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A method for the preparation of pyridoxylated hemoglobin

The present invention relates to a method for the
preparation of a pyridoxylated modified hemoglobin.
More particularly, the invention relates to such a
method which is easier and less cumbersome to carry out
than the methods known from the prior art.

Hemoglobin is the oxygen transporting protein of
the red blood cells and makes up about 30 percent of
the cell. The protein comprises four units, two alpha
and two beta units, which are bonded together to a
tetramer inside the cell. Inside the red cell,. the.
hemoglobin is kept as a tetramer of two a-chainSﬂénd’
two B-chains. When free in plasma, hemoglobin.ais—
sociates and two dimers (a B) are bound to haptoglobin.
Free hemoglobin in plasma will soon leave the circula-
tion with a half-life of about 3 hours. |

The oxygen affinity is modulated by pH, CO, con-
centration and the compound 2,3-DPG (2,3-diphospho-
glycerate) which is only available inside the red cell.
Outside the cell the oxygen affinity of hemoglobin is
high and therefore the ability to transfer oxygen to
the tissue is low. Antigens which are bound to the cell
wall surrounding the hemoglobin determine such factors
as blood type, Rh factor and others. The cell wall
residues obtained after lysis is called stroma.

Red blood cell substitutes are currently under
development for use as oxygen transporting fluids. In
"Blood substitues", Eds: Thomas M S Chang & Robert P
Geyer; Marcel Dekker Inc. NY 1989 (ISBN 0-847-8027-2)
the present situation has been summarized.

It has been known for a long time that hemoglobin
outside the cell has oxygen-transporting properties and
can be given to patients regardless of their blood
types. However, hemoglobin dissociates in the body into
two alpha-beta units, which give rise to kidney dys-
function. Although this dysfunction is reversible, it
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can be very serious for patients who are already in a
weakened state. Other side effects have also been known
to occur. ,

W R Amberson (Biol Rev 12 p 48 (1937)) used red
cell hemolysates as a blood substitute. It was
nephrotoxic. The adverse effect was suggested by
Rabiner et al (J Exp Med 126 p 1127 (1967)) to depend
on the presence of stroma residues. However, even
stroma-free hemoglobin solution had effects on the
kidneys and was shown to give a transient decrease in
creatinine clearance and urinary volume (G S Moss et
al; Surg Gynecol Obstet 142 p 357 (1976); De Venutb et
al; J Lab Clin Med 89 p 509 (1977) and Sav1tsky et al;
Clin Pharm Ther 23 p 73 (1978)). '

Different types of modifications of the hemoglobin
molecule have been described in Methods in Enzymology
Vol 76 (Hemoglobins); Editors S P Colowick, N 0 Kaplan,
Academic Press NY (1981). Benesch et al; Biochemistry
Vol 11, No 19 p 3576-3582 (1972) described the modi-
fication most commonly used to decrease the oxygen
affinity, by the incorporation of pyridoxal-5'-
phosphate. This stabilizes the hemoglobin molecule in a
configuration similar to the hemoglobin-DPG (diphospho-
glycerate) complex inside the red cell. Lately the bis-
pyridoxal tetraphosphate has been used for this type of
modification (P E Keipert, A J Adenican, S Kwong & R E
Benesch, Transfusion 29, p 768-773 (1989)).

Other compounds, e.g. inositol-hexaphosphate, can
also be used for the modification of hemoglobin to
obtain a product with lower oxygen affinity.

In US patents 4,001,200; 4,001,401, 4,053,590 and
4,061,736, Bonsen et al have shown different routes to
increase the molecular weight of hemoglobin and thus
further stabilize the structure in order to increase
the apparent half-life of the blood substitute based on
hemoglobin.

A further problem in the administration of hemo-
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globin preparations lies in the absolute requirement
that these preparations be free from microorganisms and
viruses. Especially, it has been shown that viruses may
be transmitted from blood donors to recipients.

If viruses in the hemoglobin are to be inactivated,
the substantially cell-free hemoglobin solution is
heated at a temperature from 45 to 85°C while it is
maintained in its ‘deoxy form. This can be achieved by
the use of reducing agents or by sparging the hemo-
globin solution with an inert oxygen-free gas. The
inactivation of viruses is usually carried out on the
hemoglobin solution after the removal of the stroma and
before the pyridoxylation step. Lo «

The polymerization of stroma-free hemogldbln and
the inactivation of viruses by heat are described in
more detail in the U.S. patents Nos. 4,826,811 and
4,831,012, the disclosures of which are hereby incorpo-
rated by reference. These two patents give a thorough
overview of the state of the art and contain a great
number of references to the prior art.

