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Nuclear Magnetic Resonance Studies of Heavy Metal 
Ion-Sulfhydryl Interactions in Myosin? 

Robert G .  Bryant,* Y. Legler,$ and Moon H. Han 

ABSTRACT : 35Cl nuclear magnetic resonance measurements are 
reported for myosin preparations studied at  pH 7 in 0.6 M 
KCI. Evidence is presented that a gross conformational 
change accompanies the loss of enzyme activity and addition 

of mercurials which substantially alters the environment of 
sulfhydryl groups in the molecule. This evidence is discussed 
in light of previously reported data on mercurial modification 
of sulfhydryl groups. 

S tudies of conformational changes in myosin are of great 
interest since they may provide some clue to the molecular 
mechanism of ATP energy transduction affected by the myosin 
adenosine triphosphatase. The progressive modification of 
sulfhydryl groups of myosin is known to cause modification 
of the calcium-stimulated adenosine triphosphatase of myosin 
and has been directly associated with conformational changes 
in the protein (Rainford et a/., 1964; Sekineand Kielly, 1964). 
The reaction of sulfhydryl reagents with myosin may have two 
effects on the adenosine triphosphatase activity. Reagents 
such as PCMB initially stimulate the calcium-activated 
adenosine triphosphatase while other reagents or high con- 
centrations of PCMB cause inhibition of the enzyme activity. 
Direct evidence for conformational changes in the myosin 
adenosine triphosphatase associated with sulfhydryl group 
modification has been obtained recently using various tech- 
niques such as fluorescence spectroscopy (Duke et al., 1966; 
Cheung and Morales, 1969; Cheung, 1969) and electron spin 
resonance spectroscopy (Quinlivan et al., 1969; Seidel et a/., 
1970). 

Nuclear magnetic resonance measurements have been used 
extensively to probe the structure of macromolecules, and 
nmr is particularly well suited for the study of protein sulf- 
hydryl groups (Bryant, 1969; Stengle and Baldeschwieler, 
1967; Bryant et a/., 1969; Sandberg et nl., 1969; Ellis et al., 
1969; Sudmeier and Pesek, 1971). Because the information 
obtained from the 85Cl nmr experiment is different from that 
of the methds used previously to investigate myosin sulfhydryl 
groups, the present study was undertaken to gain additional 
information about the nature of the calcium-coupled adeno- 
sine triphosphatase activation. 

Materials and Methods 

Prepara/ion of Myosin. Rabbit skeletal myosin was ex- 
tracted and purified according to the method of Mueller et ai. 
(1964) with some modification. Heavy metal Contamination in 
the myosin preparations was minimized by addition of 0.1 mM 
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EGTA to the first extraction medium. EGTA was omitted 
from the subsequent purification procedures. Average adeno- 
sine triphosphatase activity of myosin was approximately 0.5 
 mole of Pi per mg per minute. The protein concentration was 
determined spectrophotometrically using an absorptivity of 
0.543 m1mg-I cm-1 at 279 nm (Josephs and Harrington, 1966). 
Myosin preparations were used within 3 days to avoid air 
oxidation of sulfhydryl groups. 

Determination of Adenosine Triphosphatase Acticity. Adeno- 
sine triphosphatase activity was determined using a pH-Stat 
at pH 8.0 and 25' (Green and Mommaerts, 1953). The re- 
action mixture contained 0.5 M KC1, 10 mM CaCI?, and 1.2 
mM ATP. The reaction was initiated by adding 0.05-0.1 mg 
of myosin. Studies of mercuric ion and PCMB effects on myo- 
sin adenosine triphosphatase activities were carried out with 
myosin preincubated with the mercurial reagents at 5" 
overnight. 

NMR Experiments. Chlorine-35 nmr measurements were 
made on a Varian DP-60 nmr spectrometer system equipped 
with a Varian V-4210A variable frequency rf unit which 
operated at 5.7 MHz. The spectrometer system included a 
Princeton Applied Research lock-in amplifier which was 
operated at  a frequency of 550 Hz with the phases adjusted 
to display the first audio side band as an absorption mode 
signal. The 5-ml samples were contained in 15 mm 0.d. Pyrex 
test tubes and measured at the temperature of the magnet gap 
of 27 =t 2". The nmr line widths are reported as the ful l  
width measured at half-height of the absorption mode signal. 
The errors reported are the standard deviations of the mean for 
at least five spectra. 

hilercuric ion was added to the myosin solutions in micro- 
liter quantities employing a 10-,ul pipet and an accurately 
known standard mercuric chloride solution. The nmr mea- 
surements were made within 10 min of each addition. The 
pH of the myosin solutions was maintained using 0.05 M 

Tris-maleate or 0.05 M phosphate buffers (pH. 7.0) in 0.6 M 

KCI. Tris was recrystallized before use. Other chemicals 
were reagent grade and used without further purification. 
The ratios of mercury(I1) ion added to total myosin 
was calculated assuming a myosin molecular weight of 
500,000. 

