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C. Trifluoroacetic Acid.- -Onc-hali gram of L-PBG
(MW, 680,000) was dissolved in 25 ml. of trifluoroacetic
acid. Hydrogen bromide was bubbled into the solution for
15 minutes, and the reaction was allowed to stand for 2
hours. It was then poured into several volumes of ether,
filtered and extracted with ether in a Soxhlet extractor,
giving 0.25 g. of product, [5]%3 §,7225%¢ 1.4,

In later preparations, e.g., those reported in the tuble, the
trifluoroacetic acid was removed by freeze-dryving (KOH
trap to protect pump) after eliminating most of the hydrogen
bromide on the aspirator. The L-PGA then was extracted
with ether or acetone to remove benzyl bromnide.

D. Benzene.—This is the most convenient solvent for
preparing L-PGA. +-Benzyl-L-glutamate NCA was poly-
inerized in benzene at 19; concentration as described.®
For MW, determination a sample of the viscous polymer
solution was then removed and the L-PBG isolated by pre-
cipitation into ethanol. A gas inlet tube bearing a calcium
chloride drying tube on the vent was attached to the flask
containing the remainder of the polymer solution. Hydro-
gen brownide was then bubbled into the solution for about an
hour, after which the solution became a thick gel. It was
allowed to stand overnight, and the supernatant benzene
was drawn fromn the reaction flask by 1means of an aspirator
the next day. The L-PGA usually is a small, hard lump at
this time. If it is not, the reaction should be allowed to
stand until the 1.-PGA has become a hard lump; if the re-
action is stopped before this time, the product will be incon-
pletely debenzylated. After removing the bulk of thie ben-
zene, the flask was placed first on aspirator vacuum to elim-
inate most of the hydrogen bromide, and then on a vacuun
pump (use KOH trap) to evaporate the remaining benzene.
The 1-PGA was extracted with acetone in a continuous
extractor until all the colored by-products and beazyl bro-
mide were removed, and finally dried. The vield was
the theoretical, aud the results of several experinents are
given in Table I.

E. Sulfur Dioxide.—A 125-1nl. pressure bottle contain-
ing 2 g. of L-PBG (MW, 680,000) was dried at 110°. An-
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hydrous sulfur dioxide (30 ml.) was condensed into it in a
Dry Ice-bath (protected by a calcium chloride drying tube);
the bottle was closed and allowed to warm to room tempera-
ture until the polymer dissolved. It was then cooled again
in Dry Ice, opened, and hydrogen bromide bubbled in for
15 minutes (drying tube). The bottle was closed again and
allowed to stand two hours at room temperature. After
cooling again in Dry Ice, it was opened and the sulfur di-
oxide poured out, leaving tlie L-PGA behind. The rest of
the SO, evaporated and the product was washed thoroughly
with ether, leaving 1.2 g. of L-PGA containing no benzyl
groups and having [n24%3*2%%4 1,64.

Anal. Caled. for C;H;NO;: C, 46.5; H, 5.4; N, 10.8.
Found: C, 46.8; H, 5.9; N, 10.2.

Optical Rotation Measurements.—Optical rotations were
mmeasured with a Rudolph high precision photoelectric po-
larimeter, model 200, using a General Electric H-100-A4
mercury lamp as the light source. The 546 line was iso-
lated with a Baird interference filter in conjunction with
Corning Glass filters #9780 and #3484. Measurements
were made at 22°; concentrations were 0.29.

Tle sample of L-PGA used for the optical rotation meas-
urements was #186-C prepared by method D. It was di-
alyzed for 24 hours at pH 7.3 then lyophilized, [n]%¥NeC!
0.93, DP 630, MW 82,000.

Anal.  Caled. for 809, sodium salt and 209, free L-PGA:
C,40.9; H,4.3; Na, 12.2. Found: C, 40.4; H, 4.3; Na,
12.0.
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Kinetic and Equilibrium Measurements of the Regeneration of Acid-denatured Horse
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Measurements are presented of the rates of denaturation and regeneration of horse ferrihemoglobin over more than one
pH unit in formate buffers at 0.2°. The kinetics of denaturation (which is accompanied by a large increase in acid-binding
groups) are first-order and uncomplicated, as previously reported for higher temperatures. Evidence is presented that the
product formed varies continuously as a function of the pH and temperature of denaturation. Rate measurements on re-
generation, now made in a direct manner for the first time, show that regeneration, although first-order also, yields first
an intermediate product, spectroscopically similar to native protein but characterized by its effect of inhibiting the reaction
by which it is formed. The inhibitor reverts, on standing, to apparently normal native protein which can be denatured

again at the original rate.

inhibitor, which is also demonstrated directly by experiments devised for that purpose.

The highly anomalous kinetics of regeneration are uniquely explained by the existence of this

The rate of the regeneration reac-

tion, contrary to earlier reports, is independent of pH. Equilibrium data are given, including values of AH, as are tempera-

ture coefficients for two of the underlying reactions.
activation energies measured, are discussed in detail.

I. Introduction

Previous papers®~® have reported that when
horse ferrihemoglobin is denatured by acid, in the
pH range 3.0-4.2, the reaction is accompanied by
an increase in its acid-binding capacity which cor-
responds to the addition (in one step) of about 36

(1) A brief account of this work was reported at the meeting of the
American Chemical Society in New York on September 12, 1957,
Some of the data were presented at the meeting of the American So-
ciety of Biological Chemists at Atlantic City, N. ]., in April, 1954,

(2) Certain of the measurements in this paper were made by Robert
J. Gibbs, whose assistance is here gratefully acknowledged.

(3) J. Steinhardt and E. M. Zaiser, THIs JoURNAL, T8, 1599 (1943).

(4) E. M. Zaiser and J. Steinhardt, ¢bid., T6, 1788 (1954).

