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524 Chemical Raviews, 1992, Vol. 92, No. 4 Solomon st al.
' TABLE 1. Copper Proteins! .
Normal Coppu Enzymes
normal copper molecular weight
. anzymeos (in kDa), subunits, no. of Cu function cofactort ref
copper—zinc 31, a5 2 20;" + 2H* — H,0; + Oy &
superoxide
dismutase® .
diamine oxidases 160~200, ay, 2 R'CHNR, + 0, + H,0 — R'CHO + HNR, 8-hydroxydopa (TOPA) &
l dopamine § 290, ay, 4 or 8 dopamins + ucnrbau + Oy — noradrenaline + dehydroascorbate + H,0 c
monocaxygenasa ; .
ralactoss oxidase* 32,-,1 RCH,0H + 0, — RCHO + H,;0, tyrosine radical d
phenylalanine 83, -1 phanylalanine + Oy — tyroeine + H,0 tatrahydroptarin €
hydroxylase e ¢
newrocuprein, 8, -1 adranaline/sdrenochrome equilibrium? f
f Blue Copper Protains
” EPR: A X 10~ cm™!
A * 5 i redox biue band
blue copper protsins - . moleculs - potantial, .  energy,nm ° O L vy Ay AL ;
' {function: elsctron t:rmx{:r] " waight, Da mV (pH) (¢, M am™) 2 Iy i A, s A, ref
pl..ll.l;x':yuz.l.n"x ; _ 10500 +370 (7.0) 597 (4500) 2226 2.059 2.042 83 h
azurins z g
Alcaligenes denitrificans* » 14000 +276 (7.0) 619 (5100) . 2255 2.059 80 2
Alcaligenes faecalis S8* - 14000 +266 (7.0) 593 21b
Pseudomonas aeruginosa® -7 14800 +308 (7.0) 631 (3800) 2260 2.062 80
- Pieudomonas denitrificans® *° - 14800 ° 2260 2.055 80 -
stellacyanin L. 20000  +184 (1) 809 (3400) 2287 ° ' 2077 7% logs AR, FRRE e
smicyanin! - Fee 13800 +281 (7.0) 596 (3950) 2.239 2048 5 38 %
auracyanin . o0 712800 +240 (8.0) 558 {2900) 2210 2.082 2018 47 12 82 1
cucumber basic blue® - 10100 +317 (7.0) 597 (4500) 2.207 208 2.02 55 10 80 m
mavicyanin . 180C0 +285 (7.0} 600 (5000) 2287 22077 2.025 37 28 54 n
Sy .. 18500 . +680 (20) 897 (2240) 2229 | ‘2084 219N M S TS s L £
umocylmn A AL, e 14600 - +283 (7.0) 810 (3400) 2317 2.05 338 P
i Normal + Blus Copper Enxymea :
l normal + blue copper enzymaes? - molecular weight blue band eneryy, EPR parameters
' [function: NO,y — NOJ (in an) subunits, no. of Cu nm (¢, M em™) 0 A, (X10~* em™Y) ref
. nitrits reductass . i F
' - Achromobacter cycloclastes®. - | 69, oy, 8 " 590 (2000) type 1 2.195 type 173 g
: 1 B L et e T WY $h, type 2 2.282 type 2175 . e
vorben aesalt ¥ el o weight,kDa,  :; OyF—Cu CT bands’ : ; |
bmucbn: copper protum‘ . per Cu,site” nm (¢, M em™) function rof [
- . molluscan hemocyanine . o A . O, transport ] t,u
A Bu.lycon wwlu:ubuum o ' © 350 (~20000) (catalase activity: 2H;0y — 2H.0 + Oy
TR 570 (1000)
480 (CD bend)
. 0: transport |
335 (~20000) (no cataluse u:txvzty) e 1
580 (800) . : \
510 (CD band) . |
340 (~20000) (no catalass activity) |
580 (1000) .
