714 JOHN R. CANN

Dwyer, F. P., Lions, F., and Mellor, D. P. (1950), J. Am.
Chem, Soc. 72, 5037,

George, P., Beetlestone, J., and Griffith, J. S. (1959),
Hematin Enzyme Symposium, Canberra, Part 1, London,
Pergamon, p. 105.

George, P., and Hanania, G. I. H. (1952), Biochem. J. 52,
517.

George, P, and Lyster, R. L. J. (1958), Proc. Nat. Acad.
Sci. U. 8. 44, 1013,

Gibson, J. F., Ingram, D. J. E,, and Schonland, D, (1959),
Discussions Faraday Soc. 26, 72.

Griffith, J. S. (1956a), J. Inorg. Nucl. Chem. 2, 1,

Griffith, J. S. (1956b), Proc. Roy. Soc. (London) Ser. A,
235, 23.

Griffith, J. S. (1958a), Biochim. Biophys. Acta 28, 439.

Griffith, J. S. (1958b), Discussions Faraday Soc. 28, 81.

Griffith, J. S. (1961a), The Theory of Transition Metal
Ions, London, Cambridge University Press, p. 369.

Hartree, E. F. (1946), Ann. Rept. Progr. Chem. (Chem. Soc.
London) 43, 287.

Biochemistry

Havemann, R., and Haberditzl, W.
Chem, (Leipzig) 209, 135.

Kendrew, J. C., Watson, H. C., Strandberg, B, F., Dicker-
son, R, E., Phillips, D. C,, and Shore, V. C, (1961),
Nature 190, 666,

Pauling, L. (1948), The Nature of the Chemical Bond,
Ithaca, N. Y., Cornell Univ, Press, pp. 117-118.

Scheler, W., Schoffa, G., and Jung, F. (1957), Biochem. Z.
329, 232.

Shimura, Y., and Tsuchida, R. (1956), Bull. Chem. Soc.
Japan 29, 311.

Steinhardt, J., Ona-Pascual, R., Beychok, S., and Ho, C.
(1963), Biochemistry 2, 256.

Taube, H. (1952), Chem. Rev. 50, 69.

Theorell, H., and Ehrenberg, A. (1951), Acta Chem. Scand.
5, 823.

Ubbelohde, A. R., and Gallagher, K. J. (1955), Acta Cryst.
8, 71.

Williams, R. J. P. (1956), Chem. Rev. 50, 69.

(1958), Z. Physik.

Kinetics of the Reversible Reaction of Sperm Whale Myoglobin with Zinc*

JouN R. CANN

Contribution No. 224 from the Department of Biophysics, Florence R. Sabin Laboratories,
University of Colorado Medical Center, Denver

Received January 2, 1964

Kinetic measurements have been made on the suppression of Soret band intensity brought
about by reaction of Zn ions with sperm whale ferrimyoglobin and on its reversal by diluting or
sequestering the metal ion or by simply lowering the pH from 6.4 to a value less than 6. These
measurements indicate a three-step process: (1) labilization of the protein structure by binding
of Zn ions to sites on the surface of the macromolecule; (2) unfolding of the weakened structure,
at least to a limited extent, concomitant with binding of a single Zn ion to a critical and other-
wise inaccessible site, as the rate-controlling step; and (3) rapid polymerization of the Zn-reacted
myoglobin such that interaction between the ferriheme moieties of the polymer suppresses and
broadens the Soret band. The second step can be hastened by denaturing agents like alcohol.
It is proposed that in the rate-controlling step the Zn ion ruptures the Fe?+-F8 imidazole linkage
and occupies the F8 imidazole group. Mutual binding of the Zn ion by the F8 and groups like
the distal E7 imidazole group is not precluded. Sedimentation analyses of acid-denatured
ferrimyoglobin show a large proportion of globin and a relatively small amount of protein
aggregate. The latter fraction contains most, if not all, of the ferriheme. In this case, also,
suppression and broadening of the Soret band is attributed to interaction between the ferri-

heme moieties of the aggregate.

Recently (Cann, 1963) it was shown that reaction
of Zn ions with sperm whale ferrimyoglobin at pH
6.4 causes major changes in the ultraviolet and visible
absorption spectra of the protein. It was concluded
that Zn-reacted myoglobin is conformationally quite
different from the unreacted protein. Reaction of
the protein with Zn can be reversed to yield renatured
ferrimyoglobin by one of the following three methods:
(1) lowering the Zn concentration by dilution; (2)
sequestering the Zn ions at pH 6.4 with EDTA! or
citrate; or (3) lowering the pH of the reaction mix-
ture to a value of 5.2. The renatured protein can be
readily crystallized in the same crystal habit as ferri-
myoglobin never exposed to Zn.

* Supported in part by a research grant (AI-01482-12)
from the National Institute of Allergy and Infectious
Diseases, National Institutes of Health, U. S. Public
Health Service, and in part by the American Cancer
Society. The author wishes to thank Mr. Leo Smith for
his technical assistance.

1 Abbreviations used in this work:
diaminetetraacetate;
ester.

EDTA, ethylene-
BAEE, benzoyl-L-arginine ethyl

The most characteristic spectral change (Fig. 1)
is a marked reduction in the Soret band intensity
accompanied by a shift of the band from an absorp-
tion maximum of 408 my to one at 390 mu. Whereas
the former band is quite sharp, the latter is diffuse.
Breslow and Gurd (1963) have described very similar
spectral changes brought about by reaction of ferri-
myoglobin with Cu?+ and have suggested that such
changes are indicative of alterations in the ferriheme-
protein linkage.

As shown by Figure 1, suppression of the Soret band
by Zn proceeds at a measurable rate, and solutions
of partially reacted protein apparently contain only
two classes of absorbing species. The present com-
munication describes kinetic measurements on the
reaction and its reversal. These measurements indi-
cate the three-step process that is summarized in
the abstract.

