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It is not alWays practical to transfuse a patient

with donated blood. In these situations, use of a red

blood cell substitute is necessarﬁ. The product must

effectively transport 05, just as do red blood cells.
20 ("Plasma expanders", such as dextran and albumin, do

not transport oxygen.) " The two types of substitutes

that have been studied most extensively are hemoglobin

solutions and fluorocarbon emulsions.

25 Hemoglobin (Hgb) is the oxygen-carrying component
cof blocd. Hemoglobin circulates through the (
bloodstream inside small enucleate cells called '
erythrocytes (red blood cells). Hemoglobin is a

protein constructed from four associated polypeptide
30 chains, and bearing prosthetic groups known as hemes.
The erythrocyte helps maintain hemoglobin in its
reduced, functional form. The heme iron atom is liable
to oxidation, but may be reduced again by one of two
enzyme systems within the erythrocyte, the cytochrome

35 bS and glutathione reduction systems.



Henogl obi n exhi bits cooperative binding of oxygen by the four subunits of
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2 -_tlssue,.the oxygen afflnity is lowered and oxygen is

unloaded.
15 ' .

Oxygen-carrying COmpounds_are frequently compared
by means of a device known as'an oxygen dissociation
curve. This curve is obtained when, for a given oxygen

ICarrier, oxygen saturation is graphed  against the

20 partial pressure of.  oxygen. " The percentage of

saturation increases with partial pressure according to

a sigmoid relationship. The Pgp is the partial

pressure at which the oxygen-carrying solution is half

~ saturated with oxygen. It is thus a measure of oxygen-

K,; | 25 binding affinity; the higher the Pgg, the more loosely
" the oxygen is held.

When the oxygen dissociation curve of a oxygen-
o carrying solution is such that the Pgy is less than
30 that for whole blood, it is said to be "left-shifted."

U

The oxygen affinity of hemoglobin is .lowered .by
the presence of ' 2,3-diphosphoglycerate (2,3-DPG),
35 chloride ions and hydrogen ions. . Respiring tissue
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The cl assi mg@hPé@ftional” hemoglobin’ binds oxygen very tightly and

15

20

 bloodstream, woula not support -efficient oxygen .

would release llttle oxygen to resplrlng tissue.

Aging erythrocytes release-small amounts of free
hemoglobin into the blood plasma where it is rapidly
bound by the. scavénging protein .haptoglobin. The
hemoglobin-haptoglobin complex is ‘removed from the
blobd and degraded by the spleen-and'liver.

It is ciear_ from the above considerations that
free native-hemoglobin A, injected directly into the

_ transport about the body The _essential allosteric

25

30

regulator . 2,3~ -DPG _ is not presents in sufficient
concentration in the plasma to allow hemoglobin to
release muéh oxygen at venous oxygen tension, and free
hemoglobin_wogld:be rapidly inactivated as an oxygen
carrier by auto-oxidation of the heme iron.

Nonetheless, solutions of conventional hemoglobin
have been used as RBC substitutes. The classic method
of prepéring hemogiobin' solutions employs outdated
blood. The red cells are lysed and cellular debris is

| Predenei gt a':méoﬁéeﬁtbswahowawlé’sbgrb.am dy theet bgated as
. an oxygen carrier by, auto- oxidation of the héne_iron. 30 %Pn theb?%
t es.
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Of\eBr eparing. hermgl obi n-sol utions enpl oys out dated bI ood. The red cells
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' approach The sol ution nust be freed of any toxic conponents of the red
o menbr aner whbh@H , T €38EN il t OwnadTDYES Ot 1 ed"Q‘&omQﬁQ‘iﬁ‘:‘é‘J es
whith  woul d dlscourage | arge-scal e production. Venut o,

" Apprai sal - oheme@heBRBYi {SF83lcution. as a Blood 10 Substltut e",

' .Surgery, Gynecol ogy and: Cbstetri cs, 149: 417-436 (1979). Second as
‘expected, such solutiong eft- {n fted" (lower P50) cqonpar ed
"to ‘whole blood. ¥§5Verady aSlSt prpblems Thavex Raa eza*e P¥INEker i zed
-Eyrldoxylsiedthtbnagbeba&h Somwé<yb1utaoﬁimﬁﬁﬂ bébffeﬁubatlhuyetoxzhnn
nmerg has a

