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Specificity of Interaction of Haptoglobin with

Mammalian Hemoglobinf

Marvin W. Makinen,* Julie B. Milstien,} 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 « and 8 subunits of hemoglobin are established
to be bound symmetrically with respect to the long axis of

Speciﬁc 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 a/., 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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spectroscopic approach has permitted an investigation of the
structural properties associated with specific interactions of
protein surfaces which may be responsible for alterations in
heme reactivity. On the basis of these results a model for the
structure of the haptoglobin—hemoglobin complex is proposed
and the regions of the hemoglobin molecule probably in-
volved in binding haptoglobin are indicated.

Methods and Materials

Human Hp! was prepared according to Connell and Shaw
(1961). Hp,., was not used in this study because of its limited
supply. HbO, was prepared according to Perutz (1968) from
freshly drawn heparinized blood. The Hb binding capacity
of stock solutions of Hp was determined either according to
Connell and Smithies (1959) or Roy er al. (1969) with use of
freshly prepared human ferriHb only. Preparation of Hp-
Hb complexes with Hb of other mammalian species used in
this investigation was based always on the binding capacity
determined with human ferriHb. Electrophoresis (Brown and
Johnson, 1970) of Hp,.; with Hb of all mammalian species
in 1:1 molar ratio indicated no detectable free Hb upon com-
plex formation.

Enhancement of peroxidatic activity was determined at
heme concentrations of 1-5 X 10=® M and at 1:1 molar
ratios of Hp..; to ferriHb (Connell and Smithies, 1959). The
activity of the unbound ferriHb was always compared to that
of the complex at identical heme concentration immediately
upon addition of the ferriHb to the reaction mixture.

The determination of circular dichroism,? electron para-
magnetic resonance (epr) absorption properties, and associ-
ated preparative procedures for Hb and Hp-Hb derivatives
have been previously described (Makinen and Kon, 1971).
ORD studies were carried out with use of a Cary Model 60
spectropolarimeter programmed for constant illumination.
Molar rotations were calculated using the relationship: [M], =
(a/lc)(M,,/100), where « is the observed rotation in degrees at
wavelength )\, /is the path length in decimeters, ¢ is the concen-
tration in grams per milliliter, and My, is the molecular weight.
The molecular weight of Hp,.; used for calculating molar rota-
tions was that based on the amino acid content (Black er a/.,
1970), and 64,500 was used for all species of mammalian Hb
studied.

Electric dichroism and electric birefingence properties
were determined with use of an instrument as described by
Yamaoka and Charney (personal communication of unpub-
lished results, 1971). The birefringence, 8, in degrees, is re-
ported according to Yamaoka (1964). The Kerr constant, B,
was determined as described in the text, as was the specific
Kerr constant, B/C, expressed in units of (rad-cm¢¥)/(g-stat-
volt?). The reduced dichroism, Ae/e, is defined as (e, — €)/
¢, where e, is the extinction coefficient with light polarized
parallel to the electric field direction; €, is the extinction co-

1 The following nonstandard abbreviations are used in this text:
dHb, reduced or deoxyvgenated hemoglobin; ferriHb, methemoglobin;
Hb, hemoglobin; Hp, haptoglobin, with subscripts 1-1, 2-1, or 2-2 to
indicate the phenotypic variant; Hp-Hb, haptoglobin—hemoglobin;
i.e., haptoglobin bound to hemoglobin; Hp—dHb, haptoglobin bound
to deoxyHb; Hp-HbO; haptoglobin bound to HbO:; analogously,
Hp-ferriHb, haptoglobin bound to ferriHb.

: Circular dichroism will be defined as e; — e, where ¢ and ¢, are the
decadic molar extinction coefficients on a heme basis for left and right
circularly polarized light, respectively, in units of M~ cm~!. Conversion
into the alternate measure of circular dichroism in terms of molecular
cllipticity is achieved through the formula [6] = 2.303(4500/7)(e1 — &),
where [8] is in units of (deg cm?)/dmole (Moscowitz, 1960).
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efficient with light polarized perpendicular to the electric
field direction; and e is the isotropic extinction coefficient.
Determination of the reduced dichroism has been previously
described (Charney er al., 1970).

Only ferriHb and Hp-ferriHb were utilized for electro-
optic studies to assure no change in oxidation state of the
heme iron after the extensive periods of dialysis necessary to
achieve solvent conditions of low ionic strength (<0.0005 M
sodium 2-(N-morpholino)ethanesulfonate). Spectral proper-
ties of ferriHb and Hp-ferriHb after dialysis were in agreement
with those previously reported (Makinen and Kon, 1971),
and the Hb binding capacity of Hp solutions had not been
altered through dialysis at neutral pH. The pH was adjusted
as necessary after dialysis with small amounts of dilute HCI
or aqueous, carbonate-free NaOH. Hp prepared according
to the method of Connell and Shaw (1961) contains a variable
amount of other contaminant serum proteins consisting pri-
marily of serum albumin. Purified human serum albumin
(Mann Research Laboratories) exhibited no birefringence
under the applied electric field strength conditions employed
for the study of Hp and Hp-ferriHb solutions. Possible con-
tributions to the birefringence signals of Hp and Hp-ferriHb
solutions from other contaminant proteins such as a,-globu-
lins were similarly ruled out with use of a purified preparation
of human a;-globulin fraction obtained from Mann Research
Laboratories.

Birefringence was determined at 308 nm since at this wave-
length neither ferriHb nor Hp-ferriHb exhibited dichroism
signals.?® Furthermore, unbound ferriHb exhibited no birefrin-
gence at this wavelength under the applied field strength
conditions employed for the Hp-ferriHb complex. All electro-
optic measurements were made at 5-10° at a Hp concentration
of 1-10 X 107®% M. The pulse length was adjusted to achieve
orientation of macromolecules with minimal heating of solu-
tions. Human ferriHb was employed for all electrooptic
studies unless otherwise indicated.