The realization that binding of Zn ions by myoglobin
mediates conformational changes has important impli-
cations, not only for methods of fractionation of bio-
logical materials, but also for the mechanisms of bio-
chemical reactions such as the metal-activation and
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Fic. 1.—Alteration of the Soret band of ferrimyoglobin
by reaction with zinc. 0.009%, protein in 9 X 1073 M
ZnAc; + 0.04 M KC1, pH 6.4; 36°.

poisoning of enzymes. Mpyoglobin is an ideal protein
for studying interaction with metal ions since its
exact three-dimensional structure has been largely
established by the crystallographic X-ray analyses of
Kendrew and co-workers (1961), thereby providing
the fundamental information required for a detailed
description of the mechanism of its reactions.

EXPERIMENTAL

Solutions of Manns’ sperm whale ferri(met)myoglobin
were dialyzed against distilled water in the cold and
lyophilized. Reaction mixtures were prepared by
addition of 9 ml of temperature-equilibrated ZnAc.-
HAc-KCI solution (Ac symbolizes acetate ion) to 1
ml of salt-free myoglobin solution. An aliquot was
immediately transferred to a thermostated cuvet in
a Beckman DU spectrophotometer; and the change
in absorbance, A = log,(l,/I), with time measured.
In some experiments (Figs. 1 and 9) reaction was al-
lowed to proceed in a thermostated bath; at various
times aliquots were rapidly cooled to 0° to stop the
reaction, and the spectra were recorded using a DK-2
spectrophotometer thermostated at about 10°. The
preparation of myoglobin used in the experiments
shown in Figure 6 reacted slower at 28.4° than did
the other preparations. The difference may be related
to the heterogeneity of myoglobin in solution (Edmund-
son and Hirs, 1962).

Ionic strength was calculated assuming the average
composition of the zinc to be ZnCl + or ZnAc * (Bjerrum,
1950; Leden, 1941).

Stock solutions of Zn-reacted myoglobin for kinetic
measurements on the reverse reaction (which were
carried out with the same precautions as the forward
reaction), tryptic digestion, and ultracentrifugal analy-
ses were prepared by incubating Zn-containing solu-
tions of ferrimyoglobin at 46 ° for 10 minutes followed
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Fi1a. 2.—Time course of suppression of Soret absorption
by 9 X 107% M ZnAc,, pH 6.4, Semilogarithmic plot of
absorbance at 408 myu versus time in minutes: A, effect of
ionic strength, 3¢; B, effect of temperature at ionic strength
0.049. Ferrimyoglobin concentration, 0.01 %; ionic strength
adjusted with KCI.

by centrifugation at 20,000 rpm to remove a trace of
insoluble material.

Sedimentation experiments were carried out in
the Spinco Model E ultracentrifuge using ultraviolet
optics with a 30-mm cell for 0.01 9, protein and schlieren
optics for 0.39%,. Identification of the schlieren peak
with which the color sedimented was made by direct
observation or photographically on metallographic
plates, and by fractionation in a partition cell. East-
man 103-F plates were used to obtain the clearest
photographic records. Kel-F cells were used for
acid-denatured material. Molecular weights were
determined at 8225 rpm by the approach to equilibrium
method of Archibald (1947) as practiced by Ginsburg
etal. (1956).

Carbonmonoxyhemoglobin was prepared from fresh,
heparinized human blood by lysing washed red cells
with distilled water and shaking the crude hemoglobin
solution with toluene. After clarification by low-speed
centrifugation, the solution was saturated with CO,
subjected to high-speed centrifugation, and then
resaturated with CO.

Ferrihemoglobin was prepared by oxidation of
carbonmonoxyhemoglobin with a minimum amount
of potassium ferricyanide, 8 X 103 M for 49, protein.
Immediately following completion of oxidation as
judged spectroscopically, the ferrihemoglobin solution
was freed from ferro- and ferricyanide on a Sephadex
G-25 column (2 X 22 cm), using 0.1 M KCI as eluent.
The column was pretreated for 15 hours with 3 X 102
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Fi1c. 3.—Primary salt effect on the rate of reaction of
0.019, ferrimyoglobin with Zn at 28.4°, Semilogarithmic
plot of logarithmic rate, k(Zn) min~!, versus square root
of ionic strength: A, effect of pH for 9 X 103 M ZnAc,;
B, effect of zinc concentration at pH 6.4 (a) 9 X 103 M
ZnAc;, (b) 4.5 X 10~% M ZnAc,;. Ionic strength adjusted
with KCl.

M potassium ferricyanide, which was then eluted with
0.1 M KCIl. The protein did not denature on the
pretreated column.

Recrystallized hemin and BAEE were obtained from
Nutritional Biochemicals Corp. The trypsin was
Worthington’s 2 X crystallized, salt-free lyophilized
material.

Forward Reaction

Order of Reaction and Effect of Ionic Strength.—
Representative measurements on the rate of sup-
pression of Soret band intensity due to reaction of
0.019, ferrimyoglobin with 9 X 10-* M zinc ion at
pH 6.4 are presented in Figure 2, which is a semi-
logarithmic plot of absorbance at 408 mu versus time
in minutes. Although the process follows a some-
what complex kinetic course,? the plots are linear
during early stages of reaction so that initial logarithmic
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Fic. 4.—Dependency of rate of forward and reverse
reaction upon pH at 28.4°, Semilogarithmic plot of rate
versus pH: f, extrapolated logarithmic rate of reaction
[k(Zn) }3c—¢ min —! of 0.01 9, ferrimyoglobin with 9 X 103 M
ZnAc,, vertical lines through points represent 42 standard
errors of estimate, curve is theoretical one discussed in
text; [, initial rate of reversal, (dA/dt); min~!, of 0.019,
Zn-reacted protein by dilution; @, initial rate of reversal
of 0.0059%, Zn-reacted protein by 5 X 1073 M EDTA; O,
initial rate of reversal of 0.019, Zn-reacted protein by
hydrogen ions, curve is theoretical one discussed in text.

rate constants were obtainable. The value of the
rate constant at ionic strength 0.049 m was found to
drift only 149, over a 4-fold range of protein concen-
tration, which shows that the reaction is first order
with respect to protein.

