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ABSTRACT: The copper center of the Pseudomonas aeruginosa Hisl 17Gly azurin mutant is accessible to 
exogenous ligands through an aperture in its surface created by the removal of the endogenous imidazole 
ligand. Depending on the exogenous ligand, a surprising variety of type 1 and type 2 copper sites can be 
obtained that are readily distinguished by electronic, EPR, and resonance Raman (RR) spectroscopy. The 
R R  spectrum of type 1 H117G with exogenous imidazole is nearly identical to that of wild-type azurin, 
indicating that the trigonal geometry and short CuS(Cys)  bond of -2.15 A have been maintained. With 
anionic ligands (e.g., C1-, Br-, N3-), the RR spectra show increased intensity at 370 and 400 cm-l and a 
corresponding decrease in intensity at  410 cm-I, suggesting a lengthening of the Cu-S(Cys) bond as the 
site achieves a more tetrahedral character. An extreme example is the hydroxide adduct of H117G which 
is green in color and has optical and RR spectra reminiscent of the tetrahedral type 1 site in Achromobacter 
cycloclastes nitrite reductase. The fact that the basic R R  pattern is little changed in most of the type 1 
adducts indicates that the RR spectrum is due primarily to vibrations of the Cu-cysteinate moiety and that 
its coplanar conformation is conserved. Type 2 H117G proteins are formed by the addition of bidentate 
exogenous ligands such as histidine and histamine. They have their absorption maxima blue-shifted to 400 
nm and their EPR All values increased to - 160 X 1 V  cm-I, both of which are characteristic of tetragonal 
Cu sites with Cu-S(thio1ate) bonds of >2.25 A. The R R  spectra of the type 2 H I  17G proteins are still 
dominated by multiple cysteinate-related vibrational modes. However, the vibrational modes with the 
greatest intensity and Cu-S(Cys) stretching character have shifted - 100 cm-l to lower energy compared 
to the type 1 sites, consistent with a longer (Cys)S-Cu bond. It is proposed that the tetragonal type 2 
character of the bidentate ligand complexes is due to the addition of a fourth strong ligand in the equatorial 
ligand plane. 

The cupredoxins are a class of mononuclear copper proteins 
that function in intermolecular electron transfer and that 
contain a blue (or type 1) copper site (Adman, 1985; Sykes, 
1991). Type 1 Cu sites are characterized by an intense 
absorption band near 600 nm (c = 3000-6000 M 1  cm-l arising 
from (Cys)S - Cu(I1) charge transfer and by EPR spectra 
with unusually small Ail values (<70 X lo4 cm-l) (Solomon 
et al., 1992). X-ray crystal structures for a number of 
cupredoxins have revealed that both the @-sandwich structure 
and the geometry of the copper site are highly conserved, 
irrespective of their biological origin (Adman, 1991). In all 
cases, the copper is coordinated to one cysteine and two 
histidines in a trigonal planar environment with a weaker 
axial ligand (generally methionine) at a longer distance. In 
the azurins, there is also a weakly interacting peptide carbonyl 
group (Baker, 1988; Nar et al., 1991a,b). 

Another characteristic of type 1 Cu is that the ligating 
amino acids undergo very little structural rearrangement when 
the copper is removed or replaced by another metal ion (Garrett 
et al., 1984; Church et al., 1986; Shepard et al., 1990; Nar 
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A Trigonal Type 1 8. Tetrahedral Type 1 

C. Tetragonal Type 2 

FIGURE 1: Proposed structures for type 1 and type 2 sites in H117G 
azurin. (A) The trigonal type 1 site has Cysll2 (S), His46 (N), and 
an exogenous ligand (L) in a trigonal planar array. In wild-type, L 
= Hisl 17 with Met 121 as a weak axial ligand. (B) The tetrahedral 
type 1 site has Cu displaced from the trigonal ligand plane due to 
stronger coordination of the axial ligand. (C) The tetragonal type 2 
site has four strong ligands [e.g., Cys 112 (S), His 46 (N), and a 
bidentate exogenous ligand (2L)] in a square planar array with one 
or more axial ligands at a longer distance. Based on Lu et al. (1993). 

et al., 1992). This has led to the idea that the protein imposes 
a fairly rigid trigonal coordination geometry (Figure 1A) on 
thecopper site (Williams, 1971; Gray & Malmstrom, 1983). 
The only obvious variability in these sites is the extent of 
displacement of the metal toward one of the weaker axial 
ligands (Figure 1 B), generating a distorted tetrahedral 
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geometry (Nar et al., 1992; Han et al., 1993; Lu et al., 1993). 
In contrast, removal of a cysteine or histidine ligand signif- 
icantly increases the flexibility of the site, allowing the 
accommodation of up to four equatorial ligands (den Blaauwen 
et al., 1991; Mizoguchi et al., 1992). Such tetragonal sites 
(Figure 1C) fit the type 2 copper category because they lack 
strong absorption in the 600-nm region of the optical spectrum 
and have EPR All values > 100 X 1 V cm-'. These properties 
are readily mimicked by ordinary tetragonal or square-planar 
copper complexes (Addison, 1985). 

Azurin from Pseudomonas aeruginosa has proved to be 
particularly useful for these types of ligand replacement 
experiments. In the wild-type protein, the copper atom is 
surrounded by three strongly bonded donor groups in the 
equatorial plane: two Na from His46 and Hisl 17 and one S, 
from Cysll2 (Nar et al., 199 1 b). Two longer axial approaches 
(at -3 A) are made by the carbonyl oxygen from Gly45 and 
Sa from Met 121. This results in a distorted trigonal bipyramid 
in which the copper ion is displaced slightly (0.1 A) out of the 
equatorial plane toward Metl21. Hisl 17 protrudes through 
the surface of the protein (Nar et al., 1991b) and is thought 
to mediate electron transfer in the electron self-exchange 
reaction as well as in contacts with its physiological partners 
(van de Kamp et al., 1990a,b). 

The His117 ligand of azurin can be replaced by glycine 
through site-directed mutagenesis (den Blaauwen et al., 1991). 
The absence of the amino acid side chain at position 117 
creates an aperture in the surface of the protein which makes 
the copper center accessible to exogenous ligands without 
disturbing the protein structure (den Blaauwen & Canters, 
1993). Addition of a monodentate ligand such as imidazole, 
halide ion, or azide regenerates the electronic and EPR spectral 
properties of a type 1 Cu site. Addition of a bidentate 
exogenous ligand such as histidine or histamine results in a 
species with a type 2 EPR spectrum and its major absorption 
band shifted to -400 nm. These results suggest that the Cu 
binding site in cupredoxins is capable of accommodating a 
fourth ligand in the equatorial plane to generate a tetragonal 
coordination geometry. Similarly, replacement of the azurin 
Cysll2 ligand with Asp also yields a tetragonal Cu site, 
presumably due to bidentate coordination by the new Asp1 12 
ligand (Mizoguchi et al., 1992). This conversion from a type 
1 to a type 2 site is presumably facilitated by the addition of 
a chelating ligand. 

