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The biological actian of copper usually takes place in association with certaint cific 
proteins, referred ta as copper proteins. These proteins generally behave as typical met&W- 
proteins, and copper constitutes an $ntegrd part of their molecules. Extensive studies have 

been cad& out on many copper proteins, bu& as~yet, there are 8x0 && data on the struc- 

tums of the copper binding sites; ~e_e, for example, ttilc rcviews‘refs. 1-4, An important 



approach to obtain more detailed information regarding the structures and reactions of 
the binding sites is to design and perform systematic model studies both in solution and 
in the crystalline state, The most recent data on such model studies in this fieid will be the 

main subject of this rescission. 

(0 e function of capper protehs 

Copper proteins are involved in many metabolic functions such as electron transfer re- 

~~t~~~~, e tr~~~~rt of oxygen ~~~e~~~~~= and the tr~s~~rt and storage of cop 
Table I lists some copper proteins with these functions and their copper contents. 

The electron tralnsfer reactions of copper proteins are greatly favoured by the Isw 
oxidation potential of copper(I); in fact, in its reactions with oxy n, the CU~---CU~~ 
couple is more favourable than that of any other “‘stable” redox couple of the transition 
se&&‘. For instance, in the aqueous solu~o~s of many how-molecular-~veight cop~e~~~ com- 

pounds, univalent copper is almost ~sta~taneou~y oxidized into copper by molecule 

oxygen’. Thus, it is not surprising that the last step in mitochondrial respiration, where 
oxygen is converted into water, is catalyzed by a copper protein, cytochrome oxidase’ _ 

In the case of iron( oxidation by oxygen is much less favoured; and in a sIightIy acid 
solution, say an aqueous solution of FeCi2, very little or no o~~datiun occurs from the 
Fe’ to the Fe” state’. Such a stow ~~d~~~~~ of ~r~~~~~~ also occurs within the herno- 
globins of mammals, who utilize haemoglobin for oxygen transport. 

In the blood of certain invertebrates, on the other hand, the normal transporter of 
oxygen is a copper protein, haemoeyanin2~ ’ (Table 1). Each subunit of haemocyanin 
contains two copper atoms and the subunit combines with one single oxygen moIecuIe. 
~a~rn~ya~~~ combines and rapidly reaches its full capacity with 
water, even though the oxygen tension in water is relatively low. in the tissues the 
oxygen is almost compieteIy released. As a result, the efficiency af haemocyanin for the 
transport and utilization of oxygen is high2. 

The blood of mammals does not eontain the sme copper protein, haemocyanin, which 
combines and transports oxygen molecules in invertebrates. Instead, the main copper 
protein in the bloo plasma of mammats is cerutoplasrnin. AEthough it has been suggested 
that this protein is important for the storage of copper’ and that it is responsible for the 
oxidation of ft5rrous ions’, the true function of ceruloplasmin remains unknown. Of 
gre!at importance for the transport of copper is the copper fraction bound to alburning, 
tk most abund~t protein in blood gtasma, remover copper ions are absorbed from the 
intestine they are eventuaffy bound to serum ~burn~; and at phys~oiogic~ concentrations, 
the 1 : i copper-albumin complex predominates’0 (cf_ refs. 3, 1 I). In vivo the ex- 
change rate of the CulI ions bound to albumin is relatively fast; this is important in order 

to facilitate the release of copper necessary for the biosynthesis of copper proteins’. 
Another ~port~t copper protein present in rn~rn~aR blood is the superoxide 

dismutase of the e~~ro~ytes_ This s peroxide d~mut~e, which catalyzes the dismuta- 



The functions of copper proteins and their copper contents (cf. ref. 4) 

Function E~mp~c of protein 
Copper context ~-ato~/mo~e~ 

Total “Blue”* ‘“~“:PR-nondetectable” 

Electron transfer 
reactions 

Transport of oxygen 

AZurin 
Stellacyanin 
Plastocyanin 
ISXase 
Ascorbate oxidase 
Cytochrome c oxidase 
Tyrosinase 
Maemocyanin 
CertuloplWni.rl~ 
Superoxide dismutase ’ 

8’ 
SC 

1 

1 
I 
1 2 
2 4 

e 1 
1 
2 

2 4 

Q Weak oxidase activity, but unknown physiological function. 
b Scavenger for superoxide anions but precise p$y;iological role unknown 
c Includes an unlisted lx&ma: of “non-blue’” Cu 
d Per subunit. 

copper. 

e 50% ‘“blue” and SO% ““non-blue” Cu2” copper. 

tion of superoxide anion radicals to peroxide and oxygen”*, appears to be the copper 
protein most widely distributed among different cells. The dismutase: activity has been 
discovered only recently I2 ; and in the past a variety af names, such as erythrocuprein, 

cercbrocuprein and hepatocuprein, have been proposed for this copper protein depending 

upon e source from which it was prepared. This copper protein, superoxide dismutase, 

conttins two copper and two zinc ions’ 3 I and it is the copper ions that appear to be 
involved in the enzymatic function. EPR measurements indicate that the copper and 
zinc sites are in fact close to each other* 4. Just recently, the crystal structure of the 
bovine erythrocyte dismutase has been determined15 to 5.5 A. 

Very little copper is required fur the normal synthesis of copper proteins, and tbere- 
fore any excess has ta be emanated before it causes toxic effects, For man, W~so~‘s 
diseaseY a congenital disorder with a fmilial incidence, seems to be the result of an ab- 
normal copper metabolism due to the impairment of the normal excretion of copper 
through the bile and, as a result, copper starts to accumulate in the tissu& (cf. Walsb.~ 
in ref, 1). For many or s this leads to toxic effects, which in the case of the brain, 
fiver and ~d~~~~ leads to ~r~~ress~v~ d~~e~e~at~o~ and characteristic d~~ci~~~~e~ in 

function. 

aeon and ~~rnstr~m have recently reviewed the state and f~~ct~~~ of copper in 
copper proteins4. They classify the protein copper into three main forms: two paramag- 
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netic forms and one EPR-nondetectabk form*. One paramagnetic form of copper is pre- 

sent in those copper proteins that hav tense blue colour in the oxidized state. Many 
of these blue proteins contain several r atoms per mo~ecuIe, akho 
copper ion is necessary in order to pro the intense blue cofour (Tab 

fornr of paramagnetic copper, called “non-blue” copper, yields optical density and EPR 
parameters that are not unusual; they are comparable to those found in many low-mo- 

lecular-weigh t Cu2 + complexes4. 
Apart from the two para~a~netic foms there is also a kind of EPR-no 

copper present in copper proteins. This may indicate that u~v~ent eogper is ~nv~~v~d. 
However, recent data, p&y based on anaerobic redox titrations, seem to indicate that, 

at least in some blue oxidases, pairs of bivafent copper, Cu2 ‘-Cu’+, rather than copper(l) 

ions are involved; the two single dg electrans are supposed paired, eliminating the EPR 
signa14. 

Thus extensive ~ectrosc~p~c data, obtained mainly ~~0~~ the use of EPR, have 
furnished considerable amounts of detailed information regarding the nature of the copper 
involved in copper proteins Also, using a pure copper isotope and combining EPR and 
magnetic susceptibility measurements, there are indications that, at least in a few copper 
proteins, nitrogen Iigand atoms are invoked 16* ’ 7 _ But, so far, in the absence of high-re- 
so~u~~n X-ray cr~s~ogr~ph~c data, it has not been possibfe to draw any final conclusions 
regarding which specific nds of ligand atom bind the copper in copper metalioproteins, 

It is generally believed that an enzyme provides not only the par~cu~ar s~uctur~ that 

constitutes the active site ut that it also provides the en ~ro~ent ~~ce$sa~ for catalysis. 
Thus within an aqueous s ution, it seems that only a lar mdecde can soppIy the 
hydrophobic interior necessary for catalytic action, apart from the general requirements 
of a hydrophilic exterior contributing to the solubihty. Because of this it may be assumed 
that the active site is not situated on the outer surface of the protein molecule. Also, 
it is un~~~~y that a sma.U olecuk, with a s~ct~re similar to that of the active site, would 

have any pronounced enzymic properties in dilute aqueous solution. 