In accordance with the predictions of the Brgnsted-
Debye-Hiickel theory (Amis, 1949) of the primary
salt effect on the kinetics of reaction between positively
charged ions in solution, the rate of suppression of
Soret band intensity increases with increasing ionic
strength (Fig. 2A), and semilogarithmic plots of rate
constant versus square root of ionic strength (Fig. 3)
permit linear extrapolation of rate constants to zero
ionic strength. Comparison of extrapolated rate
constants at 9 X 10-*and 4.5 X 103 m zinc (Fig. 3B)
shows that the reaction is first order in zinc ion. This
result was confirmed over a 50-fold range of zinc
concentration in the presence of urea (see Synergistic
Effect of Urea or Ethanol). It is concluded, therefore,
that the rate-controlling step in suppression of Soret
band intensity involves reaction of a single zinc ion
with a single molecule of ferrimyoglobin. For such a
reaction, the slopes of the Brgnsted plots in Figure 3
are predicted to equal 0.98Z,Zy, where Z, is the charge
on the protein and Z, that on the zinc. Since the
average composition of the zinc is probably closer to
ZnCl+ or ZnAc™* than Zn?+ (Bjerrum, 1950; Leden,
1941), the slope should simply equal 0.98Z, and, in
fact, values of Z, thus calculated increase with de-
creasing pH and agree with values of the titration
charge on the protein (Breslow and Gurd, 1962) to
within 18 = 99.

2 At ionic strength 0.049 and 0.109 M, reversible first-
order kinetics are followed during 70-90% of the time-
course of reaction. However, for conditions where the
reaction proceeds more slowly, as at ionic strength 0.009 M,
the reversible first-order relationship holds for only the
first 10% of reaction. Nor are second-order kinetics
obeyed. Failure to follow simple kinetics may be due to
the heterogeneity of myoglobin in solution (Edmundson
and Hirs, 1962).
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F1c. 5.—Arrhenius plot of logarithm of rate of reaction
versus reciprocal of the absolute temperature. O, loga-
rithmic rate of reaction, 2(Zn) min~!, of 0.01%; ferrimyo-
globin with 9 X 1073 M ZnAc;, ionic strength 0.049 M and
pH 6.4; Y, initial rate of reversal, (dA/dt); min 1, of 0.01 9,
Zn-reacted protein by dilution at pH 6.4; 0O, initial rate of
reversal of 0.0059, Zn-reacted protein by 2.45 X 102 M
citrate at pH 6.4; M, initial rate of reversal of 0.0059%, Zn-
reacted protein by 2.5 X 10~ M EDTA at pH 6.4; e,
initial rate of reversal of 0.01 ¢, Zn-reacted protein by hydro-
gen ions at pH 5.15,

Effect of pH.—As shown in Figure 3A, the rate of
reaction is rather sensitive to hydrogen-ion concen-
tration, the value of the extrapolated rate constant
decreasing by a factor of 60 when the pH value is
lowered from 6.39 to 5.39. This result is most simply
interpreted as indicating that the rate-controlling
reaction involves two ionizable groups, presumably
imidazole, on the protein molecule and suggests the
kinetic scheme:

PH, + 2H* = PH,» 1
PH, + Zn —> DH,Zn 2)

where PH, and PH.,., represent two protonated forms
of native ferrimyoglobin, and DH,Zn the Zn-reacted
protein which, as shown later, possesses a different
macromolecular configuration than the unreacted
protein. Reaction (2) is assumed to be rate limiting.
This scheme leads to the following expression for the
initial logarithmic rate of decrease of absorbance:

(d I;tA) _ (f_l.et;:*)ko(zm/

1+ KH)?] = —k(2Zn) (3

where k&, is the specific rate of reaction (2), K is the
equilibrium constant of reaction (1), and ¢ and e
are the molar extinction coefficients of native and Zn-
reacted protein, respectively. Experimentally deter-
mined values of k(Zn) extrapolated to zero ionic
strength are plotted versus pH in Figure 4. The
curve is a theoretical one computed for (e, — €/ €)ko-
(Zn) taken to be equal to 2.04 X 102 min—!, and K,
101% liter? mole—? (two ionizable groups each with
pK = 6.5). The values of the two constants were
selected with the aid of a plot of experimental values
of 1/k(Zn) versus (H)2 Considering the narrow
range of pH values, the theoretical curve is a reasonable
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F1c. 6.—Synergistic effect of urea (A) or ethanol (B) on
reaction of ferrimyoglobin with zinc. Semilogarithmic plot
of absorbance at 408 mu versus time in minutes. A: ¥,
3.6 Murea + 9 X 1073 M NaAc + 0.04 m KCl, pH 6.40;
0,9 X 107 M ZnAc: + 0.04 M KCl, pH 6.45; @, 36 M
urea + 9 X 10-3M ZnAc: + 0.04 M KCl, pH6.42. B: ¥,
8 X 1073M NaAc + 0.03 M KCl in 109, ethanol, pH 6.40;
0,8 X 1073 M ZnAc; + 0.032 M KCl, pH 6.45; @, 8 X
1078 M ZnAc; + 0.032 M KCl in 109, ethanol, pH 6.45.
Protein concentration, 0.0099,; temperature 28.4°,

description of the dependency of the reaction rate upon
pH.

