
J. Am. Chem. Soc. 1993, 115, 1121-1129 1121 

Creation of Type-1 and Type-2 Copper Sites by Addition of 
Exogenous Ligands to the Pseudomonas aeruginosa Azurin 
Hisl 17GIy Mutant 

Tanneke den Blaauwen and Gerard W. Canters* 

Contribution from the Gorlaeus Laboratories, Leiden University, Leiden, The Netherlands. 
Received July 13, 1992 

Abstract: The imidazole side chain of the copper-coordinating histidinel 17 of the type-1 copper protein Pseudomonas aeruginosa 
azurin protrudes through the surface of the protein where it has contact with the solvent. Replacement of this histidine by 
a glycine, using site-directed mutagenesis, makes the copper center amenable to direct manipulat ion through the addition of 
external ligands. Depending on the kind of the externally added ligand, different type-1 and type-2 copper centers are obtained 
with UV/vis and EPR spectroscopic characteristics that encompass the known range of proteins with one copper in their active 
sites. In a Vanngard-Pe isach-Blumberg plot the A11 and gt E P R parameters of the His l 17GIy type-1 sites appear to cluster 
in three distinct regions, possibly indicating a preference of the mutan t protein for a few distinct configurations of the metal 
site. After addition of various substituted imidazoles, the Hisl 17GIy mutant obtains UV/vis and E P R spectroscopic characteristics 
that are virtually identical to those of wild-type ( W T ) azurin. This implies that the s tructure of the mutan t protein and the 
geometry of the metal site a re maintained despite the replacement of the histidine. The importance of His l 17 in W T azurin 
for electron transfer is illustrated by the observation that the reconstituted mutant is not functional in reversible electron transfer. 

Introduction 
The striking spectroscopic characteristics of mononuclear blue 

copper proteins (type-1 copper proteins) have made these proteins 
a favorite object of experimental and theoretical studies. Blue 
copper proteins can easily be discerned from nonblue copper 
proteins and low-molecular-weight copper complexes by their 
intense absorption (3-6 mM"1 cm"1) at energies around 16000 
cm"1 (625 nm) and by their unusual small A1 value as measured 
from their EPR spectra (<90.10"4 cm"1; see for a review ref 1). 
These copper sites are generally involved in mediating electron 
transfer and exhibit relatively high midpoint potentials2 and rapid 
rates of electron transfer3 as compared to the nonblue proteins. 
From the X-ray crystal structures of typical blue copper proteins 
like plastocyanin,4 pseudoazurin,56 and azurin7"10 a prototypical 
copper site could be derived. The metal appears to be bound by 
a strongly binding pseudotrigonal N2S donor set derived from the 
side chains of two histidines and a cysteine; in addition, there 
appear to be one or two weaker interacting axial groups. 

The correct description of the Cu coordination in the azurins 
has been a matter of debate in the literature. After the 3-di-
mensional structures of the azurins from Pseudomonas aeruginosa 
and Alcaligenese denitrificans had been solved by X-ray diffraction 
techniques, the copper was seen to be coordinated in a trigonal 
bipyramidal fashion610 by Hisl 17, His46, Cysl 12, and the axial 
ligands Metl21 and the backbone carbonyl of Gly45.710 Theo­
retical work by Solomon and co-workers 10a'b has shown that it is 
probably preferable to use a C30 description, according to which 
the Cu resides virtually in the plane of a strong N2S donor set 
deriving from His46, Hisl 17, and Cysl 12, while there is an ad­
ditional weak covalent axial interaction with the sulfur of Met 121. 
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G. W. J. MoI. Biol. 1991, 218, 427-447. (a) Solomon, E. I.; Baldwin, M. 
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Chart I. Structural Formulae of the Imidazole Derivatives Used in 
This Study2 

compound Rn group name "M 
1 - - imidazole 
2 2 -CH3 2-methyl imidazole 
3 1 -CH3 W-methyl imidazole 
4 4 -CH3 4-methyl imidazole 
5 1 -(CH2)3CH3 /V-butyl imidazole 
6 1 -(CH2J4NH2 l-amino,4-[l-imidazolyl]butane 
7 1 -(CH2)2CI l-Cl,2-[l-imidazolyl]ethane 
8 4 -(CH2)2NHCOCH3 W -̂acetylhistamine 
9 4 -(CH2)2NH2 histamine 
10 4 -(CH2)CH(NH2)(COOH) histidine 
11 4 .(CH2)COOH 4-imidazoleacenc acid 
12 1 -(CH2-CH-)n /V-polyvinyl imidazole 

I 

" Notice that the substituted 4- and 5-imidazoles are identical in the 
present case. ' The n of Rn denotes the position of the side chain sub-
stituent. All R groups apart from Rn are hydrogen atoms. 

The interaction of the Cu with carbonyl oxygen of Gly45 at the 
opposite axial position is almost exclusively Coulombic in nature. 
In the X-ray structures it can be seen that Hisl 17 protrudes 
through the surface in a shallow depression of the so-called hy­
drophobic patch of the protein and is directly accessible for the 
solvent.9 This histidine is thought to mediate the electron transfer 
of azurin1' in the electron self-exchange (ese) reaction as well as 
in the reactions with its physiological partners.12 It has been 
shown that Hisl 17 can be replaced through site-directed muta­
genesis by a glycine.1314 The absence of an 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. 
Here we report the binding of a variety of exogenous ligands to 
Cu in the metal site of Hisl 17GIy azurin. Several categories of 
exogenous ligands are able to reconstitute the type-1 spectroscopic 
(EPR and optical) features of wild-type (WT) azurin. One type 
of exogenous ligand induces a change in the geometry of the copper 

(11) van de Kamp, M.; Floris, R.; HaIi, F. C ; Canters, G. W. J. Chem. 
Soc. 1990, / /2 ,907-908. 
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de Kamp, M.; HaIi, F. C ; Rosato, N.; Finazzi-Agro, A.; Canters, G. W. 
Biochim. Biophys. Acta 1990, 1019, 283-292. 
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site which is reminiscent of type-2 copper proteins. The spec­
troscopic changes induced by the addition of the exogenous ligands 
are discussed. 

