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The kinetics of the acid denaturation and subsequent regeneration of horse ferriheinoglobin indicate that different products
are formed at 0 and 25° although the formation of both forms is accompanied by the unmasking of 22 imidazole groups.
This conclusion is supported by: (a) analysis of the effects of ionic strength on their respective titration curves, which show
that the 0° product has a lower electrostatic interaction factor w and hence is less comnpact, (b) analysis of the effects of

temperature on the titration curves;

striking anomalies in the apparent heats of ionization are shown to be attributable to

the differences ip w, (c) large differenices in intrinsic viscosity, which confirm the greater compactness of the 25° product
and (d) a preliminary estimate of a heat of transformation of one form into the other (in formate buffers, which unlike HCl,

permit a readily attained labile equilibrium),
tentperature.

I. Introduction

Wheu horse ferrihemoglobin is reversibly de-
natured by dilute acid at either 0 or 25° the prod-
ucts formed at both temperatures are spectro-
scopically indistinguishable and have been shown
to possess twenty-two more acid-combining sites
than the native protein.? Nevertheless anomalies
in the temperature coefficients of the rates of
denaturation and subsequent regeneration,® as
well as anomalies in the effects of temperature on
the titration curves,®? have suggested that the
product or products formed on exposure to pH
3-4.5 at 0° differs from those formed at 25°.
The present paper confirins these differences more
fully and directly and relates them to differences in
molecular parameters which affect the electrostatic
interaction term in the titration-equation and which
also lead to wide (209;) differences in intrinsic
viscosity. By exploiting these viscosity differ-
ences under conditions which permiit equilibrivm
to be established between the two forms, it has
been possible to demonstrate a substantial heat
of transformation between them:, and thus, a de-
pendence of heat of denaturation on the tempera-
ture at which it occurs.

II. Experimental

All materials, methods and procedures were the saine as
previously described®%? except as stated below or in the
followings ections.

Four different stock batches of ferrihemoglobin were used
in obtaining the results presented here. No differences be-
tween the batches were observed.

In those experiments in which the temperature of measure-
ment of a given property differed from the temperature at
which the protein was denatured, the procedure for changing
temperature was as follows:

1. Regeneration Experiments.—4 ml. of protein solution
was denatured at pH 3.5 or 3.8 (0.02 m formate ion), de-
pending on the temperature, from two to six half periods.
This was then rapidly mixed with 71.0 ml. of buffer solution
maintained at the temperature at which the measurement
was to be made. The resulting solution (pH 5.15-5.17)
was within about 1° of the desired temperature; less than
one minute sufficed to bring the solution to within 0.1°.
The rate constants given were calculated as previously
described.?

(1) A brief acconnt of this work was reported at the meeting of the
Ametican Chemical Sueiety in Boston on April 7, 1959,

(2) S. Beychok and J. Steinhardt, 1mrs JoOUurwar, 81, 5679 (1960).
liartier work is summaiized in J. Steinhardt and 15, M. Zaiser, Ad-
s2ances in Protein Chemistry, 10, 151 (19353).

(3) J. Steinhardt, E. M. Zaiser and 8. Beychok, TH1s JoURNAL, 80,
4634 (1958).

(4) J. Steinhardt anyl E. M. Zaiser, J. Binl. Chem., 190, 197 (1951).

(5) J. Steinhardt and E. M, Zaiser, TH1s JorrNar, 75, 1599 (1953).

The heat of transformation implies a dependence of heat of denaturation on

2. Back-titration Experiments.—The denatured solution
was transferred to a bath maintained at the temperature of
the experiment and allowed to equilibrate for ten minutes.
The completion of the measurement of acid bound required
an additional 25-30 minutes.

3. Viscosity Experiments.—When denaturation was
complete (over 10 half periods) the solution was transferred
to the viscometer bath and equilibrated for ten minutes. It
was then introduced into the viscometer and re-equilibrated
for one minute after which measurecinents of flow times were
begun.