Temperature Dependence.—As illustrated in Figure
2B, the rate of reaction is very sensitive to tempera-
ture. Whereas the reaction does not go at 1°, it pro-
ceeds to completion in about 30 minutes at 36°. The
activation energy, obtained from the Arrhenius plot
shown in Figure 5, is 46 kcal mole~!. Clearly, a
reaction with such a high activation energy can pro-
ceed at an appreciable rate at room temperature
only if the entropy of activation is large and positive.
A value of 84 eu for the entropy of activation was
calculated from the value of the specific rate con-
stant k2 derived from the theoretical curve shown
in Figure 4. Such large values for the energy and
entropy of activation are typical of protein denatura-
tion and indicate that reversible macromolecular con-
formational changes occur concomitantly with the
rate-controlling reaction of a single Zn ion with some
critical site on the protein molecule.

Evidence for Reversible Conformational Changes.—
Supporting evidence for conformational changes was
sought in both difference-ultraviolet-absorption spectra
and alterations of chemical properties. The results
of the spectroscopic experiments have been presented
previously (Cann, 1963). It need only be mentioned
here that, as in the case of native versus acid-denatured
myoglobin which is known to be extensively unfolded
(Beychok et al., 1962), the difference spectrum of
unreacted versus Zn-reacted ferrimyoglobin shows a
prominent peak at 228 mu, which may arise largely
from a change in peptide-bond absorptivity concomitant
with a conformational change (Glazer and Smith, 1960;
Wetlaufer, 1962).

Zinc-reacted ferrimyoglobin has also been judged
to be structurally altered by the classical criteria of
protein denaturation, e.g., drastically decreased solu-
bility in salt solutions and increased susceptibility to
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Fig. 7.—Synergistic effect of ethanol on reaction of ferri-
myoglobin with cadmium. , 8 X 10-2 M NaAc +
0.04 M KCl in 109 ethanol, pH 6.4, incubated 1 hour at
36° —-—, 9 X 1072 M CdAc: + 0.04 m KCI, pH 6.4,
incubated 1 hour at 36°; --oc-u-.- , 9 X 1072 M CdAc; +
0.04 M KCI in 109, ethanol, pH 6.4, incubated 20 minutes
at 36°. Protein concentration, 0.0095 9.

tryptic digestion. Whereas native myoglobin is very
soluble in salt solutions, e.g., solubility of 3 mg/ml
even in ionic strength 8 M (NH,):80,, the Zn-reacted
protein is completely precipitated from its pH 6.4
solution containing 2.5 mg protein/ml by only 0.25
M NaCl. The solubility properties of the native
protein are recovered when reaction with Zn is reversed.
Furthermore, the renatured protein crystallizes in the
same crystal habit as myoglobin never exposed to
Zn.

Sensitivity to tryptic digestion was determined
grossly by measuring the extent of production of
trichloroacetic acid-soluble material under a given
set of conditions. One ml of solution containing 5
mg of either native or Zn-reacted myoglobin and 0.045
mg trypsin was incubated at 36° for 4 hours. In
the case of native myoglobin the electrolyte composition
was 9 X 1073 M NaAc + 0.04 m KCIl, pH 6.4; with
Zn-reacted protein, 9 X 103 M ZnAc, + 0.04 m KCl,
pH 6.4. Following incubation at 36°, 3 ml of 57,
trichloroacetic acid was added to the digestion mix-
ture, the slurry was clarified by centrifugation, and
the absorbance of the supernatant was determined at
280 myu, using as a blank the appropriate control
solution which contained trypsin alone and which was
carried through the same procedure as the digestion
mixture. Zero-time controls were also included. In
five experiments the average change in absorbance
of the supernatant after 4 hours’ digestion was 0.027
% 0.027 in the case of the native protein and 0.232
+ 0.027 for the Zn-reacted protein. (The ratio of
absorbances after 2 hours of incubation was only
109, less than that after 4 hours.) Addition of Zn
to supernatants from native protein-trypsin digestion
mixtures did not enhance their absorbances. Ap-
parently under the conditions used in these experi-
ments the limited digestion observed is essentially
completed in 4 hours, since addition of fresh trypsin
to digestion mixtures after this time followed by a
further 4-hour incubation did not increase the absorb-
ances of the subsequent supernatants over that found
after the first 4 hours. The possibility that the in-
creased sensitivity of Zn-reacted myoglobin to tryptic
digestion might be an artifact arising from some
action of Zn on trypsin, e.g., protection against self-
digestion, was eliminated by measuring the esterase
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activity of trypsin on the synthetic substrate BAEE
in the presence and absence of Zn, using the spectro-
photometric method of Schwert and Takenaka (1955).
Electrolyte compositions and pH were the same as
in the case of myoglobin. Reaction mixtures contain-
ing 5 X 10-* M BAEE and 0.016 mg trypsin/ml were
incubated for 2 hours at 36°. The resulting change
in differential absorbance at 250 mu was the same
in the presence as in the absence of zinc, 0.446 + 0.012
and 0.442 3 0.018, respectively.

