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(57) Abstract

Method for the purification of hemoglobin by the
technique of affinity chromatography. Contrary to current
belief, the binding of oxygen and selected polyanions to
hemoglobin is not mutually exclusive. The novel method
comprises immobilizing a polyanion which specifically
binds hemoglobin via its polyanion binding site, on a
chromatographic gel and passing the hemoglobin contain-
ing solution or mixture through the gel. The hemoglobin is
thus retained in the gel, while impurities are eluted from the
gel. The novel method is also applicable to the separation of
unmodified hemoglobin from a liquid reaction mixture con-
taining modified and unmodified hemoglobin.
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PURIFICATION OF HEMOGLOBIN AND MODIFIED HEMOGLOBIN BY

AFFINITY CHROMATOGRAPHY

The invention relates to hemoglobin-based acellular
oxygen carriers, and more specifically to the pur-
ification of hemoglobin and modified hemoglobin by the
technique of affinity chromatography.

Research in the develobment of an acellular oxygen-
carrying solution for use as a blood substitute has
concentrated in two areas, namely solutions of hemo-
globin-based and perfluorocarbon substances, as des-
cribed for example by Biro (Can. Med. Assoc. J., Vol.
129, 1983, pp. 237-24l4). Recent work has indicated
that the perfluorocarbons are less suitable due, for
example, to the special clinical conditions needed for
their use and to problems 6f toxicity. Present research
is, therefore, focussed on potential hemoglobin-based

_blood substitutes. - Since hemoglobin . in solution
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(instead of in the red blood cell or corpuscle where it
is naturally found) does not act as a physiologically
satisfactory oxygen carrier, the development of hemo-
globin derivatives with good oxygen-carrying and cir-
culatory characteristics is warranted.

The principal source of hemoglobin for this
research is presently "outdated" donor blood. Red
blood cells are naturally rich in hemoglobin. Isolation
of hemoglobin from this source has been accomplished by
a number of methods involving the separation of hemo-
globin from other red cell cytoplasmic proteins and
from the cell stroma.

The standard technique for purification of hemo-
globin is ion-exchange chromatography. This technique
has been widely used in analytical and diagnostic
applications (see, for example, Benesch and Benesch,
Meth. Enzymol., Vol. 76, pp. 174-179, 1981; and Hsia et
al, J. Chromatog., Vol. 303, pp. 425-428, 1984),
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A'much more rapid and specific purification tech-

‘nique, however, 1is affinity chromatography, which
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selectively isolates biomolecules by virtue of their
binding specificity for particular molecules, radicals,
ions, or groups called ligands, which form complexes
with the biomolecules. Generally, in this technique,
the ligand is immobilized on a chromatographic gel, and
a solution containing the molecule of interest is
passed through the gel. The holecule of interest is
retained in the gel by virtue of its specifie binding
to the ligand, while the other components present in
this'solution are eluted.

It 1is known that hemoglobin specifically binds
small -polyanionic molecules, especially 2,3-diphos-
phoglycerate (DPG) and adenosine triphosphate (ATP),
naturally present in the mammalian red cell (Benesch
and .Benesch, Nature, Vol. 221, p. 618, 1969). ~ The
hemoglobin site at which this binding takes place is
located at or near the centre of the tetrameric struc-
ture of hemoglobin (Arkone, A., Nature, Vol. 237, p.
146, 1972). The binding of those polyanionic molecules
to the hemoglobin -in site is important in regulating
the oxygen-binding affinity, since this binding of the
polyanionic molecules allosterically affects the confor-
mation of hemoglobin leading to a decrease in such
oxygen-binding affinity (Benesch and Benesch, Biochenm.
Biophys. Res. Comm., Vol. 26, p. 162, 1967). Conversely
the binding of oxygen to hemoglobin allosterically
reduces the affinity of hemoglobin for the polyanion.
Oxyhemoglobin, therefore, binds DPG and ATP weakly.
This is shown, for example, by studies of spin-labelled
ATP binding to oxy- and deoxyhemoglobin as described by
Ogata and McConnell (Ann. N.Y. Acad. 5e., Vol. 222, p.
56, 1973).

More specifically, the aforementioned binding site
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for thé polyanionic molecules is 1located generally
between B-globin chains of the hemoglobin, and can be.
regarded as a "cleft" between the chains. Under natural
conditions in the red blood cell, this cleft is occupied
by a molecule of DPG (in its aldehydic form). When the
hemoglobin binds with oxygen, to form oxyhemoglobin, a
conformational structural rearrangement takes plabe'
which results in the expulsion of the DPG from the
cleft and is believed to cause'the effective closing of
the cleft. The binding of one molecule of oxygen to
the tetrameric hemoglobin actually increases its oxygen
affinity, for binding to a second, third and fourth
molecule of oxygen.