Experimental Section 
Materials and Methods. Imidazole (Im, 1), thiazole (Thi), NaN3, 

NaCl, NaBr, NaSCN, and KI were purchased from E. Merck AG, 
Darmstadt, Germany; yV-methylimidazole (N-MeIm, 3), 2-methyl-
imidazole (2-MeIm, 2), histidine (His, 10), and 4(5)-imidazoleacetic acid 
(ImAc, 11) were purchased from Sigma Chemical Co., St. Louis, MO, 
4(5)-methylimidazole (4-MeIm, 4) was purchased from BASF, Ger­
many; histamine (Hista, 9) was purchased from Janssen Chimica, Beerse 
Belgium; W-acetylhistamine (NacHista, 8) was purchased from Aldrich 
(Milwaukee, WI); N-polyvinylimidazole (/V-pVin, 12) was a gift of Dr. 
G. Challa (Department of Chemistry, Groningen University, The 
Netherlands); and l-amino-4-[l-imidazolyl]butane (6) and l-chloro-2-
[l-imidazolyl]ethane (7) were synthesized by I. M. M. Schellekens 
(Leiden University, The Netherlands). See Chart I for structural for­
mulas (notice that the 4- and 5-isomers of the substituted imidazoles used 
in this study happen to be identical). 

Cell Growth and Protein Isolation. The mutant Hisl 17GIy azurin was 
constructed as described.1314 The plasmid pTB46 containing the 
Hisl 17GIy azu gene was freshly transformed to Escherichia coli K12 
JMlOl cells grown overnight and diluted 1:100 in 30 L of LB medium15 

supplemented with 100 nM ampicillin (Ducheva, The Netherlands) and 
30 MM isopropyl /3-thiogalactopyranoside (Sigma) in a 40-L fermentor 
(MPP40, New Brunswick scientific, Edison, NJ). The cells were har­
vested immediately at the end of the exponential growth phase by fil­
tration through a Pelicon cassette filter (Millipore Corporation, Bedford, 
MA), which resulted in 6 g of cell paste per liter of culture. The mutant 
was isolated as apo-Hisl 17GIy azurin, i.e., without addition of Cu2+ or 
potassium ferricyanide, but otherwise as described previously.12 The yield 
was 8 mg of purified protein per liter of cell culture. 

Preparation of Hisll7Gly(ligand) Samples for UV/Vis and EPR Ex­
periments. A stoichiometric amount of Cu(N03)2 was added to a 0.1 
mM apo-Hisl 17GIy solution in 20 mM 2-(Af-morpholino)ethanesulfonic 
acid (Sigma), pH = 6 (MES buffer). The absorption increase at 420 nm 
was monitored as a function of time, and when no further increase was 
observed a 10- or 30-fold (depending on the type of experiment) excess 
of ligand was added to the solution. When no further increase in the 
absorption was observed, a UV/vis spectrum was recorded at 293 K with 
a Varian Cary 219 spectrophotometer at a scan speed of 2 nm/s and a 
slit width of 1 nm. All spectra were recorded under identical conditions. 
Extinction coefficients of the visible absorption bands were calculated 
from peak heights by using the wild-type value of 9.8 mM"1 cm-1 for the 
extinction coefficient at 280 nm. NaCl (0.2 M) was added to the samples 
to remove adventitiously bound Cu, and the sample was concentrated in 
an ultrafiltration cell with PLGC 10000 NMWL Millipore membranes 
(Millipore). Subsequently, the NaCl was washed out by ultrafiltration 
with at least a 1000-fold excess of 10 mM ligand in MES buffer. Spectra 
in the near-infrared were measured in an Aminco-Chance DW-2 spec­
trophotometer. 

Stopped-Flow Experiments. Stopped-flow kinetic experiments were 
performed at 293 K in 20 mM MES buffer, pH = 6, by using a Hi Tech 
Scientific stopped-flow apparatus (Hi Tech scientific PQ/SF-53, spec­
trophotometer unit SU-40, Photomultiplier PSU PPS-60) equipped with 
a 1-cm observation chamber (dead time 5 ms). Reactions of 
Hisl 17GIy(H2O) with exogenous ligands were monitored at 420 and 630 
nm for various methylimidazoles or at 400 and 629 nm for histidine. 
Absorbance changes were analyzed as a function of time by using a 
fitting procedure for first-order reactions (A. Braat, Technical University 
of Delft, The Netherlands). 

NMR Spectroscopy. 1H-NMR spectra were recorded at 298 K, pH 
= 6.4, and 3 mM protein concentration on a Bruker WM 300 spec­
trometer. The HDO resonance was suppressed by presaturation. About 
400 free induction decays per spectrum were collected in 8 K memory, 
deconvoluted by Gaussian multiplication, and Fourier transformed. 
Chemical shifts are quoted in parts per million (ppm) from tetra-
methylsilane and calibrated with tetramethylammonium nitrate. 

EPR Spectroscopy. EPR spectra were recorded at 77 K with a Jeol 
JES-RE2X spectrometer operating at X-band frequency and interfaced 
with an ES-Prit330 data manipulation system. Parameters for recording 
the EPR spectra were typically 12.5 mT/min sweep rate, 0.63 mT 
modulation amplitude, 8.950 GHz frequency, and 5 mW incident mi­
crowave power. The magnetic field was calibrated with a,a'-diphenyl-
/S-picrylhydrazyl (DPPH). S-Band spectra (4 GHz) were obtained at 15 

(15) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular cloning. A 
Laboratory Manual; Cold Spring Harbor Laboratoria: Cold Spring Harbor, 
NY, 1989. 

K with a Bruker ER061SR microwave bridge plus a Bruker ER6102SR 
reentrant cavity in combination with a Varian E-line EPR spectrometer. 
A field modulation of 10 kHz was employed. Q-Band spectra (35 GHz) 
were recorded at 15 K on a Varian E-9 EPR spectrometer in combination 
with a Varian E-110 microwave bridge plus the E-266 cavity at a field 
modulation of 100 kHz. 

