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ABSTRACT 

The location of the various copper binding sites for horse and human hemoglobin was probed 

using spin labels attached to the p-93 cysteine residue. Dipole-dipole interactions between the 

spin label and bound copper produce a decrease in the amplitude of the spin label spectrum which 

was used to estimate the Cu(II) spin label distance. By comparing the results with horse and 

human hemoglobin at 298 and 77 K four different Cu(II) binding sites were identified. The low 

affinity horse hemoglobin site with the sulthydryl blocked (site 1) was found to be located lo-13 

A from the sulfhydryl spin label on the surface of the molecule. Only with a free sulthydryl is 

the site (site 2) in the pocket between the F and H helices closer to the SH-group and the iron 

populated. It is site 2 which is responsible for the oxidation. In frozen solutions a Cu-nitroxide 

distance of about 17 A was determined with human hemoglobin. This distance is consistent with 
the previously postulated location of the “high affinity” human hemoglobin site near the amino 

terminus of the P-chain. At 298 K a much shorter Cu-nitroxide distance of about 7 A was 

calculated for human hemoglobin. This shorter distance at higher temperature also correlated 

with a slightly smaller value of g , , and A ,, for the Cu(II) ESR spectrum. It is postulated that in 

solution cross-linking between nitrogenous ligands in the region of the amino terminus of one P- 
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chain and the carboxyl terminus of the other P-chain can explain this shorter distance. This cross- 

link could involve histidine p-143, which is one of the ligands thought to be also involved in site 

1. Binding to the “high-affinity” site in solution thus stabilizes the “low-affinity” site 2 relative 

to site 1 explaining the reported interaction between the “high-affinity” and “low-affMy” 

sites. 

INTRODUCTION 

Studies on the binding of cupric ion to human hemoglobin have shown that a “high- 

affinity’ ’ site as well as several “low-affinity” sites can be identified using ESR 
techniques [l-5]. Not all hemoglobins contain the “high-affinity” site. Hemoglobins 
like those of horse and cat lack such a site, apparently because they do not contain an 
important histidine residue at position 2/3, adjacent to the amino terminal residue of the 
/3 subunit. The “high-affinity” site is evidently located in this region of the protein, 
and it appears to involve the donor nitrogen of the a-amino group of the amino 
terminal residue, as well as the imidazole group of p-2 histidine. ESR studies indicate 
a total of four nitrogens producing a square planar configuration of atoms for the tight 
binding of copper [6]. Two moles of cupric ions are bound per mole of hemoglobins 
that contain these sites, without oxidation of the hemes. Selective oxidation of their p 
hemes ensues only when more than two moles of cupric ion are added. In contrast, 
rapid oxidation of /3 hemes occurs when less than two moles of copper are added to 
hemoglobins that lack the “high affinity” cupric ion binding site. The oxidation of the 
/3 hemes in both classes of hemoglobins is associated with binding of cupric ion at one 
or more of the “low-affinity” sites. 

The main purpose of this paper is to probe the location of these copper binding sites 
by spin labeling techniques. The amino acid residue cysteine 93/3 is adjacent to the 
proximal histidine residue 92/3 within the P-subunit. This sulthydryl group is readily 
modified with nitroxide spin labels to provide the basis to probe the copper binding 
sites. The addition of copper(I1) ions to the labeled hemoglobins produces perceptible 
to dramatic decreases in the amplitude of the spectra due to the spin label with almost 
no change in the shape of the lines. This apparent decrease in the amplitude of the 
signal due to the spin label as a function of the hemoglobin/Cu(II)-mole ratio is due to 
a strong dipole-dipole interaction [7]. According to the theory of Leigh [7], only those 
spins lying within a small range of orientations close to the “magic angle” produce 
amplitude variations without changing the width. Such a decrease in amplitude is 
hence inversely related to the distances between the concerned dipoles and can be used 
in conjunction with available crystallographic data to derive information about the 
location of the copper binding sites. 