Results

Eleciric Birefringence and Dichroism Studies on the Hapito-
globin—Hemoglobin Complex. When a solution of molecules is
subjected to a homogeneous electric field, polar or electrically
asymmetric molecules become partially oriented with respect
to the electric field vector (O’Konski, 1968). This effect gives
rise in the case of optically asymmetric molecules to induced
optical retardation or electric birefringence measured with
incident plane-polarized light parallel or perpendicular to
the direction of the applied, homogeneous electric field. If
the molecule exhibits electromagnetic transitions in an acces-
sible region of the spectrum, these transitions can give rise to
linear dichroism related to their orientation with respect to
the direction of the electric field vector. This effect is known
as electric dichroism.

The orienting force of a molecule in the electric field
is due to interaction of the applied electric field with
the electric dipole moment of the molecule. The latter is
dependent upon two molecular properties: (a) the anisotropy
of polarizability, which includes effects of ion migration of

31n this region the absorption properties of the heme group appear
to be nearly isotropic with respect to in-plane and out-of-plane polariza-
tion directions on the basis of single crystal spectroscopic studies of
horse ferriHb (M. W. Makinen and W. A, Eaton, unpublished observa-
tions, 1971). The electric field induced birefringence should on this basis
reflect primarily the optical anisotropy due to the protein moiety.
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TABLE 1: Comparison of the Specific Kerr Constants of Hps.»
and Hp,.o-ferriHb as a Function of pH.*

B/C (rad.cm?/g- statvolt?)

pH Hp:.. Hp;..ferriHb
6.0 0.15 = 0.04 0.35 £ 0.05
6.8 0.22 = 0.02 0.12 = 0.01
8.0 0.28 = 0.05 0.19 = 0.01

¢ The Kerr constant for each molecular species was deter-
mined from the limiting slope of the plot of the birefringence,
3, vs. the square of the applied electric field strength, E?,
at three concentrations of protein.

polyelectrolytes; and (b) the permanent dipole moment re-
sulting from the distribution of spatially separated, fixed
charges. Thus, in principle, electric birefringence is capable of
providing information about the orientation of the electric
dipole moment with respect to overall molecular shape, and
electric dichroism provides information about the configura-
tion of chromophoric groups of a molecule with respect to the
orientation of the electric dipole moment. In the case of poly-
meric macromolecules of biological interest, detailed struc-
tural information has been obtained on the basis of electric
birefringence (c¢f. O’Konski, 1968; Haschemeyer, 1963;
Cathou and O’Konski, 1970) and electric dichroism (Charney
et al., 1970; Allen and Van Holde, 1971) of proteins and poly-
peptides. Comprehensive reviews on the application and
theoretical basis of these spectroscopic methods have been
given by O’Konski (1968) and Charney (1971). In this investi-
gation the methods have been applied to determine structural
parameters of the Hp—-Hb complex with particular emphasis
on the orientation of the subunits of Hb upon binding to Hp.
The electric field induced birefringence of Hp,., and of
Hps.ferriHb complexes? was measured at 308 nm to deter-
mine the orientation of these macromolecules as a function
of increase in applied electric field strength. The general field
strength behavior of the electric birefringence of C, and the
C1r complex is illustrated in Figure 1. Comparison of their
birefringence properties is made to a solution of Hp:. at
equal concentration for which the total Hb binding capacity
is half-saturated. The amount of birefringence depends on
the applied electric field strength up to a point when satura-
tion orientation is attained; i.e., an increase in electric field
gives no further increase in birefringence (Benoit, 1951).
The specific Kerr constant reflects the orienting force of
a molecule (Peterlin and Stuart, 1939) and is calculated from
the limiting slope of the plot of § (in degrees) against the square
of the electric field strength (in volts/centimeter) (Yamaoka,

¢« Hp binds to Hb to form a complex of 1:1 molecular stoichiometry.
Under conditions when the Hb binding capacity of a Hp solution is not
saturated, binding results in formation of unsaturated (C.), half-satu-
rated (Cr), and fully saturated (C11) molecules of Hp. These molecular
species arise from the bivalent functional behavior of Hp characteristic
of all three phenotypic variants (Malchy and Dixon, 1970) and corre-
spond to the binding of 0, 0.5, and 1.0 mole of Hb per mole of Hp, re-
spectively. In the case of Hpi-, the distribution of Co, Ci, and Cir has
been shown to conform to the expansion of (p + @)% wherep =1 — ¢
and g is the fractional saturation of Hb binding sites (Peacock et al.,
1970). Since polydispersity of Hp:-: complexes was not observed under
the conditions employed for electrooptic studies, we have applied the
same relationship for the binding of Hb to Hps-2.
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FIGURE 1: Dependence of the birefringence () of Hp.—. on the square
of the applied electric field strength (£2) compared to that of Hp——
ferriHb complexes. The observed birefringence at 308 nm is indi-
cated at constant Hp,—, concentration for Hp.—. (®), the fully satu-
rated Hps—s—ferriHb complex (a4), and a mixture (A) of Hp;—, and
ferriHb added in 1:0.5 molar ratio at pH 6.8. Lines connecting ex-
perimental values are computer fitted, least-square curves deter-
mined according to the equation § = aE? + bE + c as described by
Milstien and Charney (1969). The bars indicating error limits repre-
sent a displacement of twice the standard deviation. The birefrin-
gence is indicated in (deg ml)/g of Hpz-.

1964). Estimates of Kerr constants were determined from data
obtained at as low field strengths as possible for three concen-
trations of protein. The specific Kerr constants for Hps.
and for the completely saturated Hp,..—ferriHb complex
determined as a function of pH are tabulated in Table L.
The pH dependence of the Kerr constant of Hp,, appears
to follow the general shape of its titration curve (Waks and
Alfsen, 1966) within the limited pH range studied. For the
Ci; complex, on the other hand, the Kerr constant goes
through a minimum near neutrality.

Electric birefringence studies initially carried out on Hp.
indicated that the birefringence properties were markedly
dependent upon both aging and concentration of protein
solutions. Further use of this phenotypic variant of human
Hp in electrooptic studies was, therefore, terminated. On the
other hand, experimental results with use of Hp.., were not
influenced by these factors in the micromolar concentration
range and low ionic strength employed. Determination of the
specific Kerr constant for the C, and Cyy species is a sensitive
criterion of absence of change in aggregation state within the
concentration range of Hp..; suitable for electrooptic studies.

