue of A I has also been

explainedby a 4pz mixingmechanism. Thus, the smallhyPerfinevalues of tyPe 1 Cu

sites woulddependon the geometryrather than on the presenceof the Cu-S(Cys)bond.
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Results from recent EPR and X-ray absorption spectroscopic (XAS) studies on a

single crystal of plastocyanin, however, have eliminated the 4pz mixing as the

explanation for the small A I in this protein (Solomon et al., 1992; Shadle et al., 1993).

The Cu site in plastocyanin is best described as having elongated C3vsymmetry (penfield

et al., 1981). However, in C3vsymmetry, group theory allows the 311x2_y2orbital to mix

with 4pxpy which would increase, not decrease, the A I hyperfine splitting. Xa

calculations indicate that the Cu site ground state wave function contains only - 1% 4p

mixing involving the PxPy orbitals (Penfield et al., 1985; Gewirth and Solomon, 1988).

This 1% 4pxpy mixing would not lead to a large A I, in agreement with the small A I in

plastocyanin. Similar calculations on the distorted tetrahedral (Du) CuC142-complex

indicate only -4% 4pz mixing into the dx2_rorbital (Gewirth et al., 1987), compared

to the expected 12% mixing of the earlier model. Therefore, the 4pz mixing explains

partially the small A I in the CuC142-complex,but cannotbe the reason for the smallA I
in the type 1 Cu proteins.

According to Solomon and coworkers, the unusually high covalency of the Cu-

thiolate bond becomes the effective origin of the reduction in the A I constant of the type

1 Cu site (Shadle et al" 1993). Xa calculations indicate that the ground state wave

function is highly covalent, consisting of 42 % Cu 3dx2_y2and 36% S(Cys) 3p. A high

degree of covalency delocalizes the unpaired electron spin from the Cu onto the Cys

ligand, thereby reducing its coupling to the Cu nuclear spin. This explanation focuses

on the unique Cu-S(Cys) bond as the most important feature of a type 1 Cu site.

Interestingly, the Xa calculations on the (D2J CucIl- complex do not indicate that its

ground state wave function is unusually covalent (Gewirth et al., 1987). Furthermore,

RR studies of the SOD mutants which provide a measure of Cu-S(Cys) bond lengths have

indicated that this quantity does not correlate with the A I value (Andrewet al" 1993).

Therefore, the explanations for a small A I may not be unique: both the nature of the Cu

ligand and the Cu site geometry are important in establishing the A I value.

In addition to the small A I, type 1 Cu proteins can be divided into two groups

based on whether the X-bandEPR spectrumis axial (gx = gy), or rhombic (gx ~ gy).

For axial EPR spectra, the Cu site has an n-fold axis of symmetry (n = 3 for the type
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1 Cu site). When the spectral character converts from axial to rhombic, the Cu site

symmetrydecreases, losingthe n-fold symmetry. Examplesof axial and rhombicEPR

spectracan be seenin Figures 1.7Aand 1.7C, respectively. Rhombicsplittingof g 1 (gx

~ gy) could be initiatedby pulling Cu away from the SNN plane by the fourth axial

ligand, or by distortionin the SNN plane. In other words, an axial or a rhombicEPR

spectrumdoes not necessarilycorrespondto a planaror non-planarCu site, but indicates

the symmetryof the Cu site. For thesesymmetryarguments,S is like N; Le., the SNN

plane has three-fold symmetry. One expects that all type 1 Cu proteins will show

rhombicityto some extentbecausethe two Cu-N(His)bondsare differentfrom the Cu-

S(Cys)bond, and this is, in fact, so in their Q-bandEPR spectra (penfieldet al., 1985).

However, there does appear to be a strong correlation between the axial ligand bond

strength and EPR spectralproperties. Type 1 Cu sites with rhombic EPR spectra tend

to have structurescloser to tetrahedral(Fig. 1.3B), whereas type 1 Cu sites with axial

EPR spectra tend to have structures closer to trigonal planar (Fig. 1.3A). This is

discussedin greater detail in Chapter4.

1.4 Resonance Raman Spectra

1.4.1 Type 1 Cu Proteins

The extraordinary charge-transfer absorption bands of type 1 Cu proteins make

RR spectroscopy a powerful tool for structural studies. Resonance Raman spectra of type

1 Cu proteins show the following common features: (i) excitation within the (Cys)S -+

Cu absorption band produces strong enhancement of as many as nine fundamental

vibrational peaks in the 330-500 cm-1region, in addition to one or two weak bands in the

250-300 cm-1region; (ii) the RR spectra exhibit a multiplicity of intense bands (Fig. 1.8).

The understanding of the spectra in terms of protein structure has come a long way since

the first report in 1974; its evolution can be arranged into three periods: an early period

(1974-1978); a transition period (1979-1988); and recent developments (1989-1993). A

brief view of the history is given here to illustrate, in general, how a scientific problem

is approached, how a technique has utility as well as pitfalls in the interpretation of

results, and how the combination of results from several techniques makes maximal

impact on the elucidation of the problem.
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1.4.1.1 Early Period, 1974-1978

During this early phase, RR spectra were collected and categorized. Since no X-

ray crystal structure was yet available, attempts were made to predict type 1 Cu center

structure, geometry, and ligands. The first RR study was reported by Siiman and

coworkers in 1974, and included the proteins stellacyanin, laccase, and ceruloplasmin

(Siiman et al., 1974). Soon after, RR spectra of azurin, plastocyanin, and ascorbate

oxidase were reported (Tosi et al., 1975; Miskowski et al., 1975; Siiman et al., 1975),

and together make up the four noteworthy studies in this period. Common features of

the spectra are a cluster of peaks around 400 cm-1,and a weak peak near 260 cm-1. The

observed bands are all polarized, with depolarization ratios of about 0.3-0.6, indicative

of totally symmetric vibrations. Peaks near 400 cm-1were assigned to Cu-N or Cu-O

bond stretching, where the N or 0 are not from aromatic ring ligands, and the weak band

near 260 cm-1was assigned to Cu-S(Cys) or Cu-N(His) stretching, with a preference for

Cu-S stretching mode (Miskowski et al., 1975). These assignments were based on the

knowledge of the inorganic cupric complexes, Cu(II) peptide complexes, and analogous

protein systems. For the Cu-S(Cys) stretching frequency, only a limited number of

systems were available for comparison and all these frequencies appear at < 300 cm-1

(Ferris et al., 1978).

Core structures of type CuN3S, or CuN20S, and CuN30S with N(amide), S(Cys),

and O(carbonyl) as ligands were suggested. The Cu site geometry was predicted to be

rather low, lower than the three-fold axial symmetry suggested by EPR spectra. The Cu

was proposed to have either an approximately trigonal bipyramidal coordination, with a

sulfur and two nitrogen ligands in the equatorial plane and less strongly bound nitrogen

or oxygen ligands at axial positions, or a distorted tetrahedral coordination with one

ligand at an axial position. It turns out that the predicted geometries are very close to

what we know from X-ray structure analysis.

These early studies successfully predicted the Cu site geometry, pioneered the

field, and defined some of the issues. However, several important problems were

present. The first is that the intensity of the Cu-S(Cys) stretching mode assigned at

-280 cm-1was too low. At that time, it was clear that the intense -6OO-nmabsorption

was a LMCT involving Cys sulfur to Cu (Solomon et al., 1976). Therefore, the Cu-
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S(Cys) stretching frequency is expected to be the most strongly enhanced mode based on

Franck-Condon overlap arguments. The second is the multiplicity of peaks near 400 cm-

1. It was believed that the number of ligands could be determined simply by counting

the number of peaks in the belief that only metal-ligand stretching bands were active and

that internal ligand modes could not contribute to the RR spectrum in this region

(Miskowski et al" 1975).

1.4.1.2 Transition Period, 1979-1988

The first X-ray crystal structure of a type 1 Cu protein (plastocyanin) was

reported in 1978 (Colman et al" 1978). This milestone launched RR studies into a

transitional period wherein the emphasis became the understanding of the spectra in terms

of the known structures. The structural data of plastocyanin and, soon to follow, two

azurins (Adman et al., 1978; Norris et al., 1983), established the identity of the ligands

as N2SS*, where the two nitrogens are imidazoles from His residues, S is Cys, and S*

is the thioether of Met. A surprisingly short Cu-S(Cys) bond of 2.13 A was discovered,

and the Cu is indeed in a trigonal bipyramidal (azurins) or a distorted tetrahedral

(plastocyanin) coordination environment.

Crystallographic evidence of the unusually short Cu-S(Cys) bond now suggested

that the Cu-S stretching frequency may be as high as 400 em-I, where a cluster of

intense peaks is observed. The high intensity of the 400-cm-1 bands supports their

assignment as Cu-S(Cys) related modes, which would be strongly enhanced during

(Cys)S- Cu CT. The Cu-N(His) stretches were reassigned to the 26O-cm-1band. The

Cu-S*(Met) stretching mode could not be at -400 cm-1because of the long Cu-S*(Met)

bond (2.92 A in plastocyanin; 3.13 A in A. denitrificans azurin). Based on studies of

thioether model complexes, the Cu-S(Met) stretch was then proposed to be near 260 cm-1

(Ferris et al., 1978). However, resonance Raman studies of Se-methionine-substituted

azurin offered convincing evidence that an assignment of the 26O-cm-1band to the Cu-

S*(Met) stretching mode was also unlikely (Thamann et al., 1982). Normal coordinate

analysis on a five-atom model ML4 (L = S,N,N,S*; Thamann et al., 1982) suggested

for the first time that trigonal rather than tetrahedral was the appropriate description of

the Cu site in azurin, in agreement with the structural data. This work also emphasized

the likelihood of coupled vibrational motions. However, the persistent belief that the RR
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peaks represented M-ligand stretches exclusively failed to explain the spectral

multiplicity.
Attempts to explain the spectral multiplicityand improve spectral quality were

further aspects of RR studies in this period. Since 1983, most of the spectra were

recorded under cryogenic conditions (Woodruff et al., 1983), in which dramatic

improvementsin spectralresolutionand signal-to-noiseratio allowedthe observationof

featuresthat had previouslygone unnoticed. The mostobviousdiscoverywas that there

are at least nine peaksbetween330-500cm-l, far too manyto be accountedfor entirely

by M-ligand stretches. Clearly, ligand internal motions must also be resonance

enhanced. With the recognitionof the contributionof ligand internalmodes, the large

number of RR bands becametenablebut neededto be proved experimentally. A large

number of studies, includingAinscoughet al. (1987), Blair et al. (1985), Maret et al.

(1983; 1986)and Nestor et al. (1984),with efforts in HID and 63/6SCUisotopelabeling,

ligand substitutions,excitationprofiles, and additionalvibrationalanalyseson improved

models, were performed. Much of this and earlier work was reviewedby Woodruffet

al. (1988).

The most importantconclusionsof the work from this period are summarized

below: (i) The only Cu-ligandstretchingmodenear 400 cm-l is the Cu-S(Cys)stretch,

and the remainder of the fundamentalmotions near this frequency are Cys and His

internaldeformations. (ii)All the observedmodesnear 400 cm-lare highlymixed, and

most derive their intensityby couplingwith the Cu-S(Cys)stretchingmode. (iii) The

Cu-N(His) stretchingmotion(s)is(are) best identifiedwith the peak(s)near 260 cm-l.

The realizationthat ligandinternalmotionsparticipateto give rise to the complex

RR spectra of type 1 Cu protein is the most important developmentduring this time,

even thoughno direct evidencewas yet available. Only selectivemutationsand further,

careful isotopelabelingstudieson Cu ligandshave madeit possibleto addressthis issue.

1.4.1.3 Recent Developments, 1989-1993

Advancesin otherfieldsare nowbroughtto bear on the reinterpretationof the RR

data. The most significantachievementsare as follows: (i) Seven type 1 Cu proteins

have refined or high-resolutionX-ray crystal structuresincludingthe new membersof

Alcaligenesflrecalis pseudoazurin (petratos et al., 1988; Adman et aI., 1989) and



15

Achromobacter cycloclastes nitrite reductase (2.5-A resolution) (Godden et al., 1991).

(ii) The near-coplanarity of the Cu-Cys side chain, as revealed by crystallography for

several azurins and plastocyanins makes Cys the most likely candidate involved in the

coupling (Han et al., 1991). (iii) Protein engineering techniques are successfully used

in making site-directed mutants (den Blaauwen and Canters, 1993; Lu, 1992). (iv) The

first good low MW model for a type 1 Cu site is reported (Kitajima et al., 1990). (v)

Many new copper proteins as well as the mutants are spectroscopically characterized.

With this enormous amount of new information, RR studies can now focus not only on

better assignments for the RR spectra of type 1 Cu proteins, but also on fmding

relationships between spectroscopic properties and protein structure.

The major RR studies in this period are presented and discussed in Chapters 3-5.

Of particular importance are the studies on isotope-labeled azurin eS/14Nand 34132s)and

several azurin ligand mutants. The principal conclusions from this work are the

following: (i) The most intense Raman band has the greatest Cu-S(Cys) bond character

and is predominantly the Cu-S(Cys) stretch. The frequency differences of this band

among various type 1 Cu proteins reflect small variations in their Cu-S(Cys) bond

strengths, caused by changes in Cu site geometry and/or the ligand field. These small

variations in Cu-S(Cys) bond strength are beyond the precision of the X-ray structure

determinations. From this point of view, RR is a more sensitive method for probing the

Cu-S(Cys) bond. (ii) The multiple intense peaks near 400 cm-1are due to the coupling

of Cu-S(Cys) stretching with Cys deformation modes, but, most likely, do not include

His ligand internal modes. Both kinematic and vibronic coupling are likely to be

involved. The conformation of the Cu-S(Cys) moiety, in which the five atoms Cu-S-y-CI3-

Cx-Npeptidcare essentially coplanar, is a conserved feature common to all structurally

characterized type 1 Cu proteins, and can account for the extensive kinematic coupling.

(iii) One or two weak bands in the 250-300 cm-1region are due to Cu-N(His) interaction.

Observation of this mode may depend on the imidazole-ring orientation relative to the

primary Cu-SNN coordination plane. (iv) Resonance Raman excitation profIles indicate

multiple Cys - Cu CT transitions in type 1 Cu proteins. Absorptions near 460 and 600

nm are both characteristicof type 1 Cu sites. (v) The relativelyconstantset of Raman
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frequencies of all type 1 Cu proteins is the consequence of the highly conserved ground

state structure of the Cu-S(Cys) moiety, especially the conformation of the Cys side

chain. The conserved Cu-S'Y-CJj-CarNconformation may indicate a favored pathway for

electron transfer. (vi) The RR spectrum appears to detect predominantly the Cu-S(Cys)

moiety: the Cu-S bond strength and the conformation of the cysteinate ligand. Thus,

RR spectroscopy is sensitive to different factors than those detected by EPR

spectroscopy.

1.4.2 Type 2 Cu Proteins

Generally, type 2 Cu proteins do not have resonance-enhanced Raman spectra

because of the absence of a suitable chromophore, and, consequently, it is hard to obtain

Cu-ligand vibrational information. However, type 2 Cu complexes of proteins containing

a Cu-SRlinkagecan showresonance-enhancedRamanspectrathroughthe RS- Cu CT

transition at -400 nm. Their RR spectra are discussed in Chapter 4 and other

publications from this laboratory (den Blaauwen et al., 1993; Andrew et al., 1993).

Their spectral properties differ from those of type 1 Cu proteins in the following aspects:

(i) The frequency of the most intense RR band is within the 320- to 360-cm-1 region,

about 20-100 cm-1 lower than those in type 1 Cu proteins. (ii) Raman band intensities

are much lower than those in type 1 Cu proteins. (iii) The RR spectra generally show

fewer peaks than those of type 1 Cu proteins, giving the two classes different spectral

patterns. These differences can be explained based on the structural properties of the

type 2 Cu site: the longer Cu-SR bond may account for the low Cu-SR stretching

frequency; the weaker interaction between Cu and the SR ligand may account for the low

RR intensity. Finally, the square planar geometry of the type 2 site, which could disrupt

the coplanarity of the Cu-S(Cys) moiety, may account for the low Raman intensity and

fewer enhanced bands due to impaired coupling.

In conclusion, RR spectroscopy is an effective technique for the characterization

of the Cu-SR bond. From the frequency of the most intense band, the RR spectrum can

provide information on the Cu-SR bond strength, which is under the influence of the

other Cu ligands and the site geometry. The RR spectra assist in the identification of

type 1 and type 2 Cu sites. The short Cu-S(Cys) bond in a trigonal or a distorted

tetrahedral site with conserved Cys side chain conformation are the essential properties
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of the type 1 Cu site that makes it such an excellentRR chromophore. Nonetheless,

significantadvances in the elucidationof the copper active-siteproperties have come

about from a variety of approachesand techniques. The principal physical properties

discussedhere and in laterchaptersinvolveelectronicandvibrationalspectroscopy,EPR

spectroscopy,andX-raycrystallography,as wellas thepowerfulnewtechniquesafforded

via molecularbiology.
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Table 1.1. Assignmentsof the Electronic Absorption Spectra of Plastocyanin and

CU2Cu2-S0D-His80CysA

Band Assignment Plastocyanin SOD-His80Cys

nm nm

ADatafor plastocyaninare adapted from Gewirth et at. (1988); data for SOD Zn site

mutant His80Cys are adapted from Lu et at. (1993).

8 dz2 -5,500 -1,820 4,000 - 2,500

7 dxy 10,800 925 8,425 1,190

6 dxz+ yz 12,800 780 10,950 915

5 dxz-yz 13,950 715 12,400 800

4 Cys-1r 16,700 600 17,000 590

3 pseudo-u 18,700 535 19,000 525

2 His-p. 21,390 470 21,850 460

1 Met-a. 23,440 430 25,500 390

0 --- 32,500 310 -33,750 300
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FIGURE LEGENDS

Figure 1.1. Schematicfoldingtopologyof copper proteins. The striped sphere is the

copper atom. The ligandresiduesare markedby smallopen spheres. H, His; C, Cys;

M, Met. Dark arrows indicate strands of (3-sheetin the C-terminal layer of the (3-

sandwich. (A) Azurin. (B) Superoxidedismutase. The large open sphere is the zinc

atom. (C) Nitrite reductasedomain 1. The type 1 Cu is in the upper loop and the type

2 Cu is in the central (3-sheetregion. (D) Trimeric arrangementof NiR. Figures are

adapted from Adman (1991).

Figure 1.2. Active sites of copper proteins. (A) Type 1 Cu site in azurin from A.

denitrificans (drawing obtained from E. N. Baker). Dashed lines indicate H-bonds

betweenresidues. (B) Type 2 Cu site in yeast CU2Zn2-S0D(from Han et al., 1993).

Figure 1.3. Geometriesof Cu(II)-S(Cys)complexes. The large filled sphereis the Cu

atom, and the smallopen spheresare the ligands. (A) A trigonalplanar site formedby

the strong SNN ligandsin type 1 Cu protein. (B)Type 1 Cu site could distort toward

tetrahedraldue to Cu movingaway fromthe trigonalplane towardthe 4th ligand. In an

ideal tetrahedral site the Cu is 0.7 A away from the trigonal plane. (C) An ideal square

planar site for type 2 Cu. Arrows indicate that there is generally some tetragonal

distortion. Figure from Lu et al. (1993).

Figure 1.4. Energy level diagramshowingCu-S(Cys)bondingof the type 1 Cu site of

plastocyanin. The levels are not in accurate scale. Diagrambased on Solomonet al.

(1988, 1992).

Figure 1.5. Proposed Cu(II)-SR bonding mechanisms. (A) "normal" bonding in a type

2 Cu site with a strong u and two weak 7r interactions. (B) Cu(II)-S(Cys) bonding in

plastocyanin with a strong 7r, a pseudo-u (orbital not shown), and a weak u interaction.

The orientations of (Cys)S and Cu orbitals are changed due to the Cu-

S-C angle. This results in a reduction of the u overlap and an increase of the 7r overlap.

Diagram from Lu et al. (1993).
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Figure 1.6. Electronic absorptionspectra of Cu proteins. (A) Plastocyanin(Gewirth

and Solomon, 1988). (B) Cu in Zn site of His80Cys-SOD. (C) A. cycloclastesnitrite

reductase (Chapter4). (D) Wild-typeSOD. Curve 1: apoproteinplus 2 eq CuH (Cu

in Cu site); curve 2: apoproteinplus 4 eq CuH (Cu in Cu and Zn sites). (E) SOD Cu

site mutantHis46Cys. SpectraB, D, and E are adaptedfrom Lu (1992).

Figure 1.7. EPR spectra of SOD Zn-site mutant H8OC. (A) Apoprotein plus 2

equivalentsof Cu (in type 2 Cu site). (B) Apoproteinplus 4 equivalentsof Cu (in Cu

and Zn sites). (C) Spectrum B - A = spectrum of Cu in type 1 (Zn) site. From Lu et

al. (1993).

Figure 1.8. The relationshipbetween g I and A I for Cu proteins (.) and model

compounds (- - -). From Peisach and Blumberg (1974).

Figure 1.9. RR spectrum of azurin from A. denitrificansobtained with 647.1-nm

excitation. The inset shows high frequencyovertonesand combinationbands derived

from the low frequencyfundamentals,particularlythe most intense peak at 411 em-i.

From Ainscoughet al., 1987.
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Chapter 2

METHODS

Infrared (IR) and Raman spectroscopy is the determination of the frequencies of

the interatomic vibrations of a molecule and is widely used for structural studies of

molecules. Both IR and Raman spectra give similar information, but the spectral

mechanisms are completely different. IR spectroscopy is an absorption process, whereas

Raman is a scattering phenomenon. For the study of biomolecules in an aqueous milieu,

Raman is more useful because water is a weak scatterer but a strong absorber of infrared

radiation. However, Raman scattering is a relatively weak phenomenon and, in general,

requires sample concentrations ~ 0.1 M. Biological specimen are normally not available

at such a high concentration.

Resonance effects make Raman spectroscopy a more practical and powerful tool

for the study of biological systems. When the energy of the incident radiation falls

within an electronic absorption band of the sample, vibrations which are coupled to an

electronic transition may gain intensity by up to several orders of magnitude compared

to normal Raman scattering. Thus, it becomes possible to study chromophoric biological

samples at a concentration < 1 mM. Type 1 Cu proteins have strong electronic

absorptions at -600 and -460 nm, and, consequently, resonance Raman (RR) spectra

of the chromophore may be obtained by using laser excitation wavelengths within these

absorption bands.

The techniques used in our laboratory for obtaining resonance Raman spectra of

metalloproteins have been fully reviewed by Loehr and Sanders-Loehr (Meth. Enzymol.

226,431-470, 1993). Furthermore, experimental methods used in this research are given

in individual chapters, and will not be further discussed in this chapter. Rather, the

focus of this chapter is on the RR spectral data analysis, with particular emphasis on the

34
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problem of overlapping and unresolved bands. The conclusions will be applicable to

spectral data in general.

2.1 Use of the LabCalc Program for Raman Spectral Analysis

The frequency, band width (at half-height), and band intensity (area) are the three

most important features that define a spectral band. For separated bands, these

parameters can be determined straightforwardly from crosshair readings. However, for

overlapping bands, other arithmetic tools are needed. Precise frequency determinations

are particularly important for identifying band shifts due to isotope substitution.

Our goal is to characterize overlapping Raman bands, especially the band

frequencies, using the LabCalc program (Galactic Industries, Salem, NH). In this

experiment, we first applied the program to test spectra which were created with known

band frequencies, widths, and intensities. Then, a set of protein Raman data were

analyzed by the program.

Our results have shown that the curve fitting program is useful for determining

frequencies and intensities of overlapping Raman bands. Using either the auto-fitting or

the fixed-width fitting routines, it is possible to locate a band frequency to within +0.5

em-I, and a band intensity to within :t5 %. The +0.5 cm-I variability in band frequency

is similar to that obtained using a cursor on an isolated peak and approaches the

maximum precision possible with typical protein samples at a slit width of -5 em-I.

Thus, only shifts> 0.5 cm-I can be considered significant. Other arithmetic tools such

as derivatives (1st or 2nd) can enhance the definition of overlapping bands, but they do

not necessarily lead to correct frequency readings.

2.2 Experimental Section

2.2.1 Creating Two-Band Raman Spectra

The Raman spectrum used to initiate this process was that of an indene standard,

which had no peaks between 600 and 700 em-I. This provided an essentially straight

baseline to which other peaks were added. To add a Raman peak, the following

sequence was used. (1) Press F2 key to get the menu. (2) Select Arithmetic and Zap

from the menu. (3) Chose "Add gaussian". (4) Use the F9 and FlO keys to define the
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width of the gaussian. (5) Move the cursor cross hair to define the height and the center

position of the band. (6) Press the ENTER key to add the band to the trace. In the

same way, a second band was also created. By adjusting the locations of the two bands,

we generated two spectra: IndLCI where the two bands were completely separated (Fig.

2.1) and IndLC2 where the two bands were largely overlapped and not resolved (Fig.

2.2). File retrieve was used to display the spectrum file in LabCalc. Band widths and

relative intensities were typical of those in actual Raman spectra.

2.2.2 Applying LabCalc to Created Spectra

For 1st and 2nd derivatives: (1) Press F2 key to get the menu. (2) Select

Arithmetic, Do program, and then Derivative from the menu. The number of

convolution points was set to 9.

For Curve fitting: (1) Press F2 to get the menu. (2) Select Arithmetic, Other,

then Curve fitting from the menu. The curve fitting program was tested under tw~

conditions. One was "Auto fitting" in which initial parameters were given but no

parameters were fixed. The other was "fixed-width fitting" in which the band width at

half height was kept at a fixed value throughout the fitting procedure. For simplicity,

it was assumed that the peaks were 100% Gaussian. (The laser line shape is Gaussian

while the shape of vibrational peaks is in Lorentzian. Thus, Raman peaks are probably

60-90% Lorentzian and 10-40% Gaussian.)

2.3 Results and Discussion

2.3.1 Applying LabCalc to Created Spectra

2.3.1.1 Derivatives

Figs. 2.1 and 2.2 show the created spectra IndLCI and IndLC2. True peak

parameters are listed in Table 2.1. The 1st and 2nd derivative curves for IndLCI are

shown in Fig. 2.1. The (dy/dx)=0 point of the 1st derivative and the minimum intensity

point of the 2nd derivative correspond to the peak maxima in the original spectrum and

give the same frequency readings of 622.0 and 676.1 cm-1 as in Table 2.1. This

indicates that the differentiation programs function correctly, and we can use either of

them to determine the band frequency for an isolated peak.
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For overlapping bands, the frequency readings from the 1st and the 2nd

derivatives have larger errors (Fig. 2.2). Due to band overlapping, the 1st derivative

curve is no longer symmetric and it is hard to define the (dy/dx)=0 line. Furthermore,

the peak minimum in the 2nd derivative no longer corresponds to the correct frequency

reading. In summary, for overlapping bands, the 1st and 2nd derivatives help in

resolution (finding out the number of bands), but often do not lead to the correct

frequency reading.