Even though a kma.ll molecule may have a low catalytic activity, it is in the study of 
the low-molecular-weight model system that it is possible to obtain highly accurate data 

rather than in the study of the protein it&f. The interpretation of the data obtained 

* The main abbreviations used are: EPR, electron paramapnetic resonance; GIy, &tycyl residue; His, 
histidyl residue; HMct, methionine in the form of a zwitterion; ir, moku concentration of free H+; 
On, cumulative equilibrium constant for the general reaction C$” + R Ay- - CuAg -nJ’)+ (PO= 1); 

PI _nI, equilibrium constant for the general reaction (cf. Section C), Cu’++A- * CuH_,A +n H”; 
Blol f, eq~~b~urn consbnt for the mixed amino acid complex (cf. Section C), Cu++ A-+ ES- * 
~(A~B; ~~~~~~ general facula for the ~~rn~~~~ formed by a reaction ~et~~~~ copper ions 
a.& a ~~~yp~~ti~ acid, H 

Q 
A; negative q means proton pencil obeyed by d~sp~~m~nt of protons 

from the band (for peptides, protons displaced from the peptide bonds)- 



mvlecuie is less ~b~~~~~~ those csbsained fr 

~S~~~~Y e for meta cumpbxe 

curate data cam be recorded. Thus, ~V~~~~~~~~ of a ~~~*~~Q~~c~~~r*~ 

complex may yield important info sardine the geometry of the metal 
site for strch metal ion-protein complexes, where the binding site is situated on the outer 
hydrophilic surface of the protein molecule. On the other hand, wfren the metal ion is 
bound very specifically to a site having a hydraphobic environment, then it mi&t he 

a few cases, to describ the g~~rnet~ via a solid aided 
ed in a s~~~~~t of 

r~gard~g the gfxt ry of the co~rd~~at~~ cture in a capper 

d, as a fast aphid ~r~~~ studie. 

and irk ttze c~st~i~~ state 

Many reviews have been devoted to copper pratceins and the biot ical role of espper ; 
see for insumee reefs, l-4. There are also a few reviews dealing with 

-weight “models” for copper proteid -2v1aJ includin$ 
aspects of 

two extensive ones 

The main ~~~~~~~~ within this article 
have been found to exist both in s 

d X-ray diffraction methods. fn addition, the ~v~pe~i)~~~p~e~l~) 
1 be discussed in relation to model studies on both ~0~~~~~) and 

copper(H) systems. Regarding spectroscopic properties, this discus&m will be limited 
to only a fess characteristic aspects of same copper proteins; spectroscopic data an low- 

opper complexes, some of them close lated to c~~~er-prutein 
een ~rev~~us~y rev~ewed~-4~ *9~20. Fi 

o have certain specific bio- 
iug~~~ ~~~C~ti~~S* 

A c~assi~~a~~n of metal ions s~rn~wh~t connected with e~~c~~~~~at~~ty has been 
proposed by AhrIand et al. *’ . Metal Eons termed type (a), or hard, t&m chenti 
which are electrovalent; i-e. their coordination is governed mainly bjr elec 

between charges of opposi signs. In general, the h&her &e 
radius of the metal ion, th trun~er the complexes ~~rrn~d. 

b), or ~~~~, on the 0 



The stability of their complexes daes not increase regularly with charge and decreasing 
radius. Also, fb) -acceptors prefer large donor atoms rather than smtifer ones 22 . 

An ~t~~e~iate cbracter, accor ing to the above c~as~~~at~on, prevails among those 
metal ions of the first transition series that have a large number ofd electrons; for in- 
stance, the position of copper(I1) i: the order of inmeasing (b) character is as folLxvs: 
Zn*I i ConI < NirJ < CdI. On the other hand, copper(I) is a true (b)-acceptor, a d” 
system with a low oxidation number. According to these rules we find that tie com- 
plexes of copper(l) follow the stability orderz3 

RS- > RNHX > OH- 5 $0 

Copper(U), which behaves as an intermediate ion, does not strictIy follow the (a)-type 
affinity sequence 

RCOO- > RNH, > RS- > H,O 

since it generally forms stabier complexes with nitrogen than with oxygen donor atoms. 
In view of the above stability orders, it is not surprising that coordination throu 

nitrogen and oxygen donors is important for copper(U) and that copper(I) forms very 
stable complexes with thiols and quite stable complexes with ammines. The copper(I) 
complexes of ~~~u~~~ ligands are g~u~r~~y more stable than the cor~espond~g cop~~~~~ 
complexes; the bifigand Cur complex of ammonia is three orders of magnitude more 
stable than that of the harder Gun ion, 24 In addition, an increase in the (b) character in . 

the series Z# < Corn < Ni11 < Gun has its counterp rt in a tendency to form complexes 
with the amide nitro the peptide bond. Thus, apart from Cu’+, it is onfy Co”+ 
and Ni2+ of these in iate ions that have the power to release a proton from the 
peptx’de &o~d~ see for example ref. 25, and fur a review see ref. 18. 

The low affinity of the soft metal ions Cu’, Ag”, md Hg” for water molecules may 
explain why they tend to accumulate in those tissues rich in lipids, Likewise, it is to be 
expected that the binding sites in copper proteins favouring univalent copper are sites 
having ~ydrophubic environments. This is based on the following potentials (versus the 

omel ~l~~trode)6 

Cu2+ +e-*Cu+ E= -89 mV 

which indicate that tic hydrated co~~~~~ ions are t~e~~y~~jc~y ~~s~ab~e in an 
aqueous medium (cf. ref. 261; copp ~$1) ions disproportionate into Cu” ions and meta& 
copper- The equilibrium constant for the disproportionation reaction 

2 cu+ = cu2+ + Cdys) (3 

has the vaIue 2f of-1*6X w M-‘. 
ft is ~p~rt~t to keep in mind, p~~~~~arly as far as b~~~~c~ reactions are Go~~e~ed, 

that this instabifity of the cuprous ion in aqueous solution is partly due to the compara- 



TABLE 2 

Equilibrium constants, K, for the reaction 2 CU+ + CU** + CuQ(s) in different ~&ems 

Water 126,127 Sulpha te 25 6.2 

PercbIorate27 25 6.0 
~~~~*0~*8 Perch~~~t~ 25 4.55 
Ethax&* Perch.Lxate 25 1.55 

tively strong soivation of cupric ions by water. Thus, the stability of CuI ions in sohrtion 
can be considerably increased if solvents other than water, which do not enhance the so& 
vation of cupric ions, are considered2* . This is illustrated by Tabfe 2, which’shows that 

the equilibrium constant of reaction (3) decreases in tie folIowing order: water > metha- 
nol > ethanol* 

Using the (a) and (b) type (or hard and soft) classification of metal ions, one observes ihat 
a metal ion with an intermediate character is best suited for interac~~n with proteins. 
This is particularly due to the fact that its main ligand atoms are oxygen and nitrogen. Qf 
the oxygen ligands the carboxylate groups are the most important and of t;he nitrogen 
ligands tl-rf= imidazole groups are fhe most important_ For the coordination: of CA.@ to the _ 

amide nitrogen of the peptide bond a chefate appears to be required, form?d via an 
ar-amino or an imidazole groupI . The ~-amino group has a relatively high $ value, and 
therefore it apparently interacts in aqueous solution only with a strong cokpkx-forming 
ion, such as the (b)-type Cui ior?* *‘* 3u. 

Complex formation via sulphur ligands may not be limited to the Cu’ i!n- The eon- 
siderably harder copper(I1) ions may undergo redox reactions with the thiol groups of 
the proteins, as they do with the low-molecular-weight compounds, forming --S--S-- 
bridges and copper(I) ions3’ _ Whether or not copper interacts wifh a sbgle thiol 

group present in a protein is not known. 
Apart from the metal ion affmity of the ligand atoms mentioned, most protein mole- 

cules contain one or a ft3w special binding sites for metal ions, where stereocbemical factors 
are alsoimportant. For instance, in dbumin there appears to be a sin&e sped& copper 
bi~d~g site, cf. refs. 3, I 1; and in myo~obi~ there are two specific sites, bne for a sin& 

Cua ion and one for a single ZnII ion, even though these sites are fairly cl&e to each I 
others2 - 

Wfien copper(I1) is coordinated to oxygen and nitrogen l&and atoms, k geometry 
about the copper atom tends almost exclusively to be a distorted octahedron produced 



by four short and two long bonds. One or both elf the long bonds may be removed com- 

pletely, or be outside the distance considered as a bond, barely forming a van der Waak 

contact. The resulting square planar and squae pyramid& geometry may be considered 

as a ~it~g case of a ~s~~r~e ~~~~~~~~- An em~~~~ c~~~~~~Q~ ~~w~~~ the stereo- 
chemistry of the copper(H) complexes and the l&and field effects produced by the four 

closest donor atams has been noted by Freeman”, and a discussion on this particular 

stereochemistry of cupric compounds has been published by Dun& and 0rgelS3. 

pyramidal copper(U) coordination exists in the Cul~ structures of glycylglycine3*, 

~ycy~~y~ine~’ ) ItI, 

I II 

c~~~(GIyGly) - 3H,O Na Cu’(GlyGlyGly)H,O 

which is of ~a~ticu~~ interest with regard to models fur coppe~~~ro~ein i~t~ra~~io~. In 

these stnxtures, I and I, tl~.e copper~~~ ion is s~j~~y lifted above the square plane in the 
direction of the Ofth ligand atom. A six-coordinated copper(U) ion, usually in a tetragonal 
distorted octahedral geometry, is quite common among model structures for copper-pro- -- 
tein interactions, for instance in 

ycine3’, (III), 
the Cu’ structures of glycylhistidine36 and glycyihistidyl- 

III 

@(Gly-L-H&Gly)NaCIO, * H,O 



s geQmet~ has been reported in 8 few cases, su 
, IVa, and the dip~t~ss~um ~is*bI~reto~upr~t~ te 

IVa KVb 
Bis4midzizolatocoppeJ$II) 

Regular tetrahedral symmetry about copper(I1) does not appear to have been reported 
to occur arnc~g low-molecular-weight models for copper proteins, but a flattened tetra- 
hedrdl environment about one kind of copper exists in the his-imidazolatocapper(I1) 
structure, IVb, where four nitmgen atans are the Ugzmds38 (cf. ref. 18). . 

Other kinds of Cu= coo may form during non-aqueous cond 
~st~c~~ in ~~~~~~e~ coppe d ~~~~~~~ form st~c~r~ GU,ClJ3 units, where each 
copgm has a Tripoli bi~yr . A 

by &re43 c~~rlde ions about -the cn~~~ and a solving rnol~~ul~ 
~py~~e~ complete the bipyr~id41 _ 

It flaws from this discussion that the §t~r~~~~ern~s~ of Curr compl 
siderably, and for copper-protein ~te~~~t~~~s an important implication 
the 1ig;md environment determines the coordination sphere about the CQ 

extent than tie copper ion itself. 
achemistry of Cur complexes is usually quite different from that of Gun 

c~~~~~~~~~=. The complete d c structure leads to a m43trical en- 
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vironment for the central metal ion, and regular tetrahedral, trigunal, and linear symmetry 

have been rep~~t~~. ~~weve~~ onfy a limited z~mber af Cu’ stmctures are known, a~~~en~y 

in genera& Iigands such as acetonitrile, halides, or sulphur-conttiing ligands; they strongly 
favour the univalent oxidation state, and only in the sulphur cast: might there be any 

particular interest for copper(I)--protein interaction (see Section E). There are na com- 
pfete stfueturai data avaikible on the 42~0 interaction with such l&and atoms as ammine, 

Ce THE BIOLOGICAL SPECIFICITY 6F COPPER ION’S 

Very Iittie is known in detail regarding the pathways through which copper ions are 
~~~~s~orted in viva in order to combine with the apopro~~~s within the cells and form 
the copper proteins. For mamm iary step invofves plasma albumin, which 
transports labile copper in blood’. ested that copper is transferred from 
albumin to tile apoproteins via the copper complexes of amino acids43-463 another 
labile copper(U) fraction present in blood plasma43 (Sarkar and Kruck’ ). As a part of 
this rne~~~~srn there may be a tares ~orn~~ex formed by ~bum~~, ~~pFe~~~~ and an 
amino acidQ3t 45* 45. 