Med 9
hal f-1ife in ?%98P95§Fat?ﬁl tg%sﬁﬁﬁ O‘Feﬁ‘ul 99'5‘955?’9’2 Wﬂ’b‘?ﬁg re?ﬁlré"ll”@

because oxykbbopabumhbhﬁcmeﬁxxnﬁieteﬁmbusa provedurds | swaich! eoulgh to
"~ be filtered % .t he ki dne
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Y _ Second, as expected, such _solutions are leftj

shifted" (lower Psg) as compared to whole blood.
15 Gould, et al., "The Development of Polymerized
' Pyrldoxylated Hemoglobm Solution as a Red Cell
Substitute", Agg Emerg. ‘Med. 15: 1416-1419 (Dec.
1986) . | ' o - - -

20 Th_ird', SFH has a half-life in the circulatory
| . system of only about 2-4 hours. 'rhis is because oxyHgb
- partially dissociates into a dimer that is small enough

to be flltered by the kidney. '

w 25 : Finally, SFH_ has a high colloid osmotic pressure

o (CoD) . Thus, administration of SFH in a dose that

. would have the same oxygen-carrying capacity as a unit

s N of packed red blood cells is inadvisable, since the

. " high osmotic pressure (60mm Hg) would cause a massive

30,_'-influ)_< of water from the cells into the bloodstream,

 thus dehydrating the patient’s tissues. - This

consideration limits the dose of SFH to about 6-8 gm
Hgb/dl.



on5|derat|on I|n1ts the dose of SFH to about 6- 8 ‘gm Hgb/ dl . 51n an :
ceffort t®O0MB8MII’E the desired P50, researchers added 2, 3- BQ’(B/‘I-SS&IMS&U_
hdhog1ob|n sol ution. Unfortunately,.Z,S DPG was: rapidly elimnated fromthe =
circulation: Scientists then turned to Bther organic 5 phosphat es,
particularly pyrldoxal phosphat e. Li ke 2, 3-DPG these conmpounds _
st abili zed the 'T I atan ofeffRrEgb tigy fmﬁtng'% sehe bdesdeaset vRsg: t he o
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of 20-22 torr, as canpare torr torr for whol e
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" ¢rossl i nRi ngPhasPhaks sé’qFﬁ#MWarPY’é’t@%ﬂ%n phoSPRALEe osnbike
pressure. l)rsf-cummatﬁbrse ¢oPouRes Y BHAAA I A48 €heo 'CRUBkate® ofeft

: shift™ of the ‘ecul oxyge ssocjatio curve. f or
‘pol yneri zed- & - %r?ﬂo%ﬂqﬁé’ﬂ?/%g d]t QQBU&Fn1§'hFoN'r¥?’E}F1
chem cal nmodif igeéi ewa bﬁt&emaiﬁbm 'rvaepymebxyaateu Semcy XdRiNG9

?\r/]mdt h42§01 1%&% (\;% %%@%ﬁ'ﬁmn 3% glf’é‘EéEmﬁZ%déf "r&r&’ol’gm %@

4,321,259  amhd USSR tb#t?Sfi&S Wholé blmsdiol Mokbhatehis\Wibs, ahs.

ot Sl G R0 P ROELL R DR

vl der, U. S'hig e imityhmdelat Bve tp66hpialblood.

_ _Hemoglobin' haé béqn chemically modified (by
15 intramolecular .or intermolecular crossiinkiné) to
increase intravascular retention and reduce osmotic
pressure. Unfortunately; this _polymerizatioh'-also
causes a "left  shift" of the molecule’s oxygen
' dissociatidn-'curve - Thus}' for polymerlzed-
20 pyridogylated Hgb, the Pgq is about 18 torr.