Resonance Raman (RR) spectroscopy is proving to be a 
useful method for investigating copper coordination geometry 
in azurin mutants. This technique specifically detects vi- 
brational motions of bonded atoms when they are part of a 
chromophore (Nishimura et al., 1978) and, thus, is well suited 
to the analysis of copper thiolates. Cupredoxins exhibit a 
large number of RR bands between 250 and 500 cm-l that 
are believed to originate from kinematic and vibronic coupling 
of the Cu-S(Cys) stretch with vibrational motions of the 
cysteineand histidine ligands (Nestor et al., 1984; Blair et al., 
1985). The unusually extensive coupling that occurs in these 
proteins appears to be related to the highly conserved coplanar 
arrangement of five atoms (Cu-S,-C,&,-N) in the copper- 
cysteinate moiety (Han et al., 1991). In the present study, 
we have found that all of the monodentate ligand adducts of 
H117G azurin have RR spectra typical of type 1 Cu sites, 
thereby confirming a conserved Cu(I1) coordination geometry. 
In contrast, the bidentateligand adducts of H117G yield novel 
RR spectra upon excitation within their 400-nm absorption 
bands. These spectra are indicative of a lengthening of the 
CuS(Cys) bond, as would be expected from the addition of 
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a fourth ligand to the equatorial plane to form a type 2 Cu 
site. When the accompanying weaker 630-nm absorption band 
of the bidentate adducts is probed by RR spectroscopy, only 
a type. 1 spectrum is observed. We postulate that the H117G 
mutant can coordinate an exogenous bidentate ligand in either 
a monodentate or bidentate fashion, thereby generating a 
mixture of type 1 and type 2 species. 

EXPERMENTAL PROCEDURES 

Materials. Imidazole (Imid), thiazole, NaN3, NaCl, NaBr, 
and NaSCN were purchased from E. Merck AG, Darmstadt, 
Germany, histidine (His) was purchased from Sigma Chemical 
Co., St. Louis, MO, and histamine (Hista) was purchased 
from Janssen Chimica, Beerse, Belgium. The wild-type (WT) 
protein and the Hisl 17Gly (H 1 17G) mutant of Pseudomonas 
aeruginosa azurin were expressed in Escherichia coli and 
purified as described previously (den Blaauwen et al., 1991). 
The WT and Met 12 1 Gln forms of Alcaligenes denitrificans 
azurin were prepared from protein expressed in E. coli (Hoitink 
et al., 1992). 

Preparation of HI 17G Azurin with Exogenous Ligands. A 
stoichiometric amount of Cu(NO& was added to a 0.1 mM 
a p H 1 1 7 G  solution in 20 mM MES buffer (pH 6.0). After 
30 min of incubation, a 30-fold excess of ligand was added to 
the solution. The spectrum obtained after the absorption had 
maximized was used to calculate the extinction coefficient of 
the copper chromophore, with the protein concentration being 
based on 8280 = 9800 M-l cm-l (den Blaauwen et al., 1991). 
For RR spectroscopy, samples were concentrated to 2 mM in 
an ultrafiltration cell with a PLGC 10000 NMWL membrane 
(Millipore Corporation). In cases where no exogenous ligand 
was added to H117G azurin, the copper is assumed to be 
coordinated to one or more solvent molecules and is referred 
to as H117G(H20), prepared at pH 6.0, or H117G(OH), 
prepared in 20 mM CHES buffer (pH 9.0). 

Spectroscopy. UV/vis spectra were recorded on a Cary 
219 spectrophotometer (Varian). EPR spectra were obtained 
as described previously (den Blaauwen & Canters, 1993). 
Resonance Raman (RR) spectra were obtained with a 
computer-interfaced Jarrell-Ash spectrophotometer using 
either a Spectra Physics 2025-1 1 (Kr), Spectra Physics 164 
(Ar), or Coherent Innova 90-6 (Ar)/599-01 (rhodamine 6G) 
dye laser. The detector was an RCA C3 1034 photomultiplier 
tube with an ORTEC model 9302 amplifier/discriminator. 
The Raman spectra were collected in an - 1 50° bachcattering 
geometry with samples maintained at - 15 K in a closed- 
cycle helium refrigerator (Air Products Displex). For com- 
parison of mutant and WT azurins, samples were run 
consecutively under identical instrumental conditions. Fre- 
quencies are accurate to &1 cm-l. 

RESULTS AND DISCUSSION 
A recent analysis of a series of cupredoxins has led to the 

conclusion that electronic and EPR spectral properties can be 
used to distinguish copper-site geometry (Han et al., 1993; 
Romero et al., 1993; Lu et al., 1993). Thus, type 1 sites with 
the Cu in close proximity to the (His)zCys trigonal ligand 
plane (Figure 1A) are characterized by an axial EPR spectrum 
and a weak absorption band at 460 nm, the ratio of 8460 to €600 
(Rah) being less than 0.1. Conversely, type 1 sites with a 
tetrahedral distortion in which the Cu has moved away from 
the (His)ZCys plane and towardone of theaxial ligands (Figure 
1B) are characterized by a rhombic EPR spectrum and an 
increased absorbance at 460 nm, with Rah values ranging 
from 0.2 to 1.3. Resonance Raman spectra are less sensitive 
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Table I: Electronic and EPR Spectra of Hisl 17Gly Azurin with 
Exogenous Ligands 

absorption bandsb EPR signal' 
ligand' A (4 A (0 A (e) All (10-4 cm-*) 

type 1 Cu site 
wild-type 465 (0.2) 628 (5.7) 58 
imidazole 460 (0.2) 626 (4.5) 85 
thiazole d 632 (3.8) 85 
histidine-1 634 (7%)' 
histamine-1 634 ( 17%)' 78 
c1- 470 (0.4) 648 (4.9) 17 
SCN- 415 (0.1) 455 (0.2) 660 (4.7) 17 

B r  338 (2.0) 485 (0.9) 683 (5 .5 )  52 
aqua- 1 628 (24%)e 
hydroxo- 1 B 620 (nd) 
hydroxo- 1 G 440 (nd) 540 (nd) 

histidine-2 400 (36%)' 156 
histamine-2 402 (69%)' 162 
aqua-2 420 (33%)' 139 
hydroxo-2 400 (nd) 