Theory. The 3jCl line width is usually dominated by yuacl- 
rupole relaxation so that in the limit of extreme narrowing 
the line width for a nucleus of spin 3,'! is given by 
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F I G U R E  1 : Adenosine triphosphatase activity as a function of mercurial concentrations. A PCMB; 0 HgCla2-; $ :Wl nmr line broadening, Hz. 

where Au is the full line width in hertz at half-height, e is the 
unit charge, q is the electric field gradient at the nucleus of 
quadrupole moment Q, T~ is the correlation time for reorienta- 
tion of the field gradient, and the asymmetry parameter has 
been neglected (Abragam, 1961). 

In 1 M aqueous sodium chloride solutions, the chloride ion 
is found in an approximately symmetric environment produc- 
ing a field gradient at the nucleus approaching zero and a line 
width of about 13 Hz. If the quadrupolar chlorine nucleus can 
be found at environmentally different sites in solution, the line 
width will depend on the relative concentration of each site, 
the values of (elqQ)' and T~ associated with each site, as well 
as the frequency with which the WC1 nucleus samples the 
various sites. In the case where exchange rate of the chloride 
is fast with respect to the width of each line in the spectrum, 
a single composite line is observed with the line width given by 

where Ac, and Aq, are the contributions to the line width 
associated with sites a and b while P, and P b  are the proba- 
bilities that the chlorine is at site a and b, respectively (Swift 
and Connick, 1962). The A c ~  in eq 2 are given in each case by 
eq 1 where the variables may be the field gradient and the 
correlation time. If the chloride ion exchange rate were much 
faster than the rotational contributions to the correlation time, 
then the line broadening could be limited by the exchange rate 
contribution to  the correlation time (Marshall, 1970). If the 
exchange rate is rapid, but not large compared with the broad- 
est line in the spectrum, a large broadening of the chloride 
nmr may still be observed; however, the exchange rate again 
is the limiting factor in the relaxation equation (Swift and 
Connick, 1962). To summarize, a change in the contribution 
of a particular term in eq 2 to  the total line width may arise 
from any of four sources: a change in concentration of sites, 
a change in the number of chloride nuclei associated with a 
particular site, a change in the electric field gradient at the 
chlorine nucleus at that site, or a change in the correlation 
time or exchange rate for that site. For any term of eq 2 to 

contribute to the total line width the chlorine site must ex- 
change chloride ion rapidly with the bulk of chloride ion in 
the sample. 

Results 

The activity of the CaZf-activated adenosine triphosphatase 
is plotted as a function of concentration of mercurial reagents 
in Figure 1. PCMB clearly causes an activation of the adeno- 
sine triphosphatase activity as reported by other investigators 
(Rainford et ul., 1964; Kielly and Bradley, 1956; Azuma et ul., 
1962). On the other hand, mercuric ion causes a marked 
decrease in enzyme activity beginning with the lowest concen- 
trations (Figure 1). It is surprising that these reagents behave 
differently since they are both well-known sulfhydryl reagents. 

A mercuric ion titration of a protein containing a sulfhydryl 
group normally causes a linear increase in the chlorine-35 
nmr line width in neutral or acidic media until all the protein 
sulfhydryl groups have been titrated. The post-end-point 
region is also linear with a much smaller slope due to the for- 
mation of free HgC14'- ion in solution (Bryant, 1969). The 
mercuric ion titration of myosin at pH 7 in Tris-maleate buffer 
is also shown in Figure 1 and is clearly more complicated than 
the simple behavior expected. This titration curve is most 
easily discussed in terms of four different regions of the titra- 
tion curve. The flat portion of the titration curve extending 
from zero to approximately 15 equiv will be called region I.  
The transition occurring between approximately 15 equiv and 
22 equiv will be called region 11. The linear portion of the 
titration curve from 22 equiv to approximately 44 equiv will be 
called region 111. The post-end-point portion beyond 44 equiv 
will be called region IV. 