The birefringence and dichroism properties of the Hps.o—
ferriHb complex were not dependent upon the sequence of
mixing of Hps. and ferriHb components in preparing the
complex with use of human ferriHb. On the other hand, the
sequence of mixing with use of bovine or horse ferriHb pro-
duced a marked variation in specific Kerr constants of the
resultant Hp,..—ferriHb complexes. Furthermore, though the
Kerr constants for the complexes formed with bovine ferriHb
were of the same order of magnitude as those containing
human ferriHb, the horse ferriHb complexes gave Kerr con-
stants which were decidedly concentration dependent and
which extrapolated at zero protein concentration to values
that were smaller by one order of magnitude. Further electro-
optic studies with use of bovine or horse ferriHb complexed
to Hp:-: could not be carried out because of decreased signal-
to-noise ratios. This change was probably caused by the
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FIGURE 2: Comparison of the dependence of the permanent dipole
moment and anisotropy of polarizability of Hp:—» as a function of
saturation of Hb binding sites at pH 6.8. The left-hand ordinate
scale indicates values of 3 (@) and v (O) in arbitrary units reflecting
the change in the permanent dipole moment and anisotropy of
polarizability, respectively. The solid trace represents the variation in
concentration of the intermediate half-saturated complex C; as a
function of the molar ratio of ferriHb added to Hp.-, (fractional
saturation).

marked differences in macromolecular structure induced by
binding of Hb of nonhuman origin to Hp..,.

Either a permanent or an induced dipole moment can cause
orientation in an electric field, and assessment of the relative
contribution of each to the orienting mechanism provides a
sensitive parameter of molecular structure. O’Konski et al.
(1959) have developed a convenient form of analysis of satura-
tion data of the electric birefringence of axially symmetric
macromolecules to determine the relative contributions of the
induced dipole moment and of the permanent dipole moment
to the orienting mechanism. If a molecule has a permanent
dipole moment u and an anisotropy of polarizability Ae, the
parameters 3 = uE/kT and v = AaFE?*2kT are defined
(O’Konski eral., 1959), where Eis the electric field strength, & is
Boltzmann's constant, and T is the absolute temperature. The
analysis then involves comparing a plot of (§/E?)/(§/EDg_.q
vs. E? to a set of theoretical curves describing (8/E%)/(8/E) g _q
as a function of 32 + 2+~

(B/EN/(3/ENE—0 = 152(3,v)/(3* +27)

where &®(3,y) is the orientation factor as defined by
O’Konski er al. (1959). Comparison of the plot of experi-
mental data against the curves constructed as functions of
3% + 2+ allows assessment of the relative contributions of
each term to the orienting force of a molecule® (¢f. Yamaoka,
1964, for a detailed discussion of the graphical method of
analysis),

To this end the field strength behavior of the electric bire-
fringence of Hp..; at 308 nm was studied as a function of

5 Application of the graphical method of Q’Konski et al. (1959) is
warranted for axially symmetric molecules. The analysis was carried out
under the assumption that the Hps-» molecule approximates an ellipsoid
of revolution with a ratio of major to miror semiaxes of 4:1, This as-
sumption appears justified since low-angle X-ray scattering studies
(Waks et al., 1969) indicate that the Hp;-1 phenotype approximates this
molecular shape and since the two molecules differ in molecular weight
by only 20% (Black et al., 1970).5

¢ The predominant portion of the molecular weight of both Hp:.
and Hp:-; is comprised by the two heavy subunits common to each
phenotype and responsible for binding the subunits of Hb (c¢/. Sutton,
1970).
3854 vorL. 11, 1972
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applied electric field strength under conditions of varying the
degree of saturation of Hb binding sites at pH 6.8. The ex-
perimental data were then analyzed according to O’Konski
et al. (1959) to evaluate the change in 3 or v of Hp,., as a
function of saturation of Hb binding sites. The relative be-
havior of 3 and ~ has been plotted in Figure 2 according to
the change in fractional saturation of Hb binding sites. The
direction of change of the contribution of ~ (the anisotropy
of polarizability) to the orienting force as a function of frac-
tional saturation follows an approximate parallel course to
the decrease in concentration of C, on the left-hand side of
the plot in Figure 2 and to the increase in concentration of
Cr1 on the right-hand side when these concentrations are
calculated according to Peacock es al. (1970).* One would
expect v to be more important in the orienting mechanism
of a globular protein (Krause and O’Konski. 1963). and this
condition is observed for both the C, and Ciy species at the
extreme values of fractional saturation. Moreover, analysis
(O’Konski er al., 1959) of the contributions of 3 and « to the
orienting mechanism of the C; and Cip species as a function
of pH indicates that the change in the magnitude of the spe-
cific Kerr constant (Table I) parallels the change in the contri-
bution of ~ to the orienting force. Such parallel behavior of
these parameters indicates that the aggregation state of each
macromolecular species has not changed within the pH range
investigated (Yamaoka, 1964).

The permanent dipole moment is dependent upon the static
charge distribution and is a vector quantity, in contrast to
the anisotropy of polarizability. On this basis 3 would be
the change upon complex formation such that the various
vector components contributing to the permanent dipole
moment of ferriHb would be added to that of Hp.., depending
upon the symmetry and composition of the Cy, C;, and Cyy
species. The most striking observation, thus, to be made in
Figure 2 is that the magnitude of 3 and consequently of the
permanent dipole moment follows the change in concentra-
tion of the C; complex. For this reason the change in concen-
tration of C; with change in fractional saturation has been
plotted in Figure 2 to underline this relationship.