In the known processes for the preparation of
pyridoxylated hemoglobin, red blood cells are used as
the starting material. These cells are first washed and
are then lysed with water or an aqueous buffer, and the
hemoglobin is freed from the stroma. After this, the
stroma is separated from the hemoglobin solution, for
instance by microporous filtration.

All earlier workers have started their procedures
by washing the red cells with saline, hypertonic salt
solutions or other buffers to obtain as pure red cells
as possible before lysing the cells. After lysis, great
efforts have been made to separate stroma and residual
proteins from hemoglobin by centrifugation, ultra-
centrifugation and/or filtration. In some descriptions
the hemoglobin is even crystallized before it is used
as raw material for a blood substitute. The loss of
hemoglobin is substantial in each of the steps used.
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The stroma-free hemoglobin is subsequently
pyridoxylated with a pyridoxylating agent, such as
pyridoxal-5'-phosphate, preferably in the presence of a
buffer and at a temperature below 10°C. During the
process, care must be taken to keep the reaction system
free from oxygen, for instance by deoxygenating the
reaction solution with an inert gas. Also, at the end
of the reaction, a reducing agent, such as sodium boro-
hydride, is preferably added to the deoxygenated solu-
tion. The stroma-free, pyridoxylated hemoglobin
obtained in this manner may then be polymerized, for
instance with glutaraldehyde. . -

These known processes for the preparation 0f.pYri—
doxylated hemoglobin suffer from a number of dis-
advantages. A number of separate reaction stépé are
necessary, which lower the yield and increase the risk
of bacterial contamination. A greater number of process
steps also increases the overall costs of the process.
Thus, in the first step of the known process i.e. the
washing of the red blood cells, product losses of about
30 percent are usual. Also, the washing step is quite
delicate, as the blood cells are very sensitive, and
furthermore, the risk of bacterial contamination is
very great, as the blood and the red blood cells are an
excellent nutrient medium for microorganisms. This has
made it nearly impossible to carry out the washing étep
on an industrial scale.

Thus, there exists a need for a process for the
preparation of a pyridoxylated hemoglobin which is
essentially free from microorganisms and viruses, where
said process is simple to carry out and comprises a
smaller number of process steps in comparison with the
prior art processes. This is achieved by the process of
the present invention.

Surprisingly, it has been found that by the process
described below, the lysis, heat treatment and
pyridoxylation can be combined into one step with good

PCT/SE91/00221
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overall yield. The pyridoxylated hemoglobin can be used
in the production of a blood substitute, e.g. according
to Sehgal et al, US Patent 4,826,811, which is polymer-
ized with glutaraldehyde and purified to contain only a
small amount of tetramer (< 2 percent), or in the
production of dimerized or polymerized hemoglobin by
other known methods.

According to the present invention, a pyridoxylated
hemoglobin is prepared by providing an agqueous suspen-
sion of red blood cells or of substantially stroma-free
hemoglobin, adding a chemical reducing agent and
pyridoxal=-5'-phosphate, and heating the reaction
mixture thus obtained at a temperature between 20 and
85 degrees C for a time between 0.5 and 15 hpﬁrs;

In a preferred embodiment of the procesé of the
invention, it is possible to use a suspension of red
blood cells directly as a starting material, so that
the washing step of the prior art is avoided. The sub-
sequent addition of a reducing agent, pyridoxylation
and heat treatment may all be carried out in the same
reaction vessel without any intermediate separation or
other working-up steps. Thus, the process of the inven-
tion is essentially a one-step, one-container process,
which is a great simplification of the process and
gives a diminished risk of product losses and con-
tamination by micro-organisms and viruses.

It is also possible to use as a starting material
blood cells which have been subjected to a lysis and
from which the stroma has been removed completely or
partially. In this case, the cells may, but need not
have been washed beforehand. Thus, the advantages
mentioned above are also obtained in this embodiment of
the invention.

Although it is not desired to limit the invention
by any theory, it is assumed that the reaction product
formed in the pyridoxylation step is a Schiff base,
which is nofmally unstable. In the prior art process,

PCT/SE91/00221
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this base has been stabilized by the subsequent
addition of sodium borohydride. In the process of the
present invention, however, the reducing agent first
added makes the reaction environment-sufficiently
reducing to stabilize the Schiff base formed in the
pyridoxylation step. Also, the hemoglobin is maintained
in its deoxy form, which is necessary for the pyridoxy-
lation reaction, and which also is sufficiently stable
not to be denatured in the heating step. After the
pyridoxylation and heating, the product obtained is
sufficiently stable to be used in the polymerization
step. o