In the present work we find that in horse hemoglobin, without a “high-affinity” 
site, the distance between the bound Cu(I1) and the nitroxide attached to cysteine p-93 
falls within the range of lo-13 A. This relatively short distance is consistent with the 
expected location of this site on the proximal side of the heme [3J. For human 
hemoglobin it is found that the distance to Cu(I1) in frozen solution at 77 K using the 
same label is about 17 A, consistent with the expected distance to the N-terminal end 
of the P-subunit. However, at 298 K the distance between the Cu(I1) and the nitroxide 
group is apparently reduced to 7 A. This unexpected difference could be attributed to 
an alteration in the coordination of the “high-affinity” site at elevated temperatures. 

Furthermore, the analysis of Cu(I1) ESR spectra of various hemoglobins suggests a 
correlation between the presence of the “high-affinity” copper binding site and the 
strength of interaction between the heme iron and Cu(J1) at the “low-affinity” copper 



Spin-Labeled Cysteine p-93 Probe of Bound Cupric Ion in Hemoglobin 97 

binding site [2]. This suggests the possibility that the cupric ion bound at the “high- 
affinity” site indirectly affects the binding of additional cupric ions at the locus near 
the heme. 

MATERIALS AND METHODS 

Preparation of Spin-Labeled Hemoglobin. Fresh human blood was obtained 
from the Blood Bank and horse hemoglobin was detibrinated pooled blood from 
Bioquest. Hemolysates were prepared and hemoglobin concentration determined by 
conventional procedures. Hemoglobin solutions were stripped free of phosphates [ 11, 
concentrated to about 10% by ultrafiltration (Amicon, PM-10 membrane), and used 
within one week after drawing the blood (human). Hemoglobin was oxidized to form 
methemoglobin by a fivefold excess of ferricyanide, which was then removed by 
exhaustive dialysis. Fivefold excess of spin labels per mole of hemoglobin (2 mm) 
were reacted for 1.5 hr at room temperature and then dialyzed exhaustively versus 0.1 
M phosphate buffer, pH 7.0 in a cold room at 4°C. Spin labels were obtained from 
Syva and/or Aldrich Chemicals. The spin labels used in our experiments are as 
follows: 

I, 4-(2-maleimido)-TEMPO 

II, 4-(2-iodoacetamido)-TEMPO 

III, 3-maleimido-PROXYL 

IV, 3-(maleimidomethyl)-PROXYL 

V, 3-[2-(2-maleimido ethyl)carbamoyl]-PROXYL 

VI, 3-[(3-maleimido propyl)carbamoyl]-PROXYL 

While labels I and II were studied with human and horse hemoglobins, labels III-VI 
were only used with horse hemoglobin in order to understand the effect of increasing 
the chain length of the label on copper interactions. 

Preparation of NEWHemoglobins. The hemoglobin was incubated with a 

small excess of NEM. The unreacted NEM was removed by gel-filtration. 4,4 
Dithiopyridine was then used to check for unreacted sullhydryl groups. The reactions 
with NEM were found to have blocked >98% of the free SH groups. 

ESR analysis was conducted with a Varian E-109 Century Series X-band 
spectrometer located at the National Biomedical ESR Center and a JEOL-JES-ME X- 
band spectrometer at NIH/NIA. Spectra from frozen samples were obtained by 
supporting a frozen icicle sample (3 cm long and 4 mm diam) in the cavity with a 
finger Dewar filled with liquid nitrogen. Spectra at room temperature were obtained 
from samples in a standard flat cell. 

RESULTS 

Effect of Cu on Spin Label Signal Intensities 

The initial studies on identifying the copper binding site in horse hemoglobin were 
done by monitoring the reduction in the EPR intensity of spin-labeled horse 
methemoglobin by systematic addition of exogenous copper(B) ion. Here, Cu(II) 
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binding at the “low-affinity ” site in the proximity of the heme and cysteine P-93 
sulthydryl group to which the spin label is attached is responsible for the decrease in 
amplitude of the spin label signal. Figure 1 shows the decrease in amplitude of various 
spin labels (III-VI) of differing length attached to the Q-93 sulfhydryl group of horse 
methemoglobin as a function of added Cu(I1) ion. This reduction in the signal 
amplitude of the spin label can be used to calculate the distance between the metal ion 
and nitroxide radical according to the theory of Leigh [6] if the spin lattice relaxation 
time, T,, for cupric ion is known. The relation of Leigh [7] 

C= g/3M2T,/r6h (1) 

was used to calculate the distance r in these spin-labeled hemoglobins. It was found 
that the use of a relaxation time of T, = 1O--9 set [8] gives values of 9.4-13.5 A for r 
with the shorter distance associated with the longer labels. 