Previous studies of hemoglobin and attempts to
prepare cell free solutions of hemoglobin for use as
blood substitutes have shown that a wide variety of
polyanioniec .groups and molecules will bind in the
binding'sité or cleft naturally occupied by DPG. ~Some
of these studies have been part of attempts to provide
means for binding together the B-chains of tetrameric
hemoglobin in solution to counteract the undesirable
tendency of the tetrameric hemoglobin to dissociate
into dimers. In the natural hemoglobin in the blood
cell, this function is fulfilled at least in part by
the DPG in the cleft, but the DPG tends to diffuse out
in solution. Among the substances which will bind in
the cleft as. "DPG substitutes" are various organic
phosphates, diphosphates and polyphosphates, for example
pyridoxal phosphate; phosphates or nucleic acids such
as ADP, ATP, guanosine phosphates, cytosine phosphates,
thymine phosphates, uracil phosphates, etc.; inositol
phosphates; carbohydrate phosphates and sulfates;
carbohydrate mono- and poly-carboxylates etc. A wide
variety of such binding substances is known to those
skilled in the art, and published in the relevant
scientific literature.
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Beéause oxygenation of hemoglobin to form oxyhemo-
globin effectively deactivates the polyanionic binding
site ("closes the cleft") of hemoglobin, it has been
necessary, according to brior art, in order to exploit

5 the polyanion-binding specificity of hemoglobin, or
indeed to perform any'adjustment of its oxygen-binding.
affinity by chemically modifying the polyanion binding
site, that the hemoglobin be deoxygenated. However,
hemoglobin as it exists in solutions or mixtures exposed

10 to air is in its oxy state, i.e. (oxy)hemoglobin. 1In
fact, it is difficult to maintain hemoglobin solutions
in the unoxygenated state, throughout procedures which
involve contact of the solutions with air, e.g. a
chromatographic procedure. Because of these difficul-

15 fieé, the technique of affinity chromatography has not
been used in the prior art to purify hemoglobin.

Unexpectedly, it has now been found that (oxy)hemo-
globin 'may ‘be isolated and purified by applying the
technique of affinity chromatography. The technique

20 deseribed is, of course, applicable to isclation and
purification of unoxygenated hemoglobin.

The invention comprises the use of éffinity chroma-
tography for the isolation and purification of (oxy)hemo-
globin from whole blood or other sources or mixtures,

25 by virtue of reversible binding of hemoglobin via its
polyanion binding site to a polyanion immobilized on a
chromatographic gel support. This discdvery permits
the purification of hemoglobin in that state in which
it predominates under normal laboratory conditions.

30 According to the invention, a method for the
isolation» of (oxy)hemoé]dbin from (oxy)hemoglobin-
containing solutions or mixtures is provided, comprising:
(a) immobilizing a polyanion which specifically binds

hemoglobin via its polyanion binding site, on

35 chromatographic gel; and

v
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(v) passing the (oxy)hemoglobin-containing solution or
mixture through the gel, whereby the (oxy)hemo=-
globin is retained in the gel, while other com-
ponents of the solution or mixture are eluted.

More specifically, if (oxy)hemoglobin solutions

are passed through ATP-agarose gels (commercially

available or prepared by known methods), it is .observed
that hemoglobin is retained by the gel, resulting in a
so-called "red gel". The oxygen-binding characteristics
of hemoglobin in the red gels, as demonstrated by the
oxygen dissociation curve, are similar to those of its
soluble ATP complex (P50 - 35 mmHg) rather than of
hemoglobin in Bis-Tris buffer solution (P50 - 7 mmHg).
Hemoglobin in the red gel is, therefore, allosterically
modified by ATP binding to the polyanion binding site.
As further evidence of this, the introduction of a
solution containing any of a variety of competing
anions causes elution of hemoglobin from the gel. Some
of these competing aniéns, in order of decreasing
effectiveness, are inositol hexaphosphate > ATP = pyri-
doxal phosphate = DPG > adenosine diphosphate > phos-
phate ion > chloride ion. This specific and reversible
binding, in addition to the oxygen dissociation kineties
of the red gel, represent a functional demonstration of
the specific binding of (oxy)hemoglobin to the polyanion
affinity gel.

