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though of markedly different average molecular
weight, have practically identical spectrograms,
which are appreciably lower than that of 1-ethyl-2-
pyrrolidone.

It is clear then that building up a long chain poly-
mer from this particular dialkylamide does result
in diminished average absorption per amide link on
the long wave length shoulder of the amide band.
It also appears that beyond a certain point there is
no further decrease in low wave length absorption
with increase in molecular size.'” Unfortuna‘ely,
the spectra of the simpler intermediate polymers
are not available.

However, extension of the neutral glycine peptide
chain (up to hexapeptide) results in a similar change
in the average absorption per peptide link.* And
because all of the intermediates are available, it
was possible there to offer a reasonable explanation
of such results on the basis of an unequal distribu-
tion of absorption among the different peptide
links in a given chain. The unequal distribution
was attributed to the different structural environ-
ment surrounding each peptide link. The two sys-
tems are not entirely analogous, but it is possible

(17) It is possible that there is actually a progressive decrease in
chromophoric absorption; but beyond a certain molecular size, this
decrease is exactly compensated by an increase in Tyndall scattering.
On the other hand, it may be more reasonable to conclude that Tyndall
scattering by molecules of this size does not add significantly to the
intense chromophoric absorption found at low wave lengths.
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Fig. 3.—Spectrograms of PVP compared with that of
1-ethyl-2-pyrrolidone,

that a similar explanation could be offered here.
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It has been shown previously that bovine serum albumin undergoes a rapid reversible structural alteration, at room tem-

perature, upon reducing the pH of the aqueous solution below approximately 4.0.

This alteration, which has been tenta-

tively interpreted by the authors as an all-or-none transition from a compact to an expanded form, is accompanied by a

marked increase in intrinsic viscosity and in levorotation.

In an attempt to evaluate the thermodynamic parameters studies
have now been carried out over the temperature range 2 to 80°.

perature but the effect is not marked and interpretation of the results is complicated by two general features.

The expansion equilibrium is favored by elevated tein-
In the first

place the temperature dependence, which is fairly normal above 20°, disappears below that temperature. Secondly, above

about 40° a slow, irreversible alteration takes place.

of the process are not simple first-order.

b } r This denaturation is characterized by a marked decrease in intrinsic
viscosity from that of the reversibly swollen form, but the optical rotation remains substantially constant.
change is not due primarily to hydrolysis or to aggregation is indicated by preliminary light scattering studies.

That this
The kinetics

It is suggested that the irreversible alteration proceeds primarily through the

compact form, so that the low pH expanded form may be regarded as a reversibly "’protected”’ structure.

There is now considerable evidence to indicate
that bovine plasma albumin (BPA) is subject to
drastic reversible alterations in configuration upon
change of pH, particularly in acid solution. The
authors have shown® that there is marked increase
in intrinsic viscosity and a parallel increase in op-
tical rotation upon lowering the pH from the iso-
electric point to approximately 2.0. The failure of

(1) Journal Paper Number J-2595 of the Towa Agricultural Experi-
ment Station, Ames, Iowa. Proj.1223. Thisresearch was carried out
under contract Nonr-803 (00) between the Office of Naval Research
and Iowa State College. Presented before the Division of Biological
Chemistry of the American Chemical Society, September, 1954,

(2) (a) Department of Chemistry, Purdue University, Lafayette,
Indiana; (b) Department of Chemistry, Harvard University, Cam-
bridge, Massachusetts.

(3) J.T.Yangand J. F. Foster, THIS JOURNAL, T6, 1588 (1954).

such solutions to yield flow birefringence was taken
as evidence that the alteration is essentially an iso-
tropic expansion and the magnitude of the viscos-
ity increase is such as to indicate an increase of
some twenty-fold in effective hydrodynamic volume
of the protein molecule.

The present study was undertaken in the hope of
clarifying further the mechanism of this reversible
alteration. In particular it was desired to ascer-
tain the temperature dependence and attempt to
evaluate the thermodynamic parameters character-
izing the equilibrium which was postulated to be an
all-or-none transition from one to another discrete
form of the protein. Experimental measurements
have been made of the effect of temperature, at var-
ious pH values acid to the isoelectric point, on the
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intrinsic viscosity and optical rotation of BPA.
Since a slow, irreversible alteration was observed at
elevated temperature preliminary studies of the
kinetics of this process also were made.

