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HC=O 
2,3-epoxynorbornane during hemin-catalyzed epoxidation is in
consistent with direct attack of the "oxohemin" on norbornene. 
The results are best explained as an electron transfer from the 
alkene followed by radical collapse to give a carbocation. 
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The blue copper proteins have been the focus of many spec
troscopic and structural studies,1 with much of the interest cen
tering on the nature of the copper site. X-ray crystallographic 
results have previously been reported for two single-copper proteins, 
plastocyanin and azurin. The structure of the oxidized, Cu(II), 
form of poplar plastocyanin has been refined at high resolution,2 

but structural analysis of azurins (from two bacterial species, 
Pseudomonas aeruginosa3'4 and Alcaligenes denitrificans5) have 
been reported only at medium resolution. 

We have now refined the structure of Alcaligenes denitrificans 
azurin at high resolution (1.8 A)6 and we wish to report the details 
of the refined copper site. The refinement has clearly shown that 
its geometry is closer to a distorted trigonal-planar or trigonal-
bipyramidal arrangement rather than the distorted tetrahedron 
usually quoted. This distinction may be crucial for a proper 
understanding of the spectroscopic and functional properties of 

(1) For recent reviews, see: (a) Adman, E. T. In Topics in Molecular and 
Structural Biology. Metalloproleins; Harrison, P. M., Ed.; Macmillan: New 
York; Vol. 1, in press; (b) Gray, H. B.; Solomon, E. I. In Copper Proteins; 
Spiro, T. G., Ed.; Wiley: New York, 1981; Vol. 3, pp 1-39. (c) Fee, J. A. 
Struct. Bonding (Berlin) 1975, 23, 1-60. 

(2) Guss, J. M.; Freeman, H. C. J. MoI. Biol. 1983, 169, 521-563. 
(3) Adman, E. T.; Stenkamp, R. E.; Sieker, L. C; Jensen, L. H. J. MoI. 

Biol. 1978, 123, 35-47. 
(4) Adman, E. T.; Jensen, L. H. Isr. J. Chem. 1981, 21, 8-12. 
(5) Norris, G. E.; Anderson, B. F.; Baker, E. N. J. MoI. Biol. 1983, 165, 

501-521. 
(6) Full details of the refinement and the refined protein structure and its 

comparison with plastocyanin will be published elsewhere. 

Figure 1. Copper site in azurin. Distances given are the mean of those 
found for the two independent molecules in the asymmetric unit. 

Table I. Bond Lengths and Angles for the Copper Site in Azurin 
from Alcaligenes denitrificans 

bond lengths, A 

Cu-0(45) 
Cu-N61(46)° 
Cu-S7(112)° 
Cu-N„( l 17)" 
Cu-S5(121) 

other distances 
S7(112)--N(47) 
N,2(46)-O(10) 

1 

3.14 
2.08 
2.10 
1.98 
3.13 

3.54 
2.68 

2 

3.08 
2.04 
2.16 
1.94 
3.13 

3.44 
2.63 

bond angles, deg 

0(45)-Cu-Nj,(46) 
0(4S)-Cu-S7(112) 
0(45)-Cu-Nj,(117) 
0(45)-Cu-Ss(121) 
N41(46)-Cu-S7(112)» 
N s l(46)-Cu-N s l(l 17)° 
N81(46)-Cu-Sj(121) 
S 7 ( In ) -Cu-Nj 1 ( I l ? ) 0 

S7(112)-Cu-Ss(121) 
N51(117)-Cu-Sj(121) 

1 

72 
103 
78 

146 
137 
100 
77 

121 
110 
93 

2 

75 
104 
82 

148 
136 
106 
74 

117 
105 
97 

"Bond lengths and angles within the trigonal plane. 

azurin, in particular, and blue copper proteins in general. 
Our azurin was purified from Alcaligenes denitrificans NCTC 

85827 and crystallized in its oxidized, Cu(II), form at pH 6.0. The 
unit cell data, and the results of the medium-resolution (2.5 A) 
analysis have been published previously.8,5 One notable feature 
is that the crystallographic asymmetric unit contains two molecules 
of azurin, thus giving two copies of the same structure and a 
valuable internal check on the reliability of structural observations. 

Refinement of the structure was based on diffractometer data 
to 1.8-A resolution (20 = 50.7°). Because of the relatively low 
ratio of observations to parameters for an asymmetric unit con
taining over 2000 atoms, all X-ray data between 10 and 1.8 A 
were used, with no a cutoff, and only negative intensities and misset 
reflections excluded.9 For the same reason, restrained least-
squares procedures10 were used for the refinement, with protein 
bond lengths and angles being restrained close to standard values.11 

No restraints were, however, imposed on any of the distances or 
angles involving the copper atom, and the two molecules in the 
asymmetric unit were allowed to refine quite independently. 