This finding, which contradicts literature reports
of the mutually exclusive binding of oxyged and poly-
anions to (oxy)hemoglobin, is attributed to the
following. Firstly, the ATP-agarose gel presents to
the hemoglobin a high 1loecal concentration of ATP,
stoichiometrically favouring binding. Secondly, it is
believed that the hydrophobic spacer molecule which
links ATP to the gel, and the agarose gel material
itself, acts to enhance ATP binding to the polyanion

SUBSTITUTE SHEET
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binding site of hemoglobin. It is not, however, to be

inferred : that the invention is to be limited to any

particular theory or mode of action, or that it is

restricted to the specific use of agarose gels, ATP
5 ligands and specific hydrophobic spacer molecules.

Thus, the technique of affinity chromatography can
be applied to the isolation and pur‘if‘ication‘ of (oxy)
hemoglobin. This represents an improvement upon conven-
tional techniques in that it specifically isolates

10 hemoglobin of high purity in a one-step chromatographic
procedure, using gentle conditions which do not disrupt
the native structure of the protein. It is- readiiy
adapted to large-batch preparations, as will be neces-
sary for scaled-up production of hemoglobin-based blood

15 substitutes. Finally, in terms of the funetional
quality of the product, this procedure selectively
fsolates hemoglobin with its ability. to bind polyanions
intact, giving functionaliy intact hemoglobin -while at
the same time eliminating undesirable contaminants.

20 Whilst the process of the invention is commonly
practised by providing a column containing the chromato-
graphic gel and flowing the (oxy)hemoglobin-containing
solution through the column, followed by appropriate
eluting reagents, this manner of operation is not

25 essential. One can, if desired, mix the solution and
gel in a c¢losed vessel under agitation, separate the
solids and liquids e.g. by filtration or centrifugation,
and then repeat the operation with liquid elutant.

In the preferred form of this aspect of the present

30 invention, (oxy)hemoglobin is isolated by affinity
chromatography on affinity gels comprising a polyanionic-
molecule linked by a hydrophobic spacer group (cross-
linking agent) to a chromatographié gel support by
known methods. Examples of polyanioniec 1ligands are

35 diphosphoglycerate, nucleoside phosphates, inositol

SUBETITUTE SHEET
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phosphétes and sulphates, etec. In fact, any polyanionic
ligand, which is able to bind in the binding site or
cleft naturally occupied by DPG in hemoglobin, may be
used. A wide variety of these are known and published,
as previously discussed.

An especially preferred ligand for use on the
chromatographic gel, at ieast for. laboratory purposes,
is ATP. On a larger scale, however, ATP tends to
present difficulties of purification. The 1ligand
should not bind to the (oxy)hemoglobin so strongly that
difficulties of elution of the (oxy)hemoglobin from the
gel are encountered. If the (oxy)hemoglobin is too
tightly bound, then side reactions may occur in the use
of the necessarily strong reagents for elution, e.g.
protein denaturing. When using organic polyphosphates,
the bond strength of the ligand to the (oxy)hemoglobin
appears to increase .with increasing numbers of phosphate

‘groups. The optimum bond strength appears to be derived
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from tri-, tetra- and penta-phosphates, so that prefer-
red ligand-forming compounds are nucleoside tri- and
tetra-phosphates, such as ATP, inositol tetraphosphate,
inositol penta-phosphate and the 1like, including mix-
tures thereof. The 1ligand molecule 1is chemically
bonded to the gel side groups in a manner such that the
phosphate, sulphate or carboxylate functional groups
are left intact to react with the polyanion binding
site or "cleft" in the hemoglobin. In the case of ATP,
it can be bound to the gel via its N-6 position or
8-position of adenosine, or through the periodate
oxidized ribose moiety, for example.

The chromatographic gel is provided with a cross-
linking agent or spacer, which is effectively a chemical
side chain group covalently linked to the gel at one
end and providing a reactive group on the other end for
chemical attachment to the 1ligand cempound. While

these spacers do not need to be linear chemical groups,
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they éhould provide a spacing between the gel backbone
and the' reactive group for 1ligand attachment of at
least about SR, and preferably at least 63. In practice,
this means that they should contain a minimum of four
linearly arrangeq' atoms separating the gel from the
functional group. Otherwise, insufficient 1loading of
ligand groups onto the chromatographic gel might occur.
The spacer groups should be hydrophobic, so that they
are not broken during chromafographic processes using
aqueous solutions. They should be stable and inert to
all the components of the mixture to be separated, and
to the elution reagents to be used. Examples of suit-
able reagents to be ‘used to react with the gels to
provide suitable spacer groups are adipic acid, diamino-
hexane and derivatives thereof, such as adipic dihydra-

-zide, and various other, known diacids and diamino

compounds.

The choice of ’suitable"chromatographic gel is
within the skill of the art, and cean be made from
various commercially available products, provided that
certain basic ecriteria are observed. The gel neéds to
be substantially water insoluble, derivatizable and non-
toxiec. It needs to be able to tolerate the regeneration
conditions and processes of treatment, for'-meeting
sterile, sanitary transfusion requirements. Thus it
must be readily sterilizable, without impairment of its
chemical properties.