Materials and Methods

The crystalline bovine plasma albumin was purchased
from Armour and Company. Stock aqueous solutions were
adjusted to the desired pH with dilute HCI, kept in the
refrigerator overnight, and filtered through fine sintered-
glass filters under pressure.* Solutions remained clear after
filtration. The concentration of protein in solution was
determined by micro-Kjeldahl, using a nitrogen factor of
16.09%.

Viscosity measurements were made in two Ostwald--
[Fenske type viscosimeters contained in a constant tempera-
ture bath controlled to =£0.02°. The specific viscosity of
protein solutions was calculated froin the ratio of the flow
times of the solution to that of solvent at the same tempera-
ture, without correction for kinetic energy or density effeets
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Fig. 1.—Reduced viscosity of BPA as a function of time
of heating at 60° at pH values as indicated. The original
viscosities at 25° are also shown for comparison; protein
concentratious: pH 1.80, 2.039; 2.30, 1.639; 3.14, 1.609:
4.19, 2.05%.
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Fig. 2.—Reduced viscosity of BPA as a function of time
of heating at 50° at pI1 values as indicated. The original
viscosities at 25° are also shown for comparison; protein
concentrations: pH 1.71, 2.069; 2.60, 2.06%¢; 2.90, 1.049;
4.04, 2.05%,.

(4) This procedure was adopted to remnove traces of insoluble ma-
terial liberated by the protein on acidification. ‘This contaminant is
evidently falty acid or nther Lpbl like niverjal
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(both) of which were considered negligible for present pur-
poses ).

Optical rotation measurements were made in 2.0-dm.
nickel-jacketed polarimeter tubes with a Rudolph High-
precision Model 80 polarimeter, using sodium light. The
polarimeter tubes were connected through a circulating
pump to a constant temperature bath. Tempernture von-
trol in the protein solutions is estimated at &=0.5°.

Experimental Results

In Figs. 1 and 2 are shown the changes, with time,
in the reduced viscosity of BPA at several values of
pH and at two temperatures, 60 and 50°, respec-
tively. At pH values below 4 there was a very
rapid, possibly instantaneous, increase in viscosity,
upon elevating the temperature, followed by a con-
tinous decrease with time. Above pH 4 a time-de-
pendent increase was observed and fiber-like parti-
cles characteristically appeared after prolonged
heating.

In Fig. 3 are shown comparable results on the ef-
fect of time on optical rotation (expressed as
[—ea]) at various pH values and 60°. There is an
essentially instantaneous increase in this property,
as in the case of the viscosity, upon raising the ten-
perature. However, in this case no time depeucl-
ent decrease is seen, the rotations being substan-
tially time independent at lower pH values or
slowly increasing at pH near 4.0.
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Fig. 3.—Specific rotation of BPA as a fuuction of time of
heating at 60° at pH values as indicated. The original
rotations at 25° are also shown for comparison. Protein
concentrations: pH 2.30, 1.86%; 2.58, 1.68%(; 3.92,
1.79¢;: 3.98, 1.919%. The experiment at pH 2.30 was
conducted inr the presence of ().1 nolar added NaCl.

In Fig. 4 there are plotted optical rotatious as a
function of temperature at several pH values. In
order to minimize irreversible changes in the pro-
tein, these experiments were carried out by cou-
necting the polarimeter tubes to the circulating sys-
tem only long enough to bring them to temperature
and 1nake the optical measurement. Between read-
ings, while the bath temperature was being raised,
the tubes were disconnected and maintained at
room temperature. In light of the results in Fig. 3
this procedure is justified at the lower pH values
since the rotation is substantially time-independ-
ent. The results at the highest pH (4.47) are morc
complicated and do not represent equilibrium val-
ues, but approximately initial values with perhaps
some error due to irreversible changes.