Ns- 435 (0.9) 490 (1.0) 670 (4.7) 21 

type 2 Cu site 

Species 1 and 2 are components of an equilibrium mixture. A, in 
nm, e in mM-I cm-I at the indicated wavelength is a lower limit based 
on the e280 = 9.8 mM-' cm-I value for wild-type. nd = not determined. 
All samples were in 20 mM MES (pH 6.0) except for Hisl 17Gly(OH) 
which was in 20 mM CHES (pH 9.0). Measured at 77 K on samples 
in 16 mM MES and 40% glycerol (pH 6.2). This peak is obscured by 
the aqua-2 species due to the weak binding of thiazole. e Since the relative 
abundances of species 1 and 2 are not known, their absorption intensities 
are expressed as percentage of the 628-nm absorption for WT (at an 
equivalent ,4280 protein concentration). 

tovariability in axial-ligand bond strength, presumably because 
this bond is too long to have a measurablevibrational frequency 
(Thamann et al., 1982). Rather, RR spectra are primarily 
indicators of the properties of the Cu-cysteinate moiety, i.e., 
the strength of the Cu-S(Cys) bond and the coplanarity of 
the cysteinate backbone (Han et al., 1991). The Cu-S,- 
C S a - N  plane lies perpendicular to the Cu-equatorial ligands 
(Han et al., 1991) and is apparently not disturbed by copper 
displacements along the axial-ligand axis. 

Type I with Exogenous Imidazole. Reconstitution of the 
Hisl 17Glyazurinmutant withcopperandimidazole, H117G- 
(Imid), yields a type 1 Cu site that is remarkably similar to 
that of WT azurin (den Blaauwen & Canters, 1993). The 
electronic spectrum of H117G(Imid) exhibits absorption 
maxima at 460 and 626 nm and an Rabs of 0.04, all of which 
are close to the WT values of 465 and 628 nm and an Rab 
of 0.04 (Table I, Figure 2A). The EPR spectrum of H117G- 
(Imid) is clearly axial (Figure 3A) as is that of WT, but its 
,411 of 85 X lo" cm-l is somewhat larger than the value of 58 
X lo" cm-l for WT (Table I). The axial EPR spectrum and 
the low value for Rabs indicate that the trigonal planar 
orientationofthethreestrongligands,N(His46),S(Cys 112), 
and N(Imid), has been maintained. Thus, the imidazole ring 
of the exogenous ligand in H 1 17G(Imid) must be occupying 
a position similar to that of the imidazole ring of His117 in 
the WT protein. 

A particularly notable aspect of the H 1 17G-azurin complex 
with exogenous imidazole is that its RR spectrum is almost 
identical to that of WT (Figure 4A, B). This indicates that 
the Cu-cysteinate orientation of WT is highly conserved in 
H117G(Imid). Apparent differences are a -2-cm-l shift in 
the peak at 284 cm-l and increased intensity in the shoulder 
at 399 cm-'. The 284-cm-I mode has been assigned as a Cu- 
N(imidazo1e) stretchon the basisof its copper- and deuterium- 
isotope dependence (Nestor et al., 1984; Blair et al., 1985). 
The decreased frequency of this mode in H117G(Imid) 
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FIGURE 2: Electronic spectra of H117G azurin plus exogenous ligands. 
Apoprotein (-0.1 mM) was incubated with a stoichiometricamount 
of Cu in 20 mM MES (pH 6.0) plus (A) imidazole, (B) azide, and 
(C) histidine (all in a 30-fold excess) or (D) HzO (no ligand added). 

A. Imidazole 

C.Hist idine 

D. H 2 0  -:::I 
275 300 325 
Magnetic Field, mT 

FIGURE 3: EPR spectra of H117G azurin plus exogenous ligands. 
Samples in 16 mM MES and 40% glycerol (pH 6.2) were prepared 
as in Figure 2 and then washed with 200 mM NaCl to remove 
adventitious Cu and concentrated to 2 mM protein. The spectra were 
recorded at  77 K with a JEOL JESS-RE2X spectrometer operating 
at X-band frequencies and interfacedto an ESPRIT330 data system. 
Parameters for recording the EPR spectra were 12.5 mT/min sweep 
rate, 0.63 mT modulation amplitude, 8.950 GHz frequency, and 5 
mW incident microwave power. The magnetic field was calibrated 
with DPPH (a,&-diphenyl-8-picrylhydrazyl). 

suggests a slightly longer bond (A < 0.01 A) to the exogenous 
imidazole (Herschbach & Laurie, 1961). The increase in 
intensity at 399 cm-1 and concomitant decrease in intensity 
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FIGURE 4: Resonance Raman spectra of type 1 sites in H117G azurins obtained with 647.1-nm excitation. (A) Wild-type, (B) H117G plus 
imidazole, (C) H117G plus histidine, (D) H117G at pH 6.0 (no ligand added), (E) H117G plus chloride, and (F) H117G plus azide. Spectra 
were obtained on samDles (-2 mM) in 20 mM MES, DH 6.0, at 15 K using a power of 7&100 mW, resolution of 5 cm-l, scan rate of 0.5 
cm-l/s, and accumulitions'of 4-9 scans. 

at 408 cm-l is also indicative of a slight lengthening of the 
CuS(Cys) bond. 

Effect of Cu-S(Cys) Bond Length. As suggested earlier 
(Blair et al., 1985), the peaks with the greatest Raman intensity 
appear to have the greatest CuS(Cys) stretching character 
and, thus, serve as indicators of Cu-S bond strength. This 
has recently been verified by growing P. aeruginosa azurin 
on [34S]sulfate and determining the pattern of S-isotope 
dependence (Dave et al., 1993). In WT azurin, the most 
intense feature at 408 cm-1 shows the largest shift to lower 
energy, with an additional small shift being detected for the 
peak at 428 cm-l. Thus, the cysteinate-deformation modes 
at 408 and 428 cm-I are the modes that are most strongly 
coupled with the C u S  stretch. A different pattern is observed 
for the P. aeruginosa azurin mutant in which the His46 ligand 
has been replaced by aspartate (Chang et al., 1991). In that 
case, the predominant sulfur-isotope dependence has shifted 
to the peak at 400 cm-l, consistent with its having become the 
most intense feature in the RR spectrum (Dave et al., 1993). 
An additional indicator of C u S  stretching character comes 
from an analysis of combination bands in the 70&9OO-cm-' 
region. In WT azurin, the majority of the combination bands 
aregenerated by the408-cm-' fundamental (Blair et al., 1985) 
whereas, in the His46Asp azurin mutant, they are based on 
the 400-cm-' fundamental (Dave et al., 1993). Electronic 
and EPR spectra indicate that the His46Asp mutation has 
caused the type 1 Cu site to shift from a trigonal to a tetrahedral 
geometry (Germanas et al., 1993; Dave et al., 1993), most 
likely owing to stronger coordination of the axial methionine 
ligand (Lowery & Solomon, 1992). The RR results suggest 
that this conversion from a trigonal to a tetrahedral type 1 site 

is accompanied by a slight lengthening of the Cu-S(Cys) bond 
(A < 0.02 A) which causes the CuS(Cys) stretch to couple 
to a greater extent with lower energy deformation modes. 