(5) E. M. Zaiser and J. Steinhardt, ¢bid., 76, 2866 (1954).

The difficulties of interpreting the equilibrium, or of relating AH to the

basic groups per molecule. The identity of the
new basic groups has been discussed at length else-
where?; the evidence strongly favors liberation of
an equal number of carboxylate (or carboxylate
plus a few imidazole) and lysine e-amino or guanido
groups. At the pH of denaturation the lysine or
guanido groups immediately combine with protons
from carboxyl groups, so that the over-all effect is
an apparent increase in carboxylate only. This
increase, like the denaturation itself,” is almost

(6) J. Steinhardt and K. M. Zaiser, Advaices ¢n Protein Chem., 10,
151 (1935).

(7) Denaturation was followed quantitatively by both changes in
ahsorptionat 406 muand by changesin solubility at the isoelectric point.
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fully reversible on raising the pH. Evidence for
the existence of this type of reversible '"'unmasking”’
of acidic and basic groups during protein denatura-
tion exists for several other proteins and fits in very
consistently with other facts about the reactivity
of native and denatured proteins.

By combining kinetic and equilibrium data, at
each of several pH values, rate constants have been
measured for the denaturation reaction and cal-
culated or inferred for the regeneration reaction
over the pH range 3.2 to 4.2 and at several tem-
peratures between 15.5 and 34.9° [similar effects
have also been observed with carbonylhemoglobin?®
but with this protein only incomplete reversal can
be obtained, and thus only denaturation data have
been reported].

Since, in the preceding work, the rate constant
for regeneration was obtained only indirectly by
combining the sum of rate constants for denatura-
tion and regeneration (&, + k) which gave the ob-
served velocity of denaturation, with the ratio
(k1/ks) assumed to have been determined in equi-
librium experiments, it is desirable to determine it
also by direct measurement of the rate of the regen-
eration process in order to confirm the correctness
of the model used in the calculations. Because
both reactions were presumed to be first order and
therefore governed by the sum of the rate constants
(k1 + k3), k1 could be determined unambiguously
by studying denaturation at an acid pH in which k&,
is demonstrably negligible (reaction proceeds prac-
tically to completion). Similarly regeneration
should be studied under conditions in which &,
makes a negligible contribution. In the range in
which % and %, are both important equilibrium
occurs, and the half-periods of denaturation and
regeneration reactions should be both observable
and exactly equal.

The present research therefore started with
measurements at 25 and 15.5° of the rates of re-
generation as a function of pH of protein initially
denatured at pH near 3.5 to various extents up to
95%. The same formate buffers previously em-
ployed were used again. A number of unexpected
phenomena appeared at once, all of which were in-
consistent with the model of a simple first-order
reversible system previously presented.

Because the critical initial stages of the unexpect-
edly rapid regeneration reaction could not be de-
finitively established at the higher temperatures
previously reported, the regeneration reaction was
slowed by working at 0.2°, In order to study and
interpret equilibria at this temperature, it therefore
became necessary to extend the earlier denatura-
tion experiments to 0.2° also. This paper thus
permits determinations of temperature coeflicients,
activation energies, and heats of reaction over a
wider range of temperature than was covered earlier
and has required extensive revision of the concepts
presented earlier. Because of the anomnalies noted
above, the scope of the experiments was enlarged
to include the effects of denaturation time and pH
of denaturation on the kinetics and equilibria in-
volved in regeneration. The results have provided

{8) J. Steinhardt and E. M. Zaiser, J, Biol. Chem., 190, 197 (1951).

(89) E. M. Zaiser and J. Steinhardt, THis JourNaL, T8, 5568
(1951).
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clues to essential modifications of the simple model
presented previously®s® and have led to the dis-
covery of substantial, although transient, differ-
ences between the regenerated and the original
native protein.

II. Experimental

Except as described below, all preparations, procedures
and solutions were the same as those previously described.37®
pH measurements were made at 23-27°, and the values ob-
tained were adjusted to the temperature of the specified
experiment, using the values of Harned and Owen? for tem-
perature corrections of tlie pX of analogous buffer systems
without protein present (protein concentrations never ex-
ceeded 0.18%, and were most often 0.069, or lower). All
experiments were carried out at total ionic strength 0.02
(potassium formate).

Spectrophotometric runs were followed by observing the
change in absorbancy of ferrihemoglobin (MHb) at 406
my, using a 1 mm. light path for 0.069, or 0.189, MHb
solutions. With more dilute solutions a 10 mm. light path
was used.

For regeneration experiments, acid-denatured ferrihemo-
globin usually was prepared by the treatment of 0.765%
protein solution at either the temperature of regeneration,
or at 15° or at 25°, at stated conditions of pH and time. At
the end of the denaturation period a small volume of de-
natured protein solution (usually containing residual native
MHDb since the times of denaturation were selected to cover
from about 509 to virtually complete deuaturation) was
diluted by rapid addition of a large volume of another for-
mate buffer (at the temperature of regeneration) of the same
formate concentration but at higher pH, such that the final
solution contained the desired protein concentration at
various pH values between 4.08 and 5.39. Regeneration
was then followed as a function of time after mixing, at 0.2,
1.7, 15.5 and 25.0°.

It was observed that even under conditions where there
should be no measurable denatured protein at equilibrium
(pH > 5.16) the final optical density, Dy, after long periods
of regeneration, falls short of the value for completely native
protein, Dy, by a small amount which increases with the
time of exposure to low pH during the preliminary denatura-
tion process. Evidently a small amount of protein is de-
natured in a competing reaction which yields material which
does not regenerate at all at the lowest temperature studied
(some of it appears to regenerate exceedingly slowly at 15
and 25°). The effect of the presence of this inaterial (re-
ferred to hereafter as ‘‘lost protein’’) has been allowed for
by using the appropriate value of Dy in place of Dy in all
caleulations. It can be shown that lost protein is produced
practically entirely from native protein rather than from
already denatured protein (it is formed most readily under
conditions which produce denaturation, and when native
protein is still present). It is formed only during the initial
denaturation rather than during regeneration (unless the
latter is carried out at pH values at which partial denatura-
tion can occur).