Synergistic Effect of Urea or Ethanol.—A very strong
synergism in suppressing Soret intensity has been
observed between Zn and urea or ethanol. The
results of a typical experiment on the synergistic
effect of urea are presented in Figure 6A, which shows
the time-course of suppression of Soret band intensity
brought about by exposure of the protein to 3.6 M
urea, 9 X 10~®* M Zn, and the combination of 9 X
1073 M Zn and 3.6 M urea, each at the same pH and
ionic strength. Whereas the rate of decrease of absorb-
ance due to the denaturing action of urea is very
much smaller than that brought about by Zn, the
rate due to the combined action of Zn and urea is
more than an order of magnitude greater than that
due to Zn alone. Even 0.9 M urea, which alone has
no effect on absorbance, produces a 2.5-fold synergistic
enhancement of the rate of reaction. In experi-
ments where the protein was first exposed to either
Zn or urea 10 minutes prior to addition of the other
reagent, there was an abrupt change in kinetics from
low to very high rate of reaction immediately upon
addition of the second reagent. The lack of a meas-
urable time lag shows that the combined action of
Zn and urea is truly mutual. The synergistic rate of
reaction is first order in Zn over a 50-fold range of
Zn concentration (determined in 7.2 and in 3.6 M urea)
and about 1.6 order in urea over the concentration
range 7.2-0.9 M (determined in 9 X 10-3* M Zn). The
latter result is in contrast to urea denaturation in
the absence of Zn, which is generally a very high-
order reaction; a few exploratory measurements
with myoglobin indicate at least a seventh and most
likely greater order of reaction. Clearly, in the syner-
gistic reaction urea is exerting its action on a very
limited portion of the protein molecule. When one
reflects upon the fact (Banerjee, 1959) that urea
reacts with hemin to form hemin-(urea), and replaces
bases in ferrihemochromes, e.g., in hemin-pilocarpinate,
the conclusion seems reasonable that the synergistic
action of urea is on the Fe?+ -F8 imidazole bond.

The synergistic effect of ethanol is illustrated in
Figure 6B. Under the conditions of our experiments,
exposure of myoglobin to 109, ethanol does not alter
Soret absorption. However, the combination of 109,
ethanol with 8 X 10~ M Zn suppresses absorption
at a rate fifty times greater than that due to Zn alone.
The effect is, perhaps, even more striking in the case
of cadmium which also suppresses the Soret band but
only at much higher concentrations than does Zn.
Thus, for example, reaction of myoglobin with 9 X
103 M Cd for 19 hours at 36° produces only a 59,
decrease in absorbance; and it requires 1 m Cd to
give the same effect as 9 X 10—3 m Zn. However,
the action of Cd is greatly enhanced by addition of
ethanol as illustrated in Figure 7 for 9 X 102 m Cd,
which alone causes only a 169, decrease in absorbance
in 1 hour at 36°, but in conjunction with 109, ethanol
almost complete suppression in 20 minutes. These
results indicate that Zn and Cd react with some
critical site which is most likely not on the surface
of the protein molecule but, rather, buried and pro-
tected from reaction by steric hindrances which can
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be overcome only by changes in macromolecular con-
formation. Such changes would be greatly enhanced
by the denaturing tendency of ethanol.?

Spectral Change and State of Aggregation.—The
Zn-mediated alterations in the Soret band (Fig. 1)
are on first consideration surprising, since it is difficult
to visualize how major spectral changes could arise
from changes in protein configuration per se, even if
accompanied by rupture of the Fe!t-F8 imidazole
linkage. On the other hand, broadening of the
Soret band of hematin due to aggregation in alkaline
aqueous solution is well known (Inada and Shibata,
1962); but the spectral changes are not nearly as
marked as with Zn-reacted myoglobin. It seemed
more to the point in our case to make measurements
in solutions containing an organic solvent such as
acetone (Fig. 8). In 509, acetone, 8.1 X 10—¢ M
hemin shows a sharp Soret band at 400 mu with
an extinction coefficient which agrees to within 209,
with that for monomeric hematin in aqueous solution
(Inada and Shibata, 1962). Some broadening of
the peak and a blue shift occurs in 1009, acetone;
but the truly drastic spectral changes produced by
aggregation of the hemin when the acetone concen-
tration is lowered to 109, are very similar to those
brought about in myoglobin by Zn. As reported
previously (Cann, 1963), 0.019, Zn-reacted myoglobin
is aggregated as revealed by a sedimentation constant
of about 4 S as compared to 2 S for unreacted protein.
As shown in Table I, the Zn-reacted protein is a mix-

TABLE I

MOLECULAR WEIGHTS OF Zn-REACTED MYOGLOBIN®
DETERMINED DURING THE APPROACH TO SEDIMENTATION

EQUILIBRIUM
Time of
Sedimentation Molecular Weightb:°

(min) Meniscus Bottom
52 180,000 150,000

68 150,000 160,000

84 160,000 160,000
100 120,000 190,000
116 130,000 210,000
132 110,000 210,000
148 110,000 210,000
164 86,000 240,000
228 93,000 240,000

@ 0.39, Zn-reacted myoglobin in 9 X 10 -3 M ZnAc., ionic
strength 0.049 and pH 6.4; sedimentation constant, $s,u,
of 4.25 S. Native myoglobin at same protein concentra-
tion and ionic strength has sy,. = 2.02 8. ® The value of
V taken to be the same as that (0.741) for native myoglobin.
¢ The weight-average molecular weight of about 160,000
and sp.» = 4.25 S give a frictional ratio of 2.36, which cor-
responds to an axial ratio of 30 for an unhydrated prolate
ellipsoid or 22 if 309, hydration is assumed.

ture of extremely assymmetrical polymers with a
weight-average molecular weight of about 160,000
at a protein concentration of 0.39,. Velocity ultra-
centrifugal patterns of 0.39, Zn-reacted protein show
a single sedimenting peak, 4.25 S, with which the
color is also associated. When reaction with Zn is
reversed, the sharp Soret band is recovered and the