Amino acids are present both in blood plasma and most cells at a low but defined con- 
centration; the total amount is about 2-30 mlM (Table 3). This concentration is more 
than a thousand times higher than the quite low concentration of labile copper, which is 
~~~~~x~ate~y 1 in blood plasma. In these concentration ranges, and at a neutraf pH, 
mixed amino acid ~orn~~exe~ of the type Cu(A)B ~redomi~a~~ rather than the I : I and 
1 : 2 species of one single amino acid4’; the most stable mixed complexes are formed by 

histidine (HA). One example is that of threonine, for which the structure has been 
de termined4’, (VI). 

VI 
Cu’(L-histidinz)(L-threonine) l I-I, 0 

complex was Faust isolated and crystallized from human blood plasma (Sarkar and 
Truck’); the stab~~~onst~t4~ is/.$,,, = 10”r-6. 

The corcentration of copper in blood plasma and the tissues is very tow compared to 
the other complex forming metal iuns (Table 3). This raises the question of how the 
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TABLE 3 
Total concentrations of amino acids and of the main metal ions forming labile complexes in human 
tissues 

IOIl Biood plasma Liver @ 
0 @mole. kg-’ ) 

Calcium 2,500 1,000 
Magnesium 1,000 20,000 
zinc 20 1,000 
Copper lb 100 
Amino acids’28 2,sooC 30,OOOd 
Glutathione 0 3,000 

a Listed data only correspond to the right order of magnitude. 
b Labile copper. 
c Hi&dine, 80; tbreonine. 130; cystine, 100 PM. 
d Histidine, 1000; tbreonine, 10000; cysteine/cystine, 1600 pmole. kg-’ 

copper ions compete with other metal ions for a certain binding site, One answer involves 
the very strong copper complexes of amino acids, which are much stronger than those 

of other metal ionsz4 . Thus, protein binding sites which cannot compete with the amino 
acids for the copper(I1) ions may instead react with the other metal ions. Therefore, it 
is suggested that it is the amino acids that are important for the regulation of the copper 
ion specificity. As an exampfe, we may estimate the ratio between the concentration of 
a supposed protein complex, CUP, and that of the mixed histidine-amino acid complex. 

fCuPl/ fCuIA)Bl = PI Peti@- ’ WA1 [HBI Plo l 1 K,,~,,)- ’ (4) 
It is assumed that several amino acids (HB) can form mixed copper complexes with histidine 

(HA) that are almost as stable as that formed by threonine. Also, the concentration of these 
amino acids in the form of their zwitterions, here denoted as [HB] and [HA], are approxi- 
mated as being equal to the total concentrations of the amino acids. To begin with, we select 
three binding sites which do exist in metalloproteins and which consist of the following 
llgands: (I) three carboxylate groups (staphylococci nucIease4y), (2) three imidazole 

groups (cf. carbonic anhydrase5*), and (3) two imidazole and one carboxylate group 
{cf. carboxypeptidase’ ’ and therrnolysines2). As a first approbation, we estimate the 
stability constants for these sites from the data on’the corresponding low-molecular-weight 
systems24 : (1) 31og p1 = 5.1, (2) log P3 = 10.7, and (3) log fi2+t = 9.6. Then we introduce 

into eqn. (4) a value of 0.1 mM for the concentration of each protein site (P) and 0.1 

m.M for that of histidine (HA), 2 mM for those of the other amino acids (HB), and then 
the pK values (pKHA = 8.9 and pKHn = 9.2), and fmally a pH of 7.5. This yields the 
following results: (1) 1 O-6*7, f2) 10S1*~, and (3) 10-2*2, it appears that from these data that 
none of these sites really form such a strong C@ complex as that of the mixed histidine 
complex. 

On the other hand, with the application of these same calculations for zinc(II) ions, 
using the data listed in Sfability Consturzts24, we arrive at quite different results: 



(1) 1012-3, (2) 10”-9, and (3) 10 la. In addition, considering the large difference in total 

concentrations between Znu and Gun (Table 3), these data indicate that, as far as sites 
~~rnber two and three are concerned, there should be more than 10,000 zinc ions bound 
per CuIl ion. Thus, it. is demo~s~at~d that these sites really are specific fur zinc ions, in 

spite of the fact that the copper complexes have the larger stability constants. It should 

‘t>e noted that the true zinc(U) stability constants determined for carboxypeptidase and 
carbonic anhydrae are larger than those predicted here from low-molecular-weight com- 
plexes3. Thus, the zinc complexes will be even more predominant. 

N&her Cuut nor ZnU ions, however, seem to interact witfi site bobber one, it pure 

carboxylate site. instead this site ay form complexes with iron( If), catcium(II) or 
magnesium(II) ions. For the latter two ions we estimatez4, assuming the 1: 1 amino 
acid complexes and using an equation similar to eqn. (4), the values of 1 0°q6 and 10-* S, 

respectiveiy. Therefore, for calcium(II), site number one is m table than the amino 

acid com~iexe~. It is interesting to note that three calcium me for which 
the st~ct~res are known, “Jle calcium ions via carboxylate groups4q~52*53. 

Another exarnplesf pro ding sites for copper ions which seem to be regulated 
via the amino acid complexes are those sites which involve chelates formed by the 

teminal amino group and neighbouring peptide bond nitrogens. Among the metal ions 

fisted in Table 3 aniy the copper ians have the capacity to react with such a site”‘- The 
effect of a ~~t~dy~ residue ~~th~ an ~-t~~i~~ site is ~us~~ated by three exam 
assume tha.t these N-tltrminal sites contain the following amino acid residues: 

(4) Gly-Gly-Gly-Gly- . . . , (5) Gly-His-Cly- + . . , and (6) Asp-Ala-His-. . . . For 

the fourth and fifti site we estimate the value of the stability constants, & _ n, ) from 
those deters n the tri~ycin~54, te~~~ycin~‘~, and the glycylhist s sys- 

tems. Far the s site, which is the same as ~b~rn~, we use the value for 

the human albumin complexgDr 45 (n is the number of protons released by CuE1 from the 

peptide bonds): (4) log 0, _ 2 f = -69, (5) log & _ I1 = 6.5, and (6) log 13, _ 2 f = 3Ll. Then, 
g a pK value of 7.8 for the N-terminal amino group, we dete ine’the ratio between 

e coficentrations of the “protein-bound” copper and that bound to amino acids from 
e fo~~~~~ equation. 

By using the same data as those of sites 1-3, the results are (4) 10-“**, (5) 10”” and 
‘*’ (6) 10 _ It appears from these data that the N-terminal part of a peptide chain beromes 

and for copper@) only when it contains a histidine residue. The value of 0. 
ned for site number four, indicates that at physiological copper concentrations 

the amino acids protect most proteins from react with copper ions via their 

tm-rninal ends. In our example, the sixth site doe rrespond to that found in 

d the results, ~~0~~ a doubt, con that ~burn~ contains the rn~~ frac- 

e copper in blood plasma’_ 



ustrate that d low, but 
on of amino ac1 ems to have an ~~~r~~t func in ~e~u~~~~g 

the specificity of the reactions for copper ions. Due to the strong G~rnple~es formed by amino 
acids, ~~~~~~~y the mtied histidi~e complexes, the only Cu’ ~urn~l~~e~ able to farm are 

at are extremely stabk It ~h~~~d be kept 

a ~t~~~~ty ~~~st~t that is much ~r~at~~ awn 
me AIso, the copper ions might be required to stabilize the conformation af the 

protein ~~~~c~~~, and then the ~tu~~~n may hec~rn~ much mare corn But, at any 
rate, th42 ~e~2~~~s~~p between the different ions is in ~r~~~~~~~ correct; e, for mdst 

of these “we ” Gulf sites, such as sites number two and three, ~~~pe~I~) ions debut 
be bound as fang as tic ions are present. 

ilar to those ~~c~~~~g under aerobic equ 
ditions have been ass~~~~. This is appr~x~~tely ~~~~e~t’as far as blood plasma is con- 

cerned, but very little is known about the true conditions in the tissues, Under these 

c~~d~ti~~s very few or nf) free thiol groups car3 exist. A blitz 
mn may occur under ana~r~b~~ ~~~d~ti~~s. Then, there shiouId be a ~~~~ed 

concentraiion of thiol compounds which do fcrrrn very stable copper(I) ~~~~I~x~s~~ 

(pi E 10’ ‘**). It seems possible that glutarhione or cysteine may pIay the same role as 

that of ~st~d~~e for CQ altftough, as yet, th_is has not been ex~er~e~ta~y verified_ 

s may also form under aerobic ~~~-equ~ibrium co~d~t~~~s 
after reduction of cop II). This last condition seems to prevail within many cells, since 

re that cyst&e predominates over cysti due to the presence of the ~uta~~ne re- 

sti* However, ~x~da~~~~ Of CU’ iof C~rn~~~~~~ tay ~Q~ec~~ar ~~~~e~~ 
with simultaneous formation of disulphides~ is a relatively fast process and therefore the 
mixed Culf-histidine complex should still be the rn~~ ~~~-molecular-wei~t copper 
~~rn~~~x~~ (cfi ref. 441, As a result, within aerobic cells, the fo ation of such a C~-~~~~ 
compfex is possible only as a quite short-lived step in the transfer of copper to the apo- 
protein. Nevertheless, such a copper(I) system makes it possible to underst.ad the te- 

ly fast tr~sp~r~~ti~n of copper ions from brood plasma into e ce1ls9*43*44 and 
ore, that some a~~~r~t~i~s react with ~~~~e~~) rat&r th c~~p~~(~I~ to form 

the mature buffer proteid7. 

Of the ~i~~~g~n dorm atoms present in prateins those of the imidazole, a-amino, 
~-~in~~ anh ~~~~d~ amide ~r~~~s are the most important. The most ~p~~t~n~ ~xy~~~ 

donor atoms are ~~~ of the carb~xy~ate groups. It could then seem as if the ~-~~~o 
acids, having both an a;-amino group, a carboxyEate group, and in a few cases also an ad- 
ditional binding group, wouId be suitable made1 compounds for studying copper-protein 

interaction; h~wewe~, is is not so. The ~-~~~ acids preferably furm very stab~~ f&e- 
membered chelate rings via the ar-amino and carboxylate gro 
which in a protein are present in the form of peptide bonds. Side&tins, which app~e~~y 