Results 
Characterization. For optimal purification the mutant was 

isolated as the apo-protein. On a 20% SDS-polyacrylamide gel 
the Hisl 17GIy azurin showed a molecular weight of 14 kDa, like 
the wild-type azurin (results not shown). The isoelectric points 
of His 117GIy azurin as measured by IEF (Phastsystem, Phar­
macia) are 5.0, 5.6, and 4.8 for apo-protein and denatured and 
Cu(II)-supplied Hisl 17GIy azurin, respectively (results not 
shown). For wild-type azurin these values are 6.2, 5.8, and 5.6, 
respectively.12 The decrease in p / of about 0.6-0.8 for all three 
forms compared to the wild type could very well correspond with 
the loss of one histidine residue (apo-protein and denatured 
protein) or with the replacement of one histidine residue by a 
negatively charged ligand, like OH" (Cu(II) form). 

We have not been able to prepare a Cu(I) form of the 
Hisl 17GIy azurin. For instance, when Hisl 17Gly(4-MeIm) was 
reduced with a 23-fold excess of ascorbic acid at pH = 5.8 (20 
mM MES buffer) or 8.5 (50 mM TrisHCl) and subsequently 
ultrafiltrated to remove excess reducing agent, the protein could 
neither be oxidized back nor be reconstituted. Apparently, the 
reduced copper is unstable at this protein site. 

The 1H NMR spectrum of apo-Hisl 17GIy azurin is almost 
identical to that of wild-type azurin at pH = 6.4 (Figure 1). The 
replacement of the Hisl 17 is clearly demonstrated by the absence 
of the C2H resonance of Hisl 1712 (see Hisl 17 arrow in Figure 
1). Another obvious difference is the shift of a number of me­
thionine E-CH3 resonances (see Met arrows, Figure 1). When 
assuming that the assignment of the reduced holoazurin applies 
also to the apoazurin, the shifted resonances derive from Met44 
and Metl3.1216 Both methionines are situated next to Hisl 17 
in the WT protein.9 The 1H NMR spectrum of oxidized Cu2+ 

Hisl 17GIy azurin with imidazole as exogenous ligand is again 
very similar to that of oxidized wild-type azurin (Figure 2). The 
resonances assigned to His83 apparently have broadened beyond 
detection in the Hisl 17GIy(Im)0" spectrum. His83 is located at 
15 A from the copper center. It is conceivable that the His83 
has bound a copper ion in combination with free imidazole and 
possibly water, and this might account for part of the adventitiously 
bound copper that is usually found in the EPR spectrum of the 
reconstituted protein before the NaCl treatment (see Experimental 
Section). The Hisl 17GIy amino acid replacement has apparently 
little effect on the structure of the protein, which is perhaps not 
too surprising in view of the fact that the protein mainly consists 
of tightly packed /3-strands and Hisl 17 is located in a loop con­
necting two of these strands.7,9 Besides, the backbone of the 
Hisl 17 amino acid residue is fixed by H-bonds to amino acid 
residues 120,121, and 114, whereas the histidine side chain only 
entertains a bonding interaction with the copper.9 

Optical Spectroscopy. Hisl 17GIy azurin was incubated with 
copper as described in the Experimental Section. The copper-
containing mutant will further be referred to as Hisl 17GIy(H2O) 
because no specific exogenous ligand was added and water is the 
most abundant ligand present in the solvent and therefore likely 
to coordinate the Cu at the vacant position of Hisl 17. The 
absorption spectrum of Hisl 17GIy(H2O) shows two absorption 
maxima at pH = 6, at 420 and 628 nm (Figure 3, Table II). The 
intensities of the absorption bands suggest that they correspond 
to transitions with a substantial amount of ligand-to-metal 
charge-transfer (LMCT) character (vide infra).16a 

Imidazole Derivatives. After addition of a 10-fold excess of an 
imidazole derivative (compounds 1-8 and 12) to a Hisl 17GIy-
(H2O) solution the absorption at 420 nm decreased with a con-

tie) Canters, G. W.; Hill, A. O.; Kitchen, N. A.; Adman, E. T. Eur. J. 
Biochem. 1984, 138, 141-152. (a) Lever, A. B. P. Inorganic Electronic 
Spectroscopy; Elsevier: Amsterdam, 1984; Chapter 5. 
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Figure 1. 'H-NMR spectrum of a 4 mM solution of wild-type apoazurin and a 3 mM solution of Hisl 17GIy apoazurin, both in 10 mM phosphate 
buffer at pH* = 6.4, T = 298 K in D2O (the asterisk indicates that the pH meter reading was not corrected for the deuterium isotope effect). Only 
the aromatic and aliphatic parts of the spectra are shown. The arrows indicate the position of relevant resonances of several amino acid residues (see 
text). The absence of several NH resonances in the 7.55-10 ppm region of the WT azurin spectrum is caused by amide exchange due to a longer 
incubation in D2O compared to Hisl 17GIy. 

Table I. EPR and UV/vis Parameters of Type-1 Hisl 17GIy with Exogenous Ligands 

A 

B 

C 

ligand 

Hisl 17 (WT) 
imidazole 
thiazole 
4(5)-MeIm 
2-MeIm 
N-MeIm 
N-BuIm 
N-pVin 
1-Cl,[l-Im]ethane 
1-NH2,[1-Im]butane 
W-Ac-Hista 
Br 
N3-
SCN-
Ci-

g±' 
2.058 
2.052 
2.052 
2.055 
2.055 
2.055 
2.056 
2.055 
2.056 
2.056 
2.057 
2.061 
2.041 
2.042 
2.042 

* ' 
2.260 
2.221 
2.222 
2.275 
2.267 
2.266 
2.272 
2.263 
2.273 
2.269 
2.270 
2.275 
2.317 
2.340 
2.340 

A1' (IO"4 cm"1) 

58 
85 
85 
58 
58 
56 
57 
59 
57 
57 
57 
52 
21 r 

IT 
IT 

\nax ( n m ) 

628 
626 
632 
630 
630 
630 
632 
628 
628 
632 
637 
683 
670 
660 
648 

( ( > mM"1 Cm-')6 

5.7 
4.5 
3.8 
4.9 
3.7 
4.4 
5.0 
4.2 
nd** 
5.0 
4.4 
5.5 
4.7 
4.7 
4.9 

"g1 ±0.001, g, ±0.002, A11 ±0.002 cm"'. 'Lower limit for the extinction coefficient, calculated from the absorbance at the indicated wavelength 
by using the wild-type value of 9.8 mM"1 cm"' for the extinction coefficient at 280 nm. c Values derived from spectra simulations. ^Not determined. 