3 Dimethylformamide (DMF) at a concentration of 1.3
M also exerts a strong synergistic effect, increasing by 20-
fold the rate of Zn-induced suppresssion of absorption; but
a decision as to mechanism cannot be made at this time,
At sufficiently high concentration, DMF denatures myo-
globin as judged by loss of solubility in water; but the
denatured protein is colored red, which suggests that DMF
reacts with the heme iron.
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Fig. 8.—Spectrum of hemin. —, 8.1 X 10~% M hemin in
509, acetone,— —, in 1009, acetone, --------- , in 109, ace-
tone; —-—, 81 X 1077 M hemin in 109, acetone.
Measurements made 10 minutes after preparation of so-
lutions from a stock in 1009, acetone. Path length: 1 cm
for 8.1 X 10-¢ M hemin; 10 cm for 8.1 X 107 M hemin,

sedimentation constant returns to its native value,
indicating depolymerization into monomeric units.
The conclusion seems justified, therefore, that sup-
pression and broadening of Soret absorption is due to
interaction between the ferriheme groups within the
polymers of Zn-reacted myoglobin. *

A similar suppression of Soret absorption accom-
panies acid denaturation of ferrimyoglobin (Breslow
and Gurd, 1962). With our material in 0.04 m KCl
the spectral change was 409, complete at pH 4.03,
879% at pH 3.88, and complete at pH 3.53. Ultra-
centrifugal analyses, Table II, show that aggregation

TasLE II

ULTRACENTRIFUGAL COMPOSITION OF 0.3%,
FERRIMYOGLOBIN IN 0.04 M KCI AT 21°

pH Composition
6.20 1009, 2.1 S
3.85 809,1.6S
209, 3.18
3.55 659,1.58S
359,4.6 S
2.70 879,1.78
139, 4.2 S

is likewise involved. The solutions contained a major
component with a lower sedimentation constant
than native myoglobin and a minor one with a sedi-
mentation constant considerably larger than native.
The color sedimented with the faster component as
judged by visual and photographic observation as
well as by fractionation and analysis using either a
partition cell or a standard analytical one. (In the
latter experiment the faster component was sedimented
to the bottom of the cell, the rotor coasted to a stop,
and 0.3 ml solution was withdrawn from the cell.)
Fractions of the slower sedimenting material, 0.083-
0.149, protein by Folin, had a Soret absorbance which
was only 209, of that expected of acid-denatured
protein and even this small absorbance appeared to
be due to contamination during sampling. These

4 From preliminary ultracentrifuge experiments of Bres-
low and Gurd (1963) it can be inferred that myoglobin
spectrally altered by reaction with Cu?* is also aggregated.
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results indicate that acid liberates the ferriheme
moiety from the protein part of myoglobin and that
the freed ferriheme is sequestered by a relatively
small amount of aggregated protein. Interaction
between the ferriheme groups in the aggregate is held
responsible for suppression and broadening of the
Soret band.

Reverse Reaction

Reversal by Dilution.—Suppression of Soret band
intensity by reaction of myoglobin with 9 X 103 m
Zn at pH 6.4 apparently proceeds to completion and
the question of reversibility naturally arises. That
the reaction is, in fact, reversible was demonstrated
by diluting the Zn after completion of the forward
reaction and observing the change in absorbance at
408 myu. In a typical experiment, a solution of 0.59,
Zn-reacted ferrimyoglobin in 9 X 1073 M ZnAc, +
0.04 m KCIl, pH 6.4, was diluted 1/50 at 28.4° with
0.02 m NaAc at pH 6.4 to give 0.019, protein and 1.8
X 107* M Zn. The immediate decrease in absorbance
due to dilution of the protein was followed by an in-
crease, at first linearly with time, but later at a pro-
gressively declining rate until a constant value of
absorbance corresponding to approximately 609,
reversal was attained after about 24 hours. Apparently
a new equilibrium position was established at the lower
Zn concentration since at pH 5.5 the reverse reaction
proceeded to about 909, completion. The initial
rate of the reverse reaction which has an activation
energy of 14 kcal mole %, is approximately first order
in protein. Quantitative comparison of these results,
particularly the activation energy, with those obtained
by other methods of reversal is made somewhat uncer-
tain by the unusually high myoglobin concentration
used in the preparation of the Zn-reacted protein.
There is evidence that the degree of polymerization
of the Zn-reacted protein increases with increasing
protein concentration which introduces a possible
complication of the contribution of the heat of depolym-
erization to the activation energy of the reverse
reaction. Nevertheless the data are presented in
Figures 4 and 5 to emphasize the reversibility of the
reaction.

Reversal by Citrate or EDTA.—Reaction with Zn
can also be reversed by sequestering the metal ion
with citrate or EDTA. In the case of reversal by
citrate, one volume of sodium citrate, pH 6.38, was
added to one volume of 0.019, Zn-reacted ferrimyo-
globin containing 9 X 10-3 M Zn at pH 6.38. The
time course of reversal was similar to that described
above for the dilution experiments; and the rate
increased with increasing citrate concentration. Thus,
when the concentration of citrate in the reaction mix-
ture was 5 X 10—® M, the reverse reaction proceeded
to 709, completion in 4.25 hours, while 2.45 X 107t m
citrate gave 809, reversal in 1.25 hour. The activa-
tion energy for citrate reversal (Fig. 5) is 15 kcal
mole ~1,

Reversal with EDTA was carried out in the same
manner as with citrate, the pH of the EDTA solution
being adjusted so as to give reaction mixtures of the
desired pH. The time course of reversal was generally
the same as with dilution and citrate, and the rate
increased with increasing concentration of EDTA.
Whereas 5 X 107 M EDTA gave something less
than 509, reversal in 1 hour at pH 6.48 and 28.4°,
2.5 X 102 m gave 909, reversal in less than 10 minutes.
The reaction is also sensitive to pH. Thus, while
less than 509, reversal occurred in 1 hour at pH 6.48
(5 X 103 m EDTA), 909, reversal was attained
in less than 10 minutes at pH 5.4. The initial rate
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is first order in hydrogen ion (Fig. 4) and the data
indicate the involvement of an acidic group having
a pK in the range 5—4. The activation energy (Fig.
5) is 17 kecal mole 1,