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are the most important Iigands in a protein, are very often not involved at alI in copper(I1) 
complexes of ar-amino acids. This is well illustrated by the crystal structure of bis- 

)~uppe~II) d~~trate dihy rate, where tie imidaole side-chain remains un- 
In a mixed &elate involving both ~r~o~n~ and ~~st~d~ne, however, 

copper(I1) is bound not onIy to the a-amino group but also to the imidazoIe group”s, VI. 
As discussed in the previous section, this and similar complexes certainly have important 

biolugical functions in regulating the formation of highly specific copper-protein cam- 
plexes, but they are not accurate models for copper-protein interaction. 

In the metalloproteins that have been analyzed by X-ray crystallography, it has been 
found *that their meta ions are bound via side-chains of the proteins. For instance, in 
the zinc ~~t~~prot~~s ~~~r~~xy~e~tjda~” t car onic a~ydra~~‘, and thermo~ys~~e5’~ 
the zinc ions ore bound via both imi azole and carboxylate groups. As far as tie copper 
complexes of proteins are concerned, only one complex of myoglobin has been subjected 
to X-ray diffraction anaIysis3’. In this complex an imidazole group binds just one single 
coppetiiI) ion on the protein sur Additional binding of cupric ions leads to de- 
saturation of the myog~obi~ mol 

The z~n~-~~d~~~e systems, used as modefs fur ~~~-~rot~in ~t~ra~tion~ have fur- 

nished quite detailed information regarding tetrahedra159 and octahedral zinc coordination?’ _ 

The tetrahedral coordination has been found to exist in carbonic anhydra&“, carboxy- 
pep tidase5’ and thermolysine’ 2 ; the octahedraI coordination has been found in insulin6’. 

The ~oppe~iI)-~id~o~e structures, on the other hand, are different from those of 
zincfll); they do rrot coffin any discrete ~om~Ie~es, Tbe ~o~p~~II~-~~d~o~e ~~tgms 
usually form infinite chains in the crystalline state, where bridges are formed between 
the copper(H) ions”” *‘. One general rule appears to be that the four cIosest ligand atoms 
are nitrogen atoms from four different imidazole malecules, and that the anions, if present, 
occupy the fifth and sloth positions of a distorted octahedron62- 

In the bI~~id~~~ato~op~er(II~ strut ture”, the ~~omet~ about one type of copper 
atom is nearly a square plane formed by the nitrogen atoms of four imidazole moIeeuies 

(IVa). All of the imirjazole molecuIes form bridges to the neighbowing copper atom, which 
coordinates the second imidazole nitrogen atom forming an infinite network. The coordi- 
nation about the other type of copper in this structure3’ is considerably distorted from 
a square planar towards a tetr~e~~ ~rnrne~~ (IVb~= One interesti 
bio~~~~c~ implications are concerned, is that, of the Cu”- 
so fa.+ 62, the Iengths of the copper-nitrogen bonds vary considerably from I.95 to 
2.06 A. As a result, a relatively wide range of changes in bond length can occur in a protein 
cavity. Also, the direction of the coordination varies among these structures38T “. Thus 

cop~e~lI~-~~d~ol~ c~ord~ati~~ is possible in a protein cavity, even thou 
cfiemistry does not petit aII bonde ~i~uge~ atoms to form a reg~~ar squ 
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{iij Copper(D) complexes of the wunino terminal end 

The ar-amino group is another nitrogen donor atom of great importance for copper- 
protein interaction, usuahy in combination with its neighbouring peptide bond amide 

groups. A prerequisite for such a binding site is, of course, that the cu-amino group of the 
protein is available so that it can react with the copper ions. Also, the amino termi& 
end of the peptide chain has to be.relatively flexib!e, in order to permit a copper 
chelate to form without any major confo~atio~al change in the remaining part of the 
mdecule. For low-moIecular-weight peptides, which do not have a pronounced tertiary 

structure, as a general reaction, a stable chelate forms via the o.-amino group and two or 
three peptide amide groups. This is well ilhtstrated by the structure of CufE-pentagfycine63, 
YII. 

VII 

Na, ~u~(GIyGlyGlyGl~ly) - 4II,O 

Also in solution, high precision emf datas4 measured over broad ranges of total copper@) 
and &and concentrations show that the corresponding trigiycine species, CuH_ ?A-, 
predominates at neutral pH (Fig. 1). In this study s-z a detailed data treatment was used 
that does not introduce any a priori assumptions regarding the compositions of the com- 
plexes formed. 

The presence of a histidine residue, in the second or third position of the amino ter- 
minal part of “rhe peptide chain, enhances the stability of the corresponding complexes 
forming tridentate or tetiadentate chelates via the o-amino, amide, and 1-imidazole 

nitrogen.atoms. The cdcuIations described in the previous section (Section C) do show 
that in mammalian tissues such a histidine residue is necessary in order to overcome the 

strong complexes formed by the amino acids. Also, at pII 7.5, the tetradenate complex 
is much stronger than the tridentate complex (Section C). These chelates are only formed 
from the ~~te~~~ end of the molecule, and not from the C-terminal end 
having a histidine residue in a simiIar position. This is ilhrstrated by one of the 
structures of mu*-~ycy~istidylglyc~e 37 III. Similar chelates also form with globular , 
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2 3 4 5 6 7 8 

Fig. 1. distribution of cu *+ between different complexes in the ~~~p~~~~~~-t~gly~inc systems4. For a 
) the number of rnQ~~~~~r ~~~rn~~~~u~~ '* present as a given speties is represented 

by the segment of the vettico1 Zhe filing within the c~~res~~~d~~g range. The minor species are in- 
dicated by their Cpqr) triplets in the general formula ChPHqAr. 

proteins, as indicated by e very strong first lopper site of serum albumin* burns 

dbumin has the N-term” acid sequencee4 Asp-Ala-His-Lys- . _. d bovine 

albumin has that of Asp-T A great number af chemical data indicate 
that these proteins form tetradentate copper(I1) chelates via the cr-amino group, the two 
neighbouring peptide amide groups, and the histidine imidazole group64 (for a review, 
see ref. 1 I), but, as yet, con~~~s~ve c~s~~~~~aph~~ data are lacking- Due to the very 

strong compkx farmed by such an ~-t~~~n~ st~ctur~, at neutral pH, one may be 
inclined to suggest that similar complexes form am&g other proteins that have a histi- 
dine residue in the second or third position. However, the N-terminal amino acid sequences, 
as determined for two copper proteins, azurin and umecyanin, do not reveal any histidine 
residues65* 66_ Whether or n uch a particular N-terminal binder site is involved in 
other copper proteins is not WR. 

Pt should be understood that there are many degrees of rigidity occurring in different 
protein molecules, from the quite flexible amino-terminal end of albumin to the rigid 
peptide chain that cannot move at ah. Accordingly, a peptide chain having a certain spe- 
cific conformation may yield the binding site indicated by the structure, VI&, of the 

ixed ~~~~~~~~ species formed by ~j~yG~~~ and ~~d~o~e6~ + 
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~q~e~u~ solution c~~~~r~II~ ions do not form any c~~~f~xes via the ~-a~~~ ~r~~~~~. 

Thus, in the solution study of the Cu ~i-6-arninohexanoic acid (HA) system, the data in- 

dicatk that the coordination involves orlly the carboxylate group@“. This is confirmed by 

a ~t~ctur typic of the cays ous S~~~~Q~~~_ In 

CQ 

n atlas frmn four different ligands. The second oxygens of the carb~xyl~te 

e copper is first seduced 

er ~t~cture of Cu ic acid, IX; four amino 

~~leeul~s are coordinated to a contra copper atam, two of them via a c~~~~xyIate oxygen 

atom and the ather two via a nitrogen atamsO* W. 



The centrosymmetric atoms that form an almost square plane are trans with respect to 
each other. We tentatively suggest that during the synthesis of this complex a linear cop- 

also forms with imidazole molecuiesS5. Furthermore, the linear copper(I)-ammonia 

complex has its counterpart in the copper(diaceta todiamine structure” ? X. 

This strl.lc turP ) X, crystallizes in a similar space group, P2, /6: to that of the ci-amino- 
hexanoate structure IX. The environment about the copper is v I-y si.miku in these two 

st~~tur~s~ IX and X, and so are the angles and bond ~eng~s.~f the ~oord~at~o~ ~o~y~~dra~ 

From these data, it appears as if the corn~~ex 
considered as a potential structural model for those copper binding sites that readily 
undergo reduction and oxidation, Such a binding site having “unidentate” ligands permits 

the ligands to move independently, and the colsrdination sphere can be rearranged or 
changed without any serious hunage to the protein, For instance, a linear co~pe~I) com- 

plex, kept in position by two E- in0 groups and situated in a somewhat hy 
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environment, may be readiIy transformed inta 
eous approach of two ~~~b~x~~ate 

a capper complex 

groups (ecp. (6)). 
via .tian and 
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TABLE 4 

Stability consbnts of manonuclear complexes and pK vAxs of the ligands 

ugand Pk’ 
1% Dl loI3 P2 log Pl loI2 B2 

AGzN&FO 4.31 7.98 5.93 10.86 9.61 b 
lmidazole”’ 129 4.33 7.87 5.78 10.98 7.11 

15-2 9.6 
10.17 6.2 8.55 

2.60 4.61 
~ -_ 

u Involving th c a-amino grc~up, but no ptide bond amide groups. 
E, pK(e - ?wJ = f0.2* 

In Iow-molecular-weight systems, mononuclear complexes with only two carboxylate 
groups form if additional oxygen atoms are provided by substitution in position 2, thus 

yielding carboxylates of the type R, -C(OR,)-COO-. Two five-membered chelatf= rings 
are formed, as illustrated by the stru~tu~ of Cu”-lactate74J XI, 