2.3.1.2 Auto Fitting

Results are listed in Tables 2.1 and 2.2. For separated peaks (IndLC1), auto

fitting with rough initial guesses in band width, center position, and intensity gives only

a :to. 1 cm-1 error in the frequency reading (Table 2.1). Even when band width initial

guesses differ from the true values by -2.8 to +3.4 em-I, the fitted band widths all come

out close to the true widths within :to.4 cm-1 (Table 2.2). For overlapped peaks

(IndLC2), similar results are obtained with a slightly increased error of 0.5 cm-1 in

frequency determination (Table 2.1). In both cases, the fitted peak heights are also close

to the true values (:t4 %). Furthermore, results are highly reproducible when the fitting

routine is repeated several times. In auto fitting, the initial guesses are not important to

the final results and the fitted widths are close to the true values no matter how far off

the initial guesses are. The chi-square value reached its lowest point within 100 passes,

and additional passes gave very little further improvement.

2.3.1.3 Fixed-width fitting

Results are listed in Table 2.3. In each fitting test, the input fixed band width

differ from true value by -2.8 to +4 em-I. For the separated bands in IndLC 1, the fitted

band frequencies are within 0.1 cm-1 of the true values. For the overlapped bands in

LndLC2, the errors are :to.5 cm-1which are slightly larger than those in auto fitting.

In addition, the band heights and areas are surprisingly variable. Compared to auto

fitting, the Chi values are about 2 fold bigger (the larger the deviations in fixed width,

the poorer the fitting). With a fixed band width, the program simply cannot arrive at as

good a fit to the true spectrum as when the band width is allowed to vary.

Our testing results show that the curve fitting program works properly. Auto

fitting and fixed-widthfitting give similar results for band frequencywith an error of
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:to.5 em-I. However, if we also consider band areas and Chi values, we find that auto

fitting works better than fixed-width fitting, especially in the case of overlapping bands.

We, therefore, decided to use auto fitting to determine isotope shifts in the RR spectra
of azurin.

2.3.2 Raman Band Frequency of Azurin from Curve Fitting

2.3.2.1 RR Spectra of 6S/63CuLabeled Azurin

65/63Cu-labeledazurin samples were obtained by reconstitution of apo-H117G

mutant with 65Cuor 63CUand imidazole. Fig. 2.3A shows the spectra of Cu-isotope

labeled azurin between 350-450 em-I. In addition to bands at 372, 408, 429, and 441

em-I, there is clearly another unresolved strong band near 400 em-I. In 65CU,two bands

have shifted slightly to lower frequencies. The intensities of the 372- and 4oo-cm-I bands

increase, but the 429-cm-I band stays the same in both frequency and intensity. We used

curve fitting to determine band parameters, particularly for the near 4oo-cm-I shoulder.

The auto fitting procedure gives a good match between the fitted and observed

spectra (Fig. 2.4A). The ~Pcalcvalues from auto fitting (Table 2.4) agree well with ~Pobs

from visual inspection of the spectra and ~Plit reported previously. The fact that the

fitted band widths for the 63CUand 65Cudata sets are constant within :to.4 em-I lends

credibility to the auto fitting results. The shifts of the 372- and 408-cm-1 bands are

detected consistently and, thus, are likely to be real shifts. The shifts of 429- and

441-cm-1 bands are within the experimental error of :to.5 em-I and, thus, are not

significant.

It is surprising that the 399-cm-1shoulder is not shifted according to curve fitting.

This band looks like it has shifted in the overplotted spectra (Fig. 2.3A). However,

curve fitting makes it apparent that the gap between solid and dotted lines is caused by

an intensity increase of the 399-cm-1band in the 65CUsample, rather than a frequency

change. Curve fitting shows a 16% increase in intensity of the 399-cm-1band with 65CU

(Table 2.4). We conclude that the frequency of the 399-cm-1band is not significantly

different in 65CUand 63CUazurin. The increased intensity of this band is most likely due

to intensity borrowing as the major band at 408 em-I shifts 0.6 em-I to lower energy.
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2.3.2.2 RR spectra of 15/14N_labeledWT Azurin

151l4Nlabeled azurin samples were obtained by growing protein in 15N_or

14N-ammonia. Thus, all nitrogen atoms in the protein are labeled. Fig. 2.3B shows the

expanded spectra of 15/14N-Iabeledazurins in 350-450-cm-1region. Compared to Fig.

2.3A, the - 4oo-cm-1 shoulder is better resolved in the wild-type protein (Fig. 2.3B).

In 15N-NH3,all bands are shifted to lower energy and 428-cm-1 band has the largest

changes in intensity and frequency.

Curve fitting results are shown in Fig. 2.4B and Table 2.5. Bands at 400, 408,

428,435, and 441 cm-l are shifted to low frequencies by 2.7,1.4,3.8,3.4, and 3 cm-l,

respectively. The larger shift of the 4oo-cm-1band than the 408 cm-l band is obvious

from Fig. 2.3B and explains why the 4oo-cm-1 band is better resolved in 15N-NH3

sample. Comparison of ~JLcaJcand ~vobs(Table 2.5) shows very good agreement. Given

the large isotope shifts in this data set, the estimation of ~vobsfrom expanded overplots

is fairly accurate. The good agreement with ~vcaJcverifies that the auto fitting procedure

is an excellent method for determining isotope shifts. Auto fitting has the further

advantage that the frequency determinations are not biased by user perceptions.

2.3.3 Raman Intensities in SOD-H80C mutant from Curve Fitting

Auto fitting is the best choice for finding the frequency changes between a pair

of spectra (e.g., isotope effects), provided that band widths remain constant. However,

in a study of peak intensities in a series of spectra for a RR excitation profile, we found

that auto fitting gave incorrect results. Fig. 2.5 shows the RR spectra of the blue copper

site of SOD-H80C mutant at 3 different excitation wavelengths. Each spectrum has two

major peaks at 341 and 352 em-I. Table 2.6 lists the band width and intensity values

from auto fitting. At 458-nm excitation, the 341-cm-1band intensity is only 42%, which

appears too low by looking at the actual spectrum in Fig. 2.5. It is clear that the

underestimated intensities of 341-cm-1band with 457-514-nm excitation are due to the

anomalously small band widths from the auto fitting procedure.

Band width is an essential property of a vibrational mode. Based on ~~E ~

h/41r (constant), the band width should not change with excitation wavelengths provided

that temperature, solvent, and slit width remain the same. Therefore, the changes in

band width obtained by auto fitting are incorrect. The reason for the change is not
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known. From the range of auto fitting band widths, it appeared that the actual band

width was between 13 and 14 em-I (typical values for protein Raman bands). Thus, a

value of 13.5 em-I was utilized for the fixed-width fitting procedure. The results are

shown in Table 2.6. Using fixed-width fitting, the intensities of the 341 em-I band are

higher with blue excitation and closer to the observed data shown in Fig. 2.5.

Excitation profiles resulting from the two methods are shown in Fig. 2.6. As we

can see, auto fitting and fixed-width fitting give similar excitation maxima, but the

relative intensities are different. In Fig. 2.6B, the two Raman bands appear to have

similar relative intensities with 460- and 650-nm excitation, which is clearly not correct

as seen in the data shown in Fig. 2.5. Therefore, for quantitating Raman intensities, the

fixed-width fit appears to be the safe and right choice.

2.3.4 Other Factors Affecting Curve Fitting

(i) When curve fitting is performed over a different spectral range, e.g., 350-450

em-I instead of 385-450 em-I, the results can be slightly different due to the tails of the

Gaussian bands. (ii) A band near the end of the spectral range will sense the fitting

range change most and will be more difficult to fit accurately. (iii) The larger the range

and the greater the number of peaks to be fitted, the bigger the Chi value. (iv) Curve

fitting seems to give the biggest errors and strangest results when two bands are

separated by less than 5 em-I. The key points are to analyze each set of data the same

way and always to check the curve fitting results against the original spectra.

2.4 CONCLUSIONS

(1) To determine frequency shifts from a pair of isotope spectra, use the auto

fitting procedure. However, check that the band width for a given mode remains

constant in the spectra for the two isotopes.

(2) To obtain Raman intensities for an excitation profile, first use auto fitting.

If the band widths vary excessively, determine a median or average band width and use

this value for a fixed-width fitting.

(3) The frequency error in curve fitting was found to be :i::0.5 em-I. In

comparing isotope data, if the frequency shift is ~0.5 em-I and the shift is consistently

detected in several independent experiments, then it is likely to be a real shift. Shifts

<0.4 em-I are not significant.
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(4) Curve fitting is particularly useful in the case of overlapped bands, when there

are intensity as well as frequency changes and for small shifts (::5;1 em-I). Even for large

shifts (> 1 em-I), curve fitting gives more accurate results than cursor reading because

it is less subjective and more likely to locate the true peak positions.
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Table 2.1. Auto Fitting Resultson Created Spectra

File Paramete Trueb F-lc F-2c
I F-TI d

Peak

-
IndLC 1

(I) JI 622.0 622.1 622.1 0.1

W 10.1 10.5 9.98 0.4

H(%) 64 64 62 2%

A(%) 61 57

(II) JI 676.1 676.1 676.1 0

W 11.2 10.9 10.7 0.5

Chi-sq 1.71xl<P 4.88 x 1<P

IndLC2

(I) JI 649.3 649.5 649.5 0.2

W 9.8 9.4 9.4 0.4

H(%) 54 58 58 4%

A(%) 49 49

(II) JI 659.6 660.1 660.1 0.5

W 11.6 11.3 11.3 0.3

Chi-sq 1.34 x 105 1.34 X105

a JI,W, H and A stand for frequency, width at half width, height, and area,

respectively. H of peak 1 is normalized to 100% for peak II. b Parameters of created

spectra. The parameters for peaks 1 and II in spectra IndLC1 and IndLC2 are

similar, but not identical, due to the fact that a cursor was used to generate peak

height and position. c F-l andF-2are twofittingtestsperformedwithslightly

different initial parameters. d Absolutevalue of maximumdifferenceof fitted results

from the true value.
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Table 2.2. GuessedBandWidthand Fitted BandWidth in Auto Fitting on IndLC2

Guessed Fitted True IF-TI

Fitting Peak W W W

(em-I) (em-I) (em-I) (em-I)

1 I 11 9.4 9.8 0.4

II 14 11.3 11.6 0.3

2 I 7 9.4 9.8 0.4

II 15 11.3 11.6 0.3
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Table 2.3. Fixed-Width Fitting Results on Created Spectra*

File Parameter True F-l F-2 F-3 I Ap_TI

(Peak)

IndLC I

(I) 1J 622.0 622.1 622.1 622.1 0.1

W 10.1 11.1 12.5 8.3 2.4

H(%) 64 65 64 64 1%

A(%) 63 68 61

(II) 1J 676.1 676.1 676.1 676.1 0

W 11.2 11.5 11.7 8.7 2.5

Chi-sq 2.50x 105 3.82 x 105 6.74x105

IndLC2

(I) 1J 649.3 649.5 649.8 649.2 0.5

W 9.8 10.5 13.86 7.0 4

H(%) 54 58 51 59 5%

A(%) 49 51 46

(II) 1J 659.6 660.1 660.1 660.0 0.5

W 11.6 12.1 14.1 9 3.2

Chi-sq 2.11 x 105 4.49X 105 1.09 X106

* See notes for Table 2.1. W values in F-l, F-2, and F-3 are fixed widths.
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Table 2.4. Auto Fitting Parameters for 65/63CUSpectra of Azurin

* AVealeare shifts from auto fitting. AVobsare shifts estimated from cursor positions in expanded overplots. AVlitare shifts

reported by Blair et at., J. Am. Chern. Soc. 107, 5755 (1985). H refers to band height relative to the most intense 408-cm-1

band.

63CU 65CU

A veale Avobs AVlit

V W H% v W H%

371.8 10.7 53 371.3 10.8 67 -0.5 -0.5 -0.6

399.1 10.7 56 399.07 10.9 72 0.0 --1 -0.6

407.9 10.3 100 407.3 10.3 100 -0.6 --1 -0.6

428.9 10.0 53 428.6 9.7 56 -0.3 0 -0.2

441.2 7.1 7 440.8 7.4 7 -0.4 0 N.d.
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Table 2.5. Auto Fitting Parameters for 15/14N_NH3Spectra of Azurin*

14N-NH3 l5N-NH3
Avcalc Avobs

v w H(%) v w (H%)

* See notes for Table 2.4.

371.8 8.2 45 371.3 9.3 41 -0.9 -1

399.6 8.7 46 396.9 7.9 42 -2.7 --2.5

407.9 7.5 100 406.5 8.3 100 -1.4 -1

427.9 7.3 46 424.1 8.2 56 -3.8 -3.7

434.6 4.6 8 431.2 4.3 11 -3.4 N.d.

440.6 5.1 5 437.6 6.9 10 -3 -3.7
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Table 2.6. Curve Fitting Parametersfor RR Spectraof SOD-H80C

a W is the derived band width. A is the area of the 341-cm-1band relative to that of the

352-cm-1 band. b Areas calculated by fixing both band widths at 13.5 em-I.

Excitation Auto-Fitting Procedurea Fixed-widthb

Wavelength
341 cm-I 352 cm-I A3411352 A3411352

(nm) W W (%) (%)

458 11.6 14 42 87

488 11.8 16 39 78

514 11 16 41 79

568 13 14 56 72

599 15 13 64 65

610 15 14 69 57

624 14 12 64 54

647 14 12 51 43

676 13 13.6 38 28
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FIGURE LEGENDS

Figure 2.1. Created Raman spectrum IndLCl and its 1st and 2nd derivatives.

Figure 2.2. Created Raman spectrum IndLC2 and its 1st and 2nd derivatives.

Figure 2.3. RR spectra of isotope-labeled azurin from P. aeruginosa obtained with 647-

nm excitation. Dotted lines are the heavy isotope samples. A: 65/63CUsubstituted into

Hl17G mutant plus imidazole. B: 15/14N_NH3in wild-type azurin.

Figure 2.4. Examples of curve fitting results for RR spectra of azurin. Spectra have

been baseline corrected, but not smoothed.

Figure 2.5. RR spectra of the H80C mutant of superoxide dismutase obtained at three

different excitation wavelengths.

Figure 2.6. RR excitationprofiles for SOD-H80C. Raman intensitieswere measured

as the area of the proteinpeak relativeto the area of the ice peak at 230 em-I.

A: Results from fixed-widthfitting. B: Results from auto fitting.
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Chapter 3

RESONANCE RAMAN SPECTRA OF PLASTOCYANIN AND PSEUDOAZURIN.

EVIDENCE FOR CONSERVED CYSTEIN LIGAND CONFORMATIONS IN

CUPREDOXINS (BLUE COPPER PROTEINS)1

3.1 Introduction

The blue copper proteins have been the subject of intensive spectroscopic and

structural studies (Adman, 1985, 1991; Solomon et al., 1986). Particularly noteworthy

are their very intense (E = 3000 to 5000 M-I em-I) absorption bands in the visible

spectrum (590 to 625 nm) arising from cysteinate S - Cu(II) charge transfer. In

addition, they exhibit distinctive resonance Raman (RR) spectra, axial or rhombic EPR

spectra with abnormally low copper hyperfine splitting constants, and relatively high

redox potentials of 200 to 700 mV (compared to the standard potential of 160 mV for the

CUH/CUI+ pair). Blue copper centers are found in both mononuclear and multinuclear

copper proteins. Where the biological function has been established, it is invariably

electron transfer [see, e.g. Farver and Pecht (1984) and Ryden (1984)]. For this reason,

Adman (1985) has proposed that the mononuclear copper proteins be described

collectively as cupredoxins.

The cupredoxins for which high resolution X-ray crystal structures are available'

comprise poplar (Populus nigra) plastocyanin algal (Guss and Freeman, 1983),

(Enteromorphaprolifera) plastocyanins(Collyeret al., 1990),Alcaligenesdenitrificans

azurin (Norris et al., 1986), cucumber basic blue protein (Guss et al., 1988), and

Alcaligenesfaecalis pseudoazurin (Petratos et al., 1988; Adman et al., 1989). There is

also a cupredoxin-type domain in the multinuclear copper protein, zucchini ascorbate

I As published in Biochemistry 1991, 30. 10904-10913.
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oxidase (Messerschmidt et al., 1989), and the existence of similar domains in two other

multinuclear copper proteins, laccase and ceruloplasmin, has been inferred from the

primary structures (Messerschmidt and Huber, 1990). Despite their different plant and

bacterial origins, all five proteins have similar j3-sandwich structures and blue copper

sites (Adman, 1991). In all cases, the copper is coordinated to one cysteine and two

histidines in a distorted trigonal geometry with a weakly ligated axial methionine at a

longer distance. In the azurins from A. denitrificans (Norris et al., 1986) and

Pseudomonas aeruginosa (Adman, 1985), there is also a weakly coordinated peptide

carbonyl group serving as a fifth ligand. Both the intensity of the -6OO-nm absorption

band (€ > 3,000 M-I em-I) and the narrowness of the EPR copper hyperfine splitting (All

< 65 x 10-4em-I) have been attributed to a strong trigonal ligand set having a symmetry

lower than C3v(Gewirth et al., 1987; Ainscough et al., 1987).

Despite the close similarities in the structures of the blue copper sites, there are

some surprising differences. For some of the proteins, the X-band EPR spectrum is

axial, whereas for others it is rhombic. Resonance Raman (RR) spectra show even

greater variability. In all cases, excitation within the S(Cys) - Cu(II) CT band produces

strong enhancement of four to five fundamental vibrational modes in the 330- to 460-cm-I

region. The multiplicity of these modes has been attributed to coupling between the Cu-S

stretch and internal modes of the cysteine ligand (Nestor et al., 1984; Woodruff et al.,

1988). However, the most intense RR mode can be located anywhere between 360 and

445 em-I.

In order to gain a better understanding of the structural factors responsible for the

complexity and variability of the RR spectra, we have chosen to investigate poplar

plastocyanin and A. faecalis pseudoazurin and to compare their spectroscopic behaviors

with those of other blue copper proteins of known structure. We find that the vibrational

frequencies among the blue copper proteins are actually fairly constant, which is

consistent with the strong conservation of structure observed crystallographically. This

would argue against the previous suggestion (Blair et al., 1985) that the frequency of the

most intense vibrational mode can be used as an indicator of Cu-S(Cys) bond length.

Rather, the uniqueness of the spectral pattern for each protein appears to be due mainly

to variations in the vibrational intensities. Thus, the differences in the blue copper sites
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which are detected by RR spectroscopy are reflecting differences in the electronic

excited-state structure of the Cu-cysteinate chromophore.

3.2 Experimental Procedures

3.2.1 Protein Samples

Pseudoazurin from Alcaligenes faecalis S-6 was purified as described previously

(Kakutani et al., 1981). Samples for Raman spectroscopy were prepared from the same

material which had been used for X-ray crystallography and had an A28dAS93of 2.14.

Concentrated samples -1.5 mM in pseudoazurin were diluted 20-fold in 0.02 M

KH2P04, 0.04 M KCI (pH meter reading 6.3) in either H20 or D20. The samples were

then concentrated by centrifugation in a Centricon 10 (Amicon) ultrafiltration device.

Two more dilution and reconcentration steps were performed. Before the last

reconcentration step, the dilute solutions were incubated overnight at 5°C. The final

protein concentrations were - 1.5 mM.

Poplar (Populus nigra var. italica) and oleander (Oleander nerium) plastocyanins

were purified as described previously (Chapman et al., 1977). During the purification

of poplar plastocyanin, the second ion-exchange chromatographic separation step yielded

two blue components to which we shall refer as Pc I and Pc II. These components were

treated separately in subsequent steps of the procedure. For RR spectroscopy,

lyophilized samples were dissolved in 0.1 M sodium phosphate in H20 or D20 (pH meter

reading 6.0) yielding a concentration - 0.5mM in Cu(II) and were incubated overnight

at 5°C.

3.2.2 Resonance Raman Spectroscopy

RR spectra were obtained with a computer-interfaced Jarrell-Ash

spectrophotometer using a Spectra Physics 2025-11 (Kr) laser for 647.1-nm excitation

and a Coherent Innova 90-6 (Ar)/599-01 (dye) laser system for 570-nm excitation. The

detector was an RCA C31034 photomultiplier tube with an ORTEC model 9302

amplifier/discriminator. The Raman spectra were collected in an -150° backscattering

geometry with samples at a temperature of - 15 K by using a closed-cycle helium

refrigerator (Air Products Displex). For isotopic comparisons, samples were run

consecutively under identical instrumental conditions. Peak positions were determined
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by abscissa expansion and curve fitting (typical values: 40% Gaussian, 60% Lorentzian,

full width at half-height of 7 to 9 em-I). Although absolute frequencies are accurate to

only + 1 em-I, isotope shifts are reproducible to within :to.3 em-I.

3.3 Results and Discussion

3.3.1 Copper Site Structures in Pseudoazurin and Plastocyanin

Pseudoazurin from A.faecalis is a protein with a molecular weight of 14,000 that

serves as an electron donor to nitrite reductase under anaerobic conditions (Kakutani et

al., 1981). Its crystal structure has been determined at high resolution (Petratos et al.,

1988; Adman et aI., 1989). The cupric ion in pseudoazurin has three strongly

coordinated ligands (His-40, Cys-78, His-81) forming an approximately trigonal planar

array with a fourth ligand (Met-86) at a longer distance, resulting in a distorted

tetrahedral structure (Figure 3.1A). Despite its name, pseudoazurin has a structure, as

well as EPR and RR properties (see below), which are distinctly different from those of

the bacterial azurins.

Bacterial pseudoazurin is structurally more closely related to plant plastocyanin,

an electron carrier in chloroplasts. Much of the polypeptide backbone of pseudoazurin

(70 of the 123 residues) can be superposed upon the structure of plastocyanin (Guss and

Freeman, 1983) with an r.m.s. deviation of only 0.7 A (petratos et aI., 1987). The

copper sites of the two proteins, including the four ligating amino-acids (His-37, Cys-84,

His-87, and Met-92 in plastocyanin) and the connecting polypeptide backbone segments,

are identical within the limits of precision of the determinations (Figure 3.1A). Similar

ligand arrangements are observed at the blue copper sites of the cucumber basic protein

(Guss et aI., 1988) and ascorbate oxidase (Messerschmidt et aI., 1989) despite insertions

and deletions in the loop regions of the polypeptide backbones.. The azurins also

maintain a similar orientation of these four ligating amino acids (Figure 3.1B) despite

their having a weakly coordinated carbonyl as a fifth ligand (Adman, 1985; Norris et aI.,

1986).

3.3.1.1 Bond Distances

One of the most unusual and apparently persistent characteristics of the blue

copper site is the shortness of the Cu-S(Cys) bond. The average value in the five high-
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resolution structures (Table 3.1) is 2.13 A. Althoughthe values appear to range from

2.07 to 2.16 A, they are subjectto estimateduncertaintiesof at least 0.05 A (Table3.1)

so that theyare effectivelyindistinguishablefromoneanother. The estimateduncertainty

of +0.05 A is in keeping with the structure analysis of poplar platocyanin at 1.6 A

resolution where two independent refinements were made with two independently

recorded data sets (Guss and Freeman, 1983). It is supported by the recent finding that

the Cu-S(Cys) bond length in poplar plastocyanin changed from 2.16 A to 2.07 A when

the structure was further refined using new data at 1.3 A resolution (Guss, J.M.,

Bartunik, H.D. and Freeman, H.C., unpublished results). Similarly, the Cu-S(Cys) bond

length in A. faecalis pseudoazurin changed from 2.07 Aat 2.0-A resolution (Adman et

al., 1989) to 2.16 A at 1.55-A resolution (Table 3.1). It is likely that the 2.13 +0.05

A distance and estimate of precision for Cu-S(Cys) is applicable to the other cupredoxin

structures. In contrast with the cupredoxins, low molecular weight cupric thiolate

complexes more typically exhibit Cu-S bond distances of2.2 to 2.4 A (Guss et al., 1986;

Anderson et al., 1986; Bharadwaj et al., 1986).

The bonds to axialligands such as Met in blue copper proteins are much weaker

than the bonds to the trigonal Cys, Hi~ ligand set. The Cu-S(Met) values range from

2.6 to 3.1 A (Table3.1), the differenceof 0.5 A being wellbeyondexperimentalerror.

The unusually long value of 3.13 A in azurin may be a reflection of the presence of a

second axial ligand. Plastocyanin and pseudoazurin have intermediate Cu-S(Met)

distances near 2.80 A, whereas the cucumber basic protein has a significantly shorter

distance of 2.62 A.

The irregular geometry of the blue copper site appears to be imposed by the

protein and the framework in which the ligands are located. Thus, the ligand positions

in plastocyanin are essentially unaffected by replacement of Cu(II) with Hg(II) or by

removal of Cu(II) to form the apoprotein (Church et al., 1986; Garrett et al., 1984). In

plastocyanin, pseudoazurin, and azurin, a high degree of ordering is also evident from

the lower thermal parameters in the vicinity of the copper site (Guss et al., 1986; Adman

et al., 1989; Ainscough et al., 1987).

An important factor in maintaining the structural integrity of the blue copper site

is the hydrogen-bond network involving the ligands and adjacent residues (Guss and
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Freeman, 1983; Adman et al., 1989). In both pseudoazurin and plastocyanin (Figure

3.1A), the sulfur atom of the ligating Cys (residue 78/84) is the acceptor of an NH. . . S

hydrogen bond from the peptide-backbone N (residue 41/38). The orientation of the

imidazole ring of the more buried His ligand (residue 40/37) is stabilized by a hydrogen

bond to a backbone carbonyl (residue 9/13). The geometry of the Cu stite is further

stabilized by two interactions involving the residues immediately following the ligand His

and the ligand Cys. The residue adjacent to the ligand His is a conserved Asn (residue

41/38) whose side-chain amide group forms hydrogen bonds with the N(peptide) atom

and side-chain 0-y atom of a Thr/Ser (residue 79/85) adjacent to the ligand Cys. All

these interactions occur with minor variations in all the known cupredoxin structures.

3.3.1.2 Dihedral Angles

Copper-ligand dihedral angles are a sensitive indicator of the extent to which

ligand conformation is conserved in blue copper proteins. In keeping with the near

superposability of copper-site structures, these dihedral angles have approximately

constant values (Table 3.1). Thus, the So(Met)-Cu-S-y-CB(Cys)angle, the Cu-S-y-CB-

C(}!(Cys)angle, and the S-y-CB-C(}!-N(Cys)angle have values near 00, -1700, and + 1700,

respectively. A dihedral angle of 1800 or 00 means that the four contributing atoms

must be coplanar. In the case of the blue copper proteins, this near coplanarity extends

over six atoms from the So of methionine to the N(amide) of cysteine, as can be seen in

Figure 3.1. The apparent conservation of atomic positions at the blue copper site is all

the more remarkable in view of the extensive differences among the primary and tertiary

structures of other parts of the protein molecules. For example, the sequence identities

between pseudoazurin and plastocyanin and between azurin and plastocyanin are only 22

and 7%, respectively (Ryden, 1984).