It is further noted [3] that the longest label close to the Cu(II) site has an EPR 
spectrum representative of a weakly immobilized component and is presumably 
located on the surface of the P-subunit. On the other hand the shortest labels somewhat 

FIGURE 1. ESR amplitude profile of the spin-labeled horse hemoglobins as a function of added copper 

for various labels. 0, 3-(maleimido)PROXYL; U, 3-(maleimidomethyl)PROXYL; 0, 3-[2-(2.maleimi- 

doethyl)carbamoyl]PROXYL; .I, 3-[(3-maleimidopropyI)carbamoyl]PROXYL. 
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farther from the Cu(II) site revealed a spectrum corresponding to a strongly 
immobilized component located in the pocket between the F and H helices. 

Figures 2a and 2b show a comparison of the reduction of the spin label amplitude as 
a function of added Cu2+ to labeled horse and human methemoglobins with 4-(2- 
maleimido) TEMPO and 4-(2-iodoacetamido)-TEMPO, respectively. While the initial 
slope in these human hemoglobin experiments is dependent on the distance between 
the “high-affinity” copper(R) and spin label, the slope of the horse hemoglobin 
experiment is suggestive of the distance between the “low-affinity” site involved in 
oxidation and the spin label. Surprisingly the figure shows that for both labels the 
Cu(II) distance is shorter in human hemoglobin than horse hemoglobin, suggesting 
that the “high-affinity” site is actually closer to the sulthydryl than the “low-afftnity” 
site. The Cu(II)-nitroxide distances derived from. the use of Leigh’s equation (1) using 
a room-temperature spin-lattice relaxation time T, = 10 -9 set [8] for copper indicate 
an approximately 3 A shorter distance for human hemoglobin than horse hemoglobin. 

Figures 3a and 3b show a comparison of the variation of ESR signal amplitudes of 
human and horse methemoglobins labeled with 4-(2-maleimido)-TEMPO at two 
different temperatures. 

For horse hemoglobin, the effect of freezing and lowering the temperature to 77 K is 
seen to be minimal for the initial binding site. In order to compare the distances at both 
temperatures it is necessary to take into account the expected increase in T, at lower 
temperatures. Assuming an order of magnitude increase in Tl at 77 K to 10 -*, the 
calculated Cu(II) nitroxide distance increases from 10 A at 298 K to 13 A at 77 K. 
This small difference could result from the uncertainty in the magnitude of the increase 
in Tl at 77 K or from a decrease in conformational mobility of both the protein and the 
label which alters the metal-nitroxide distance. However, for human hemoglobin a 

FIGURE 2. (a) ESR amplitude change in human hemoglobin (Cl) and horse hemoglobin ( n ) spin 

labeled with 4-(2maleimido)TEMPO at a temperature of 300 K. @) ESR amplitude change in human (0) 
and horse (m) hemoglobins spin labeled with 4-(2kdoacetamido)TEMF’O. 
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FIGURE 3. (a) Variation of ESR spectral intensity of human hemoglobins labeled with 4-(2- 

maleimido)TEMPO as a function of added Cu *+ ion. 0, 77 K and 0, 300 K. (b) Variation of ESR spectral 
intensity of horse hemoglobin labeled with 4-(2-maleimido)TEMPO as a function of added Cu2+ ion. 0, 77 

K and 0, 300 K. 

much larger difference is observed between 298 and 77 K (Fig. 3) and the calculated 
increase in the metal-nitroxide distance from 7 A (strong interaction) at 298 K to 
about 17 A (weak interaction) at 77 K cannot be attributed to either conformational 
mobility or any uncertainty in the T,. It was further noted that the spin Hamiltonian 
parameters of bound Cu2+ in human hemoglobins does change, though to a small 
extent, when cooled from 298 down to 77 K (Table 1 and Fig. 4). 

Interestingly, the weak interaction observed at 77 K is consistent with the expected 
distance between the nitroxide and the N-terminal region of the P-chain, where the 
high-affinity human site is thought to be located. 