Benoit (1951) has shown that the field-free time dependence
of the decay of the birefringence signal is related to hydro-
dynamic properties of the molecule whereby the rotational dif-
fusion constant # can be estimated according to the relation:
8 = 8, %" The field-free decay of the electric birefringence
from the steady-state level under saturating electric field
strengths is plotted for Hp... in Figure 3A according to the
above relation. From this plot § is calculated to be 18,600 =
110 sec—!. The rate of decay of the electric birefringence of
the Ci; complex at 308 nm is compared in Figure 3B to that
of the electric dichroism at 405 nm, the position of maximum
absorbance of the Soret band. Birefringence and dichroism
changes give identical values of 8, 9510 = 80 sec™’, indicating
that the bound subunits of Hb relax with the complex and
have little separate rotational freedom. Also shown in Figure
3B is the time dependence of the decay of the dichroism signal
for a solution of Hp.. in which only one-half of the Hb
binding sites are saturated. This yields a value for ¢ of 10,700
sec™!, Since this value is based on dichroism measurements
only, it reflects primarily the lower molecular weight C; com-
plex with a contribution from C;;. The observed increase in
rotational diffusion constant from that of the C;; complex is,
thus, consistent with the direction of change in effective molec-
ular weight of the dichroic species.

With the assumption that each molecular species has the
same general shape, that of an elongated ellipsoid with an
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FIGURE 3: Time-dependent decay of birefringence and dichroism
of Hp-ferriHb complexes. (A) Decay of the birefringence of
Hp.— as a function of time after turning off of the applied electric
field. (B) Comparison of the decay of the birefringence (A) and di-
chroism (O) of the fully saturated Hp.——ferriHb complex after
turning off the applied electric field. Solid circles represent the decay
of the dichroism of a mixture of fully saturated (Cir) and half-satu-
rated (C1) Hp.——ferriHb complexes achieved by addition of ferriHb
to Hp.—; in a 0.5:1 molar ratio. Since visualization of the kinetic
decay was limited by the response time of the oscilloscope, each plot
is the average of several determinations. The nonlinear portions at ¢
< 0.01 msec are consequently neglected in determination of the rota-
tional diffusion constant. The solid lines connecting data points
represent a least-squares determination of the slope for each plot.
S indicates the magnitude of either the birefringence or dichroism
signal at time #; S,, the corresponding initial value.

axial ratio of 4:1, approximate dimensions of the C; and Cy;
complexes have been estimated from the rotational diffusion
constants according to the relation

9 = [3kT(n 2p — 0.5))/8mna’

where k is Boltmann’s constant, 7 is the absolute
temperature, 7 is the viscosity of the solvent, a is the major
semiaxis of rotation of the molecule, and p is the axial ratio
(Perrin, 1934). The relationship between 6 and a is relatively
insensitive to the choice of p. A comparison of these structural
parameters given in Table IT implies that binding of the sub-
units of ferriHb to Hps.; is restricted to the terminal regions
of the Hp,.. molecule since an increase in the major semiaxis
is observed upon complex formation.

Optical Rotatory Dispersion and Circular Dichroism of
Haptoglobin-Hemoglobin Complexes. Optical rotatory dis-
persion (ORD) and circular dichroism (CD) have been widely
applied in the study of protein conformation to characterize
the nature of conformational changes induced by chemical
or physical means. In view of the marked motional restriction
of subunits of human Hb bound to Hp... and the inequivalence
of complex formation dependent upon the sequence of mixing
bovine or horse ferriHb with Hp..,, we have applied these
optical methods to investigate the interaction of Hp with
Hb of different species origin.

The ORD spectra of mammalian Hb derivatives complexed
to Hp are not comparable to those of the corresponding un-
bound Hb in the far-ultraviolet wavelength region. The
ORD spectra of oxy and deoxy derivatives of human and
bovine Hb complexed to Hp,.: are illustrated in Figure 4.
The spectra of the derivatives formed with Hb of these species
are representative of Hb from all mammalian species utilized
in this investigation. For human HbO, complexed to Hp..:
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FIGURE 4: Comparison of the far-ultraviolet optical rotatory dis-
persion spectra of oxy (O) and deoxy (@) forms of Hp;_,~Hb com-
plexes formed with human (part A) and bovine (part B) HbO..
The half-filled circles in part A indicate the superposition of spectra
of both oxy and deoxy derivatives. HbO, was added in equimolar
quantities to Hp,-; at pH 7.0 in 0.05 M sodium phosphate buffer.
The same solution of Hp.~;~HbQ: was employed to determine both
spectra, deoxygenation being effected by addition of a minimum
quantity of solid sodium dithionite. Cuvets were quickly sealed
after dithionite addition for spectral recording.

(Figure 4A) the minimum in optical rotation is located at
231 nm. There is no change in the spectrum upon dithionite
addition. Mouse and canine HbO, upon complex formation
with Hps.; displayed comparable ORD properties. The ab-
sence of an observable change in the ORD spectrum upon
deoxygenation stands in marked contrast to the spectral
changes observed for free HbO, upon deoxygenation, reflect-
ing structural alterations associated with the transition to the
unliganded conformation (Brunori et al., 1967).

The ORD spectrum of bovine HbO, complexed to Hps.,
undergoes a general increase in optical activity upon oxygen
removal (Figure 4B). This stands in contrast to the increase
in optical activity associated with deoxygenation of HbO;
observed only in the region of minimum rotation (Brunori
et al., 1967) under comparable solvent conditions. The posi-
tion of minimum rotation is located at 232 nm, only slightly
shifted from that of unbound Hb derivatives at 233 nm. The
ORD behavior of rat and guinea pig HbO. complexed to
Hp... was identical with that observed for bovine HbO, with
respect to the position of minimum rotation and increase in
optical activity upon oxygen removal. Horse HbO, complexed
to Hp..; displays a similar ORD spectrum. Addition of dithi-

TABLE 11: Comparison of Structural Parameters of Hp,.. and
the Hp;..—ferriHb Complex.?