The conservation of cysteine ligand dihedral angles is also observed in other

classes of protein that contain metal thiolate bonds. The crystal structures for the

Fe(Cys)4 sites in rubredoxins (Adman et al., 1977; Frey et al., 1987) and the FeS4(Cys)4

sites in ferredoxins (Backes et al., 1991) reveal that the geometry of a particular cysteine

ligand is maintained in homologous proteins. The distribution of Fe-S-y-CB-C(}!angles in

rubredoxins is two at -1800 and two at - 2700, whereas in ferredoxins it is two at

-700 and two at - 2700 (Chakrabarti, 1989). A similar range of values is observed for
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the equally conserved S"-C{rCatN dihedral angles in rubredoxins and ferredoxins.

Chakrabarti (1989) has observed that the S,,-C{1-Ca-Nangle tends to be near 1800 when

the M-S,,-C{1-Caangle is also close to 1800, as in the blue copper sites (Table 3.1).

In the crystal structure of liver alcohol dehydrogenase, the catalytic Zn(II) is

coordinated to two cysteines, one histidine, and a water (Eklund and Briinden, 1983).

One of the cysteine ligands appears to have a short metal-sulfur bond and Zn-S"-C{1-Ca-N

coplanarity (Table 3.1). This is the probable reason why Cu(II)-substituted alcohol

dehydrogenase exhibits the optical, EPR, and RR spectroscopic properties of a blue

copper site (Maret et al., 1986). Although the structure of the Cu(II) derivative has not

been determined crystallographically, it is likely to be close to that of the native zinc

enzyme as the ligand geometry is known to be preserved in the Co(II) and Cd(II) analogs

as well as in the apoprotein (Schneider et al., 1983, 1985).

3.3.2 Resonance Raman Spectra of Plastocyanin and Pseudoazurin

Raman spectra of blue copper proteins are maximally enhanced by excitation

within the intenseS(Cys)-+ Cu(II) CT band near 600 nm (Woodruffet al., 1988). All

exhibit a large set of cupric-cysteinate-related vibrational modes between 350 and 450

cm-I. The pattern of relative intensities of these modes appears to be characteristic of

the particular type of blue copper protein. For the plastocyanins, the strongest peak is

near 425 cm-I and the next strongest is near 375 cm-I, with an additional 4 to 5 smaller

peaks in this region (Figure 3.2). There is also an isolated v(Cu-His) mode near

265 cm-I. This pattern is observed for plastocyanins from oleander and poplar (Figure

3.2), as well as from spinach and bean (Blair et al., 1985).

Plastocyanin is the form of poplar Pc used in the crystallographic studies (Guss

and Freeman, 1983). A sequence for poplar Pc II determined in 1980 (R.P. Ambler,

personal communication to H.C. Freeman) is in agreement with that recently published

by Dimitrov et al. (1987), with the exception of residues 39-40 where no difference from

Pc I was noted. All of the amino acid changes are conservative, and none of the eleven

sequence differences between Pc I and Pc II involves a residue close to the copper site

in Pc I. Yet the RR spectra (Figure 3.2B,C) indicate small differences in peak

frequencies and relative intensities, suggesting that these remote amino acid changes have
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some small effect on the blue copper site. The difficulty of crystallizing Pcll has

prevented a direct structural comparison.

Pseudoazurin from A. faecalis has its own unique pattern of RR intensites in the

Cu-Cys region with three equally strong peaks at 386, 397, and 444 em-I (Figure 3.3A).

In addition, a moderately strong peak at 415 cm-1 and five peaks of lower intensity

between 339 and 461 cm-1are observed. Yet another intensity pattern is seen for azurin

where proteins from seven bacterial species all have their strongest RR peak at -410

cm-1 (Blair et al., 1985; Ainscough et al., 1987).

3.3.3 Deuterium Isotope Shifts in RR Spectra

Another common attribute of the RR spectra of blue copper proteins is that many

of the vibrational modes show small shifts to lower energy when the proteins are

equilibrated in D20 (Ainscough et al., 1987; Sharma et al., 1988). The RR spectra of

pseudoazurin and plastocyanin show the expected deuterium sensitivity as documented.

in Figure 3.3 and Table 3.2. Both proteins exhibit a-I cm-1shift in the -265-cm-1peak

as well as shifts of -1 to -3 cm-1for most of the peaks in the 330- to 460-cm-1region.

There is general agreement that the deuterium dependence of the v(Cu-His) mode

at - 265 cm-1is due to exchange of one or two protons on the imidazole ring (Nestor et

al., 1984; Blair et aI., 1985). The deuterium effects in the 330- to 460-cm-1region have

also been ascribed to histidine contributions (Woodruff et al. , 1988), but that

interpretation no longer seems correct. We have observed similar deuterium-dependent

shifts in the RR spectra of dinuc1ear and tetranuc1ear iron-sulfur proteins which lack

histidine ligands (Mino et al., 1987; Backes et aI., 1991). These observations indicate

that deuterium isotope effects on metal-sulfur vibrational modes are due to the hydrogen-

bonding interactions of sulfur ligands with exchangeable amide NH groups of the

polypeptide backbone. Thus, the deuterium shifts in the RR spectra of plastocyanin,

pseudoazurin, azurin, and Cu-substituted alcohol dehydrogenase (Table 3.2) can all be

attributed to hydrogen bonding of a cysteine-thiolate ligand (Figure 3.1; Mino et al.,

1987; Maret et al., 1986).

The deuterium dependences of the RR spectra of plastocyanin and pseudoazurin

are similar in the number of affected peaks and in the extent of the isotope shifts (Table

3.2). A similar pattern of deuterium sensitivity is observed for azurins from P.
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aeruginosa (Table 3.2) and A. denitrificans (Ainscough et at., 1987). Although the

azurins have two H bonds to the cysteine-sulfur ligand compared to one in plastocyanin

and pseudoazurin, the difference in overall hydrogen-bond strength is apparently

insufficient to be detected by RR spectroscopy. In native Zn(II)-containing alcohol

dehydrogenase, the Cys-46 ligand is also H bonded to the amide NH of residue 48 (H.

Eklund, personal communication). This feature is likely to be conserved in the Cu(II)-

substituted protein where the deuterium-isotope effects (Table 3.2) are even more

remarkable than for native blue copper proteins. The spectral changes in Cu(II)-alcohol

dehydrogenase involve large frequency shifts to both higher and lower energy as well as

marked decreases in various peak intensities, all of which can be attributed to hydrogen

bonding effects (Maret et al., 1986). Similarly, the 415-cm-1 peak of pseudoazurin

undergoes a significant lowering of intensity in D20 (Figure 3.3A).

3.3.4 Resonance Raman Frequencies

The origin of the complex set of vibrational modes between 330 and 460 cm-1in

the RR spectra of blue copper proteins has been the subject of much discussion

(Woodruff et al., 1988). Enhancement profiles (RR intensities versus excitation

wavelength) have shown that the vibrational intensities all track the -6oo-nm S(Cys) -
Cu(II) CT absorption band (Ainscough et al., 1987; Maret et al., 1986; Musci et al.,

1985). Therefore, each of these RR frequencies is expected to have have a Cu-S

stretching component contributing to its normal mode. Involvement of the axial methione

ligand can be ruled out because the substitution of selenomethionine for methionine in

azurin has no detectable effect on the RR spectrum (Thamann et al., 1982). Similarly,

contributions from the histidine ligands are unlikely because binding of exogenous

imidazole or pyrazole ligands to the copper center of Cu(II)-alcohol dehydrogenase has

no significant effect on the RR spectrum of the Cu-cysteinate chromophore (Maret et al. ,

1986). These considerations, as well as the smaller-than-expected Cu-isotope

dependence, have led to the conclusion that the vibrational modes between 330 and 460

cm-1must represent admixtures of the Cu-S(Cys) stretch and cysteine ligand deformation

modes (Nestor et al., 1984).

Potential candidates for cysteine ligand deformation modes in the 300- 5OO-cm-1

range include the S..,.-CI3-Cabend involving the S..,.ligating group, the CI3-Ca-(CO)bend,
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the CI3-Ccx-Nbend, the N-Ccx-(CO)bend, and a Cu-S-y-CI3-Ccxtorsional mode (Nestor et

al., 1984). Coupling of v(M-S) with O(S-C-C)is expected to be strongly dependent on

the M-S-y-CI3-Ccxdihedral angle, being maximal at 1800 and minimal at 900 (Han et al.,

1989). This type of coupling has been detected in the RR spectra of iron-sulfur proteins

such as Fe(Cys)4 rubredoxin (Czemuszewicz et al., 1986), F~S2(Cys)4 ferredoxin (Han

et al., 1989), and Fe4S4(Cys)4high-potential iron protein (Backes et al., 1991), all of

which contain one or more Fe-S-y-C,g-Ccxdihedral angle near 1800. As can be seen in

Table 3.1, all of the blue copper proteins which have been structurally characterized have

Cu-S-y-C,g-Ccxdihedral angles close to 1800. The S-y-C,g-Ccx-Ndihedral angle is also close

to 1800, making the amide nitrogen a part of the coplanar grouping (Figure 3.1A).

Thus, it is likely that the v(Cu-S) mode in blue copper sites is coupled to both the O(S-

C,g-Ccx)and o(C,g-Ccx-N)modes, as well as to several other cysteine-related deformations.

In contrast, the vibrational spectra of Cu(II)-imidazole complexes exhibit v(Cu,.Im)modes

below 300 cm-I and imidazole ring motions above 800 cm-I (Larrabee and Spiro, 1980).

Comparison of the RR spectra of blue copper proteins reveals that the [v(Cu-S)

+ o(Cys)] modes have a fairly constant set of frequencies, yielding the spectral

alignments shown in Table 3.2. This constancy has been overlooked in the past because

of the striking differences in peak intensities in the raw spectra, but it is more obvious

from the graphical depiction in Figure 3.4. All of the proteins have a peak near 265 cm-

I attributable to v(Cu-His). In the 330- to 460-cm-1region, as many as nine additional

modes are observed. Each such mode is confined to a narrow range of frequencies

across all of the blue copper proteins. For example, most of the proteins have a peak

at 440 + 5 cm-I, even though it varies from the least intense feature in stellacyanin to

the most intense in pseudoazurin. Similarly there are eight other common features near

340, 360, 375, 385, 400, 415, 430, and 460 cm-I. The vibrational mode which occurs

at each of these frequencies probably arises from a different combination of the Cu-

S(Cys) stretch with particular cysteine deformations. Since vibrational frequencies are

a reflection of the structure of the ground state (Carey, 1982), the relative constancy of

these frequencies in the RR spectra of blue copper proteins is consistent with the highly

conserved structure of the Cu-cysteinate moiety (Table 3; 1). The features of particular

importance would be the short Cu-S(Cys) bond distance of -2.13 A that raises the
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frequencies into the 400-cm-1 region and the near coplanarity of the Cu-S-y-CI3-Cor-N

moiety that leads to kinematic coupling of cysteine deformation modes with v(Cu-S).

3.3.5 Resonance Raman Intensities

There is a striking variability in the intensities of the different [v(Cu-S) + a(Cys)]

modes in the blue copper RR spectra (Figure 3.4), and each class of protein has its own

characteristic intensity pattern. In the plastocyanins, the feature at 424 cm-I is the most

strongly enhanced; in azurins, it is the feature at 409 cm-I; and in pseudoazurin, it is a

set of three peaks at 386, 397, and 444 cm-I (Table 3.2). It has been previously

suggested (Blair et al., 1985) that the most intense peak in the spectrum corresponds to

the vibration with the largest v(Cu-S) contribution and, thus, the frequency of this

vibration should be related to Cu-S(Cys) bond length. This suggestion seems unlikely

on several grounds: (i) the strong conservation of vibrational frequencies (vide supra)

suggests a common set of vibrational modes for all blue copper proteins with each

vibrational mode representing a particular combination of v(Cu-S) and a(Cys)

components, and (ii) blue copper proteins such as pseudoazurin and Cu(II)-substituted

alcohol dehydrogenase (Figure 3.4) have equally high intensities in two to three peaks

which differ widely in energy. Rather. the relative constancy of RR frequencies can be

taken as an indication of a conserved short Cu-S C s bond of - 2.13A in all blue

copper sites. On the basis of its Raman frequencies (Figure 3.4), stellacyanin is also

likely to have a short Cu-S(Cys) bond, despite the suggestion of a longer 2.2 A Cu-

S(Cys) distance from EXAFS analyses (Peisach et al., 1982; Feiters et al., 1988).

Whereas vibrational frequencies in resonance Raman spectra are solely a function

of the structure of the molecule in the electronic ground state, vibrational intensities are

related to the change in the geometry of the chromophore in the electronic excited state

(Carey, 1982). Intensities are maximized when the excited-state displacement of atoms

occurs along the normal coordinate of a vibration (Nishimura et al., 1978; Shin and

Zink, 1989). Thus, the variability of RR intensities in blue copper proteins may be

related to the degree of displacement which occurs in the excited state for the atoms

participating in a particular [v(Cu-S) + a(Cys)] mode. Since these excited-state effects

are specific for each class of blue copper protein, it is likely that they arise from



66

differences in amino acid composition and protein structure in the vicinity of the blue

copper site (but beyond the highly conserved Cys, His2, Met ligand set).

We propose that the conformation of the peptide loop connecting the Cys and His

ligands (Figure 3.5) has an effect on the enhancement of particular RR modes in blue

copper proteins. A common motif in the iron-sulfur proteins (rubredoxins, ferredoxins,

and high-potential iron proteins) is that two cysteine ligands are separated by two amino

acids, i.e., that the metal is coordinated by the Soyatoms of Cys(n) and Cys(n+3)

(Backes et al., 1991). A similar (n+3) spacing is observed between the Cys and His

ligands in some of the blue copper proteins, but many have an (n+5) or even larger

spacing (Table 3.3). The three proteins which have the smallest spacing (n+3) show

strongest enhancement of the mode near 430 cm-1 (plastocyanin, amicyanin,

pseudoazurin). The proteins with (n+5) spacing have their most intense mode at either

410 cm-1 (azurin, rusticyanin, auracyanin) or 385 cm-1(ascorbate oxidase, stellacyanin,

cucumber basic protein). The copper sites of laccase and ceruloplasmin (as deduced

from amino acid sequence alignments with ascorbate oxidase) also have an (N+5)

spacing between Cys and His ligands (Messerschmidt and Huber, 1990), and these

proteins exhibit maximal RR intensities at 400 and 383 cm-1, respectively (Siiman et al.,

1976). The two proteins with an even longer polypeptide segment between the Cys and

His ligands (Cu-substituted alcohol dehydrogenase, nitrite reductase) show the strongest

enhancement of the mode near 360 cm-1.

Studies of aromatic amino acids have shown that their Raman intensities can vary

considerably, depending on the nature of the protein environment (Hildebrandt et al.,

1988). Thus, it is reasonable that the intensities of the cysteinate-related deformation

modes are also sensitive to the protein environment in the vicinity of the cysteine ligand.

Despite the highly conserved conformation of the cysteine ligand, the variablity in the

conformation of the adiacent residues clearly results in differences in protein structure

and amino acid side-chainplacement (Figure 3.1). Analysisof the S(Cys) - Cu(II)

electronic transitions in cupredoxins as a function of temperature suggests that they are

coupled with ligand deformation modes (Cupane et al., 1990). Thus, a number of ligand

atoms would be expected to undergo geometric displacement in the electonic excited

state. The extent of displacement which a particular atom experiences may be influenced
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by its environment(e.g., orientationand natureof aminoacids in and aroundthe Cys/His

loop). This would then affect the Franck-Condon overlaps for a particular [II(CU-S)+

o(Cys)] vibrational mode. Based on the intensity data in Table 3.3 and Figure 3.4, we

predict the following conserved Cys/His loop conformations in cupredoxins: (i) (n +3)

loop in plastocyanin, pseudoazurin, and amicyanin; (ii) (n+5) loop in azurin, rusticyanin,

and auracyanin; (iii) different (n+5) loop in cucumber basic protein, ascorbate oxidase,

and stellacyanin; and (iv) (n+9) loop in nitrite reductase.

The characteristic Raman intensity pattern that is conserved within each class of

cupredoxins (Figure 3.4) is surprisingly unaffected by metal substitution. Replacement

of Cu(II) by Fe(III) or Ni(II) in alcohol dehydrogenase (Maret et al., 1986), Ni(II) in

azurin (Ferris et al., 1979), or Ni(II) in stellacyanin (Musci et al., 1985) results in some

differences in vibrational frequencies but the RR intensity pattern is preserved. This

suggests that the coupling of the II(M-S)vibration with cysteine deformations is the same,

in all cases. Thus, the conformation of the cysteine ligand and the Cys/His loop appears

to be more important than the nature of the metal in determining the unique set of

excited-state displacements which occurs in each type of blue copper protein.

3.3.6 Comparison of EPR and RR Properties

A characteristic and common feature of the blue-copper site is the narrow copper-

hyperfine splitting observed in the EPR spectrum (Gewirth et al., 1987). However, the

degree of rhombicity in the X-band EPR spectrum is highly variable, ranging from

strongly axial, as in plastocyanin, to strongly rhombic, as in stellacyanin (Table 3.3).

Q-band EPR spectra, on the other hand, exhibit marked rhombic character for all of

these proteins (Penfield, 1985), even for those classed as axial from X-band EPR

analysis. The extent of the axial or rhombic nature of the EPR spectra has been

proposed by Gewirth et al. (1987) to be related to the relative orientations of copper-

ligand bond directions with respect to the copper orbitals. Given the nearly superposable

Cu(Hish(Cys)(Met) sites of poplar plastocyanin and pseudoazurin (Figure 3.1A) and the

indistinguishable bond distances (within 0.05 A) for aliligands, including the long Cu-

Met bond, it is difficult to discern the structural origin of the different EPR character

(axial and rhombic, respectively, in Table 3.3) of these two proteins. Further, we have

noted no simple correlation between the X-band EPR spectra and RR frequencies or
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intensities. This may be due to the fact that RR spectra reflect the geometry of the

cysteine ligand and its connectivity to the protein, whereas EPR spectra are more

influenced by the environment of the entire metal-ligand site.

3.3.7 Role of Conserved Structures in Electron Transfer

The Cys and His side chains in the Cys/His ligand binding loop are essentially

superposable in all cupredoxins crystal structures (Table 3.1, Figure 3.1). This strong

conservationof side-chainplacementmaywellbe of functionalsignificancein long-range

electron transfer, as both of these ligands appear to be involved in specific electron-

transfer pathways (Sykes, 1985; Gray, 1986). The imidazole ring of the His ligand

protrudes into a hydrophobic patch on the protein surface (Figure 3.5). This patch has

been directly implicated in protein-protein interaction between electron-transfer partners:

(i) azurin requires its hydrophobic patch for electron transfer from cytochrome C551'as

revealed by site-directed mutagenesis (van de Kamp et al., 1991), and (ii) amicyanin uses

its hydrophobicpatch to bind to methylaminedehydrogenase,as determinedby X-ray

crystallography (Chen et al., 1991).

In a number of cupredoxins, one or both of the residues adjacent to the Cys ligand

have a side chain which interacts with an electron donor or acceptor at a second electron-

transfer site (Figure 3.5). In plastocyanin, the conserved residue Tyr 83 adjacent to the

Cu-binding residue Cys 84 has long been implicated in electron-transfer between the blue

Cu site and both biological and inorganic redox partners (e.g., Colman et al., 1978;

Roberts et al., 1991). In nitrite reductase, the residue preceding the blue Cu ligand,

Cys136is His 135which is a ligand of the type 2 Cu at the catalytic site (Godden et al.,

1991). In ascorbate oxidase, the Cu-binding residue Cys 508 is immediately preceded

and followed by residues His 507 and His 509, each of which is a ligand of a Cu atom

in the catalytically active trinuclear Cu cluster (Messerschmidt et al., 1989). The

existence of similar Cu-Cys-His-Cu pathways in laccase and ceruloplasmin can be

inferred from sequence homology between these proteins and ascorbate oxidase

(Messerschmidtand Huber, 1990).

The strong conservation of the (n-l)-Cys(n)-Cu structural motif (Figure 3.5)

makes it likely that electron transfer occurs through the bonds of the Cu-ligated Cys and

its neighboring residue(s). The fact that the Cu-Sy-CI3-CQ(-Nbonds are approximately
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coplanar in all crystallographically characterized cupredoxins (Table 3.1) suggests that

coplanarity is an important feature of through-bond electon-transfer pathways. A similar

degree of Cys ligand coplanarity is indicated for ascorbate oxidase, laccase, and

ceruloplasmin from the appearance of characteristic cupredoxin-type RR spectra (Siiman

et al., 1974). Current discussions of electron-transfer pathways have focused on distance

and bonding effects (Beratan et al., 1990). In light of the present work, it appears that

the dihedral angles in a through-bond electron-transfer pathway may also be important

variables.

3.4 Conclusions

(1) The crystal structures of the cupredoxins plastocyanin, pseudoazurin,

cucumber basic protein, and azurin show a coplanar array of five atoms in the copper

cysteinate moiety that is a highly conserved feature of blue copper sites.

(2) The coplanarity of the cupric cysteinate chromophore (Cu-Sy-C,a-Caand Sy-

C,a-Ca-N dihedral angles close to 180°) leads to a coupling of v(Cu-S) with 5(Cys)

modes. This coupling accounts for the presence of 9 or more vibrational modes in the

resonance Raman spectrum.

(3) The same set of vibrational modes in the 330- to 460-cm-1 region has been

observed in the RR spectra of all cupredoxins thus far examined (including stellacyanin,

rusticyanin, auracyanin, and amicyanin whose x-ray structures are not yet available). A

coplanar copper-cysteinate configuration is likely for each of these proteins.

(4) Although the intensities of the different RR modes vary from protein to

protein, the spectral patterns can be separated into four distinct categories having

maximal RR intensities at 360, 385, 410, or 430 cm-1, respectively. These categories

correlate with the presence of ~8, 4, 4, and 2 amino acids, respectively, between the

Cys and His ligands.

(5) The conserved conformations of the cysteinate side chain, backbone, and

flanking amino acids may be important in optimizing electron-transfer pathways which

utilize the Cu-S(Cys) framework.



70

References

Adman, E. T. (1985) in Metalloproteins (Harrison, P., Ed.) Part 1, pp. 1-42, Verlag

Chemie, Weinheim, FRG.

Adman, E. T. (1991) in Adv. in Protein Chemistry, in press.

Adman, E. T., Sieker, L. C., Jensen, L. H., Bruschi, M., and LeGall, J. (1977) J. Mol.

Bioi. 112, 113-120.

Adman, E. T., Turley, S., Bramson, R., Petratos, K., Banner, D., Tsemoglou, D.,

Beppu, T., and Watanabe,H. (1989)J. Bioi. Chem. 264, 87-99.

Adman, E. T., Turley, S., Godden,J., Fenderson,F., and LeGall, J. (1991)manuscript

submitted.

Ainscough,E. W., Bingham,A. G., Brodie,A. M., Ellis, W. R., Gray, H. B., Loehr,

T. M., Plowman,J. E., Norris, G. E., and Baker, E. N. (1987)Biochemistry26,

71-82.

Anderson, O. P., Becher, J., Frydendahn,H., Taylor, L. F., and Toftlund, H. (1986)

J. Chem. Soc. Chem. Commun., 699-701.

Backes, G., Mino, Y., Loehr, T. M., Meyer, T. E., Cusanovich,M. A., Sweeney,W.

V., Adman,E. T., and Sanders-Loehr,J. (1991)J. Am. Chem.Soc., 113, 2055-

2064.

Beratan, D. N., Onuchic, J. N., Betts, J. N., Bowler, B. E., and Gray, H. B. (1990)

J. Am. Chem. Soc. 112, 7915-7921.

Bharadwaj, P. K., Potenza,J. A., and Schugar, H. J. (1986)J. Am. Chem. Soc. 108,

1352-1352.

Blair, D. F., Campbell, G. W., Schoonover, J. R., Chan, S. I., Gray, H. B.,

Malmstrom,B. G., Pecht, I., Swanson,B. I., Woodruff, W. H., Cho, W. K.,

English, A. M., Fry, H. A., Lum, V., and Norton, K. A. (1985)J. Am. Chem.

Soc. 107, 5755-5766.

Carey, P. R. (1982) Biochemical Applications of Raman and Resonance Raman

Spectroscopies,p. 47, AcademicPress, New York.

Chakrabarti, P. (1989)Biochemistry28, 6081-6085.



71

Chapman, G. V., Colman, P. M., Freeman, H. C., Guss, J. M., Murata, M., Norris,

V. A., Ramshaw,J. A. M., and Venkatappa,M. P. (1977)J. Mol. BioI. 110,

187-189.

Chen, L., Mathews, F. S., and Davidson,V. L. (1991)manuscriptsubmitted.

Church, W. B., Guss, J. M., Potter, J. J., and Freeman, H. C. (1986)J. Biol. Chem.

261, 234-237.

Collyer, C. A., Guss, J. M., Sugimura,Y., Yoshizaki,F., and Freeman, H. C. (1990)

J. Mol. Biol. 211, 617-632.

Colman, P. M., Freeman, H. C., Guss, J. M., Murata, M., Norris, V. A., Ramshaw,

J. A. M. and Venkatappa, M. P. (1978) Nature 272, 319-324.

Cupane, A., Leone, M., Vitrano, E., and Cordone, L. (1990) Biophys. Chem. 38,213-

224.

Czernuszewicz, R. S., LeGall, J., Moura, I., and Spiro, T. G. (1986) lnorg. Chem. 25,

696-700.

Dimitrov, M. I., Egorov, C. A., Donchev, A. A., and Atanasov, B. P. (1987) FEBS

Lett. 226, 17-22.

Eklund, H. and Branden, C.-I. (1983) in Zinc Enzymes (Spiro, T. G., Ed.) Chapter 4,

Wiley, New York.

Farver, 0., and Pecht, I. (1984) in Copper Proteins and Copper Enzymes (Lontie, R.,

Ed.) Vol. 1, pp 183-214, CRC Press, Boca Raton, Florida.

Feiters, M. c., Dahlin, S., and Reinhammar, B. (1988) Biochim. Biophys. Acta 955,

250-260.

Ferris, N. S., Woodruff, W. H., Tennent, D. L., and McMillin, D. R. (1979) Biochem.

Biophys. Res. Commun. 88, 288-296.

Frey, M., Sieker, L. C., Payan, F., Haser, R., Bruschi, M., Pepe, G., and LeGall, J.

(1987) J. Mol. Biol. 197, 525-541.

Garrett, T. P. J., Clingeleffer, D. J., Guss, J. M., Rogers, S. J., and Freeman, H. C.

(1984) J. BioI. Chem. 259, 2822-2825.

Gewirth, A. A., Cohen, S. L., Schugar, H. J., and Solomon, E. I. (1987) Inorg. Chem.

26, 1133-1146.



72

Godden, J. W., Turky, S., Teller, D. C., Adman, E. T., Liu, M.-Y., Payne, W. J.,

and LeGall, J. (1991)manuscriptsubmitted.

Gray, H. B. (1986) Chem. Soc. Rev. 15, 17.

Guss, J. M., and Freeman, H. C. (1983)J. Mol. Bio/. 169, 521-563.

Guss, J. M., Harrowell, P. R., Murata, M., Norris, V. A., and Freeman, H. C. (1986)

J. Mol. Bioi. 192, 361-387.

Guss, J. M., Merritt, E. A., Phizackerley,R. P., Hedman, B., Murata, M., Hodgson,

K. 0., and Freeman, H. C. (1988)Science241, 806-811.

Han, S., Czemuszewicz,R. S., and Spiro, T. G. (1989)J. Am. Chem.Soc. 111,3496-

3405.

