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Irreversibility has always been considered one of the most striking 
characteristics of the coagulation of proteins. Four years ago, our 
experiments with hemoglobin led us to suppose that coagulation is 
reversible (2).~ More complete evidence that the coagulation of 
hemoglobin can actually be reversed is provided by the present experi- 
ments. This first paper describes the preparation of completely 
coagulated hemoglobin and shows that the denaturation and coagula- 
tion of hemoglobin are the same as the denaturation and coagulation 
of other proteins. The second paper of this series describes the 
preparation from completely coagulated hemoglobin of soluble crystal- 
line hemoglobin which by all the tests tried has been indistinguishable 
from the original native hemoglobin. Other papers are concerned 
with (1) the properties of proteins coagulated at interfaces, (2) the 
preparation of so-called native globin and the reversibility of the 
coagulation of globin, and (3) some properties of the tissue proteins 
and their significance in such phenomena as muscular contraction. 

Description of Denaturation. As has been shown by Hardy (7), 

* Many of the experiments described in this and the following paper were done 
in the Biophysics Laboratory of The Cancer Commission of Harvard University. 
A brief account of these experiments was presented to the Society of Biological 
Chemists in 1927 (3). Our first preparation of crystalline hemoglobin from 
coagulated hemoglobin was described in our doctoral dissertations, University 
of Cambridge, 1926. 

Wu and Lin (15) have confirmed these early experiments but they disagree 
with our interpretations of them. Spiegel-Adolf (13) has recently presented 
evidence that the denaturation of serum albumin is reversible. 
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Chick and Martin (4, 5), and S9~rensen (12), coagulation proceeds in 
two distinct steps. The first step, known as denaturation, is a change 
in the native protein brought about by heat, acid, alcohol and other 
agents,* which makes the previously soluble protein insoluble around 
its isoelectric point. The second step in coagulation is the precipita- 
tion of the insoluble denatured protein. Denatured protein although 
insoluble around its isoelectric point is soluble in acid or alkali. If, 
therefore, a protein is denatured in a nearly isoelectric solution, a 
visible precipitate results. But if a protein is denatured in acid or 
alkaline solution, no visible change results, until the solution is made 
isoelectric--when the protein is precipitated. The second step in 
coagulation, the flocculation of the insoluble protein, is, as has long 
been known, reversible, since the flocculated protein may readily be 
redissolved. The first step in coagulation, denaturation, has hitherto 
not been reversed. When a solution of the coagulum in acid or alkali 
is brought to the isoelectric point of the protein, the protein is 
again precipitated; it is still denatured. Denaturation, therefore, 
is the important  process in the investigation of the reversibility 
of coagulation. 

Denaturation is not a general disintegration of the native protein. 
Did denaturation involve general disintegration reversibility would 
be impossible. The theory that  denatured protein is an indefinite, 
early breakdown product of native protein is made plausible by the 
fact that  heat, acids, alkalies and some of the other agents that  
bring about denaturation also cause a general disintegration. Heat, 
for instance, splits off nitrogen. S~rensen (12), however, has deci- 
sively shown that  this splitting off of nitrogen is incidental rather 
than essential to denaturation. Similarly, we have found that  alkali 
denatures a protein thereby rendering it insoluble in water, but  that  
this same alkali gradually alters the denatured protein so that  it 
becomes more soluble in water. I t  will be shown in a future paper 
that  a protein solution made more viscous by alkali denaturation is 
(after denaturation is completed) gradually made less viscous by the 
alkali. These secondary effects of the denaturing agents should be 
clearly distinguished from the denaturation itself. 