Table II. EPR and UV/vis Parameters of Type-2 Hisl 17GIy with 
Exogenous Ligands 

Table III. First-Order Rate Constant of the Slow Phase of the 
Absorption Increase at 630 nm of Hisl 17GIy(H2O) in the Presence 
of an Excess of Exogenous Ligand 

ligand ix Si (10"4Cm-') (nm) A2, 

a H2O 2.061 2.283 

b histamine 2.056 2.220 

c histidine 2.058 2.234 

d 4-ImAc 2.056 2.284 

139 

164 

156 

145 

420 
628 
402 
634 
400 
634 
412 
628 

19 
14 
40 
10 
21 
4 
3 
4 

imidazole0 

83 
53 
39 
26 
14 
5.3 

*obs (IO"3 s-') 

6.3 
6.9 
6.7 
4.0 
4.4 
4.2 

4(S)-MeIm 0 

110 
55 
28 
14 

^obs (IO"3 S-') 

1.7 
1.9 
1.9 
1.9 

"Since it could not be excluded that more than one absorbing species 
was present in solution, the absorption intensities are expressed as per­
centage of the 280-nm absorption. 

comitant increase of the absorbance near 630 nm. The increase 
appeared to be biphasic as measured by stopped-flow absorption 
spectroscopy. The first phase comprised 80% of the total ab-

0Ratio of ligand-to-protein concentrations. The Hisl 17GIy(Im) 
concentration was 0.03 mM, the Hisll7Gly(4(5)-MeIm) concentration 
was 0.09 mM. Experiments were performed at 302 ± 1 K. 

sorption increase and was completed in 0.2 s, whereas the second 
phase was much slower with a half-life of about 200 s. This was 
studied further by monitoring the absorption increase at 630 nm 
as a function of the concentration of added imidazole or of 4-
MeIm. The slow phase of the absorption increase became ex-
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His83 
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Figure 2. 'H-NMR spectrum of a 4 mM solution of wild-type azurin0" and a 3 mM Hisl 17GIy azurin°\ both in 10 mM phosphate buffer, pH* = 
6.2, at 298 K in D2O. Only the aromatic and aliphatic parts of the spectra are shown. The arrows indicate the position of the His83 resonances. 

ponential in time, and the rate became independent of ligand 
concentration when the latter exceeded the protein concentration 
by a factor of 5 or more (Table III). At lower concentrations 
the fast phase was slowed down sufficiently to become rate lim­
iting. The fast phase probably reflects the binding of the ligand, 
whereas the slow phase may reflect a subsequent protein or active 
site conformational change. The imidazole derivatives had ab­
sorption spectra all very similar to that of the WT (see for an 
example 4MeIm in Figure 3). The Xma;( and « for the studied 
compounds are listed in Table I. 

Anionic Ligands. After addition of a 30-fold excess of the 
anionic ligands SCN" or N3" to Hisl 17GIy(H2O) azurin, the 
solution turned again immediately blue with absorption maxima 
of 660 and 670 nm, respectively. The rate of the absorption 
increase of the slower phase was 10 times higher than in the case 
of the imidazole derivatives. After about 15 min the absorbance 
started to diminish slowly, possibly due to extraction of the copper 
by the excess ligand in solution. The anions Cl" and Br coordinate 
the copper in the protein fully when present in a 1000- or 300-fold 
excess, respectively. Hisl 17GIy(Cl") has a normal type-1 copper 
center absorption spectrum with Xn^ shifted 20 nm to lower energy 
compared to the wild-type (Table I, Figure 3). The visible 
spectrum of Hisl 17GIy(Br") shows an even larger shift of 55 nm 
to lower energy. No change in the absorption spectrum of 
Hisl 17GIy(H2O) was observed after addition of up to a 1000-fold 
excess of F; an excess as low as 30-fold I" immediately discolored 
the protein. The appearance of an absorption band at 353 nm 
in the latter case indicated that I" had reduced the Cu(II) and 
that CuI was formed.1718 

Histidine-like Ligands. After addition of a 30-fold excess of 
histidine to Hisl 17GIy(H2O) azurin (pH = 6), the solution turned 
blue within 1 s. The blue color was displaced by a greenish color 
within the next 5 s due to an increase of the absorbance at 400 
nm and the change of the 629-nm absorption wavelength to 634 
nm (Table II, Figure 3). Similar results were found for 
Hisl 17GIy(H2O) after reaction with histamine (Table II). The 
initial absorption increase at 629 nm and decrease at 420 nm after 
addition of histidine to Hisl 17GIy(H2O) and the subsequent 

(17) Kodama, K. Methods of quantitative inorganic analysis; Interscience 
publishers, John Wiley & Sons-NY: London, 1963; p 173. 

(18) Valko, M.; Mazur, M.; Pelikan, P.; Kovacil, I.; Boran, P.; Valigura, 
D. Collect. Czech. Chem. Commun. 1990, 55, 1660-1665. 

replacements of these bands by absorptions at 634 and 400 nm 
(Figure 3) would suggest that the nitrogen of the imidazole binds 
first to the copper in a geometry characteristic of a type-1 site 
(absorption maximum at 629 nm) and that subsequently a second 
donor atom (possibly from the histidine peptide moiety) binds to 
the copper, forcing the copper to change its geometry into a more 
type-2-like coordination. Other exogenous ligands with bulky side 
chains such as l-chloro-2-[l-imidazolyl]ethane (7), /V-butyl-
imidazole (6), and W-acetylhistamine (8) have wild-type UV/vis 
and EPR features (Table I, see Chart I for structural formulas). 

ImAc (11, see Chart I for structural formula) is potentially 
able to coordinate with its carboxy-terminal oxygen and with the 
imidazole nitrogen. It was added to Hisl 17GIy(H2O) to allow 
us to discriminate between the possible binding of the carboxyl 
O and the amine N of the histidine. The optical spectrum of ImAc 
was clearly different from Hisll7Gly(His), with absorption 
maxima at 412 and 628 nm and with absorption intensities more 
comparable with type-2 "nonblue" copper proteins (Table II). We 
therefore tentatively conclude that if the His coordinates with its 
peptide moiety, it will be with the amine group. 

