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Proteins containing blue (or type 1) copper centers (cupre
doxins) participate in electron transfer in a number of important 
biological processes, including photosynthesis and respiration.1 

The Cu center in these proteins possesses an array of unusual 
properties, including an intense absorption centered around 600 
nm, a small EPR hyperfine coupling constant, and a relatively 
high reduction potential.2 Crystal structure analyses of several 
cupredoxins3 have revealed that the Cu atom is coordinated by 
a highly conserved set of residues (two histidines and a cysteine) 
in a nearly trigonal geometry, with weaker axial interactions 
with a methionine sulfur atom, and, in the case of azurin, a peptide 
carbonyl group.3'4 

Despite the conserved nature of the core residues, type 1 Cu 
centers display substantial variation in their electrochemical and 
spectroscopic properties.2 Their redox potentials vary from 170 
to 680 m V, and the value of the redox enthalpy has been postulated 
to be proportional to the strength of the Cu-S bond.5 Blue copper 
EPR spectra are classified as axial or rhombic; additionally, UV-
vis absorption spectra display an absorbance centered near 450 
nm of variable intensity. Han et al.6 have suggested that these 
spectral characteristics are related to the degree of the displace
ment of the Cu atom out of the N2S plane determined by the 
three strong ligands. 

Resonance Raman (RR) spectroscopy has provided substantial 
insights into type 1 Cu centers.7 The RR spectra of cupredoxins, 
however, are unusually complicated and exhibit a complex set of 
dominant bands (up to nine) of variable frequencies and relative 
intensities in the 300-450-cnr1 region which derive their RR 
activity from excitation into the S(ir) -— Cu(dx2_>̂ ) charge-transfer 
(CT) transition near 600 nm.6-8 In order to determine the 
importance of the strength of the Cu-S bond in controlling the 

* Authors to whom correspondence should be addressed. 
(1) (a) Gray, H. B.; Solomon, E. I. In Copper Proteins; Spiro, T. G., Ed.; 

John Wiley: New York, 1981; Vol. 3, pp 1-39. (b) Farver, O.; Pecht, I. In 
Copper Proteins and Copper Enzymes; Lontie, R., Ed.; CRC Press: Boca 
Raton, FL, 1984; Vol. 1, pp 183-214. 

(2) (a) Solomon, E. I.; Baldwin, M. J.; Lowery, M. D. Chem. Rev. 1992, 
92, 521. (b) Adman, E. T. In Topics in Molecular and Structural Biology: 
Metalloproteins; Harrison, P. M., Ed.; Macmillan: New York, 1985; Vol. I, 
pp 1-42. 

(3) Adman, E. T. Adv. Protein Chem. 1991, 45, 145. 
(4) (a) Adman, E. T.; Jensen, L. H. Isr. J. Chem. 1981, 21, 8. (b) Nar, 

H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters, G. W. / . MoI. 
Biol. 1991, 218, 427. (c) Romero, A.; Hoitink, C. W. G.; Nar, H.; Huber, 
R.; Messerschmidt, A.; Canters, G. W. J. MoI. Biol. 1993, 229, 1007. 

(5) Gray, H. B.; Malmstrom, B. G. Comments Inorg. Chem. 1983,2,203. 
(6) Han, J.; Loehr, T. M.; Lu, Y.; Valentine, J. S.; Averill, B. A.; Sanders-

Loehr, J. J. Am. Chem. Soc. 1993, 115, 4256. 
(7) (a) Woodruff, W. H.; Dyer, R. B.; Schoonover, J. R. In Biological 

Applications of Raman Spectroscopy; Spiro, T. G., Ed.; John Wiley: New 
York, 1988; Vol. 3, pp 413-438. (b) Sanders-Loehr, J. In Bioinorganic 
Chemistry of Copper; Karlin, K. D., Tyeklar, Z., Eds.; Chapman and Hall: 
New York, 1993; pp 51-63. 