There is implicit in all calculations based on the spectro-
photometric data the assumption that reversibly denatured
ferrihemoglobin and ‘lost protein’’ have approximately the
same relatively low extinction coefficients at 406 mu. Ob-
servations made on solutions which were prepared to contain
considerable amounts of lost protein indicate that this as-
sumption is valid. Further support for this assumption
comes from the close comparison, on kinetic analysis, with
data obtained from precipitation studies, in which no de-
natured protein or “‘lost protein’’ is present in the assayved
solution.

Experiments at 0.2° (£0.1°) were made in a 40-liter ice-
water bath inaintained at 0.2°, and samples were removed
as needed. When a large number of experimental values
were desired over a short time interval, the reaction was
followed by taking readings on a solution kept in one cuvette
in the Beckman DU Spectrophotometer for up to 1 to 2 hr.
The temperature was kept at 0.2° by continuous circulation
around the cell compartment of water from the ice-water
bath.

(10) Harned and Owen, **Physical Chemistry of Electrolytic Solu-
tion,”’ Reinhold Publ, Corp., New York, N, Y., 1950.
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The data obtained by precipitating denatured protein??
were confined to one temperature, 15.5°, since it proved
impossible to dissolve enough sulfate at 0.2° to effect com-
plete precipitation, and no other completely satisfactory
precipitating agent was found for the experimmental condi-
tions at the lower temperature.

Results and Discussion

Denaturation at 0°.—Preliminary experiments
established the desirability of slowing the regenera-
tion reaction by working at temperatures near 0° in
order to define its critical initial stages more
closely. It was therefore also necessary to extend
the earlier work on denaturation to such tempera-
tures, in order to be able to test the relationship of
rates to equilibria. A summary of the results of
denaturation experiments (log velocity constant
against pH) at 0.2 and 1.7° is shown in Fig. 1,
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Fig. 1.—Rates of denaturation of horse ferrihemoglobin
as a function of pH in 0.02 M formate buffers at 0.2 and 1.7°,
compared witli data at three higher temperatures reported
earlier.

which also displays the previously reported data at
higher temperatures. The kinetics of individual
denaturation experiments at 0.2° are not shown
since they do not differ in any other respect from
the straight-forward first-order kinetics found at the
higher temperatures.

It is evident that the effect on denaturation ve-
locity of reducing the temperature from 15.5 to 0.2°
(or 1.7°) is very small; the reduction in velocity is
very much smaller than was found earlier in reduc-
ing the temperature by a smaller amount, from 25
to 15.5°. The change in velocity between the lat-
ter two temperatures, independent of pH, corre-
sponded to an apparent energy of activation of
16,400 cal.® The velocity difference in the lower
temperature interval corresponds to an average
value of only 4,300 cal. and may be even lower at
the lower end of the temperature range (there is
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hardly a discernible difference between data ob-
tained at 0.2 and 1.7°). Such a remarkably small
effect of temperature is rare for any chemical reac-
tion and is particularly unexpected for denatura-
tion of a protein.!!

The existence of a lower temperature effect at
low temperatures than at high suggests that the
character of the denaturation brought about at 0°
is qualitatively different than at 15°, or at least
that the reaction follows a different reaction path
at the lower temperature. Thus, the velocity of
the reaction characterized by the higher tempera-
ture coeflicient would be retarded much more by a
drop in temperature than would that of the reaction
with the low coeflicient, so that the former might
predominate at temperatures over 15° and the lat-
ter near 0°. It may also be shown that protein
denatured at 0° regenerates more rapidly than pro-
tein denatured at 25° when both are regenerated
at the lower temperature; and it also will be shown
here that protein denatured at different pH values
regenerates at different rates. These facts tend to
support the view that the denatured reaction prod-
uct at 0° is different from the denatured protein
formed at higher temperatures,—that, in fact, the
denatured product varies, perhaps continuously, as
shown by its rate of regeneration, with the condi-
tions of denaturation. Most, but not all, of the
regeneration data reported in the present paper re-
fer to the material denatured at 0.2°. Whatever
difference may exist between it and protein dena-
tured at higher temperatures, the denaturation ap-
pears to be initiated in both cases by formation of
the same unstable ionic species, by reversal of dis-
sociation of certain critical acidic groups,® since
the slope (2.5) of the pH-log velocity relationship
is the same at both 0.2, 15.5 and 25°.

Regeneration Kinetics.—If regeneration of de-
natured protein is first order, as earlier hypothe-
sized,® a plot of log (DM — D) against time should
be linear (D is defined before). Representative
restilts of regeneration experiments, in which vary-
ing initial extents of denaturation preceded regen-
eration, are shown in Fig. 2. There is a consistent
departure from linearity, well outside any experi-
mental error. The same data are tested for con-
formity with the requirements of a second-order
process in Fig. 3, in which the reciprocal of
the amount of denatured protein remaining is
plotted against time. Here there is an approxi-
mation to linearity after completion of the initial 10
to 209 of the reaction which is more rapid than the
rest, but other even more obvious anomalies ap-
pear. Thus the slopes of the straight lines shown
differ widely and appear to depend on the amount of
denatured protein present initially (or on the length
of exposure to denaturing conditions). Ina second-
order process, these slopes, which represent the
regeneration velocity constant, should all be the
same. A third unexpected departure from the re-
quirements of a second-order process, an anonialous
strong dependence of slope (velocity constant) on