The saturation properties of the EPR signals due to the spin label 4-(2-maleimido)- 
TEMPO in human hemoglobin were studied (Fig. 5) at these two temperatures, viz., 
298 and 77 K, both in the presence and absence of two equivalents of Cu(II). This 
experiment was necessary in order to prove that the fivefold reduction in the ESR 
intensity on the addition of copper to the labeled human hemoglobin, especially at 
room temperature, is not associated with an effect of Cu(I1) on the relaxation of the 

TABLE 1. ESR Parameters for CuHb 

Sample 
Temperature A,1 

(K) &?I, (cm - ‘) 

1.8 eq. Cu2+/Hb tetramer 300 2.201 197 x IO-4 

1.8 eq. Cu2+/Hb tetramer 77 2.207 207 x 1O-4 
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FIGURE 4. ESR spectra for 0.5 mM human hemoglobin plus two equivalents of cupric ion at (A) 77 K 

and (B) room temperature. Spectrometer conditions for (A): 5 mW incident power, 5 G mod. amp., 100 

kHz mod. freq., time constant 0.3 set, gain 2 x 10S. Spectrometer conditions for (B): incident power 200 
mW, 5 G mod. amp., 100 kHz mod. freq., time const. 0.3 set, gain 8 X lo2 and for (B) the gain is 4 x 
10’. 

spin label and its saturation properties. It can be seen from this figure that cupric ion 
has little effect on the relaxation of the spin labels. At room temperature no saturation 
of the spin label signals was detected, and for frozen samples the spin label signal 
begins to saturate only below 28 dB both in the presence and absence of Cu(II). 

Effect of Cu on ESR Spectrum of Nitroxides Bound to Hemoglobin 

Figure 6 shows the effect of binding copper to the initial binding site on the ESR 
spectrum of the 4-(2-maleimido)-TEMPO bound to horse and human hemoglobin. For 
horse hemoglobin essentially no change in the spectrum is observed, even though the 
intensity decreases. On the other hand, for human hemoglobin there is the appearance 
of a partially immobilized spin label signal at room temperature in addition to the 
strongly immobilized signal observed in the absence of copper. 

Effect of Blocking the p-93 Sulfhydryl on the Interaction of Cu(I1) with 
Hemoglobin 

For human hemoglobin, no effect other than a slight broadening was seen when the 
spectrum of Cu(II) bound at the Cu/heme ratio of 0.5 was compared after or before 
having reacted the p-93 sulfhydryl with spin labels. For horse hemoglobin, the binding 
site in the absence of spin labels consists of an equilibrium between a site on the 
surface where Cu initially binds and a second site resulting from a conformational 
change from which the actual oxidation takes place [9]. As previously shown for NEM 
[9], after reacting with spin label only the initial site is detected. This difference 
between human and horse hemoglobin is also seen in equilibrium binding studies of 
copper (Fig. 7). 

Human hemoglobin has a copper affinity which is approximately an order of 
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FIGURE 5. Signal height for low-field ESR line versus microwave power (dB) for spin-labeled 

hemoglobin at room temperature in the presence (H) and absence (0) of two equivalents of cupric ion, and 
at 77 K in the presence of (0) and absence of two eqivalents of cupric ion (0). 

magnitude higher than that of horse hemoglobin. Consistent with the Cu(I1) ESR 

results, the effect of reaction with NEM on the binding of copper to horse and human 

hemoglobin reveals that the reaction with NEM produces a small but significant 
decrease in the affinity of horse hemoglobin for copper, while the binding of copper to 
human hemoglobin is unaffected at low concentrations when binding takes place at the 
“high-affinity” site. Interestingly, Figure 7 also shows that at higher concentrations of 
copper, the reaction with NEM has a very appreciable effect on the binding of Cu(II) 

to human hemoglobin. Thus, NEM has a much greater effect on binding of Cu(II) to 
the “low-affinity” site of human hemoglobin than the 20% decrease found for horse 
hemoglobin. 