o 500 (CD band) ar g - 3 TN j -
. . . 82,830 1
= 345 (~20000) O, + 2H* + monophenol — o-diphenal + H,0 o |
© 580 {(~1000) O,+2o—diphannl—-20—quxnona+2!{,0 3
R S I 520 (CD band) (catalase activity) |
z S e Multicopper Oxidasss | : \
" multicopper oxidases™ - no. and EPR paramsters i |
¢ [function. O + 4H* + 40~ — 2H,0 ooupl.d to molecular type of Ay X107, abearpticn band,
.o ‘4 one-electron oxidations of substrata] waight, XDa  copper centar 0 gL em™ nm (¢, M cm™)
laccase y
| - Fungal: Polyspora versicolor . 80-90 ltypel 213 203 90 810 (4 900)
3 (p-diphnnol. 0Oy omdoroductua) 1type 2 224 2.04 184
i : 1type 3 330 (2700)
l 7 'I'}tc: Rhus mnu:xflrn . 110~-140 ltype 1l 223 2.05 43 813 (5700)
i (monophcn.ul. dihydmxyphnnyhhnmc. O, oxxdonducun) 1type 2 224 205 200
1type 3 330 (2800)
ascorbate oxidase* . 145 2 type 1 2227 2.058, 2.038 58 610 (4 800)
(L-ascorbate: Oy axidoreductase) 2 type 2 2242 2.053 199
! ; . . 2type 3 3830 (2000)
! ceruloplasmin or ferroxidase [ 130 1* type 1 2215 2.08 92 610 (1000Q)
i . (iron(Il): O, oxidoreductase) ' 2 type 1 2208 2.05 72 610 (10000)
1type 2 2247 208 189
1type 3 330 (3300)
‘ ' Cu,-Containing Enzymes
molecular weight
(in kDa), subunits metal centars function ref

Cu,-containing enzymes

hemes (Fs, and Fe,;), Cu,, Cug Oy + 4 ferrocytochrome ¢ + 4H* —  2b,w

cytochrome ¢ oxidasa 170, 12
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TABLE I (Continued)

Cu,-Conraining Znzymes &

maolscular weight
Cu,-containing enxrymes (in XDa), subunita metal cantars function rof
’ g (Cuy antiferromagnaticaily coupied to &e,) 2H,0 + 4 ferricytochrome ¢
nitrous oxidase reductase N;O + 2o~ + 2H* — N, + d4,0 =z
Pseudomonas stutzert 140, oy 2 Cu,, 8 other Cu atoms
Preudomonas ceruginose 13, ay 4 Cu atoms/molecuis

!In addition to the protsins listed in Table I other proteina which hxve been suggestsd to require copper for activity are listed in footnota y. * A high-reso-
lution x-ray crystal structure has bean raportsd. !Preliminary crystallographic data have been reported. See rafarences for datails. A NMR structurs has been
reported. *(1) Yalentine, J. S.; Pantoliang, M. W. In Copper Protsins; Spiro, T. G., 2d.; Wilsy-Intarscience: New York, 1981; pp 291-358. (2) Strothkamp, K.
G; Lippard, S. J. Acc. Chem. Res. 1982, 15, 318-326. (3) Fee, J. A Peisuch, J.; Mims, W. B. J. Biol. Chem. 1381, 256, 1910-1914. (4) Fieldan, 2. M.; Rotilio,
G. In Capper Proteins and Copper Enzymes; Lontis, R., Ed.; CRC Press: Boca Raten, FL, 1984; Vol II, Chapter 2. (5) For a 2.0-A X-ray crystal structure of
bovine erythrocyts CuZn SOD, see: Tainar, J. A; Getzoff, E. D.; Beem, X. M.; Richardson, J. S5 Richardson, D. C. J. Mol. Biol. 1382, 160, 181-217. Tainer,
J. A; Getzoff, E. D.; Richardson, J. S.; Richardson, D. C. Nature 1983, 306, 284-287. (8) For a 2.5-A resclution structurs of ysast SOD, see: Diinovic, K; Gatti,

: G.; Coda, A_; Antolini, L.; Paloai, G.; Desideri, A_; Falconi, M.; Marmocchi, ¥.; Rotilio, G.; Bolorg'nai. M. Acta Crystallogr. 1991, 847, 918-327. *(1) Doolsy, D.