Viscosity measurements were made in Cannon-Fenske
capillary viscometers which had water flow times greater
than 100 sec. at 25°. The correction for the kinetic energy
of the effluent liquid was negligible in all cases recorded here.
Temperature variations in the bath did not exceed 0.02°.
Kinematic, rather than absolute, viscosities are reported
here. Only in the calculation of the Huggins’ constants
(see below) were corrections applied for difference in density
between solvent and solution. The absolute viscosities were
then calculated in the imanner suggested by Tanford,® for
further computation of the Huggins™ constant (see below).

When solutious of hemoglobin (at pH near 7) and formate
buffers of known composition are mixed, the pH of the mix-
ture differs slightly from that of the buffer alone. The bind-
ing of hvdrogen ion by the protein results in a change of the
buffer anion/acid ratio. The final anion concentration
may be calculated from a knowledge of the initial buffer
concentration, the dissociation constant of formic acid (at
the resulting ionic strength) and the pH; or, alternatively,
from knowledge of the hydrogen ion bound by the protein
at the pH and ionic strength of the mixture. Both calcula-
tions give very nearly the same values for formate concen-
tration. In the viscosity experiments described below, the
stated concentration of formate ion was calculated by the
first of the two methods, which involves fewer assumptious.
Such caleulations are not required for the unbuffered solution
of HCI-K.ClL.

III. Results and Discussion

Effects of Temperature.-—The first indication
that the products formed at 0° and at higher
temperatures may differ was given by the data
shown in Fig. 1. It is evident that in the tempera-
ture interval 15.5-25° (although not above 23°)
there is a constant separation of the logarithm of
the first order rate constants for denaturation,
1.e., the ratio of the rate constants is independent
of pH and corresponds to an apparent energy of
activation for the rate-determining process of
about 16,400 cal. A similar constant ratio pre-
vails, at least up to pH 3.653, in the lower tempera-
ture interval 0.2--15.5°, but the ratio is much closer
to unity, and corresponds to g much smaller energy
of activation, about 4,300 cal. This value is
much smaller than the range of values usually
found in chemical reactions. Since the choice of

(3y C. TYanford, J. Phys, Chear., 59, 798 (1355).
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the temperature separating the two intervals
is quite arbitrary, it is wholly possible that the
difference in apparent energies of activation in
the upper and lower temperature ranges is even
larger than in the calculations just given.

Two possible explanations for this anomaly have
been offered.® The first, and least likely, is that
there is an unexplained difference of about 12,000
cal. in the AH of ionization of the rate-controlling
trigger groups previously hypothesized (at least
5000 cal. per group) in the two temperature inter-
vals (this presupposes that the energy of activation
of the unstable ionic species is not known in either
interval). The second, and more plausible, is that
the protein may be denatured in two or more differ-
ent ways, characterized by different temperature
coefficients. Thus, the products formed by the
reactions having the higher temperature coefficients
will predominate above some critical temperature
(presumably near 15°) at which the rates are equal,
and the products formed by the reactions having
the smaller temperature coefficients will predomi-
nate below this temperature.’

This second hypothesis is strongly supported by
differences in the effect of temperature on the re-
generation of protein formed at 0 and 25°. These
differences are shown in Table I, which represents
the results of regeneration experiments at a pH
value at which regeneration is essentially complete
at both 0 and 25°, Protein denatured at pH 3.50
at both these temperatures was allowed to regener-
ate at the temperature at which it was denatured
and at the second temperature as well; rate con-
stants for all four regenerations were calculated.?
At both temperatures of regeneration the protein
denatured at 0° was regenerated over twice as fast
as that denatured at 25°, although the rates of re-
generation at the two temperatures differ by a fac-
tor of ten. The same result was found with ma-
terial denatured at a slightly higher pH which has
the effect of slowing down the rate of regeneration.?

