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ABSTRACT. Addition of copper (II) ions to Cys 0-93 maleimide spin-labelled 
human hemoglobin A produces a drastatic decrease in Che amplitude of the 
•pin-label ESR spectra. This affect was analysed in the framework of 
Leigh's theory which permits inter spin distances to be deduced from che -
effect of dipolar coupling on cha ESR spectra and led co an estimate of 
9A as Cha distance between cbe label and Che higher affinity copper sice. 
Taking into account the previous results which suggest chat four nitrogen 
acorns coordinate with copper, and that cbe M terminal Val 0-1 and His 0-2 
residues are involved, che location of the higher affinity copper sice is 
proposad co be at che S| 0j interface of Cbe benoglobin molecule, involving 
Che H terminal of one 0 subunfe and che C terminal of cbe other. 

RESUMO. A adição da ions da cobra II ã hemoglobina marcada na posição 0-93 
com "spin labels" derivados da aaleiaida produz uma resução dramática oa 
amplitude dos espectros de ESR desses marcadores. Esta afeito foi analisado 
através da teoria de Leigh, que permite calcular distâncias entre spins a 
partir do afeito do acoplaaenco dipolar nos espectros da ESR. Foi estimada 
uma distância da 9a entre o marcador e o s í t i o do cobra da mais alta afini
dade. Levando-se em conta os resultados prévios que sugerem a ligação do 
cobra a 4 2comos_de nitrogênio e o envolviaenco_dos resíduos Vai 0-1 e 
His 0-2 na ligação do cobre ã hemoglobina, propõe-se que o s i t io de mais 
alta afinidade esceja localizado na interface 0] 02 da molécula, envolvendo 
o Carminai amino de uma cadeia 0 a o terminal carbôxila da rucra. 

(fork partially supported by FDIEF, CHFq and CAFES. 
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INTRODUCTION 

A lot of information about the binding of copper 

to hemoglobin has been obtained (1). Human hemoglobin has two 

pairs of high affinity copper sites localized on the 0 

subunits (1,2). Cu(II) bound to the first (higher affinity) 

pair produces an ESR spectrum with a characteristic superhyper-

fine structure on the g, band (3). This structure is indicative 

of nitrogen binding and this spectrum was well simulated under 

the assumption that four equivalent nitrogens are bound to the 

copper ion in a square planar arrangement (4). From the knowl

edge that in general Cu(II) complexes in proteins involve 

histidine residues and the comparison of different hemoglobins, 

particularly human and horse hemoglobins, it has been suggested 

that one of the nitrogens in this complex is due to the histidine 

0-2, present in human hemoglobin and absent in horse. Lit»addition 

to this histidine 0-2 it has been suggested that the nitrogen 

of the a-amino group of residue 0-1 is also involved in this 

copper site (1). The second pair of copper sites is involved 

in the oxidation of the 0-hemes by an electron transfer process 

through a pathway involving the 0-93 thiol group. As a conse

quence it is assumed that this copper site is in a region of 

the hemoglobin molecule near the cysteine 0-93 residue. 

In the present paper we report the results of the 
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investigation of the interaction of copper with cysteine 

0-93 spin labelled human hemoglobin. A strong magnetic dipolar 

interaction between copper in the higher affinity site and 

maleimide spin labels is observed. Proa these data and the 

known hemoglobin X-ray structure (5) a model is proposed for 

the highest affinity copper site. 

MATERIAL AND METHODS 

Human hemoglobin A was obtained from fresh hanolysates 

of erythrocytes washed three times with 0.9% NaCt. The stroma 

was eliminated with toluene. Hemoglobin, was spin labelled with 

the following maleimide nitroxides, from Syva Associates: 

( page 11 ) 

The spin labels were prepared in stock solut ions of 

acetone at concentrations about 10 sM. The appropriate al iquot 

t o make a solution of two labels per hemoglobin molecule was 

added in the bottom of a small g l a s s tube, dried under N2 gas , 

and the hemoglobin solution in phosphate buffer 0.C5M pH 7.0 

was added. The reaction was carried overnight in the refrigerador. 

The unreacted label was removed by f i l t r a t i o n in small Sephadex 

G-25 columns, after which the hemoglobin concentration was 

measured spectrophocomecrically in a Beckman DK-2 or in a Cary 

17-D spectrophotometer using the absorbance a t 541 nm for oxy'Hb, 
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emM*13*8 (6) a n d a t 54° n m £ o r C N B e t Hb* 'Sen*11*0 (7)* 'Vpical 

hemoglobin concentrations were in the range of .5 to 2 nH. 