The general features of this titration curve were reproduced 
with every myosin preparation studied. In some cases, how- 
ever, the position of the transition in region I1 moved to lower 
ratios of mercury to myosin and appeared to be a function of 
the age of the preparation. The dotted curve in Figure 2 is the 
result of taking the same preparation (solid curve) exposed to 
a stream of oxygen for 20 min at room temperature prior to  
titration with mercury. The shift in the transition position is 
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FIGURE 2 :  W 1  nmr line width for myosin solutions at pH 7.0 in 0.6 M potassium chloride. I. fresh myosin solution; 0. myosin solution ex- 
posed to oxygen stream. Solid line is the optical difference spectrum recorded at 240 nm. 

6 - 0 0  
6 

I" 50- 

i - 
! 

I I 

50 60 

F i c C R E  3 :  'jC1 nmr line broadening for myosin solutions at pH 7.0 in  0.6 M potassium chloride. Bottom curve recorded on fresh myosin solu- 
tion. Top curve is recorded for the same preparation in 10 M urea 

consistent of oxidation of about 4 sulfhydryl groups in myosin. 
Reproducible titration curves were obtained if all work was 
done within 48 hr after the myosin preparation was complete. 

Although the transition midpoint is sensitive to exposure of 
the protein to oxygen, the transition could not be eliminated 
completely in 8 M urea. In 10 M urea, however, the transition 
is completely eliminated and the expected linear increase in 
W1 line width is observed until the end point as shown in 
Figure 3. It is important to notice that the straight line portion 
of the curve in region I11 extrapolates to zero line broadening 
and that the slope of the curve in region 111 is very nearly 
identical with that in same region of the urea-denatured 
sample. The addition of calcium ion did not significantly alter 
the titration curve; however, the addition of Mg-ATP de- 
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creased the total line width slightly and Mg-ATP in millimolar 
concentrations stabilized the protein significantly against 
large line broadening by the mercuric ion. 

Discussion 

The lack of 3bCl line broadening in region I of the titration 
curves may be explained by either of two hypotheses. (1) The 
product of the reaction with the first sulfhydryl groups of 
myosin is of the form PSHgCl but the rapid exchange of the 
chloride ion, which is necessary for observation of the protein- 
bound mercury species, is blocked in some way by the steric 
characteristics of the enzyme. ( 2 )  The product of the initial 
reaction of mercury with the protein is a coordinatively 
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saturated mercury species which does not include an ex- 
changing chloride ion in the mercury primary coordination 
sphere. In this case the protein-bound mercury would not 
effect the chlorine nmr spectrum. In both cases the second 
region of the titration curve indicates that a conformational 
change in the protein generates products of the form PSHgCl 
and that this species is the only form of importance by the 
beginning of region 111. For case 1 a conformational transition 
would remove the steric constraints on the chlorine exchange 
and expose the RSHgCl moiety to the aqueous chloride solu- 
tion where the exchange produces the broadening of the nmr 
spectrum of the chloride ion. In the second case the confor- 
mational change must be such that at  least one of the protein 
donated ligands is removed from the mercury and replaced 
by a chloride ion so that the product after the conformation 
change is identical with that for case 1. 

The first alternative appears to be the simplest; however, 
it is quite unlikely that all of the sulfhydryl groups in myosin 
are located in such a way that the chloride ion exchange with 
the product PSHgCl is blocked a t  every site. Assuming that 
several sulfhydryl groups are on the protein surface where 
rapid chloride exchange is possible, then the first alternative 
must explain why these groups are not labeled in the initial 
stages of the mercury titration. In the absence of some unusual 
thermodynamic properties a random reaction of mercury 
with sulfhydryl groups is expected. Since there would be no 
preference for mercury reaction with exchange-blocked sites 
as opposed to non-exchange-blocked sites, a significant line 
broadening should occur in region I. This is not observed. 
Therefore, either all of the sulfhydryl groups in myosin are 
located in such a way that the chloride ion exchange is blocked, 
or there is a mechanism causing certain sulfhydryl groups at  
which chloride ion exchange is blocked to be thermodynami- 
cally favored in the binding of mercuric ion. 