TaBLE I

REGENERATION IN FORMATE AT pH 5.16 AFTER DENATURA-
TION AT pH 3.50

Regener., °C. Corr.rate X 104

Denatur,, °C. Velocity ratio

0.2 25 792 2.6
25 25 306
0.2 0.2 75 2.3
25 0.2 36
0.2 0.2 46° (2.0)
25 1.7 25"

¢ Denatured at pH 3.55. ° Regenerated at pH 4.70.

We may recapitulate the inforniation just pre-
sented in the following simple model (which omits
all complications of the intermediate product in
regeneration recently reported?).

Fi = 16,400 , 1) (regenerates slowly at pH d)
oal.//“
N
AN .
Es = 4300 D, (regenerates rapidly at pH 5)

cal.

(7) The differences in activation energy described may represent
differences in activated state (different reaction paths) rather than dif-
ferent products, but the evidence for different products given immedi-
ately following makes it unnecessary to consider this alternative.
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Fig. 1.—Rates of denaturation of horse ferrihemoglobin in
0.02 m formate buffers at five temperatures.

Here N represents native ferrihemoglobin, D; the
denatured product or products formed at 25° and
D, the denatured product or products formed at 0°.
In the balance of this paper reference to D; and D,
as the 25° form and the 0° form, respectively, does
not necessarily imply that either is a homogeneous
product or that there may not be more than two
different products determined by the temperature
of denaturation.

Effects of Ionic Strength on Titration Curves.—
A further clear distinction between the two prod-
ucts may be demonstrated by analysis of the salt
effect on the titration curves of native and dena-
tured protein.? The analysis which follows also
demonstrates a difference between the two forms in
one specific physical molecular property.

The effect on the titration curves of increasing
the iomnic strength is to displace (raise) the pH at
which any given amount of hydrogen-ion is bound.
The displacements in pH as a function of acid bound
are shown in Fig. 2. With native protein (steep
line on right of figure) these displacements are the
same at both 0 and 25°. This is entirely in accord-
ance with expectation since the slope (when given in
molecular weight units) of the straight line which
roughly represents the points, should be 0.868 Aw,
where Aw represents the change in the electrostatic
interaction factor w in the familiar titration-equa-
tion due to changes in ionic strength.? Since w
should be almost independent of temperature, the
displacements at the two temperatures should be
very nearly the same.

With the denatured protein, however, the slopes
are not only smaller but also distinctly different at
the two temperatures. Since the total number of
titrating groups is the same at both temperatures
and both ionic strengths? and $Kine is independent
of ionic strength, the difference in slope can only
nean that denatured protein formed at 0° not only
has a smaller electrostatic interaction factor than
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Fig. 2—pH displacements in the titration curves of
native and denatured protein caused by differences in ionic
strength (0.02 and 0.3 m). The upper set of data for de-
natured protein is for denaturation at 24.6°, the lower is for
protein denatured at 0.5°. Data for denatured protein is
given only for the pH region in which no precipitation occurs.

native protein, but also a smaller factor than de-
natured protein formed at 25° (the difference in w
at the two salt concentrations is about 0.0332 for
native protein, in good agreement with theory?;
it is about 0.018 for protein denatured at 25° and
only 0.012 for protein denatured at 0°2). The two
denatured forms must then differ in at least one of
those molecular parameters which determine w,
i.e., radius, density, degree of asymmetry or perme-
ability to solvent ions. When produced at 0° the
product is either less dense or more asymmetrical or
is more permeable to solvent ions. Paradoxically,
it is the lower temperature which produces the
greater “unfolding” or “expansion” of the mole-
cule; the higher temperature produces the more
“ecompact’’ forms.

Effects of Temperature on Titration Curves.—
Demonstration of the existence of differences in the
electrostatic properties of the denatured proteins
when formed at two different temperatures permits
the resolution of previously reported anomalies in
the effects of temperature on the titration curves of
the denatured protein.?