Hildebrandt, P. G., Copeland, R. A., Spiro, T. G., Otlewski,J., Laskowski,M., Jr.,

and Prendergast,F. G. (1988)Biochemistry27, 5426-5433.

Kakutani, T., Watanabe, H., Arima, K., and Beppu, T. (1981)J. Biochem. 89, 463-:

472.

Larrabee, J. A., and Spiro, T. G. (1980)J. Am. Chem. Soc. 102, 4217-4223.

Maret, W., Shiemke, A. K., Wheeler, W. D., Loehr, T. M., and Sanders-Loehr,J.

(1986)J. Am. Chem. Soc. 108, 6351-6359.

Maret, W., and Kozlowski,H. (1987)Biochim.Biophys.Acta 912, 329-337.

Messerschmidt,A., Rossi, A., Ladenstein,R., Huber, R., Bolognesi,M., Gatti, G.,

Marchesini, A., Petruzelli, R., and Finazzi-AgroA. (1989)J. Mol. Bioi. 206,

513-529.

Messerschmidt,A., and Huber, R. (1990)Eur. J. Biochem. 187, 341-352.

Mino, Y., Loehr, T. M., Wada, K., Matsubara, H., and Sanders-Loehr, J. (1987)

Biochemistry26, 8059-8065.

Mondovi,B., and Avigliano,L. (1984)in CopperProteinsand CopperEnzymes(Lontie,

R., Ed.) Vol. 3, pp. 101-118,CRC Press, BocaRaton, Florida.

Musci, G., Desideri, A., Morpurgo,L., andTosi, L. (1985)J. lnorg. Biochem.23,93-

102.

Nestor, L., Larrabee, J. A., Woolery, G., Reinhammar,B., and Spiro, T. G. (1984)

Biochemistry23, 1084-1093.



73

Nishimura, Y., Hirakawa, A., Y., and Tsuboi, M. (1978)in Advances in Infrared and

Raman Spectroscopy(Clark, R. J. H., and Hester, R. E., Eds.) Vol. 5, pp. 217-

275, Heyden, London.

Norris, G. E., Anderson,B. F., and Baker,E. N. (1986)J. Am. Chem.Soc. 108,2784-

2785.

Peisach, J., Powers, L., Blumberg,W. E., and Chance,B. (1982)Biochem.J. 38, 277-

285.

Penfield, K. W., Gewirth, A. A., and Solomon,E. I. (1985)J. Am. Chem. Soc. 107,

4519-4529.

Petratos, K., Banner, D. W., Beppu, T., Wilson, K. S., and Tsernoglou, D. (1987)

FEBSLeft. 218, 209-214.

Petratos, K., Dauter, Z., and Wilson, K. S. (1988)Acta Crystallogr.B44, 628-636.

Roberts, V. A., Freeman, H. C., Getzoff,E. D., Olson, A. J., and Tainer, J. A. (1991)

J. Bio!' Chem. (in press).

Ryden, L. (1984)in CopperProteinsand CopperEnzymes(Lontie,R., Ed.) Vol. 1, pp.

157-182,CRC Press, BocaRaton, Florida.

Schneider, G., Eklund, H., Cedergren-Zeppezauer,E., and Zeppezauer, M. (1983)

Proc. Nat!. Acad. Sci. U.S.A. 80, 5289-5293.

Schneider,G., Cedergren-Zeppezauer,E., Eklund,H., Knight,S., and Zeppezauer,M.

(1985)Biochemistry24, 7503-7510.

Sharma, K. D., Loehr, T. M., Sanders-Loehr,J., Husain, M., and Davidson, V. L.

(1988)J. Bioi. Chem. 263, 3303-3306.

Shin, K.-S., and Zink, J. I. (1989)Inorg. Chem. 28, 4358-4366.

Siiman, 0.; Young, N. M.; and Carey, P. R. (1976)J. Am. Chem. Soc. 98, 744-748.

Solomon,E. I., Gewirth, A. A., and Cohen, S. L. (1986)in ExcitedStatesandReactive

Intermediates(Lever, A. B. P., Ed.) pp. 236-266, AmericanChemicalSociety,

Washington,DC.

Sykes, A. G. (1985) Chem. Soc. Rev. 14, 283-315.

Thamann, T. J., Frank, P., Willis, L. J., and Loehr, T. M. (1982) Proc. Natl. Acad.

Sci. USA 79, 6396-6400.



74

van de Kamp, M., Silvestrini,M. C., Brunori, M., Van Beeumen,J., Hali, F. C., and

Canters, G. W. (1991)Eur. J. Biochem. 194, 109-118.

Woodruff,W. H., Dyer, R. B., and Schoonover,J. R. (1988)in BiologicalApplications

of Raman Spectroscopy(Spiro, T. G., Ed.) Vol. 3, pp. 413-438, Wiley, New

York.



75

Table 3.1. Structural Characteristics of Blue Copper Sites

dihedral angle (deg)

S.-M-S -Ca M-S -Ca-C S -Ca-C N
U 'Y/J 'Y/Ja 'Y/Ja

169

166

173

166

166

173

190

a Bond lengths (e.s.d. = 0.04 A) and dihedral angles for P. nigra var. italica plastocyanin at 1.33-A resolution (J. M. Guss,

H. D. Bartunik, and H. C. Freeman, unpublishedresults).

b Bond lengths (esd = 0.05 A) and dihedral angles for E. prolifera plastocyaninat 1.85-Aresolution(Collyeret al., 1990).

C O. nerium plastocyanin at 1.8-A resolution (Ton, 1991).

-3 -168

-1 -166

-4 -172

-3 -178

-6 -171

-1 -169

-168

-174
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Table 1.1 (continued):

d Bond lengths for A.faecalis S-6 pseudoazurin at 1.55-A resolution, R = 18% (Petratos et al., 1988); dihedryl angles from

2PAZ in The Brookhaven Protein Data Bank.

e Bond lengths (esd = 0.05 A) and dihedral angles for cucumberbasic proteinat 1.8-Aresolution(J. M. Guss and H. C.

Freeman, unpublished results.

f Bond lengths :I: 0.05 A for A. denitrificansazurinat 1.8-Aresolution,R = 16.4% (Baker, 1988); bond angles from 2AZA

in The Brookhaven Protein Data Bank.

g Bond lengths :I: 0.2 A and bond angles for zucchiniascorbateoxidaseat 1.9-Aresolution,R = 20.5% (A. Messerschmidt,

personal communication).

h Data for catalytic zinc site in horse liver alcohol dehydrogenase at 2.4-A resolution (Chakrabarti, 1989).



77

Table 3.2. Resonance Raman Vibrational Frequencies and Deuterium Isotope Shifts for Cupredoxinsa

a Frequencies and isotope shifts in D20 (in em-I) rounded to the nearest whole number. An asterisk (*) denotes peaks of

highest itensity. An arrow ( ~) denotes decrease in intensity.

b Poplar plastocyanin I and A. faecalis pseudoazurin (this work).

C P. aeruginosaazurin (T. den Blaauwen,G. W. Canters, J. Han, T. M. Loehr, and J. Sanders-Loehr,unpublishedresults).
d Cu(II)-substituted alcohol dehydrogenase containing NADH (Maret et al., 1986).

plastocyaninb pseudoazurinb azurinc Cu(II)-ADHd

H2O .1D2O H2O .1D2O H2O .1D2O H2O .1D2O

266 -1 264 -1 266 264 -2

287 -2 316 -2

339 339 333 342

359 348 *358

375 -3 366 -1 373 -1 372

383 -1 *386 -3 380 +2

403 -2 *397 401 -2 401 -3

415 -3 *409 -1 *419 +2

*424 428 -2

437 -1 *444 -2 441 -2

459 462 -1 455 -1
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Table 3.3. Correlationof LigandLoop Size and MaximalRamanIntensity

A. Shute, and R. C. Blake, personal communication); Arc (J. van Beeumen, J. D.

McManus, and R. E. Blankenship, personal communication); Amc (Sharma et al., 1988).

The protein sources and abbreviations as described in Figure 3.4.

b Frequency of the most intense Raman peak in cm-1 (additional peak of high intensity)

from references in Figure 3.4.

C X-band EPR data sources: Cu-ADH (Maret and Kozlowski, 1987); NiR (B. A.

Averill, personal communication); AO (Mondovi and Avigliano, 1984); Sc, CBP, Az,

Rc, Pc, Amc (references cited by Adman, 1985); Arc (J. D. McManus and R. E.

Blankenship, personal communication); PAz (Kakutani et al., 1981).

residue numbe(l maximal EPR

protein Raman spectral
Cys (n) His (n+x) x intensityb typec

alcohol dehydrogenase 46 67 21 358 (419) rhombic

nitrite reductase 136 145 9 362 rhombic

ascorbate oxidase 508 513 5 383 axial

stellacyanin 87 92 5 385 rhombic

cucumber basic protein 79 84 5 391 rhombic

azunn 112 117 5 409 axial

rusticyanin 138 143 5 412 rhombic

auracyanm 123 128 5 415 rhombic

plastocyanin 84 87 3 424 axial

amlcyanm 86 89 3 430 axial

pseudoazurin 78 81 3 444 (386) rhombic

a Residue in aminoacid sequence. x = The differencebetweenCys(n) and His (n+x).

Source of sequence data: ADH, AO, CBP, Az, Pc, and PAz (references in Table 3.1);

NiR (Fenderson et al., 1991); Sc (Guss et al., 1988); Rc (M. Ronk, J. E. Shively, E.
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FIGURE LEGENDS

Figure 3.1. (A) Superposition of the copper sites in pseudoazurin (BPN) from A.

faecalis (thick lines) and poplar plastocyanin (PCY) (thin lines). (B) Superposition of the

copper sites in pseudoazurin (thick lines) and A. denitrificans azurin (AZ) (thin lines).

The drawings were made from X-ray coordinates in the Brookhaven Protein Data Bank

for pseudoazurin at 2.0-A resolution (2PAZ), plastocyanin at 1.6-A resolution (lPCY),

and azurin at 1.8-A resolution (2AZA). Also shown for pseudoazurin are the hydrogen

bonds ( . . .)between copper ligands and protein moieties and between the side chain of

the conserved Asn-41 and the backbone NH and side chain of Thr-79. Analogous

hydrogen bonds (not shown) are found in plastocyanin and azurin.

Figure 3.2. Resonance Raman spectra of plastocyaninsfrom oleander (A), poplar

componentI (B), and componentII (C). Spectra A and B were obtained on samples

- 0.5mM in Cu(II), pH 6.0, at 15 K with 570-nm excitation (65 mW) with a resolution

of 4 em-I, a scan rate of 0.5 em-lIs, and are accumulations of 20 scans each. Spectrum

C was obtained on a sample 0.35 mM in Cu(II) in 0.1 M phosphate (pH 7.0) plus 6-fold

excess K3Fe(CN)6under similar conditions except for a resolution of 5 em-I, a scan rate

1.0 em-lIs, and 10 scans. Omission of the K3Fe(CN)6or changing the buffer to 0.1 M

acetate (pH 4.2) caused no significant changes in the RR spectrum of poplar Pcll. S

denotes peaks from frozen solvent (translational modes of ice).

Figure 3.3. Resonance Raman spectra ofpseudoazurin and plastocyanin in H20 (-) and

D20 (. . .). (A) Pseudoazurin from A. faecalis (1.5 mM in H20 1.2 mM in D20)..
Spectra were obtained at 15 K with 647.1-nm excitation (70 mW) with a resolution of

5 em-I, a scan rate of 0.5 em-lIs, and 20 scans each. (B) Poplar plastocyanin (0.5 mM

in H20, 0.6 mM in D20). Spectral conditions as in Figure 3.2. Indicated peak

frequencies are for protein in H20.
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Figure 3.4. Relative peak intensities in the resonance Raman spectra of blue copper

proteins. Data taken from the following sources: Cu(II)-aIcohol dehydrogenase (ADH)

(Maret et aI., 1986), Achromobacter cycloclastes nitrite reductase (NiR) (J. Sanders-

Loehr, and B. A. Averill, unpublished results), zucchini ascorbate oxidase (AO) (Siiman

et aI., 1976), Rhus vemicifera stellacyanin (Sc) (Nestor et aI., 1984), cucumber basic

protein (CBP) (R. B. McInnes, R. S. Armstrong, and H. C. Freeman, unpublished

results), A. denitrificans azurin (Az) (Ainscough et aI., 1987), Thiobacillusferroxidans

rusticyanin (Rc) (T. A. Andary, R. S. Armstrong, and H. C. Freeman, unpublished

results), Chloroflexus aurantiacus auracyanin A (Arc) (J. D. McManus, D. C. Brune,

J. Han, J. Sanders-Loehr, and R. E. Blankenship,unpublishedresults), Paracoccus

denitrificans amicyanin (Arne) (Sharmaet aI., 1988), poplar plastocyanin(Pc) and A.

faecalis pseudoazurin (PAZ) (this work).

Figure 3.5. Common features of blue copper sites in cupredoxins: Electron donors or

acceptors which react with cupredoxin-type domains are believed to utilize either the

hydrophobic patch and/or the electron-transfer site adjacent to residue (n-l).
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Chapter 4

RESONANCE RAMAN EXCITATION PROFILES INDICATE MULTIPLE

Cys - Cu CT TRANSITIONS IN TYPE 1 COPPER PROTEINS I

4.1 Introduction

Type 1 (blue) copper sites are found in both mononuclear and multinuclear copper

proteins where their most common function is the catalysis of inter- and intramolecular

electron transfer, respectively. 2 X-ray crystal structure determinations for seven different

proteins (3 plastocyanins, azurin, pseudoazurin, basic blue protein, and ascorbate

oxidase) reveal a highly conserved site with the copper coordinated to one cysteine and

two histidines in a nearly trigonal planar array. 2 This unusual trigonal pyramidal

geometry includes a short Cu-S(Cys)at a distance of 2.12 :t 0.05 A and an axial

methionine at a considerably longer distance of 2.6-3.1 A.3

Another striking feature of the type 1 Cu site is its intense absorption (e > 3,000

M-1 em-I) near 600 nm.4.5 In a recent study of plastocyanin, Gewirth and Solomon6

proposed detailed assignments of the entire electronic spectrum. The dominant band at

600 nm was ascribed to a charge-transfer transition from the cysteinate S p7r orbital to

the dx2_y2orbital of Cu(II), with the large intensity deriving from the excellent overlap

between ground- and excited-state wave functions. An unresolved band at 535 nm was

ascribed to a transition involving pseudo-11overlap between a cysteinate S p orbital and

a Cu d orbital. Two weak features at 430 and 465 nm were attributed to Met - Cu(II)

and His - Cu(II) CT, respectively. Finally, the four absorption bands at lower energy

(between 650 and 1050 nm) were assigned to ligand-field transitions, particularly on the

basis of their MCD behavior. This analysis revealed that the Cu(II)-thiolate interaction

I As published in the Journal of the American Chemical Society 1993, 115, 4256-4263.
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. dominates the electronic spectrum, leading to the possibility of multiple (Cys)S - Cu(II)

CT transitions and the probable contribution of Cu ligands to a number of different

absorption bands.

An anomalous electronic spectrum is associated with the type 1 Cu site of nitrite

reductase (NiR) from Achromobacter cycloclastes.7,S According to the X-ray crystal

structure, the protein has a typical type 1 Cu site with a His2Cys trigonal planar ligand

set which functions to transfer electrons to a type 2 Cu, 12.5 A away.9 The type 2 Cu

site appears to be responsible for the reduction of N02- to NO or N20.9,IO In the

absorption spectrum of NiR, the most intense feature occurs at 458 nm (e = 2,530M-I

em-I) with additional prominent bands at 385, 585, and 695 nm. This spectrum is

unaltered in protein samples that are deficient in type 2 copper. II Despite the unusual

electronic spectrum associated with the NiR copper site, its EPR and resonance Raman

(RR) spectra are otherwise characteristic of a type 1 CU.II,12

A similarly unusual electronic spectrum is observed for a mutant of CU2Zn2-

superoxide dismutase (SOD) from Saccharomyces cerevisiae. In the native yeast protein,

the tetragonal type 2 Cu appears to be coordinated to four His, one of which bridges

through imidazolate to a tetrahedral Zn having two other His and one Asp as ligands

(Figure 4.5).13,14 Mutation of His 80 in the zinc site to Cys and replacement of Zn by

Cu creates a type 1 Cu site in H80C-Cu2Cu2S0D, based on its absorption and EPR

spectra.15 Like NiR, the mutant SOD has several intense CT bands with the strongest

occurring at 459 nm (e > 1,460 M-I cm-I) and a somewhatweakerone at 595 nm (e >

1,420 M-I cm-I).16

To gain more information about these type 1 Cu sites and to understand the

diversity of their absorption spectra, we have undertaken a study of their RR spectra and

enhancement profiles. The RR spectra of type 1 Cu proteins exhibit as many as nine

resonance-enhanced vibrational fundamentals between 330 and 490 cm-I}7,IS The

multiplicity of spectral features is believed to be due to a kinematic coupling of the Cu-

S(Cys) stretch with vibrational motions of the cysteine and histidine ligands. Such

coupling, particularly with cysteine ligand deformations, is enhanced by the coplanarity

of the Cu-S bond with the Cfj, Ca, and N atoms of the cysteine moiety.3 All of the RR

modesshowa maximumin intensityas the excitationwavelengthapproaches600 nm,
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indicating that the Raman enhancement is derived from vibronic coupling with the

principal (Cys)S- Cu(II) CT transition. 19,20

We have found that the RR spectra of NiR and mutant SOD (CU2CU2-H80C)are

similar to those of other type 1 Cu proteins. This observation implies the presence of

a coplanar cysteinate ligand with a Cu-S,,-CrrC(Xdihedral angle close to 1800 in these

proteins. In addition, the same set of vibrational modes is enhanced by excitation within

either the 460- or 600-nm bands, indicating that both absorption bands have substantial

(Cys)S - Cu(II) CT character. A careful investigation of the enhancement behavior of

two other type 1 Cu proteins, azurin and pseudoazurin, reveals that the electronic

transitions in the 460-nm region, although weaker, also contain a substantial contribution

from a Cu-cysteinate chromophore. Thus, the 460-nm absorption in type 1 copper

proteins is likely to have Cys - Cu(II) CT character in addition to the previously

assigned His - Cu(II) CT. 6

4.2 Experimental Procedures

4.2.1 Protein Samples

Azurin from Alcaligenes denitrificans was obtained from a cloned azu gene

expressed in Escherichia COli21and was the gift of Dr. Gerard Canters and Carla Hoitink.

Pseudoazurin from Alcaligenes faecalis S_622was the gift of Dr. Teruhiko Beppu.

Nitrite reductase from Achromobacter cycloclastes was purified in its native and type-2-

depleted forms as described previously. 11 The H80C mutant of yeast superoxide

dismutase was prepared in the apo form and reconstituted with 4 equivalents of copper

(in both the Cu and Zn sites) to yield CU2CU2-H80C.15,23

4.2.2 Resonance Raman Spectroscopy

Raman spectra were obtained on a Jarrell-Ash 25-300 spectrophotometer,

equipped with an Ortec Model 9302 amplifier/discriminator and an RCA C31034

photomultiplier, and interfaced to an Intel 310 computer. The desired excitation

wavelengths were provided by the following lasers: Spectra-Physics 2025-11 Kr,

Coherent Innova 90-6 Ar, and Coherent 599-01 Dye (rhodamine 6G). Raman spectra

were collected in an - 1500 backscattering geometry from samples maintained at - 15

K using a closed-cycle helium refrigerator (Air Products Displex). Accurate peak heights
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and peak positions (+ 1 em-I) were obtained by ordinate and abscissa expansion,

respectively. For the enhancementprofiles, all spectra were recorded on the same

sample under the same instrumentalconditions. Enhancementwas measured as the

height of the protein peak relativeto the heightof the ice peak at 230 em-I, except for

mutantSOD where peak areas were measured.

4.3 Results and Discussion

4.3.1 Resonance Raman Spectrum of Pseudoazurin

Excitation of type 1 Cu proteins within the intense, 6OO-nm(Cys)S - Cu(II) CT

band leads to characteristic RR spectra having one-to-two vibrational fundamentals in the

250-280 em-I region and as many as nine fundamentals in the 330-490 em-I region.3

Pseudoazurin from A. faecalis is a typical blue copper protein according to its X-ray

crystal structure,24.25and it exhibits a typical type 1 Cu RR spectrum (Figure 4.1B).3

In the 330-490-cm-1 region, seven distinct peaks are observed at 340, 363, 385, 397,

415, 444, and 460 em-I. The multiplicity of vibrational modes has been ascribed to

kinematic coupling, an admixture of the Cu-S(Cys) stretch with cysteine and histidine

ligand deformation modes. 17.18 Such coupling is favored by Cu-Soy-C{rCOIand Soy-CtrCOl-

N dihedral angles being close to 1800,17,26as is the case in pseudoazurin and a number

of other type 1 Cu proteins.3 The fact that these vibrational modes occur at a fairly

constant set of frequencies in all blue copper proteins is a reflection of the highly

conserved ground-state structure of the type 1 Cu site.3

In contrast, the RR spectra of different blue Cu proteins show a striking

variability in vibrational peak intensities. For example, the strongest feature in the RR

spectrum of pseudoazurin is at 397 em-I (Figure 4.1B), whereas those for azurin and

plastocyanin are at 408 and 425 em-I, respectively. 18 Resonance Raman peak intensities

are related to the change in geometry of the copper-cysteinate chromophore in the

electronic excited state. The intensity of a particular mode is maximized when the

excited-state displacement of atoms occurs along the normal coordinate of the

vibration. 27.28 It is likely that differences in protein structure beyond the first

coordination sphere in different blue copper proteins affect the excited-state

displacements, thereby explaining the variation in RR intensities. 3
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Excitation of pseudoazurin within its 450-nm absorption band (Figure 4.2) leads

to the same set of RR frequencies (Figure 4.1A). There are, however, some alterations

in RR intensities. For example, the peak at 363 em-I has increased relative to the other

modes. The constancy of frequencies shows that the electronic transitions at 450 and 590

nm arise from a common ground-state structure, i.e., a single type 1 Cu site. The

variability in intensities, in this case, suggests that different electronic transitions are

responsible for the 450 and 590 nm absorption bands.

4.3.2 Resonance Raman Spectrum of Nitrite Reductase

NiR from A. cycloclastes is a trimeric protein containing a type 1 Cu site (Figure

4.3, insert) in the amino-terminal domain of each monomer.9 There is also a type 2 Cu

site at a distance of 12.5 A that is connected to the type 1 site by a His-Cys sequence

where the His is coordinated to the type 2 Cu and the Cys is coordinated to the type 1

Cu. The type 2 site appears to be responsible for binding the nitrite substrate. NiR can

be depleted of 80% of its type 2 Cu and lose 80% of its enzymatic activity, and still have

an intact type 1 Cu site according to absorption and EPR spectroscopy. II The RR

spectrum of type-2-depleted NiR (data not shown) is identical to that of the native

enzyme (Figure 4.3A). This indicates the RR spectrum of NiR arises solely from the

type 1 Cu site. Even though the type 1 Cys ligand is flanked by a His ligand to the type

2 site, there is no apparent change in the type 1 copper cysteinate geometry upon

removal of the type 2 copper.

The absorption spectrum of NiR is unusual for a type 1 site in that it exhibits four

intense bands at 385, 460, 585, and 695 nm (Figure 4.4). Excitation within the

predominant 460-nm absorption band produces the RR spectrum shown in Figure 4.3A.

This spectrum is the same as that reported previously for A. cycloclastes NiR,12 and it

is characteristic of a type 1 Cu site. It exhibits one strong fundamental at 262 em-I (a

weaker peak at 280 em-I tends to be obscured by the ice mode) and six distinct

fundamentals at 343, 361, 395, 409, 424, and 443 em-I. Excitation within the 585- and

695-nm absorption bands leads to a similar set of resonance-enhanced spectral features,

unchanged in their vibrational energies (Figures 4.3B,C). Thus, the same copper-

cysteinate moiety must be contributing to all three of these electronic transitions (Figure

4.4). A previous RR investigation of NiR also assigned the 460-nm absorption as S(Cys)
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- Cu CT, but proposed that two separate Cu-S(Cys) moieties were responsible for the

460- and 585-nm transitions. 12 Those spectra, however, were obtained in glass

capillaries and were distorted by the presence of an underlying glass band (between 350

and 520 cm-I) in addition to low signal-to-noise. The present evidence for a single Cu-

S(Cys) chromophore is compelling.

An interesting aspect of the RR spectrum of NiR is that the 361-cm-1peak is more

enhanced with 477-nm excitation and actually becomes the dominant feature in the RR

spectrum (Figure 4.3). This is similar to the behavior of pseudoazurin whose 363-cm-1

peak is also the strongest spectral feature with 458- or 488-nm excitation (Figures 4.1,

4.2). In a previous study, we noted that high Raman intensity in the 350-365-cm-1region

appeared to correlate with the presence of a long loop of 8 amino acids between the Cys

136 and His 145 ligands of NiR (Han et al., 1991). However, the present findings for

pseudoazurin show that enhancement in the 350-365-cm-1 region is also dependent on

excitation wavelength. It cannot be just a function of loop size since pseudoazurin has

only two amino acids in the loop connecting Cys 78 and His 81 ligands.24

4.3.3 Resonance Raman Spectrum of Mutant Superoxide Dismutase

In native yeast CU2Zn2S0D,14the Zn(II) in each subunit is ligated to His 71, His

80, and Asp 83, with the imidazolate of His 63 bridging the Zn and Cu ions (Figure

4.5). The Zn(II) site has a geometry close to tetrahedral. When the His 80 ligand is

converted to Cys by site-directed mutagenesis and the protein is reconstituted with four

Cu(II), the resultant protein has the EPR properties of a 1:1 mixture of type 1 and type

2 copper sites. 15,23 The type 1 component, arising from the original zinc site, is

responsible for the green color of the mutant protein and yields a RR spectrum typical

of a blue copper protein (Figure 4.6). Two vibrational fundamentals appear at 259 and

280 cm-I and six higher-energy fundamentals are seen at 341, 352, 398, 415, 435, and

468 cm-I. In addition, a several less intense bands are observed at even higher energy

at 606, 702, 754, and 813 cm-I (Figure 4.6, insert) that are also characteristic of type 1

Cu sites.18 These bands can be ascribed, respectively, to a combination band (352 +

259 = 611),an overtone (2 x 352 = 704), the C-S stretchof cysteineat 754 cm-I,and

another combinationband (352 + 468 = 820).
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The RR spectrum of H80C-Cu2Cu2S0D is clearly indicative of copper cysteinate

coordination. The similarity of vibrational frequencies to other type 1 copper sites

suggests a number of common structural features. (i) The multiple vibrational modes

arise from coupling of the Cu-S(Cys) stretch with Cys and other ligand deformations.