Examplesiof chromatographic gel supports are agarose
and silica gels.

In general, modified cross-linked polysaccharide
chromatographic gels are wuseful, as exemplified by
those commercially available from Pharmacia A.S. under
the trade names Sephadex,' Sepharase, Sepharyl and
Sepharose. Commercially available chromatographic
silica gels and modified silieca gels are also suitéble.

SUBSTITUTE SHEET
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The gels in many cases are available with spacer func-
tional groups already attached. They can be obtained
with functional amino, epoxy or hydroxy groups. They
may also, in addition} have an appropriate 1ligand
chemically attached to the spacer group, so they are
effectively ready for use in the process of the present
invention. -

The chromatographic procedure may be conducted as
follows. A solution containing (oxy)hemoglobin and
other components, e.g. red cell cytoplasmic proteins,
in equilibrium with air, is injected into the affinity
gel and eluted under conditions which favour hemoglobin
binding to the gel, according to the known practices of
affinity chromatography. Ultimately, the non-hemoglobin
components are eluted from the gel and hemoglobin is
retained, causing the gel to appear red. Conditions
are then changed to favour dissociation of hemoglobin
from the gel, and it is eluted as a pure hemoglobin
fraction. The preferred condition for -elution of
hemoglobin from the gel is the use of buffer containing
an anion which competes with the polyanionic moiety of
the affinity gel for specific binding to hemoglobin,
thus displacing it from the gel. The buffer is one
which does not affect the binding of hemoglobin to the
polyanion moiety. Bis-Tris buffer, pH 7.0 has been
found suitable.

According to another aspect of the invention,
applicant's hemoglobin purification technique c¢an be
applied to the removal of residual unmodified hemoglobin
from liquid reaction mixtures containing modified and
unmodified hemoglobin following chemical modification
of the hemoglobin to improve its oxygen=-carrying and
circulatory characteristies. The reactions involved in
modifying hemoglobin are typically inccmplete and
result in a mixture of modified and unmodified hemo-
globin fractions. Residual unmodified hemoglobin poses
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problems in vivo due to excessive oxygen-binding
affinity; its rapid excretion from the circulation, and
possibly “vasoconstrictor activity. Although this
-unmodified hemoglobin is currently remcved from modified
5 hemoglobin containing reaction mixtures on an aralytical
scale by ion-exchange chromatography, it is generally °
not removed in 1large scale preparations. Without
removal of substantially all the unmodified hemoglobtin,

the product is not acceptable for human use.

10 It will be apparent hereinafter that applicant's
techniqhe is capable of removing residual unmodified
hemoglobin from modification reaction mixtures on a
preparative scale, this comprising an important quality-
control step in the modification of hemoglobin as a

15 starﬁing material for the preparation of acellular

oxygen-carrying solutions.

More specifically, modified hemcglobin is considered.
here to meaﬁ purified, acellular hemoglobin to whose
polyanion binding 'site a DPG analogue has been co-

20 vaiently attached by any of several kncwn methods, or
by any other method, for the purposes of (a) stabilizing
the native tetrameric structure of hemoglobin 1in
solution, and (b) allostéricallyr lowering the oxygen-
binding affinity of hemoglobin, simulating the regu-

25 1lation which is performed 'naturally in the red blood
cell by DPG or its naturally occurring aralogues, e.g.
ATP, inositol pentaphosphate, etec.

The reaction mixture, comgrising the product of the

modification reaction, is assumed to contain. modified

30 hemoglobin and residual, unmodified hemoglobin which

remains due to the inccmplete nature of the mddification

reaction, with DPG analogues such as ATP, other nucleo-

side phosphates, inositol tri-, tetra- and penta-
phosphates, pyridoxal phosphate, glyoxylic aéid, ete.

35 The reaction mixture is passed through the polyanion
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affinity column according to the known procedures of
affinity chromatography. In the unmodified hemoglobin
molecule, the polyanion binding site is unoccupied and
the molecule is, therefore, retained by the gel via
specific binding of the polyanion moiety of the gel to
this site. Conversely, in the modified hemoglobin
molecule, the polyanion binding site is by definition
occupied by the covalently attached polyanion or other
modifying agent. Modified hemoglobin, therefore, will
not bind specifically to the gel, and is eluted as the
unretained fraction.