& M. Life Chem. Rep. 1987, 8, 91-154. (2) Structure and Functions of Amine Oxidases; Mondovl, B., EA; CRC Prosa: Boca Raton, FL, 1985, (3) Knowles, P. F;
3 Yadav, X. D. S. In Copper Proteins and Copper Ensymes; Loatis, E., Ed; CRC Press: Boca Raton, FL, 1984; Vol II, Chapter 4. *(1) Ljones, T.; Skotland, T.
In Copper Protrins and Copper Enzymaes; Lonte, R, Ed; CRC Presxc Boca Raten, FL, 1984; Vol I, Chaptar 5. (2) Villafranca, J. J. In Copper Proteins; Spiro,
T. G., Ed.; Wiley-Intarsciance: New York, 1981; Chaptsr 7. *(1) Ettinger, M. J.; Koaman, D. J. In Copper Proteins; Spiro, T. G., Ed.; Wilsy-Intarscienca: New
York, 1981; Chaptar 8. (2) See refarencs lc for X-ray structure. ¢Benkovic, S.; Wallick, D; Bloom, L; Gaffney, B. J.; Domanico, P.; Dix, T.; Pambar, S. Biochem.
Soc. Trans. 1388, 13, 436438, See referance la for cofactor.”/ (1) Mikaelyan, M. V.; Nalbandyan, R. M. Neurochem. Int. 1388, 13, 4356—438. (2) Mikaelyan, M.
V. Nalbandyan, R. M. Neurochem. Int. 1385, 7, 1073-1078. (3) Sharoyan, 3. G.; Shaljian, A. A.: Nalbandyan, R. M_; Buniatian, H. C, H. Biochim. Biophys. Acta
1977, 483, 478—487. #For recent reviews see: (1) Adman, E. T. In Advances in Protein Chemistry; Anfinsen, C. B., Edsall, J. T., Richards, F. M.; Risanberg, D.
| 8, Eds.; Academic Presa: San Diego, 1891; Vol. 42, pp 145-198. (2) Sykes, A. G. Struet. Bond. 1931, 75, 175-224. (3) Sykes, A. G. Adv. Inorg. Chem. 1931, 26,
: 3TT—408. (4) Farver, O.; Pacht, L Coord. Chem. Reu. 1989, 34, 17—45. (5) Gray, H. B. Chem. Soc. Rev. 1985, 15, 17-30. (8) Lappin, A. G. In Metal Jons in
] Biolagical Systems; Sigel, H., Bd.; Dekker: New York, 1981; Vol. 13; Chapter 2 (7) Adman, B. T. Top. Mol Struct. Biol. 1985, §, 1—42. *Data shown hars are
| for spinach plastocyanin (sse g). For the NMR-detarmined structurs of french bean plastocyanin see: Moore, J. M.; Lepre, C. A.; Gippert, G. P.; Chaxin, W. I.;
i Case, D. A.; Wright, P. B. J. Mol. Biol. 1991, 221, 533-655. X-ray structures exist for poplar plastocyanin: see ref 20 and Guss, J. M.; Freeman, H. C. J. Mol.
: Biol. 1983, 169, 521~583. For Cu(D) poplar plastocyanin, see: Guas, J. M.; Harrowell, P. R Murata, M,; Norris, V. A.; Freeman, H. C. J. Mol Biol 1988, 192,
' 361-387. {Por the X-ray structure for A. denitrificans, ses: ref 22. For A. faecclis S5, see: 1of 21b. For P.vuru.rinow, 3se: Nar, H.; Mossarschmidt, A.; Huber,
! R.; van de Kamp, M.; Canters, G. W. J. Mol. Biol 1381, 221, 785-T72. For P. denitrificans, sew. ref 22. /Paisach, J.; Levina, W, G.; Blumberg, W. E. J. Biol
. Chem. 1967, 242, 2847-2858. *Tha data shown ars for Thiobacillus versutus, see: (1) Houwelingan, T. V,; Cantars, G. W.; Stobbelasar, G.; Duins, J. A; Frank,
] J.; Tsugita, A. Eur. J. Biochem. 1885, 153, 75-80. (2) Lommen, A.; Canters, G. W van Beeumen, J. Eur. J. Biochem. 1988, 176, 213-223. (3) Lommen, A;
' Cantarz, G. W. J. Biol. Chem. 1390, 265, 2788-2774. (4) A preliminary X-ray structurs has been reportsd: Petratos, K.; Dauter, Z; Wilson, X S.; Lommen, A_;
| van Besumen, J.; Cantars, G. W. J. Mol Biol. 1988, 199, 545-648. Additional amicyanin includs organiam 4025: Lawton, S. A; Anthany, C. Biochem. J. 1985,
K 228, 118-728. Paracoccus denitrificans: (1) Husain, M_; Davidsen, V. L. J. Biol. Chem. 1985, 260, 14826-14629. (2) Husian, M,; Davidson, V. L.; Smith, A. J.