(8) (a) 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.; Norton, K. A. / . Am. Chem. Soc. 
1985,107, 5755. (b) Han, J.; Adman, E. T.; Beppu, T.; Codd, R.; Freeman, 
H. C; Huq, L.; Loehr, T. M.; Sanders-Loehr, J. Biochemistry 1991, 30, 
10904. 

spectroscopic and electrochemical features of blue Cu sites, we 
have measured the RR spectra of wild type (WT) and two Cu 
center mutants, M121G9 and H46D,10 of Pseudomonas aerug
inosa azurin with natural isotope abundance or labeled with 34S 
in the cysteine sulfur atom." The RR spectra of these proteins 
allow us to report the first direct identification of the (predom
inantly) Cu-S stretching vibration in cupredoxins and to correlate 
Cu-S bond strength with metal site structure in azurin and its 
site-directed mutants. 

Figure 1 displays the high-resolution RR spectra for the natural 
abundance WT azurin and its M12IG and H46D mutants, and 
their corresponding 34S-Cys-substituted proteins, obtained in the 
360-435-cnr1 region with 647.1- (WT) and 568.2-nm (M121G, 
H46D) excitation wavelengths.12 Each spectrum shows four 
strong RR peaks in this region that are characteristic for the type 
1 structure of the Cu(II)-CyS chromophores.7 The most intense 
one in WT azurin occurs at 408 cm-1 with a shoulder at ~400 
cm-'. The other peaks are found at 373 and 428 cm-1 and remain 
largely unaltered by replacing methionine 121 with glycine 
(M121G) or histidine 46 with aspartate (H46D); the 373-cnr1 

peak shifts slightly to lower (371 cm-1) and higher (375 cm-1) 
frequencies in M121G and H46D mutants, respectively, whereas 
the 428-cnr1 peak loses less than 1 cm-1 in M121G and ~2 cm-1 

in H46D azurins. 
In contrast, the dominant 408-cnr1 RR band of WT azurin 

and its weak shoulder at 400 cm-1 are significantly affected by 
both mutations at the Cu site* and a splitting into two distinct 
bands at 400 and 410 cm-1 becomes especially apparent when the 
Cu-bound His46 is replaced with Asp in H46D. Not only are 
the two peak maxima further apart in the H46D azurin spectrum, 
but their intensity pattern changes dramatically; while in the 
WT protein the higher energy peak at 408 cm-1 is predominantly 
resonance enhanced with either the 647.1- or 568.2-nm (not 
shown) excitations, the lower energy peak at 400 cm-1 becomes 
as intense as the 410-cnr1 line in the H46D mutant when excited 
at 568.2 nm and becomes the strongest feature when excited at 
647.1 nm (not shown). Likewise, the 400-cnr1 shoulder of M121G 
mutant intensifies markedly relative to the 408-cnr1 peak in the 
568.2-nm excited spectrum and becomes the dominant peak in 
the 647.1-nm excited spectrum (not shown). 

Identification of bands is greatly aided by 34S-CyS substitution, 
and we observe changes in the RR frequencies which provide 
persuasive evidence for Cu-S stretching in azurin and its mutants. 
Thus, the strongest band in the WT azurin spectrum at 408 cm-1 

downshifts the most when the protein is enriched in 34S, -3.8 cm-1 

(Figure 1), whereas a deconvolution of the two peaks in the this 
region showed that the shoulder at ~ 400 cm-1 remains unaffected 
on 34S substitution. Superior enhancement of this band by 
excitation in resonance with the S —• Cu CT transition and the 
large 34S shift unambiguously demonstrate the existence of the 
(predominantly) i/(Cu-S) vibration in the RR spectrum of native 
azurin, confirming earlier suggestions.7a'8a Assuming an isolated 
two-body oscillator model for the Cu-S(Cys) stretch, an isotope 
shift of-7.7 cm""1 is calculated for the 408-cnr1 frequency upon 
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Figure 1. Low-temperature (77 K) RR spectra of P. aeruginosa azurins 
(thick-line traces) and their 34S-Cys-labeled proteins (thin-line traces) 
in the region between 360 and 435 cm"1: top, wild type (WT) excited 
at 647.1 nm; middle, M121G mutant, and bottom, H46D mutant, both 
excited at 568.2 nm. Conditions: 150-mW laser power, 2-cnr1 slit 
widths, average of three sens at 1 s/point and 0.2 enr'/s increments; no 
base-line correction or smoothing was applied. To ensure accurate isotope 
measurements, the natural abundance and 34S-labeled proteins were placed 
side by side on the cold finger so that the RR data could be collected 
under the same conditions. All spectra were calibrated using the known 
vibrational frequencies of CCU and CH2CI2. 