When the hemoglobin in solution and the red cells
still present are subjected to the heating'stép; the
residual cells are lysed and the pyridoxylation
reaction with the free reduced hemoglobin is completed
at the same time as the viruses present are
inactivated, and other non-hemoglobin proteins are
denatured and precipitated. This makes the removal of
such proteins easy, and is a further advantage of the
process of the invention. It may also be noted that the
reducing agent present during the heéting step usually
has bactericidal properties and contributes to the
inactivation of microorganisms. '

The pyridoxylation and heating should be carried
out under reducing conditions, to ensure that the hemo-
globin is maintained in its deoxy form. The presence of
the reducing agent in the reaction medium ensures that
the reducing environment is maintained, and this means
that the atmosphere above the reaction medium does not
have to be strictly free from oxygen. This is another
important advantage in the process of the invention.
Also, once the pyridoxylation and heating have been
carried out, the requirement for reducing conditions is
no longer so strict in the subsequent steps.

The polymerization of the pyridoxylated hemoglobin
may be carried out in ways known from the literature,
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such as the previously mentioned US-A-4,826,811. Before
the polymerization, a salt which forms a precipitate
with the reducing agent, such as a soluble calcium
salt, for example calcium chloride, and optionally a
buffer substance may be added to the reaction mixture
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from—the-heating step to precipitate such salts as
sulfite, after which precipitated materials are
removed, for instance by centrifugation. From the
remaining solution, dissolved salts are removed, for
instance by gel filtration or dialysis. A desalting
process may also be carried out as an alternative to
the precipitation. The polymerization is then carried
out in a known way with the use of a known reégéht;’t
such as glutaraldehyde, or other agents described in
the literature for dimerization or polymerization of
hemoglobin.

In the process of the invention, a suitable start-
ing material is a fresh or outdated red cells con-
centrate, i.e. red cells which have been stored too
long to be permitted for transfusion. Fresh or outdated
human blood may also be used. The red cells are
suspended in a cold aqueous medium, such as pyrogen-
free water, and the temperature may rise to room
temperature during the treatment. The amount of aqueous
medium is not critical, and may be from 1 to 20
volumes, preferably about 5 volumes, per volume of cell
slurry. The aqueous slurry is then buffered to a pH of
about 8, for example by the addition of disodium hydro-
gen phdééhate to a concentration of about 0.03 M. Of
course, it is also possible to use a buffer solution
directly as the suspension medium for the blood cells.
In this suspension, the blood cells are partially
lysed.

The chemical reducing agent is then added to the
buffered cell suspension. As the reducing agent, a
dithionite, bisulfite, metabisulfite or sulfite of an

alkali metal or ammonium can be used. Among these
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agents, sodium dithionite is preferred. The reducing
agent is added in a sufficient amount to ensure that
all of the hemoglobin will be in the deoxy form and
reducing conditions will be maintained during the whole
process. The preferred reducing agent sodium dithionite
is so strongly reducing that it does not require an
oxygen-free atmosphere in the reaction vessel. Others
of the reducing agents mentioned may have to be
supported in their reduding power by an essentially
oxygen-free atmosphere in the reaction vessel. The
necessary reaction conditions in this respect can easi-
ly be determined by a person skilled in the art. ‘.

Generally, the reducing agent is added in an amount
which corresponds to a molar ration betweenithé |
hemoglobin and the reducing agent from 1:5 to 1:100,
and preferably then from 1:10 to 1:60. For sodium
dithionite, a concentration of about 0.03 M has turned
out to be suitable.

For the pyridoxylation, a pyridoxylating agent,
such as pyridoxal-5'-phosphate is added to the cell
suspension containing the reducing agent. The
pyridoxal-5'-phosphate may be added as a solution,
usually in a buffer, preferably a TRIS buffer. General-
ly, the pyridoxél-S'-phosphate is added in an amount
which corresponds to a molar ratio between the hemo-
globin and the pyridoxal-5'-phosphate from 1:1 to 1:12,
and preferably then from 1:4 to 1:8. A molar ratio
between hemoglobin and pyridoxal-5-phosphate of about
1:6 has turned out to be suitable.

The pyridoxylation process is completed during the
heat treatment. The time for the pyridoxylation reac-
tion may be from about half an hour to about 10 hours,
depending on the specific details and apparatus for the
process.