Thus polyanion affinity chromatography is capable
of readily separating hemoglobin from non-hemoglotin
components in a mixture according to the first aspect
of the invention, and is also capable of separating
modified from unmodified hemoglobin, regardless of the
modification procedure used, on the basis of the state
‘of the polyanion binding site. This éllows purjfibation
of hemoglobin, especially from unconventional sources
where the use of conventional purification techniques
is not feésible, and also allows preparation of an

~essentially pure modified hemoglobin fraction by adding

25

30

35

one chromatographic step to any of several known modifi-
cation procedures.

When the process of the present invention is applied
to the separation of wunmodified hemoglobin from a
modified hemoglobin adapted for blood substitute use,
e.g. ATP-hemoglobin, pyridoxal phosphate (PyP)-hemo-
globin or glyoxylated (G)-hemoglobin, the resultant
purified modified hemoglobin shows wunexpected and
unpredictable advantages. For example, the sc~purified
modified hemoglobin in use as a blood substitute shows
a marked reduction in vasoconstrictive activity, a
problem previously encountered persistently with such

compounds. Moreover, the purified product exhibits an

SUBSTITUTE SHEET
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advantégéously reduced oxygen affinity, as compared
with such modified hemoglobins purified by other methods.
An ATP-hemoglobin 1is thus obtained which has substan-
tially similar oxygen' binding properties to whole
blceod.

In the drawings which illustrate the preferred

embodiments of the invention:

Figure 1 - Elution profile of hemoglotin chromato-

graphed on an ATP-agarose affinity column.

Chromatogram of 10 ul (50 ug) of stroma-free hemo-
globin (SFH) on an analytical capillary column packed
with 10 ul of AGATP gel. Elution of SFH by buffer A
(50 mM Bis-Tris buffer, pH 7.0) shows only peak "a",
the unretained fraction (dotted line). Introduction of
a gradient of buffer B (10 mM ATP in buffer A; gradient
shown as broken 1line) results in the elution of a
retained fraction, peak "b" (solid 1line). Experimental
conditions were: flow rate 0.1 ml/min., temperature
approximately 20°C, using a FPLC chromatographic system
(Pharmacia Model LCC 500). The chromatographic gel is
an agarose gel treated with CNBr and adipic dihydrazide
to provide the chemical spacer group, with o0-ATP as
ligand. It is purchased commercially 1in this form,
ready for use.

Figure 2 - Modification of the oxygen affinity of
SFH by AGATP gel.

Oxygen dissociatién curve of SFH in the presence of
AGATP gel (solid line) and plain agarose gel (broken
line) in 50 mM Bis-Tris buffer, pH 7.0, at 37°C.
Curves were obtained using a Hem-0-Scan oxygen dis-

sociation analyzer. The same bhromatographic gel was
used.

Figure 3 - Electrophoretic pattern on cellulose
acetate of SFH before and after AGATP gel chromatography.

SUS31UTE SHEET
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Electrophoresis was performed in barbital buffer,
pH 8.8.  Lanes 1 and 2 are the retained and unretained
fractions respectively (see Figure 1). Lane 3 is a
control sample of the starting SFH. Arrows "e" and "d"
indicate unidentified minor components of SFH which are
enriched in the unretained fraction. Electrophoresis
on the Mylar-supported cellulose acetate was run at 200

V for U5 minutes and stained with Ponceau S.
Example 1

Purification of Stroma-free Hemoglobin by Agarose-ATP
Affinity- Chromatography

In this example, the source of (oxy)hemoglobin is
stroma-free hemoglobin. Agarose-adipic-adenosine-5'-
triphosphate (AGATP) was prepared by the method of
Lamed et al. (Biochem. Biophys. Acta, Vol. 304, p.231,
1973). Stroma-free hemoglobin (SFH) was prepared by
the method of Rabiner et al. (J. Exp.-Med., Vol. 126,

p. 1127, 1967). SFH was first dialyzed against 3

20

25

30

35

changes of 50 mM Bis-Tris buffer, pH 7.0 (Buffer A),
and then 500 ul (20 mg) of the SFH solution was applied
to a Pharmacia HR 5/5 column packed with approximately
1T ml of AGATP gel equilibrated with the same buffer.
The column was washed with 10 bed volumes of buffer A
at a flow rate of 0.5 ml/min. until the eluent was
clear, and then buffer B (buffer A containing 1- mM

ATP) was introduced via a linear gradient to elute the

retained fraction. Both the retained and unretained
fractions were collected, concentrated, and dialyzed
against buffer A. Cellulose acetate electrophoresis in

barbital buffer, pH 8.8 (High Resolution Buffer, Gelman
Sciences) was done for each fraction using the starting
SFH preparation as a control. For oxygen dissociation
studies, a small amount of the red gel was resuspended
in 2 ul of buffer A and its oxygen dissociation curve

measured using a Hem-0-Scan oxygen dissociation analyzer.
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As a control, SFH mixed with agarose gel was suspended
in solution and its oxygen dissociation curve similarly

obtained. .