(11) The 12,100 cal. difference between the two apparent energies of
activation is too great to be ascribed to any plausible difference in the
effect of temperature on the dissociation »f the trigger groups previ.
ously hypothesized.¥® Such a contribution could hardly be expected
to exceed 3000 cal.
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Fig. 2.—Regeneration of horse ferrihemoglobin denatured
at pH 3.84 for various lengths of time. Denaturation and
regeneratiot1 both occurred in 0.02 M formate buffers at

0.2°, The data do not conform to first-order kinetics.
50 T T
Ferrihemoglobin
_ 0.2°C pH:519- / Duration of Denoturalion- |
/ < 30 minutes
/ * 60 minutes
40— /. + 120 minutes

> 240 minutes

0 50 100

Time (minutes)

150 175

Fig. 3.—The data shown in Fig. 2 replotted to test con~
formance to second-order kinetics, Note presence of initial
spurt and anomalous dependence of subsequent velocity on
denaturation time.

concentration, is shown in Fig. 4, in which the total
protein concentration has been varied thirty-fold,
with various identical lengths of exposure to acid for
each concentration. Thus, initial concentration of
denatured protein rather than duration of exposure
to acid appears to determine the slope. Explana-
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Fig. 4.—Anomalous dependence of apparent second-order
velocity constant for ''second stage’’ of regeneration reaction
(after spurt) on protein concentration and on denaturation
time.

tion of such dependence of velocity on initial as
well as instantaneous concentration must be a fea-
ture of any theoretical model proposed.

A fourth anomaly is illustrated in Table I which
shows that, in common with equilibria involving
only first-order processes, but unlike any involving
processes of higher order, there is no effect of protein
concentration on the proportions of native and de-
natured protein present at equilibrium. The
bracketed quantities are somewhat less reliable
than the others; in such extreme dilution (0.006%,)
the loss of protein onto the reaction-vessel walls
affects the accuracy of the measurements. How-
ever, within their limits of precision no effect of
concentration can be discerned.

TABLE I

REGENERATED AT pH 4.35 AFTER DENATURATION FOR TIME
INDICATED AT pH 3.83, 0°

Duration of 0.06% 0.006%
denaturation ° (4
(min.) x0/a denatured xs/a denatured
60 (43.2)  (17.2)  (44.2)  (14.3)
127 64.6 27.0 61.7 26.4
193 80.2 29.7 81.9 29.8

In summary, if attempts are made to account for
the kinetics by uncomplicated first- or second-order
isotherms, the following contradictions present
themselves: (1) the reaction is not first-order, but
the equilibrium reached is independent of concen-
tration, a property which is characteristic only of re-
versible first-order reactions; (2) the reaction de-
parts substantially from second-order kinetics dur-
ing its initial stages, which appear to be more
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rapid than the later stages (the opposite of an in-
duction period); (3) if, nevertheless, the reaction is
interpreted as predominantly second order, the
velocity constants obtained appear to depend on
the extent and conditions of the preceding denat-
uration.

It can only be concluded that the reaction is
characterized by features which have not been en-
countered previously, and which preclude any
possibility of interpretation by simple first- or
second-order processes,

Model of the Regeneration Reaction.—Over a
period of some years, numerous efforts have been
made to explain the data shown, and a very large
additional body of essentially similar data, on the
basis of models which have embodied various ad hoc
combinations of successive and parallel reaction-
steps of either first or second order, with widely
varied assumptions as to the heterogeneity of both
native and denatured material. All of these
efforts (some of which led to substantial mathemat-
ical or computational difficulties) have been uue-
quivocally unsuccessful.

The uniquely successful model presented in this
paper was developed as the result of emphasis on
attempting to explain velocity constants which ap-
pear to vary with amount of denaturation, or with
denaturation time. Velocity constants may appear
to vary when they are proportional to concentra-
tions of inhibitors. If either of these were to be
formed or destroyed during denaturation, the ve-
locity of regeneration would vary in a predictable
way as the denaturation time was changed. This
simple idea proved untenable when tested but led
by extension to a related concept which not only
accounted for all of the data, but also successfully
predicted phenomena that had not yet been ob-
served. The successful model simply assumes that
the precursor of an inhibitor of regeneration is
formed during denaturation; and that this precur-
sor forms the inhibitor under the conditions that
bring about regeneration. All the evidence pre-
sented here will show that the inhibitor is the freshly
regenerated protein itself, and the precursor there-
fore simply all the denatured protein.

This view of denaturation is expressed in eq. 1;
the equation assumes that all the processes involved
are first order

de _  —ka y (n

d¢ (kg — x) + A1~ ’
in which k. is the first-order regeneration velocity
constant, a is the total protein (native 4 dena-
tured -+ regenerated), x is the denatured protein re-
maining at time { and x, is the initial concentration
of denatured protein. The constant kr has been
included to provide that the initial rate (when x =
xo) should not be infinite. keax/kr is thus the ve-
locity at time zero. Theoccurrence of the quantitya
in the numerator is justified empirically, but it
should be noted that without it the absolute rate
would be independent of concentration (it is not),
i.e., the reaction would be zero order, inistead of first
order, although the rate would be time-dependent,
as in reactions of first or higher order. Under the
conditions of our experiments the constant % is
evidently very small (and thus of no importance for
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other than time periods much shorter thau could be
observed). Consequently its existence has been
disregarded, and eq. 1 has been used as if k1 were
not included.

The integrated form of (1), neglecting ki, is
g4 g2t (@)

X Xnp

lo

It is obvious that if the quantity on the left side of
the equation is plotted against time a straight line
should result, the slope of which will be inversely
proportional to xq, the initial amount of denatured
protein, .., an apparent dependence of “velocity
constant’’ on extent of denaturation, similar to the
dependence found, is predicted.’