* I t  has not yet been proven that the various forms of denaturation result in 
identical changes in the protein. 
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I. The Preparation of Completely Coagulated Hemoglobin 

It must be shown that the denatured hemoglobin used in our 
experiments on the reversibility of coagulation is completely dena- 
tured, that it contains no significant impurity of unmodified native 
protein. The ultimate test for complete denaturation is by definition 
complete insolubility at the isoelectric point. The possibility must 
be considered, however, that completely precipitated protein may be 
only apparently completely insoluble, for it is conceivable that dena- 
tured protein when precipitated carries down soluble native protein. 
Experimentally, however, at least under such conditions as render it 
possible to have a known mixture of native and denatured proteins, 
the precipitation of the denatured protein does not result in the 
removal from solution of any native protein. Furthermore, in the 
case of heat denaturation the kinetics of the reaction make it improb- 
able that soluble protein is being carried down by the coagulated 
protein. In addition to solubility observations, there are two inde- 
pendent tests for complete denaturation. First, the same yield of 
soluble apparently native hemoglobin is obtained from hemoglobin 

• denatured by heat at two different temperatures. This could hardly 
be true did the soluble hemoglobin come from any hypothetical residue 
of undenatured protein. Secondly, the denaturation of hemoglobin 
in urea solutions is accompanied by viscosity changes. When the 
viscosity ceases to change, the denaturation is probably complete. 

In the following preparations of denatured hemoglobin the protein 
has been denatured in four different ways, by heat, acid, heat together 
with acid, and urea. In all four cases the completeness of denatura- 
tion has been tested by solubility observations. Wherever possible, 
the independent tests have also been used. 

It  is important to note that 30 per cent of the coagulated hemo- 
globin is finally obtained in the form of soluble, crystalline, apparently 
native hemoglobin. The existence of a trace of native hemoglobin 
in our preparaticms of coagulated protein would be insufficient to 
account for such a result. 

(1) Acid. The first experiment describes the test for complete 
insolubility. The evidence is then given that native protein is not 
carried down. 
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1.3 cc. of a 10.85 per cent solution of horse hemoglobin are warmed to 40°C. 
N 

To it are added 2 cc. ~ HC1 likewise at 40°C. and the two solutions are thoroughly 

mixed and kept at 40°C. for 3 minutes. The hemoglobin solution is now chocolate 
N 

brown instead of deep red. To this solution is added a mixture of 3 cc. -~ NaOH 

and 2 cc..~ KH~P04 warmed to 40°C. The pH is now about 6.8, close to the iso- 

electric point of hemoglobin and in the region of minimum solubility of denatured 
hemoglobin. The flask is well shaken so as to facilitate subsequent filtration. 
The filtrate is clear and practically colorless. The nitrogen content of the filtrate 
is somewhat less than 0.05 rag. per cc., an amount that is just measurable. This 
experiment is carried out at 40°C. to facilitate filtration. When done at room 
temperature the filtrate is cloudy; at 40°C. it is clear. 40°C. is far below the 
coagulation temperature of hemoglobin in water, which is between 70 ° and 80°C. 

To  see whether  na t ive  hemoglobin is carried down b y  denatured 
protein,  the dena tured  prote in  is precipi ta ted f rom a known mixture  

of na t ive  and denatured  hemoglobin and the nat ive  prote in  es t imated 
in the  filtrate. The  known mixture  is p repared  b y  adding a known 
am oun t  of na t ive  hemoglobin to a known amoun t  of denatured  prote in  

dissolved in acid. The  p H  and t empera tu re  mus t  be such t ha t  the 
nat ive  prote in  is not  dena tured  during the t ime of the  experiment .  
Under  these conditions no evidence of carrying down of nat ive  prote in  

has been found. W h a t  would happen  under  conditions under  which 
rapid dena tura t ion  t a k e s  place is not  open to direct experiment .  

N 
To 10 cc. of the 10.85 per cent hemoglobin solution are added 20 cc. ] HCI 

and the mixture allowed to stand for 3 minutes. 20 cc. ~ Na0t t  are added. The 

suspension is centrifuged, the supernatant fluid rejected, and water added. I t  
is shaken and centrifuged again. To the suspension of denatured hemoglobin 

N 
3 cc. ~ HC1 are added. This dissolves most of the protein. The suspension is 

centrifuged to remove the undissolved portion. The volume of solution is now 
about 10 cc. and contains about 4.2 per cent protein. 0.5 cc. of 13.8 per cent of 

M 
carbon monoxide hemoglobin is mixed with 4 cc. ~ KtI2PO4 and warmed to 40°C. 