During the pyridoxylation, the hemoglobin is sub-
jected to a heat treatment. In this treatment, viruses
and microorganisms are largely inactivated and non-
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hemoglobin proteins are also precipitated to a large
extent, which facilitates their subsequent removal. The
lysis of the blood cells is also made complete. During
the heat treatment, the hemoglobin should be in the
deoxy form and this is usually ensured by the presence
of the reducing agent. The heating should be carried
out at a temperature within the range of 20 to 85°C,
preferably at 60 to 80°C, and especially at about 70°C,
for a time of about 10 hours. Shorter or longer times
may also be used, and it is within the competence of a
person skilled in the art to determine a sultable time
for the treatment on the basis of simple routlne tests
for the presence of microorganisms or viruses. ' '

As the reducing agent is still present in the
reaction medium during the heating step, this contri-
butes to maintain reducing conditions during this step.
Furthermore, an atmosphere of an inert, oxygen-free gas
may be present, such as nitrogen or argon, although
this is not always strictly necessary.

It may also be noted that the preferred reducing
agent, sodium dithionite, has strongly bactericidal
properties. This contributes to the inactivation of
bacteria.

After the heating step, the reaction mixture should
be treated to remove such materials as inorganic salts,
inactivated microorganisms and denatured non-hemoglobin
proteins. For this, a salt may be added which forms a
precipitate with the reducing agent used, such as a
soluble calcium salt, for example calcium chloride.
Also, a buffering substance may optionally be added.
Additionally or as an alternative, the reaction mixture
may be desalted, for instance by gel filtration or
dialysis.

When the preferred reducing agent sodium dithionite
has been used, calcium chloride may be added to a con-
centration of, for example, about 0.03 N, to
precipitate sulfites formed from the dithionite,
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followed by a subsequeﬁt desalting treatment. The reac-
tion medium is then centrifuged to remove precipitated
organic and inorganic materials. After this, dissolved
salts may be removed by such processes as gel filtra-
tion or dialysis.

After the pyridoxylation, the hemoglobin thus
treated is subjected to a polymerization. This polymeré
ization is carried out in way known per se, and is
described in, for example, US-A-4,826,811. As a poly-
merization agent is used a dialdehyde, preferably
glutaraldehyde, in an aqueous solution. One way of
carrying out the polymerization is to arrange a solu-~
tion of glutaraldehyde and a solution of the ﬁyridoxyl—
ated hemoglobin on each side of a semi-pérmeable
membrane. The glutaraldehyde can migrate thfdugh the
membrane, while the big hemoglobin molecules cannot,
and in this way a controlled polymerization reaction is
obtained. The reaction is continued until a suitable
molecular weight of the polymer has been attained. This
can take up to ten hours.

The hemoglobin polymer obtained after purification
is essentially free from the undesired hemoglobin
tetramer, and contains no more than about 2 weight
percent of this tetramer, based on the total amount of
hemoglobin. The product is therefore substantially free
from the harmful side effects associated with the
tetramer.

After the polymerization, the hemoglobin product
obtained may be formulated into a suitable dosage form
for administration to patients. Such dosage forms may
also contain additives which are well-known as such in
the art. ;

The invention is further illustrated by the follow-
ing examples, which, however, do not serve to limit the
invention in its scope.

Example 1:

To 100 grams of red blood cells containing about 30

PCT/SE91/00221
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grams of hemoglobin is added 500 ml of 0.03 M solution
of disodium hydrogen phosphate at pH 8.5. After this,
sodium dithionite is added in an amount to give a
concentration of 0.03 M, which corresponds to a molar
ratio between the hemoglobin and the sodium dithionite
of about 1:32, and pyridoxal-5'-phosphate dissolved in
a TRIS buffer, adjusted to pH 8.5. The molar ratio
between the hemoglobin and the pyridoxal-5'-phosphate
is adjusted to 1:6. At this stage, the concentration
of hemoglobin is about 3.5 weight percent, which con-
tains about 1 weight percent of methemoglobin and 97-99
weight percent of deoxy-hemoglobln. '

The reaction mixture obtained is then heated at
about 70°C for about 10 hours in a closed glass vessei.
After the heat treatment, the concentration’Of
methemoglobin is 1-2 weight percent, and the yield of
pyridoxylated hemoglobin is about 96 %.

The above reactions are carried out in a closed
vessel, and the reducing environment is assured by the
presence of the sodium dithionite. After the heat
treatment, however, the following steps may be carried
out openly in the presence of air, and preferably at a
temperature of about 5°C.

To the reaction mixture after the heating step is
added calcium chloride to a concentration of 0.03 M.
This precipitates the sulfite formed from the sodium
dithionite, together with non-hemoglobin proteins which
have been denatured during the heat treatment. The
precipitated materials are removed by centrifugation.
After this step, the concentration of methemoglobin is
about 2 weight percent, and 50 to 80 percent of the
hemoglobin has been transformed into oxyhemoglobin.