Copper was added directly to the spin labelled hemoglobin 

solution in an EPR flat cell as small aliquots from CuCt2 

solution. 

X-band EPR measurements were performed on a Varian 

4502 system or in a B-9 Varian spectrometer. Generally the 

field scan was 100 gauss in 4 min, the microwave power 10 mW, 

the modulation amplitude 1 gauss and the spectra were recorded 

at room temperature (25°C). 

RESULTS 

The ESR spectra of the maleimide spin labels I, XI 

and III attached to the 8-93 cysteine residues of oxyhemoglobin 

are shown in fig 1. In addition to the main spectrum, a small 

amount of "free" label is observed in figs, la and lb which 

we ignore. The distance between the extremes of the spectra 

decreases from label I to III because the mobility of the 

nitroxlde portion of the label increases with increasing label 

length. The addition of the first pair of Cu(II) ions produces 

a dramatic decrease in the amplitude of these spectra without 

considerable change in the shape of the lines (fig 1). The 

change in the amplitude of the lines as a function of the number 
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of Cu(Il) ions added i s shown in f i g 2 . Subsequent addition 

of EDTA. in the same amounts as Cu(II) restores the s ignal 

amplitude t o approximately 75% of the i n i t i a l l e v e l . 

The ef fect of the l i n e becoming lower without 

considerable change in i t s shape has been interpreted to be 

due to a strong dipole-dipole interaction between copper and 

the label (8 ) . The theory t o describe the l ine shape of an 

ESR signal which i s influenced by dipolar coupling to a second 

spin in a r ig id arrangement was developed by Leigh. According 

to th is theory there are some orientations of the dipoles for 

which the width of the l i n e s remains almost unchanged. In 

addition, for the majority of the other orientations the l ine s 

are broadened to such an extent that they are not observed. 

Thus as a resul t of d ipo le -d ipo le interaction only part of the 

i n i t i a l signal with a p r a c t i c a l l y unchanged shape i s observed. 

In a rigorous way t h i s theory i s va l id for a r igid 

l a t t i c e condition where the r e l a t i v e geometry of the two spins 

does not change appreciably during the l i fet ime of the spin 

s ta te s . In our case t h i s condition i s s t r i c t l y s a t i s f i e d only 

by spin label I . Even in cases when the above theory i s not 

rigorously valid some authors have used i t to ca lcu late an 

upper l imit for the distance between spin labels and paranagnetic 

metal ions (9) . 

From the reduction in the signal of the spin labels 
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(fig 2) above we can estimate the parameter C/«Ho, where O 

gBt>2T/nr( and «Ho is the natural linewidth in the absence of 

the dipolar coupling. The distance between the copper ion and 

the maleimtde spin label at the sulfhydryl group of 0-93 in 

hemoglobin is then estimated by using reasonable values of 

the parameters involved. To avoid the effect of copper binding 

to the second site, present in our samples in small amounts 

when Cu(II): Hb ratios are near 2, the amplitude reduction of 

the spin label signal was taken extrapolating the initial 

decrease to a Cu(II): Hb ratio of 2, The remaining amplitude 

(10%) is used to obtain a value of C/6H0 of 25 from fig.3 of 

Leigh's work (8). Using a linewidth 4Ho of 1.5 gauss, a cor-

—8 
relation time T for Cu(II) of 10 sec, the magnetic moment 

of Cu equal to the Bohr magneton/a distance of 9A is 

obtained between the maleimide spin label and the metal ion 

in hemoglobin. It should be noticed that, due to the sixth 

power dependence in this distance,errors in the various par

ameters in C do not affect very much the value of the estimated 

distance. 

It should also be noticed that the ESR spectrum, 

measured at 77X, due to copper in the first site is unchanged 

by maleimide labelling at Cys 9-93. 
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DISCUSSION 

As mentioned above Rifkind (.1) has suggested that 

the residues of His 0-2 and the N terminal 0-1 are involved 

in the first copper site in human hemoglobin. Our results 

show a distance of 9A between the copper and the spin label 

at Cys 0-93. The distance of the sulphur atom of Cys 0-93 to 

the H terminal of the same 0 chain is 22Ü and to the HQ\ atom 

of the His 0-2 is 28Â (5). Considering that the higher affinity 

site of copper is formed with residues of only one of the 0 

subunits, our results contradicts the suggestion of Rifkind. 