Carbon monoxide hemoglobin is used in this experiment because it is more stable 
in acid than is either methemoglobin or oxyhemoglobin. This HbCO solution 
is added to 2 cc. of the solution of denatured hemoglobin in HC1. Immediately 
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N 
afterward 2.6 cc. ~ Na0H warmed to 40°C. are added. The mixture is well 

shaken and then centrifuged. The supernatant fluid has the color of HbCO and 
its concentration can be estimated colorimetrically. Within the error of the 
experiment (about 3 per cent) all of the HbCO added is recovered, that is to say, 
no native protein is brought down by the coagulum. 

I t  is conceivable tha t  methemoglobin or free nat ive globin might  
behave differently from HbCO, so experiments have also been done 
with these proteins. 

A solution of horse methemoglobin is prepared by adding potassium ferricyanide 
to an oxyhemoglobin solution until the absorption bands of oxyhemoglobin can 
no longer be seen. This solution is dialyzed against distilled water to free it 
from ferricyanide. After dialysis the protein concentration is 12 per cent and the 
specific conductivity is 1.4 × 10-4 reciprocal ohms. The methemoglobin is diluted 

N 
to 5 per cent with distilled water. To 5 cc. methemoglobin are added 1 cc. 1-0 

HC1 and 0.5 cc. -~ NaCI. The solution is heated in boiling water for 3½ minutes 
2 

and then cooled at 0°C. It  is added to 5 cc. ~- phosphate buffer (at 0°C.) of 

pH 6.8. The mixture is filtered and to the hazy filtrate half its volume of satu- 
rated (NH4)~SOa is added. This mixture is filtered, and the filtrate is now clear. 
This nearly colorless filtrate contains less than 1 per cent of the protein present 
before coagulation. The rest of the protein has been apparently coagulated. To 
see whether any methemoglobin is carried down by the coagulum the experiment 
is repeated but just before adding the buffer 1 cc. of 5 per cent methemoglobin 
is added. The final filtrate is now colored and its color is compared with that of a 
standard containing 1 cc. of 5 per cent methemoglobin and 17.25 cc. of the nearly 
colorless filtrate from the original coagulum. These two solutions are indistin- 
guishable colorimetrically, indicating that no native protein is carried down by 
the coagulum. 

If, instead of precipitating the denatured protein at  its isoelectric 
point,  i t  is precipi tated from acid solution by  ammonium sulfate it  
can be shown tha t  no nat ive protein is carried down by  the coagulum. 
All of these experiments can be done, using slightly different quanti-  
ties, with oxyhemoglobin. Th ey  can also be done using so-called 
nat ive globin and denatured globin or hemoglobin. The  result is 
always the same. 

(2) Heat. When the coagulum is obtained simply by  heating the 
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native protein, the filtrate contains practically no nitrogen. The 
record of an experiment is as follows: 

To 7 cc. of a 10.85 per cent hemoglobin solution are added 10 cc. of water. 
The solution (in a test tube) is plunged into boiling water for 3½ minutes and then 
cooled in cold water. To the coagulum 6 cc. of a pH 6.8 phosphate buffer are 
added and mixed thoroughly with the protein. The suspension is filtered and the 
nitrogen content of the filtrate estimated by a micro-IZjeldahl method. Each 
ce. contains 0.065 rag. of nitrogen. If this were due to hemoglobin it would 
represent a solution of only about 0.035 per cent. This is negligible compared 
with the amount of soluble protein obtained from the coagulum. 

In heat coagulation there is additional evidence that  the coagulum 
contains no native protein and that  the soluble protein does not come 
from such an impurity in the coagulum. Heat denaturation follows 
the course of a unimolecular reaction at all temperatures at which it 
can be measured (5). In experiments on the kinetics of this reaction 
the concentration of the reactant, native hemoglobin, is measured by 
filtering off the coagulum at any given time and estimating the hemo- 
globin concentration in the filtrate. To harmonize these facts with 
the assumption that  native protein is carried down one must further 
assume that  every molecule of denatured protein carried down a 
given and constant number of molecules of native protein. 