In Figs. 5 and 6 are given reduced viscosity os.
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Fig. 4 —Effect of temperature on the initial specific
rotation of BPA solutions at the pH valiues indicated;
protein concentrations: pH 1.71, 2.079%; 2.05, 0.63%;
2.35, 1.929,; 4.47,2.109,. The experiment at pH 4.47 was
conducted in presence 0.1 ionic strength acetate buffer;
at 2.05 in presence of glycine-HCI buffer (T/2 = 0.1).

concentration plots and optical rotation »s. concen-
tration plots for BPA at various pH values after
prolonged heating (10 days) at 60°. These data are
taken as representing, approximately, the behavior
after complete (irreversible) denaturation under
the given conditions. Table I summarizes the de-
rived intrinsic viscosity values and extrapolated (to
zero concentration) optical rotations, both meas-
ured at 25°, for BPA solutions which had been de-
natured by heating at 60° for ten days. Also given
here are some data, without extrapolation, in which
denaturation was carried out at one pH, 3.73, fol-
lowed by neutralization to a lower pH, 2.40.

TABLE I

VISCOsITY AND SPECIFIC OPTICAL ROTATION OoF BPA Soru-
TIoNs AFTER TEx Davs HraTiNG AT 60° AT VaARrIOUS pH
VALUES A8 INDICATED

#H after Intrinsic Extrapolated
heating ‘viscosity specific rotation
2.03 0.051 —84
3.06 .086 —86
3.73 .107 —76
2.83(T1/2 =0,1) .048 —80
Reduc_ed Speci.ﬁc
viscosity rotation
3.73 (conen. 1.7%) 0.093 —73
2.40 (concn. 1.3%,) .110 —84

(adjusted)

As was mentioned above, a fibrillar precipitate
was obtained in heating experiments above pH 4,
Since further information was desirable as to the
rate of this insolubilization, experiments were car-
ried out in which the amount of insoluble protein
formed was determined as a function of time at the

TABLE II
RESULTS oF HEAT DENATURATION OF ISOELECTRIC BPA At
60°
% protein in the
Heating supernatant Supernatant after dialysis
time Before After and filtration (25°)
(hr.) dialysis  dialysis Conen., 9 nap/c (a)
0.50 71.9 73.0 0.720 0.038 —59.9
4 46.4 47.5 .612 .043 —58.9
10 36.0 37.1 .506 .050 —60.1
25 31.6 27.3 .334 .061 -63.0
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Fig. 5.—Rednced viscosity ¢s. concentration plots for
BPA after 10 days’ heating at 60° and at pH values indi-
cated. The experiinent at pH 2.83 was in presence of 0.1
molar added NaCl. Samples were heated at the highest
concentration and dilution series perforined.
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Fig. 6.—Specific rotation vs. concentration plots for
BPA after 10 days’ heating at 60° at pH values indicated;
experimental details as in Fig. 5.

isoelectric point. Insoluble protein was removed
by centrifugation at 20,000 g and the residual pro-
tein in solution determined by micro Kjeldahl anal-
ysis. Data of this type obtained at 60° are given
in Table II. The data before and after dialysis are
considered to be in good agreement and indicate no
low molecular weight split products to be formed.

Discussion

Effect of Temperature on Expansion Equi-
librium.—As Figs. 1 and 2 show, there is an in-
stantaneous, or at least extremely rapid, increase
in intrinsic viscosity of BPA solutions at low pH
upon raising the temperature. This immediately
suggests a positive enthalpy effect associated
with the previously postulated expansion equilib-
rium, Further evidence for the positive tempera-
ture coefficient is seen in Fig. 3 where it is seen that
the (negative) optical rotation also undergoes an
increase under these conditions. This thermal ef-
fect is evidently reversible. If solutions were
cooled after only brief exposure to 50° or 60° they
regained their original room temperature viscosity
and rotation values. This positive temperature
coefficient might be anticipated on the basis of a re-
cent report by Gutfreund and Sturtevant® who ob-
served a delayed endothermic process in the acid ti-
tration of BPA (half-time 2.5 minutes),

Near pH 4 the increase in both properties, vis-
cosity and optical rotation, is small, This is not
surprising in view of the fact that at this pH the

(5) H. Gutfreund and J. Sturtevant, TH1s Journar, 75, 7447
(1953).
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equilibrium coustant, at room temperature, is very
unfavorable toward the expanded form.