A similar shift in vibrational intensities is observed for the 
Metl21Gln mutant of Alcaligenes denitrificans azurin. The 
RR spectrum of the WT protein (Figure 5A) differs somewhat 
from that of P. aeruginosa azurin (Figure 3A) in its intensity 
pattern, and the peaks in the 36&500-~m-~ region are typically 
1-5 cm-l higher in energy. Substitution of the axial Met 121 
ligand with Gln resultsin increased RR intensity at 373 and 
396 cm-l and decreased RR intensity at 413 and 429 cm-l 
(Figure 5B). This again implies enhanced coupling of the 
C u S  stretch with lower energy cysteinate deformation modes. 
According to both the X-ray structure and the EPR spectrum, 
Metl2lGln azurin contains a tetrahedral type 1 site due to 
the stronger binding of Cu to the carbonyl group of the 
glutamine ligand (Romero et al., 1993). The coupling to RR 
modes 10-40 cm-' lower in energy (as reflected by the 
redistribution of intensities) and the 1-2-cm-' lowering of 
most of the fundamentals suggests a 0.0 1-0.04-A increase 
the CuS(Cys) bond length (Herschbach & Laurie, 1961). 
A similar increase in the Cu-N(Hisll7) bond length is 
indicated by the 7-cm-l shift of the 283-cm-l mode to lower 
energy. It is unlikely that such changes in bond distances 
would be detected in an X-ray crystal structure since they fall 
within the *0.05 error limit (Gusset al., 1992). In contrast, 
RR spectra appear to be sensitive indicators of these small 
changes in C u S  and Cu-N coordination. 

Type I Cu with Exogenous Anions. Reconstitution of 
H117G with a variety of anions such as C1-, SCN-, N3-, and 
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FIGURE 5: Resonance Raman spectra of azurins from Alcaligenes 
denitrificans. (A) Wild-type and (B) Metl2lGln mutant. Spectra 
were obtained on -2  mM samples in 10 mM Tris-HC1 (pH 8.0) 
under conditions as given in the legend to Figure 4. 

B r  again yields typical type 1 Cu characteristics. The 
electronic spectra still exhibit the type 1 pattern of an intense 
(Cys)S - Cu(I1) CT band at 1620 nm and a weak shoulder 
at 1450 nm, but the absorption maxima of the main bands 
have undergone substantial red-shifts of 20-55 nm (Figure 
2B, Table I). The shifts in going from C1- to SCN- to N3- 
to B r  are in the order expected from the spectrochemical 
series, yielding a lower energy of the copper terminal d orbital 
with weaker ligand-field strength (den Blaauwen & Canters, 
1993). TheEPRspectrafor theC1-,SCN-, andN3-complexes 
exhibit extremely small All values of 1 2 0  X cm-l (Table 
I, Figure 3B). The 811 to All ratio for all four anionic complexes 

v 
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(den Blaauwen & Canters, 1993) places them clearly in the 
type 1 Cu category. 

The RR spectrum of the Cl- adduct of H 1 17G azurin (Figure 
4E, Table 11) is surprisingly similar to that of H117G(Imid). 
Most of the peaks have similar frequencies and intensities. 
The major changes relative to WT are (i) shifts of -2 to -4 
cm-l for the peaks at 260, 370, and 398 cm-I, (ii) increased 
intensity at 370 and 398 cm-l, (iii) loss of the peak at 282 
cm-l, and (iv) appearance of a new mode at 301 cm-l. The 
fact that the RR spectrum is so little altered by the removal 
of an imidazole ligand suggests that it arises primarily from 
vibrations of the Cu-S(Cys) moiety. Similarly, substitution 
of the other His ligand, His46, by aspartate causes very little 
change in the RR spectrum, except for increased intensity at 
399 cm-l (Dave et al., 1993). The RR frequencies for the B r  
and SCN- complexes (Table 11) are close to those of the C1- 
complex. In the B r  complex, the 399-cm-l peak is the most 
intense spectral feature, as with C1- (Figure 4E), whereas in 
the SCN- complex the 397-cm-' feature is only a shoulder, 
as with imidazole (Figure 4B). The most extreme behavior 
is exhibited by the N3- complex where the peaks at - 370 and 
-4OOcm-1 are shifted to 362 and 389 cm-l, respectively, with 
the 362-cm-l mode having become the most intense feature 
in the spectrum (Figure 4F). 

The above data show that replacement of the imidazole at 
position 117 with anions tends to increase the intensity of the 
peak near 400 cm-l, with a corresponding decrease in the 
intensity of the peak near 410 cm-l. The similar intensity 
change for the His46Asp azurin mutant has been ascribed to 
an increase in C u S  bond length which causes the dominant 
Cu-S stretch to couple with lower energy deformation modes 
(Dave et al., 1993). It is likely that the increased intensity 
near 400 cm-l for the C1- and Br- complexes of H 1 17G azurin 
is also due to a slight lengthening of the Cu-S(Cys) bond. 
This idea is supported by the fact that the 399-cm-I peak of 
the B r  complex is the major generator of combination bands 
at higher energy (C. R. Andrew, J. Sanders-Loehr, and G. W. 
Canters,unpubliihedresults). For theN3-complexof H117G, 
the RR spectrum shows larger frequency shifts of - 10 cm-I 
with the predominant v(Cu-S) mode probably shifted to 362 

Table 11: Resonance Raman Spectra of His1 1lGly Azurin with Exogenous Ligandsa 

RR frequencies (cm-I) ligand 
type 1 Cu sited 

wild-type 
imidazole 
4-MeImid 
N-pol yvin y lImid 
thiazole 
histidine- 1 
histamine- 1 
C1- 
SCN- 
N3- 
B r  
aqua- 1 
hydroxo- 1B 
hydroxo- 1 G 

type 2 Cu sitesc 
histidine-2 
histamine2 
aqua-2 
hvdroxe2 

261 284 
266 282 
259 
267 283 
260 303 
266 286 300 
262 284 304 
260 301 
262 283 292 
259 305 
261 285 305 
260 302 

304 
286 

26 1 298 
268 298 
267 298 
211 295 

348 312 401 
341 312 399 
349 313 400 
348 312 400 
341 311 400 
352 312 
341 310 398 
341 310 398 
348 311 391 
346 362 389 