Rotational Diffu- Major

sion Constant #  Semi-
Molecular Species Mol Wt (sec™¥) axis (A)
Hp:-2 (Co) 120,050 18,600 = 110 73
Hp,.o—ferriHb (Cr1) 184,550 9,510 £+ 80 93

¢ The rotational diffusion constant, 6, was determined from
the decay of the electric birefringence signal at 308 nm and
was used to calculate a, the major semiaxis of revolution.
See text for description. ® Calculated on the basis of amino
acid content (Black er al., 1970).
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FIGURE 5: Comparison of Soret circular dichroism of oxy (—) and
deoxy (- - -) forms of Hps-,—Hb complexes formed with human (A),
mouse (B), and bovine (C) HbQ., Conditions as in Figure 4.

onite, however, in the latter case resulted in an approximate
5% decrease in optical activity at 232 nm with an isosbestic
point for oxy and deoxy spectra at 245 nm. Although the
spectral changes of the horse Hb complex were not identical
with those of the bovine Hb complex upon oxygen removal,
the spectra of the oxy and deoxy complexes were clearly not
superimposable, in marked contrast to the behavior of human
HbO: bound to Hp,.;. Reversal of the Hp,.,—~dHb spectrum
to that observed for the corresponding Hp,..-HbO, complex
was demonstrated by introduction of gaseous carbon mon-
oxide into the solution of Hp:.,~dHb in all cases.

Furthermore, the ORD spectral properties did not depend
upon the sequence of mixing Hp,, and HbO, reactants.
Changes in optical activity upon ligand removal for the bo-
vine-like Hps.1--HbO. complexes were observed also under
conditions of excess Hp..;.. ORD spectra of oxy and deoxy de-
rivatives of Hp—-Hb complexes formed with all mammalian
Hb molecules were identical in the spectral region below
220 nm.

Circular dichroism studies of the Hp~-Hb complex formed
with human Hb have demonstrated large changes in rotational
strength of the Soret transition associated with the binding
of Hb to Hp (Makinen and Kon, 1971), and comparable
changes are associated with the binding of nonhuman Hb
derivatives. Circular dichroism spectra of Hps..~HbO, and
Hp..--dHb complexes formed with Hb of three mammalian
species utilized in ORD studies are compared in Figure 5.
Removal of oxygen by dithionite addition results in a change
in position of apparent maximum circular dichroism from
417 nm for the oxy liganded complex to 435 nm for the deoxy
derivative’ in general, and each spectrum differs markedly
from that observed for the corresponding free Hb derivative
(Makinen and Kon, 1971). On the basis of theoretical studies
of Hsu and Woody (1969, 1971), the marked changes in Soret
circular dichroism for each Hb upon Hp-Hb complex for-
mation are indicative of structural alterations in the heme

7 The circular dichroism spectrum in the Soret region of Hp:-1-HbO:
formed with canine HbO: is identical with that with human HbO..
Addition of dithionite, however, resulis in a spectrum markedly different
from that observed for other Hps-1~dHb complexes in Figure 6. The
apparent maximum e — e is located near 410 nm with a less intense
band near 435 nm. Free canine dHb exhibits maximum circular dichro-
ism near 417 nm., These altered spectra in comparison to those of other
Hb variants arise presumably from the markedly different content of
aromatic amino acids of canine Hb (Jones e al,, 1971), Circular di-
chroism of the Soret transition arises predominantly from the interaction
of the Soret transition with = — =* transitions of nearby aromatic
amino acid residues (Hsu and Woody, 1969, 1971),
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TABLE 11; Comparison of Peroxidatic Activity of Mammalian
ferriHb and of Corresponding Hp..-—ferriHb Complexes.

Peroxidatic Activity®

Hp- Peroxidatic

ferriHb, ferriHb, Enhance-
Species of ferriHb  pH 5.5 pH 4.0 ment?
Human 1.2 3.34 43.2
Mouse (C57BL) 1.9 2.86 28.0
Canine 3.56 5.7
Horse 2.8 4.32 3.5
Bovine 2.4 3.02 1.1
Guinea pig 3.3 4.24 1.1
Rat (Sprague Dawley) 4.44 1.1

¢ Calculated as [AODyo/sec per nmole of heme) X 109 for
oxidation of guaiacol to tetraguaiacol as described by Connell
and Smithies (1959). ? Indicates the ratio of the peroxidatic
activity of Hp—ferriHb to that of free ferriHbat pH 4.0.

environment induced through binding to Hp. Although there
are small differences in apparent maximum circular dichroism
of Hp...-dHb complexes, depending on the species origin of
mammalian Hb, these differences cannot be readily inter-
preted.‘It is probable that they reflect variations in amino acid
residues included in the nearby heme environment and in-
equivalence of structural changes in the heme surroundings
dependent upon the binding of each Hb to the Hp,. mole-
cule.

Electron Paramagnetic Resonance Absorption and Enhance-
ment of Peroxidatic Activity of Haptoglobin—Hentoglobin
Complexes. Binding of Hb by Hp is associated with a marked
change in heme reactivity, first observed as the enhancement
of peroxidatic activity of Hb (Polonovski and Jayle, 1938).
It has been established that the enhancement in peroxidatic
activity arises in part from stabilization of the functional
integrity of the prosthetic heme center against denaturation
of Hb by guaiacol (Makinen and Kon, 1971). In view of
the different optical properties of Hb variants upon bind-
ing to Hp suggesting nonequivalence of Hp-Hb complex
formation, we have investigated the enhancement of per-
oxidatic activity of ferriHb upon binding to Hp..; dependent
upon the species origin of Hb. These studies have been carried
out in part with parallel investigations by epr techniques on
the effect of guaiacol on Hb and Hp-Hb complexes.

Table III shows a comparison of the peroxidatic activity of
each mammalian ferriHb at pH 5.5 and of the corresponding
Hp,..-ferriHb complex at pH 4.0. Under conditions of tetra-
guaiacol formation, ferriHb appears to exhibit maximum
activity at pH 5.5 and the Hp-ferriHb complex at pH 4.0
(Connell and Smithies, 1959). The ratio of the activity of the
Hp-ferriHb complex to that of the unbound ferriHb at pH
4.0 is indicated as the peroxidatic enhancement. It is evident
that although the absolute activity of the Hp-ferriHb com-
plex at pH 4.0 is dependent upon the species origin of ferriHb,
there is a clear gradation in the peroxidatic enhancement
according to the order of species indicated in Table III. There
is a corresponding but less pronounced gradation in the
ratio of the maximum activity of the Hp..,~ferriHb complex
at pH 4.0 to that of the unbound ferriHb at pH 5.5. The per-
oxidatic activity of each Hp—ferriHb complex is comparable
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at pH 5.5 and at pH 7 to that of the corresponding unbound
ferriHb.