The effect of temperature is perhaps shown more
clearly in Fig. 4 where the optical rotation has been
plotted as a function of temperature under four
different sets of conditions. The rotation values at
pH 1.71 and at 2.35 appear to be approaching a
common limiting value of about 90° at elevated
temperature which value is tentatively taken as the
specific rotation corresponding to complete expan-
sion. This is in satisfactory agreement with the
limiting value of —90° obtained at room tempera-
ture by extrapolation to low pH and zero ionic
strength.®®  The curve at pH 2.05 in presence of
glycine buffer appears to be leveling off at a some-
what lower value but the data are not sufficient to
be sure of this point. The insensitivity of rotation
to temperature at pH values near the isoelectric
point is clearly shown by the lowest curve in this
figure. This result is i agreement with the find-
ings of Jirgensons’ and of Golub and Pickett.?

The most puzzling feature of the results depicted
in Fig. 4 is the failure of the curves to approach a
common value at low temperature. Thus if one is
dealing with a simple endothermic equilibriuin the
system should shift completely to the unexpanded

form in all cases at some low temperature. In-
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Fig. 7.—Apparenut equilibrium constant for molecular ex-
pansion reaction versus reciprocal of absolute temperature
at three pH values as indicated; protein concentrations:
pH 1.71, 2.079,; 2.05, 0.63%:; 2.35, 1.92%. Experiment
at pH 2.05 in the presence of glycine buffer (I'/2 = 0.1).

(6) In our previous paper this value was given as —93°. It has
since been found that, due to a systematic error in our Kjeldahl anal-
yses at that time, the values given should be reduced by about 3%,.

(7) B. Jirgensons, Arch. Biochem. Biophys., 41, 333 (1952).

(8) M. Golub and E. Pickett, J. Polymer Sci., 18, 427 (1954).
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stead, the rotation appears to level off below about
20°. This immediately suggests that the heat of re-
action goes to zero below this temperature. It is
significant in this connection that Zaiser and Stein-
hardt® have recently observed the apparent en-
thalpy of the acid denaturation of horse ferrihemo-
globin to be zero between 15 and 25° although it is
positive above this temperature range.
Thermodynamic Considerations.—In spite of
these uncertainties, it is of interest to determine
the apparent thermodynamic parameters associ-
ated with the reversible expansion process, at
least as to their order of magnitude. Assuming the
optical rotation to be an additive property, the
cquilibrium constant for the expansion is given by

K ={(a — ap)/{aw — &) (1)

where «q is the rotation of the native (unexpanded)
form and «, that of the expanded form, taken to
be —61 and —90°, respectively.’® The data in
Fig. 4, between the temperatures 20 and 60° where
the temperature effect appears to be normal, have
been utilized by means of eq. I, to estimate the
temperature coefficient of the equilibrium constaut.
Results are shown in Fig. 7 plotted in the usual
fashion. The slopes of these plots near 25° have
been utilized in calculation of apparent AH® values
which are summarized in Table III along with the
other thermodynamiic paraineters.

The appareunt entropies are clearly very large and
positive, It is tetnpting to associate the positive
entropy with the configurational change (expan-
sion) postulated. However, as has been empha-
sized by Zaiser and Steinhardt,® no such assignment
can be wade without further information as to the
entropies involved in the changes of ionization
which are clearly a part of the over-all process.

The Irreversible Phase.—As shown in Figs. 1
and 2 there is a slow but very pronounced decrease
with time in the viscosity of acid BPA solutions
at 50 and 60°. Actually, this process was found
to take place at an appreciable rate at teupera-
tures as low as 35°. This change is irreversible as
shown by the fact that solutions returned to room
temperature were found to have suffered a perma-
nent reduction in viscosity, the greater the longer
they had been exposed to elevated temperature.
The ultimate viscosity attained at high temperature
was very much lower than that of the expanded pro-
tein, approximately 0.1 deciliter per g., or only two
to three times that of the native isoelectric protein.
In contrast, a maximal increase of ten- to twenty-
fold takes place in the case of the fully expanded
protein at room temperature.? The rate of the
viscosity decrease is not greatly influenced by pH,
nor is it very markedly temperature dependent over
the range 50 to 60°.*!

Several possibilities should be considered as pos-
sible causes of the drastic decreases in viscosity ob-
served. Bacterial action does not seem a likely

(9) E. Zaiser and J. Steinhardt, THis JoUrNAL, 76, 2866 (1954).

(10) Advantage has been taken of the fact that the rotation is not
appreciably influenced by the secondary irreversible process. Similar
calculations could clearly be based on the viscosity data but would be
subject to more uncertainty. .