(ii) The conserved nature of the Cu-S stretching and Cys bending force constants requires

a similarly short Cu-S(Cys) bond length of - 2.12:t 0.05 A.3 (iii) The kinematic

coupling further requires a coplanar orientation for the Cys 80 ligand with a Cu-SI'-CI3-Co:

dihedral angle close to 1800. (iv) The short Cu-S(Cys) bond implies a trigonal planar

array of ligands.29

The electronic and RR spectral properties of the type 1 Cu site in H80C-

CU2Cu2S0Dappear closely related to those of the type 1 Cu site in NiR. The absorption

spectrum exhibits two strong components at 458 and 597 nm, with the 458-nm band

being slightly more intense (Figure 4.7). Excitation within either absorption band yields

the same RR spectrum (Figure 4.6), suggesting that both absorptions involve S(Cys) -
Cu(II) CT transitions. The extent of resonance enhancement (as judged by the intensity

of the protein Raman peaks relative to the ice mode) is comparable to other type 1 Cu

proteins (Figures 4.2,4.4,4.7), indicating similar displacements in the electronic excited

state. The only differences in the RR spectra of mutant SOD between 647- and 458-nm

excitation are increased intensities at 296 and 341 cm-1and decreased intensities at 259

and 280 cm-1 (Figure 4.6). An unusual aspect relative to other blue copper proteins is

that the RR spectrum of mutant SOD is so strongly dominated by the peak at 352 cm-1

at all excitation wavelengths, with only weakly enhanced bands in the 380-480-cm-I

region. The RR spectra of NiR also lack intensity in the 420-480-cm-1 region, but the

effect is considerably more pronounced for mutant SOD.

Two additional mutants of yeast SOD, each with a cysteine in place of a Cu-site

histidine (Figure 4.5), were examined. These were H46C-Cu2Zn2S0DI5 and H120C-

CU2Zn2S0D.16 Cysteinate coordination of the copper in each mutant is evident from the

appearance of a S(Cys) - Cu(II) CT band at 379 nm (€ = 1,940 M-I cm-I)and 406 nm

(€ = 1,120 M-1cm-1), respectively. The high energy of these electronic transitionsis

suggestive of tetragonal rather than tetrahedral coordination geometry. 308 For example,

tetragonal cupric thiolate complexes often exhibit absorption maxima at 400-430 cm-I
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with € = 1,000-6,500 M-1cm-1.29 Excitation of the H46C mutant at 350.8 nm produced

a weak RR spectrum with the most distinct peak at 343 cm-1; excitation of the H120C

mutantat 406.7 nm yielded an even weaker RR spectrum with a detectable peak at 367

cm-1 (data not shown).30b The weak resonance enhancement and large EPR All values

(Table 4.1) are also consistent with a tetragonal assignment.

4.3.4 Raman Intensities for Type 1 versus Type 2 Copper

The major criterion for distinguishing between type 1 and type 2 copper has been

the EPR hyperfine splitting, with small All values of 30-70 x 10-4 cm-1 defining a type

1 site and larger A II values of 130-180 x 10-4cm-1defining a type 2 site (Table 4.1).

Crystal structures of proteins and model compounds have revealed that whereas type 2

Cu tends to have four strongly coordinated ligands in a tetragonal array and a Cu-S bond

distance ~ 2.25 A, type I Cu tends to be associated with a trigonal planar ligand set.

This decrease in the number of strongly coordinated ligands is presumably responsible

for the shortening of the Cu-S bond to - 2.15A (Table4.1) and the change in the EPR

hyperfine character. For type 2 Cu, the wavelength of the most intense thiolate - Cu(II)

CT band is quite variable, with absorption maxima ranging from 380-590 nm (Table

4.1). This electronic transition is somewhat less variable for type 1 Cu with maximum

absorption occurring either at 595-665 nm or near 460 nm. Despite the variability in

absorption maxima, it appears that type 1 and type 2 Cu sites can be distinguished by

their different extents of RR intensity enhancement.

For solids or samples in aqueous solution, Raman intensities can be quantitated

relative to the intensity of the 980-cm-1symmetric stretch of a sulfate internal standard.

The type 1copper proteins (1-6) listed in Table 4.1 have large Raman enhancements with

molar scattering intensities of 100-600 relative to sulfate. The molar scattering values

> 500 tend to be associated with Evalues near 5,000 M-1cm-1,whereas those in the 120-

200 range are associated with Evalues near 2,500 M-1cm-1. This is commensurate with

the expectation that Raman intensities for symmetric vibrations are proportional to E2.18

The sterically hindered Cu complexes (8, 9) with tris-pyrazolylborate and SCPh3 or

SC6F5 as ligands are the first small-molecule models in which type-1 Cu properties have

been duplicated. Each of these complexes has a CuN2S cluster in a trigonal planar array
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with an unusually short Cu-S bond and narrow hyperfine splitting.29 These complexes

also yield a set of strongly enhanced Raman modes derived from the Cu-SR moiety.35

Although the type 2 copper complexes (10-15) and proteins (16-19) in Table 4.1

exhibit extinction coefficients of similar magnitude to the type 1 complexes (i.e., 1,000-

6,000 M-1cm-I), they give rise to considerably less RR enhancement of Cu-thiolate

vibrational modes. The observed molar scattering values of 10-60 relative to sulfate are

5-10 times smaller than for the corresponding type 1 sites with similar extinction

coefficients. Thus, it would appear that the Cu-cysteinate moiety in type 1 Cu undergoes

a greater change in geometry in the excited state, leading to more extensive vibronic

coupling than is observed for type 2 Cu.

4.3.5 Raman Excitation Profiles

An excitation profile for a particular vibrational mode is obtained by collecting

RR spectra at a number of different excitation wavelengths and plotting the vibrational

intensity as a function of wavelength. Peaks in the excitation profile are expected to

correspond with peaks in the electronic spectrum. If the atoms responsible for the

vibrational mode are known, this information can be used to assign the nature of the

electronic transition. A typical RR excitation profile for a blue copper protein is shown

in Figure 4.8 for azurin from A. denitrificans. All of the vibrational features have

maximum intensity corresponding to the 619-nm absorption band. Similar findings have

been reported previously for this azurin 19and for stellacyanin.20 These results show that

all of the vibrational modes are associated with the same chromophoric species. Isotope

and ligand-substitution experiments, 17,18,49as well as MCD and single-crystal polarized

absorption experiments,5,6 all point to the Cu-cysteinate moiety as the chromophore

responsible for the - 6oo-nm absorption and, thus, many of the observed RR modes.

Although a strong absorption band near 600 nm (band 2) has been the hallmark

for type 1 Cu, there is a 2.5-fold variability in the magnitude of the extinction coefficient

(Table 4.2). There appears to be a corresponding, but inverse, variability in the

magnitude of the absorption band near 460 nm (band 1), such that €460increases as €6OQ

decreases. The ratio of the 460 and 600 nm absorption intensities (Rabs)ranges from

0.11 for azurin to 1.34 for NiR (Table 4.2). However, the sum of €460+ €600is

remarkably constant at 4,000-5,000 M-1 em-I. This interrelationship between the two
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absorption bands is further supported by our RR data. The Raman spectra for

pseudoazurin (Figure 4.1), nitrite reductase (Figure 4.3), mutant SOD (Figure 4.6), and

azurin show that the same vibrational modes are observed upon excitation within either

absorption band. Furthermore, in the excitation profiles for pseudoazurin (Figure 4.2),

nitrite reductase (Figure 4.4), mutant SOD (Figure 4.7), and azurin (Figure 4.8), the

intensity of each RR peak tracks both the 460- and 6oo-nm absorption bands. Given the

dominant contribution of the cysteine ligand to the 6oo-nm absorption and concomitant

RR spectrum, it is likely that the 460-nm electronic transition has substantial Cu-

cysteinate character, as well.

The excitation profiles also show that the relative intensities of the different RR

peaks do vary as a function of excitation wavelength. For example, with 460-nm

excitation of pseudoazurin, the 363-cm-1peak exhibits increased intensity relative to the

444-cm-1 peak (Figures 4. 1, 4.2). Similar relative intensity increases with 460-nm

excitation are observed for the 361- versus 395-cm-1peak in nitrite reductase (Figure

4.4), the 341- versus 352-cm-1peak in mutant SOD (Figure 4.7), and the 431- versus

413 cm-1peak in azurin (Figure 4.8). Since RR intensities are determined by changes

in the nuclear coordinates of bonded atoms between the ground state and the excited

state,27the variability in RR intensities indicates that the -460-nm absorption band arises

from a different electronic transition. The constancy of vibrational frequencies suggests

a common copper-cysteinate ground state that leads to a somewhat different set of

excited-state structures upon absorption of 460- or 600-nm radiation.

4.3.6 Assignment of Electronic Transitions in Type 1 Cu Sites

Previous analysis of type 1 Cu proteins, particularly by CD and MCD

spectroscopy, have revealed the presence of at least three electronic transitions between

400 and 550 nm.5,6 For plastocyanin these have been specifically assigned to Met _
Cu(II) CT at 430 nm, His - Cu(II) CT at 465 nm, and Cys - Cu(II) CT at 535 nm.

Other type 1 proteins such as pseudoazurin, nitrite reductase, and mutant SOD show

markedly increased absorption intensities in this region (Figures 4.2, 4.4, 4.7), leading

to the question of whether the plastocyanin assignments are generally applicable to all

type 1 copper sites.
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The methionine assignment is problematical because excitation within the 430-nm

region does not lead to the appearance of any new RR features that could be associated

with vibrations of a methionine ligand. Furthermore, replacement of the methionine

ligand in P. aeruginosa (P.a.) azurin by selenomethionine causes no perturbation in the

430-nm spectral region60and no change in the RR spectrum.49 Replacement of the Met

121 ligand in A. denitrificans azurin by a ligating glutamine results in increased rather

that decreased intensity at 430-460 nm.54 Removal of the Met 121 ligand in P.a. azurin

by cleavage of the polypeptide chain after residue 120 also results in a more prominent

absorption band at 450 nm.61 Thus, additional electronic transitions unrelated to

methionine are clearly present in this spectral region.

The His - Cu(II) CT assignment at 460 nm is supported by single-crystal studies

of plastocyanin which indicate that this absorption band is more polarized in the direction

of the two histidine ligands than is the 600-nm absorption band.5b New information has

been obtained using histidine ligand mutants of P.a. azurin. (i) Reconstitution of the

His117Gly mutant with exogenous imidazole yields a species almost identical to wild-type

in its absorption spectrum,46,47RR frequencies (all within 2 em-I), RR molar scattering

intensity (- 600)and relative RR intensities.48 (ii) Reconstitution of the His117Gly

mutant with 15N-imidazoledoes not cause any detectable isotope shifts in the 350-500-

cm-I region. (iii) Replacement of either the His 117 ligand by chloride47,48or the His

46 ligand by aspartate62, causes no decrease in the intensity of the 460-nm absorption

band and produces very little change in the RR spectrum. For example, in the RR

spectrum of the H117G mutant plus chloride, most of the frequencies are within 2-4 cm-I

of wild-type azurin and only 3 of the 11 peaks have changed in intensity. Since the RR

spectrum of azurin appears to be dominated by the Cu-cysteinate moiety, it is likely that

both the 460- and 6oo-nm absorption bands have substantial S(Cys) - Cu(II) CT

contributions.

The alternative that a His - Cu(II) CT transition at 460-nm adds electron density

into cysteine orbitals remains a possible explanation for the RR results. However, the

Raman intensity patterns obtained via 460- and 6oo-nm excitation are strikingly similar.

This would require that electron density derived from either a Cys or a His ligand could

produce a similar structural change in going from the ground state to the excited state.
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Furthermore, the large molar absorptivities at 460 nm (e > 1,000 M-I cm-I) for many

type 1 copper proteins (Table 4.2) seem more compatible with a Cys - Cu(II) CT

assignment. Cupric thiolatecomplexestypicallyyield E valuesof this magnitude(Table

4.1). In contrast, cupric imidazole complexes tend to have weaker absorption bands in

this region. For example, the Cu(II) complex with the contrained bidentate ligand, 2,2'-

bis(2-imidazolyl)biphenyl, has an imidazole - Cu CT band at 440 nm but its E value is

only 260 M-Icm-I.63 In addition, cupric imidazole complexes are very weak Raman

scatterers.64 Yet the RR spectrum of nitrite reductase obtained with 460-nm excitation

is as strongly enhanced (molar scattering E200) as the RR spectra of other type 1 sites

obtained with 6oo-nm excitation (Table 4.1). These results imply that Cys - Cu CT is

a major contributor to the 460-nm absorption band in many type 1 copper proteins.

The assignmentof a second Cys - Cu CT transition at 460 nm suggests an

explanation for the variability and approximate additivity of the Evalues for the 460- and

6oo-nm absorption bands (Table 4.2). The actual absorption intensity associated with

each band would be expected to depend on the relative alignment of the sulfur p orbitals

with respect to the Cu d orbitals for each type 1 Cu site. Perturbations in these

alignments would alter the degree of orbital overlap and, thus, alter the relative transition

probabilities in different type 1 copper proteins.

4.3.7 Correlation of Electronic, EPR, and Structural Properties

The EPR definition of a type 1 Cu species is the appearance of narrow hyperfine

splitting in the A II region (Table4.1). This can be ascribedto the influenceof a short

Cu-S(Cys) bond in a trigonal-pyramidal structure. However, within this category there

is surprising variability in the rhombicity of the EPR spectrum, ranging from strongly

axial as in plastocyanin to strongly rhombic as in stellacyanin.4 The rhombic distortion

should be reflecting a further loss of symmetry in the type 1 site. A correlation between

the occurrence of a rhombic EPR signal and the appearance of the 460-nm absorption

band has been noted by Lu et al.23 As indicated in Table 4.2, type 1 sites with a weak

460-nm band (E< 600 M-I cm-1)and an Rabs~ 0.12 have axial EPR spectra. Type 1 sites

with a more intense 460-nm band (e> 1,000 M-I cm-I) and an Rabs~0.20 have rhombic

EPR spectra.
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What is the structural basis for increased rhombicity in EPR spectra and enhanced

absorptivity at 460 nm? From single crystal studies of plastocyanin and a model

compound, Gewirth et al.6S suggested that the rhombic distortion was due to a

strengthening of the Cu-X(axial ligand) bond. Thus, axial EPR character should be

associated with a trigonal planar Cu-NNS site. Rhombic EPR character should be

associated with movement of the Cu away from the NNS plane, generating a more

tetrahedral coordination geometry. This hypothesis is supported by a comparison of the

properties of wildtype A. denitrificans azurin and the M121Q mutant in which the axial

methionine ligand has been replaced by a glutamine (coordinated to copper through the

amide carbonyl group).S4 The M121Q mutant has a rhombic rather than axial EPR

spectrum as well as increased absorbance at 460 nm, and the crystal structure indicates

that the Cu has moved out of the NNS plane by 0.26 A comparedto 0.12 A in wildtype

(Table 4.2).

The other crystallographic data in Table 4.2 also support the correlation between

EPR rhombicity and a strengthening of the Cu-X(axialligand) bond. Thus, short Cu-

S(Met) distances «2.8 A) are observed for the rhombic sites in pseudoazurin, cucumber

basic protein, and nitrite reductase. Longer Cu-S(Met) distances are observed for the

axial sites in azurin (3.13 A) and plastocyanin66from Enteromorpha prolifera (2.92 A).

Although the Cu-S(Met) distance of 2.82 A for Populus nigra plastocyanin (Table 4.2)

is somewhat borderline (Table 4.2), the uncertainty in Cu-ligand bond distances is :!:

0.05 A even in high-resolutionproteincrystal structures.3 The Cu. . . (NNS)distances

in listed in Table 4.2 are more variable, but do indicate a trend towards longer distances

in the rhombic category. Thus, the high 460-nm absorbance of rhombic type 1 Cu sites

is most likely due to stronger coordination of the axial ligand.

The changes in the alignment of copper and sulfur orbitals associated with the

conversion from trigonal planar to a tetrahedral geometry would be. expected to affect

absorption energies as well as intensities. This is indeed observed (Table 4.2). The

proteins in the axial EPR category have their average absorption maxima at 462 and 603

nm, whereas those in the rhombic EPR category have their average absorption maxima

at 452 and 598 nm. Similar trends are apparent in the set of Met 121 ligand mutants

from P.a. azurin.61 Replacement of Met 121 with Leu, Ala, Thr, Val, Ile, or Trp yields
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an axial EPR spectrum consistent with weak or absent axial ligation and a trigonal planar

geometry. This group has Rabsvalues ranging from 0.09 to 0.15 and average absorption

maxima at 460 and 625 nm. Replacement of Met 121 with Asn, Asp, GIn, Cys, or His

yields a rhombic EPR spectrum consistent with stronger axial ligation and a more

tetrahedral geometry. The Rabsvalues for this group range from 0.15 to 0.48 and the

average absorption maxima are at 450 and 610 nm. Thus, increased energies for the Cu-

cysteinate electronic transtions are yet another indicator of tetrahedral character in type

1 copper proteins.

4.4 Conclusions

1. The RR spectra of NiR and mutant SOD (H80C) are typical of type 1 Cu

sites, indicating that both have a short Cu-S(Cys) bond of - 2.1 A. The largenumber

of vibrational modes between 340 and 415 cm-1is due, in part, to the kinematic coupling

of v(Cu-S) with Cys -deformation modes and is, thus, indicative of a coplanar cysteine.

2. In the electronic spectra, €460varies from 300 M-1 cm-1 in plastocyanin to

1,180 in pseudoazurin and 2,530 in NiR, while the €600varies from 5,200 M-1cm-1 in

plastocyanin to 2,900 in pseudoazurin and 1,890 in NiR. This inverse relationship in €

values suggests that a common chromophoric group may be responsible for the two

electronic transitions.

3. The 460- and the 600-nm electronic transitions give rise to the same RR

frequencies and, thus, can be ascribed to the same Cu-cysteinate ground-state structure.

Their variable Raman intensities require different excited state structures. Both

absorptions are likely to have substantial (Cys)S -+ Cu(II) CT character.

4. Increased intensity at 460 nm and increased rhombicity in the EPR spectrum

both appear to be correlated with a more tetrahedral site where the Cu has moved away

from the NNS ligand plane and towards the axial ligand.

5. Since the 460- and 600-nm copper-cysteinate transitions are observed in the

electronic spectra of all type I Cu proteins, the definition of a type 1 Cu site should be

expanded to include the occurrence of two absoption bands at 460 and 600 nm.
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Table 4.1. Propertiesof CupricThiolateComplexes

compoundQ Cu-S EPRb S - Cu CTc Raman

distance, A A" Amax € intensityd
-

Type 1 Cu sites

1 amicyanin 50 595 4,610 500

2 azurin 2.13 60 619 5,100 -650

3 pseudoazurin 2.16 55 593 2,900 -130

4 nitrite reductase 2.15 69 458 2,530 -200

5 SOD-CU2CU2-(H80C) 15 595 > 1,420 -150

6 LADH-Cu 50 623 2,450 -120

7 CU2(insulin)6(SC6Fsh 27 630 1,800 e

8 Cu(Pzh(SCPh 2.12 74 625 6,600
e

9 Cu(PZh(SC6Fs) 2.18 54 665 5,960 e

Type 2 Cu sites

10 Cu(PZh(SC6H4NO 171 588 3,900 e

11 Cu( diimino- )(S-pyrazole- h 2.25 137 535 3,000 20

12 Cu(thiosemicarbazoneh 2.26 469 6,300 60

13 Cu(tetraazo- )(SC6H4COz) 2.36 418 1,100

14 Cu(N2S2-penicillamine) 2.28 518 4,250 e

15 Cu( diamino- )(SCH2CH -h 2.25 182 400 > 1,000 10

16 SOD-Cu2Zn2-(H46C) 151 379 1,940 -20

17 SOD-Cu2Znr(HI20C) 175 406 1,250 -15

18 azurin-(H117G)+ His 156 400 - 2,800 -50

19 LADH-Cu + imidazole 127 480 - 2,000 -20
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Table 4.1 (continued):

a Compoundsand data from followingsources: 1. Paracoccusdenitrificans(ref 31).

2. A. denitrificans (ref 19), Raman spectrum of P. aeruginosa. 3. A. faecalis S-6 (ref

22, 24). 4. A. cycloclastes (ref 11, 59). 5. S. cerevisiae (ref 16 and this work). 6. Cu-

substituted liver alcohol dehydrogenase (ref 32, 33). 7. Insulin complexed to Cu and

benzenethiolate (ref 34). 8,9. Cu[HB(3,5-iPr2Pzh](L) where L = SCPh3 or SC6FS (ref

29), Raman spectrum (ref 35). 10. Cu[HB(3,5-M~z)3(S~H4N0:0 (ref 36). 11.

Cu[2,2' -bis-(I-phenyl-3-methyl-5-thiopyrazol-4-ylmethyleneamino )biphenyl] (ref 37),

Raman spectrum (ref 38,39). 12. Cu[3-ethoxy-2-oxobutyraldehyde

bis(thiosemicarbazone)] (ref 40), Raman spectrum (ref 41). 13. Cu complex with a

tetraazocylcotetradecane and (o-SC6H4C02Y (ref 42). 14. [(CUIl)6(CuI)g(D-

penicillamine)12CI]s-(ref 43,44). 15. Cu[SCH2CH(C02CH3)NHCH2-h (ref 45), Raman

on Cu[SC(CH3hCHlffiCHrh (ref 39). 16,17. S. cerevisiae (ref 16, 30b). 18. P.

aeruginosa azurin mutant (H117G) plus exogenous histidine (ref 46-48). 19. Cu-

substituted LADH plus exogenous imidazole (ref 32). b A ~ in cm-1 x 10-4. C Amax in

nm, e in M-1cm-1per Cu. d Intensity of strongest RR peak relative to intensity of 980-

cm-1peak of sulfate (accuracy + 20%). Data obtained with excitation close to >-maxand

calculated per mole of Raman scatterer. Approximate intensity (-) obtained relative to

230-cm-1 ice mode and normalized to value for sulfate, based on liquid and frozen

solution data for amicyanin (accuracy + 30%). e RR spectrum observed, but molar

scattering intensity not quantitated.
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Table 4.2. Properties of Type 1 Copper Sites

absorption band absorption band
near 460 nmb near 600 nmb

Rabs Cu-X (axial) Cu... (NN
EPR spectruma Amax € Amax € (€46(/€6OQ) distance, AC distance, A

axial

Cu(Pz3)(SCPh3),se 440 340 625 6600 0.05 2.03(N) 0.20

CU(PZ)3(SC6Fs),ge 420 630 665 5960 0.11 2.04(N) 0.34

plastocyaninj 460 590 597 4300 0.12 2.82(S) 0.36
azurinK 460 580 619 5100 0.11 3. 13(S) 0.12

amicyaninh 464 520 595 4610 0.11
rhombic

azurin(M 121Qi 452 1200 610 6000 0.20 2.27(0) 0.26

stellacyanini 450 1100 608 4080 0.27

auracyanin Ak 454 900 596 3000 0.30

pseudoazurin1 450 1180 593 2900 0.41 2.76(S) 0.43

cucumber basic proteinm 448 1240 593 2900 0.43 2.62(S) 0.39

rusticyaninn 445 1000 600 2100 0.47

SOD-CU2CU2(H80C)O 459 > 1460 595 > 1420 1.03

nitrite reductase'" 458 2530 585 1890 1.34 2.62(S) 0.50
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Table 4.2 (continued):

aAxial versus rhombic character of X-band EPR spectra described in ref 23. bAmaxin

nm, € in M-I cm-1 per type 1 Cu. CDistanceto axial ligand, X = N(Pz) , S(Met), or

O(Gln). dDistance of Cu from plane of three ligands; N = His, S = Cys in proteins.

eCu[HB(3,5-iPrzPz)3](L) (ref 29). fSpinach, optical and EPR (ref 50); P. nigra X-ray

structure at 1.33 A resolution (ref 51). gA. denitrificans (ref 19, 52). hp. denitrificans

(ref 53). iA. faecalis S-6 mutant (ref 54). jRhus vemicifera (ref 20). kChloroflexus

aurantiacus (ref 55). IA. faecalis S-6 (ref 22, 24). m(refs 56, 57). nThiobacillus

ferroxidans (ref 58). oS. cerevisiae (ref 16). PA. cycloclastes (refs 11, 59).
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FIGURE LEGENDS

Figure 4.1. Resonance Raman spectra of pseudoazurin from A. faecalis. Spectra were

obtained from 1.5 mM protein in 0.02 M phosphate, 0.04 M KCI (pH 6.3) using 488.0-

and 593-nm excitation (60 mW) with a resolution of 5 em-I, scan rate of 0.5 em-lis, and

accumulation of 10 scans.

Figure 4.2. Absorption spectrum (-) and RR excitation profiles (---) for 363- and 444-

em-I modes ofpseudoazurin. Raman data were obtained as in Figure 1, and peak heights

were measured relative to the height of the 230-cm-1ice mode.

Figure 4.3. Resonance Raman spectra of nitrite reductase from A. cycloclastes. Spectra

were obtained from a sample 0.59 mM in type 1 Cu in 0.05 M MES (pH 6.4) in D20

using 476.5-, 589-, and 676.4-nm excitation (-120 mW) with a resolution of 8 em-I,

scan rate of 1 em-lis, and accumulation of 15 scans. S denotes peak from frozen solvent

and is set offscale in the lower two spectra. The insert shows the coordination of the

type 1 Cu site (Godden et aI., 1991).

Figure 4.4. Absorption spectrum (-) and RR excitation profiles (---) for 361- and 395-

em-I modes of nitrite reductase. Raman data were obtained as in Figure 4.3, and peak

heights were measured relative to the height of the 230-cm-1ice mode.

Figure 4.5. Metal site coordination of superoxide dismutase.

Figure 4.6. Resonance Raman spectra of mutant superoxide dismutase (H80C-Cu2Cu2)

from S. cerevisiae. Spectra were obtained from 0.75 mM protein (1.5 mM in type 1 Cu)

in 0.1 M acetate (pH 5.5) using 457.9-, 599-, and 647.1-nm excitation (- 65 mW) with

a resolution of 7.5 em-I, scan rate of 0.5 em-lis, and accumulation of 4, 4, and 16 scans,

respectively. The insert shows the overtone region of the same sample obtained as above

with 61O-nm excitation (80 mW) and 17 scans.
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Figure 4.7. Absorption spectrum (-) and RR excitation profiles (---) for 341- and 352-

cm-l modes of mutant superoxide dismutase. Raman data were obtained as in Figure

4.6, and peak areas were measured relative to the area of the 230-cm-1 ice mode. The

overlapping peaks at 341 and 352 cm-l were resolved by curve-fitting (Galactic LabCalc),

and the areas relative to the ice peak were measured using a planimeter.

Figure 4.8. Absorption spectrum (-) and RR excitation profiles (---) for 413- and 431-

cm-l modes of azurin from A. denitrificans. The Raman spectrum in the insert was

obtained on 2 mM protein in 0.02 M Tris-Cl (pH 8.4) using 609-nm excitation (60 mW),

a resolution of 5 em-I, scan rate of 0.5 em-lIs, and accumulation of 8 scans. Raman

spectra at other excitation wavelengths were similarly collected, and peak heights were

measured relative to the height of the 230-cm-1ice mode. The enhancement in the 400-

500-nm region has been multiplied by a factor of 10.
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Figure 4.5



Superoxide
Dismutase
( H80C)

A
s
.