(3) Heat in Acid Solution. The completeness of denaturation in 
this case can be tested not only by the observation of complete insolu- 
bility but also by a comparison of the yields of soluble protein obtained 
from hemoglobin denatured at two different temperatures. The 
denaturation of hemoglobin has a high temperature coefficient. If 
hemoglobin heated for 3½ minutes at 80°C. still contains some unde- 
natured protein, then hemoglobin heated at 100°C. should contain at 
least a hundred times less. Did the soluble, apparently native hemo- 
globin obtained from the heat denatured hemoglobin come from unde- 
natured protein, then one would expect to get much less of this soluble 
protein from the hemoglobin heated at 100°C. than from the hemo- 
globin heated at 80°C. Actually, as will be shown in the following 
paper, the yield is the same, about 30 per cent in both cases. 

The preparation of the coagulated protein is carried out as follows: 

To 5 cc. of a 14 per cent hemoglobin solution are added 7.25 cc. H20 and 4.75 
N 

ce. ~ HCI (just enough to keep the denatured hemoglobin in solution). The 
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solution is heated at 80°C. for 3½ minutes, and while still hot a mixture of 5 cc. 

5 KH~PO4 and 7.25 ~ NaOH is added to it and mixed at 80°C. The filtrate co. 

from this coagulum is clear and colorless. When it is heated to over 90°C. it 
shows practically no opalescence, indicating that coagulation is complete. Simi- 
larly the hemoglobin heated at 100°C. is completely precipitated on neutralization. 

(4) Urea. We find that  concentrated solutions of urea denature 
proteins and keep the denatured proteins in solution. If hemoglobin 
is allowed to stand in urea solution, then on removal of the urea by 
dialysis or on dilution of the solution the protein precipitates com- 
pletely. Furthermore, as will be shown in a later paper, denaturation 
by urea can be followed by viscosity measurements. As denaturation 
proceeds, the solution becomes more viscous. Finally, when all the 
protein has been converted into a form which is insoluble in water 
when the urea is removed, the viscosity remains constant at a high 
level. Were denaturation as tested for by solubility incomplete one 
would expect a further change of viscosity with time. 

The urea coagulum is prepared as follows: 

200 grams of urea are dissolved in 250 cc. of a 14 per cent hemoglobin solution 
and allowed t6 stand for 48 hours at room temperature. The solution is added 
slowly and with stirring to about 4 liters of water. A flocculent precipitate 
appears. This is thoroughly washed with water by decantation. The coagulum is 
concentrated by centrifuging at low speed. 

[[. Hemoglobin as a Typical Coagulable Protein 

In order that  experiments with completely denatured hemoglobin 
may be of general significance in the study of coagulation it must be 
made clear that  what we have called the denaturation of hemoglobin 
is the counterpart of the denaturation of other proteins, not a peculi- 
arity of hemoglobin. We shall accordingly show in detail that all 
the procedures such as heating which convert egg albumin into an 
insoluble denatured form likewise convert hemoglobin into an insoluble 
form, and that  the insoluble hemoglobin has besides insolubility in 
water the other characteristics of denatured protein. In making this 
comparison it has been necessary in some cases to provide the data 
for hemoglobin. On the other hand, where experiments on the dena- 
turation of hemoglobin have led to the discovery of new phenomena, 
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these same phenomena have been found to exist in the denaturation 
of other proteins. 

Hitherto in the investigation of some hemoglobin derivatives atten- 
tion has been focussed on the non-protein part of the molecule and 
the protein part has been ignored'. In such studies a denatured form 
of hemoglobin has been almost unknown. We now know (2) however, 
that the preparation of some hemoglobin derivatives, such as hemo- 
chromogen, involves the denaturation of the protein. 

(1) Heat. Hemoglobin like egg albumin can be coagulated by 
heat. In both cases the denaturation proceeds as a monomolecular 
reaction with the striking and characteristic temperature coefficient 
of over 600 for 10 ° (9). The rate of most chemical reactions is 
increased from 2 to 4 times for a rise in temperature of 10 °. 