These anomalies are shown in Fig. 3 (for the time
being ignore the ‘‘recalculated’” points represented
by squares). Here the average heat of acidic dis-
sociation (calculated from the pH displacement of
points on the titration curve brought about by the
change in temperature) is shown as a function of the
amount of acid bound, at two widely different ionic
strengths. With native protein the results do not
appear to depend on ionic strength and are in good

(8) J. T. Edsall and J. Wyman, "’ Biophysical Chemistry,’’ Vol. I,
Academic Press, Ine,, New York, N. Y., 1958, pp. §12--5622,

H* m moles/gram.

Fig. 3.—Apparent heats of hydrogen-ion dissociation of
native and denatured ferrihemoglobin between 0.5 and 24.6°
in 0.02 and 0.3 m chloride. The heats are calculated from
the pH displacements in the titration curves at the two
temperatures. The solid squares represent the data for
denatured protein corrected for the pH displacement (due
to the differences in @) shown in Fig. 4.

agreement with Wyman’s data for oxyhemoglobin.®
At large amounts of acid bound (>0.4 mmole/g.,
corresponding to pH values below 4.8) low heats of
dissociation, which are characteristic of carboxyl
groups, are found. In the region just acid to the
isoelectric point there is a rapid transition through
values near 6000, which are characteristic of imid-
azole groups, to the higher values characteristic of
amino groups, at higher pH. With denatured pro-
tein, however, the results differ with ionic-strength.
At the lower ionic-strength the apparent heats are
everywhere more than 1000 cal. higher than in the
case of native protein—in fact, when the highest
amounts of acid are bound, they appear to differ
by as much as 4000 cal.’* Only the values found
at the higher ionic-strength are '‘normal” and in
good agreement with those demonstrated for the
native protein.

When it is recalled that the heats are obtained
from a shift in pH between corresponding points on
titration curves obtained at different temperatures,
it becomes obvious that they include any effects
which may be due to differences in the values of w
which characterize the denatured proteins formed
at these two temperatures. It has already been
shown that the titration curves of the two forms
should differ, except at high salt concentration, be-
cause of differences in the extents to which electrical

(9) J. Wyman, J. Biol. Chem., 127, 1 (1939).

(10) Note that the values characteristic of histidine are found over a
much wider region of H* bound than in the case of native protein.

This difference corresponds to the nnmasking of 22 groups (all or most
of them histidine) in acid denaturation as previously described.?
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interaction can occur between the charges that re-
sult when their acidic groups dissociate. This in-
teraction is much smaller in denatured protein
formed at 0°.

It should therefore be possible to determine true
heats of acid-dissociation for denatured protein by
determining the titration curves of denatured hemo-
globin at two different temperatures after denaturing
at a single temperature. The fact that the titration
curves of denatured protein formed at 0 and 25°
at low salt actually differ is shown in Fig. 4, in
which both are measured at the lower temperature
(the reason for this choice of the temperature for
measurement will become apparent later). The
curve for protein denatured at the lower tempera-
ture lies at slightly more acid values than the curve
for protein denatured at 0°. The displacement is in
the same direction as that brought about by increas-
ing the temperature (when no such differences in
molecular species exist) and thus adds a fictitious
component to the apparent heat of ionization. This
experiment provides a very direct demonstration
that the products formed at these two temperatures
are physicochemically distinct.

The titration curve at 0° and 0.02 m salt in Fig. 4
obtained with protein denatured at 25° may now be
used in combination with the 25° titration curve of
protein denatured at the same temperature® to
obtain new heats of ionization which are free of
complications due to the changes in molecular
parameters which are present when denaturation
does not occur at the same temperature. These
"corrected” heats are shown in Fig. 3 as small
squares. They fall very close to the same curve as
the '"normal”’ heats which were obtained at high
salt concentration. The anomaly has disap-
peared.!!