Reversal by Hydrogen Ions.—Perhaps the most in-
formative method of reversing the suppression of
Soret absorption by reaction with Zn is to lower the
pH from 6.4 to a value less than 6. Complete
reversal was achieved by 5.5-hour dialysis of a 0.019,
solution of Zn-reacted protein (9 X 10~%* M ZnAc,
+ 0.04 m KCl) against 0.02 M NaAc buffer, pH 5.3.
In kinetic experiments the pH was adjusted by addi-
tion of a very small volume of diluted acetic acid.
The absorbance began to increase immediately upon
lowering the pH and followed a time course similar
to the other methods of reversal. The initial rate is
first order in protein, has an activation energy of 5.6
kcal mole—! (Fig. 5), is inhibited by Zn, and increases
markedly with decreasing pH (Fig. 4). Whereas
only a low percentage of reversal was achieved in 1.5
hour at pH 6.0 and 28.4° the absorbance attained
a constant value corresponding to about 759, reversal
in 2 hours at pH 5.18 and 909, in 0.75 hour at pH
4.85, which in terms of initial rate of reaction repre-
sents almost a 1000-fold increase in rate. These
observations, along with those on the other methods
of reversal and on the forward reaction, suggest the
kinetic scheme:

DHZn + 2H* == DH;.; + Zn (4)
DH:, + H* = DH, (5)
DH;,; —> PH. (8)

where DH;Zn is a protonated form of the Zn-reacted
protein, DH,,, is a protonated form of a conforma-
tionally altered protein obtained by removing the
Zn from the critical site, and PH,,; is renatured
protein. Reaction (6) is assumed to be rate limiting.
This scheme leads to the following expression for
the initial rate of recovery of Soret band absorbance:

%) _ (& — )k — KK (T)(H)® o
dt); ~ IKK:H)* + Ki(H)? + (Zn)]

where K, is the equilibrium constant of reaction (4),
K, is the equilibrium constant of reaction (5), k- is
the specific rate constant of reaction (6), and (7T) is
the total protein concentration. The curve shown in
Figure 4 is a theoretical one for K; taken to be equal
to 1.07 X 10%Y liter mole ! (product of the associa-
tion constants for two ionizable groups of pK 6.5
and the dissociation constant (Tanford, 1952) of the
Zn-imidazole bond, 10— mole liter!); for K,, 10*
liter mole ~!, which is consistent with the pH depend-
ency of reversal by EDTA; and for .-, 0.0231 min—%
Clearly, the theoretical curve is a reasonable represen-
tation of the experimental data. Furthermore, the
kinetic scheme correctly predicts the inhibitory effect
of Zn, which was tested over a 4-fold range of Zn
concentrations at several pH values. Plots of the
reciprocal of initial rate versus concentration of Zn
were approximately linear and had slopes which agreed
to within 20-709, with those predicted by equation
(7).

Two important conclusions can be drawn from
comparison of the kinetics of reversal by the several
methods described above. First, at a given pH value
of 6 or lower the rate of reversal by diluting or sequester-
ing the Zn ions is more than an order of magnitude
greater than the rate of reversal by hydrogen ions
(Fig. 4). It can be inferred from this that, although
the rate-controlling step in suppression of Soret band
intensity is first order in Zn, more than one Zn ion is
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involved in the overall process. This is in accord
with the finding of Breslow and Gurd (1963) that the
binding of more than one or two Cu?* ions by myo-
globin is required for formation of spectrally altered
protein. The second conclusion concerns the nature
of the ionizable groups involved in the reverse reaction.
One can surmise that reversal by both EDTA and
hydrogen ions involves a carboxyl group of the protein
and that in addition two imidazole groups are involved
in reversal by hydrogen ions. In that event, the dif-
ference, 11 kcal mole~1, in activation energies for the
two modes of reversal should equal the difference in
AH?® for formation of Zn-EDTA complex, —4.5 kcal
mole—! (Charles, 1954), and for protonation of two
imidazole groups, —15 kcal mole~! (Breslow and
Gurd, 1962). The agreement is remarkably good.

Comparison of Cu with Zn

As mentioned previously, Breslow and Gurd (1963)
in an independent and contemporaneous study have
found that reaction of myoglobin with Cu causes
spectral alterations similar to those produced by Zn,
and one supposes that the two reactions bear much
in common mechanistically. However, comparison
of Breslow and Gurd’s Cu-binding and acid-base
titration data with our kinetic experiments on Zn
indicates that at least a quantitative difference must
exist. This was verified by experiments which showed
that suppression of the Soret band of myoglobin by
reaction with Cu proceeds readily at the low pH values
which cause reversal of the Zn-mediated reaction.
Thus, for example, the spectral change proceeds to
completion with 9 X 103 M Cu at a pH as low as
4.92. Even with 9 X 107* M Cu complete reaction
is still realized at pH 5.23, and only about 609, reversal
occurs when the pH is lowered to 4.68. When reac-
tion with the lower concentration of Cu is carried to
virtual completion at pH 5.04 and 46°, about 259
reversal of the spectral change occurs when the reac-
tion mixture is cooled to room temperature.