Figure 1 shows the binding of hemoglobin to the
AGATP gel in buffer A, and the selective gradient
elution profile resulting from the addition of 10 mM
ATP to buffer A. -This indicates that hemoglobin 1is
specifically retained via binding of the ATP moiety of
the gel to its polyanion binding site. As further
evidence of this specificity, SFH is displaced from the
gel by the following anions in order of decreasing
effectiveness: inositol hexaphosphate > ATP Z pyridoxal
phosphate = diphosphoglycerate > adenosiné diphosphate
> phosphate ion > chloride ion (results not shown).
Figure 2 shows a typical oxygen dissociation curve of

hemoglobin bound to the AGATP gel. The hemoglobin-AGATP

complex is shown to have a Pgq of 35 mmig, similar to

that of SFH in the presence of- four molar equivalents
of ATP. By contrast, the control SFH-agarose mixture
has z P50 gf 12 mmHg.

Thus, (oxy)hemoglobin has been shown to have
sufficient affinity for AGATP to form a stable complex.
Binding of SFH to AGATP lowers the oxygen affinity of
SFH to a 1level equal to that of the soluble SFH-ATP
complex, indicating that complex formaticn 1is due to
specific binding of SFH to the ATP moiety of the gel.

Cellulose acetate electrophoresis of SFH indicates
the presence of minor components (Figure 3), two of
which are absent from the retained fraction. Two of
these minor bands are enhanced in the unretained frac-
tion (Lane 2) while one is enhanced in the retained
fraction (Lane 2). Furthermore, there is an increase
in hemoglobin with high electrophoretic mobility in
the unretained fraction. Thus, polyanion affinity

chromatography is shown to improve the purity and
quality of SFH.
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It will be appreciated that although the Example 1
employs stroma-free hemoglobin as the source of
(oxy)hemoglobin, other sources of (oxy)hemoglobin may
also be employed, including used blood (from open-heart

5 surgery, for example), human placental extract, and
hemoglobin containing solutions produced by biotech-
nological methods.

Example 2

Purification of Glyoxylated Hemoglobin by
10 Agarose-ATP Affinity Chromatography

In this example which illustrates the second aspect
of the invention, modified glyoxylated hemoglobin
(G-Hb) was prepared according to the method of Acharya
et al (Fed. Proc., Fed. Amer. Soc. Exp. Biol., Vol. U1,

15 p.1174, 1982). Hemoglobin concentrations were measured
using a Corning 2500 CO-oximeter. Agarose-hexane-
adenosineQS;-triphosphate (ATP-agarose) (Type 4),
containing 9.2 umoles of ATP per ml of gel, was pur-
chased from Pharmacia P-L Biochemicals. Affinity

20 chromatography of hemoglobin solutions was performed
using a Pharmacia Fast Protein Liquid Chromatography
System. The experimental conditions used are similar

to those described in Example 1 above.

In order to determine whether ATP-agarose affinity
25 chromatography is capable of purifying modified hemo-
globin, the Themoglobin glyoxylation mixture (G-Hb
reaction mixture) was passed through the column and the
fractions characterized as in Example 1 above. This
produced a similar elution profile (results not shown)
30 to that reported by Hsia et al (J. Chrom., Vol. 303,
pp. 425-428, 1984) showing an unretained peak G-Hb-1

and a retained peak G-Hb-II.

The oxygen dissociation curves of the starting
solutions and their ATP-agarose fractions showed the
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following order of P5OS:
G-Hb-II < G-Hb reaction mixture < G-Hb-I

The P50
G-Hb-II. This result is, again, similar to those

5 reported by Hsia et al (J. Chrom., Vol. 303, pp. 425-428,
1984). The present result further confirms that the
hetefogeneity in glyoxyléted hemoglobin preparation is

of G-Hb-I is approximately twice of that of

due to variation in the extent of glyoxylation. Right
shifting of the oxygen dissocdation curve is proportional
10 to the extent of glyoxylation. The Agarose-ATP affinity
chromatography is thus capable of purifying modified
hemoglobin (G-Hb-I) with optimal oxygen affinity.

Thus, this purification technique can be used as a

method for the purification of modified hemoglobins in

15 general (e.g. pyridoxal phosphate and ATP modified
hemoglobins). The pure modified hemoglobin which
results is believed to b€ a superior 'starting material

for the preparation of hemoglobin-based blood substitute,
because it has optimally right shifted oxygen affinity

20 and it is free of vasoconstrictive unmodified hemoglobin.