(11) In one experiment at 100°, the viscosity of a 5% BPA solution
was found to decrease by about 509; in one hour at pH 2, a rate per-
haps ten times as great as that at 60°.
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explanation, in view of the high temperatures used
together with the absence of any lag-period. No
obvious evidence of gross microbiological growth
was seen in any of the solutions. A more serious
possibility is that of acid hydrolysis. The very
slight dependence of rate on pH strongly argues
against acid hydrolysis as an important factor.
Preliminary light scattering studies revealed no de-
tectable decrease in turbidity even after one week
of heating at 60° and pH 2.5.*?

The most logical explanation of the results would
seem to be that there is another, and much more
stable, configuration open to the protein, which
configuration is characterized by an intrinsic vis-
cosity (hydrodynamic volume) intermediate be-
tween that of the native form and of the reversibly
expanded form. Preliminary flow birefringence
studies on solutions after 1 hour heating at 100°
failed to reveal any appreciable orientation, again
indicating that no drastic unfolding has taken place.

The slow increase in viscosity above pH 4 is prob-
ably partially due to the transition from native
(compact) form to the irreversibly denatured form.
However, a part or perhaps most of the increase is
doubtless due to the obvious aggregation which
takes place in this region.

The behavior of the optical rotation during the
irreversible phase is in strong contrast to that of
the viscosity. Thus at low pH where the viscosity
decreases, the rotation remains fairly constant. At
pH around 4 where the viscosity increases, the rota-
tion also increases. This suggests that the stable
ultimate configuration has the same optical rota-
tion, and hence possibly the same basic polypep-
tide configuration, as the reversibly expanded form.
Thus, at low pH no shift in rotation could be ex-
pected since the protein is largely in the expanded
configuration initially. The denatured structure is
thus tentatively pictured as a collapsed one, not
quite so compact as the native configuration, and
possessing the same basic polypeptide configura-
tion as the acid-expanded form.

While it is not the purpose of this paper to make a
detailed kinetic analysis of the irreversible process,
a few preliminary observations regarding the kinet-
ics and possible mechanism of the heat denatura-
tion of BPA appear in order.'® It is generally as-

(12) In another experiment containing 0.1 M NaCl the turbidity of
the solution was found to increase, evidently due to aggregation.

(13) It should be pointed out that the experiments were designed
primarily to study the equilibrium step. Thus buffers were not em-
ployed since the equilibrium is so strongly shifted toward the side of
the native (compact) protein by presence of ions. As a consequence,
significant pH shifts were observed during the course of prolonged
heating experiments, introducing some uncertainty into the data in
spite of the relatively small apparent pH dependence of theirreversible
process. Inaddition, thereis the uncertainty as to the effects of slight
hydrolysis or aggregation, and of concentration dependence, on inter-
pretation of the viscosity results.

Mention should also be made of certain difficulties encountered
in the kinetic studies by rotation. Since the polarimeter tubes were
not completely air-tight, some 1oss of solvent due to evaporation was
unavoidable in prolonged experiments. Furthermore, protein films
tended to form around the gaskets at the ends of the polarimeter tubes
after prolonged heating. Both effects altered the protein concentra-
tion, but in opposite directions. To minimize such errors, stock solu-
tions were heated in sealed test-tubes in a separate constant-tempera-
tnre bath aud transferred to the jacketed polarimeter tubes only inter-
mittently forreading. Even so,some concentration change took place

over several days so that the data in Fig. 3 are not as precise as would
be desired.

EFFECT OF TEMPERATURE ON PROPERTIES OF BOVINE PLASMA ALBUMIN

3899

sumed that protein denaturation is first order with
respect to protein concentration, although in gen-
eral rigorous first-order kinetics are not obeyed.
The present case is no exception, The first-order
law has been tested in Fig. 8 by plotting log (n
— 7ne) versus time. It can be shown readily that,
assuming the observed viscosity to be an additive
function of the composition with respect to the two
presumed components, this plot should be linear for
a first-order process. The deviation observed is in
the same direction as frequently observed in other
cases, for example in the urea denaturation of oval-
bumin'4 and of diphtheria antitoxin,®

Several possible explanations for such deviations
already have been offered, among them heteroge-
neity of the protein and postulated series of two or
more first-order steps. Another explanation, of-
fered by Wright and Schomaker,”® based on an
assumed side-equilibrium with a “reversibly-pro-
tected'’ form, is of particular interest in the present
case because of the independent evidence for an
equilibrium process.