Dw = Do | Dy =D _ #2[Dy — 0.167]

IOgDm—D+DM"170_1— Dy — Do

Figure 5 shows the data previously presented re-
plotted in terms of equation 2. It will be observed
that the fit is excellent, even at the shortest times
(no "spurt” is found). The data scatter only at
over 759, completion where very small uncertain-
ties in the end-value of the optical density (Dw) can
have a large effect. The same satisfactory fit is ob-
served (Fig. 6) when the data obtained over a
thirtv-fold range of protein concentration are simi-
larly tested. The data of Figs. 5 and 6 also show
the inverse dependence of slope on x, (and direct
dependence on @) which was predicted; they would,
in fact, all fall very close to a single straight line (&,
truly constant) if the ordinate of each individual
point were multiplied by the appropriate value of
xo/a. That this is true for the data of Fig. & is
shown in Fig. 7 in which ¢/x, for each experiment
has been plotted (large open circles) against the
slopes of the lines through the data drawn in Fig. 5.
If the straight line through the large open circles
actually passed through the origin, all of the prod-
ucts of the slopes multiplied by the appropriate a.’/
X values would have been shown to be identical, and
k» would be a true velocity constant. It is appar-
ent that this is almost exactly the case; however,
the small deviation is not certainly within the ex-
perimental error and may be real.

The smaller points which cluster about the same
line in Fig. 7 represent experiments in which the pre-
liminary denaturation occurred at pH values
slightly above 3.8, and with regeneration at either
pH 5.2 or 5.4. Obviously the k; values (corrected
slope) for all these experiments are the same within
the narrow limits, even though the preliminary de-
naturation time was varied between 30 and over
1800 minutes and regeneration occurred at two dif-
ferent pH values. It will be shown later that the
regeneration pH is indeed without effect over much
wider limits. With large variations in pH of de-
naturation, however, k. is affected.!®* Thus, sam-
ples of data obtained after preliminary denaturation
with roughly four times more acid, and two times
less acid, are also shown in Fig. 7; the fact that they
do not superimpose on the other data (central
straight line) indicates that the regeneration ve-

(2

(12) 1n terms of observable optical densities at 0.06% ferrihemo-
globin, eq. 2 becomes

(13) Changes in temperature of denaturation have been shown to
have the same effect—the pH effect and the temperature effect are un-
doubtedly inter-related.



Sept. 5, 1958 REGENERATION
I O / ©®
Ferrihemoglobin . .,
02°C pH=519 '
08
- 086 b
+ v
xo‘x //

Durotion of Denoturation of pH 3836
° 30 minutes
"+ 60 minutes
° 120 minutes
¢ 240 minufes

L ]

|00
Time (minutes),

Fig. 5~The data shown in Figs. 2 and 3 replotted to show
conformance with eq. 2 (first-order regeneration reaction
inhibited by product).

locity (k2) dependson the pH of denaturation when it
varies this widely. &, is larger when the protein is
denatured in more acid solutions, 7.e., more rap-
idly.'* It therefore appears as stated earlier that
the "'denatured” protein is not uniquely defined
even at a single denaturation temperature.

All of these data, plus others obtained under
other conditions (but excluding pH values at which
regeneration stops short of completion because of
approach to equilibrium), are summarized in Table
II, in which the last two columns represent indi-
vidual and average values of k3. These values, for
all regenerations carried out after denaturation at
PH between 3.8 and 4.0 (including those at higher
concentrations of protein), are in excellent agree-
ment with one another. It is evident, however,
that k; rises when the initial denaturation occurs at
more acid pH (doubling by pH 3.15) and falls when
the protein is denatured more slowly (at less acid
pH). There is also a reduction in rate when the
protein is denatured at 25° instead of at 0.2°. This
is not surprising in view of the possibility previously
noted in this paper of differences in reaction prod-
uct when protein is denatured at widely different
temperatures.

Since the regeneration experiments summarized
in Table II were carried out at several different pH
values (4.76 to 5.39), it should be noted that the re-
generation pH is without effect on the rate. It will
be seen that protein denatured at pH 3.92 was re-
generated at both 5.16 and 5.39, with no significant

(14) The lines drawn through the data obtained with denaturation
at pH 3.15 and 4.15 do not go through the origin, but there are too few
points to justify attaching significance $o this diserepancy.
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Fig. 6.—The data shown in Fig. 4 replotted to show
The anomalous dependence on con-

formance with eq. 2.
centration has disappeared.
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Fig. 7.—The relation between initial state (concentration
of protein and fraction initially denatured) and slopes of

lines shown in Figs. 5 and 6.

resulting difference in k;. Figure 8 shows that
much wider differences in regeneration pH had
equally negligible effects (less than a twofold dif-
ference over a range of more than one pH unit, an
interval which corresponds to more than a thirty-
fold difference in rate of denaturation). Even the
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Fig. 8.—Absence of important dependence of regeneration
rate constant on pH. Data shown at pH 4.75 and below
are based on approximate application of eq. 2 to reaction
systems tliat do not go to completion.

twofold difference indicated is doubtful, since the
points in the figure obtained at pH values below
4.76 represent experiments in which regeneration
was not complete. The rates shown were calcu-
lated without taking this equilibrium into account,
sinice the kinetic law for the reversal region is ex-
ceedingly complex—thus the values obtained for &,
were certainly too low.

Up to this point, it has been shown that eq. 1 de-
scribes all the regeneration data obtained at 0.2°.
Before proceeding further to apply the equation to
experiments specifically devised to test it critically,
it is appropriate to inquire whether the model it de-
scribes is inherently plausible. In what ways is it
reasonable to assume that freshly regenerated protein
can act as an inhibitor of the regeneration of the de-
natured protein which remains? At least five dif-
ferent possibilities which could lead to eq. 1, have
been considered.