(7) The strain number, NCTC 8582, is important as this organism has 
recently been reclassified as belonging to the genus Alcaligenes faecalis and 
should not be confused with the type strain Alcaligenes faecalis NCIB 8156, 
on whose azurin numerous other studies have been performed. 

(8) Norris, G. E.; Anderson, B. F.; Baker, E. N.; Rumball, S. V. J. MoI. 
Biol. 1979, 135, 309-312. 

(9) From an estimated total of 25 200 unique reflections to 1.8-A resolu
tion, 15330 (i.e., 61%) were measured with I> 2a, and 18680 (74%) with 
/ > (T7. The inclusion of all nonnegative intensities increased the number of 
observed data to 21 980 (87% of total). 

(10) Programs used were PROLSQ, the restrained least-squares program of 
Hendrickson and Konnert (See: Hendrickson, W. A.; Konnert, J. H. Biom-
olecular Structure, Function, Conformation and Evolution; Srinivasan, R., 
Ed.; Pergamon: Oxford, 1980; Vol 1, pp 43-57), and TNT, a restrained 
least-squares procedure using fast Fourier methods: D. Tronrud and L. Ten 
Eyck, Institute of Molecular Biology, University of Oregon. 

(11) In the final protein model, root mean square (rms) deviations from 
standard values were 0.017 A for bond lengths and 3.1° for bond angles. 
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The final refined model of 1956 protein atoms and 218 water 
molecules12 gives a crystallographic R value of 0.164 for the 21 779 
reflections between 10- and 1.8-A resolution. The upper limit 
for the average error in atomic positions, from the variation of 
R with resolution, is 0.15 A, but for well-ordered parts of the 
structure, such as the copper site, the error is much less. Our 
estimate of the standard deviations in the copper site geometry, 
based on the level of agreement between the two molecules,13 is 
~0.05 A for Cu-ligand bond distances and ~3.0° for ligand-
Cu-ligand angles. 

The copper site is shown diagrammatically in Figure 1, and 
relevant bond distances and angles in Table I. The copper atom 
makes three strong bonds, with the thiolate sulfur of Cys-112 
(mean Cu-S 2.13 A) and the imidazole nitrogens of His-46 and 
His-117 (mean Cu-N 2.06 and 1.96 A, respectively). These 
distances, including the unusually short Cu-S bond, agree very 
closely with those deduced from X-ray absorption spectroscopy 
on azurin14 and X-ray crystallographic and X-ray absorption 
spectroscopy15 measurements on plastocyanin. The three ligands 
form a distorted trigonal-planar arrangement about the copper 
atom. Much longer approaches are made to the thioether-sulfur 
of Met-121 on one side of this plane (Cu-S 3.13 A) and the 
peptide carbonyl oxygen of Gly-45 on the other side (Cu-O 3.11 
A), making overall a distorted axially elongated trigonal-bipy-
ramidal arrangement. 

Whether the coordination geometry is best described as trigonal 
planar, trigonal pyramidal, or trigonal bipyramidal depends on 
whether the Cu-S(Met) and Cu-O approaches are regarded as 
weak bonds or not. The Cu-S(Met) interaction almost certainly 
is, while the Cu-O distance of 3.1 A is probably right at the limit 
for a weak Cu-O bond.16 We note, however, that this carbonyl 
oxygen is buried in a nonpolar environment, with no possibility 
of interaction with any other polar or polarizable atom, and that 
this copper-oxygen (carbonyl) interaction has been detected by 
NMR spectroscopy.'7 The relative positions of the copper atom 
and these more distant axial groups probably has a role in tuning 
the redox potential in different proteins. 

The copper atom lies very close to the N2S plane formed by 
the three strong ligands, its deviation (toward Met-121) being 0.13 
A in molecule 1 and 0.08 A in molecule 2. During the refinement, 
and again at the end, we tried artificially moving the copper about 
0.3 A toward Met-121 (decreasing the Cu-S distance and in
creasing Cu-O). In each case, refinement brought it right back 
to its "in-plane" position. The bond angles within the trigonal 
plane are quite irregular (mean values 103°, 119°, and 136°) 
emphasizing the low symmetry of this site. This low symmetry 
must clearly be taken into account in any theoretical analyses of 
(for example) ESR spectra. The long approaches to S8(121) and 
0(45) are both bent away from a precise axial disposition. The 
copper site groups are tightly constrained by the surrounding 
protein structure, through hydrogen bonds (to His-46 Nej and 
Cys-112 S7) and van der Waals contacts. 

(12) Coordinates and thermal parameters have been deposited with the 
Brookhaven Protein Data Bank, Brookhaven National Laboratory, Upton, NY 
11973. 

(13) Superposition of the two copper sites and their immediate surrounds 
(112 atoms) gives an rms difference in atomic positions of 0.14 A. A better 
guide to the likely error in copper site geometry, however, is given by com
parison of distances and angles that were not restrained during refinement. 
For copper bond lengths and angles the rms differences between the two 
molecules are 0.05 A and 3.6° and for hydrogen bond lengths and angles 0.10 
A and 6.2° (for 55 pairs of hydrogen bonds). Standard deviations should be 
less than these values. 