The epr absorption spectrum of bovine HbNO and its cor-
responding Hp,.;-HbNO complex in the presence of 0.030 M
guaiacol is shown in Figure 6. At this concentration of guaia-
col, peroxidatic activity of the Hp—ferriHb is near maximal
and that of ferriHb is inhibited almost completely (Connell
and Smithies, 1959). The spectra of corresponding horse
HbNO complexes were similar and both types of mammalian
HbNO exhibit behavior equivalent to that observed for human
HbNO (Makinen and Kon, 1971) upon complex formation
with Hp,.1. The effect of guaiacol on all three types of HbNO
in shifting the spectrum to a lower magnetic field, in decreas-
ing the absorption at g = 1.98, and in inducing the three
peaks due to *N hyperfine structure is, thus, comparable.
These changes are indicative of protein denaturation which
perturbs the rhombic structure of the nitric oxide liganded
paramagnetic heme center (Kon, 1968). The complex formed
with Hp..,, as is evident in Figure 6, retains to a much greater
extent the inverted S-shaped region near g = 2.030 with
bands near g = 2.060 and 1.986 as observed for HbNO in the
absence of guaiacol. Since the effect of guaiacol on the nitric
oxide liganded complexes of horse and bovine Hb is similar
to that observed for human HbNO and complex formation
with Hp results in inhibition of the spectral perturbations
from guaiacol comparable to that observed for human HbNO,
we have not examined the effect of guaiacol on Hp-HbNO
complexes formed with Hb from other mammalian species
listed in Table III. The results of this comparison of human,
horse, and bovine HbNO imply that Hb of other mammalian
species would behave similarly since human and bovine Hb
represent the extremes in the spectrum of peroxidatic en-
hancement (Table III).

Discussion

Structural Implications of Electrooptic Studies. Electric
birefringence and electric dichroism have been demonstrated
to be powerful spectroscopic aids in studying conformational
properties of biological proteins and polypeptides and con-
figurational properties of their chromophores (for review
¢f. O’Konski, 1968; and Charney, 1971). These methods have
been employed to gain information about structural proper-
ties of Hp and of the Hp-Hb complex. Analysis of the orient-
ing mechanism of Hp complexes under the force of an applied
electric field has required correlation of results with kinetic
(Nagel and Gibson, 1967, 1971) and immunochemical (Kagi-
yama et al., 1968) studies on Hp-Hb complex formation in
order to deduce the binding arrangement of the Hb subunits
on the Hp molecule.

From Figure 2 it is evident that the change in the perma-
nent dipole moment parallels the change in the concentration
of C;, the complex in which only one pair of binding sites is
occupied by Hb subunits. On the basis of the studies of Kagi-
yama et al. (1968), the C; complex consists of a Hp molecule
bound to an « and a 8 subunit of Hb. The change in the perma-
nent dipole moment as a function of saturation of Hb binding
sites of Hp..,, thus, indicates that the addition of the first
pair of « and @ subunits on the Hp..» molecule results in a
substantial increase in the permanent dipole moment above
that observed for Hp... alone. This increase is in effect can-
celed through binding of the second pair of « and 3 subunits.
The reduction in the permanent dipole moment upon satura-
tion of the Cy complex probably reflects symmetrical addition
of the second half-molecule of Hb such that the vector compo-

HBNO

206 200 198

Hp,.,~HbNO

FIGURE 6: Electron paramagnetic resonance absorption of bovine
HbNO (upper trace) compared to that of bovine HbBNO complexed
to Hps-; (lower trace) at 77°K and in the presence of 0.030 M
guaiacol. HbNO and Hp.-,-HbNO at a concentration of 10~ M
in heme were incubated in the presence of guaiacol in 0.1 M phos-
phate buffer (pH 7.0) for 5 min, The solutions were then frozen at
the temperature of liquid nitrogen for spectral recording. The scales
for identifying the positions of electron paramagnetic resonance
absorption and for a displacement of 50 G apply to both spectra.

nents of the permanent dipole moment contribution from each
bound af3 pair cancel each other almost exactly.

In Table II comparison of the change in the lengths of
major semiaxis of the C, and of the C;; species shows an
increase of approximately 20 A upon binding of two &8 dimers
by Hps-». Since the dimensions of the mammalian Hb mole-
cule are of the order of 64 X 55 X 50 A (Perutz, 1969), the
increase in the length of the major semiaxis implies that the
binding of Hb subunits does not consist simply of an end-on
attachment of each o8 dimer to the Hp,.. molecule. The argu-
ments outlined above for symmetrical binding of « and 8
in conjunction with the results tabulated in Table II suggest
that the subunits of Hb are bound not only symmetrically but
also with each pair of a and G subunits located near the terminal
regions of the Hp,., molecule. The binding of Hb by Hp appears
to be predominantly directed between the « subunit of Hb
and the Hp molecule on the basis of fluorescence studies by
Nagel and Gibson (1967) and Chiancone et al. (1968). Al-
though separate binding sites for both « and 3 subunits are
present, the binding site for the 8 subunit is induced by bind-
ing of the « subunit (Nagel and Gibson, 1971). The binding
of Hb, therefore, may occur in a manner such that the « sub-
unit yields more of its surface in binding to Hp than does the
8 subunit and that the 8 subunit is primarily responsible for
the observed increase in length of the major semiaxis. A dia-
grammatic scheme of models of the Hp~Hb complex consis-
tent with electrooptic results in Figure 7 illustrates the two
possible symmetrical arrangements of the bound subunits of
Hb. Both models would result in identical dichroism proper-
ties but differ in the arrangement of bound Hb subunits with
respect to a plane containing the major axis of the Hp mole-
cule. It is not possible to distinguish further between these
models on the basis of electrooptic studies.