(1) Freshly-regenerated protein may break reac-
tion chains in which activation energy is passed on
from molecules which already have reacted to those
which have not. Since there is no obvious reason
why freshly regenerated protein should differ from
other forms of protein in accomplishing chain-
breaking, this possibility has not been considered
further.

(2) Freshly-regenerated protein may pre-empt
reaction sites on catalytically active surfaces.
There is no other evidence for the existence of, or
necessity for, such surfaces.

(3) Freshly-regenerated protein may combine
reversibly with D to form a complex (DI) which
does 110t regenerate. This leads to equation 1, but
only when D + (DI) equals x. Thus, (DI) would
have to have the same absorption as D, which
seems inherently unlikely.

(4) Freshly-regenerated protein may combine
with, and thus make unavailable for reaction with
denatured protein, excess amounts of an essential
reactant (such as heme).

(5) The inhibitor may not be freshly-regenerated
protein itself, but a substance whose formation
runs parallel to that of regenerated protein, at
least under the conditions of the present experi-
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TaBLE 11
0.2°, 0.02 ionic strength, 0.06%, protein, formate buffers,
De-
nattexra- % Re-
tion versibly Regenera- Cor,
time, denatu- tion rate Av.
Denaturation pH min. rated” P X 104 X 104
3.80 30 24.8 5.19 29
60 42.9 31
120 61.6 32
180 80.6 39
240 92.6 35 33
3.92 150 32.0 5.39 26
300 50.0 31
1200 75.8 28 1Y)
3.92 110 27.6 5.16 31
150 34.3 28
300 48.4 35 31
3.97 180 26.8 5.16 29
360 40.5 29 29
4.15 660 27.6 5.16 19
1830 37.8¢ 20 19.5
ca, 3.78 50 46.3 5.39 26
100 63.9 33
400 77.6 21 27
ca. 3.78(0.18%,) 50 42.5 5.39 26
100 57.5 35
400 79.9 32 31
ca. 3.55 15 47.2 5.39 47
30 66.6 47
120 89.5 43 46
ca. 3.55(0.18%,) 15 40.4 5.39 39
30 60.5 42
120 86.3 52 44
ca. 3.15 ca.4 61.4 5.16 55
16 97.4 70
32 96.9 67 64
ca. 2.9° ca.3 87.1 5.16 101 101
3.50° 5 66.3 4.76 25
10 86.5 (at1.7°) 24
20 91.6 24
40 91.8 18 23
a Rate has initial spurt. ¢ Denatured at 25°. <©Lost

protein excluded. ¢ Reaches equilibrium.
ments. This possibility becomes less likely the
more widely the experimental conditions may be
varied without altering the validity of eq. 1.
Experimental Tests of the Model.—Although
nothing further can be ventured now as to the
likelihood of the alternative mechanisms listed
above, it is easy to demonstrate by direct test that
freshly-regenerated protein, and only freshly-regen-
erated protein, acts as an inhibitor of the regenera-
tion reaction. Merely adding to the reaction mix-
ture native protein which has never been dena-
tured has no effect whatever on the kinetics or on
k.. Furthermore, it is possible to compare results
when the same initial proportion of denatured pro-
tein is arrived at in two different ways, 7.e., in one
case by denaturing until a given amount is present,
and second, by mixing quantities of more com-
pletely denatured protein with enough native pro-
tein to reduce the proportion of denatured protein
to the same figure. Since xo/a is the same in both
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cases, the slopes obtained should be the same if eq. 1
is valid. That this is indeed the case is shown in
Fig. 9; the small difference in slope is accounted for

06}
T o4l ...
<},e™"
+
[+
xXix |
£
02 A
dgf —22 Rote Constont
/ o Control 0,427 0.003I
o Mixture 0.449 0.003!
0 ra i
0 25 50 75 |00

Time (minutes),

Fig. 9.—Test of dependernce of regeneration rate on fraction
of protein denatured initially.

exactly by the small differences in x¢/a. Finally,
the direct addition of freshly-regenerated protein to a
reaction mixture not only reduces the initial rate
very substantially but causes the kinetics to depart
radically from eq. 2 in a predictable way. Thus
when freshly-regenerated protein is present at the
beginning of the reaction, eq. 1 should be written
(again omitting the very small term 1) as

de _ keay
dt ~ (%o — ) + T
where 7 is the initial concentration of freshly-regen-
erated protein added. On integration, this be-

comes

(3)

I Xo , X kaa
<l+x—n)1n;+5€0—l——£1 (4)
which differs from eq. 2 by more heavily weighting
the logarithmic term on the left-hand side by an
amount proportional to I. Thus when data ob-
tained with inhibitor added are plotted by means of
the simpler (unweighted) ordinate used in Fig. 9,
a straight line will no longer result; eq. 4 shows
that, however, toward the end of the reaction (when
the logarithmic term is no longer important) the
curve should approach linearity, and possess the
same slope as in the absence of inhibitor. Figure 10
shows that both these expectations are realized.
In the experiment shown, freshly-regenerated pro-
tein (to the extent of 279 of the protein present)
was added to the reaction mixture at time zero. The
initial rate was greatly slowed, but eventually the
slope becomes parallel to that of the control. A
further test has been made by determining the time
at which the regenerating control has reached a
concentration of freshly-regenerated protein equal
to about the same percentage (27) of the total pro-~
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Tig. 10.—Test of effect of adding inhibitor (fully regeuer-
ated protein). The experiments shown are described in
the text.

tein, This time was then called time zero, as if it
were the beginning of the experiment, and all later
points plotted at corresponding times. The re-
sults of this calculation, labelled “equivalent con-
trol,”” are shown by crosses in Fig. 10. The agree-
ment with the experiment in which 279, of freshly-
regenerated protein was added at the beginning is
very good indeed. Very significantly these results
are not obtained if the regenerated protein added is
allowed to stand for a few hours before it is added.