At first sight it might seem that the temperature coefficient of the 
denaturation of hemoglobin is different from that of other proteins, 
for although the coefficient for methemoglobin is over 600, for oxy- 
hemoglobin it is only 13.8 and for carbon monoxide hemoglobin 5.2 
(9). But when oxy or carbon monoxide hemoglobin is heated two 
entirely different reactions take place, the hemoglobin is converted 
into methemoglobin (that is, the iron atoms of the native protein are 
oxidized) and the protein is denatured. In order, therefore, to study 
heat denaturation alone apart from methemoglobin formation, it is 
necessary to start with methemoglobin. 

Both dry hemoglobin and dry egg albumin can be heated to 100 ° 
without the protein losing its solubility in water. 

(g) Acid and Alkali. If acid or alkali is added to either hemoglobin 
or egg albumin and the solution is subsequently brought to the iso- 
electric point of the protein, the protein is precipitated. Acid and 
alkali thus denature both hemoglobin and egg albumin. 

(3) Alcohol coagulates both hemoglobin and egg albumin. 
(4) Ultra-violet light coagulates both hemoglobin and egg albu- 

min (8). 
(5) Shaking. It  is'known (11) that egg albumin can be completely 

coagulated by shaking. We have found that the same holds true for 
hemoglobin.* As in the case of heat coagulation, it is desirable to 
start the experiments with methemoglobin. 

* Since this section was written Wu and Ling (16) have published an account 
~f the coagulation of hemoglobin by shaking. 
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If a solution of methemoglobin (protected from bacterial reduction 
by a little toluol) is shaken, coagulated hemoglobin gradually appears. 
If more toluol is added and an emulsion with a large surface is formed, 
much more protein is coagulated. For example, a 10 per cent solution 
of salt-free methemoglobin is shaken for 16 hours with an equal 
volume of toluol. All the hemoglobin is coagulated. The super- 
natant fluid after centrifugation of the precipitate is clear and color- 
less. As a control experiment a similar methemoglobin solution 
containing only enough toluol to saturate the solution is allowed to 
stand 16 hours. Very little coagulum is formed. This makes it 
improbable that toluol itself coagulates hemoglobin. 

On long standing methemoglobin gradually coagulates, as egg albu- 
rain does, even without shaking. I t  appears then that both hemo- 
globin and egg albumin coagulate at surfaces and that shaking merely 
accentuates this property. 

(6) Thiocyanate, Iodide, and Salicylate. We have found that dilute 
solutions of these salts denature hemoglobin. Von Ffirth (6) found 
that 5 per cent solutions of the same salts coagulate myogen. So 
thiocyanate, iodide, and salicylate probably denature proteins 
in general. 

The experiments are carried out as follows: 

1/10 cc. of salt-free methemoglobin (about a 10 per cent solution) is added to 
5 cc. of a solution containing KI, KCNS or Na salicylate. The salts are present 
in a concentration of 0.6 •. In one series these salts are in an acetate solution 
buffered at pH 5.2 and in another series they are in a borate solution of pH 9.2. 
The acid tubes all contain precipitates after 12 hours. A pigment in the alkaline 
tubes is still in solution and no precipitate is detectable. 

A similarity between this method of denaturation and others may 
be tested when the alkaline solution containing any one of these three 
salts is reduced with sodium hydrosulfite; it then has the absorption 
spectrum of hemochromogen, the substance formed when methemo- 
globin is reduced and denatured--whether by heat, acids, alkalies, 
alcohol, ultra-violet light or shaking. I t  is therefore probable that 
methemoglobin solutions at pH 9.2 are also denatured by the KI, 
KCNS, and Na salicylate. 

These solutions (without addition of sodium hydrosulfite) are now 
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placed in collodion tubes and dialyzed against distilled water as the 
outer liquid. As dialysis proceeds, a brown precipitate appears in 
the collodion tubes. This precipitate has the same properties as the 
coagulum formed from methemoglobin by the action of the various 
agents we have studied. We therefore conclude that methemoglobin 
has been denatured by  0.6 ~ solutions of these salts.* 

(7) Urea. As described in the first part  of this paper, concentrated 
urea solutions denature hemoglobin and keep denatured hemoglobin 
in solution. When the urea solution is diluted, the protein precipitates 
completely and can be washed free of urea. Apart from the precipita- 
tion of the protein on dilution of the urea, there is spectroscopic 
evidence that the hemoglobin has been denatured. If the reducer, 
Na2S204, is added, the spectrum of hemochromogen, that is denatured 
hemoglobin, can be observed. 