Tt should be noted as a corollary that the fact that
the anomalously high AH does not appear in experi-
ments at 0.3 m salt does not mean that there is no
difference in the denatured products formed at 0
and 25° under these conditions. It merely serves
to confirm the hypothesis that the two products
have the same numbers and kinds of dissociating
groups but differ markedly in parameters that af-
fect the electrostatic interaction factor, w. The
additional pH displacement due to changes in w is
absent at high-ionic strength because w itself is
very small in high salt.

Viscosity in HCl-KC1l.—Since an obvious way for
w to be affected is by differences in the asymmetry
or size of the denatured protein, recourse may
be had to measurements of viscosity to deter-
mine whether such differences can be demonstrated.
Information about size or shape can be obtained
from both the intrinsic viscosity # or the way in
which the solution viscosity, », varies with concen-
tration of dissolved protein. With most macro-
molecules in moderately dilute solution the depend-
ence of 7 on concentration is given by1?

%‘1 = ni + g% (1)

in which 7, is the viscosity of the pure solvent and ¢

(11) The residual scatter is due to failure to smooth the data of
Fig. 4.
(12) M. L. Huggins, THIS JOURNAL, 64, 2716 (1942),
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Fig. 4—The effect of temperature of denaturation on the
titration curves (back-titrations with base) of denatured
protein. The back-titrations were carried out at 0.5° after
denaturation at both 0° and 25°,

is the concentration. The Huggins' constant, £/,
often gives important information about the molec-
ular asymmetry or rigidity of the dissolved parti-
cles.1?

Figure 5 shows that eq. 1 may be applied to data
obtained with ferrihemoglobin denatured at £H 3.5
in HCI-KCI mixtures at both temperatures and
measured at 0° (the ordinate is proportional to the
reduced viscosity, with a proportionality constant
very near unity). Unlike native hemoglobin, meas-
ured at pH 7 (bottom of Fig.), denatured protein
has a high #: (intercept) and an anomalously high
concentration dependence. Tanford has previously
reported the great increase in o accompanying acid-
denaturation, but his data are not characterized by
the great concentration dependence shown in Fig.
5! (the difference in #;, compared with native pro-
tein, is so large that the kinetics of denaturation
have been successfully followed using a viscometer
instead of a spectrophotometer). The most strik-
ing feature of the data in Fig. 5, however, is that
protein denatured at 0° at either ionic strength has
an intrinsic viscosity which is about 209, higher
than protein denatured at 25°—t.e., it is, as was
concluded earlier, less symmetrical or less dense or
more permeable to the solvent.

The anomalously high dependence of viscosity on
concentration which is found with both kinds of de-
natured protein but not with the native protein, is
reflected in values of the Huggins’' constants be-
tween about 6 and 8.5 as indicated in Fig. 5. Most
linear polymers (flexible coils) in good solvents give

(13) H. L. Fiisch and R. Simha, in F. Eirich, editor, ’Rheology,
Theory and Applications,” Vol. I, Academic Press, Inc,, New Vork,
N. Y., 1956.

(14) C. Tanford, TuIS JOURNAL, 77, 6421 (1955). Tanford’s n;
for 25° on which he based his calculations of wis higher than any of the
values in Fig. 6 by about 25%,.
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two forms of denatured ferrihemoglobin and of native ferri-
hemoglobin at 0° as a function of concentration. Results
at two ionic strengths are shown. The ordinate (deeiliters
per g.) represents the fractional increase in flow-time over
the flow-time of solvent per unit concentration, and is pro-
portional and nearly exactly equal to the reduced viscosity
(nspecitiec/ C). k' (the Huggins' constant) is equal to the
slope divided by the square of the intrinsic viscosity.

values of about 0.3 or slightly higher. The theoret-
ical value for highly asymmetric rigid rods is about
0.7, about one-tenth of the value observed. Com-
pact spheres commmonly give values under 2.5.
There is a strong presumption that values as high
as those obtained with denatured ferrihemoglobin
indicate the effects of concentration-dependent ag-
gregation, 7.e., at each concentration the point ob-
tained lies on a different (inaccessible) concentra-
tion function which would (if accessible) extrapo-
late to a different % characteristic of the particular
molecular size characteristic of the state of aggre-
gation at the particular concentration. Thus, it is
not possible to conclude whether the denatured
forms are aggregates of rigid rods or of isotropically
swollen spheres.