The conclusion seems inescapable that the inhibi-
tor is actually freshly-regenerated protein, or an-
other stuibstance which is formed exactly parallel to
it. In addition, regenerated protein loses its power
to inhibit the regeneration reaction within a few
hours after it is formed.

Regeneration at Higher Temperatures.—The
possibility of a fortuitously parallel formation of
inhibitor other than newly regenerated protein may
be examined further in the light of regeneration data
obtained at 15.5 and 25°. Such data are shown in
Fig. 11. In these experiments in which the regen-
eration temperatures were changed the protein was
initially denatured at 25° instead of at 0°. Never-
theless, eq. 2 is obeyed.’® Thus these experiments
do not support the possibility that an inhibitor
other than newly regenerated protein is involved.

In one important respect, not immediately evident
in thefigure, the dataat 15.5 and 25° differ from those
obtained at 0.2°, The constancy of k; does not ex-

(15) The only serious discrepancies occur in the case of protein de-
natured for § minutes (75%,) and then only after regeneration has pro-
ceeded to well over 609 (in the 25° case to about Y5%). These dis-

crepancies are apparently fortuitous since they do not appear in other
setg of data at these temperatures at slightly lower regeneration pH.
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Fig. 11.—Test of compliance with eq. 2 of regeneration
data obtained at 15.5 and 25° after initial denaturation

at 25°. The extent of denaturation has been allowed to go
liigher than in the experiments at 0.2°.

tend to the longer denaturation times. This is
shown in Table III. The values of %, in Table III
show satisfactory consistency between values at the
same temperature and denaturation time but dif-

TaBLE III
REGENERATION AT 15.5 AND 25° AFTER DENATURATION AT
PH 3.5 aT 25°
Denaturation

Reygeneratini time (min.)

7, °C. pH at 25° ky X 10!
15.5 4.7 B! |14
10 (14

20 65

40 40

4.44 3 108

10 108

20 69

40 48

25 4.59 S5 350
10 405

20 263

40 142

4.44 5 344

10 420

20 282

40 197

ferent pH, but there is a well-marked tendency of
k; to fall with denaturation times of eight half-pe-
riods and longer. This effect may not be peculiar
to denaturation at 25° or to regeneration at tem-
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peratures above 0°, since it manifests itself only for
experiments in which the initial denaturation was
much more severe than in any carried out at 0.2°.
Thus the longest denaturation time included in the
data of Table 11 was approximately eight half-pe-
riods and all but two of the entries represent four
half-periods or less. With such durations the %
values at the higher temperatures are also consist-
ent. There is thus a suggestion that fully denatured
protein exposed for long periods to a denaturing pH
undergoes very slowly secondary changes which re-
duce the velocity with which it can regenerate.

No effort has been made to calculate temperature
coefficients for regeneration except within the nar-
row 15-25° temperature interval of Table III since
such calculations are only valid when the initial
material, denatured protein, was demonstrably the
same at every temperature of regeneration, t.e.,
the samie temperature of denaturation was used in
all the experiments. Within this interval the en-
ergy of activation for regeneration is approximately
22,000 cal., as compared with the value for denatu-
ration in the same interval, 16,200 cal., previously
reported.?

Equivalence of Spectrophotometric and Solubility
Criteria of Regeneration.—It has been shown in
earlier papers that the same results are obtained if
denaturation is followed spectrophotometrically or
by means of the drastic changes in solubility that
classically defined denaturation. Figure 12 shows

g
5%
06 2 °
o
|, 04 <~
alle o
<+ L]
>3 >
£ ¢
15.5°
02 ;
°50% Regeneration measured by
e < Spectrophotometry
. e Precipitotion of denatured
> protein
)
0 40 80

Time (minutes),

Tig. 12.-Demonstration that regeneration kinetics based
nn light-absorption measurciments at 406 mpu give the saine
results as direct mneasurements of denatured protein present
by precipitation at the isoelectric point.

that this identity of results also is obtained in fol-
lowing the course of regeneration. Data are shown
for 15.5° rather than for 0°, because at the lower
temperature it is not possible to dissolve the amount
of sodium sulfate required to prevent wholly re-
generation of remaining denatured protein when
the pH is raised to the isoelectric point.?
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Equilibrium between Native and Regenerated
Protein at 0°.—It has been reported earlier that
equilibrium occurs between native and denatured
ferrihemoglobin at pH values between about 3.8
and 4.7. The model of the regeneration reaction
proposed in this paper implies an interpretation of
this "'equilibrium’ phenomenon which is different
from the one described previously. Thus, it be-
comes necessary to consider the equilibria previ-
ously observed to have been predominantly be-
tween denatured and regenerated protein (inhibitor)
rather than between native and denatured protein,
even although regenerated protein reverts eventu-
ally to the true native form, when the pH is high
enough. We may make this conclusion plausible
by first representing the system as

k1
P _—_—)" D

NN kg
W\
A'E\\\\k4 ki/g
S\
Y

I

The dotted arrows are used as a convenient indica-
tion that the reactions to which they refer are too
slow to contribute importantly to the results ob-
served. Even if these reactions are omitted en-
tirely the integrated form of the kinetic equations
for this model is unwieldy and contains numerous
combinations of constants which cannot be evalu-
ated directly.

The closed reaction cycle shown above may be
justified in detail as follows

(a) Since in denaturation at acid pH simple first-
order kinetics prevail and no latent periods are
ever observed, either &y is much larger than ksk; or
k3 is much larger than ky—i.e., the amount of T pres-
ent at these pH values is always very small.

(b) D does not revert to P directly, at an appre-
ciable rate, since the kinetics described in this paper
show that the principal product formed in the 're-
generation’’ reaction is an inhibitor, I (I and P are
spectroscopically indistinguishable).