310 399 
346 368 397 
348 366 393 

365 399 

319 351 385 
319 348 385 
317 352 362 381 
312 350 368 316 

408 
408 
407 
407 
410 
408 
406 
401 
403 
402 
408 
407 
409 
412 

391 

404 
400 

428 
429 
429 
429 
430 
43 1 
429 
429 
428 
428 
430 
428 
428 
426 

426 
434 
426 
430 

456 
455 
455 
455 
456 
45 1 
456 
451 
455 
455 
457 
456 
455 

416 494 
418 494 
411 494 
417 494 
418 494 
411 
478 493 
482 494 
411 494 
418 493 
480 494 
411 493 
416 493 

a Boldface numbers denote the most intense peak(s) in the spectrum. * RR spectra for all species were obtained with 647.1-nm excitation (as in Figure 
4) except for the hydroxo- 1G species which was obtained with 457.9-nm excitation (as in Figure 8). RR spectra were obtained with 41 3.1-nm excitation 
(as in Figure 6). 
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cm-I (Figure 4F), indicating a greater lengthening of the C u S  
bond. 

The SCN- complex has an additional absorption band at 
41 5 nm (Table I) which is most likely a SCN- - Cu(I1) CT 
band. Similarly, the N3-complex has an additional absorption 
band at 435 nm (Table I) assignable to N3- - Cu(1I) CT. 
Excitation of the N3- complex at 413.1 nm yields a new RR 
peak at 2055 cm-' (data not shown) that is characteristic of 
the asymmetric N-N-N stretch of a terminally coordinated 
azide (Pate et al., 1989). However, no new spectroscopic 
features assignable to the Cu-N stretch of a bound azide 
could be detected between 200 and 500 cm-l using 413.1-nm 
excitation. 

Cu-Imidazole Vibrations. The peak at 284 cm-l in WT 
azurin and other type 1 Cu proteins has been assigned as a 
Cu-N(imidazo1e) stretch (with the entire imidazole ring 
behaving as a point mass of 68) on the basis of its -2-cm-I 
shift to lower energy upon substitution of 65Cu for 63Cu or 
substitutionof D for H (Nestor et al., 1984; Blair et al., 1985). 
We have verified the Cu isotope dependence of this mode 
using the azurin H117G(Imid) complex (Sanders-Loehr, 
1993). Furthermore, the 284-cm-l mode disappears when 
the exogenous imidazole of H 1 17G is replaced by other ligands 
such as C1-, N3-, and thiazole (Figure 4, Table 11). The 
question remains as to how much the imidazole ligand at 
position 117 contributes to the multitude of other features in 
the RR spectrum. The C1-, B r ,  and SCN- complexes of 
H117G show very little additional spectral change accom- 
panying the loss of this imidazole ligand, and the small 
frequency and intensity changes that are observed can be 
accounted for by concomitant changes in ligand field and 
coordination geometry. The thiazole adduct, which is chem- 
ically more similar to imidazole, gives an RR spectrum 
essentially identical to that of H117G(Imid) (Table 11). Since 
imidazole ring vibrations are very different from those of 
thiazole, neither seems to be contributing significantly to the 
RR spectrum. This conclusion is supported by the finding 
that when H117G(Imid) is prepared with [lSN]imidazole, 
the only vibrational fundamental affected by the isotope 
substitution is the peak at 282 cm-l (Sanders-Loehr, 1993). 

The imidazole ligand of His 46 appears to have even less 
effect on the RR spectrum. The azurin H46D mutant shows 
no loss of intensity of 284 cm-', and the other small spectral 
changes can be accounted for by the increased CuS(Cys) 
bond length associated with a more tetrahedral type 1 site 
(Dave et al., 1993). The reason for the apparently greater 
contribution of H117 than H46 to the RR spectrum is not 
clear. The crystal structure of WT azurin (H. Nar, personal 
communication) shows that both of the imidazole rings are 
twisted with respect to the Cu-NNS plane, giving dihedral 
angles of -40' for H117 and -20' for H46. 

The H117G mutant can also bind a number of imidazole 
derivatives such as 2-methyl-, 4-methyl-, N-methyl-, and 
N-polyvinylimidazole. These derivatives have electronic and 
EPR spectra close to those of WT, indicating that a type 1 
Cu site has again been generated (den Blaauwen h Canters, 
1993). The RR spectra of the H117G complexes with these 
modified imidazoles are highly similar to the spectrum of 
H117G(Imid) (Table 11). All have an essentially identical 
pattern of frequencies and intensities above 300 cm-l., The 
283-cm-1 mode is observed for the H117G complexes with 
N-polyvinylimidazole (Table 11) and 2-methylimidazole (data 
not shown) but not with 4-methylimidazole (Table 11) or 
N-methylimidazole (data not shown). It is possible that subtle 
differences in imidazoleorientation affect orbital overlap and, 
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hence, vibronic coupling with the (Cys)S - Cu(I1) CT 
transition. However, such interpretations regarding the 
284-cm-' peak must be made with caution. Several H117G 
adducts, including B r  and SCN-, still have intensity in the 
284-cm-l region (Table 11), indicating that there may also be 
a contribution from a Cu-cysteinate mode at this frequency. 

Type 1 and Type 2 with Bidentate Ligands. Complexes of 
H117G azurin with exogenous histidine, H117G(His), or 
histamine, H 1 17G(Hista), have unusual spectroscopic prop- 
erties (den Blaauwen & Canters, 1993). Both complexes 
exhibit strong absorption at 400 nm and weaker absorption 
at 634 nm (Table I, Figure 2C). The extinction coefficient 
for the 400-nm band appears to be in the 2000-4000 M-I 
cm-l range and, thus, still characteristic of (Cys)S - Cu(I1) 
CT; however, the high energy is more typical of type 2 Cu 
(Han et al., 1993). The EPR spectra of H117G(His) and 
H117G(Hista) verify that the major component in each sample 
is indeed a type 2 Cu species, referred to as histidine-2 and 
histamine-2, respectively (Figure 3C, Table I). The most 
likely explanation for these new species is that the exogenous 
ligands are bound in a bidentate fashion, with both the 
imidazole and the amine nitrogen atoms coordinated, thereby 
conferring a tetragonal type 2 geometry onto the copper site 
(Figure 1C). Even though the Cu site can accommodate a 
bidentate ligand, a fraction of the azurin molecules still bind 
the bidentate ligands in a monodentate fashion. These type 
1 species, referred to as histidine- 1 and histamine- 1, give rise 
to the 634-nm absorption and possess a typical type 1 RR 
spectrum. 