~~~ever~ in a hyd~~~bobi~ protein cavity the fcr ation of such a ~~~p~ex may require 
as much energy as that of the ccmplex formed according to eqn. (9). It appears as if a 
third and a fourth oxygen atom can only approach the copper coordination sphere if 
there are neighbouring, positiveIy charged groups present, such as fysine residues. Then, 

Our calculations show that on a protein surface earboxylate groups atone cannat 
compete with other ligands for the very limited arnaunt of copper present in biok~ 
tissues. In a half-hydrophobic environment, slightly removed from the protein surface, 
the charges are enhanced and as a consequence, a rno~~n~c~~~ ~0~~~~ compiex might 

qwever, it seems as if such a c 
favour binuclear and ~01~~~~~ coppe I) complexes rather than mononuclear c0mpfexes, 
unk~s one or two positively char@d side-chains are available. in addition, the cakulations 
described in Section. C indicate that the copper ions cannot compete: withsome of tie 



hard meta.! ions, Ca*+ or hfg*+, for such a site, On the other hand, for copper ions, the 

mixed chromophore CuN2 Oz- 4 rather than a mononuclear copper@) carboxylate site 
would bk much more favoured as far as charge relations, stability const~ts~ and low- 
moie~ul~-weirs model structures are concerned i(cf_ structures IX, X, Table 4, and the 
discussion in Section IX@-@. 

It is ge~~r~ly understood that ~~p~e~~) is the true electron donor in redux reactions 
~vulv~g copper proteins. Never~el~ss~ very lit tie de tailed ~nfo~a~o~ is ava~able re- 
garding co~pe~I~-protein interaction. 

One reason for the limited amount of ~fo~atio~ available is that copper(I) diSpropor- 
tionates in aqueous solution (eqn. (3)), which makes it difficult to study the labile and 
weak complexes of co~pe~I)_ One method to avoid this disproportionation is to produce 

copper(I) in the form of a complex into the solution, using a ligand which forms much 
stronger complexes with copper(I) than it does with copper( Examples of such Ugands 
are acetonitrile, some halides (chloride, bromide and iodide), and some sulphur-containing 
ligands. Most of the Cul crystal structures investigated so far contain one ligand of this 
kind, and ~on~quen~y they yield only limited information regarding copper(I)-protein 
interaction. In solution studies invoIving an additives ligand the e~u~~~ri~ become much 
more difficult to ~t~rpret, since the addi~u~al Lloyd will compete strun~y with the 

ligand under ~vestigation. The system til then consist of four compunen~: Cuft fi*, the 
model compound, and the additional l&and. Accurate data treatment for such a system 
would require eve-d~ension~ measurements and apparently as many as ten thousand 
measuring points7’ _ It should be noted that the few measuring points obtained from one 
single titration curve are not sufficient for an accurate quantitative data treaters on 
such a complicated system; such a limited amount of data will support many different 
assumptions regarding the compositions of the complexes. 

Another method to introduce coppe$l) into aqueous solution is to generate copper(I) 
ions into the solution containing the figand, by using either a met&k copperT6* ” or a 
copper begs electrode _ 78 Throu~ the use of a metallic copper electrode, Hawkins 
and Perrin” detrained stab~ty constants for zf series of systems, in~Iuding those of 
the Cu~-~id~o~~ system (Table 4). However, the composition of the assumed eompfexes 
was based on data that onIy involve a singk value sf the total concentrations of copper 

and ligand’? - This data treatment does not exclude the existence of other species, such 
as pulynucle~ species. 

Using copper amalgam, Bjefrum” produced univalent copper by reducing a copper(H) 
soIution of ammonia. He reported that tog fll = 5.93 and Iog & = 10.86, at 18OC and 
2 M ionic strength. 

The method of generating copper(I) ions in the solution containing the @and by using 

a two-pha~ copper arn~g~ electrode has been veloped only recentIyT8. One advantage 

of this me~od is that several measures points may he recorded in a closed, anaerobic 

system, where the copper arn~g~ is ah used to measure the copper ion activity. Two 
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systems have been studied by this method: ~~~-~u~~-~igly~~~7s and Cu~-~.~~o~ 
hex~o~~ aci&” * Pn the fb-st CasP I the main species uras foun 
copper species, C&.PH_ 3 A2 2 - _ 