Changes in ionic strength do not appear to af-
fect the concentration-dependence strongly (the
Huggins' constants are not strongly affected: thus
the aggregating forces do not appear to be electro-
static in nature), but the intrinsic viscosities (and
therefore some of the molecular parameters) are
strongly affected by ionic strength. Both mole-
cules at infinite dilution appear to be more compact
at the higher ionic strength.

We have chosen to present the measurements
made at 0° first because at this temperature there
is no detectable conversion of one denatured prod-
uct into the other. The results are consequently
clear-cut. At 25° however, this is not the case.
Protein denatured at 0° is fairly rapidly converted

(HCI-KCl). Results at two ionic strengths are shown. The
ordinate and &' are explained in Fig. 5. The broken line
intercepting the ordinate shows the value of 5; reported by
Tanford at this temperature at 0.04 ionic strength.1?

at 23° to the form produced by denaturation at
25°, within the time required to make the first vis-
cosity determination. This difference in behavior
is shown in Fig. 6. At 0.3 m chiloride (lowest line)
the data for protein denatured at both tempera-
tures are practically identical. At 0.02 m chloride
they are alimost so—in fact, the intrinsic viscosities
are identical. The denatured protein formed at 0°
can be transformed in a short time at 25° to essen-
tially the product which is formed initially in dena-
turation at 25°. Note, however, that a change of
25° in the temperature at which the measurements
are made has very little effect on the intrinsic vis-
cosity (<3%; more viscous at the lower tempera-
ture) of protein denatured at 25° and has only ef-
fected a moderate reduction in the Huggins’ con-
stant. The smallness of these effects will be found
useful later.

Tt may be objected that the kinetic evidence for
the existence of different denaturation products
shown in Table I shows 110 sign of the reversion of
one form of denatured protein to the other which
has just been demonstrated. It must be recalled,
however, that regeneration is rapid and starts in-
stantly on raising the pH above about 5. Thus,
even if transformation occurs at pH 5 (not demon-
strated) the regeneration process is well on its way
to completion in the time interval required for a
viscosity determination. In titration experiments,
however, which take as long as viscosity measure-
ments, but which are conducted at «l// pH values,
the same transformation shown in Fig. § can be
demonstrated. Thus, in Fig. 4, to show a differ-
ence in the products formed by denaturation at 0
and 25°, the titrations were carried out at 0°.
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Fig. 7.—The viscosities of denatured ferrihemoglobin
in formate buffers containing 0.0186 m formate ion at pH
3.5. The broken lines represent the data of Figs. 5 and 6 for
protein denatured and measured in HCI-KCl at 0° (upper
line) and denatured and measured at 25° (lower line) at
0.02 ionic strength.

When the measurements are made at 25°, no differ-
ence in acid-binding behavior can be demonstrated.

Viscosity in Formate Buffers.—It has been known
for some years that ferrihemoglobin is more stable
to acid denaturation in formate buffers than in
other carboxylic acid buffers or in HC1.* This in-
crease in stability causes a shift of over 0.3 unit in
the log % vs. pH relationship which characterizes
denaturation with other acids. The Soret band is
also slightly less intense at 406 mu in formate.
Since the kinetic work (Fig. 1 and Table I), which
first raised the presumption that different products
were produced by denaturation at 0 and 25°, was
carried out with formate buffers, it is to be expected
that the viscosity differences found with HCI-
denatured protein would also be found in formic
acid denaturation.