SCUSSION 

Most of the earlier observations on the binding of copper to hemoglobins [I-6] reveal 
that horse and cat hemoglobins have one general area of binding which is also 
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FIGURE 6. Room temperature ESR spectra for spin-labeled human and horse hemoglobin in the absence 
and presence of two equivalents of cupric ion. (Identical spectra were obtained when hemoglobin 
concentration was varied from 0.5 pM to 0.7 mM). Spectrometer conditions: 2.0 G mod. amp., 100 kHz 

mod. freq., time const. 0.3 set, (A) human hemoglobin in the absence of copper; (B) human hemoglobin in 

the presence of copper, gain 5 x that of A; (C) horse hemoglobin in the absence of copper; (D) horse 

hemoglobin in the presence of copper, same gain as C. 
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FIGURE 7. Binding of copper to human and horse hemoglobins before and after treatment with NEM 
0, Human hemoglobin; n , NEM + human hemoglobin; 0, horse hemoglobin; 0, NEM + horse 
hemoglobin. 

associated with the oxidation of the P-chains by copper. On the other hand, the human 
hemoglobin has an additional site involving one copper for every two hemes. The 
latter site has a higher copper affinity than the one in horse hemoglobin but is not 
associated with oxidation. This site, present only in hemoglobins with p-2 histidine, is 
known as the “high-affinity” or tight-binding site, while the other site, present in all 
known mammalian hemoglobins, is known as the “low-affinity” site. 

The Low-Affinity Site 

Previous studies indicate that this site is in the region of the p-93 sulfhydryl and that 
histidine p-143 as well as a nearby glutamic acid or aspartic acid residue may be 
involved in the coordination [3]. The short distance, 9-13.5 A, from the nitroxide 
labels to the Cu(I1) binding site confirms that this site is in the region of the P-93 
cysteine residue. The comparison of the different spin labels indicates shorter Cu 
distances for the longer labels which we expected to lie on the surface of the protein 
out of the pocket between the F and H helices. This suggests that the Cu(II) binding 
site is not in the pocket but actually on the surface of the molecule, perhaps in the 
region of the P-143 histidine residue. 

The failure to observe an effect on the shape of the maleimide spin label spectrum as 
a result of Cu(I1) binding to horse hemoglobin (Fig. 6) is consistent with the 
conclusion that the Cu(II) is bound to the surface where it can produce a dipolar effect 
on the label but does not directly affect the mobility of the nitroxide label located in the 
pocket. 

It should, however, be recognized that the “low-affinity” site, probed by the spin 
labels, corresponds to the initial rapidly bound Cu site with g 1I = 2.28 and A 1I = 173 
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x 10d4 cm-’ (site 1). The site actually responsible for oxidation with gll = 2.21 and 
A 1 1 = 180 x 10 -4 cm - ’ (site 2) requires a subsequent conformational change and is 
not found when the sulfhydryl group is blocked [9]. The 20% decrease in affinity of 
Cu(II) for horse hemoglobin when the p-93 sulfhydryl group is blocked by NEM (Fig. 
7) is indicative of a greater Cu(II) affinity for site 2 than site 1. 

Recent studies indicate strong metal-metal interactions between the low-affinity site 
of Cu(I1) and the heme iron [2] as well as Cu(II)-Cu(I1) interactions when Cu(II) is 
bound to the low-affinity site in Cu(II) substituted hemoglobin [5]. These results 
require that the Cu(II) be < 10 A from the heme iron. These studies on human 
hemoglobin with unreacted P-93 cysteine presumably probe site 2 (see below), which 
may be in the pocket between the F and H helices closer to the SH-group and closer to 
the iron. 

The High-Affinity Site 

It has been proposed earlier [3] that the presence or absence of a histidine residue at p- 
2 determines whether a hemoglobin possessed or lacked a pair of tight binding sites for 
cupric ion. ESR data are consistent with the sites being comprised of four nitrogens in 
a configuration which is either approximately square planar or possibly pyramidal 
square planar [6]. A similar cupric ion binding site on human serum albumin involves 
the o-amino nitrogen of the N-terminal aspartic acid residue, two intervening peptide 
nitrogen atoms, and the imidazole nitrogen of the histidine residue in the third position 
1101. 

In addition to the 8-2 imidazole, the o-amino group of the N-terminal valine residue 
is implicated by recent studies investigating the oxidation of human hemoglobin where 
the cY-amino group is blocked [ 111. Other nitrogen ligands in this region could involve 
peptide nitrogens or other nearby amino acids such as asparagine p-80, lysine p-82, or 
lysine P-132 [12]. 