(14) Values of 2.10 and 1.97 A for Cu-S and Cu-N, respectively. Tullius, 
T. D.; Frank, P.; Hodgson, K. O. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 
4069-4073. 

(15) Scott, R. A.; Hahn, J. E.; Doniach, S.; Freeman, H. C; Hodgson, K. 
O. J. Am. Chem. Soc. 1982, 104, 5364-5369. 

(16) From consideration of tetragonally distorted Cu(II) complexes. See: 
Gazo, J.; Bersuker, I. B.; Garaj, J.; Kabesova, M.; Kohout, J.; Langfelderova, 
H.; Melnik, M.; Serator, M.; Valach, F. Coord. Chem. Rev. 1976, 19, 
253-297. See also arguments in ref 2 relating to the Cu-S(Met) bond. 

(17) Ugurbil, K.; Norton, R. S.; Allerhand, A.; Bersohn, R. Biochemistry 
1977, 16, 886-894. 

Finally, the structure described above is entirely consistent with 
that determined earlier for Pseudomonas aeruginosa azurin18 

(although the latter has not yet been refined) and this, together 
with the high level of consistency between the two independent 
molecules in our crystal asymmetric unit, further validates the 
above results. 
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(18) As judged from coordinates deposited with the Brookhaven Protein 
Data Bank. 
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There is substantial interest in modified phospholipids that can 
be polymerized. Adding a polymer backbone to noncovalent lipid 
assemblies such as liposomes and Langmuir/Blodgett films should 
make them more rugged and useful in biotechnology.1"4 Perhaps 
the best known have been phosphatidylcholines incorporating 
diacetylenic moieties within their acyl side chains, which can be 
polymerized by ultraviolet light or y radiation.5,6 The solid-state 
polymerization is accompanied by the development of a charac
teristic blue color, which can be converted to red upon heating 
or treatment with solvents;7 in some cases, cooling reverses the 
change. We report here that an aqueous suspension of polydi-
acetylenic phospholipid vesicles can exhibit reversible thermo
chromism and examine the implications of this phenomenon for 
models of polydiacetylene thermochromism.6'830 

(1) Bader, H.; Ringsdorf, H.; Schmidt, B. Angew. Makromol. Chem. 1984, 
123/124, 457-485. 

(2) Regen, S. L. Polym. News 1984, 10, 68-73. 
(3) Fendler, J. H.; Tundo, P. Ace. Chem. Res. 1984, 17, 3-8. 
(4) Gros, L.; Ringsdorf, H.; Schupp, H. Angew. Chem., Int. Ed. Engl. 

1981, 20, 305-325. 
(5) Hupfer, B.; Ringsdorf, H.; Schupp, H. Makromol. Chem. 1981, 182, 

247. 
(6) Johnston, D. S.; Songhera, S.; Pons, M.; Chapman, D. Biochim. Bio-

phys. Acta 1980, 602, 57. 
(7) Tieke, B.; Lieser, G.; Wegner, G. J. Polym. Sci., Polym. Chem. Ed. 

1979, 17, 1631-1644. 
(8) Schnur, J. M.; Singh, A. Polym. Prepr. 1985, 26, 186-187. 
(9) Yager, P.; Schoen, P. E. MoI. Cryst. Liq. Cryst. 1984, 106, 371-381. 
(10) Yager, P.; Schoen, P. E.; Davies, C. A.; Price, R.; Singh, A. Biophys. 

J. 1985, 48, 899-906. 
(11) Singh, A.; Schnur, J. M. Synth. Commun., in press. 
(12) Gupta, C. M.; Radhakrishan, R.; Khorana, H. G. Proc. Natl. Acad. 

Sci. U.S.A. 1977, 74, 4315. 
(13) 12,14-Nonacosadiynoic acid, mp 68-69 °C. Anal. Calcd for 

C29H50O2: C, 81.1; H, 11.88. Found: C, 81.03; H, 11.80. Mass spectrum 
(M - 1) 429. l,2-Bis(12,14-nonacosadiynoyl)phosphatidylcholine. Anal. 
Calcd for C66H116NPO8: P, 2.86; N, 1.29. Found: P, 2.33; N, 1.51. Mass 
spectrum, m/e 1082.57. NMR (CDCl3) S 0.9 (t, 6 H, CH3-C), 1.2 (s, 80 H, 
CH2), 1.95-2.3 (m, 12 H, CH2COO, CH2C), 3.25 (s, 9 H, N(CH3)3), 3.8-4.3 
(m, 9 H, OCH2, CH2N). IR (Nujol) (cm"') -OH, 3200-3700; C=O, 1730; 
N(CH3J3, 970, 1070, 1080. 
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