Figure 7 shows that this expectation is realized
but there are important differences which appear as
new manifestations of the specific effect of formate
ion. The intrinsic viscosities are characterized by
even larger differences than when denatured in HC1
(a difference of over 309 instead of 209,). Fur-
thermore the lowest 7; is 279 higher than it is when
the protein is denatured and measured in HC1-KCl
at the same pH and at only slightly higher ionic
strength. Protein denatured in formate is thus
considerably less compact than protein denatured
in chloride. Thereisa lower dependence in formate
of viscosity on concentration, indicating that there
is a lower concentration-dependent tendency to
form aggregates—however, the Huggins’ constants

(15) E. M. Zaiser and J. Steinhardt, Tuis JoUrN~NaAL, 75, 1788

(1954).
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hemoglobin in HCI-KCl (0.02m) at 0°. The pH of de-
naturation was, in every case, 2,90, The line labeled **Den.
pH 3.5, Viscosity pH 3.5” represents the data in Fig. 5 for
protein denatured at 0° in 0.02 m chloride.

are not as low as would be required for unaggre-
gated compact spheres (2.5). Thereiseitheralower
tendency to aggregate or else, as may be indicated
by the higher intrinsic viscosity, aggregation may
be more nearly complete at the highest dilutions.

Figure 7 also shows another significant difference
in formate buffers. Regardless of the temperature
at which denaturation occurs, the viscosities appear
to depend only on the temperature at which the
measurements are made. The results at both
temperature thus resemble the results with HC1-KCl
at 25° only. The transformation of Dy into D, and
its reverse reaction thus occurs quite rapidly at
either 0 or 25° when formate is present—although
apparently not rapidly enough (at higher pH) to
obscure the kinetic differences shown in Table I.

Since this is the case it is cogent to inquire
whether the results in formate show any differences
between D; and D, at all, or whether, indeed,
there is any need to evoke two distinct products to
explain the viscosities in this buffer. The evidence
on these points is clear. Attention has already
been drawn, in discussing the HCI-KC1 data of
Figs. 5 and 6, to the fact, that the intrinsic viscosi-
ties (and to a lesser extent the Huggins’ constants)
of protein denatured at 25° were almost completely
unaffected by the temperature of measurement.
The substantial differences in intrinsic viscosity in
formate at 0° and 25°—equal to the differences
previously demonstrated as distinguishing D, from
D; in HCl-KCl—can only mean that in formate
also D, is a larger fraction of the total denatured
protein at 25° than it is at 0°.

Equilibrium between D, and D. in Formate.—
If there are only two denatured forms (D, and D)
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present in this temperature range, then the reversi-
bility of the reaction D; &2 D, in formate should
permit determination of the equilibrium between
these forms and, from the temperature dependence
of the equilibrium constant, the heat of transforma-
tion may be calculated. For example, if the trans-
formation is 909, complete in each direction at
each of the temperatures in Fig. 7, a value of AH of
about 30,000 cal. would be deduced. The heat ab-
sorbed in denaturation itself for at least one of these
temperatures cannot be less than half of AH for the
D, — D, transformation and may be greater by an
indeterminate amount. However, the protonation
of 22 unmasked imidazole groups, which is incident
to denaturation by acid, will appear (by its attend-
ant heat evolution) to reduce the true AH of dena-
turation by about 140,000 cal. when AH is meas-
ured in other ways. The values estimated ear-
lier'® from the pH displacement of the equilibrium
by changes in temperature have been shown to be of
doubtful significance because of the complex re-
generation reaction® which involves the transient
formation of an intermediate.

Effect of pH on Viscosity on Denatured Protein.
—Since substituting formate ion for other buffer
anions in kinetic experiments on denaturation has
the effect of lowering by a constant amount, the pH,
at which the same rates are obtained, it ap-
peared possible that the peculiar effects of formate
ion on viscosity might be manifested in other
acids at a high pH, 7.e. about 3.8-3.9. The effect
of +H on viscosity of denatured protein at 25° at a
single ionic strength was therefore investigated.