to be a mixed ~o~~e~~~- 
nts over a range of copper and figand 

concentrations indicate that fAis specie aks in the solution when the pH is 
h&her than PI-I 7, The fact that three protons have dissociated from the peptide bonds in 
the species Cu’Cu”H A 2- ind -3 2 s that at least one of these three protons was 
~~~e~~d by ~~~~~~~~, and thus in respect ~~iv~ent copper has the same ~a~a~~~ as 
that of biv~e~t copper. The composition of this mixed species is very similar to that of 
the binuclear copper species Cu, H_ Q A, ‘- y which exists bath in solu tionS4 and in 

the crystalline state 3s II. For the species p resent in solution we may formulate the fol- 
lowing redox reaction? 

~u~~~ 
2 

A 2- +e- -f ~~~~~~~~1~H 
-4 3 

A 2- -3 2 w3 

It is interesting,to note that the equilibrium dataJ4’ ” yield a standard redox potential 
of -6340 mV far this reaction at pH 7.0. This is the same order of magnitude ES the PO- 

r some copper proteins7q. 

system of ~~~~xa~~~~ acid, on the other hand, a ~~~~~~~~~y 
complex is foxed, the tetra clear &:A4 species2? This specks differs from 
proposed by previous authors cm coppedI) systems of nitrogen donor atoms24 1 but it 
has a composition very similar to several copp r(1) complexes that exist in thf: crystalline 
state: the ammines, (CuXg RNH2)4, the triethylarsine, [CM l As(C2Ii&]4, 

di~ioc~b~ate, fCuS, CN(C,H, I2 1 4, syst~ms42~~~. These st~ct~res cant 
metal ~~~u~ af Cu, tet~~edra wi r-copper ~sta~cgs, 2.6% - 2.80 A. A 

similar tetrahedral cfuster of four copper ions is found in the structure of the eom- 

pound Cu - C, Ii, I NO,, but the Cu-Cu distances are considerably longer and the copper 
a tom are oxygen-bridged” , (The ligand C, H, f NO, is a tridentate Schiff has derived 
from a~e~~ac~t~~e and 2-~~o~~~oI_) 

It has n s~~~sted that a four-nuclear cluster er ions may exist in copper 

proteins, in cerutoplasmin;see, for instance, Cur Cumin& . The numbers 

of copper atoms present in ceruloplasmin, lactase, and ascorbate oxidase yield integers 

when divided by four (Table 1): Frieden et al. 82 have pointed out that all the enzymes 
that reduce oxygen to water have a multicopper nature. In ~e~lopla~ in such a four-nu- 

clear cluster of copper ions can explain boy of the relations ~~~~o~ and ~~~~gsi 1, 
but some EPR data indicate &at in the ~iv~~~t state tfte copper atoms are at least 6 A 

apart (Blumberg”), If such a cluster exists, the valency change from Cur to Gunr involves 
considerable rearranging, and the resulting Cu n--Cuu distances would be much longer 
than in the low-molecular-w tetranuclear structure” _ Such a farge than 

~o~~~r ~~v~~~~ent must als vofve a ~u~fu~a~u~ of the prote~* Recent 
datas3 indicate that the mod& of four e~u~v~~nt copper ions barfly have to be 

considerably modified, since there are neither four equivalent copper atoms in cede- 
plasmin nor in the “blue” oxidases. 

On the other hand, the copper ions in these oxidases are all functionally related, and 
they are ~vu~v~d in the same ~~y~at~~ r~a~~~~. Kinetic data do educate that erectors 



are tr~~f~r~ed from one site to anotk# = One model structures4 which, indicates possible 
transfer of electrons with the protein is Cu=~~~~y~-~~ 

this sfructureSQ there are bridges formed both by carboxylate groups, C 
and by peptide: bonds, Cu-N=C=G-Cu, each of which connects two different copper 

ges ever occurred aeon a copper protein, they 

xidine ~~~~e~1~ ~~r~h~~rat~8~. In the latter ~~ruc~ur~ 

the coordination geometry is a regular tetrahedron, and copper(I) is bonded to four 
nitrogen atoms, each of which belongs to one pyridine moleculegS giving structure XIL 

Pyridine molecules are, of course, not usually present in proteins, and this structure is 

of direct interest onIy if we ex~a~o~~t~ to a similar ~id~o~e st~etu~~. ft is then in- 
teresting to note that four ~~d~o~~ molecules appear to stab the ~~pp~~~~) state- 

This is shown by the structure CuB(imidazde),I, , II, whe the environment about 
the copper atom is es~~ti~iy square ~1~~~ with two quite distant iodine atoms (3.42 & 
and 3.87 IL.. ~orn?~~~ng a very dj~t~rt~d ~ct~edro~~~. 
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k ~~~~er~~~ ~~~~~~ Site, C3thtX than that of the far ~i~~~~~e gsoups, 

IWQ or three of these groups. A t~~~on~ or a linear C*~~~rn~d~~o~~ 
~~us~b~e if we extrapolate from those Cul strut 

able in the crystall 
feature for the s~~~~ed ‘~~~~~b~~e” copper of cop 

is capper(I)-iimidazole ~~r~hIor~t~~~, but so far the c 
ly been available in a size suitabk for powder diffra 

ese crystats are ~s~nt~ally is~m~r~h~us with those of 
bis-imidazofe silver nitrate8’. In this structure %a XIV, silver is Linearly coordinated ta two s 

imidazole molecules. 

In a protein cavity, a copper(I) binding site, havin two or probably three isnidazsle side- 
chains, permits additional Iigands to approac: j for instance, carboxyiate groups may 

e coordination sphere when copper(Ij fs oxidized to copp~r(~~)~ a reaction 

of a kind similar to that illustrated by eqn. (6). 
From this dispassion it appears that as far as redox reactions of copper pr 

ost ~r~rn~s~~~ rn~~~~~~~~a~ models a12 those of the kind in 

alnd C@ ~~rn~~~xes exist. A finear ~~pp~~(~) complex and a tetra- 

co~rd~~a~~~ cu~~~~~ ) corn~~~x await the birding of add~t~~na~ ~jga~ds, formi 
~~~rd~nati~n ~urnb~~ of three and four for c~~p~~~~) and a ~o~rdina~on numbe 

and six for cq~pen(II)~’ ‘=. It is therefore proposed that CuIN, and CJ.J~~N~O, _ 4 chro- 
mophores are important models for those coplper ians present in copper 
undergo r~v~rs~b~~ r~d~ct~~~ and oxidatiuin reactions (cf. eqn. (6)). A_ st 
coordination of copper to four tiidazole graups indicates that such a site may also be 
important as far as the redox reactions of copper proteins are concerned, provided that 
the e~v~~nrne~t is hydr~~h~bic~6. 

When various kinds of atoms are considered as Egands in ~o~~~r ~rot~~~s, it is im- 
portant trot be aware of the true vafencp state of the copper ions that enter the apoprotein 

during biosynthesis. During aerobic equilibrium conditions copper(11) rather than copper(l) 
is the pred~m~a~g copper km and as a result, nitrogen ligand atoms wound be preferred 
to sulphur l&and atoms, On the other hand, within the cell most reactions are frsnl 

their equilibria and even during aerobic conditions, a certain number of free -SH groups 

are ~v~~b~e~ As has been ~~v~~~~y ~~~~~~d in Section C, some of the ~~~~~~~1) 
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complexes that enter the cells rn~~~ first b 
fived but very stable Cuf ~urn~l~x of either 

d and then transfo into a short- 
r or slot such 

a ~orn~~~~ is im~~rta~t for the f~~a~~~~ of ~~~~~~ ~r~~e~~~ is not ha 
As far as the sulphur ligands presetlit irn proteins are concerned (such ols, thiaethers, 

and disulphides), it is known that they interact with iron(D) and iron(M). This is in- 
dicated from X-ray diffraction studies on single crystals of iron-containing proteins and 
low-molecular-weight iron complexesa - ‘I _ In the corresponding copper systems, how- 

available. As indicated from the (b)-type affinity s~qu~~~~, the copper(I) 