259.

B
.

280.

c
.

292

116

352. 702
.

.

606.
813

754 ·

458 nm
435 468. .

599 nm

.
.

647 nm

. ..

448344 396

Frequency J cm-I

Figure4.6



r---

-, ,
U E E
o u u
(X) - C\J
:r: ~ lO_ r0 r0

ex>
d

Raman Intensity
q ~ C\J
C\J . .

ex>.o

- ,
/'

/'. '"
......- /'

,AY
..........

/'
t I

\.- "--- ,
'e- .....-- ............- ,-- ,-- "-, "

j)
~

/ /

~!
\ \

'~'-,'-,-
'~

'10
o
~

~ ~
d d

Absorbance

C\J
d

o
o
I'-

Q) . .
f/)
0-
E
f/).-

(:)

Q)
"'C.-
)(

0

Q)
a.

(/)

E
c

0 ..

OJ::-
0'
C
Q)-
Q)
>
0
3:

0
0
lO



118

413

5 399
375 I 1\431

Azurin

. 413cm-I

. 431cm-I
10

4r .J\Jv r /! /<\\ 8
;:0
0
3
0

I / \ \ ;:,.,
CT 3

/ I · \ . \ l6
;:,0

Frequency) cm-I ,. \ \ ...
::J CD
0 I / \ ;:,
CD (It-.

21- I ' , \ \ 14I I -

/ / I
- " I\

x 10
/ / / 2/-. . J I

I/
1/ \

1.'/ -
400 500 600 700

Wavelength, nm

Figure4.8



Chapter 5

ASSIGNMENTOF THE RAMAN SPECTRUM OF AZURIN

THROUGH ISOTOPE LABELING AND METAL-SITE MUTATION I

5.1 Introduction

The understanding of the structure and function of type 1 Cu proteins

(cupredoxins) has been greatly enhanced in the last several years. A highly conserved

Cu site is demonstrated by high resolution X-ray crystal structural analysis of seven

different cupredoxins (Adman, 1991a). The Cu is strongly coordinated by one cysteine

(S) and two histidines (NN) and it sits close to the plane of the trigonal SNN array

(Figure 5.1). The Cu-S(Cys) bond is abnormally short (- 2.15 A) compared to the

regular Cu-thiolate complexes. Structural studies of the plastocyanin and azurin

apo-proteins reveal that this unique Cu site is preformed by the polypeptide of the protein

(Garrett et al., 1984; Baker et al., 1991). Nature designed this specific site to satisfy

both Cu( +2) and Cu(+ 1) states for use as an electron transfer center (Sykes, 1991).

One noticeable structural difference among the known proteins is the variation of Cu site

geometry between trigonal planar and distorted tetrahedral, in which Cu is pulled out of

the plane by the 4th axial ligand (Karlsson et al., 1991; Han et al., 1993; Romero et al.,

1993)

The existence of a conserved Cu site in type 1 Cu proteins is proved by the high

similarity of the RR spectra of these proteins (Ran et al., 1991). In all cases, excitation

within the S(Cys) - Cu(II)CT band near 600 nm producesstrong enhancementof 4 or

more fundamental vibrational modes in the 330 to 5OO-cm-1region, plus one or two weak

modes between 250-310 em-I. 63/65CUisotope studies suggest that the multiplicity of

IThese experiments were performed in collaboration with Tanneke den Blaauwen

and Gerard W. Canters of Leiden University who provided the azurin samples.

119
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observed modes comes from the coupling of the Cu-S(Cys) stretch with ligand internal

deformations (Blair et aI., 1985; Nestor et aI., 1984). The Cu-S(Cys) stretch contributes

most significantly to the strong RR bands. The remainder of the modes are enhanced due

to their fractional Cu-S(Cys) stretching character (kinematic coupling) or to Cu cysteinate

excited state delocalization (vibronic coupling). RR intensity studies confirm the

importance of the Cu-S(Cys) moiety in both absorption and Raman spectra (Han et aI.,

1993). In addition to the strong blue band near 600 nm, which is identified as a S(Cys)

- Cu CT band, the absorption band near 450 nm has a large Cys - Cu CT component

as well. The transition of Cu site geometry from trigonal planar to more tetrahedral

appears correlated with increased intensity of the 450 nm absorption band (Lu, 1992; Lu

et aI., 1993; Han et aI., 1993).

Protein engineering now enables us to study protein structure and function in

terms of specific amino acids (Adman, 1991b). Azurin from Pseudomonas 'aeruginosa

(Figure 5.1) is the first type 1 Cu protein to be studied extensively by site-directed

mutagenesis. A recent study of the azurin mutant, Cysl12Asp, proves the critical role

of the Cys112 ligand in the formation of the type 1 Cu center and the unusual absorption

and EPR spectral properties (Mizoguchi et aI., 1992). Studies of two other ligand

mutants, His117Gly and His46Asp, prove that the two His 1igands are not required for

the spectroscopic properties of the type 1 Cu center. Upon addition of an exogenous

ligand such as azide to the His117G1y mutant, a type 1 Cu site similar to that of WT

azurin is identified by EPR and absorption spectra (den Blaauwen and Canters, 1993; den

Blaauwen et aI., 1993). Replacement of His46 by Asp also generates a type 1 Cu site

similar to that of WT azurin, with only a slight change in Cu site geometry from trigonal

planar towards tetrahedral as indicated by EPR and absorption spectra (Chang et aI.,

1991; Dave et aI., 1993). However, the His ligands are needed for maintaining the Cu2+

oxidation state. Therefore, the two His ligands are important to the function of the

protein (Guss et aI., 1986; Sykes, 1991).

Azurin has eleven resonance enhanced Raman bands in the 200-500 cm-I region.

Two weak bands are at lower energy between 250-300 cm-I, and the rest of the bands

are in 350-500 cm-I region. The most intense band is at 408 cm-I, accompanied by other'

intense bands near 400 em-I, Kinematic and vibronic couplings of ligand internal modes



121

with the Cu-S(Cys) stretch explain why a single Cu-S(Cys) bond leads to such a rich RR

spectrum (Han et al., 1991). To understand whether the three ligands, Cys112, His117,

and His46, contribute equally to the RR spectrum, and to assign the RR spectrum of

azurin, we investigated the RR spectra of (i) isotopically labeled wild-type (WT) azurin

prepared from cells grown with I4N or ISN ammonium chloride, (ii) WT azurin

incubated in H20 or D20, and (iii) the His117Gly mutant in 63CUor 6SCuplus exogenous

imidazole.

We have found that among the eleven RR bands, only three (including the most

intense band at 408 cm-I) show significant Cu isotope contribution. These are likely to

have the greatest Cu-ligand stretching character. Most of the other bands are cysteine

ligand deformation modes as indicated by the I4/ISN isotope experiments. The

coplanarity of the Cys side chain atoms with the Cu-S(Cys) bond (Figure 5.2) accounts

for the extensive coupling of Cys deformation modes with Cu-S stretching (Nestor et al.,

1984, Han et aI., 1991). Studies with 32/34Slabeled azurin showed that the peak at 408

cm-I has the most Cu-S(Cys) stretching character (Dave et al., 1993). The His117 ligand

is responsible for one weak mode at 284 cm-l, but it is not a significant contributor to

the RR spectrum. In addition, studies on the His46Asp mutant yield no evidence that the

Cu ligand His46 contributes to any of the RR bands (Dave et al., 1993). These studies

make it clear that cysteine is the essential ligand that gives rise to the RR spectrum of

azurin, as well as to its unique absorption and EPR spectra.

5.2 Experimental Procedures

5.2.1 Materials

Imidazole (1m) and NaN3 were purchased from E. Merck AG, Darmstadt,

Germany. N-methylimidazole (N-Melm) and 2-methylimidazole (2-Melm) were

purchased from Sigma Chemical Co., St Louis, Mo. 4-methylimidazole (4-Melm) was

purchased from BASF, Germany. Structural formulas for these 1mderivatives are shown

in Figure 5.3. Metallic copper 63CU(99.7%) and 6SCu (99.2%) were purchased from

Intersales-Holland BV, The Netherlands, and converted to Cu(N03h by dissolving 10 mg

Cu in 50 ml 70% HN03. The Cu solutions were diluted to 5 ml and adjusted to pH 2

before being added to protein samples.
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5.2.2 Preparation of WT Azurin Labeled with lSN or D

The IsN-enriched azurin was obtained by growing the protein on IsN-ammonium

ion as the sole source of nitrogen for the organism. Details of the procedure and protein

purification were described previously (van de Kamp et al., 1992). The IsN-enriched

azurin contains IsN in all side chains as well as in the main chain of the protein. For

WT azurin in D20, a 2-mM protein solution was diluted 100-fold in 2 mM Tris-HCI in

99.7% D20 (pH reading 8.5) and incubated for 16 h at 20°C, and 48 h at 4°C. The

solution was then concentrated to 3 mM (Centricon-lO, Amicon), diluted 100-fold in 20

mM MES in 99.7% D20 (pH reading 5.2), and reconcentrated. Protein concentrations

were estimated from €289= 9,800M-1cm-1 (van de Kamp et al., 1990)

5.2.3 Preparation of 6SCu, 63Cu, or Deuterium-Labeled Azurin H117G(Im)

The apo-Hl17G mutant of Pseudomonas aeruginosa azurin was

constructed through site-directed mutagenesis as described previously (den Blaauwen, et

al., 1991; den Blaauwen and Canters, 1993). A stoichiometric amount of 63CUor 6SCu

was added to 0.1 mM apo-H117G in 20 mM MES (pH 5.0) and a yellowish-green

solution was obtained. The absorption at 420 nm, which was monitored as a measure

of Cu2+ binding, achieved a maximum during the 30 min incubation. A 3D-foldexcess

of 1m was then added, and a blue-colored solution was obtained. The samples were

concentrated to 2 mM by ultrafiltration (Centricon-lO, Amicon). For Hl17G(lm) in

D20, the apo-Hl17G solution was exchanged with D20 in the same procedures as that

of WT azurin in D20. The protein was then reconstituted with natural abundance copper

and imidazole after dilution in MES buffer and reconcentrated to 3 mM.

5.2.4 Preparation of Azurin H117G with Exogenous Ligands

The apo-H117G mutant was reconstituted with Cu (natural abundance) and

2-Melm, N-Melm, or 4-Melm as described for the Cu isotopes. For the H117G(H20)

sample, no exogenous ligand was added. For the less stable sample ofH117G(N3-), the

Cu complex of Hl17G was first formed and concentrated to - 2 mM. Then a lO-fold

excess of azide was added to the solution. The sample was loaded on to the Raman

sample holder and frozen within 5 min. In the cases where no exogenousligand was

added to azurin H117G, the Cu is assumed to be coordinatedto one or more solvent

moleculesand is referred to as Hl17G(H20).
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5.2.5 Resonance Raman Spectroscopy and Isotope Shifts

RR spectra were obtained with a computer-interfaced Jarrell-Ash

spectrophotometer using a Spectra Physics 2025-11 Kr-Iaser for 647.1-nm excitation at

15 K, as described previously (Han et al., 1991). To measure the small isotope shifts

accurately, samples were run sequentially under identical conditions. No changes were

made to any spectrometer settings, the laser line was not retuned and the slit width was

kept constant. To increase the spectral resolution, the slit width was set at 5 em-I, a

lower limit for observing protein RR spectra due to the lower signal/noise. Peak

positions and isotope shifts were determined by abscissa expansion. Also, we used the

auto fitting routine in the LabCalc program (see Chapter 2) to resolve overlapped bands

with small isotope shifts. Each set of data was repeated at least once by an independent

experiment to check spectral reproducibility. In this way, a shift as small as 0.5 cm-1

could be verified as a real frequency change. Absolute peak frequencies are accurate to

only :t 1 em-lowing to uncertainties in the precise location of the laser line (Loehr and

Sanders-Loehr, 1993).

5.3 Results

5.3.1 RR Spectrum of WT Azurin

Excitation within the intense (Cys)S - Cu(II) CT band near 625 nm gives the

strongly enhanced Raman spectrum shown in Figure 5.4A. A total of 11 bands were

observed in the 200-500 cm-1 region (Table 5.1), which is the location of fundamental

vibrations of Cu-ligand bond stretching and ligand internal deformations. The strongest

band is at 408 cm-1,accompanied by three other strong bands at 372,400, and 428 em-I.

This group of intense bands is centered near 400 em-I, which is the expected frequency

for the Cu-S(Cys) stretch according to normal coordinate analysis (Nestor et al., 1984).

Another 5 weak but relatively well-resolved modes are observed at 348, 441, 456, 476,

and 494 em-I, concentrated largely in the high-energy side of the spectrum. Two weak

and broad modes are observed at 267 and 284 cm-1, isolated at the low energy side of

the spectrum. The RR spectrum of azurin is typical of type 1 Cu proteins and is among

those having the largest number of resonance-enhanced bands (Han et al., 1991).
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5.3.2 RR Spectra of HID-Labeled WT and H117G(Im) Azurin

When WT azurin is equilibrated in D20, most of the bands shift by -1 to -2 cm-l

(Table 5.2). The 284-cm-1 band has the largest shift of -2 cm-l. Similar results have

been reported previously for P. aeruginosa azurin by Blair et al. (1985) and are also

shown in Table 5.2. In our experiment we added a 2-day incubation at pH 8.5 because

H-exchange is base-catalyzed and occurs more rapidly as the pH is raised. However, the

observed D-isotope shifts are not significantly greater than those reported by Blair et al.

(1985) who performed only a 24-hour incubation in D20 at 4°C and at pH 6.0.

The H117G azurin mutant was incubated in D20 (pH reading 8.5) as the

apoprotein, then reconstituted with Cu and 1m (pH reading 6.0). Deuterium isotope

shifts for this sample are also listed in Table 5.2. They are very close to those of the

WT protein indicating that (i) the amide NH of His117 is not a significant contributor to

the WT spectrum and (ii) removal of Cu does not increase the extent of D exchange.

5.3.3 RR Spectra of 63/6sCu-Labeled Hl17G(Im) Azurin

Samples were prepared through reconstitution of 63CUor 65CUinto the apo-H 117G

mutant, followed by addition of exogenous 1m. The RR spectrum of HI17G(lm) with

natural abundance copper is shown in Figure 5.4A and Table 5.1. The spectrum is

nearly identical to that of WT protein, indicating that the Cu site structure and

environment are very much conserved in the H117G mutant. It also shows that the Cu

can bind 1m as an exogenous ligand in the same manner that it coordinates the imidazole

of His117 in the WT protein. RR spectroscopy verifies the recovery of the type 1 Cu

site by addition of exogenous 1m (den Blaauwen and Canters, 1993), as has also been

indicated by absorption and EPR spectral studies (den Blaauwen et al., 1991). The only

noticeable differences are the increased intensity in the 400-cm-1shoulder and a -3-cm-1

shift in the 284-cm-1peak.

RR spectra of 63/65Culabeled azurin H117G(lm) are shown in Figure 5.4B. As

we can see from the overplot, the isotope effects are very small and most of bands do

not shift in 65CU. Band frequencies and isotope shifts are listed in Tables 5.1 and 5.2.

Using a curve-fitting program (Chapter 2), we found that the 372- and 408-cm-1 bands

shift -0.5 and -0.6 cm-I respectively, in 65CU. The shifts are consistently detected and

are considered real shifts. The 429- and 441-cm-1 bands have small shifts which are



_ ___ __ _h _ _ .__n_____

125

within the experimental error of 1:0.5 cm-l and, thus, are not considered significant.

The 281-cm-l band shifts about -1.5 cm-l, and it is difficult to determine the shift more

accurately due to the shape of the band. The 456-, 478-, and 494-cm-l bands clearly do

not shift in 65Cu. In addition, the strong 4oo-cm-l shoulder does not shift by curve fitting

analysis and the apparent difference at 400 cm-l in the overplot is due to an intensity

increase rather than a frequency shift. This increase is most likely due to intensity

borrowing from the 408 cm-l peak as it shifts 0.6 cm-l to lower energy (for details, see

Chapter 2). Finally, the 266-cm-1band appears to shift 0.5 cm-I to higher energy in

65CU. Similar results have been observed for WT azurin (Blair et al., 1985) and are

listed in Table 5.2, as well.

5.3.4 RR Spectra of 14/1SN_labeledWT Azurin

The l4N_or l5N-labeledWT azurin was prepared by growing the protein on l4N_

or l5N-ammonium chloride. Thus, all nitrogen atoms in the protein are labeled. RR

spectra of 14/l~-labeled azurin are shown in Figure 5.4C. The observed frequency shifts

are listed in Table 5.2. The 372- and 408-cm-l bands, which also have Cu-isotope

effects, shift -0.9 and -1.4 cm-l, respectively, in l5N-azurin. The 428-, 441-, 456-, and

476-cm-l bands, which have no Cu isotope effects, show the largest shifts of -2.6 to -3.7

cm-I. These bands are weak, but well resolved. In addition, the 348- and 4oo-cm-1

bands, which have no Cu isotope effect, also show large 14/l5Nisotope shifts of -2.5 and

-2.7 cm-I, respectively. The 494-cm-l band shows a small shift of -0.4 cm-I that is

probably not significant. On the low frequency side of the spectrum, the 284-cm-l band

shifts -2 cm-I, and the 267-cm-l band shows no change. Thus, ten out of eleven modes

shift in 15N-azurin. It is clear that one or more nitrogen atoms are largely involved in

these vibrations. Figure 5.5 summarizes the isotope shifts obtained in azurin and azurin

mutants. It is interesting to see the remarkably different patterns of 63/65CUand l4/l~

isotope effects on the RR bands.

5.3.5 RR Spectra of H117G Azurin with Exogenous Ligands

Samples were prepared by reconstitution of apo-H117G protein with natural

abundance Cu, followed by addition of exogenous ligand. When no exogenous ligand

is added, the resultant H117G(HzO)is actually a mixture of type 1 and type 2 Cu species

that can be probed by excitation at 647 and 413 nm, respectively (den Blaauwen et al.,
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1993). The RR spectrumof the type 1 form of H117G(H20)is shownin Figure 5.6B

and the band frequencies are listed in Table 5.1. The spectrum is quite similar to that

of WT azurin, showing eleven bands. Among these, the five bands between 420-500

cm-1, plus one at 345 cm-1, show no change in frequencies and intensities compared to

the spectrum of H117G(Im) in Figure 5.4A. The most significant changes are that the

372- and 4oo-cm-1bands shift to 367 and 397 em-I, respectively, with dramatic increases

in intensity, while the band at 406 cm-1 decreases in intensity. In the low frequency

region, the 264-cm-1 band shifts to 260 cm-1 and the 284-cm-1 band diminishes in

intensity. In addition, a new mode at 302 cm-1shows up and this band is relatively

intense and sharp compared to the 267- and 284-cm-1 bands in WT azurin. Similar

results to that of H117G(H20)are observedin azurin H117G(N3-),where N3-takes the

place of the His117 ligand (Table 5.1). The fact that the RR spectrum is largely

unaffected by the loss of an imidazole ligand tells us that His117 is not a major

contributor to the RR spectrum. The most important change is the loss of the 284-cm-1

band in the absence of the His117 ligand. This band is closely related to the

Cu-N(Hisl17) interaction. The shift in intensity from the 406-cm-1band to the bandsat

397 and 367 em-I is associated with a lengthening of the Cu-S(Cys) bond (den Blaauwen

et al., 1993).

The RR spectraof Hl17G with alkylatedimidazoles,2-Melm and N-Melm, are

shownin Figures 5.4C and D. The frequenciesof these spectra, togetherwith the data

for the 4-MeIm adduct, are given in Table 5.1. The spectrum of H117G(4-MeIm) is

very close to that of H117G(N-Melm). The spectrum of H117G(2-Melm) is essentially

identical to that of Hl17G(Im) and WT azurin. For the N-Melm and 4-Melm adducts,

the majority of the bands above 300 em-I maintain the same frequencies and intensities,

showing that these bands are not sensitive to changes in the imidazole ring. The most

noticeable changes relative to WT azurin occur in the low frequency region. The

264-cm-1 band shifts to 259 cm-1, the 284 cm-1 band diminishes in intensity, and the

372-cm-1band broadens revealing a new feature at 368 cm-1in the N-Melm case. These

results show that RR spectrum senses no effect of the protein backbone beyond the

imidazole ring of His1l7 and that the 2-Melm is bound in the same orientation as

unmethylated imidazole, however, the N-Melm and 4-MeIm derivatives have slightly

altered configurations.
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5.4 Discussion

The RR spectrum of type 1 Cu proteins is characterized by the high intensity and

the multiplicity of bands near 400 cm-1. The assignment of the observed bands has been

the subject of many studies. In 1978, the first two crystal structures of type 1 Cu

proteins, plastocyanin and azurin, were determined and the Cu ligand set (Cys, 2His, and

Met) and Cu coordination geometry were established. A short Cu-S(Cys) bond of 2.13

A was also discovered. With the structural information and the observed RR spectrum,

normal coordinate analysis could be used to calculate the expected frequencies and to

assign the bands in detail.

A five-atom model CuSS*NN of the type 1 Cu site was examined in detail in a

normal coordinate analysis by Thamann et al. (1982). Their analysis revealed

considerable mixing of Cu-S and Cu-N vibrational modes and excluded the contribution

of S*(Met) ligand to the spectrum in 200-500 cm-1 region. However, their analysis

considered only point masses, and did not allow for mixing of Cu-L stretching motions

with internal ligand vibrational modes. Therefore, the detailed assignments were not

realistic. Isotope studies, including HID and 63/6SCUexchange on a large number of type

1 Cu proteins, provided strong evidence of coupling of Cu-L vibrations with internal

ligand motions (Nestor et al., 1984; Blair et al., 1985; Nestor et al., 1986). An

improved normal coordinate analysis for a CuSS*[N(Im)h model, using ligand effective

masses, was performed by Nestor et al., (1984). Their study concluded that the Cu-S

stretch was the only vibration expected near 400 cm-1, the Cu-N(His) stretches should

be in the low frequency region of 230-310 cm-1, and the weakly bonded Cu-S*(Met)

stretch should be at a even lower frequency. The observed multiple bands near 400 cm-1

were assigned to His and Cys internal ligand deformations and their high intensity was

the result of coupling with the Cu-S(Cys) stretching motion.

The normal coordinate analysis of Nestor et al. (1984) provided a rough picture

of the RR spectrum of type 1 Cu proteins. However, detailed assignment of ligand

modes could not be made because they did not know what atoms should be included in

the normal coordinate analysis calculation. The aim of the present investigation was to

determine whether the His and Cys ligands contribute equally to the RR spectrum of

azurin and what ligand atoms are involved in the coupling.
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5.4.1 Cu-Ligand Stretches

The use of isotopic pairs of heavy metals in vibrational spectroscopy was first

reported by Nakamoto and co-workers (Nakamoto et al., 1969). The metal isotope

labeling method provides definitive band assignments of metal ligand vibrations. Only

the vibrations involving the motion of the metal atom are shifted by metal isotope

substitution. However, if the metal-ligand vibrations are coupled with ligand internal

vibrations, the latter also become metal isotope sensitive (Mohan et al., 1975). Thus,

it is possible that the observed shift for a particular band may be smaller than calculated

if this mode does not correspond to a pure stretching mode.

Table 5.3 presents the calculated isotope shifts for a specific stretching mode of

an isolated two-atom oscillator in the Cu site of azurin. The calculated isotope shift of

the Cu-N(Im) stretch can be approximated by using a mass of 14 for the nitrogen atom

alone, or a mass of 68 if the entire imidazole ring is taken as a point mass. As we can

see, the calculated shifts are very sensitive to the mass used.

In the spectrum of H117G(Im) reconstituted with 63CUor 65CU,three bands at

281, 372, and 408 cm-1show significant 65Cuisotope effects (Figure 5.5, Table 5.2).

The -284-cm-1 band has been previously assigned to Cu-N(His) stretch on the basis that

the observed frequency and isotope shift are close to the expected values for a Cu-Im

vibration (Nestor et al., 1984; Blair et al., 1985). However, the observed -1.5 cm-1shift

(Table 5.2) is smaller than the calculated value of -2.3 cm-1(Table 5.3). The observed

isotope shifts of -0.5 and -0.6 cm-1for bands at 372 and 408 cm-1 (Table 5.2) are also

smaller than the -2.1 cm-1 expected for an isolated Cu-S stretching mode at 408 cm-1

(Table 5.3). Even the aggregate shift of -1.1 em-I is substantially less than -2.1 em-I.

These results tell us that there are no pure Cu-L stretching modes and, rather, that the

Cu must be involved in a number of different vibrations. These additional vibrations are

likely to be predominantly ligand internal modes that have a small amount of Cu-L

stretching character, such that the remainder of the change of the Cu mass is divided

among them. Many of these vibrational modes will undergo a Cu isotope shift of less

than 0.5 cm-1 which is below the limit of detectability in our RR experiments. The

modes with no detectable Cu-isotope effect very likely originate from ligand atoms

further away from the Cu, such as the cysteineside chain, histidine ring, and even
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peptide bond atoms.

The RR spectrum of 32/34S-1abeledWT azurin has been studied by Czemuszewicz

and co-workers (Dave et al., 1993). Among the eleven bands between 200 and 500 cm-l,

only the bands at 408 and 428 cm-l show significant sulfur isotope effects (Figure 5.5,

Table 5.2). The strongest band at 408 cm-l shifts -4 cm-l in 34Swhich is 50% of the

calculated value of -8.1 cm-l for a pure Cu-S mode (80% of calculated value if one

considers -SCH2 as a point mass; Table 5.3). The intense band at 428 cm-l shifts -2 cm-l

in 34S. The S-C{j stretch mode at 750 cm-l shifts about -3 cm-l in 34S,which is smaller

than the expected value of -7 cm-l. The rest of the bands either do not shift at all or they

shift only insignificantly. The results tell us that only two bands in 200-500 cm-l region

have significant sulfur contribution and suggest that the most intense 408-cm-1band has

the greatest amount of Cu-S(Cys) stretching character.

It is expected that excitation within the (Cys)S - Cu CT band will enhance

primarily the Cu-S(Cys) stretch. Thus, it is logical that the feature with the greatest RR

intensity (the peak at 408 cm-l) also has the greatest Cu-S stretching character. The short

Cu-S(Cys) bond of - 2.15A in azurin causes this mode to appear at 408 cm-l, a much

higher energy compared to the - 300 cm-1frequency for the typicallY longer Cu-SR

bonds of - 2.3A in model complexes (Han et al., 1993). The fact that the only 408-

cm-l mode senses the 32/34S-isotopesubstitution among the three Cu-sensitive modes

suggests that only the 408-cm-1 mode has a significant contribution of the Cys ligand.

The other two Cu-sensitive bands at 284 and 372 cm-l are probably not sulfur related,

and their assignments will be discussed in detail in the following sections.