Waks et al. (1969) have reported the radii of gyration of
the Hp:.; and Hp:.--Hb molecules obtained from low-angle
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FIGURE 7: Schematic representation of the symmetrical binding
of the o and 8 subunits of Hb to Hp. Both schemes A and B in-
dicate that the bound subunits are related by a twofold axis of sym-
metry perpendicular to the long axis of the Hp and cannot be dis-
tinguished on the basis of electrooptic studies. It is not known
whether the o and 8 subunits retain interchain amino acid contacts
with each other upon Hp-Hb complex formation.

X-ray scattering studies. Calculations according to the re-
lationship between the radius of gyration and the length of a
cylindrical rod-shaped molecule (Tanford, 1961) suggest that
the differencr: in length of the Hp..; and Hp,.,.-Hb molecules
approximates 20 A. Since all phenotypic variants of human
Hp have a common heavy chain® which binds both subunits
of Hb (Gordon and Bearn, 1966), comparison of the corre-
sponding calculated structural parameters of Hp,, and Hp,.,~
Hb adds support to the interpretation of the results of our
electrooptic studies on Hps.. It is, therefore, likely that the
mechanism of binding Hb for all phenotypic variants of Hp
has a similar structural basis.

Enhancement of Peroxidatic Activity Dependent upon Species
Origin of Hemoglobin. On the basis of circular dichroism,
structural changes in the heme environment of Hb of all mam-
malian species utilized in this study have been demonstrated
to occur upon complex formation in a manner similar to that
described for human Hb (Makinen and Kon, 1971). These
structural changes have little influence upon the electronic
structure of the prosthetic heme groups, as is especially well
demonstrated by the close identity of the epr absorption of
Hp,.~HbNO complexes formed with human, horse, and bo-
vine HbINO. The similar spectra of all Hp,.,~HbNO complexes
are indicative of equivalent electronic structures of the para-
magnetic center, especially of the axially directed orbitals of
the heme iron atom. These results suggest in agreement with
earlier studies (Makinen and Kon, 1971) that the enhancement
of peroxidatic activity induced by complex formation is not
the result of perturbations on the electronic configuration of
the iron d-orbital system. Furthermore, the comparable be-
havior of horse and bovine HbNO in the presence of guaiacol
and Hp.. to that of human HbNO suggests that the high en-
hancement of peroxidatic activity observed for human ferriHb
upon complex formation does not arise from a differential
denaturing action of guaiacol dependent upon the species
origin of Hb. The denaturing action of guaiacol on Hb struc-

8 The subunits of Hp are frequently labeled « and 8 in the literature.
We have not employed this terminology to avoid confusion with designa-
tions for the subunits of Hb. The terminology lighr and heary chains
is made primarily on the basis of their comparative molecular weights
and correspond to the a and 8 designations utilized by other investiga-
tors.
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ture appears to be equivalent toward the three types of Hb
studied by epr techniques and appears to be hindered in an
equivalent manner upon Hp-Hb complex formation.

The most important factor contributing to the enhance-
ment in peroxidatic activity is probably related to the con-
ditions used for the peroxidatic assay. The assay as described
by Connell and Smithies (1959) is carried out in acetate buffer
at pH 4.0. These are known denaturing conditions of horse
and human ferriHb. It has been demonstrated that under these
conditions the rate of denaturation of human ferriHb is
greater than that of horse ferriHb (Steinhardt and Hiremath,
1967). Furthermore, on the basis of the rate of decrease in
Soret absorption at 405 nm, there is a markedly slower rate
of denaturation of bovine ferriHb than of human ferriHb
under the conditions of the assay for peroxidatic enhance-
ment (M. W. Makinen, unpublished observations, 1970).
Thus, differences in enhancement of peroxidatic activity de-
pendent upon the species origin of Hb would appear to arise
primarily from the relative ease of denaturation of Hb under
acidic solvent conditions.

Specificity of Hemoglobin Structure in Haproglobin—-Hemo-
globin Complex Formation. The ORD spectra of Hp..,—HbO,
and Hp,.,~dHb complexes indicate that a conformational
change of the protein moiety occurs upon deoxygenation of
bovine, horse, guinea pig, and rat HbO, bound to Hp,., and
that this change does not occur upon ligand removal from
bound human HbO,. The identity of the ORD spectra of
complexes formed with human Hb (Figure 4A) indicates that
Jor human Hb bound to Hp equivalent conformational structures
obtain for both liganded and unliganded states of the heme iron.
Conformational identity of both ligand states has been ob-
served in a comparable manner for sperm whale myoglobin
(Samejima and Yang, 1964) and the separated « subunit of
human Hb (Brunori e al., 1967). Since mouse and canine
HbO, exhibited similar ORD properties upon complex for-
mation, binding of these Hb derivatives by Hp is probably
very similar to that of human Hb. The change in ORD prop-
erties of horse, bovine, guinea pig, and rat Hb bound to Hp
upon loss of ligand suggests that binding does not occur in a
manner equivalent to that of human Hb since conformational
identity for both valence states of the heme iron is not ob-
served. The markedly different electrooptic properties of
horse and bovine ferriHb bound to Hp..» dependent upon the
sequence of mixing reactants support this conclusion. On the
basis of these results it is evident that idenrical Hp-Hb com-
plexes are formed with human Hb independent of the sequence
of mixing of Hp and Hb components and that human Hb is
specifically bound by Hp in a tight complex with marked]y
restricted movement of rlhe bound o and 3 subunits.

The results of our studies supply an explanation for the
observations of Pavliek and Jaenicke (1971) and Waks er al.
(1969). These investigators have suggested that a series of
Hp-Hb complexes of different geometry and composition are
formed depending upon the Hp:Hb molar ratio and the se-
quence of mixing Hp and Hb components. However, they
have used bovine (Pavlicek and Jaenicke, 1971) and horse
(Waks et al., 1969) Hb in their investigations. A comparable
series of complexes formed with human Hb would not be
expected on the basis of our results and, indeed, has not been
detected. _

From observations of the effect of chemical modifications
of Hb on Hp-Hb complex formation, Lockhart and Smith
(1971) have concluded that the Hp binding site of Hb is prob-
ably in the area of contact of the internal o3 dimer—dimer
interface regions and must be in a relatively lysine-poor region.
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With this conclusion in mind we can consider implications
about the probable Hp binding site of Hb on the basis of the
results of our spectroscopic investigations and the amino acid
sequences of mammalian Hb of several species utilized in
this study.