Examgle 3

Outdated human red blood cells were obtained from
the Canadian Red Cross. Stroma-free hemoglobin (SFH)
was prepared as in Example 1. Adenosine triphosphate

25 and sodium metaperiodate were purchased from Sigma
Chemical Company, St. Louis, Missouri. Periodate
oxidized ATP was preparéd according to the method of
Lowe et al, Biochem. Soc. Trans., Vol. 7 (1979) p.1131.
ATP-agarose was prepared by the method of Lamed et al

30 (see Example 1). '

ATP-hemoglobin was prepared according to a modified
method of Greenburg and Maffuid, "Progress in Clinieal
and Biological Research" Vol. 122, Advances in Blood
Substitute Research, Alan R. Liss, Inc., New York

A SO T

pern 0 TR e
Lo iU e et lammd



WO 87/00177

10

15

20

25

30

35

PCT/GB86/00374
- 17 -

(198359. In the modified procedure, 2 ml of caprylic
alcohol were added per 100 ml of 7% hemoglobin solution
in 5 mM phosphate buffer, pH T7.0. Nitrogen was then
bubbled for 2 hours to deoxygenate the hemoglobin
solution. Required amount of periodate oxidized ATP in
50 mM Bis-Tris buffer pH 7.0 which had been deoxygenated
under nitrogen was then added into the deoxygenated
hemoglobin solution to give a molar ratio of 1.2:1
ATP:hemoglobin. Nitrogen was bubbled through the
reaction mixture (ATP-hemoglobin solution) for another
90 minutes. The Schiff base of ATP-hemoglobin conjugate
was reduced with sodium borohydride (NaBHu) in 1 mM
sodium hydroxide (NaOH) at a molar ratio of 20:1 NaBHu/
hemoglobin. Again N2 was bubbled through the mixture

for another twoc hours.

Upon completion of the reduction step, the solution
was oxygenated and dialyzed agginst 50 mM Bis-Tris, pH
7.0. Aliqhots of thé solution containing approximately
50 mg of hemoglobin were then passed through a column
packed with 5 ml of ATP-agarose gel (approximately 30%
of column'éapacity) which had been equilibrated with 50
mM Bis-Tris, pH 7.0. The unretained hemoglobin fraction
was eluted by five volumes of the same buffer, and the
retained fraction was then eluted by 0.2 M NaCl in 50 .
mM Bis-Tris, pH 7.0. The fractions were collected,
concentrated, and dialyzed against 50 mM Bis-Tris, pH

7.0, with a membrane concentrator, P-Micro ProDicon,

Pierce, Rockford, Illinois. The oxygen dissociation
curve of each fraction was determined by an Aminco
Hem-0-Scan oxygen dissociation analyzer, American

Instrument Company, Silver Spring, Maryland. The P50
was read directly from the oxygen dissociation curve.
The unretained hemoglobin fraction, i.e. the ATP-hemo-
globin had a PSO of 35, whereas the retained, (oxy)hemo-

globin had a PSO of 5 mm Hg.

SUESTITUTE SHEET



WO 87/00177

10

15

PCT/GB86/00374
- 18 -

Samples not exceeding 100 ug of hemoglobin in 0.01
M malonate, pH 5.7 (buffer A), were applied to a HR
5/5 MonoS prepacked column (Pharmacia) equilibrated
with buffer A. The fractions were eluted with a
linear gradient of buffer B (0.3 M LiCl in buffer A)
on a Pharmacia LCC 500 FPLC systemn, Pharmacia, Montreal,

Canada.

The elution profile of the products from the
column showed the unmodified hemoglobin, with its
polyanion binding site intact, is capable of binding
to the ATP-ggarose and is, therefore, retained on the
column while the modified hemoglobin, with one or more
ATP molecule(s) covalently occupying its anion-binding
site, 1is eluted as the wunretained fraction. The
unmodified hemoglobin can be readily recovered for

further modification. The results indicated near

quantitative separation of the modified and unmodified

20

25

30

hemoglobin from the reaction mixture by ATP-agarose
affinity chromatography.

Example 4 -

Pyridoxal phosphate modified hemoglobin (PyP-Hb)
was prepared by the method of F. Devenuto and A. Zegna
(J. Surg. Res. 34, pp. 205-212, 1983). The resultant
reaction mixture contained about 75% PyP-Hb, the
remainder being residual unmodified Hb. The mixture
was treated with agarose-ATP gel and the 1liquid
residues physically separated from the solids. The
liquid residue was analysed and found to be substan-
tially pure PyP-Hb. The solid gel was treated with
ATP, for one batch, and chloride ion, for another
batch, as competing anions, and substantially pure
hemoglobin recovered therefrom.
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CLAIMS:

1. A meéthod for the isolation of (oxy)hemoglobin from
(oxy)hemoglobin-containing solutions or mixtures,
comprising:

(a) immobilizing ‘a polyanion which specifically binds
hemoglobin via its polyanion binding site, on a chrom- -
atographic gel; and

(b) passing the (oxy)hemoglobin-containing solution
or mixture through the gel, whereby the (oxy)hemoglobin
is retained in the gel, while othér components of the
solution or mixture are eluted.