(¢) Ireverts very slowly to P, since the inhibitory
property gradually disappears. Furthermore, the
rate of re-denaturation of ''regenerated protein,” at
least after it has been stored for some hours, is the
same as that originally observed.

(d) T isin equilibrium with D at pH values be-
tween 3.8 and 4.7 since in this region *'regeneration”
stops short of completion, although ''regenerable”
protein is still present.

It is apparent that a number of pseudo-equilibria
may occur and that these may be different accord-
ing to initial conditions, and the way in which the
experiments are carried out. There is a possibility
that a true equilibrium will not be directly observed
since the step I = P (and its reverse) is so slow that
the irreversible loss of protein previously alluded to
competes with it very strongly.

These conclusions, based on observations already
reported, are strongly supported by the actual
course of regeneration over very extended periods,
in the equilibrium region of pH. Figure 13 shows
representative data obtained at pH 4.16 for one,
two and eight half-periods,!® at 0.2°, after an initial

(18) Regeneration measurements were continued over a sufficiently
long time to reveal the maximum clearly only in the experiments with
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Fig. 13.—Course of regeneration at 0.2° at pH 4.16 after
denaturation at pH 3.5 for one, two and eight lhalf-periods
at 15°. Denaturation data at tlie same pH value are also
shown.

denaturation at pH 3.5 at 15°. The figure includes
for comparison denaturation data at the same pH.
The main difference between data obtained with the
different denaturation times is ascribable to the
fact that a good deal of P is initially present after
one and two half-periods, but very little after eight.
At such acid regeneration pH, the density reaches
a well-marked maximum in the two half-period
case, but not in the eight half-period case. This
maximum is in part due to the slow reaction P — D
continuing after the ''regeneration’” reaction D & 1
has reached equilibrium. Unfortunately part of
the decline in density is also due to irreversible loss
(measwred by determining the final density at pH
5.16), so a simple analysis is not possible. That the
decline in optical density is not due solely to the ir-
reversible effect is shown by: (a) close agreement
in the 72 hour values, which are separated by an
amount accounted for by the loss during the ini-
tial denaturation; and (b) the different times at
which the decline is observed in the different experi-
ments, as well as its absence in the case of the long-
est denaturation time. Most of the denatured pro-
tein present at equilibrium can be ''regenerated.”
The long-time values reached after denaturation
for eight half-periods (after correction for irreversi-
ble loss) are more nearly attributable to the equi-
librium D 22 I, but even here the very slow reaction
I 2 P undoubtedly plays some part in determining
the true point of equilibrium between I + P and D.
The "equilibrium” data shown in Fig. 14 repre-
sent the values obtained after 24 hr., which are es-
sentially stationary thereafter when corrected for

denaturation at 15°; bul similar maximna exist in the experiments with
denaturation at 0.2.
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Fig. 14.—Equilibrium data obtained in regeneration
experiments at 0.2° as a function of pH compared with data
obtained in denaturation experiments, The choice of
ordinate is explained in the text.

progressive irreversible loss—the latter correction is
very appreciable in the more acid range, since it
must take into account losses during regeneration
as well as the loss during the initial denaturation,
which suffices when regeteration occurs in the less
acid range. The ordinate used has been selected
for convenience only. The true -equilibrium
equation is expected to be

-+ P)(ID+ P+C) _ g 5

where K'eq contains combinations of four velocity
constants, and C is equal to K7, as defined for eq. 1,
multiplied by (1 + k4/ks). If I 4 P is small com-~
pared with C, as it is at sufficiently low pH, the
above expression niay be written, with good ap-
proximation, as

I+ P _a—x_ Ky

o T T T T )
Equation 6 would lead to the linear relation found
with the regeneration data at all except the highest
pH values. The failure of denaturation data to
fall on the same straight line at the more acid pH
values indicates that final equilibrium was not at-
tained, presumably because at such acid pH values
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adjustment of the equilibrium always lags its dis-
placement by irreversible loss.

No further analysis is attempted here since it is
clear that the equilibrium constant to be derived at
0° from such pseudo-equilibria (even though care-
fully corrected for irreversible loss) cannot be sim-
ply related to the ratio &y/k; for the velocity con-
stants of denaturation and regeneration reactions
as previously believed, but rather to the ratio of
the velocity constants for the formation of I from
D to the product of the two velocity constants gov-
erning the disappearance of I. It is likewise un-
profitable at this time to attempt to determine
whether or not the dissociations of the unmasked
groups, as well as the trigger-groups, enter into the
pH-dependence of the apparent equilibrium—they
will only have a strong effect if they combine with
hydrogen jon almost quantitatively in this range of
pH.

Significant calculations of the effect of tempera-
ture on the "'equilibria” shown can only be made by
assuming that: (a) the use of a different denatura-
tion temperature in the regeneration experiments at
higher temperatures does not vitiate the compari-
son; (b) irreversible losses, which were less accu-
rately estimated at the higher temperatures, were
not large; (c) equilibrium was actually attained in
the older denaturation experiments.

None of these assumptions appear safe, and in
fact the data at the higher temperatures when plot-
ted as in Fig. 14 have a slightly different slope. The
apparent heat of reaction AH will therefore depend
on pH. Its value between 0.2 and 15.5° at pH 4.2
is very approximately 32,000 cal., and it increases
at higher pH (a value near zero was found between
15.5 and 25°). Approximate values for the ap-
parent values of Ey and E,, the activation energies
for the denaturation and regeneration reactions, are
already available for the temperature interval 15.5
and 23° (E; 22 16,400 cal., independent of pH," and
E» =2 22,000 cal.); and for E, only, in the tempera-
ture interval 0.2-15.5° (E, =< 4,300 cal.). How-
ever, it has been shown above that the usual simple
relation, AH = FE; — E,, cannot be expected to ap-
ply in the present systemi.
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