We find that urea has the same effect on egg and serum albumin 
that it has on hemoglobin. A concentrated urea solution is added to 
some egg albumin and the solution is allowed to stand for a day. 
When a few drops are added to about 15 cc. of water buffered at a pH 
of 4.7 (isoelectric point of egg albumin) a voluminous protein precipi- 
tate occurs. The protein redissolves when urea crystals are dissolved 
in the water. Apparently urea can denature egg albumin and likewise 
dissolve the denatured protein. 

If the same experiment (with urea) is repeated with serum albumin 
it is found that no precipitate appears when several times as much 
water is added as in the preceding experiment. The solution is placed 
in a collodion tube and dialyzed overnight against running distilled 
water. Next morning the protein is found precipitated at the bottom 
of the tube. It  would seem as if urea denatures serum albumin and 
also dissolves denatured serum albumin, but  a less concentrated urea 
solution is needed to prevent the precipitation of denatured serum 
albumin than is needed in the case of denatured hemoglobin or 
egg albumin. 

It  has been shown that heat, acid, alkali, alcohol, ultra-violet light, 
KCNS, KI, Na salicylate and urea all convert hemoglobin as they 
do egg albumin into an insoluble form, and~that the kinetics of dena- 

* Other experiments show that much more dilute solutions of these salts suffice 
to denature hemoglobin. 



M. L. ANSON" AND A. E .  MLRSKY 131 

turation is the same in the cases of hemoglobin and egg albumin. In 
order to complete the evidence that hemoglobin is a typical coagulable 
protein, it remains to show that the insoluble protein formed from 
hemoglobin by heat, etc., has in addition to insolubility in water all 
the other characteristic properties of denatured protein. 

(1) Solubility. Both denatured hemoglobin and denatured egg 
albumin after being precipitated at their isoelectric points can be 
dissolved again in acid or alkali. Even at its isoelectric point dena- 
tured hemoglobin can be dissolved not only in concentrated urea 
solution, as has already been pointed out, but  also in concentrated 
solutions of KCNS, KI, and Na salicylate. A urea solution not 
concentrated enough to dissolve isoelectric coagulated hemoglobin, 
may still suffice to dissolve the coagulum if the solution is slightly acid 
or alkMine, so slightly acid or alkaline that without the urea, very 
little of the protein would dissolve. Denatured egg and serum albu- 
mins are likewise soluble in solutions of urea and of the salts mentioned. 
As Spiro (14) noticed, serum albumin can be heated in saturated urea 
solution without any visible precipitate being formed. 

(2) Viscosity. We have found that when either hemoglobin or egg 
albumin is denatured there is an increase in viscosity characteristic 
of denaturation. This change is of a greater order of magnitude than 
the changes associated with the ionization of the soluble proteins, 
which are the concern of most investigation of the viscosity of protein 
solutions. Our experiments on the viscosity of solutions of denatured 
proteins will be published in a separate paper. 

(3) Species Specificity. When proteins are denatured, their species 
specificity, as determined immunologicMly, is decreased. No similar 
immunological experiments have been done with denatured hemo- 
globins. But, as we have shown in previous papers (1, 2) it is impos- 
sible to distinguish the various denatured hemoglobins by spectro- 
scopic or gas affinity measurements, although by these same methods 
it is easy to distinguish native hemoglobins of even the most closely 
related species. 

SUMMARY 

As a preliminary to the study of the reversM of the coagulation of 
hemoglobin several methods are described for the preparation of 



132 PILEPAIIATION OF COAGULATED HE~OGI~OBI-N 

completely denatured and coagulated hemoglobin and the evidence 
is given that  hemoglobin is a typical coagulable protein. 
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