The dipolar broadening experiments at 77 K for 4-(2-maleimido)-TEMPO labeled 
human hemoglobin (Fig. 3a) indicate a distance from the nitroxide group to the first 
bound Cu2+ in the “high-affinity” site of about 17 8,. This distance is consistent with 
the distance between the above postulated location (site 3) of the “high-affinity” Cu2+ 
binding site and the &oxide group reacted with the p-93 sulfhydryl group. However, 
the room temperature dipolar broadening experiments for human hemoglobin with 
both 4-(2maleimido)-TEMPO and 4-(2-iodoacetamido)-TEMPO (Figs. 2 and 3) 
indicate much shorter distances of 6-7 A, which are not consistent with this binding 
site. 

The possibility that the Cu-r&oxide interaction in the frozen sample at 77 K might 
not be the same as for a hemoglobin solution at 298 K was considered. The Tl’s for 
copper have not been independently determined. Thus, the assumptions concerning the 
values of the Tl’s must be approximately correct or calculations using Leigh theory are 
only qualitative. The effect of the greater mobiity at 298 K on calculations based on the 
Leigh theory also need to be considered. Recent results indicate that the effective rigid 
limit ESR parameters obtained from liquid phase data may not be the same as the 
parameters obtained from the frozen state for low molecular weight complexes 113, 
141. The room temperature spectrum is sensitive to an averaging process that accounts 
for broadening and poorly resolved lines. However, the changes between 77 and 298 
K found for horse hemoglobin using the same labels are small, suggesting that the 
Leigh theory may be valid even at room temperature. 
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Recent studies by Tabak et al. [15] on the maleimido-PROXYL spin labels also 
indicate much shorter Cu(II)-nitroxide distances than expected for a Cu(I1) bound to 
the N-terminal end of the P-chain. In order to explain their results they have postulated 
that the high-affinity Cu(I1) binding site may involve the N-terminal valine and P-2 
histidine of one P-chain and the p-143 and p-146 histidines of the other P-subunit (site 
4). This would place the Cu(II) binding site in the range of 8- 13 A from the sulfhydryl 
group in the second P-subunit and even closer to the nitroxide group. Cu(I1) bound to 
such a site would produce large dipole broadening, which could be even greater than 
that found for the low-affinity site in horse hemoglobin. Cu(I1) bound exclusively to 
the N-terminal region of the P-subunit would not be expected to alter the mobility of 
the spin label reacted with the p-93 SH-group. However, the effect found on the 
spectrum (Fig. 6) for human hemoglobin can more readily be explained by cross- 
linking (site 4), which brings the Cu(II) closer to the pocket between the F and H 
helices and may perturb this pocket to an even greater extent than the Cu(I1) bound to 

the “low-affinity” site 1 on the surface of the P-subunit. 
The change in the dipolar effect as a function of temperature found for the highest- 

affinity Cu(II) binding site on human hemoglobin (Fig. 3), which is not found for 
horse hemoglobin, can be explained by a disruption of the cross-linking (site 4) at 
lower temperature in the frozen solution. Breaking the cross-link would result in the 
copper being localized on the N-terminal end of the P-subunit further from the SH- 
group. The low-temperature ESR of Cu(II) bound to this site (site 3) still indicates 
binding to four nitrogens. The p-143 and p-146 histidine residues presumably 
coordinated at room temperature are therefore presumably replaced by other 
nitrogenous ligands (see above). This change in the Cu(II)-hemoglobin complex could 
explain the small change in gl 1 and A 1 I of the Cu(I1) bound to the high-affinity site at 
77 and 298 K (Fig. 4, Table 1). A contribution from motion of the Cu(I1) hemoglobin 
complex [16] may, however, also contribute to the small change in the Cu(II) ESR 
spectrum produced by freezing. 

Perturbation of Low-Affinity Site by Cu(I1) Binding to High-Affinity Site 

In the early literature on the interaction of Cu(II) with hemoglobin, it was assumed that 
the “low-affinity” and “high-affinity” Cu(II) binding sites were independent of each 
other. With respect to oxidation, the presence of the high-affinity site which did not 
produced oxidation merely served to complex low levels of Cu(I1) protecting the heme 
from oxidation [3, 41. 