34S labeling. This simple calculation predicts that the strongest 
RR band of WT azurin arises from the vibrational mode which 
is at least 49% i>(Cu-S) in character. 

We also observe that the ~ 370-cirr1 band is virtually insensitive 
to the 34S substitution in all three proteins. The 428-cnr1 band 
is somewhat sensitive, its 34S isotope shift decreasing from -1.4 
cm-1 in WT to -1.2 cm"1 in M121G to -0.8 cm"1 in H46D. This 
indicates that the 428-cnr1 band also arises from a vibrational 
mode which involves some motion of the cysteinyl sulfur atom; 
however, sulfur participation in this mode decreases as the 
coordination environment is altered at the Cu site. 

Examination of the RR spectra of the M121G and H46D 
azurins reveals that, unlike for WT azurin, both components of 
the 400-410-cirr1 doublet are influenced by 32/34S exchange, 
implying a redistribution of the Cu-Cys normal coordinates which 
give rise to these vibrational modes. The results of these 
experiments are striking in that the lower energy components of 

the doublet are downshifted much more than the higher energy 
ones, -3 cnr1 vs -0.8 cirr1 in M121G and -2.4 cm"1 vs -1.6 cm-1 

in H46D (Figure 1). This suggests a maximum contribution of 
the Cu-S stretching coordinate to the 400-crrr1 rather than 408/ 
410-cirr1 peaks in azurin mutants and, consequently, a decreased 
Cu-S bond strength relative to the WT. 

Previously, Han et al. had postulated that increased absorption 
at ~450 nm and rhombicity of the EPR signal of cupredoxins 
are related to a more tetrahedral site where the Cu atom has 
moved away from the plane formed by the three strong Iigands.6 

In the case at hand, while the EPR spectrum of the WT protein 
is axial,2 the spectra of the M121G10 and H46Dub proteins are 
rhombic. Additionally, while the absorption spectrum of the WT 
displays a weak feature at 460 nm (e = 580), the corresponding 
absorption in the spectra of M121G (453 nm, e = 900) and H46D 
(458 nm, t = 1200) azurins is significantly enhanced. Thus the 
EPR and optical spectra suggest significant separation between 
the Cu atom and the plane formed by the three strong Iigands 
(N2S in WT and M121G, NOS in H46D) in the mutant proteins 
relative to the WT.6 

In the crystallographically characterized mutant of azurin, 
M12IQ, that displays a rhombic EPR signal and an increased 
~450-nm absorption similar to those of the M121G and H46D 
azurins, the Cu atom is significantly out of the N2S plane (0.3 
A) .^ We propose that the metal center in the M121G and H46D 
mutants is also displaced from the equatorial plane due to its 
increased interaction with axial Iigands, as seen in crystals of 
M121Q azurin. The possible axial Iigands include water and 
Met 121. Water coordination is likely for M121G azurin since 
its spectroscopic properties are nearly identical to the M121 (stop 
codon) mutant that is proposed to have a water molecule as a 
fourth ligand.13 In the H46D azurin, a weakened coordination 
of Cu to the carboxylate side chain of Asp46 is expected to lead 
to increased interaction with the side chain of Metl21.10b The 
RR spectra of the 34S-labeled azurins clearly show a weakened 
Cu-S interaction in the M121G and H46D mutant proteins 
relative to the WT. Increases in copper-S(Cys) bond lengths 
would be expected in the mutant azurins if the Cu atom were 
moved out of the trigonal plane relative to the ligand atom positions 
that are fixed within the protein framework. 

In conclusion, 34S isotopic substitution and RR spectroscopy 
can provide valuable insight into the strengths of Cu-S interactions 
in blue copper proteins and the geometric features of their metal 
centers. The determination of the redox enthalpies of the mutant 
proteins to obtain a relationship between Cu-S bond strengths 
and redox thermodynamics is currently underway. 
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