On the basis of both electrooptic and ORD studies, human
Hp binds specifically only human Hb with marked motional
restriction of the bound subunits. Hp-Hb complexes formed
with mouse and canine Hb appear to be more similar to that
formed with human Hb in comparison to those formed with
Hb of other mammalian sources. In this connection we note
that human Hb readily forms hybrid molecules with both
canine (Itano and Robinson, 1959) and mouse (Rosemeyer and
Huehns, 1967) Hb but not with horse (Rosemeyer and Huehns,
- 1967) or bovine (Itano and Robinson, 1960) Hb. Comparison
of the amino acid sequences of human, mouse, horse, bovine
(cf. Dayhoff and Eck, 1968), and canine (Jones ef al., 1971)
Hb indicates that certain regions of the sequences of Hb of
nonhuman origin as a whole show frequent substitutions in
comparison to the sequence of human Hb. These substitutions
are concentrated largely near the 35, 104, and 108 amino acid
positions in the « subunit and the 112 and 116 positions in
in the @ subunit. It is precisely these segments of the Hb pro-
tein chains which are involved in «;-f3: nonpolar contact
regions (Perutz, 1969) and which may be involved in binding
to Hp. Rosemeyer and Huehns (1967) have concluded in their
studies on the mechanism of dissociation of Hb that the aiqs
and @i, regions are intimately associated with the cleavage
plane of the molecule into a-B3; dimers and that these regions
are important in formation of hybrid molecules. Furthermore,
the «—8. contact positions are invariant for all five species
of Hb. It is probable that complementarity of contact sur-
faces similar to that necessary for hybridization of Hb sub-
units is also necessary for specific binding between Hb sub-
units and the Hp molecule. It would appear, therefore, that
only if the stereochemical demands are satisfied for comple-
mentarity of binding surfaces can equivalent complexes be
formed between Hp and Hb independent of the sequence of
mixing and with marked motional restriction of the bound
« and @ subunits.

Since it is unlikely that the tertiary as well as the quater-
nary structures of Hb of different species origin differ greatly
in view of the similar structures of horse and human Hb
(Perutz, 1969), large conformational differences in Hb struc-
ture cannot account for the observed specificity of human Hp
binding human Hb. It is well established through immuno-
chemical studies of Hb (Reichlin, 1972) and of cytochrome ¢
(Nisonoff er al., 1970) that the binding of a globular protein by
an antibody molecule is sensitive to single amino acid sub-
stitutions which affect only the local topological structure of
the determinant region of the protein. It is, therefore, reason-
able to conclude that the structural basis for the specificity of
human Hp in binding human Hb is comparable to that ob-
served in immunochemical reactions, that is, sensitive to
topological changes in Hb structure. These results demon-
strate the distinctive specificity in the interaction of two globu-
lar protein surfaces to form a tightly bound multicomponent
complex.
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Use of Resonance Interaction in the Study of
the Chain Folding of Insulin in Solutiont

D. A. Mercola,*1 J. W. S. Morris,§ and Edward R. Arquilla

ABSTRACT: Certain relationships of the chain folding within
the monomer of bovine insulin in solution have been studied
by covalently labeling the three amino groups of insulin
with an optical probe. Three purified derivatives containing
from one to three groups of the symmetric dye fluorescein
isothiocyanate bound to the B-1; B-1 and A-1; B-1, A-1, and
B-29 residues (Bromer et al. (1967), Biochemistry 6, 2378)
were examined by absorption and circular dichroism spectros-
copy between 400 and 550 nm. The results were interpreted
according to the simplified exciton model. This approach was
confirmed by the examination of three model compounds
prepared by the covalent addition of the dye group to models
of the insulin sequence at the sites of substitution and a fourth
model compound prepared by disubstitution of L-lysine.
These monosubstituted model compounds had absorption
spectra similar to the free dye, maxima at 489-492 nm, were
nearly optically inactive (400-550 nm), and had similar probe
group pK values, average 6.46 = 0.03. In contrast, disub-
stituted lysine was 549 hypochromic, revealed two new
absorption bands at =866 cm~! about the monosubstituted

I)revious investigations of the structure-function relation-
ships of insulin by immunochemical, biological and physical
techniques (Arquilla ez al., 1967; Bromer et al., 1967; Mercola
et al., 1967, 1969; Morris et al., 1968-1970a,b) have led to a
model of certain chain relationships and conformational
features necessary for high immunological and biological
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maximum (ca. 20,320 cm~!) with molar circular dichroism
values of +15.4 and —18.0 Mm~! cm™!, respectively, had a
single pX of 7.28 = 0.06, showed mutarotation, was poorly
fluorescent and revealed a maximum probe separation of 7.4 A
all in agreement with a dye-dye complex involving exciton
formation. The insulin derivatives were shown to be mono-
meric below 5 X 10~ M by comparison of sedimentation
(1072-10—% M) and Beer’s law behavior (107¢ to 4 X 1072 M).
Monomeric di- and trisubstituted insulins revealed circular
dichroism maxima at about =620 and +230 cm™! about the
monosubstituted maximum with molar circular dichroism of
—10.0, +21.5, —32.0, and +91.5, respectively. The results
revealed that the B-1 to A-1 and A-1 to B-29 dye group separa-
tions were at most about 7.6 and 10.5 A, respectively, These
results support certain tertiary relationships previously pos-
tulated as necessary for high immunological and biological
activity (Arquilla ez al. (1969), Diabetes 18, 193) and it is
argued that much of the crystalline structure of rhombohedral
two-zinc porcine insulin remains invariant in solution.

activity (Arquilla ez al.,, 1969). In an effort to refine these
relationships we have explored a new use of a spectroscopic
technique involving exciton formation and have initiated its
application to insulin. The stimulus for this approach was the
availability of the techniques for the preparation and purifica-
tion of three insulin derivatives covalently labeled with one
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