Excitation of H117G(His) within the 634-nm absorption 
band yields a RR spectrum (Figure 4C) that is close to the 
spectrum of WT azurin. This shows that the absorption at 
634 nm is due to a type 1 Cu site and that the imidazole 
moiety of histidine is the most probable ligand donor. The 
only distinctive spectral difference between the histidine- 1 
component and WT azurin is the appearance of an additional 
RR peak at 300 cm-l (Figure 4C). Peaks at this frequency 
are routinely observed in many other H117G adducts (e.g., 
anions, thiazole), and, thus, a 300-cm-l feature is yet another 
vibrational indicator of a type 1 Cu site (Table 11). On the 
basis of the absorbance at 634 nm, the histidine-1 species 
represents <lo% of the total bound histidine (Table I), and 
it is not detected in the EPR spectrum (Figure 3C). The 
strong resonance enhancement of type 1 Cu sites makes it 
possible to detect this minor component with 647.1-nm 
excitation. The H117G complex with histamine also shows 
a RR spectrum typical of type 1 Cu with red excitation (Table 
11). Its absorption spectrum indicates that the histamine-1 
species makes up > 10% of the total bound histamine (Table 
I), and, in this case, the EPR spectrum does indicate the 
presence of a minor type 1 component (Table I). 

For H117(His) and H117G(Hista), maximum absorbance 
at 634 nm is achieved at pH 5, whereas maximum absorbance 
at 400 nm requires a pH >7. Thus, it is the deprotonation 
of the amine that leads to bidentate coordination. Excitation 
within the 400-nm absorption bands of these two complexes 
leads to significantly altered RR spectra with the most intense 
peaks between 295 and 320 cm-l (Figure 6A,B; Table 11). 
These spectra are assigned to the type 2 component in each 
sample. The RR spectra still show a large number of 
vibrational modes, and these occur at approximately the same 
frequencies as in the type 1 RR spectra. Similarly, in the 
high-frequency region, the histidine-2 component reveals a 
C-S stretch at 763 cm-' and additional cysteinate funda- 
mentals at 1234 and 1424 cm-l (C. R. Andrew, J. Sanders- 
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bond lengths. In WT azurin, the RR modes at 372 and 408 
cm-l undergo shifts of --1 cm-l upon substitution of 65Cu 
for 63Cu (Blair et al., 1985). Similar frequency shifts are 
observed for type 1 H117G reconstituted with Cu isotopes 
(Sanders-Loehr, 1993). However, reconstitution of H117G 
with Cu isotopes and histidine leads to a different isotope 
dependence (C. R. Andrew, J. Sanders-Loehr, and G. W. 
Canters, unpublished results). The histidine-2 component 
exhibits no Cu-isotope shifts for the peaks at 351, 385, 391, 
or 426 cm-l, whereas its dominant peaks at 261,298, and 3 19 
cm-l doundergoshifts of-2.5,-0.8, and-0.5 cm-l, respectively, 
with W u  in place of 63Cu. Thus, the C u S  stretch is coupling 
tocysteine ligand fundamentals near 300 cm-l, a shift of - 100 
cm-l to lower energy compared to WT. This explains why 
these bands have become the most intense features in the type 
2 RR spectra (Figure 6). 

According to Badger's rule (Herschbach & Laurie, 1961), 
a -100-cm-1 shift in a pure C u S  stretching frequency at 400 
cm-l would correspond to an increase of -0.2 8, in bond 
length (i.e., from 2.15 to 2.35 A). This is certainly within the 
range of C u S  bond lengths observed for type 2 Cu complexes 
(Han et al., 1993). Further evidence for a lengthening of the 
CuS(Cys) bond comes from the fact that the C S  stretch at 
763 cm-l in the histidine-2 complex has shifted 10 cm-I to 
higher energy compared to the C S  stretch in WT azurin 
(Dave et al., 1993). Nevertheless, the shift in Raman 
frequencies provides only a rough approximation of the actual 
change in bond length because the Cu-isotope shifts are 
distributed over several modes and because changes in the 
Cu-S-C angle of the cysteinate ligand could also affect the 
vibrational coupling. 

It is of interest to consider how the trigonal type 1 Cu site 
of H117G(Imid) has rearranged to a tetragonal type 2 Cu site 
in the presence of exogenous bidentate ligands. As with the 
previous examples, the azurin mutant with Asp in place of the 
Cys 112 ligand also appears to have produced a tetragonal 
type 2 site by virtue of the aspartate behaving as a bidentate 
ligand (Mizoguchi et al., 1992). Thus, the (His)zCys ligand 
plane appears to be capable of accommodating a four-ligand 
set following removal of one of the three original ligands. A 
tetragonal structure which accounts for the properties of the 
histidine-2 and histamine-2 complexes is one in which a fourth 
strong ligand is added to the His-Cys-Imid ligand plane 
(Figure 1C). Having a fourth ligand inserted into the 
equatorial plane could help to explain the significant length- 
ening of the Cu-S bond. In contrast, other type 2 Cu sites 
such as those in the H46C and H120C mutants of superoxide 
dismutase have their maximum RR intensity closer to 350 
cm-l (Han et al., 1993), indicating less perturbation of the 
copper thiolate. 

Type 1 and Type 2 with Aqua Ligands (pH 6.0). Recon- 
stitution of H117G azurin with Cu at pH 6.0 and no additional 
exogenous ligands also leads to a mixture of species. The 
electronic spectrum of His1 17Gly(H20) shows a primary 
absorption band at 420 nm and a second component at 628 
nm (Figure 2D, Table I). These spectra are reminiscent of 
H117G(His) and H117G(Hista), albeit withdifferent energies 
and extinction coefficients. Resonance Raman spectroscopy 
verifies that the two absorption maxima are associated with 
two different species, aqua-1 and aqua-2. 

Excitation of H117G(H20) at 647.1 nm gives the RR 
spectrum of the aqua-1 component. Compared to WT, the 
mode at  372 cm-l has shifted 4 cm-' to lower energy, and the 
most intense features are now at 368 and 397 cm-l. The 
similarity of the aqua-1 RR spectrum to those of the H117G 
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FIGURE 6: Resonance Raman spectra of type 2 sites in H117G azurins 
obtained with 413.1-nm excitation. (A) H117G plus histidine, (B) 
H117G plus histamine, and (C) H117G in HzO (no ligand added). 
Spectra were obtained on -2 mM samples in MES buffer (pH 6.0) 
at 15 K using a power of 40 mW, resolution of 7 cm-l, scan rate of 
0.5 cm-l/s, and accumulations of 5-13 scans. 