The second alternative provides a mechanism for the neces- 
sary thermodynamic selection by requiring that a protein- 
donated ligand displace the chloride ion a t  mercury. The 
overall reaction may be represented as shown in eq 3. There 

PSH + HgC1,'- + P--XH = PSHgXP + 4CI- + 2"- ( 3 )  

are at  least two protein groups which may react in this way: 
sulfhydryl and histidine or other nitrogen functions. 

If the second protein-donated mercury ligand is a second 
sulfhydryl group, then the product of the reaction must be a 
basically linear system about the mercury atom of the form 
PSHgSP (Bryant, 1972). The reaction proposed would there- 
fore require that the sulfhydryl groups in the myosin molecule 
be located in such a way that as many as 16 of them could 
form such linear bonding systems. In light of the sensitivity 
of the protein to mild oxidation, this may not be a severe re- 
striction. A second important consequence of two sulfhydryl 
groups per mercury site is that the free energy change for the 
reaction is very large. While this explains the thermody- 
namic preference of mercury for these sites, it is unlikely that 
a conformation change could break one of the sulfur-mercury 
bonds to regenerate a free sulfhydryl group and a molecule 
of the form RSHgCI. If region I is taken to  represent the 
formation of RSHgSR then region I1 must represent eq 4. 

RSHgSR + HgC14'- = 2RSHgC1 + 2C1- (4) 

The stoichiometry of this reaction requires that region I1 have 
a slope of the line width cs. mercury plot which is twice that 
of the slope in region 111, which is then taken to  represent the 

formation of the product RSHgCl from tetrachloromercurate 
ion and sulfhydryl group. The stoichiometry represented by eq 
4 also requires that the width of region I1 equal that of region 
I .  The slope of the line width plot in the transition region is 
much greater than twice that in region 111 and the width 
of the transition region, that is region 11, is significantly less 
than that in region I. Therefore, it is quite unlikely that eq 4 
accurately describes the chemistry of the mercury-myosin 
interaction (Figure 1). 

Additional evidence is obtained from an optical difference 
spectrum drawn in Figure 2. If the product of the reaction of 
the protein with mercury is RSHgSR in region I, then one 
expects three types of change in the optical difference spectrum 
prior to the end point of the mercury titration: a change cor- 
responding to the formation of the initial product RSHgSR 
from a mercuric ion and two sulfhydryl groups; a region 
corresponding to the reaction of RSHgSR with tetrachloro- 
mercurate ion to form 2 equiv of RSHgCl; and a region cor- 
responding to the formation of RSHgCl from tetrachloro- 
mercurate ion and free sulfhydryl group. Only one break is 
observed in the optical difference spectrum which coincides 
with the beginning of region I1 in the nmr titration curve. It 
is therefore unlikely that an  additional ligand a t  mercury is a 
second sulfur atom even though it may provide the necessary 
thermodynamic preference for the reaction of mercury at 
these sites. 

These difficulties are avoided by suggesting that a different 
protein-donated ligand such as imidazole contributes to the 
chemistry of mercury binding in region I of the titration 
curve. Since there is a large number of histidine residues in 
heavy meromyosin (Barany et al., 1964), this is not unreason- 
able. Such an equilibrium has been demonstrated in experi- 
ments on model compounds using histidine to displace chlo- 
ride ion from a low molecular weight sulfur-mercury adduct. 
In this case the free energy change associated with placing 
a nonchlorine ligand on the mercury is expected to be small 
and a function of such parameters as the pH of the solution 
and the state of the protein. Because a protein conformational 
change could be such that it significantly shifts the equilibrium 
position of this ligation reaction, it is not possible to predict 
the width of the transition region. The added free energy for 
binding provided by the second protein-donated ligand pro- 
vides the thermodynamic section of metal binding sites re- 
quired. Since the product of the reaction of mercury with 
sulfur heavily favors a two coordinate mercury species in 
solution (Bryant, 1972) only one protein-donated mercury 
ligand in addition to sulfur is required in eq 3 to eliminate the 
rapid chloride ion exchange with the protein-bound mercury 
species. This hypothesis is thus capable of explaining the ob- 
served data without postulating any unusual properties of the 
protein sulfhydryl groups or any enormously energetic con- 
formational changes in the protein. 