e two iron ions ~~e~~r~bly int racts with su~ph~r donor atoms (cf. SeGt~~~ 

importa ~~~er-~~~~u~ ~~~~~~~~i~~ in copper ~nzyrn~~ has 
~~~~d in some deta ~~ericb~ and ~~i~~~t’ _ 

Studies on non-haem iron proteins have demonstrated that thiol groups present in 
proteins are &t~portant ligands for the binding of iron ions”. With regard ta the inter- 
action of this1 groups with copper ions, it is not only the role of these groups in tie 
protein binding of capper that is unknown, but also there are great difficulties in ob- 
tai~n~ d~~~~d mcdcl complexes. Fur i~st~~~, it is not known whiter or not a cys- 

ue within a peptide chain can ~~t~r~~t wi 
he ~ej~~bo~ring p~~tide bond aide rr;r 

of the type R - CH,SH is stupid, E=I-I, l 
and it pul~rn~~~e~~~ last dif~~~~~ was 

used by ~~l~~ff rind St~~k~~’ in their study of tile CuI complexes o 

used solutions that had high backgroun ~~~~~~trations of other liga 
complexes with copper(I): 1 M NH, and 0.04 M SOS2 -. They repor 
complex with log Qs = 19.19. However, both ammoniaz4 (iog& = 5.9) and sulphitez4 

@%Pl =: 7,9) from fairly stable Cu’ complexes and at these high concentrations, the 

formation af mixed complexes involving ~~st~~~ and one of these other li cannot 
be ex~l~d~d~ If it is ~u~~~~~ for such a rn~~d species to form, the st~biiit~ ants 

o investigated the reaction of 

As far as X-ray diffraction studies are concerned, some inferences regarding the copper- 

thiol interaction may be drawn from the data reported on the structures of thisurea and 
its d “vative tetramethyhhiourea. In sne such structureg4, copper(i)-=-thiourea chloride, 

xv, ~me+~ about the copper atom is an ~must regular t~tr~~dr~~ with Cu-S 

dis~~~~s bairn 2.28 to 2.43 Art, 
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/“\ 
xv 

Cu’(thiourea), Cl 

This geometry about the central metal ion is also found in tke iron-suiphur systems of 

~o~*haem iron proteins, where each iron atom is tetrahedta 

atoms’ ’ . 
Several other copper(I)-thiourea structures have been reportedg”, but only a single 

copper(H) structure of this kind is known : the ruby-red copper(U)-tetramethyl thiourea 
chloride crystalsg6, XVI. 

In this particular structure, XVI, the coordi~~t~o~ geometry about the copper atom is 
best desc~b~d as a ~onsid~r~~ly flattened t~t~~edro~ witlr Cw-S notices fro 
to 2,339 A. 

Other structures that might simulate the copper ion interaction of thiol compounds 

are those of the thiocarbamates. In the coppei(I)-diethyldithiocarbamate” and the cop 
per(I)-dipropylthiocarbamateg7 structures there are clusters of four and six copper 
atoms, r~~~~~v~~y~ with e ~o~~~r atoms located very close to each other (cf. Section 
Do). The CU~~~~~~~ st re of a simifar ti d, di~r~~y~~~~~~b~a~~~* 2 differs 

from the copper(Ij strucmrerst In the coppe structure’s there are. two copper atoms 
located fairly close to each other, at 3.38& ch copper atcm has a distorted square- 
pyramidal coordination to five sulphur atoms; the four closest sulphurs bind the copper 
via two four-membered &elate rings, each of which is formed by one &and, and the fifth 
apical ~X~h~~ is shared by the ~e~~bou~~ cop+ atom, thus fo~~g a b~~~~c~~a~ 
lmitg8 (cf. ref. 99). 
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The ~p~r~n of the ~~~Z~~~~~ &and, as regards supper-~rote~ tions, is 

~bst~tiated by e presence of a djsu~~hid~ bridge in ~rnos~ every pr ~1~~~~~~ 

ctian afysis of ~e~yldisuipfride_copperCl) clouded it is clearEy 

indicated that copper(I) i~ter~~t~ with di~~phid~ sufphur a~oms~~*_ In this structure, XVII, 

the copper atoms are tetrahedrally coordinated to two chlorine atoms and to two sulphur 

atoms, one from each of two molecules” 

“The thioether group is part of only one side-chain, that of m~~ionine. The role af the 

thioether group in metal-protein interactions has recently been revealed by the X-ray 

~~s~~ug~~~h~~ analysis of cyto~hrome C; in this structure a thioether I;ulphur atom oc- 
copies the sixth csordination ~~~~~~ of the iron atom e G~ppe~~~~~ intfXC3Gtirr;fl Of 

the thioether group, on the other hand, has mainly been studied in soh~tion. Thiether 

carboxylates form both four- and five-membered chelate rings with copper( involving 
both 0~~~~~ and s~~~~ur donor atoms t’Ly “‘. There are no safe s 

the corresponded ~op~e~1) systems. But coopers) does interact wi 
up in tie crystal ~~cture~~3 of 2(C,H,S,) - 3CtKX Some ~~fo~a~~n of direct 

portance for ~o~~~~)-~~~tein ~terac~on may be ub~~ed by ~x~a~o~at~o~ from 

the data ~~~ort~~ for two recent s~uc~res of s~~~~I)-rne~~~i~e~~~. In these 

tures, Agi is coordinated in highly distorted tetrahedral and trigonal arraqements, 
I. 



F. hlODELS I=OPr BINUCLEAR COPP R BINDING SITES 

A series of studies by Malmstriim and collaborators has indicated that bivalent copper 
with a few magnetic moment exists in copper enzymes having oxidase activity, such as 
two Iaccases, human ceruloplasmin, and probably ascorbatct oxidase (for a review, see 

ref, 4), For inst~ce, redox ~tratiO~s and EPR studies on ~~~~~~~~ facease have demon- 
strated &at, apart from t “bIue*’ and Scnon-blue” coppers, there: is an ad 

~~pts e~~~truns only in ~~i~sxu~ _ rized by the fQ~~~~i~g 
8 redox po~~~~~a~ g~~a~~~ ag~~~c ~ro~~~~~s in the 
at room t~~~era~re, ERR signal in oxidized 
of the enzyme at 77* and (4) a near-ultraviafet absorption band of 
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The strung feature of this s~-c~~~d~nat~ copper complex is the short distance between 
the two copper atoms (2.64 ii), which is only sii tty greater than the interatomic dis- 
tance in metallic copper (2.56&j. In this and si compounds, electron spin pairing 

occurs. At room temperature, binuclear copper(H) carboxylate compounds exhibit mag- 
nef.ic moments that are lower than the “spin-only” number for one unpaired electron per 
copper atom’ 0 7. 

As far as aqueous solutions are concerned, there appears to be very fittfe evidence for 
the existence of such a dimeric acetate species, although it forms in other less polar 
solvents’Og. In another carboxylate system, however, where the &and also contains an 
amino group (the Cu II---6-arninohexanoate system), equilibrium data indicate that bi- 
mclear species of e ~umposit~o~ C~*(~COO-~~ are formed6* (Fig_ 2). 

Xn section II(&), it was ~rev~o~s~y rn~nt~~~~d tiat a protein may possibly bind copper 
ions via oxygen atoms in a mononuclear site. However, the formation of such a site via 
four carboxylate roups did not seem very Iikely in a hydrophobic cavity, since it would 
require a considerabIe amount of eIectrostatic energy. On the other hand, the formation 

of a binuctear complex, say a complex of the Cu,(CH,COO), l 2H,O type, XIX, may 
require less electrostatic energy. As prostrated by the fo~o~~ng ~~~~t~~~ 

2 cu2+ + 4 RCOUH + Cu,(R e Cc)O-), + 4 l-l+ WI 

mst% 
CU 

A=1000 mbl 

Fig- 2- ~~t~b~ti~~ of Cu2+ 
systtm6B 

between different compkxes in the copper(l5)-d-aminohexanoic atid 
. For explanatory note, see legend to Fig. 1. 
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there is no net change in charges. Thus, in a hydrophobic protein cavity, the existence of a 

Cu&WL-, ~~romo~hore seems more likely than that of a CuO,Ob_, ~hr~mopho~. 
If suclz a ~I~u~l~~ ~arbo~yl~t~ complex exists in a copper ~r~t~~~ one m 

pair of bivalent wppers can undergo a vaiency change into a pair of unkmlent coppers. 

A copper{I)-acetate structur XX, recently determined by Xray crystallography’ I*, 

provides an answer to this question. 

Q-C 

\ 
0 -c 

cH3 
\ 

CW3 
XX 

Cui(CH~C~~) 

In this coppen structure, the Cu-Cu bond 1 ngth is shorter, x.544& than that of the 
corresponding bond length in the copper(iacetate structure XIX, 2.64k The en- 
vironment abo the copper(I) ion is unique in tha it is squaure planar; the binuefear units 

r such units by longer Cu-0 bo s, 2.3 1 a, than those outbid the bi- 
nuclear unit, I.90 Bi_ Thus, this dimeric structure’ ‘e is surprisingly similar to the corre- 
sponding copper(U) dimer lo8 XIX. As a result, it is indicated from low-molecular-weight ) 
complexes that in a protein cavity a binuclear Cu\O,O; chromophore may be transformed 
into a Curi0 0’ ch 
~r*je~ti~~ fr~rn~a n 

phore by the simultaneous approach of two carboxylate groups 
uring peptide chain (cf- eqn. (6)). 

As previously discussed in Section D (iv), it seems necessary for the existence of such 
a binuclear copper binding site, involving only oxygen &and atoms, that it be situated in 

a hydrophobic cavity- In addition, when th ands are supposed to be a .W=M of oxygen 
atoms, it should be kept in mind that other tal ions, such as magnesiur,, J!: calcium 
OURS, may compete more suc~~ssfu~~y than copper ions for such a birding site (cf. Section 

C). The ~o~d~~~~s may be diffident in a hyd~~~hobi~ envir~~ent; the re~a~vely strong 
complex-forming ions, CuI and CUD, may react according to eqn. (1 I), even though the 
caboxyl groups are protonated, On the other hand, the ions having the closed-shell 

electronic structure, in order to react properly, may require these ligands to be at Ieast 
partly negaiivefy charged. 

Other binuclear copper complexes, apart from those having only oxygen li 

a~ those which also contain nitrogen ligand atoms. One example of such a camplex, 
having a Cu-Cu distance of 2,&+ .&, is the thiocyanate adduct of a copper(Iearboxylate 
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dimer’ Ii . In addition, binucfear copper(H) complexes form by a reaction that can be re- 
garded as a dimerization; examples are found in the copper(H) structures of salicylaldirni- 
nate derivatives* I2 3 the Cu(?I) structure of adenine’ 13, and the CuI1 structure of trigIycine3S, 
compound 11. ~ur~~rmore, pairs of copper atoms are aIso reported as existing in marry 
secures having i~g~ds other than those of oxy n and ni~~~e~ atoms, for ~sta~ce 
,~p~Ur98-H?0,114 and chlorine’ Is*’ I6 ligand atoms. 

Dimerization as well as oxobridging appear to have been reactions of importance during 
_ the formation of the binuclear c II) complex of glycylhistidyIglycineL I7 (Fig. 3). 

In Ms structure the &-amino, p and ~id~o~e nitrogen atoms of one molecule 
coord~ate to each copper atom two such chelates form a dimer, held toge~~F by 
two oxygen atoms of two other peptide molecules; the courd~ati~n number is five (Fig.3). 

. Within the crystal these dimeric units are connected tetrahedral& and six such dimeric 