Loehr, and G. W. Canters, unpublished results). Thus, the 
RR spectra of these type 2 species can be assigned to vibrations 
of the cysteinate ligand whose coplanar conformation continues 
to provide vibronic and kinematic coupling within the Cu- 
cysteinate moiety. 

The major way in which the histidine-2 and histamine-2 
species differ from their type 1 counterparts is that the 
maximum Raman intensity is associated with vibrational 
modes that are -100 cm-l lower in energy (vide infra). In 
addition, the relative scattering intensity of the histidine-2 
component with 413-nm excitation is <lo% of that of the 
type 1 site in WT azurin with 647-nm excitation. Such weak 
RR scattering appears to be typical of Cu-thiolate complexes 
in the type 2 category (Han et al., 1993). 

Structure of Type 2 Complexes. The tetragonal geometry 
of the histidine-2 and histamine-2 complexes of H117G azurin 
is evident from the blue shift of the major absorption bands 
to 400 nm as well as from the large EPR All values of - 160 
X lo" cm-l (Table I). A number of well-characterized 
tetragonal or square-planar copper-thiolate complexes exhibit 
similarly intense thiolate - Cu(I1) CT bands ( E  > 1000 M-l 
cm-l) near 400 nm (High et al., 1979; Yamabe et al., 1982; 
Bharadwaj et al., 1986) and similarly large All values >140 
X lo" cm-l (Addison, 1985). Such tetragonal coordination 
is generally accompanied by a lengthening of the C u S  bond 
to 2.25-2.40 A (Kitajima, 1993), compared to the typical 
value of 2.15 A for a trigonal type 1 site (Han et al., 1991). 
This increased bond length is a consequence of changing the 
number of strongly coordinated ligands from three to four. 

The Occurrence of intense RR bands at lower energy in the 
histidine-2 and histamine-2complexes of H 1 17G azurin (Table 
11) is also suggestive of significant increases in their Cu-S 
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FIGURE 7: Absorption spectrum and resonance Raman excitation 
profilesfor H117G(OH). (A) The absorptionspectrumwasobtained 
on 0.1 mM H117G(OH) at pH 9.0 and 293 K. (B) The RR spectra 
were obtained as in Figure 8. Raman peak heights at each excitation 
wavelength were quantitated relative to the height of the 230-cm-' 
ice mode. Peaks chosen as representative of the different species were 
(A) 350 cm-1 for the hydroxo-2 complex, (0) 365 cm-' for the hydroxo- 
1G complex (corrected for the spectral contribution from hydroxo- 
lB), and (m) 428 cm-I for the hydroxo-1B complex. 

halide complexes (Figure 4D) suggests that a water molecule 
is coordinated in the equatorial ligand plane in place of His1 17, 
generating a tetrahedral type 1 Cu site. The RR spectrum 
of the aqua-1 component is unaffected by incubation of the 
protein in H2180. This behavior is reminiscent of the lack of 
an isotope effect for H117G reconstituted with [ lSN]imidazole 
(Sanders-Loehr, 1993) and again points to the type 1 RR 
spectra being dominated by Cu-cysteinate modes with little 
or no coupling of vibrational modes from the other Cu ligands. 

ExcitationofHl17G(HzO) at 413.1 nmreveals theweakly 
enhanced RR spectrum of the aqua-2 component having its 
most intense peak at 3 17 cm-1 (Figure 6C). This RR spectrum 
is reminiscent of the bidentate histidine-2 and histamine-2 
complexes (Table 11). The EPR spectrum of H117G(H20) 
shows only a tetragonal type 2 component (Figure 3D, Table 
I). With the absorption intensity at 628 nm being 24% of that 
of WT, one would have expected some indication of the aqua- 1 
species in the EPR spectrum. However, optical spectra 
indicate that lowering the temperature tends to shift the 
equilibrium in favor of the aqua-2 species. This would help 
to explain the discrepancy since the reported electronic 
spectrum (Figure 2, Table I) was obtained at 298 K, whereas 
the EPR spectrum (Figure 3D) was obtained at 77 K. The 
appearance of intense features at 294 and 317 cm-1 as well 
as v (CS)  at 768 cm-' is indicative of a lengthening of the 
CuS(Cys) bond in the aqua-2 species. Together with the 
EPR spectrum, these data suggest that the aqua-2 component 
contains a tetragonal type 2 Cu site. Since the equatorial 
plane in azurin appears to be capable of accommodating two 
exogenous ligands in the bidentate ligand complexes, it is 
plausible that two water molecules are similarly coordinated 
in the aqua-2 complex. 

Type I and Type 2 with Hydroxo Ligands (pH 9.0). The 
electronic and RR spectra of WT azurin are independent of 
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FIGURE 8: Resonance Raman spectra of H117G(OH) obtained at 
different excitation wavelengths. The protein sample (3 mM) in 20 
mMCHES (pH9.0)at 15Kwasprobedwithexcitationat (A)413.1 
nm (38 mW), (B) 457.9 nm (50 mW), and (C) 647.1 nm (100mW) 
using 8-cm-* resolution and an accumulation of 25,9, and 16 scans, 
respectively. SpectrumC contains a 25%contributionfrom thespecies 
in spectrum B. 

pH in the range from 6 to 10 (van de Kamp et al., 1993). In 
contrast, H117G reconstituted with Cu (but without additional 
exogenous ligands) shows considerable spectroscopic vari- 
ability with pH. As the pH is raised from 6.0 to 9.0, the band 
at 420 nm due to the aqua-2 component (Figure 2D) decreases 
in intensity and is replaced by three new absorption maxima 
at 400,440, and 540 nm (Figure 7A). Within this same pH 
range, the intensity of the band at 628 nm due to the aqua-1 
component also decreases in intensity (pKa = 8.2), and the 
absorption maximum shifts from 628 to 620 nm. Excitation 
within the different absorption bands produces a set of three 
distinct RR spectra (Figure 8) belonging to species designated 
as hydroxo-2, hydroxo-1 G, and hydroxo-1 B. The absorption 
bands associated with each of the three hydroxo complexes 
have been distinguished by plotting excitation profiles for 
representative peaks from each RR spectrum (Figure 7B). 

The hydroxo-2 complex is probed by excitation at 413 nm, 
which produces a RR spectrum (Figure 8A) similar to those 
of the type 2 Cu complexes (Table 11). The appearance of 
an intense peak at 312 cm-l with a shoulder at 295 cm-l is 
reminiscent of the RR spectrum of the histamine-2 complex 
(Figure 6B) and indicative of a lengthening of the Cu-S(Cys) 
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bond. The excitation profile for the hydroxo-2 complex 
(monitored by the 350-cm-l peak that is unique to this species) 
shows that its Raman spectrum is in resonance with the 400- 
nm absorption band (Figure 7B). This absorption maximum 
is also typical of a type 2 Cu species (Table I). Thus, the 
hydroxo-2 component is likely to have a tetragonal type 2 site 
(Figure IC) with two hydroxo ligands (or aqua plus hydroxo) 
in the equatorial ligand plane. 