EPR Spectroscopy. Imidazole Derivatives. The EPR spectra 
recorded at 77 K of all imidazole derivatives (apart from histidine 
derivatives, vide infra) are very similar to that of the wild-type 
(Table I, and, e.g., 4-MeIm in Figure 4). Exceptions were 
imidazole and thiazole, which both had a relatively large hyperfine 
splitting in the parallel region and even some splitting in the 
perpendicular region with an A1 of 85.10"4 cm"1 and a splitting 
in the g± region of about 7.10"4 cm"1, respectively (e.g., thiazole 
in Figures 4 and 5). 

Anionic Ligands. Since Hisl 17GIy(X-) azurin seemed to be 
unstable in the course of minutes to days depending on the used 
anion, all EPR spectra were recorded within 10 min after addition 
of the ligand to the protein to be sure that the major species in 
the EPR would correspond to that of the optical spectrum. 

The EPR spectra of Hisl 17GIy(Cl"), -(SCN"), and -(N3") all 
exhibited an unresolved, very small A11 (Table I, Figure 4 NaCl). 
The hyperfine splitting in the parallel region could also not be 
resolved by S-band EPR spectroscopy (data not shown) due to 
g-strain effects.19 The width of the gt region of the 
Hisl 17GIy(Cl") S-band EPR spectrum was used to obtain an 

(19) Groeneveld, C. M.; Aasa, R.; Reinhammar, B.; Canters, G. W. J. 
Inorg. Biochem. 1987, 31, 143-154. 
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Figure 3. Room temperature UV/vis spectra (absorbance versus wavelength in nanometers) of a Hisl 17GIy azurin sample (approximately 0.1 mM) 
with a stoichiometric amount of Cu(NOj)2 added to it in 20 mM MES buffer, pH = 6 (dashed line), and the spectrum of the same sample after addition 
of 4 MeIm, thiazole, NaCl, or histidine, respectively (solid line). All ligands were added in a 30-fold excess apart from NaCl, which was added to 
an end concentration of 0.2 M. 

upper limit for the magnitude of A . A more precise estimate 
was obtained from simulations of the X-band spectra (results not 
shown). The Q-band spectrum of Hisl 17GIy(Cl") exhibits rom-
bicity (gx = 2.014, gy = 2.044, and g2 = 2.340). No Q-band 
spectra were recorded of N3" and SCN". The unusually small 
hyperfine splitting in the parallel region has also been observed 
in CuN4X compounds in which X is a halogen.1820'21 

Hisll7Gly(H20), (ImAc), (His), and -(Hista) EPR Spectra. 
The X-band EPR spectra of Hisl 17GIy with either of these ex­
ogenous ligands showed A1 values in the range of (139-164) x 
10~4 cm"1 which are typical for type-2 copper centers (Table II, 
e.g., Figure 4 His). 

(20) Haanstra, W. G.; van der Donk, W. A. J. W.; Driesen, W. L.; Ree-
dijk, L.; Wood, J. S.; Drew, M. G. B. J. Chem. Soc, Dalton Trans. 1990, 
3123-3128. 

(21) Bencini, A.; Gatteschi, D.; Zanchini, C. J. Am. Chem. Soc. 1980, 102, 
5234-5237. 

Discussion 
Considerable efforts have been devoted over the past years to 

elucidating the composition and the geometry of the copper binding 
sites in metalloproteins. Especially the type-1 copper sites have 
preoccupied bioinorganic and coordination chemists because of 
their unusual spectroscopic characteristics, which until recently22"24 

were unknown for low-molecular-weight copper complexes. 
Resolution of the X-ray structure of several of these proteins4'7'910 

revealed a number of interesting and unique structural features 
of these sites. In the present study, site-directed mutagenesis of 
one of the copper ligands of azurin (Hisl 17) was used to look 

(22) Kitajiama, N.; Fujisawa, K.; Moro-oka, Y. J. Am. Chem. Soc. 1990, 
112, 3210-3212. 

(23) Brader, M. I.; Dunn, F. J. Am. Chem. Soc. 1990, 112, 4585-4587. 
(24) Brader, M. I.; Borchardt, D.; Dunn, F. J. Am. Chem. Soc. 1992, 114, 

4480-4486. 
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Figure 4. EPR spectra of a 2 mM Hisl 17GIy azurin sample at 77 K in 10 mM MES buffer, pH = 6.2, containing 40% glycerol and 1 mM 4-MeIm, 
1 mM thiazole, 200 mM NaCi, or 1 mM histidine, respectively. 

have dis turbed this delicate ba lance in favor of the oxidized state , 
thereby causing the copper center to become unstable in the 
reduced state. It is conceivable, for instance, that after Cu re­
duction the external ligand is lost, converting the type-1 into what 
is essentially a reduced type-2 center like in the Hisl 17GIy(H2O) 
example. The activity of naturally occurring type-2 sites in 
catalyzing radical reactions is well known. By analogy, in the 
present case the reduced type-2-like Cu center may assist in some 
chemical modification of the protein in the region around the Cu, 
thereby irreversibly altering the properties of the metal site. This 
is the subject of further study. 

Optical Spectroscopy. Hisll7Gly Type-1 Proteins. The small 
differences in wavelength of the absorption maxima of the im­
idazole derivatives and the larger differences observed in the case 
of the anionic ligands can be related to differences in ligand field 
strength. In the present series of experiments the Cu2+ ion is in 
a ligand environment with a varying external ligand and a per­
manent Cys-S ligand, the latter being responsible for the strong 
LMCT band in the optical spectrum. It is commonly accepted 
that the spacing of the d-d transitions correlates with the strength 
of the ligand field of the external ligand, which can be deduced 
from the spectrochemical series.26 Assuming the energy of the 
Cys-S orbital remains approximately constant, the energy of the 
LMCT bands should increase as the ligand field increases.26 

Indeed, the increase in energy of the CT transitions observed thus 
far (683, 670, 649, and 625 nm, Table I) corresponds with an 
increase of the ligand field strength of the ligands used (Br" < 
N3" < Cl" < Im, respectively). The ligand field strength of the 
thiocyanate ion varies depending on whether SCN" coordinates 
with its nitrogen or with its sulfur moiety. In the former case the 
ligand field strength is comparable to that of imidazole, and in 
the latter case the ligand field strength is lower.27 Judged by 