Furthermore it was impossible to find, near the residues 

proposed by Rifkind and within the same 0 subunit, the other 

two nitrogen atoms that could coordinate with copper. Therefore 

an attempt was made to locate four nitrogens without assuming 

that they would be in the same hemoglobin chain. From the model 

of the quaternary structure presented in fig 3, it can be seen 

that a site involving four nitrogens could be the one between 

the N-terminal of one of the 0-subunits and the C-terminal of 

the other. Therefore we propose this as the copper site. Inspec

tion of the residues involved suggests that the N-terminal and 

His 0-2 from one subunit, and the His 0-143 and His B-146 of 

the other subunit could give the four nitrogens which are known 

to coordinate with copper in the higher affinity site. Using 
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the known X-ray data (5) for the positions of the atoms of 

Hb, some characteristic distances between atoms were calculated 

and they are listed in table 1, for the same 0-subunit, and 

table 2, for different 0-subunits. He can see that the 

distances between the nitrogens involved in the proposed site 

for copper (tables 1 and 2) vary in the range of 8 to 13Jt. 

These distances are perhaps somewhat too great for a copper 

complex but as the residues involved are part of the terminals 

of the subunits they may have enough flexibility to accomodate 

the added copper. The average distance between the SH group of 

Cys 9-93 and each of the four nitrogen atoms coordinated to 

copper is around 13*. Taking into account that the nitroxide 

portion of the label is away from the S atom in the direction 

of the H helix of the 9 subunit (.10), where the residues 0143 

and 0146 are localized, the proposed site for copper is in 

accord with the spin-label results. Since the second copper 

site is in a region near the Cys 0-93 our present work suggests 

that the two high affinity sites are close to each other. 

Xt is interesting that the three labels of differing 

mobility give similar results for the copper-label distance. 

This may be due to the fact that Leigh's theory has wider 

applicability than is permitted by the original assumptions, 

ox it may be an accidental compensation of the fact that ad

ditional distance inferred from the theory in presence of 
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motion is just off set by a decrease of distance due the 

situation of the pyrrolidine ring. 
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FIGURE CAPTIONS 

Fig 1 - ESR spectra of spin labeled human hemoglobin A before 

and after the addition of 1.5 copper ions per 

hemoglobin molecule, (a) spin label I; (b) spin label 

II and (c) spin label III. Temperature 24°C. 

Fig 2 - Intensity of the ESR spectrum of spin labeled human 

hemoglobin A as a function of the number of Cu(II) 

ions added. (•) spin label I; (+) spin label II; 

(o) spin label III. The points for spin label I are 

the results of the measurements on three different 

samples. 

Fig 3 - Quaternary structure of oxyhemcglobin (from 

"Biophysical Chemistry", Part I, Cantor and Schimmel, 

W.H. Freeman and Company, San Francisco, Copyright 

1980 by Irving Geis) and the proposed location of the 

copper higher affinity site. 
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TABLE 1 

Distances in A between atoms of the same S subunit, 

calculated from the coordinates of the atoms in human 

deoxyherooglobin(a', deposited in the PROTEIN DATA BANK (5) 

by G. Fermi and M.F. Perutz. 

(a) The copper site, according to ESR spectra at 77K, is the 

same in both deoxy and oxyhemoglobin thus it is valid to use 

X-ray data derived from the former to discuss the copper site 

in the later. 

TABLE 2 

Distances in A between atoms of different 0 subunits, 

calculated from the same source of table 1. 



TABLE 1 

Residue 

Vai l 

His 2 

His 143 

Lys 144 

His 146 

Residue 

Val 1 

His 143 

Lys 144 

Atom 

H 

N«l 

N U 

\ 
N*l 

Atom 

N 

N«l 

\ 

Heme 

Fe 

20 

27 

16 

16 

13 

His 2 

N U 

8 

19 

22 

Cys 93 

S 

22 

28 

11 

11 

6 

His 146 

M«l 

23 

11 

9 



TABLE 2 

Resrdue Heme Cys 93 
Atom Pe S 

Val I N 28 21 

His 2 N4. 24 14 

Res idue Val 1 H i s 2 

Aton N N { 1 

His 143 N 6 1 13_ 9 

Lys 144 N ç 18 12 

His 146 N . . 18 11 
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