These nmr experiments clearly demonstrate a marked con- 
formational change in myosin modified by mercuric ions. 
A similar conformational transition has also been observed 
with ANS fluorescence and the dissociation of light-chain 
subunits in the presence of organic mercurials (Duke et a/., 
1966; Samaha er ul., 1970). Organic mercurials initially 
activate the enzyme in region I while mercuric ion causes a 
linear inhibition. It appears likely that the reason for this 
difference is that mercury may react with two protein ligands 
while organic mercurials may react with only one. Chelation 
of two protein ligands could readily cause disruption of active 
conformation or directly block the catalytic amino acid resi- 
dues such as imidazole or sulfhydryl groups in myosin. 
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TABLE I :  Distribution of SH groups in Myosin. 

No. of SH 
Groups per 

of Myosin Proteins References 
Subfractions Mole of 

Myosin 

Light meromyosin 
Heavy meromyosin 

Subfragment 2 
Subfragment 1 

Light chains 
Heavy-chain core 

DTNB light chain 
Alkali LC 1 
Alkali LC 2 

44 

6 
38 
4 

34 
4 

30 
2 
1 
1 

Weeds and Hartley, 1968 
Barany et ai., 1964 
Weeds, 1966 
(Estimated) 
Weeds, 1967 
(Estimated) 
Weeds and Lowey, 1971 
(Estimated) 
Weeds and Lowey, 1971 
Weeds and Lowey, 1971 
Weeds and Lowey, 1971 

The quantitative aspects of the nmr experiment are in good 
agreement with previously reported values for the sulfhydryl 
content in myosin (Barany et id., 1964; Weeds and Hartley, 
1968). Table I summarizes the distribution of sulfhydryl 
groups in myosin. Approximately 8 6 z  of the myosin sulf- 
hydryl groups are located in the heavy meromyosin portion 
of the molecule and 80% located in subfragment I which 
carries the adenosine triphosphatase activity. Since light- 
chain components of myosin contain approximately 4 sulf- 
hydryl groups at  most (Weeds and Lowey, 1971), about 30 
sulfhydryl groups are located in the heavy-chain portion of 
subfragment I which constitutes the globular heads of myosin 
molecule. Since the 35Cl nmr experiments reported monitor 
the sulfhydryl groups only, the changes in conformation of 
myosin observed on addition of mercury may tentatively be 
ascribed to a conformational disruption of the heavy-chain 
core followed by the changes in the quaternary structure of 
subfragment 1. This suggestion is supported by the mercurial- 
induced dissociation of light-chain subunits (Samaha er NI., 
1970) and the absence of significant changes in optical rota- 
tory strength of myosin on addition of PCMB (Warren et NI., 
1966). 

It has been recently demonstrated that myosin has two high 
atlinity calcium sites on the light-chain subunits and about 50 
nonspecific sites on the heavy-chain core (L. Emme, M.  H .  
Han, and A. Rosenberg, to be published). Since little change 
in the nmr titration curve is observed in the presence of 5 mM 
Ca 2’ , i t  appears that there is no direct relationship between 
calcium binding and modification of SH groups in myosin. 
However, addition of Mg-ADP does stabilize the protein 
against the conformation changc observed by chlorine-35 
nmr .  Nucleotide-induced conformational changes in the 
myosin active site have been observed using difference spectra 
(Morita and Shimizu, 1969; Sekiya and Tonomura, 1967) 
and electron spin resonance (esr) techniques (Seidel et d., 
lY70), and fluorescence probe methods (Cheung, 1969). It 
has also been demonstrated that salt-dependent dissociation 
of light-chain subunits can be stabilized by magnesium or 
calcium nucleotide complexes (Gershman er ai., 1969; Dreizen 
and Gershmav, 1970). 

In conclusion these experiments demonstrate that there are 
several typcs of sulfhydryl groups in myosin which may be 
distinguished by their reactivity with tetrachloromercurate 
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ion. This result is consistent with earlier work using other 
sulfhydryl reagents such as PCMB; however, these experi- 
ments show in an addition that the dramatic conformation 
change in the globular portion of myosin induced by high 
levels of the mercury places all protein-bound mercury in a 
position where it may readily exchange chloride ion with the 
solution. The mercury interaction is different from the other 
modifiers of myosin in that the activity of the calcium-acti- 
vated adenosine triphosphatase is not enhanced by reaction 
of the protein with mercuric ion although it is significantly 
stimulated by the reaction with PCMB and other sulfhydryl 
reagents. The cause for this difference may be that the two 
coordinate nature of the sulfur-bound mercuric ion causes 
extensive cross-linking of protein groups in the myosin mole- 
cule with resulting local denaturation and commensurate 
loss of enzymic activity. 
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Specificity of Interaction of Haptoglobin with 
Mammalian Hemoglobint 