310 315 320 325 

magnetic field 
Figure 5. Second derivative of the perpendicular region of the thiazole 
EPR spectrum of Figure 4. 

further into the details of the spectroscopy of these Cu sites. 
Reduction of Hisl 17GIy Azurin. The Hisl 17GIy azurin mutant 

could be reduced by dithionite or ascorbic acid irrespective of the 
exogenous ligand but never oxidized back or reconstituted. The 
difference in pi between the oxidized and the reduced state of the 
wild type is 5.6(ox) - 4.7(red) = 0.9, whereas the difference for 
oxidized and reduced Hisl 17GIy azurin is only 0.1. It might, 
therefore, be that in the reduced Hisl 17GIy the copper center 
undergoes a modification. It has been stated25 that the type-1 
Cu centers have been "designed" such that their coordination is 
a compromise between the coordination geometries of the Cu(I) 
and the Cu(II) state. The lack of a covalent bond between the 
exogenous ligand and the protein in the Hisl 17GIy mutant may 

(25) Vallee, B. L.; Williams, R. J. P. Proc. Nail. Acad. Sci. U.S.A. 1968, 
59, 498-505. 

(26) Owen, S. M.; Brooker, A. T. A guide to modern inorganic chemistry, 
Longman Group: Birmingham, UK, 1991; pp 150-152. 

(27) Jergensen, C. K. Absorption spectra and chemical bonding in com­
plexes; Pergamon: Elmsford, NY, 1962; p 54. 
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Figure 6. Map of A1 vs g, for type-1 proteins (circles, dashed line) and Hisl 17GIy type-1 proteins (closed circles, solid line). The numbering corresponds 
with the numbering of A. W. Addison,35 and the capital letters correspond to the following clusters of exogenous ligands: A, imidazole and thiazole; 
B, the x-methyl imidazoles 1, 2, and 4, l-amino-4-[l-imidazolyl]butane (6), l-chloro-2-[l-imidazolyl]ethane (7), iV"-acetylhistamine (8), TV-p-vinyllm 
(12), and Br; and C: N3", SCN", and Cl". 

the 35-nm-longer wavelength of the CT transition (\max is 660 
nm for SCN" and 625 nm for imidazole coordination), SCN" is 
expected to bind with its sulfur to the Cu in the Hisl 17GIy mutant. 
It is interesting to note that a \max closest to that of the wild-type 
azurin was not obtained by the histidine side-chain analogue 
4(5)-methylimidazole (\max = 630 nm, Table I) but by ./V-poly-
vinylimidazole (N-pVin), which had a \max of 628 nm. Also in 
the EPR the similarity was greatest for JV-pVin. 

Hisll7Gly Type-2 Proteins. The blue shift of the major ab­
sorption band in the optical spectra of the Hisl 17GIy type-2 
proteins (Table II) of about 200 nm is typical for a change in 
geometry of copper complexes from tetrahedral to square planar 
or tetragonal28"30 and a thiolate (S)-Cu bond length of 2.4 A.29'30 

A lengthening of the Cu-(Cys)S bond of about 0.25 A would 
require a movement of the copper in Hisl 17GIy out of the plane 
of the trigonal bipyramid to maintain a normal bond length to 
the N of His46, at least when assuming no change in the position 
of the Cysll2. The binding of the majority of the imidazole 
derivatives used in this study to Hisl 17GIy reconstitutes the WT 
azurin spectroscopic characteristics, even in the case of W-acHista 
(8) or l-amino-4-[l-imidazolyl]butane (6), which have bulky side 
chains at the positions 1 and 4(5), respectively. Apparently, 
another type of ligand is needed to change the geometry of the 
copper center from type-1 to type-2. The exogenous ligands which 
cause the type-2 features all have the possibility to coordinate with 
their imidazole moiety and at the same time with their side-chain 
moiety,31 i.e., to chelate in a bidentate fashion. One possibility 
is that the amino moiety of histidine (or histamine) has replaced 
the Metl21 S, adding a fourth strong ligand and inducing a 
geometry change to square planar with the Cys(S) ligand as the 
axial ligand. In the case of Hisl 17GIy(H2O) a second water 
molecule could replace the methionine ligand. A similar blue shift 
has been observed in the optical spectrum of an azurin mutant 

(28) Yamabe, T.; Hori, K.; Minato, T.; Fukui, K.; Sugiura, Y. Inorg. 
Chem. 1982, 21, 2040-2046. 

(29) Hugley, J. L.; Fawcett, T. G.; Rudich, S. M.; Lalancette, R. A.; 
Potenza, J. A.; Schugar, H. J. J. Am. Chem. Soc. 1979, 101, 2617-2623. 

(30) Anderson, O. P.; Becher, J.; Frydendahl, H.; Traylor, L. F.; Toftlund, 
H. J. Chem. Soc, Chem. Commun. 1986, 699. 

(31) Carlson, R. H.; Brown, T. L. Inorg. Chem. 1966, 5, 268-277. 

in which Met 121 is replaced by a GIu, in which case the carboxyl 
group could supply the fourth strong ligand,32 and in the optical 
spectrum of an insulin-stabilized Cu(II) complex after incorpo­
ration of an N,S bidentate chelator instead of a monodentate 
thiolate.24 

The optical absorption spectrum of Hisl 17GIy(H2O) exhibits 
strong bands at 420 and 628 nm. The two bands could be assigned 
on the basis of resonance Raman spectroscopy experiments to 
cysteine(S) to Cu CT transitions (den Blaauwen, T.; Canters, G. 
W.; Han, J.; Loehr, T. M.; Sanders-Loehr, J., manuscript in 
preparation). Their most likely assignmentl0abcorresponds to the 
Cys(ir) — d(x2 - y1) (628 nm) and the Cys(pseudo-o-) — d(x2 