. Biochamiztry 13388, 25, 2431-2438. (3) Sharma, K. D.; Loshr, T.; Sanders-Loehr, J.; Husain, M.; Davidson, V. L. J. Biol. Chem. 1988, 263, 3303-3308. Pseu-
! domonas AM1: (1) Tobari, J; Harada, Y. Biochem. Biophys. Res. Commun. 1981, 101, 502-508. (2) Ambler, R. P.; Tobari, J. Biochem. J. 1985, 232, 45157,
© ° Mathylomonas J: Ambler, R. P.; Tobari, J. Biochem. J. 1989, 261, 495~459. 'Trost, J. T.; McManus, J. D; Freeman, J. C.; Ramakrishna, B. L.; Blanksnship,
R. B. Biochemistry 1988, 27, 7858-7863. =(1) Colman, P. M_; Freeman, H. C.; Guas, J. M.; Murata, M_; Norris, V. A.; Ramshaw, J. A. M,; Venkatapps, M. P;
Vickary, L. B: J. Mol. Biol. 1977, 112, 849-650. (2) Murats, M.; Begz, G.-S; Lambrou, F; Lealis, B;; Simpean, R. J; Freeman, H. C.; Morgan, F. J. Proc. Natl
Acad. Sei. U.S.A. 1982, 79, 8434—6437.. (3) A 3.0-A resolution X-ray structure has been reportad, see: Gusa, J. M.;-Marritt, E. A,; Phizackerlsy, R. P.; Hedman,
B. Murata, M.; Hodgrom, K. O3 Frseman, H. C. Science 1988, 241, 806-811. *Marchsaini, A; Minelll, M_; Markla, H; Kroneck, P. M. H. Zur. J. Biochem. 1373,
! 1101, TT-84. *(1) Cobley, J. G.; Haddock, B. A. FEBS Lett. 1975, 80, 29-33. (2) Caox, J. D,; Boxar, D. H. Biochem. J. 1978, 174, 487-602. (3) Ingledew, W. J;
i Coblay, J. C. Biochim. Biophys. Acta 1980, 590, 141~158. (4) Ingledew, W. J. Biochim. Biophys. Acta 1982, 683, 83%-117. (5) Cax, J. C; Assa, R.; Malmatrém,
! B. G. FEBS Lett. 1978, 93, 157-180. 2»Paul, K. G.; Stighrand, T, Biochim. Biophys. Acta 1370, 221, 256-283. ¥Data shown are for Achromobacter eycloclastes.
For a 2.3-A X-ray aystal structure, see: (1) Godden, J. W.; Tuzley, S.; Taller, D. C.; Adman, E. T.; Liu, M. Y.; Payne, W. J;L#Gall, J. Science 1991, 253,
438442, '(2) Fanderson, F. F5 Kumar, S.; Adman, B. T.; Liu, M. Y.; Payne, W. J.; LaGall, J. Biochemistry 1931, 30, 7180-7185. (3)-Suzuki, S.; Yoshimura, T.;
Kohrama, T.; Shidara, S.; Masuko, M.; Sakurai, T.; Iwasaki, H. Biochem. Biophys. Res. Commun. 1989, 164, 13866-1372. (4) Hulse, C, L.; Averill, B. A; Tisdja,
J. M. J. Am. Chem. Soc. 1989, 111, 2322-2323. (5) Doaley, D. M.; Moog, R. S.; Liu, M. Y; Payne, W. J; LeGall, J. J. Biol. Chem. 1988, 263, 14625-14628. (6)
Kashem, M. A;; Dunford, H. B.; Liu, M. Y.; Payns, W. J.; LeCall, J. Biochem. Biophys. Res. Commun. 1387, 145, 563-668. (T) Liu, M. Y.;'Liu, M. C; Payne, W.