2. A method for the isolation of (oxy)hemoglobin from
(oxy)hemoglobin solutions or mixtures, comprising:

(a) providing a chromatographic gel. which has im-~.
mobilized thereon a polyanion which specifically binds
hemoglobin via its polyanion binding site; and

(b) passing the (oxy)hemoglobin-dontainipg solution.-
‘or mixture through the gel, whereby the (oxy)hembglobin
is retained in the gel selectively, while other com-
ponents pass therethrough.

3. A method according to claim 1 or claim 2 wherein
the polyanion is selected from the group consisting of
a nucleoside triphosphate, a diphosphoglycerate, an

inositol phosphate and an inositol sulphate.

4. A method according to any preceding claim, wherein
the chromatographic gel is selected from the group

consisting of cross linked polysaccharide gels and
silica gel.

5. A method according to any preceding claim, wherein
the polyanion is linked to the chromatographic gel by
a2 hydrophobic chemical spacer group.

6. A method according to claim 5, wherein the spacer
group 1is derived from agents selected from the group

consisting of adipic acid, diaminohexane and adipic

— - AT
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acid dihydrazide.

7. A méthod according to any preceding claim, wherein
the polyanion is adenosine triphosphate or inositol

tetra- or penta-phosphate.

8. A method according to any preceding claim, wherein
the gel is agarose gel.

9. A method according to claim 8, wherein the chemical
spacer group agent is adipic acid.

10. A method according to claim 1 or claim 2, which
includes the subsequent step of:

(e) introducing into the chromatographic gel an anion
which competes with the polyanion originally in the
gel, whereby (oxy)hemoglobin is eluted from the gel.

11. A method according to claim 10, wherein the
competing anion in order of decreasing effgctiveness
is selected from the group consisting of inositol
hexaphosphate, adenosine triphosphate, pyridoxal
phosphate, diphosphoglycerate, adenosine diphosphate,
phosphate ion and chloride ion.

12. A method for the separation of stroma-free hemo-
globin from a 1liquid solution containing stroma-free
hemoglobin, comprising:

(a) ~ passing the stroma-free hemoglobin containing
solution through a gel complex, which comprises a
chromatographic gel having immobilized thereon a
polyanion which specifically binds hemoglobin via its
polyanion binding site; and

(b) introducing into the gel complex an anion which
competes with the polyanion originally in the gel,
whereby purified Stroma-free hemoglobin is eluted from
the gel. '

13. A method according to claim 12, wherein anion
introduced in step (b) and stroma-free hemoglobin

solution both include a suitable buffer, which does
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not interfere with the binding of hemoglobin to the
polyanidn.

14, A method for the -separation of unmodified hemo-
globin from a 1liquid reaction mixture containing
modified and unmodified hemoglobin, comprising:

(a) passing the reaction mixture through a polyanion/ -
chromatographic gel complex comprising a polyanion
which specifically binds hemoglobin via its polyanion
binding site, immobilized on a chromatographic gel,
whereby unmodified hemoglobin is retained in the gel
and modified hemoglobin passes through the gel; and

(b) introducing into the gel complex an anion which

competes with the polyanion originally in the gel,
whereby- purified unmodified hemoglobin is eluted from
the gel.

15. A method according to claim 14, wherein the
polyanion/ehromatographic ,gel complex is ATP;agarose

gel.

16. A method according to - claim 14 or claim 15,
wherein the competing anion in order of decreasing
effectiveness is selected from the group consisting of
inositol hexaphosphate, adenosine triphosphate, pyrid-
oxal phosphate, diphosphoglycerate, adenosine diphos-
phate, phosphate ion and chloride ion.

17. A- method according to claim 14, wherein the
modified hemoglobin is glyoxylated hemoglobin.

18. A method according to claim 14, wherein the
modified hemoglobin is ATP-hemoglobin.

19. A method according to claim 15, wherein the
modified hemoglobin is pyridoxal phosphate-hemoglobin.

20. A method according to claim 1, substantially as
hereinbefore described.
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21. A method according to claim 12, substantially as

hereinbefore described.

22. A method according to claim 14, substantially as

hereinbefore described.
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