- y1) (420 nm) transitions. The variation in relative intensities 
of the two bands considered here as a function of the added ligand 
is remarkable.33"35 According to the assignment suggested above, 
the bands carry a substantial LMCT character, and their intensity, 
thus, is sensitive to the overlap of the d(x2 - y2) orbital with the 
Cys sulfur orbitals. As Solomon10ab has pointed out, the orien­
tation of the d(x2 - y2) orbital is sensitively dependent on the 
overlap with the Cys S pir orbital, which in turn depends on the 
length of the Cu-S(Cys) bond. In plastocyanin this bond is so 
short that the strong ir-overlap orients the d(x2 - y1) such that 
its lobes are bisected by the Cu-S bond axis. If the bond length 
increases sufficiently, however, the 6(x2 - y2) orbital may rotate 
by 45° so as to maximize its ^-interaction with the Cys pseudo-tr 
orbital. This will also have an effect on the amount of d(z2) 
admixture into the half-occupied orbital. The shape and orien­
tation of the d(x2 - y2) orbital and thus the overlap with orbitals 
from which optical transitions are observed therefore depend 
sensitively on the Cu-S(Cys) bond length. Moreover, as the 

(32) Karlsson, B. G.; Nordling, M.; Pascher, T.; Tsai, L.-C; Slolin, L.; 
Lundberg, L. G. Protein Eng. 1991, 4, 343-349. 

(33) Brader, M. I.; Borchardt, D.; Dunn, F. Biochemistry 1992, 31, 
4691-4696. 

(34) Solomon, E. I.; Hare, J. W.; Gray, H. B. Proc. Natl. Acad. Sci. 
U.S.A. 1976, 73, 1389-1393. 

(35) Solomon, E. I.; Penfield, K. W.; Wilcox, D. E. In: Active sites in 
copper proteins; Clarke, M. J.; Jorgensen, C. K., Mingos, D. M. P., Neilands, 
J. B., Palmer, G. A., Reinen, D., Sadler, P. J., Weiss, R., Williams, R. J. P., 
Eds.; Springer-Verlag: Berlin-Heidelberg-New York, 1991; Vol. 53, pp 1-56. 
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Cu-S(CyS)-C13(CyS) angle varies, the overlap between the d(x2 

-y2) orbital and the lower orbitals will vary. It is clear, therefore, 
that the intensities of the two bands discussed above must depend 
in a sensitive manner on the detailed structure of the Cu site and 
in particular on the details of the Cu-S(Cys) bond. Further 
speculation must await the elucidation of the structure of the Cu 
site in the H117G mutants. 

EPR Spectroscopy. Hisl 17GIy Type-1 Proteins. When the 
values of the A^ and gB parameters of the Hisl 17GIy azurin type-1 
copper centers are plotted in a gM versus A11 graph36"38 together 
with literature data of known type-1 copper sites (Figure 6), a 
linear relationship is observed between A1 and gt for the Hisl 17GIy 
data, similar to the other type-1 copper proteins. The Hisl 17GIy 
derivatives encompass the whole range of the known type-1 sites. 
Three clusters can be discerned; they are indicated by capital 
letters in Figure 6 and Table I. A includes imidazole and thiazole, 
B includes the majority of imidazole derivatives and Br", and C 
includes the other anionic ligands (Table I). The tendency for 
gt to increase and for A11 to decrease with an increase in the degree 
of tetrahedral distortion has been reported previously for struc­
turally well-characterized complexes of Cu(II).39 When the 
general model of Brill,40 which uses an (idealized) D2^ symmetry 
for the description of the copper site, is applied, the variation in 
g, and A11 parameter values of the Hisl 17GIy type-1 copper centers 
can be explained in terms of small ligand displacements, as 
characterized by the tetrahedral angle .̂36.38,40,41 Values for /3 
of 67°, 61°, and 56° can then be calculated for clusters A, B, and 

(36) Vanngard, T. In Biological Application of Electron Spin Resonance; 
Swartz, H. M., Bolton, J. R., Borg, D. C, Eds.; Wiley-Interscience: New 
York, 1972; pp 411-417. 

(37) Peisach, J.; Blumberg, W. E. Arch. Biochem. Biophys. 1974, 165, 
691-708. 

(38) Addison, A. W. In Copper coordination Chemistry: Biochemical and 
inorganic perspectives; Karlin, K. D., Zubieta, J., Eds.; Adenine Press: New 
York, 1985; pp 109-128. 

(39) Yokoi, H.; Addison, A. W. lnorg. Chem. 1977, 1341-1349. 
(40) Brill, A. S. Transition Metals in Biochemistry; Springer-Verlag: New 

York, 1977; pp 40-80. 
(41) Solomon, E. I.; Hare, J. W.; Dooley, D. M.; Davson, J. H.; Stephens, 

P. J.; Gray, H. B. J. Am. Chem. Soc. 1980, 102, 168-178. 

C, respectively, when using azurin as a calibration point with 0 
= 60°. This would correspond to ligand displacements of 0.25, 
0.035, and 0.14 A, respectively. It illustrates that although the 
changes in the EPR parameters are considerable, the geometrical 
changes induced by the exogenous ligands are probably relatively 
small. 

The increase of ft in cluster A can perhaps be explained by 
diminished steric strain as a result of the coordination of a non-
substituted imidazole to the copper. The fact that bromide falls 
close to the point of wild-type azurin (cluster B) shows that the 
small A1 value of the anionic ligands cannot be exclusively at­
tributed to a charge effect. Part of the difference between Br" 
and Cl" can be explained by the fact that Br" is more electron-rich 
than Cl", a property which often is reflected in smaller values of 
£n and larger values of /I1I-

18'37 I* ̂ as b e e n suggested21 that the 
magnitude of A, is reduced when a ligand with a large spin-orbit 
coupling constant is present and when the bond between such a 
ligand and Cu(II) has a substantial covalent character. The 
spin-orbit coupling constant values of N and C are much smaller 
than those of Cl and S.42 The position of the Hisl 17GIy(Cl") 
and -(SCN") EPR values in Figure 6 may, therefore, point to a 
substantial covalent character in the copper chloride and thio-
cyanate interaction. Although at present we do not have a 
plausible explanation for the small A11 value of Hisl 17GIy(N3"), 
it has been observed that replacement of the exogenous imidazole 
in Cu horse liver alcohol dehydrogenase by azide results in a 
similar increase in g, and decrease in A1 as for His 117GIy.43 

Hisl 17GIy Type-2 Proteins. When the values of the A1 and 
gi parameters of the Hisl 17GIy azurin type-2 copper centers 
Hisl 17GIy(H2O), -(ImAc), -(His), and -(Hista) are plotted in 
a g|| versus A1 graph together with the data of known type-2 copper 
sites (Figure 7), the linear relationship between At and g$ is highly 
correlated (R2 = 0.98) and similar to the other type-2 copper 
proteins. 