It has, however, been recently reported that the dipolar or exchange interaction 
between Cu(B) bound to the low-affinity site and the heme iron in methemoglobin is 
considerably greater for hemoglobins which possess the high-affinity site [2]. Such a 
perturbation is also suggested by the results of Figure 6, which indicate that binding 
Cu(II) to the “high-affinity” site (site 4) influences the spin label spectrum. This 
perturbation in the region of the spin label is not observed when copper is bound to 
horse hemoglobin where no “high-affinity” site is present. There is also evidence that 
binding Cu(I1) to the “high-affinity” site enhances the affinity for the site (site 2) 
involved in the oxidation relative to that of site 1 (see above). This effect was seen in 
the appreciable oxidation found for human hemoglobin prior to saturation of the 
“high-affinity” site (4) and has recently been investigated in greater detail by Louro 
and Tabak [17]. 

These effects can now be understood in terms of the room temperature cross-linked 
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“high-affinity” site [ 1.51 which places the Cu(I1) near the sulfhydryl and in the region 
of the “low-affinity” Cu(I1) binding site. 

In fact, it has been suggested [15] that P-143 histidine, which has been implicated in 
binding to the “low-affinity” site [3], is also part of this “high-affinity” site. The 
location of the p-143 histidine on the surface of the molecule suggests that while it may 
be part of the “low-affinity” site directly involved in the oxidation (site 2), it is 
perhaps crucial for the initial site on the surface of the protein (site l), which is a 
“low-affinity” site that is available when the sulfhydryl groups are blocked. 

This hypothesis is consistent with the effect of NEM on the binding of Cu(I1) to the 
“low-affinity” site (Fig. 7) in human hemoglobin. NEM, which produces only a 20% 
decrease in the equilibrium constant for the “low-affinity” site of horse hemoglobin, 
produces a much more dramatic decrease in the binding of Cu(I1) to the low-affinity 
site of human hemoglobin. Furthermore, the failure to detect an additional decrease in 
signal intensity for human hemoglobin at Cu/heme ratios greater than 0.5 suggests that 
for human hemoglobin with the sulfhydryl blocked by a spin label both “low-affinity” 
sites found with horse hemoglobin (sites 1 and 2) are essentially nonexistent. 

The effect of Cu(I1) binding to the “high-affinity” site on the “low-affinity” site 
can thus be explained in terms of a disruption of the equilibrium between site 1 on the 
surface and site 2 in the pocket, so that only site 2 can be populated. The spin label 
studies and the dipolar effect between Cu(I1) and Fe(II1) further suggest that in human 
hemoglobin, perhaps because of the Cu(I1) bound to site 4, some further perturbation 
occurs in the region of site 2 so that the copper-iron distance is further reduced. 

CONCLUSION 

A summary of the description of the cupric ion binding sites are as follows: 
Site 1: 9-13 A from nitroxide reacted P-93 cysteine; nitrogen and oxygen ligands 

on surface near ~~$3-93; rearranges to form site 2 prior to oxidation; observed at all 
temperatures; weak binding. 

Site 2: < 10 A from heme; requires free &93cys, may involve coordination to 
cysteine; involved in the oxidation of P-heme; observed at all temperatures; weak 
binding. 

Site 3 : - 17 A from nitroxide reacted Cys p-93; four nitrogen donor atoms near the 
N-terminal including p-2 histidine and p-1 valine; not involved in the oxidation of /3- 
heme; observed at low temperatures -77 K; strong binding. 

Site 4: - 7 A from nitroxide reacted Cys P-93; four nitrogen donor atoms due to 
cross-linking of two &subunits; blocks site 1; not involved in the oxidation of P-heme; 
observed at 298 K; strong binding. 

The close proximity of sites 2 and 4, which should both be populated upon the 
addition of four equivalents of cupric ion per hemoglobin molecule, suggests that a 
study of these sites may be pertinent to understand the origin of “type 3” cupric 
complexes, which consist of a pair of cupric ions in close proximity and strongly 
antiferromagnetically coupled [ 181. It is also intriguing to try to involve the cysteine 

residue 93 /3 in the binding to site 1 since it is located close to the metal centers and its 
free -SH group is required for oxidation of the /3 heme by copper [31. Similar 

relationships between heme iron, -SH group, and copper are found in cytochrome 

oxidase. Thus, the /3 subunit within the hemoglobin molecule may be a general model 
to study the interactions between two or three metal centers and -SH groups for the 

redox activity of proteins. 
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