J.; LeGall,; J. J. Bacteriol 1988, 166, 604—808. (8) Iwasaki, H.; Noji, 8.; Shidara, S. J. Biochem. (Tokyo) 1975, 78, 355-38L. Preudomonar sureofaciens: Zumft,
W. G.; Gotzmann, D. J.; Kroneck, P. M. H. Eur. J. Biochem. 1987, 168, 301-307. Pseudomonas aeruginosa: Karapetian, A. V.; Kamalian, M. G.; Malbandyan,
R. M. FEBS Lett. 1986, 203, 131-134. Nitrosomonas suropaea: (1} Millar, D. J; Nicholas, D. J. D. J. Gen. Microbiol, 1985, 131, 2851-2854. (2) Miller, D. J;
Wood, P. M. J. Gen. Microbiol! 1983, 129, 1645-50. From Alcaligenes xp. NCIB 11015: (1) Sakurai, T'; Suzukd, S; Nakahara, A.; Masuko, M.; Iwasaid, 2. Chem.
Lett. 1985, 9, 1297-1300. (2) Masuko, M.; Iwasald, H.; Sakurai, T.; Suzuki, S.; Nakabara, A. J. Biochem. (Tokyo) 1384, 56, 447T~464. Rhodopseudomonas
sphaeroides forma sp. denitrificans: Michalsld, W. P.; Nicholas, D. J. D. Biochim. Biophys. Acta 1985, 828, 130~7. From Alcaligenes sp: Sano, M.; Matsubara,
T. Chem. Lett. 1984, 12, 2121-2124. Alcaligenes foecalis S8: (1) Kakutani, T.; Watanabe, H.; Arima, K.; Beppu, T. J. Biochem. (Tokyo) 1381, 89, 463~72. (2)
Kakutani; T.; Watanabe, H.; Arima, K.; Bappuy, T. J. Biochem. (Tokyo) 1981, 89, 453—461. A praliminary X-ray structure has been reportsd: Pstratos, K;
Beppu, T.; Banner, D. W.; Tsarnoglou, D. J. Mol. Biol. 198§, 190, 135. " Molecular weights ara given per binuclear sits. For molluscan hemocyanins, thers are
‘approximatsly 20 subunits per malecule, sach containing 8 oxygen-binding domains of the given molecular weight. Arthropodan hemocyanina have dissociable
subunits of the given molectiar weight, sach containing a single oxygen-binding sits, with as many as 48 subunits per molscule sssemblad 28 hexamars, depending
on the speciss. Tyrosinass has & single active nita per moleculs. *These spectyal features are for the axy form of the protain, which is the resting form for the
hemocyanins, | The resting form of tyrosinase is the mst form. ‘Nickerson, K. W.; van Holde, K. E. Comp. Biochem. Physiol. 1971, 395, 855872,
* Himmelwright, R. 8.; Eickman, N. C.; LuBisn, C. D.; Soloman, E. L J. Am. Chem. Soc. 1980, 102, 5378-5388. *Larch, K. FEBS Lett. 1976, 69, 157-180. ~ (1)
Kropeck, P. M.; Antholine, W. E; Kastrau, D. H. W.; Buse, G.; Staffens, G. C. M.; Zumft, W. G. FEBS Lett. 1999, 268, 274-278. (2) Larsen, R W.; Ondrias, M.
R.; Copeland, R. A.; Li, P. M.; Chan, 3. L Biochemistry 1989, 28, 6418-6422. *Rafersnces for Preudomonas stutzeri: (1) Doaley, D. M. McGuirl, M. A
Rosanzwaig, A. C.; Landin, J. A; Scott, R. A; Zumft, W, G.; Devlin, .; Stephens, P, J. [narg. Chem. 1331, 30, 3006-3011. (2) Zumft, W. G.; Viebrock-Sambals,
A Braun, C. Eur. J. Biochem. 1990, 192, 591-599. (3) Risater, J.; Zumft; W. G Kroneck, P. M. H. Eur. J. Biochem. 13989, 178, 761-762. (4) Dooley, D. M.;
Moog, R. S.; Zumtt, W. G. J. Am. Chem. Soc. 1387, 109, 6T30-5735. (5) Scott, R. A; Zumft, W. G.; Cayle, C. L;; Dooley, D. M. Proc. Natl. Acad. Sei. USA. 1989,
86, 4082-4086. (8) Kroneck, P. M. H.; Antholine, W. A.; Riester, J.; Zumft, W. G. FEBS Lett. 1988, 242, 70~74. (7) Cayle, C. L.; Zumft, W. G.; Kroneck, P. M.