The kinetics of the irreversible denaturation of
BPA have been determined over this same pH range
by Levy and Warner!® using isoelectric precipita-
tion as the criterion of denaturation. They found
the first-order rate law to be obeyved below pH 4.
Gibbs! has studied the kinetics of denaturation of
human plasma albumin by the same method. His
rate curves demonstrated the same deviation from
first-order behavior as is seen in Fig. 8.
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Fig. 8. —First-order rate plot for the irreversible stage of
denaturation utilizing viscosity data as criterion of degree
of reaction. All studies at 60° and at pH values as indi-
cated; protein concentrations: pH 1.80, 2.03%,; 2.30,
1.63%; 3.14, 1.609%,.

(14) R, Simpson and W, Kauzmann, Tuis JournarL, 78, 5139
(1953).

(15) G. Wright and V. Schomaker, ibid., 70, 356 (1948).

(16) M. Levy and R. Warner, J. Phys. Chem., 88, 106 (1954).

(17) R. Gibbs, Arch. Biochem. Biophys., 81, 277 (1954).
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I Table 1V wre given pscudo tirst-order rute
vonstants as determined from the half-times for
the viscosity drop at three pH values, and from the
rate of the decrease in rotation at pH 3.98. Also
given is the rate constant, determined in the same
manner, from the insolubilization study at the iso-
clectric point. For comparison there are also
given rate constants taken fromn the papers of Levy
and Warner and of Gibbs. It is of interest that
the rate constant at pH 3.14 determined from the
viscosity drop agrees ratlier closely with that of
(Gibbs at the same temperature and pH, The valuc
at the isoelectric point is also in fair agreement
with his. The values at lower pH fall well above
(5ibbs’ values but close to those of Levy and War-
ner. Quantitative comparisons should not be
uade because of the differing conditions einployed,
particularly in that our studies were conducted in
absence of buffer and at very low ionic strength,t®
Furthermore the mode of calculation of the rate
constants differs in that we have used the half-
tinte whereas Gibbs cmployed the limiting initial
slope. However, the mere fact that the rate of the
viscosity drop is of the same order of magnitude
as the rate of formation of insoluble (at the isoelec-
tric point) protein is of considerable interest and
suggests the irreversible alteration responsible for
the viscosity drop to be the rate determining step
in insolubilization (denaturation).

It is thus concluded that the irreversible altera-
tions occurring at elevated temperature may prop-
crly be associated with the phenomenon of "heat
denaturation.” It is of interest, theu, to consider
the possible relationship between the reversible
“expansion’’ atlow pH and such denaturation. An
mtermediate, reversibly-denatured state in the ir-
reversible denaturation of proteins was suggested
as carlv as 1939 by Lundgren and Williams.?® Such
a mechanisi has wained strong support in the beau-
tilul studies conducted in the Carlsberyg laborato-
rics by Linderstrom-Lang and co-workers, 1most
notahily the stadies of Christensen on g-lactoglobn-
lin AL first thonght the present results nght
appear to it into such a shmple picture since the evi-
dence for a reversihle expansion equlibrinm at Jow
P secws alimost uneauivoecal. Such a mechanmisin
might be indicated as

Na == Ng—> D (Mech. I)

where N, and Ngrepreseut the native and expanded
configurations, respectively. (Theimplication that
they are in configurations analogous to the a- and
3-peptide configurations must, of course, be taken
as highly speculative at present.) Kauzmann has

(18} The extreme innic strength dependence of the rate of denatura-
Civn nf human plasma albumin under these conditions has been pointed
up recently by (xibbs.!s In particular, he finds a pronounced decrease
inratein the pH range 3 to 4 with decreasing ionic strength. It seems
prebable that this is the explanation of the lack of agreement hetween
our kinetic constants in this range and those of Levy and Warner since
nur ionic strength is very much lower than theirs and also somewhat
vamable. Itshould he pointed out further that thisionic strength de-
pendence is precisely what would be expected on the basis of Mech. Il
thelnw).

(19) R. Gibbs and A. Chanutin, Abstr. 126th Meeting. A.C.S.,
p. 77-C {1954).

(20) H. Lundgren aund J. Williams,
(1934).

(21) L. Cliristensen, Compt. rend. Lub. Carisberg, 88, 37 (1932).