The hemoglobin solution is then desalted on a
column of Sephadex® G-25, (from Pharmacia, Uppsala,
Sweden) which has been equilibrated with 0.14 M NaCl.

The yield of the pyridoxylation reaction, according
to electrophoresis, is found to be 100 %, and the Pgg
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for O, is 22-25 torr. The Hill coefficient is 2.0-2.2.
In a chromatographic analysis, the product agrees with
data for pyridoxylated hemoglobin from the literature.

The pyridoxylated hemoglobin product obtained may
then be polymerized with glutaraldehyde in a manner
known per se, for example as described in U.S. patent
No. 4,826,811.

Example 2
100 grams of red blood cells were washed with 3 x

500 ml saline solution. After centrifugation, the
washed cells were lysed by the addition of 500 ml of
distilled water, and stroma was removed by centrifuga=
tion and filtration. B

To the solution were added disodium hydrogen phos-
phate and sodium dithionite, each in an amount to give
a concentration of 0.03 moles per litre. After this,
pyridoxal-5'-phosphate was added in an amount to give a
molar ratio between hemoglobin and pyridoxal-5'-phos-
phate of about 1:6, and the resulting solution was
heated in a closed vessel at 70°C for ten hours.

Calcium chloride was added to precipitate sulfates
and sulfites formed in the reaction, and after centri-
fugation, the hemoglobin solution was desalted by
ultrafiltration or chromatography.

Pgo for O, was determined and found to be 25 torr.
The Hill coefficient was 2.0-2.2. By electrophoresis,
it was shown that the incorporation of pyridoxal-5'-
phosphate was complete.

Typical values for the solution were as follows:

0,-Hb COo-Hb Met-Hb Deoxy-Hb (Hb=hemoglobin)
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97 % 0.5 % 1.0 % 1.5 %
Example 3
Example 2 was repeated, with the differences that
5 the blood cells were lysed in 10 volumes of water, and

that the stroma was filtered off. The filtrate was then
puffered with disodium hydrogen phosphate to a con-

centration of 0.03 M and a pH of 8.5.
The pyridoxal-5'-phosphate was added as an agueous’

10 solution with its pH adjusted to 8.5, but no TRIS

buffer was used.
The hemoglobin product obtained had the same.

properties as that in example 2.

15
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CLATMS

1. A method for the preparation of pyridoxylated
hemoglobin, characterized in that to an agqueous suspen-
sion of red blood cells or of essentially stroma-free
hemoglobin is added a chemical reducing agent and
pyridoxal-5'-phosphate, after which the reaction
mixture obtained is heated at a temperature between 20
and 85 degrees C for a time of 0.5 to 15 hours.

2. The method of claim 1, characterized in that the
reducing agent is a dithionite, bisulfite, metabisul-
fite or sulf.te of an alkali metal or of ammonium.

3. The method of claim 1 or 2, character;zed»in
that the reducing agent is sodium dithionite. ’ .

4. The method of any of claims 1-3, chara¢tefized'
in that the reaction mixture is heated at a temperature
between 60 and 80 degrees C, preferably at about 70
degrees C, for a time of about 10 hours.

5. The method of claim 1, characterized in that the
chemical reducing agent is added in an amount which
corresponds to a molar ratio between the hemoglobin and
the reducing agent from 1:5 to 1:100, preferably from
1:10 to 1:60.

6. The method of claim 1, characterized in that the
pyridoxal-5'-phosphate is added in an amount which
corresponds to a molar ratio beteween the hemoglobin
and the pyridoxal-5'-phosphate from 1:1 to 1:12,
preferably from 1:4 to 1:8.

7. The method of any of claims 1-6, characterized
in that reducing conditions are maintained in the reac-
tion medium during the reactions.

8. The method of any of claims 1-7, characterized
in that it is a one-step, one-container process.

9. The method of any of claims 1-8, comprising the
further step of adding to the reaction mixture a salt
which forms a precipitate with the reducing agent,
preferably calcium chloride, and optionally a buffering
substance, and/or subjecting the reaction mixture to a
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desalting treatment, after which precipitated materials

are separated.
10. The method of claim 9, characterized in that

after the removal of precipitated materials and
dissolved salts, the hemoglobin is dimerized or

polymerized.
11. The method of claim 10, characterized in that

the hemoglobin is dimerized or polymerized with glutar-

aldehyd.
12. The method of claim 10, characterized in that

the polymerized hemoglobin has a content of hemoglobin
tetramer which is less than 2 weight percent of the

total amount of hemoglobin.

PCT/SE91/00221
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