H. Life Chem. Rep. 1987, 5, 289-303.  (8) Docley, D. M_; Moog, R. S.; Zumft, W. G. J. Am. Chem. Soc. 1987, 109, 6730-6735. (9) Zumft, W. G.; Mataubara, T.
FEBS Lett. 1982, 148, 107-112. (10) Coyle, C. L.; Zumf, W. G.; Kroneck, P. M. H.; Karner, H.; Jakob, W. Eur. J. Biochem. 1985, 153, 458—467. Alcaligenss 1p:
i Matsubara, T.; Sano, M. Chem. Latt. 1985, 7, 1053-1056. Paracoccus denitrificans: Snyder, S. W.; Hollocher, T. C. J. Biol. Chem. 1987, 262, 8515-8525.
| Pieudomonas geruginosa: (1) SooHoo, C. K.; Hollocher, T. C.; Kolodxiej, A. F.; Orme-Johnson, W. H.; Bunker, G. J. Biol. Chem. 1991, 266, 2210-2218. (2)
: SocHoo, C. K:; Hollocher, T. C. J. Biol. Chem. 1331, 265, 2203-2209. Achromobacter cycloclastes: (1) Hulse, C. L.; Averill, B. A. Biochem. Biophys. Res.
Commun. 1999, 166, 729-735. 7 (1) Bilirubin oxidase: Gotoh, Y.; Kondo, Y.; Kaji, J; Taksda, A.; Samejima, T. J. Biochem. 1389, 106, 821-628. (2) .Glycnrol
oxidase: Uwajime, T.; Shimizu, Y.; Terada, Q. J. Biol. Chem. 1984, 259, 2748-2753. (3) Mathane monooxygenase: (a) Shiemka, A. K.; DiSpirito, A. A IAdlUOPL
M. E; Chan, S. L J. Inorg. Biochem. 1331, 43, 19L. (b) Tongs, G. M.; Harrison, D. E. F., Hicgins, L J. Biochem. J. 1377, 161, 333-344. (4) Peptidyl-glycine
a-amldating monooxygenase (PAM): Eipper, B. A.; Mains, R. E.; Glembataki, C. C. Proc. Natl Acad. Sci. USA. 1983, 80, 6144-5148. 3) .qumxxdm o
Garniar, A.; Tosi, L.; Steinbuch, M. Biochem. Biophys. Res. Commun. 1981, 93, 86-T1. (8) Uridine nuclecsidase: Magni, G.; Natalini, P.; Ruggieri, S.; Vita, A.
Biochem. Biophys. Res. Cammun, 1976, 69, 724~730. (7) Quercetinase: Oka, T.: Simpson, F. J. Biochem. Biaphy:: Res. Commun. 1971, 43, 1-5. (8) Pheayl-
ethytamine oxidase: Shimizu, E.; Ichiss, H.; Yorifuji, T. Agric. Biol. Chem. 1390, 54, 851-853.
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Figure 3. Unique spectral features of blue copper proteins: Part A shows the low-temperature (LT) absorption spectrum of plastocyanin.
The dashed lines indicate Gaussian band deconvolution of the spectrum. Assignments of bands 1-8 were determined from LT-absorption
and LT-MCD spectroscopies. Part B shows the EPR spectrum of spinach plastocyanin, and C, the LTMCD spectrum of spinach
plastocyanin. The dotted portion of the spectrum is estimated from the NIR-LT-MCD spectrum of azurin (see ref 26). The featurs
marked with an asterisk (*) is due to a small amount of heme impurity. Part D shows the EPR spectrum of stellacyanin.
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