J. Phys, Chem., 43, 989
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proposed sieh o mechianisim for tho denaturation of
plasma albumin.??

Such a simple mechanisin would imply that the
rate of formation of D should be highly pH depend-
ent in light of the strong pH dependence of the prior
equilibrium.? In particular, the rate of denatura-
tion should be substantially nil above pH 4 wherc
the equilibrium is far over on the side of N, That
such 1s not the case is shown by the sharp increasc
u viscosity at pH 4.19 (Fig. 1) and of rotation at
PH 3.92and 3.98 (Fig. 3) (see also Table IV).

TavLe 111

ArrareNt  VaLuves or  THERMODYNAMIC DARAMETERE
(Expansion of BPA at 25°))
rH K AP ®(cal)) Al ®(call) ASClen)
2,55 1.5 —230 +4-12,000 +39
171 1.1 — 40 -+ 13,000 =43
2.05(r/2-0. 0 (1,20 730 4+ 8,100 +25
TaBLe 1V

EsTIMATION ar IF1esT-ORDER RATE CONSTANTS LR T

IRREVERSIBLE DENATURATION OF BPA AT 60°

/s Time,
rH ¢ (sec.) k{(=0.69/0 & (1, and W)¢ k(G)b
1.80 3.2 X 104 2.2 X 1078 2 X 1078 1 X108
2.30 4.1 X 10t 1.7 X 1073 2 X 107 I X 100
3. 14 16 X 100 4.3 X 1076 2 X 107 1.5 X 107
3.98 25 X 10t 2.7 X 1070 2 X 10 3 X 1
4.8 1.4 X 10* 4.8 X 1073 3 X 107

4 Taken from Fig. 2 of the paper
J. Phys. Chem., 58, 106 (1954), by
the two temperatures 56.1 and 63.7.

by Levy and Warner,
interpolation hetween
b Taken from Fig. 3

of the paper by Gibbs, Arch. Biochem. Biophys., 51, 277
(1954), except valucs at pH 1.80 and 2.30 which arc wirpub-
lished data of Dr. Gibbs.

The data of Levy and Warner!® and (ibbsV
show clearly that in both bovine and human plastna
albunin there is a maximal rate of heat denatnra-
tim near pH 4 and that the rate decrcases very
markedly upon reducing the pH below this valie
Ouce is forced to conclude that the results are al
most precisely the reverse of what is to be expectol
on the buasis of mechanisin 1.

Another interesting possibility steims from the
studies of Wright and Schomaker on the nrea mac-
tivation of diphtheria antitoxin, previously cited.'!
This mechanism, using the symbolism of the presciut
paper, could be given as

D <— Na == Nj (Mech, I1)

The Ngform in this case is u reversibly ''protected™
species. Since the equilibrium shifts to the right
with decreasing pH below 4 the rapid decrease in
rate of denaturation with decreasing pH would fol-
low naturally. The relative stability of plasma
albumins toward (irreversible) denaturation, as
compared to for examnple ovalbumin, would thus be
due to the fact that they are capable of reversible
intramolecular rearrangements (isomerization).
This mechanism becomes even 1inore attractive
upon making closer quantitative -calculations.
Thus, the previously published data on intrinsic
viscosity and optical rotation at low pH? suggest

(22) W. Kauzmann, in McElroy and Glass, '“The Mechanism of
Enzyme Action,”” Jnhns Hopkins Press, Baltinwre, Maryland, 1931,
p. 70.
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that two protous are bouud in the expausion,* t.e.
Na + 2H* == Ng 2H*
Gibbs! found the slope of his plot of log rate versus

(23) This is readily demonstrated by plotting the logarithm of the
apparent equilibrium constant versus pH, the experimentalslope being
—1.8. Weare here comparing results on bovine plasma albumin with
results on the human protein. The data of Levy and Warner 't on the
bovine protein show a pH dependence in better accord with the bind-
ing of three hydrogen ions.

1t should be pointed out that this substantial agreement of the pRH
dependence on kinetics and equilibrium could be fortuitous, Strictly
speaking, it only shows that the transition complex in the irreversible
process has a charge similar to or identical with that of the unex-
panded form. On the other hand, the fact that the plasma albumins
are rather unusual in showing the low #H expansion, and are also un-
usual in that they denature less rapidly in acid solution than at the iso-
electric point, seems significant.