units form a ring’ ” . These two structural units correspond to species of the composition 

(Cu$-L,A,): z with values of n equal to 5 and 6, respectively. It is interesting to note 
that studies in so~~~un inde~ende~t~~ indicate that very similar ties aIs0 form at 

neutral pH, at relatively low cu~ce~trations~ r 7* I Is. In the soluti 
potentiostatic emf methods* ” lf9 and the smah angle scattering tee 

Thus, the formation of such dimeric units is a favoured process, and it can be expected that 
a similar structure may exist in proteins. Whether or not this particular binuclear species 
(Fig. 3) has a subduer magnetic moment is not own; but as previously suggested by 
Kate et aP72 for structures having the same Cu-Cu distance, 3.5 ft, there may be a 
super-exchange mechanism that involves electron transfer through the bridging oxygen 
atoms. 

A model for haemocyanin, which is similar to the structure of copper(II)-glycyl- 
~s~dy~yc~e, Fig. 3, has been postulated by Gray om spectroscopic data” “. Gray 

~r~~~es that the oxidation of co~~e~1) to copper n mu~ecu~e, may lead 
to the additional binding of two caxboxylate grou the nei~bour~g 

**’ peptide chain . This is a reaction of the sane kind as those previously discussed in some 
detail in Section D. For a closer juxtapositioning of Gray’s model’2Q with the structure 
of Cub-~ycy~histidy~glycin~~ ’ ’ (Fig. 3), it is necessary to replace une &-amino 
by another rigid; it does not seem likely that a erotic bi~d~g site conta~s two ar-amino 

groups. Also, in the reduced state, the copper(I) ions of such a site may be bound only to 
two Iigand atoms having a third coordination position available for an oxygen molecule. 
If such a site exists in a strictly hydrophobic environment, it seems possible that it can be 

used as a model for a copper binding site in a copper enzyme having oxidase activity. Then 
the oxidation of the copper pair will not ordy favour the two-electron step rne~ha~i~ 
suggested by ~~mstr~rn and coworkers 4* "' but it may also favour the release of protons 
(cf. eqns. (6) and (1 t)). The electrons and pritons may react with the oxygen substrate 
in two redox cycles, first forming peroxide and then water (cf. ref. 4). 



Fig. 3. Structure of CulI(glycyl-L-histidylglycine) 1 x&O (ref. 117). 

A characteristic property of some copper proteins is their intense blue coiour caused 

by EPR-detectabIe cupric ions. The extinction coefficients of the absorption band, at 
about 400 nm, vary from 35UON- * - cm- ‘(azurin) to 56OOM- ’ - cm-’ (ceruloplasmin) 
(cf. ref. 4). This absorption band is approx~~t~ly IOU times as intense as the corre- 

ding band of C~~~~~ Ia2 +, which is 50 M- ’ - em- ’ at 600 nm. It Seems that this 
extinction coefficient is due to a particular binding site only present in proteins 

since, as yet, it has not been found among Iow-molecular-weight model complexes. The 
presence of binuclear or polynuclear structures is ruled out as an explanation of the en- 

hanced absorption band intensity, because some blue proteins contain only one copper 

ion. 

Several theoretical interpretations have been made in order to describe the visible spec- 

tra and the EPR data of the “blue” copper binding sites. One of these, based OR experi- 
menta.IIy derived parameters, assumed that in ceruloplasmin d-d transitions and not 
charge-transfer bands were responsible for the visible spectra (Blumberg’ )_ In this model 
the four closest Xigands about the copper atom show relatively strong distortion from 

square planar geometry (~~umberg’ )_ A similar result was obtained by kill and 13ryce’21 
in their study on azurin. They were able to explain EPR parameters and ORD data on the 
basis of a mixture of the p and s orbitals into rhe 3d-orbitals of the Cu(II) ion. Again, a 
distorted geometry which deviated from a square plane towards a tetrahedrti configura- 
tion was indicated” I . 

Consistent with these theoretica ~~~u~ati~~s’~ “I tire studies on two model com- 
pounds*22s 123 z y-irradiated Cu(CH, CN), C104 and (Cu,Zn)Hg(SCN&. The EPR data 
of these model complexes are comparable to those found in the ‘&blue” Cu2+ proteins. 

ands of these model complexes are not similar to those supposed to be 
present in’ the *‘blue” sites of the copper prot~i~s. Although pre~~ina~ X-ray crystal- 

~ographi~ data seem to indicate t~~ahedr~ Cu’ .4 sites’ ‘2X ’ 23 T the complete opticat 
properties of the modeIs have not yet been reported. 
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of the Gun-glycylhistidylglycine’ I7 structure (Fig. 3). It is expected that such a chrome 

phore, involving carboxylate group(s), should undergo a reaction similar to that indicated 
by eqn. (6); thus e carboxylate binding of copper is released when copper is reduced 

tol ~op~e~~)_ At XUW pH (< pH 6) this would lead to an increase in the redox ~~t~~t~~, as 
the pH decreases, with 0.06 V per pfl unit and per carboxylate group released. Yet, such 

data have not been recorded for either azurin or plastocyati. However, another small 

copper protein, stellacyanin, is characterized by this particular pH dependence of the 

redox potential (cf. ref. 4). Also, for stellacyanin, both the visible spectra and the EPR 

spectra change at alkaline pH in the same manner as they do when two or more runide 

nitrogens are bound to copper in ~ow-~o~ec~lar-~e~~t bfuret complexes’ _ In addition, 

analytical da@ QR azurin indicate that apart from the single copper ion and the peptide 

chain there are na other molecules, such as carbohydrate, present in the protein, There 

is only a single fhial &roup in the azurin molecule and when the copper ion has been 

removed frum the protein this thioE group is not available for the ieal reactioRs6~. Thus, 
in azurin, the most plausible type of t&and atoms are ~itruge~ an 

It follows from this discussion that a tetrahedrally distorted square plane, which is 
produced by four irnidazole groups about a copper(I1) atom and which is in a non-polar 

environment, can satisfactorily explain many of the properties characteristic of the “blue” 
er binding sites. One or more of these Iigands may, in pr~n~j~~e~ be replaced by amino 

bodes but they wti not &low, as the ~id~ol~s do, relatively wide ~uct~a~o~s in angles 

and distances of the copper-nitrogen bonds (cf. Section D(ii)). Another possibility fur 

a ““blue” copper binding site is one that has the coordination number of five”‘_ If such 
a site involves the peptide bond mide group, then by extrapolation, the structure 

cu~-~y~ylglyc~e3~ and, in partg that of Cur1 -~ycy~stidyl~ycine* ” can be con- 

sidered as models for the gemmed of such a site. Such a ~entacoo~d~nate copper binding 

site may require rearrangement of the geometry about the copper atom, when it is reduced. 

This would produce some conformational change in the protein, which may indicate how 
these two sites cm be distinguished. However, it is Important to emphasize that the 
models illustrated in this section do not actually reproduce the ““blue” CU’+ sites present 
in copper ~rot~~~s~ here they are discus~d only as models, and as yet the correct nature of 

these sites remains unknown. 

H. CONCLUDING REMARKS 

%tructuraI rn~~ls for copper-protein i~terac~o~ reside to eat extent on tie 

c~~rd~ation chemistry of low-mulecul~-rein t systems, since complete X-ray struc- 

ture analysis of a copper protein has yet been achieved. Regarding these low-molecular- 

we&@ systems, high precision emf data and crystal structure studies indicate that there 
ark? three particular kinds of copper complexes that may be considered as models for 

try of the protein binding sites: the unique ~oppe~Ii) chelates formed by the 

p itnd ne~b~~~ing ~~~~ide bond hide ~~~~s; the complexes 

havingCu%,U,O’,_, chromophores, formed by the coordination of imidazofe (or 



~-amino) and carboxyiate groups; and the binuclear compIexes having the pair of cupric 
ions bridged via carboxylate groups or oxygen atoms, It appears as if these three kinds 
of models may be identified in terms of particular binding sites present among proteins 
that bind copper ions specific ino te~~~.c~eIate, where the 
stability of the complex is co e presence of a sardine residue, 
is found in serum albumin64. A CuUN,Q,O~ _ l chromophore and its correspond 
univalent chromophore, CurN,, formed by the release of the carboxylate groups, 
permit binding of additional ligand(s), say an anion, a property characteristic of the 
“non-blue’” copper4 in copper proteins. The bin&ear complexes, whkh usually have 

ay have their ~~u~t~~p~~t~ bang the copper protege con- 
taining “EPR-non& tee table” Cu2+ coppers4 that accept electrons only in pairs. 

In the preceding survey we have emphasized that there is a considerabJe difference 
behtreen the copper lexes of proteins and those of small molecules in dilute aqueous 
solution. In an aque edium cuprous ions are unstable, partly due to the strong sol- 
vation of cupric ions. A protein molecule can provide the hydr~Fhobj~ e~v~onm~nt 

necessary to stabilize the copper(I) state: therefore, it is proposed that a hydrophobic 
environment is important for those protein-bound capper ions that undergo reduction and 
oxidation. 

The existence of such a non-aqueous environment seems to be especially indicated 
regarding the copper boding sites ~s~onsible for tht: intense Hue dour, since ~~~~~~~~ 

meas~~m~nts show that these CV” sites are probably not on the surface of the protein 
molecule4. It appears from some theoretical calculations that this blue colour is related 

to the symmetry of the site, and that the geometry about the “blue” copper should be 
one of a tetrahedrally distorted square plane’y’21 . As an alternative, it has been su 
that the “blue” copper may have a coordination num r five120; an attrac~ve but not 
conclusive su~~stio~ for a “‘blue” site would then be at of a Cu’N, 0, c~omop~~r~ 
invoIving a peptide bond nitrogen atom. A five-coord te coppei(II) ion readily permits 
reversible reactions with a substrate via temporarily octahedral coordinationiP 18. But, 
as yet, the characteristic high extinction coefficient of the “blue” Cu2” copper has only 
been found in proteins, The correct nature of the “blue” sites as well as the other sites 
remains unsown. ~o~~fu~y, X-ray st~ct~re Hayes of blue copper protege, now 

in pr ss, will soon be completed so that a more detailed picture of the copper binding 
sites emerge. 
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