5.4.2 Histidine Ligand Modes

The involvement of one or more nitrogen atoms in the RR spectrum of azurin is

demonstrated by the large isotope effects when all of the nitrogens in the protein are

substituted with 15N(Figure 5.5, Table 5.2). There are a total of five nitrogen atoms in

the Cu ligands, as shown in Figure 5.1. Two Nonitrogens from His117 and His46 are

directly bound to Cu. Two other Nf nitrogens from Hisl17 and His46 are within the 1m

rings. The fifth nitrogen is the Cys amide nitrogen. This nitrogen is not directly

connected to Cu, but is associated with the Cu-S(Cys) framework. Here, we first discuss

the contributionsof the two His ligandsto the RR spectrumof azurin.
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5.4.2.1 His and Cu-Im Complexes

RR studiesof His and His-containingpolypeptideshave been accomplishedusing

UV laser sources(Tsuboiet al., 1987;Ashikawaand Itoh, 1979;Colomboet aI., 1974).

The important results are as follows: (i) All in-plane1mring vibrationsobserved, as

well as predictedby normalcoordinateanalysis,are in the 600-1600cm-1region. There

are no in-planemodes <600 cm-1. (ii) The 1m ring does have a pair of out-of-plane

ring deformation modes which fall in the 400-600 cm-1 region (Colthup et al., 1980).

These bands are expected to shift significantly in D20, because of coupling with the N-H

out-of-plane bend. (iii) These modes are not sensitive to the polypeptide backbone

conformations. Therefore, it is safe to expect that vibrational frequencies will be the

same in free His and in a protein.

A number of metal-1m complexes have been studied by IR and Raman

spectroscopy. Typically, all of the Cu-N(lm) stretching modes (symmetric and.

asymmetric) occur below 310 cm-1and shift by -3 to -4 cm-1when 65Cuis substituted for

63CU(Hodgson et al., 1980; Comilsen and Nakamoto, 1974; Larrabee and Spiro, 1980).

The Raman-active vs(Cu-N) mode occurs between 245 and 288 cm-1 for a series of

Cu(lmh~ and Cu(lm)4 complexes with underivatized or methylated imidazoles (Larrabee

and Spiro, 1980). Other bands are observed at lower frequency and are assigned to

5(M-N-CH).. This bending mode involves one of the carbon atoms, which can be

deuterated (M-N-CD), and the mass effect on 5(M-N-C) of 8 cm-1(Hodgson et al., 1980)

is greater than on v(M-N) which shifts only 1 to 2 cm-1upon deuteration (Hodgson et al.,

1980; Larrabee and Spiro, 1980). Therefore, the bending mode can be identified and

distinguished from v(M-N).

In Cu-Im complexes, the 1m- Cu charge transfer (LMCT) absorptions have been

used to characterize Cu coordination geometry (Fawcett et al., 1980). For tetragonal

Cu(II)-lm complexes, three LMCT absorptions are observed in the 220-330 nm region.

These absorptions are expected to be red shifted as the Cu site geometry changes from

tetragonal to tetrahedral. Such LMCT absorptions should make it possible to identify

Cu(II)-N(lm) stretch and 1m ring vibrations by RR spectroscopy. Unfortunately, the

resonance-enhancement is so weak that these modes cannot be detected in proteins using

excitation within the 1m- Cu CT band (Larrabeeand Spiro, 1980;Caswelland Spiro,
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1986). Thus, metal-1m vibrations in proteins are only detected when they are coupled

to a stronger chromophore.

5.4.2.2 M-fin Vibrations in Proteins

Imidazole groups have important ligand roles when a metal is complexed by

His-containing peptides. His ligation has been well characterized by X-ray

crystallographic studies of proteins such as azurin (Adman et aI., 1978; Baker 1988;

Adman, 1991a), superoxide dismutase (Richardson et aI., 1975; Tainer et aI., 1982;

Parge et aI., 1992), hemocyanin (Volbeda and Hol, 1988; Magnus et aI., 1993), and

hemoglobin (Shaanan, 1982). In the case of oxyhemocyanin, the M-N(lm) stretching

modes are detected at 230, 269, and 313 cm-1 due to resonance-enhancement with a

peroxide - Cu(II) CT band (Larrabee et aI., 1977; Larrabee and Spiro, 1980). No other

1m modes were observed in the 200-500 cm-1region. Similarly, in heme proteins, the

axiaI Fe-N(His) bond stretches are detected through resonance with the porphyrin

electronic transitions. The Fe-N(His) stretch occurs at -220cm-1in ferroushemoglobin

and myoglobin, and at -240-270 cm-1 in peroxidases (Teraoka and Kitagawa, 1981).

In contrast, in the respiratory protein, hemerythrin, in which five histidines are ligated

to an oxo-bridged dinuc1eariron center, no Fe-N(His) vibrations have ever been detected

(Sanders-Loehr, 1989).

5.4.2.3 Cu-fin Vibrations in Azurin

In azurin, Cu is coordinated by His1l7 and His46 and the Cu-N(His) bonds are

both -2.0 A (Nar et aI., 1991), which are within the normaI range of2.0 + 0.1 A of

Cu(II)-lm complexes. Therefore, we expect the frequency of v(Cu-N) to be at < 300

cm-1, as observed in other metal-His containing proteins. The 284-cm-1band is the only

band showing a Cu isotope effect in this region, indicating a Cu-ligand vibration. This

band aIso undergoes a -2-cm-1 shift in 15N-Iabeledazurin (Table 5.2), which is in good

agreement with the -2-cm-1value calculated for a unit mass change on both Nf and No

(Table 5.3). A similar shift of -2 cm-1is observed when H1l7G is reconstituted with

15N-imidazole (Andrew et aI., 1993). These results lead us to assign the band at 284

cm-1to the Cu-N(lm) stretch of an imidazole at the His1l7 site. The His1l7 assignment

is supported by the fact that 284-cm-1 band disappears when the His1l7 ligand is

removed (Figure 5.6B), but is still present when the His46 ligand is replaced by Asp
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(Figure 5. 6E).

Further evidence for a Cu-N(lm) stretching mode at 284 cm-1is the fact that this

band shows no sensitivity to sulfur isotope (Figure 5.5). In addition, it shows a -2-cm-1

shift in D20 (Table 5.3). NMR studies of azurin have shown that the Nc-hydrogen of

the 1m ring of His117 does exchange with deuterium (van de Kamp et al., 1992).

However, the observed deuterium shift is larger than the -1.0-cm-1 value calculated for

exchange of a single hydrogen on the 1m ring (Table 5.3). This may be due to the

exchange of additional hydrogen, e.g., at the C2 position on the imidazole ring (Nestor

et al., 1984). Alternatively, the unusually large D effect may reflect a change in H-bond

strength, since the Nc proton of His117 is H-bonded to a water molecule in azurin

(Figure 5.1). Our assignment of the 284-cm-1band to a Cu-N(lm) stretch agrees with

the previous predictions of Nestor et al. (1984) and Blair et al. (1985) which were based

on Cu and D isotope data. However, given the fact that the 284-cm-1 band does not

change in the His46Asp mutant (Figure 5. 6E), the assignment of this mode to a

symmetric Im-Cu-Im stretch (Blair et al., 1985) is no longer appropriate.

It appears that the Cu-N(lm) stretch of the His117 ligand at 284 cm-1is the only

histidine mode that is resonance-enhanced in the 200-500 cm-1 region of the RR

spectrum. When apoH117G is reconstituted with Cu and 15N-Iabeledimidazole, the only

two peaks exhibiting any detectable 15N-isotopedependence between 200 and 1500 cm-1

are the peaks at 284 and 658 cm-I, which shift by -2 and -1 cm-I, respectively (Andrew

et al., 1993). These are also the only two peaks that are affected by histidine ligand

replacement. Thus, upon substitution of His117 with H20, only the 284-cm-I peak

disappears (Figure 5.6B). Even less spectral change occurs when His46 is replaced by

Asp (Figure 5.6E); only the peak at 658 cm-I disappears (Dave et al., 1993). The

increased intensity at 398 cm-I is due to a slight lengthening of the Cu-S(Cys) bond

(Dave et al., 1993) and there is a possible frequency shift from 348 to 337 cm-1.

However, there is no indication of any vibrational modes of the His46 ligand in the 200-

5OO-cm-Iregion of the RR spectrum.

In the crystal structure of azurin (Figure 5. 1), both of the imidazole rings are

tilted approximately 30° relative to the NNS ligand plane. Thus, it is not clear what

structuralor electronicbasis exists for resonanceenhancementof the Cu-N(His)stretch
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of His 117, but not His46. It may be that subtle differences in orbital overlap affect

vibronic coupling with the (Cys)S - Cu CT transition. Thus, modifications of the

imidazole ring in imidazole complexes of Hl17G azurin also affect the enhancement of

the vibration of -284 em-I. This mode is observed with 2-Melm and N-polyvinylIm,

but not with 4-Melm or N-Melm (Figure 5.6, Table 5.1). Comparison of the structures

of the alkylated imidazoles (Figure 5.3) also does not reveal any obvious structural basis

for the observed RR differences. Most likely there is a slight variability in the

orientation of exogenous imidazoles in the Hl17 site.

The involvement of His ligands in the RR spectrum of type 1 Cu proteins has

long been debated. Electronic spectra of type 1 Cu proteins generally show absorption

near 450 nm, in addition to the strong S(Cys) - Cu CT band at - 600 nm. The 450-nm

absorption band was assigned to a His - Cu(II) CT transition on the basis of polarized

single-crystal absorption spectroscopy (Penfield et al., 1981). However, we determined

that excitation within the 450-nm absorption band leads to the same set of RR modes as

is observed with 6oo-nm excitation (Han et al., 1993). Thus, both electronic transitions

must have primarily Cys(S)- Cu CT character. This conclusion is further supported by

the present findings that no histidine vibrational fundamental (other than the Cu-N(lm)

stretch at 284 em-I) is resonance-enhanced. The extensive RR spectral features in azurin

must, thus, be due to the cysteinate ligand. The Cu-N(lm) stretch of Hisl17 is most

likely enhanced via vibronic coupling with the Cys(S) - Cu CT transition. This finding

is in keeping with the vibrational studies of metal-1m complexes in proteins discussed

earlier where metal-1m stretching modes are also enhanced via coupling to a stronger

chromophore.

5.4.3 Cysteine Ligand Modes

5.4.3.1 Cysteine Vibrations

Our attention now focuses on the Cys ligand and vibrations associated with it.

Free cysteine is a non-linear molecule consisting of 14 atoms. For a non-linear

molecule, there are 3N-6 normal vibrations, where N is the number of atoms in the

molecule (Colthup et al., 1980). One therefore expects that cysteine has a total of 36

normal vibrations. The vibrational spectrum of cysteine has been reported and a normal

coordinate analysis has also been performed (Susi et at., 1983). A total of 35 modes are
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observed between 100 and 3200 em-I. The majority of these bands are bond stretching

and angle bending motions, and most of the stretching modes are located in the high

frequency region between 1000-3200 em-I. Of the 35 observed vibrations, only 8 are at

lower energy between 100 and 500 em-I, which is the region of interest in the discussion

of the fundamental vibrations of type 1 Cu proteins. As an analogue of cysteine, the

Raman spectrum of I-propanethiol has also been fully discussed (Li et al., 1992).

Band frequencies and band assignments for both L-cysteine and I-propanethiol in

100-500 em-I region are listed in Table 5.4. It can be seen that most of these modes are

due to the angle bending involving the heavy atoms S, N, and C and the torsional

motions involving atoms C and H. The frequencies of the angle bending modes are

likely to be found between 250 and 450 em-I, and the frequencies of the torsional modes

are generally at even lower energy near 200 em-I. It is noteworthy that the assignments

for cysteine in Table 5.4 are for the dominant vibrational motion, but that most are

actually mixtures of 2-3 different vibrational motions. For example, the o(S-ClrCa) bend

accounts for 49% of the potential energy distribution at 118 em-I,ll % at 207 em-I, and

14% at 444 em-I, whereas the C,rCa-N bend contributes 31% at 444 em-I and 14% at

535 em-I.

5.4.3.2 Cu-SR Complexes

The cysteine ligand modes are less well documented in Cu-SR complexes than for

uncoordinated ligands. Most of these complexes have a metal site geometry that is either

trigonal bipyramidal or tetragonal with a normal Cu(II)-S bond distance > 2.25 A

(Kitajima et al., 1992; Kitajima, 1993). Although these complexes generally have large

extinction coefficients (;;::: 1,000 M-Icm-I), they exhibit much lower molar Raman

scattering intensities than type 1 Cu proteins, a feature presumably related to the absence

of the short Cu-S(Cys) bond (Han et al., 1993). In 1990, Kitajima and co-workers

reported the first successful synthesis of tetrahedral Cu(II)-thiolato complexes (Kitajima

et al., 1990 and 1992), which are the only low molecular compounds closely mimicking

the Cu site in type 1 Cu proteins. In these compounds, Cu is coordinated to

tris-pyrazolylborate and SR (R = CPh3,C6F6,or C(CH3h). Especiallynoteworthyis

the Cu(II)-S bond distance of 2.12-2.18 A, which is clearly shorter than that in other

Cu-SR complexes, making these complexes more suitable models for type 1 Cu proteins.
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The RR spectrum of the Cu-SC(CH3h complex of Cu(II)[HB(3,5-iPr2Pzh]

exhibits a set of resonance-enhanced vibrational modes, similar to that of a type 1 Cu

protein (Qiu et al., 1992). The most intense band is at 435 em-I, with several other

weaker bands at lower energy. All these bands are shifted to lower frequency when

S-C(CD3)3 is used as a ligand. Based on normal coordinate analysis, the band at 435

em-I is assigned as having the greatest Cu-S stretching character. However, the

sensitivity of all modes to deuterium substitution shows that they are all mixed modes and

that C-H motions must also be considered. Results on this model compound demonstrate

that a single thiolate ligand can produce as many as five resonance-enhanced vibrations

and that the RR spectrum is extremely sensitive to the changes in the R group of the

thiolate ligand.

5.4.3.3 Cu-Cysteinate Modes in Azurin

The contribution of the two His ligands, His117 and His46, to the RR spectrum

of azurin has been fully discussed in section 5.4.2 (Histidine Ligand Modes). Of the 11

bands observed in the 200-500 em-I region, only the mode at 284 em-I is assignable to

Cu-N(Hisl17) stretching. Previous studies of azurin substituted with selenomethionine

demonstrated that the methionine ligand also does not contribute to the low frequency RR

spectrum (Thamann et al., 1982). Thus, the majority of bands is most likely due to the

cysteine ligand.

The large isotope effects seen in the RR spectrum of 15N-Iabeledazurin provide,

for the first time, direct evidence that cysteine side chain atoms including the amide

nitrogen contribute significantly to the RR spectrum. As can be seen in Figure 5.1, there

are five nitrogen atoms within the Cu site. Out of the 5 nitrogen atoms, the four

nitrogens from Hisl17 and His46 are not important to the RR spectrum. This leaves the

nitrogen from the Cys amide group as the only candidate. Of the 11 RR bands of azurin,

10 show significant 15N-effects(Figure 5.5, Table 5.2). However, only one band at 284

em-I exhibits 15N-isotope dependence when apoH117G is reconstituted with Cu and

15N-Iabeledimidazole. The high sensitivity of the RR spectrum towards 15N-isotope

labeling implies the large participation of the Cys side chain including the amide group

in the spectrum.
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Vibrational spectral studies of free cysteine and its analogue provide us with

vibrational modes in the 100 to 500 cm-1region and serve as the basis for the discussion

of cysteine vibrations in the protein. However, the band frequencies will most likely be

different when cysteine is coordinated to the metal in the protein, because the -NHz and

-C=O groups of the Cys become part of the peptide bond. Each amide bond now has

partial double bond character, and the vibrations involving these amide bonds are

expected to have higher frequencies. In addition, the Cys side chain atoms are more

firmly positioned by the protein environment. The sulfur is coordinated to a bound

copper rather than a mobile hydrogen. H-bonding to the sulfur and to the amide nitrogen

further increases the structural rigidity. These structural differences strongly affect the

degree of coupling of atomic motions and, thus, the observed vibrational frequencies.

Therefore, comparisons of band frequencies of the Cu-S(Cys) structural unit in the

protein with those of free cysteine are really no longer appropriate.

The fact that the Raman spectrum of azurin is resonance-enhanced by coupling

to the S - Cu CT band provides another source of uncertainty in band assignments. The

Cu-S moiety not only adds a new component for coupling with stretching and bending

motions, but may also change the vibrational intensities of modes with which it is

coupled. Because many of the bands in free cysteine will be altered as a result of the

formation of the Cu-S(Cys) bond, we do not have a well-established reference system.

The following discussion of the assignments of the Cys-related vibrations (Table 5.4) is

therefore based on the isotope effects, band frequencies and intensities, as well as

information from free cysteine..

5.4.3.4 The Cu-S Stretch 408 cm-1

The dominant 408-cm-1 band in the RR spectrum of azurin (Fig. 5.4) has been

assigned to v[Cu-S(Cys)] based on the Cu and sulfur isotope data discussed section 5.4.1

(Cu-Ligand Stretches). The fact that many type 1 Cu proteins show their most intense

RR band as high as 400 cm-1is largely the result of the unusually short Cu-S(Cys) bond.

Nevertheless, the smaller-than-expected sulfur isotope shift (Table 5.3) reveals that this

is not a pure Cu-S mode and must contain other vibrational components in addition to

the Cu-S stretch.
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5.4.3.5 The S-C~ Stretch at 750 em-l

Most type 1 Cu proteins show a fundamental vibration near 750 cm-1that is more

intense than any of the overtones or combination bands in the 7oo-9OO-cm-1region (Blair

et al., 1985). The -3-cm-1shift of this mode in 34S-labeledazurin identifies it as having

a significant S-Ca(Cys) stretching component (Dave et al., 1993). It is of interest that

the v(S-C) vibrational frequency for azurin is considerably higher than the 691 and 650-

cm-1 values assigned for L-cysteine and 1-propanethio1, respectively (Table 5.4). It is

likewise higher than v(S-C) at 653 cm-1 for the Fe-cysteinate moiety in oxidized

rubredoxin (Czernuszewicz et al., 1986). However, none of these other assignments

have been verified by sulfur isotope substitution. The S-Ca-Co:bend in azurin is also

likely to be at higher energy than in L-cysteine where it accounts for 49% of the PED

at 118 cm-1and 14% of the PED at 444 cm-1(Susi et al., 1983). Angle bending modes

are generally found at half the mean stretching frequency of the bonds forming the angle.

Thus, for azurinwith v(S-Ca)at 750 cm-1and v(Ca-Co:)at 975 cm-1,the predominantOS-

Ca-Co:mode is likely to be closer to 400 cm-1(Blair et al., 1985).

5.4.3.6 The Intense Bands at 372, 400, and 428 em-l

The RR spectrum of WT azurin shows three additional intense bands at 372, 400

(shoulder), and 428 cm-1. The high intensities of these bands indicate either kinematic

coupling with the Cu-S(Cys) stretch or vibronic coupling with the (Cys)S - Cu(II) CT

transition. These bands are likely due to angle deformations involving S, C, and N

atoms of the cysteine ligand. Possible candidates are o(Cu-S-Ca), o(S-Ca-CJ, and

o(Ca-Co:-N).Among them, the o(Cu-S-Ca)mode involves the heavy Cu atom and its

frequency is thus expected to be the lowest. By the above criterion, one would predict

the frequency of o(Cu-S-Ca) to be near 300 cm-1if v(Cu-S) is at 408 cm-1 and v(S-Ca)

is at 750 cm-1. When considering the isotope effect of the o(Cu-S-Ca) mode, a large

displacement of the Cu atom and only a small 32/34Sisotope shift are expected. Of the

three bands, the 372-cm-1band is the only one showing significant Cu contribution and

little sulfur and nitrogen isotope effects (Fig. 5.5). Therefore, we assign the 372-cm-1

band as predominantly o(Cu-S-Ca).

The 428-cm-1 band shows a -2 cm-1 shift in 34S, and no significant Cu

involvement (Fig. 5.5). Therefore, we assign it predominantly to the o(S-CrrCa).
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However, this band shifts by -3.8 cm-1in 15N-labeledazurin, indicating coupling with

a vibrational motion of the Cys amide nitrogen. The 4oo-cm-1band does not shift with

either Cu or S isotopes, but shifts by -2.7 cm-1in 15N-labeledazurin. Thus, we assign

it predominantly to o(Cp-Ca-N), which senses the mass change on the amide nitrogen.

It is somewhat surprising for o(S-Cp-Ca)with its large S atom to be at higher energy than

o(Cp-Ca-N). However, the energy of o(S-Cp-Ca) could be increased by the unusually

large S-Cp bond strength, as evidenced by its 750-cm-1vibrational frequency.

The high intensities of these bands may be due to kinematic coupling with

Cu-S(Cys) stretch. Such coupling is expected to be dependent on the conformation of

the Cys side chain. For example, coupling of v(Cu-S) with o(S-Cp-Ca) or o(Cp-Ca-N)

will be maximal when the Cu-S-Cp-Ca and S-Cp-Ca-N dihedral angles are at - 1800 and

minimal at -900 (Han et al., 1989). In azurin, these two angles were found to be 1690

and 1730, respectively, leaving the atoms Cu, S, Cp, Ca and N in an essentially coplanar

conformation (Han et al., 1991). Moreover, in a detailed analysis of all available crystal

structures of proteins containing type 1 Cu sites, we noted that a coplanar Cu-S-Cp-Ca-N

network was a fully conserved feature (Han et al., 1991). Thus, maximal coupling of

Cys internal modes with the Cu-S stretch would be achieved. Therefore, we observe

additional enhanced bands, rather than a single strong band from the Cu-S(Cys) stretch,

in all type 1 Cu proteins. A similar type of coupling has been suggested for the RR

spectra of iron-sulfur proteins, such as F~S2(CYS)4plant ferredoxins and Fe4S4(CYS)4

high-potential iron proteins (Backes et al., 1991), which contain one or more Fe-S-Cp-Ca

dihedral angles near 1800. This coplanar Cys side chain conformation explains the

observation of multiple intense RR bands in metal-cysteinate proteins.

5.4.3.7 Previous Assignments of the Bands Near 400 em-1 in Azurin

The assignments of the intense bands at 372, 400, 408 and 428 cm-1 have been

discussed previously, based on Cu-isotope data and temperature dependence of the

relative intensities of the bands (Blair et al., 1985). In that study, bands at 408 and 400

cm-1 were assigned to the coupled Cu-S stretch and the S-Cp-Ca angle bend. The

408-cm-1 band was assigned as the in-phase mode, which would have large Cu isotope

effect because the Cu-S distance increased as the S-Cp-Ca angle became larger. The

400-cm-1 band was assigned as the out-of-phase mode, which would involve a large
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displacement of the sulfur atom, and exhibit a smaller Cu isotope effect. Recent studies

of 32/3"s-labeledWT azurin suggest that the 408-cm-1band is predominantly a Cu-S(Cys)

stretching mode (Dave et al., 1993). Also, the assignment of 400-cm-1 band as the

out-of-phase mode is no longer appropriate, because the 400-cm-1 band does not show

any noticeable sulfur isotope effect. To interpret the 372- and 428-cm-1 bands, Cys

ligand deformations involving the Coratom and amide NH group were suggested by Blair

and co-workers (1985), but the assignments could not be established at that time. Our

nitrogen isotope data along with the sulfur isotope data enable us to assign the four

intense bands with considerably less ambiguity.

5.4.3.8 The Weak Bands at 348, 441, 456, 476, and 494 em-l

The low intensities of these bands indicate only weak coupling with the Cu-S(Cys)

moiety. This group of bands shows no changes in band frequency or band intensity upon

removal or replacement of either of the His ligands (Fig. 5.6). They are furthermore

insensitive to Cu and sulfur isotope substitution. However, these bands show remarkable

15N-isotope effects in l5N-labeled azurin (Figure 5.5, Table 5.2). It is obvious that

motion of the cysteine amide nitrogen contributes to these modes. As seen in Figure 5.2,

the possible intemalligand coordinates are o(C{rCor-CO),o(N-Cor-CO),o(Cor-N-CO'),and

T(N-H) (torsional motions with other atoms). Most of these vibrations involve the amide

nitrogen to some extent, and may account for the large l4/1~ isotope effects. The atoms

in these modes are connected to the Cu-S bond through one or more intervening bonds

and are farther away from the two His ligands. Therefore, these vibrations are not

sensitive to 63/65Cu,32/34S,or changes in the His ligand. All of the above bands, except

the 348-cm-l band, are located between 420 and 500 cm-l, and their frequencies are

higher than those of o(Cu-S-C~)and o(S-C~-Cor)modes. The higher frequency of these

bands could be explained as a result of the partial double bond character of the amide

bonds in the protein and also as a result of the lighter atoms involved in the motions

(Fig. 5.2).

5.4.3.9 The 267-em-l Band

The 267-cm-l band is weak and broad. It does not originate from either of the

two His ligands because it appears unchanged when either is removed by site-directed

mutagenesis. It shows no isotope effects in HID, 32/34S_, and 14/15N-Iabeledazurin.
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Therefore, it is unlikely to be H-bond related, nor a vibrational mode involving cysteine

sulfur or nitrogen. The 267-cm-1 band shifts to higher frequency when 63CU is

substituted for 65CU(Table 5.2). The reason for this up-shift is not known, but it has

been observed in both WT and H117G(Im) azurins. In considering the low frequency,

this band is likely a torsional motion involving the Cu, Ca-H, and/or Cfj-H moieties.

5.5 Deuterium Isotope Effects

All of the type 1 Cu proteins that have been investigated by RR spectroscopy

show extensive spectral shifts when the proteins are equilibrated in D20 (Nestor et al.,

1984; Blair et al., 1985). In the case of azurin, almost every fundamental in the 200-500

cm-I region shifts by -1 to -2 cm-I in D20 (Table 5.2). These isotope effects were

originally attributed to the influence of the imidazole ligands on the RR spectrum.

However, recent work has shown that neither His 117 nor His46 contributes significantly.

to any modes other than the peak at 284 em-I. An alternative explanation of the D-

isotope effect was that it was due to hydrogen bonding of the cysteine sulfur ligand to

backbone amide NH groups (Figure 5.1), in which the strength of the hydrogen bond is

different for NH versus ND (Mino et al., 1987). Support for this hypothesis came from

the observation of D-isotope shifts of similar magnitude in iron-sulfur proteins where the

crystal structures had also shown extensive H-bonding of S ligands (Mino et al., 1987).

Such H-bonding could also explain why some peaks appeared to upshift rather than

downshift or underwent intensity changes.

There are, however, several problems with the H-bonding hypothesis. One is that

NMR studies of azurin (exchanged with D20 in the same manner as our Raman samples)

have failed to detect any indication of D-exchange in the amide NH's of Asn47 and

Phe114 (van de Kamp et al., 1992). These are the residues that are H-bonded to the S

of Cys112 in the X-ray crystal structure (Baker, 1988). Another problem is that

according to the H-bonding hypothesis, the modes with the greatest Cu-S stretching

character should undergo the largest shifts in D20. This is clearly not the case. The

408-cm-1 mode of azurin, which has the largest S-isotope dependence, has one of the

smaller D-isotope dependencies (Table 5.2).

The overall pattern of D-shifts for azurin actually most closely resembles the
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pattern of N-isotope shifts (Table 5.2). However, the D shifts are only about half as

large as those in the lsN-substituted protein. These findings would be consistent with the

amide NH of the Cys ligand being responsible for both the lsN_ and D-isotope effects.