The hydroxo- 1 B complex is probed by excitation of H 1 17G- 
(OH) at  647 nm (Figure 8C) and reveals a RR spectrum 
characteristic of an anionic type 1 Cu complex (Table 11). 
The occurrence of five prominent peaks between 348 and 428 
cm-1 with the greatest intensity at 366 cm-l is particularly 
closetotheRRspectrumoftheNs-complexofH117G(Figure 
4F). (The intensity of the 366-cm-I peak in Figure 8C is, 
however, exaggerated due to a 25% contribution from the 
hydroxo- 1 G complex.) The excitation profile for the hydroxo- 
1B complex (followed by the well-isolated peak at 428 cm-I) 
reveals that this Raman spectrum is enhanced only by 
excitation within the 620-nm absorption band. Thus, the 
hydroxo- 1 B complex can be characterized as having a blue 
type I Cu site and is most likely to have a trigonal geometry 
(Figure 1A) with a hydroxo ligand in the equatorial ligand 
plane. 

Finally, excitation of H117G(OH) at  either 458 nm (Figure 
8B) or 570 nm (data not shown) produces a RR spectrum 
which is dominated by a peak at  365 cm-', with a set of weaker 
features at  399, 412, and 426 cm-l that differ in frequency 
from the peaks in Figure 8A,C. This RR spectrum is still 
characteristic of a type 1 Cu site and is assigned to a hydroxo- 
1G component. The excitation profile for the 365-cm-I peak 
(corrected for the contribution from the hydroxo-1 B com- 
ponent) shows that this spectrum is in resonance with both 
the 440- and 540-nm absorption bands. Because these two 
absorption bands originate from a single species which is the 
major component of H117G(OH), the hydroxo-1G complex 
can be described as having a green type I Cu site. 

The hydroxo-1G complex with an intenseabsorption at  440 
nm and a smaller band at  540 nm is reminiscent of other green 
type 1 Cu proteins: nitrite reductase (NiR) and a mutant 
superoxide dismutase (SOD). NiR from Achromobacter 
cycloclastes (Libby dc Averill, 1992) has its major absorption 
at 458 nm (6 = 2530 M-I cm-l), a weaker component at  585 
nm (c = 1890 M-l cm-l), and a tetrahedral type 1 Cu site [as 
revealed by the crystal structure of Godden et al. (1 99 l)]. For 
the zinc-site H80C mutant of SOD, binding of Cu in the Zn 
site produces intense absorption bands at  459 and 595 nm 
(both with c > 1400 M-l cm-l) (Lu et al., 1992). Analysis 
of a series of type 1 Cu proteins reveals that increased 
absorbance near 460 nm is correlated with increased rhom- 
bicity in the EPR spectrum and that both properties are likely 
to be due to increased tetrahedral character in the type 1 site 
(Han et al., 1993; Lu et al., 1993). The RR spectra of NiR 
and mutant SOD are each dominated by a strong mode at 36 1 
and 352 cm-l, respectively, with the modes to higher energy 
being considerably weaker than in other type 1 Cu sites (Han 
et al., 1993). This same pattern is observed in the RR spectrum 
of the hydroxo-1G complex of H117G azurin (Figure 7B), 
strongly suggesting that it, too, contains a tetrahedral type 1 
Cu site. 

CONCLUSIONS 

Studies of His1 17Gly azurin have demonstrated that 
removal of a histidine ligand from a type 1 Cu site leads to 
a surprising flexibility in the coordination geometry. The 
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various species are readily characterized by RR spectroscopy, 
whereshuts in vibrational intensities are indicative of changes 
in Cu-S(Cys) bond length. Thus, when the geometry changes 
from a trigonal type 1 to tetrahedral type 1 site, the Cu- 
S(Cys) stretch shows greater coupling with vibrational 
fundamentals that are 10-40-cm-1 lower in energy. The 
geometry change to a tetragonal type 2 site is accompanied 
by an even greater lengthening of the Cu-S(Cys) bond due 
to the coordination of a fourth ligand in the equatorial plane, 
and the CuS(Cys) stretch now couples withvibrational modes 
that are -100 cm-1 lower in energy relative to those of a 
trigonal type 1 site. 

(1) Addition of exogenous imidazole to H117G azurin 
regenerates a trigonal type 1 Cu site whose RR spectrum is 
essentially identical to that of WT. 

(2) Addition of exogenous anions such as C1-, B r ,  SCN-, 
and N3- in place of imidazole still generates a type 1 Cu site. 
The RR spectra show this to be accompanied by a lengthening 
of the Cu-S(Cys) bond, most likely due to a distortion toward 
tetrahedral geometry. The fact that thevibrational frequencies 
in the 350-500-cm-l region are so little affected by the 
replacement of either histidine ligand (1 17 or 46) demonstrates 
that the RR spectrum is due primarily to the Cu-cysteinate 
moiety. 

(3) Addition of bidentate ligands such as histidine and 
histamine leads to a mixture of type 1 and type 2 species. The 
type 1 components (Amx at 634 nm), with only the imidazole 
moiety ligated, have RR spectra typical of a trigonal type 1 
site with the most intense feature at 410 cm-I. The type 2 
components (A,,, at 400 nm), with both the imidazole and 
amine nitrogen atoms coordinated, exhibit RR spectra in which 
the most intense spectral features have shifted to the 300- 
cm-l region, as expected for an increase of -0.2 A in Cu- 
S(Cys) bond length. 

(4) In the absence of exogenous ligands, the H 1 17G mutant 
forms another type 2 species at pH 6 that is most likely due 
to the presence of two coordinated water molecules in the 
equatorial ligand plane. At pH 9, three different species are 
observed, all likely to contain hydroxo ligands. There is a 
type 2 species whose RR and electronic spectra (A,,, at 400 
nm) are similar to that of H117G with bidentate histidine; a 
trigonal type 1 species whose RR and electronic spectra (A,,, 
at 620 nm) is similar to that of H117G with azide; and a 
tetrahedral type 1 species whose RR and electronic spectra 
(A,,,, at 440 nm) are similar to those of nitrite reductase. 

(5) The ability of the H 1 17G mutant to accommodate such 
a variety of coordination geometries implies that the protein 
can adopt several different stable Cu-site conformations. In 
contrast, WT azurin appears to have only one stable Cu-site 
conformation which helps to promote rapid interconversion 
between Cu(1) and Cu(I1). 
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