DiscussioN

The following is a proposed mechanism whereby
binding of Zn ions to ferrimyoglobin causes macromo-
lecular conformational changes and alters drastically
the strongest and most characteristic absorption band
of heme-proteins. Evidently, binding of Zn ions
to sites on the surface of the protein molecule labilized
the macromolecular structure, presumably by perturb-
ing electrostatic interactions thereby altering the
delicate balance of forces which determine secondary
and tertiary structure. In the rate-controlling step,
the weakened structure is assumed to unfold, at
least to a limited extent, concomitant with binding
of a single Zn jon to a critical and otherwise inaccessible
site. These ideas are consistent with the involvement
of more than one Zn ion in the reaction even though
the rate-controlling step is first order in Zn, with large
energy and entropy of activation, large standard en-
tropy of reaction,® the increased sensitivity of the Zn-
reacted protein to tryptic digestion, synergistic effect
of ethanol, which agent is expected to present addi-
tional stress to the macromolecular structure, and

5 A value of 42 liters mole ~! for the equilibrium constant
is given by the ratio of specific reaction rate constants for
the forward and hydrogen-ion mediated reverse reaction;
a value of 25 kcal mole~! for AH®, by the difference in
activation energy after correction for protonation of two
imidazole groups; and 90 eu for AS° by the second law.
The similarity of AS° and AS?¥ values is striking and could
mean that the conformation of the Zn-reacted protein is
similar to that in the activated complex.
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with the suprisingly low reactivity of Cd ion which
could conceivably encounter greater steric encumbrances
than the smaller Zn ion in reaching the critical site.

The implication of imidazole groups is clear and
conforms to the chemical findings of Breslow and
Gurd (1963) for binding of Cu jons to myoglobin.
Imidazole groups, whose reaction with Zn might
conceivably labilize structure, are those of the EF4,
EF5, and FG3 histidyl residues, all of which groups
are in the neighborhood of the ferriheme moiety
(Kendrew, 1961; Kendrew et al., 1961; Edmundson,
1963). The most probable critical site in the protein
is the imidazole group of the F8 histidyl residue which
is linked to the Fe®+ of the ferriheme moiety (Kendrew
et al., 1961; Kendrew, 1961). It is proposed that
in the rate-controlling step a Zn ion ruptures the Fe?*-
imidazole bond and occupies the F8 imidazole group
via the following scheme:

! /\r:1> <N/ <N/
H
H,0 H,0 H,0
Kb o K K2 .
NN\ TN N
l I o
N; /N Zn'z
Z
(F8) |
S \ ) e
\N

in which the planar structure involving four nitrogen
atoms represents the protoporphyrin. In other words,
it is postulated that both the ferriheme-bonded (F8)
and distal (E7) imidazole residues must each dissociate
a proton for rupture of the Fe’*-imidazole bond by
Zn ion to occur. This is consistent with the fact that
the reactions of ferrimyoglobin with CN — and of cyano-
ferrimyoglobin with H;O+ proceed about forty and
twenty times faster, respectively, when the heme-
linked group is in the state of ionization more favor-
able for coulombic attraction (George and Hanania,
1955). The possibility of mutual binding of the Zn
ion by the F8 and groups like the distal E7 imidazole
group is not precluded. When reaction with Zn is
reversed by sequestering the Zn ions, the rate of
reversal should be, as observed, independent of the
state of ionization of the two imidazole groups. On
the other hand, protonation of these groups should,
and apparently does, play an important role in deter-
mining the rate of hydrogen-ion mediated reversal.
Another ionizable group, possibly carboxyl, is involved
in both modes of reversal, but there is no experimental
basis for assessing its role. Finally, the model allows
for synergistic rupture of the Fe®+-F8 imidazole bond
by urea via formation of Fe3 *-urea.

The model is also consistent with the relative re-
activity of Zn and Cu, which are presumed to act via
similar mechanisms. In that event, the fact that Cu
suppresses Soret absorption at the low pH values
which reverse the Zn-mediated reaction may simply
be due to the much greater affinity of Cu for imidazole
(Edsall and Wyman, 1958).

Reaction scheme (8) correctly predicts the depend-
ency of the rate of suppression of Soret intensity by
Zn upon the strength of the iron-ligand bonds, the
weaker the bonds the greater the rate. Thus, ferri-
hemoglobin with its weaker bonds as judged from
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Fic. 9.—Comparative rates of reaction of ferrimyo-
globin (A) and ferrihemoglobin (B) with 9 X 10~3 M ZnAc:
at ionic strength 0.019 M and pH 6.4. In control, ZnAc;
replaced by NaAc; 0.019, protein incubated at 36° for
times shown.

oxidation-reduction potentials (Clark, 1960) reacts
much faster than ferrimyoglobin (Fig. 9). On the
other hand, carbonmonoxymyoglobin and carbon-
monoxyhemoglobin, which have covalent iron-ligand
bonds, react much more slowly than their correspond-
ing ferri- compounds in which the bonds are ionic.t
These observations of themselves focus attention upon
the structural complex involving the heme and adja-

¢ The order of decreasing reactivity toward Zn of the
different myoglobin and hemoglobin derivations is ferri- >
ferro- > carbonmonoxy-. The greater reactivity of ferri-
as compared to ferro- is probably related to labilization of
ligand structure in the former by charge transfer to the
iron. These experiments will be considered in detail else-
where.
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cent portions of the protein moiety as the site of attack
of Zn.

Last, it is supposed that after rupture of the iron-
imidazole linkage the ferriheme is still attached to the
now conformationally altered protein via the hydrogen
bonds between its propionic acid groups and side chains
(one of which is the CD3 arginine residue) extending
from the protein, which polymerizes rapidly and
reversibly. The intermolecular forces responsible for
the polymerization have not been delineated experi-
mentally but, since acid-denatured myoglobin also
tends to aggregate, several kinds of forces must be
entertained, e.g., hydrogen bonds, Zn-bridges, and the
aggregating tendency of hemin which may well be
exposed on the surface of monomeric Zn-reacted myo-
globin. In any event, interaction between the ferri-
heme moieties of the polymer is held responsible for
suppression and broadening of the Soret band.
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