Unfortunately, the Cys112 amide group also appears to be resistant to D-exchanges

according to the NMR experiments (van de Kamp et al., 1992). If only partial D

exchange were occurring, the D spectra should have exhibited more peak broadening and

should have been more sensitive to the use of different pHs and protein samples (apo vs.

Cu) for D exchange. We are left with the conclusion that the D-isotope effects may be

due to small protein structural perturbations in D20 that affect the conformation of the

cysteinate ligand.

5.6 Conclusions

Studies of azurin through isotopic labeling and metal-site mutations have brought

a new and more detailed understanding to the RR spectra of type 1 Cu sites. We

conclude that the entire Cu-S(Cys) moiety, rather than Cu-His, is the essential contributor

to the RR spectrum of type I Cu proteins. Newly proposed assignments of the RR bands

of azurin are summarized in Table 5.4. Although most of the bands cannot be assigned

precisely, we are able to give plausible explanations that are in agreement with our

present data. Our results will further help the interpretation of RR spectra of other type

1 Cu proteins.

(1) The strongest Raman band (at 408 cm-i in azurin) has the greatest Cu-S(Cys)

bond character and is predominantly the Cu-S(Cys) stretch. The frequencies of this

maximum-intensity band correlate with the Cu-S(Cys) bond distances, however, the latter

lie outside of present-day crystallographic accuracy.

(2) A second set of intense RR bands is likely the result of angle bending

motions, such as o(Cu-S-C~), o(S-C~-CcJ, and o(C~-Ca-N). These modes gain their

intensity by strong kinematic and vibronic coupling with v[Cu-S(Cys)]. The coupling is

promoted by the coplanar conformation of the Cu-S-C~-Ca-N grouping. Because the

frequencies are highly dependent on the dihedral angles of Cu-S-C~-Ca and S-C~-Ca-N,

the relatively constant set of frequencies in all type 1 Cu proteins implies a strong

conservationof the coplanar cysteineconformation.
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(3) Only one weak band (at 284 cm-l in azurin) can be ascribed to the Cu-N(His)

interaction.

(4) The other weakly enhanced Raman bands are due to vibrations of Cys side

chain atoms, including atoms as far away as the amide NH- and CO groups.

(5) This study clearly shows that the Cu-S(Cys) moiety is the key feature to a

successful interpretation of type 1 Cu protein RR spectrum. However, a conclusive and

complete assignment of all the bands still cannot be achieved with present data. Clearly,

more experiments will be needed (see Chapter 6). Finally, a rigorous normal coordinate

analysis for the entire site will have to be performed for the complete assignments of RR

spectrum of type 1 Cu proteins.
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ftRRspectra for all species were obtained with 647.1-nm excitation (as. in Fig. 5.4). bData of Dave et al. (1993).

Table 5. 1. Resonance Raman Spectra of WT and Mutant Azurinsft

Sample Frequency (em-I)

WT 267 284 348 372 400 408 428 441 456 476 494

H117G(Im) 266 281 348 372 400 408 429 441 456 478 494

H117G(2-MeIm) 265 283 347 373 400 406 429 443 455 477 495

H117G(4-MeIm) 259 349 373 400 407 429 443 455 477 494

H117G(N-MeIm) 259 304 347 368/374 400 408 429 441 455 478 494

H117G(N-polyvinylIm) 267 283 348 372 400 407 429 455 477 494

H117G(N3-) 260 305 346 362 389 402 428 440 455 478 493

H117G(H2O) 260 302 345 367 397 406 428 442 455 477 493

H46Db 267 281 300 326/337 376 399 410 426 438 453 472 493
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Table 5.2. Isotope Shifts of RR Frequencies in WT and Mutant Azurins from P. aeruginosaa

RR modeb 63/65CU 14/15N HID 32/34S

H117G(Im) WTC WT WTC w~ H 117G(Im) wre

(continued)

267 +0.5 +1 0 0 0 -1 0

284 -1.5 -0 -2 -5 -2 +2 0

348 0 -0 -2.5 -2 0 0 0

372 -0.5 -0.6 -0.9 -0.9 -1 -1 0

400 -0 -0.6 -2.7 -2 -2 0

408 -0.6 -0.6 -1.4 -1 -1 -1 -4

428 (-0.3) (-0.2) -3.8 -1.2 -1.5 -2.5 -2

441 (-0.4) n.d. -3 -1.5 -1.8 -2 0

456 0 0 -2.6 0 -0.7 -1 0



149

Table 5.2, continued:

RR modeb 63/65CU 14/15N HID 32/34S

aprequency shift in cm-I from lighter mass to heavier mass. Values in parentheses are within the experimental error of

:to.5 em-I. bValue for WT azurin. cShifts reported by Blair et al. (1985). dThis work. eShifts reported by Dave et al.

(1993) for cells grown on 32Sor 34Slabeled Na2S04.

H 117G(Im) WTc WT WTc wrI H117G(Im) wre

476 0 0 -2.8 -1.0 -1.5 -3 0

494 0 0 (-0.4) +1.3 0 -2 0



150

J'ab1e 5.3. Calculated Isotope Shifts for the Stretching Mode of a Two-Atom

Oscillator Using a Localized Point Mass Approximationa

a" and ,,* correspond to vibrational frequencies of light and heavy isotopes,

respectively.~,,=,,* - " calculatedbasedon " and ,,/,,*= (/l*//l)112 where /l =

(ma x mb)/(ma + mb). In the point mass approximation,an entire moiety (e.g.,

imidazole ring) is assumed to behave as a single oscillator (e.g., mass of 68).

bThe two masses yielding an isotope shift are separated by a slash mark. Isotopic

substitutions for ImH were calculated assuming two exchangeable N's, but only one

exchangeable H.

Oscillatori' Isotope Shift (,,) at Different Frequencies (,,)

284 cm-1 408 cm-I 428 cm-I

63/6SCu_N -0.8 -1.1 -1.2

63/6sCu-ImH -2.3 -3.3 -3.4

CU_14/ISN -7.9 -11.3 -11.9

Cu-14/lsN-ImH -2.0 -2.8 -3.0

Cu-ImH/D -1.0 -1.4 -1.5

Cu-Im/MeIm -12 -17 -18

63/6SCu_S -1.5 -2.1 -2.2

Cu_32/34S -5.6 -8.1 -8.5

Cu_32134SCH2- -3.5 -5.0 -5.2
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Table 5.4. RamanFundamentalVibrationsand ProposedAssignmentsfor Cysteine, I-Propanethiol,and Azurin

L-eysteineR I-propanethiolb WT azurinc
-

v(em-I) Assignment v(em-I) Assignment v(em-I) Assignment

691 v(S-C{J) 650 v(S-C) 750 v(S-Ct3>

498 r(N-H3) 494 r r(N-H)

476

I S(Ca-N-CO')456 O(C{J-CO: -CO)

441 O(C{J-CO: -N) 413 O(C-C-C) 441

L o(N-Co:-CO)
364 o(C{J-Co:-CO) 428 O(S-CIf"CO:)

298 r(C-S-H) 284 o(S-C-C) 408 v(Cu-S)

268 oN-(Co:-CO) 240 r(C-H3) 400 O(C/j-CO:-N)

372 o(Cu-S-C/j)
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Table 5.4, continued:

L-cysteine8 I-propanethiolb WT azurinc

v(cm-1) Assignment v(cm-1) Assignment v(cm-1) Assignment

210 r(COO-) 190 r(C-S)

r(C-C)

348

148 r(COO-) 137 284 v(Cu-N)(HisI17)

118 o(S-CIJ-C(Jt) 267 [ r(Cu-S-CIJ-H2) ]

aData from Susi et aI. (1983). v, 0, and r donote stretching, bending, and torsion, respectively. b Data from Li et aI.

1992). CDataand proposed assignments from this work. Assignments in brackets are more tentative.
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FIGURE LEGENDS

Figure 5.1. Type 1 Cu site of P. aeruginosaazurin. The Cu is coordinatedby

His117(N), His46(N), and Cys112(S)and sits close to the SNN trigonalplane. The

His117 ring is nearly co-planar to the SNN plane. The His46 ring is nearly

perpendicularto the SNN plane. H-bondsto Cu ligandsare indicatedby Figure

provided by Dr. E. N. Baker for A. denitrificansazurin.

Figure 5.2. (A) Structure of the Cu-Cys moiety of the type 1 Cu site (adapted from

Nestor et al., 1984). (B) Diagram showing the coplanarity of Cys ligand. The planes

containing Cu-S-Cb, S-Cb-Ca, and Cb-Ca-Nare all congruent with one another. Thus,

the dihedral angles for Cu-S-Cb-Caand S-Cb-Ca-Nare both close to 1800 (Han et al.,

1991). The amide bond of the Cys has partial double bond character.

Figure 5.3. Structural formulas of Cu-site ligands for WT azurin (His) and the

H117G mutant (1m, 2-Melm, N-Melm, or 4-Melm).

Figure 5.4. ResonanceRamanspectraof P. aeruginosaazurin. (A) Wild-type

azurin (-) and azurin H117G(lm)(---). (B) 63Cu(-) and 6SCu(---) labeledazurin

H117G(lm). (C) 14N(-) and ISN(---) labeledwild-typeazurin. Spectrawere

obtained from -2 mM protein in 20 mM MES (PH6.0) at 15 K using 647.1 nm

excitation (70-100 mW) with a resolution of 5 em-I, scan rate of 0.5 em-lis, and

accumulation of 4-9 scans. Listed frequencies are for WT azurin.

Figure 5.5. Isotope shifts in the resonanceRamanspectraof WT and mutantazurins.

Data are from Table 5.2. Positiveshifts and shifts less than 0.5 cm-I have been

omitted.

Figure 5.6. Resonance Raman spectra of mutant azurins. (A) WT azurin. (B)

HI17G(H20). (C) HI17G(2-Melm). (D) HI17G(N-Melm). (E) His46Asp azurin

(data from Dave et al., 1993). Spectral conditions for A-D are the same as Figure

5.4.
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Chapter 6

FUTURE DIRECTIONS

Type 1 Cu proteins are electron transfer proteins with molecular weights of

12,000-15,000Da. These relativelysmallCu proteins are widely studiedand are well

characterized structurallyand spectroscopically. The physicalproperties of type 1 Cu

proteinsare briefly reviewedin Chapter 1. In addition,a comparisonof type 1 and type

2 Cu proteins is addressed in order to clarify the unusualcharacter of type 1 Cu sites.

ResonanceRaman spectral studiesof type 1 Cu proteins formed the major part of this

research, and they are presentedand discussedin Chapters2, 3, 4, and 5. We believe

that the structuralbasis for understandingthe RR spectraof type 1 Cu proteins has been

greatly enhancedby these studies.

There are still many unanswered questions about type 1 Cu proteins. For

example, knowledgeof factors influencingthe redox potentialof type 1 Cu protein is

very limited. Also, the origin of the - 460 nm absorptionband is an unsettledissue.

Finally, although the RR spectra of type I Cu proteins are well studied, the complete

assignmentsof the Ramanbands will requirea large amountof futurework. Moreover,

despite the common properties found among type 1 Cu proteins, understanding the

special characteristicsof individualproteins, such as stellacyaninand nitrite reductase,

would certainlyenrich our understandingof type 1 Cu proteins.

6.1 Redox Potentials of Type 1 Co Proteins

A systematicstudyof the redox potentialsof type 1 Cu proteins is a challenging

task. Despite the fact that all type 1 Cu proteinsare known to have a commonCu site

with three strong ligands, S(Cys), N(His), and N(His), the redox potentials of these

proteins are surprisinglydifferent, ranging from 180 mV in stellacyaninto 680 mV in

rusticyanin (Adman, 1985). In contrast to most of the other type 1 Cu proteins,

160
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stellacyanin does not have Met at the axial position. Instead, an amide carbonyl group

is suspected as a ligand at the axial position (Thomann et al., 1991). EPR studies

indicate that stellacyanin has a rhombic Cu site (Chapter 4), which may be due to a

strong interaction with -co. It seems that even though the Met ligand is not a structural

prerequisite of the type 1 Cu site, it may be important in determining the EOvalue (Gray

and Malmstrom, 1983).

However, very little is known about the EO properties of type 1 Cu proteins.

Many factors can influence EO such as the Cu site ligands, Cu site geometry, the

effective charge on Cu, the environment of Cu, hydrogen bonds near the Cu site, and the

effect of pH. For example, when Met121 is replaced with Leu in azurin, the redox

potential increases by 100 mY. This again shows the sensitivity of EO to the axial Met

ligand. The increase of EOvalue has been explained due to placement of a hydrophobic

residue near the Cu center (Pascher et al., 1993). Another example is the pseudoazurin

mutant Pro80Ala. After the replacement of Pro80 with Ala, the EOincreased by 130 mV

(Nishiyama et al., 1992). One noticeable structural change is that the space that used to

be occupied by the Pro80 side chain is now filled by a water molecule. Normally, the

neutral (Cu+1)(S-)species should be favored by a more hydrophobic environment and the

more charged (Cu+2)(S-) species should be favored by a more polar environment

(pascher et al., 1993). However, a + 139 mV increase favors the Cu(I) form over the

oxidized Cu(II) form, so the observed change in the Pro80Ala mutant cannot be so

readily explained.

Table 6.1 lists known EO values and the EPR spectral rhombicity of type 1 Cu

proteins and mutants. As we can see, there is no correlation between EO and the

rhombicity of the EPR spectrum. It seems that other factors must be controlling the EO

value of type 1 Cu proteins. Study of protein redox properties is a complicated subject

and the inaccuracyin the determinationof EOmakesit difficult to compare EO values

from different studies. Nevertheless, a systematic study of EO will be important in

understanding the relationship between EOand protein structure, and will eventually help

to explain the electron transfer efficiency of each protein.
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6.2 Absorption Spectra of Type 1 Co Proteins

6.2.1 Assignment of the - 460 nm Band

Type 1 Cu proteins have an intense absorption at - 600 nm and another

absorption band at -460 nm. The intensityof the - 460 nm is variable dependingon

proteins, but the sum of €460and €600appears to be fairly constant. Our RR intensity

studies of four proteins (pseudoazurin, azurin, nitrite reductase, and SOD zinc site

mutant His80Cys) concluded that both the -460- and -6OO-nm bands have

predominantly S(Cys) to Cu CT character (Chapter 4). However, absorption spectral

studies on nitrite reductase and plastocyanin suggest that the -46O-nmband is due to a

His- Cu CT transition (Lu et al., 1993, Gewirth and Solomon, 1988). A second (Cys)S

- Cu CT transition is assigned at - 530 nm, which is neither resolved in the absorption

spectra nor detected by RR excitation profiles (RREP) of any of the type 1 Cu proteins

we studied. As shown in Figure 4.2, the resonance Raman excitation profiles for

pseudoazurin does peak on the low energy side of the absorption maximum which could

mean there is another transition at 530 nm. It is also possible that the - 460-nm band

has both His - Cu and Cys - Cu CT transition components. Further studies are

necessary to clarify the assignment of the -460-nmabsorptionband.

Nitrite reductase would be a good candidate for the purpose of addressing the

origin of the -460 nm band. NiR hasa refinedcrystal structure. Therefore, a complete

absorption spectral study on a single crystal sample, as was done for plastocyanin, is

possible. The other important reason for choosing NiR is that its - 460-nm band is

stronger than its -6oo-nm band (Figure 4.4). The RREP of NiR exhibits strong

enhancement by the -460 nm band and a fairly symmetrical band shape, indicative of

a single component under the - 460 nm absorption envelope. Therefore, using NiR, we

may have a better chance to unambiguously assign the -460-nm transition.

So far, the assignment of the absorption spectra of type 1 Cu proteins is largely

based on the study on Xa calculations for plastocyanin (Gewirth and Solomon, 1988;

Solomon et al., 1992). One concern is whether the results fit all other type I Cu

proteins. We have noticed that the relative intensities of -460 and - 600 nm bandsare

quite different among type I Cu proteins. A more intense -460 nm band seems

correlated with the high rhombicity of the Cu site, as is the case for NiR (Chapter 4).
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How this intensity change relates to the Cu-S(Cys) bonding properties (the 11"-and <T-bond

interactions) deserves further investigation.

6.2.2 Type 1 vs. Type 2 Cu Proteins

According to Solomon et al. (1992), type 1 Cu has strong 11" and weak <T

interactions in the Cu-S(Cys) bond. As a result, type 1 Cu has an intense S(Cys) - Cu

CT transition at - 600 nm. In contrast, type 2 Cu complexes supposedly have a strong

<Tinteraction of the Cu-ligand bond, and the LMCT band is usually at higher energy,

near 400 nm. Our RR studies on SOD mutants indicate that the differences between type

1 and type 2 relate more to geometry than to differences in Cu-S(Cys) bond length

(Andrew et al., 1993). Thus, more theoretical calculations are needed to see if such

changes in geometry can account for the observed spectral changes.

6.3 Assignment of RR Spectra of Type 1 Cu Proteins

The assignment of the RR spectrum of azurin is discussed in Chapter 5. Among

the 11 observed Raman modes in the 200-500 em-I region, the most intense band at 408

em-I is assigned predominantly to the Cu-S(Cys) stretch, and the band at 284 em-I is due

to the Cu-N(Hisl17) stretch. The rest of the bands are due to Cys ligand internal

deformation modes. These Cys internal vibrations are coupled with the Cu-S(Cys)

stretch and the coplanar conformation of the Cys side chain atoms is important for the

enhancement of Cys internal modes. A more definitive assignment of these Cys internal

modes requires further spectral information. Selective labeling of the Cys ligand with

different isotopes could provide the needed information.

6.3.1 RR Study of 13C_or D-Labeled Wild Type Azurin

So far, we have studied the isotope effect of 63/65Cu,32/34S,14/15N_~ +, and

H20/D20 on wild type azurin. From Figure 5.2A, we can see that the carbon and

hydrogen are the two kinds of atoms remaining to be studied. The remaining carbon

atoms of the cysteine group are CI3' Ca, CO, and CO'. These carbon atoms are

important members of Cys side chain and participate in the vibrations of free Cys as seen

in Table 5.4. Therefore, a RR spectral study of 13C-Iabeledazurin would be a valuable

experiment. We assume that the protein can grow in the condition where high purity 13C

is the only carbon source and the protein structure is not affected by the heavy isotope.
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This experiment seems achievable since 15N-Iabeled azurin has been obtained

successfully. With the lZI13C-isotopeinformation, we may be able to identify whether

particular Cys ligand modes involve carbon atom vibrations. Since hydrogens of the C-H

group are generally not exchangeable in HzO/DzO experiment, study of azurin grown in

DzO seems necessary. The HID isotope effects will help identify the torsional modes

involving hydrogen in the 200- to 5OO-cm-1region.

6.3.2 RR Study of Cys Related Mutants

Studies of isotopically labeled wild-type azurin, as mentioned above, may not lead

to the finalassignment. For example,it maystill be difficultto distinguisho(Ca-N-CO')

and o(Cj3-Ca-CO)modes shown in Table 5.4 because, in the l3C-Iabeled experiment, all

carbon atoms are labeled at the same time. Studies of specifically labeled Cys ligands

seems to be the only way to assign each of the observed bands to a particular Cys

vibration. In other words, we need to label one atom at a time such as l3Cj3-Cysor 13Ca-

Cys. However, it may be very difficult to achieve this goal with WT azurin. Such

isotopically labeled amino acids are quite expensive and they require use of an

auxotrophic mutant which can no longer synthesize that particular amino acid. A

preferable alternative would be to add labeled Cys to a mutant which lacks the Cys

ligand.

In azurin, among the three ligands Cys112, His117, and His46, both His ligands

have been mutated. Stable mutants His117Gly, His46Asp, and His46Gly have been

obtained, and show type 1 Cu properties in the presence of appropriate exogenous ligands

(den Blaauwen et al., 1991; Chang et al., 1991; Canters, 1993). However, mutation of

the Cys112 ligand has failed to maintain the type 1 Cu site. Upon replacement of

Cys112 with Asp, a type 2 Cu site has been obtained (Mizoguchi et al., 1992).

Apparently, Asp binds to Cu as a bidentate ligand and the Cu site geometry changes to

square planar. All other amino acid substitutions at this site, such as Cys112Ser and

Cys112G1y, result in a protein that no longer binds Cu (Mizoguchi et al., 1992; Canters,

1993). These results demonstrate that the Cys ligand is absolutely essential to the type

1 Cu site. It seems highly worthwhile to attempt to regenerate a type 1 Cu site in Cys

mutants by addition of copper and thiolates, as detailed below.



165

6.3.2.1 Cys112Gly + Labeled SR

It may be possible to find conditions to stabilize Cu binding by adding exogenous

thiolate. This could result in either a type 1 or a type 2 site. Since both types of Cu-Cys

sites show resonance-enhanced ligand modes, either would be of interest to study with

labeled ligands. A ligand such as CH3CH2SH or CH3(CH:02SH would actually be

preferable to Cys because there would be less competition from the a-NH2 or a-COO-

groups which can also serve as ligands.

6.3.2.2 Cys112His/Met121End + Labeled Cys

In this experiment, we first make the double mutant CysI12His/MetI21End.

Replacing Cys112 with His, we expect that the His could take the Cys position in the Cu

site. The possibility of using three His-like ligands to generate a type 1 Cu site has been

demonstrated in Kitajima's tris(pyrazolyl borate) model compounds (Kitajima et al.,

1990, 1992). When exogenous thiolate is added, a type 1 Cu complex is obtained. The

second mutation at Met121 position aims at the addition of isotopically labeled Cys back

to the Cu site. The M121End mutant of azurin was created by inserting a stop codon in

place of the Met codon at position 121 so that the protein terminates at residue 120

(Karlsson et aI., 1991). The resultant mutant has type 1 Cu properties with only small

changes in the absorption and EPR spectra. However, the copper/protein ratio of 0.19

in Met121End is lower than the value of 0.51 for the wild type protein. Since the

Met121 site is quite flexible and can accommodate 18 different amino acid side chains

(Karlsson et al., 1991), it is possible that it will be able to bind exogenous Cys.

Although the properties of Met121Cys were not significantly different from WT azurin,

this form still possesses the primary Cys112 ligand. In the proposed experiments,

C112H/M121Endwould have three imidazole ligands and addition of an exogenous

thiolate will be investigated. One possible ligand for such studies would be N-

acetylcysteineamidewhere the a-amino and a-carboxyl groups have amide substituents

similar to a polypeptidebackbone.

6.3.3 RR Study of R6-Insulin + Exogenous Cys

Insulin is one of the few proteinswhich can modela type 1 Cu protein (Brader

and Dunn, 1991). The insulin monomeris a hormone. It aggregatesinto R6hexamers

in the presence of phenol. Each hexamerchelates2 metal ions such as Zn(II), Co(II),
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or Cu(II). The crystal structure of ~Zn6C12 shows two tetrahedral Zn sites (Fig. 6.1).

The metal is bonded by three histidines (one histidine from each monomer at position 10

on an a-helix), and the tetrahedral geometry is dictated by the position of these three His

ligands.

In Cu(II)-substituted insulin ~, a type 1 Cu site was formed by incorporation of

one exogenous thiolate ligand, e.g., pentafluorothiophenol (PFTP) (Brader and Dunn,

1990; Brader et al., 1992a, 1992b). The Cu(II)-~-PFTP complex has an absorption

spectrum similar to that of the type 1 Cu protein with a strong band at 626 nm (€ =
2,000M-1cm-I). The EPR spectrum of the complex exhibits a small hyperfine coupling

constant of 80 x 10-4cm-1, similar to that of type 1 Cu protein. The RR spectrum of

the complex shows multiple bands near 400 cm-1 and one isolated band at 213 cm-1

(Brader et al., 1992b). This RR spectrum is also similar to that of a type 1 Cu protein.

All of these results suggest that Cu(II)-R6 insulin is a good model for the study of type

1 Cu proteins.

The goal is to form a type 1 Cu site by adding Cys or modified Cys to Cu(II)-~

insulin. There has been no report using Cys in the Cu(II)-R6 insulin system. The

Cu(II)-~-Cys complex may not be as stable as that of Cu(II)-R6-PFTP. The latter

complex gradually reduced to the Cu(I) form in a period of approximately 30 h. We

could stabilize such a complex by freezing and collecting RR spectra at 15 K. Cu(II)-~

insulin is a better model system than small molecular compounds because the Cu(II) is

in a protein environment and the system is much more stable. Its advantage compared

to azurin mutants is that it appears to be capable of accommodating a variety of bulky

thiolate ligands.

6.3.4 Nonnal Coordinate Analysis

After sufficient structural and spectral information is gathered, a rigorous normal

coordinate analysis (NCA) will be the final task in the assignment of the RR spectrum

of type 1 Cu proteins. At this moment, it is clear that the model used in NCA should

include the Cys side-chain atoms extending as far as the amide nitrogen, and possibly the

two carbonyl groups. Two His ligands of the Cu should also be included in the NCA.

Since there is no evidence of imidazole ring modes in the RR spectrum, we can treat

each His as a single entity with an effective mass of 68. It seems safe to exclude the



167

Met ligand, but H bonds to the S of the Cys probably should be included. Whether the

model should include other atoms besides the first coordination sphere of the Cu and how

far this sphere should extend are not clear at this point.

Urushiyama and Tobari (1990) performed NCA for the crystallographical1y

defined type 1 Cu proteins azurin and plastocyanin. A model was constructed using 169

atoms around the Cu site. A mass-group approximation was employed for CH, CHz,

CH3, NH, and NHz groups throughout. No isotope data were included. The NCA

results showed extensive coupling of the Cu-S(Cys) stretching coordinate with bending

coordinates, such as 5(C-C-C), 5(C-C-N), and 5(C-N-C) which were apparently widely

distributed throughout the molecule. But their study also showed that coupling of the Cu-

S(Cys) stretch with His and Cys side chain coordinates was small. This is surprising

because the coupling of the Cu-S(Cys) stretch with motions of nearby atoms is expected

to be strong. Also, the contribution of the hydrogen atom to the RR spectrum was

ignored in this NCA due to the mass group approximation. This study did demonstrate

the feasibility of performing NCA with a very large number of atoms. It also shows that

NCA alone cannot tell whether one has picked the correct atoms for the calculation. The

best way of deciding which interpretation is correct will be through the use of

isotopically labeled Cys.
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Table 6.1. Redox Potential (EO)and EPR Spectral Properties of Type 1 Cu Proteinsa

Protein EPR

aData from Adman (1985). bData from Gray et al. (1988). CDatafrom Pascher et al.

(1993). dData from Nishiyama et al. (1992).

stellacyanin 184 rhombic

umecyanin 283 axial

amicyaninb 294 axial

mavicyanin 285 rhombic

plantacyanin 317 rhombic

azurinC 333 axial

Met121Leu (Az)C 433 rhombic

pseudoazurind 139 rhombic

Pro80Ala(pseudoazurin)d 409 rhombic

rusticyanin 680 rhombic
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A

B

R-State'

Figure 6.1. (A) Schematic representationof R6 insulin. The shading reflects the

threefold symmetryof the hexamer. (B) Metal chelate site in the ~ insulinhexamer.

The metal is coordinatedby histidinesfrom threedifferentsubunitsand an exchangeable

fourth ligand (denotedL) in a distortedtetrahedralgeometry. Figures from Brader and

Dunn (1991).
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