(42) Dorfman, J. R.; Bereman, R. D.; Whangbo, M.-H. In Copper coor­
dination and Chemistry: Biochemical and Inorganic Perspectives; Karlin, K. 
D., Zubieta, J., Eds.; Adenine: Guilderland, NY, 1983; pp 75-97. 

(43) Maret, W.; Zeppenzauer, M.; Desideri, A.; Morpurgo, L.; Rotillo, G. 
FEBS Lett. 1981, 136, 72-74. 
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The correlation line of the His 117GIy type-2 proteins runs below 
the line of the other type-2 copper centers in Figure 7. This can 
be attributed to the presence of the sulfur in the Cu coordination 
shell in the Hisl 17GIy type-2 proteins.3738 The smaller values 
of the fn of Hisl 17Gly(His) and -(Hista) compared to those of 
Hisl 17GIy(H2O) and -(ImAc) may reflect the aromaticity of the 
His and Hista ligands and the replacement of the less electron-rich 
oxygens of one or two water molecules or of the carbonyl of ImAc 
by one or two coordinating more electron-rich nitrogens.37 

In the case of Hisl 17GIy(H2O), one or two hydroxide ions could 
coordinate instead of water molecules. However, this seems less 
likely because the change in g upon incubation of Hisl 17GIy-
(H2O) by His is much larger than expected for a replacement of 
OH" by His.35 

Concluding Remarks 
The replacement of the Hisl 17 ligand of azurin by a glycine 

apparently does not change the structure of the protein noticeably 
or the pocket which contains the copper ion. However, the im­
portant contribution of Hisl 17 to the biological function of azurin 
is best illustrated by the observation that the Hisl 17GIy(L) species 
that cluster around B in Figure 6 behave spectroscopically virtually 
identical to the wild type but are not functional in reversible 
electron transfer. 

Introduction 
Previous studies have demonstrated that 7-irradiation of salts 

containing complex fluoro ions can result in the loss of one fluorine 
atom and in the formation of new complex fluoro radical ions that 
contain one fluorine atom less than the parent ion. Thus, the 

* Dedicated to Professor Felix Aubke on the occasion of his 60th birthday. 
'Based in part on the PhD. dissertation of B. W. Walther, University of 

Tennessee, 1984. A preliminary report of this work was presented at the 186th 
ACS National Meeting, Washington, D.C., August 28-September 2, 1983; 
Abstract FLUO 31. 

s Present address: Dow Chemical Co., Louisiana Research & Development, 
P.O. Box 400, Plaquemine, LA 70765-0400. 

Geometrical changes of the copper center could be induced by 
various exogenous ligands and cause this one mutant to spec­
troscopically encompass the known range of type-1 and part of 
the range of the type-2 copper proteins. An interesting observation 
is that the Hisl 17GIy points in Figure 6 are not scattered more 
or less evenly along the correlation line connecting regions A and 
C but cluster in three areas. We tentatively interpret this as 
indicating a preference by the protein for a few discrete adaptations 
around the Cu site instead of a continuous variation. 

In conclusion, it is interesting to note that a large variety of 
external ligands appear compatible with a metal center that retains 
the basic features of a type-1 or type-2 Cu site. It opens the 
attractive possibility of obtaining deeper insight into the correlation 
between copper site geometry and spectroscopic and mechanistic 
features by means of further detailed structural studies. 
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radical ions PF5-,5'8 AsF5",8'9 and N F 3
+ 1 0 " have been obtained 

from PF6", AsF6", and NF4
+ containing salts, respectively, and 

(1) University of Tennessee. 
(2) The Science Center, Rockwell International Corp. 
(3) E.I. DuPont de Nemours and Co. 
(4) The Rocketdyne Division, Rockwell International Corp. 
(5) (a) Morton, J. R. Can. J. Phys. 1963, 41, 706. (b) Atkins, P. W.; 

Symons, M. C. R. / . Chem. Soc. 1964, 4363. 
(6) Morton, J. R.; Preston, K. F. In Fluorine-Containing Free Radicals; 

Root, J. W., Ed.; ACS Symposium Series 66, American Chemical Society: 
Washington, D.C., 1978; p 386. 

(7) Mishra, S. P.; Symons, M. C. R. / . Chem. Soc., Chem. Commun. 1974, 
279. 

Tetrafluorosulfate(l-) and Tetrafluorooxosulfate(l-) Radical 
Anions (SF4" and SF4O)+'* 
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Abstract: The novel radical anions SF4" and trans-SFfir were generated by 7-irradiation of CsSF5 and CsSF5O, respectively, 
at -196 6C and characterized by their isotropic EPR spectra at +27 0C. The SF4" anion (g = 2.0045, ans = 12.85 mT, anF 
= 9.75 mT) has a square-planar structure close to Dih symmetry derived from a pseudo-octahedron in which the two axial 
positions are equally occupied by a total of three sterically active valence electrons. Accordingly, the greatest portion of the 
unpaired electron spin is localized in a sulfur pz orbital. The trans-SF^O' anion (g = 2.0027, au& = 36.26 mT, anF = 18.95 
mT) has a closely related, pseudo-octahedral structure of C4,, symmetry in which the equatorial positions are occupied by four 
equivalent fluorines, one axial position is occupied by a doubly bonded oxygen, and the second axial position is occupied by 
the sterically active free valence electron. Accordingly, the greatest portion of the unpaired electron spin is localized in an 
axial sp-hybrid orbital of sulfur. The structures and electron spin density distributions of SF4" and cis- and trans-SFfi' were 
analyzed by a local density functional study which also provided vibrational frequencies and charge distributions for these 
radical anions. For comparison, the closely related SF5 radical, the cis- and rra/w-PF40

2" radical anions, and the SF4, SF4O, 
and SF6 molecules were also calculated by this method. These calculations show that the exclusive formation of trans-SF+O' 
under our experimental conditions is probably due to both energetic and reaction mechanistic reasons and that the agreement 
between the LDF calculations and the experimental data is good. 
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