Aniinn Actn CoNTENT oF Pares or Warrs Turkey Frariners

A0t

pH to be two i1 this pH rauge and postulated that
loss of two protons from the low pH form must
precede denaturation.

As attractive as this mechanisin is, it leaves un-
answered several important questions, notably the
apparent increase in rate below pH 2, seen both in
our data and in that of Levy and Warner'® aud of
Gibbs.”  Further study of the process by combined
use of precipitation, viscosity and optical rotation
should lead to clarification of such points.
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Chromatographic analyses have established that differences exist in the amino acid composition of morphologically dis-

tinct parts of white turkey feathers,

Furthermore, it is probable that different types of feathers from a given species of
bird are identical in amino acid composition but that feathers from different species of birds are dissimilar.

The high con-

tent of proline in feather proteins makes it unlikely that the polypeptide chains of these proteins assume simple pleated

sheet or helical configurations.

Feather rachis keratin has long been known to
produce a complicated and well-defined X-ray
diffraction pattern! and hence to possess a highly
oriented structure. Rudall? has found that essen-
tially the same X-ray pattern which is given by
the rachis is also shown by the barbules, barbs,
calamus and medulla of the feather (Fig. 1 of the
present puaper may be consulted for a definition of
the various feather parts). However, if one
examines the individual feather parts under a
polarizing 1icroscope, the rachis appears to be
highly oriented but the other parts are much less
so or virtually unoriented, Furthermore, although
these parts of a feather arise from the stratum
intermedium, one need not conclude that they must
be identical in composition. Thus, the work of
Lillie* and collaborators proves that the various
portions of the papilla from which the stratum
intermedium arises are highly specific in their
ability to produce the individual parts of a feather:
the barbs cannot be considered to be branches of
the rachis nor the calamus an elongation of it,
This information, therefore, lends credence to the
possibility which arises on mere visual inspection
that, perhaps, the morphologically distinct parts
of a feather may not be identical in composition,

As part of an investigation of the structure of
feather keratin, we have made an exact quantita-
(1) W. T. Astbury and T. C. Marwick, Nature, 130, 309 (1932).

(2) K. M. Rudall, Biochim. Biophys. Acta, 1, 549 (1947).

(8) F. R. Lillie, Biol. Rev., 17, 247 (1942). This review of Lillie as
well as the papers of R. M. Strong (Bull. Mus. Comp. Zool. Harvard,
40, 147 (1902)) and H. R. Davies (Morph. Jahrb., 18, 560 (1889)) may

be consulted for a description of entire developmental history of a
feather

tive determination of the amino acid content of four
distinet parts of a feather in order to determine
whether or not the composition is uniform. White
turkey feathers have been used for analysis be-
cause the absence of color simplified the determina-
tions and because the size of the feathers facilitated
their sectioning. In addition, less exact analyses
have been made of goose feather buarbs and of
goose down in order to ascertain (1) whether
species differences exist and (2) whether varions
types of feathers from the same kiud ol bird arc
identical in composition,

Experimental

Materials.—Figure 1 presents a drawing of a typical
white turkey feather and a definition of terms. In this
figure, the feather is viewed from the dorsal sidc, that is,
the side which the feather presents to the outside world;
the opposite side toward the bird itself is termed the veniral
side., The portion of the feather from R to A is above the
skin level of the bird and that from C to A is below. The
rachis bears the barbs which in themselves are complex
structures and support barbules. The distal barbules of
each barb possess hooklets which interlock with the proxi-
mal barbules of the adjoining distal barb. This interlocking
of the barbules maintains the form of the feather. If the
hooklets are absent, the feather is fluffy as is often the case
near the junction of rachis and calamus. Throughout its
length, the rachis is filled with a pithy cellular substance of
low apparent density which is termed the medulla. The
barbs also contain medullarv material which does not join
that of the rachis. The interior dorsal side of the rachis
contains grooves which extend from R approximately to A;
like the rest of the interior, these grooves are packed tightly
with the medulla. The rachis is thickest on the dorsal side
and very thin at the junction with the barbs and at the bot-
tom of the ventral groove. The calamus is essentially
cylindrical but slightly thickened on the dorsal side. The
interior: of - thercalamus:contains' pulp caps, the :origin rof