The results obtained at three pH values with pro-
tein denatured at a single pH are shown in Fig. 8.
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It is clear that the pH has a marked effect on in-
trinsic viscosity. The Huggins' constant is not
affected. However, in HCl %i at pH 3.75 is not the
same as in formate at the lower pH—and its rela-
tion to councentration bears no resemblance to that
prevailing in formate. The effect of formate on
viscosity is thus highly characteristic and specific.
The pH of denaturation is without effect on the vis-
cosity, although the viscosity depends on the pH at
which it is determined.

Recapitulation.—All of the evidence presented in
this paper which indicates that ferrihemoglobin
denatured by acid at 0° differs from the denatured
protein formed at 25°—and which thus consti-
tutes distinguishing properties of the two products
—may be summarized in an expanded form of the
diagram used earlier in this paper.

AH small and positive

Low viscosity. Regenerates slowly
25° (high E)

at pH 5. Transforms readily to D,
in forinate, at pH 3.5, 0°; slowly, if

N~ <———D at all, in chloride. Relatively large

& electrostatic  interaction factor;
r/o% combines slightly more acid than D,
Q 250 at pH 3"‘6

D,
AH large High viscosity. Regenerates rapidly at

and negative pH 5. Transforms readilv to Di, at

pH 3.5, 25°, in both formate and chlo-
ride. Very small electrostatic interac-
tion factor
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Pantethine Analogs.

The Condensation of Pantothenic Acid with Selenocystamine,

with Bis-(8-aminoethyl) Sulfide and with 1,2-Dithia-5-azepane (a New Ring System) "2

By WoLrcaNG H. H. GUNTHER® AND HENRY G. MAUTNER
REeceIVED NOVEMBER 13, 1959

As part of a project concerned with the development of potential coenzyme A antagonists, the following compounds

were synthesized:

selenopantethine, bis-(3-pantothenoylaminoethyl) sulfide and N-pantothenoyl-1,2-dithia-5-azepane.

These compounds were prepared by the condensation of pantothenic acid with selenocystamine, bis (8-aminoethyl) sulfide
and 1,2-dithia-5-azepane, respectively. The last compound represents a new heterocyclic system.

In the design of antimetabolites with potential
carcinostatic activity, little emphasis has been
placed on possible antagonists of coenzyme A or
compounds related to it. Vet the literature con-
tains several reports which suggest that tumor
tissue might be more sensitive to the action of

{1} Part of this material was presented before the Biological Chemis-
try Section at the American Chemical Society Meeting, Atlantic City,
N. J., September 1959, 76-C.

(2) This work was supported in part by a grant (CY-3937) from the
National Institutes of Health, Public Health Service. We are in-
debted to the Wellcome Trust, London, Great Britain, for a generous
travel grant to W. H. H. Giinther.

(3) James Hudson Brown Memorial Post-doctoral Fellow, 1958
1959.

antagonists of coenzyme A than normal tissue,
Thus, the capacity of tumors to utilize acetate and
to oxidize fatty acids appears to be lower than that
of non-neoplastic tissue,* rat tuniors are reported
to be deficient in coenzyme A and in pantothenic
acid-content, as compared to normal tissues,®
and in at least somre neoplasms the coenzyme A
content parallels certain synthetic capacities of the
tumor.® Reports that the utilization of acetate
is the first cell function, in a bacterial system, to

(4) J. P. Creenstein, "‘Biochemistry of Cancer,” Academic Press,
Inec., New York, N. Y., 1854, p. 374.

(5) H. Higgins, et al., Proc. Soc. Exptl. Biol. Med., 78, 462 (1950).
(6) P. Emmetot and L. Bosch, Brit. J. Cancer, 9, 327 (1955).