Marvin W. Makinen,* Julie B. MilstienJ and Hideo Kon 

ABSTRACT : Complex formation of human haptoglobin with 
various mammalian hemoglobins is investigated as a model 
system of specific interaction of globular protein surfaces. 
Haptoglobin-hemoglobin complexes are examined through 
a variety of spectroscopic methods with regard to the arrange- 
ment of bound subunits of hemoglobin on the haptoglobin 
molecule, conformational properties of the complex with 
ligand binding by the heme iron, structural changes in the 
heme environment, and the electronic structure of the heme 
iron. Perturbations on hemoglobin structure as a result of 
haptoglobin binding are correlated with the enhancement of 
peroxidatic activity associated with complex formation and 
with the stabilizing influence of haptoglobin against denatura- 
tion of hemoglobin. On the basis of electric birefringence 
studies, the CY and /3 subunits of hemoglobin are established 
to be bound symmetrically with respect to the long axis of 

S pecific interaction of globular protein surfaces is basic 
to the organization and biological function of numerous orga- 
nized macromolecular assemblies. For instance, several multi- 
component enzyme systems (Ebner, 1970) exhibit modified 
catalytic activity not associated with the isolated component 
proteins and functionally depend upon a specifier protein 
binding to the catalytic protein. Antigen-antibody systems 
exhibit high specificity in interaction as is evident in the for- 
mation of hemoprotein-antihemoprotein antibody complexes 
in which complex formation is sensitive to single amino acid 
substitutions (Nisonoff et al., 1970; Reichlin, 1972). These 
examples illustrate well the intricate stereochemical demands 
of interaction of protein surfaces to form organized macro- 
molecular assemblies. Study of this structural specificity is 
clearly of importance in order to understand the chemical 
behavior of multicomponent assemblies prevalent in biolog- 
ical systems and the role of intermolecular interactions in 
modifying enzymatic reactivity. 
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the haptoglobin molecule. Electric birefringence and electric 
dichroism studies also suggest that binding of hemoglobin 
is restricted to the terminal regions of the haptoglobin mole- 
cule with marked restriction of motional freedom of bound 
hemoglobin subunits. Both electric birefringence and optical 
rotatory dispersion studies demonstrate that human hapto- 
globin binds human hemoglobin specifically. Hemoglobins 
of other mammalian species form complexes with human hap- 
toglobin, the structural properties of which are dependent 
upon the sequence of mixing haptoglobin and hemoglobin and 
upon the amino acid sequence of the hemoglobin. The amino 
acid sequences of five mammalian hemoglobins correlated 
with spectroscopic properties of corresponding haptoglobin- 
hemoglobin complexes are discussed with reference to  the 
probable haptoglobin binding site of hemoglobin. 

Complex formation between haptoglobin and hemoglobin 
provides an unusual example of interacting protein surfaces, 
for it is well known that haptoglobin binds hemoglobin in an 
almost irreversible manner with high specificity and marked 
changes in heme reactivity (for review, cf. Sutton, 1970). This 
system may have value in the investigation of the structural 
basis of protein surface-surface interactions of multicompo- 
nent complexes. This is especially true in view of the large body 
of knowledge on the chemical and structural properties of 
mammalian hemoglobins (Dayhoff and Eck, 1968; Peruiz 
et al., 1968; Perutz, 1969) as well as on the chemical structure 
of human haptoglobin (Black and Dixon, 1968; Barnett et a/., 
1970). 

In this communication we report an investigation of the 
interaction of various mammalian hemoglobins with human 
haptoglobin. Through application of a variety of spectro- 
scopic methods we have investigated the influence of perturba- 
tions resulting from interacting protein surfaces of the hapto- 
globin-hemoglobin complex on multiple levels of structural 
organization of the multicomponent system. These include the 
relationship of hemoglobin subunits to each other upon bind- 
ing to haptoglobin, conformational properties of the com- 
plex with ligand binding, and structural changes induced in 
the heme environment upon complex formation. Functional 
changes in heme reactivity measured as the enhancement of 
peroxidatic activity have been examined with regard to  the 
electronic structure of the heme iron prosthetic center and the 
stabilization of hemoglobin against denaturation. This multi- 
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