For chemlcal modlflcatlons of hemoglobln, See
Iwashlta, U.s. 4,412,989 and 4 301,144 (with
o polyalkylene glycol), Iwasaki, U.S. 4,670,417 (with
25 polyalkylene oxide), (with ‘a polysaccharide); Nicolau,
U.S. 4,321,259 and U.S. 4,473,563 (with inositol
phosphate) ; Wong, U.S. 4,710,488 and 4,650,786 (with
 inositol phosphate and a pélysaccharide):.anhard, U.s.
_ 4,336,248 (with other proteins or geldtin derivatives):
30 Walder, U.S. 4,598,064 and U.S. 4,600,531
'_(lntramolecularly crosslinked hemoglobln) and Ajlsaka,

' U.s. 4,377,512 (wzth znulln)

_ The human alpha4 and beta~globin genes have both'
35 been cloned and sequenced. Liebhaber, et al., P.N.A.S.

"



(intranol ecul arly crosslinked henmogl obin) and Ajisaka, U S. 4,377,512 (with
i NUNLN) ijg?gg pha- and bet a-gl.obi n genes have both 35 { e -
and { equenc:\g |elg aber, et al., P.NAS., 6 (U.S A) 77: 7024- Eg S%ﬁﬂﬁ
(1980)(a| pha- gl obi n genom c DNA); Marotta, g et al. J. Biol. Chem,
252: 5040-53 (1977)(beta-globin cDNA). 5° Nagai and Thor ger son

(Nature 309: 2,y 1934) Legse i- (PR g el
cond¥sting of Sﬂ % Jm% tg?ﬁangl% rgls%gdbfg %@k %J'Fyr%%dgepﬁ %tl%r (r)l%bél h, an
Ile-Gu-dy-Ar fanokes, &% tad-condl et eBA@Fan b%luamgtobaé.zdhaufrpw 53rhey

cl'eaved t he -hyhnigs 73t Jdiq <476t £n 18DNARL 9i N ne -with blood coagul.ation
factor- Xa, thus Ilberatl ng the beta-globin chain. Later, Nagai, et al.,

P.NAS (USA), 820 7252- 55 (1985) took the. rDNA- derived human beta
gl obin, '155. natur abiasgaieraﬂ&drhua‘garabaha(zwmg, @@ asaeulsqe ,of1deqp

and succeeded in roduci n acijve herm Addi't i I Iy,
they produced SFRE® rhﬁa—#%i—%laaMPBbaeErBF t"ﬁecﬁm &’% %

nut ant he”09|?burhﬂfhéygﬁbﬂﬁﬁaan&dﬂldﬁ#&nﬁfbtuﬁtlambdﬁcbﬁd3¥%f$e1%,

mut agenesi s of _t e ene pression nodi f.i e
gene, and coanF?a %{}f tcﬁey ﬁf’?\%\ofﬁ&‘g§ed Bgé L’EﬁaFﬁ i’t unap Reta
occurring al phql@hﬁmn amle . SourTipepf cﬂlea?ﬁd 'du:ém}tmeimaaurw% iyl eé i ng
mut ant s, ese_sem arti ICI es ex it 25 crea en
affinity &g E&HA bR ¢ &L l'horﬁgpgg %ﬁ%mn Iﬂacgﬂﬁsezﬁ.e?ént Erds
studi es, - the ldberatirsg thesi betd-eglobhnschalhnnge in. oxygen binding
was established. - Luisi and Nagai, Nature, 320: 555-56 -

55 (1985) took the rDNA-derived human beta globin,

15 naturally derived human alpha globi'n', .and a 'sdurce_ of
heme and succeeded in -produc'ing -'active human -
~ hemoglobin. Additionally, they produced two semi-
artificial analbgues of the naturally occurring mutant
h'emogidbins Hb Nympheas and Hb Daphline by site-directed

20 mutagenesis of the cloned beta-_'globin gene, expression

| - of t.hé modified _'gene', and combination of the rDNA-
derived beta chain with naturally occurring alpha chain

Y ' ‘Later, Nagai, et al., P.N.A.S. (U.S.A.), 82: 7252-

and a source of heme. Like the naturally occurring

_ - mutants, these semiartificial analogues exhibited

- 25 _i_ncreas_ed oxygen affinity as compared to "normal"

hemoglobin. In subsequent studies, the structural

_ basis for this change in oxygen binding was

= established. Luisi and ﬁagai, Nature, 320: 555-56

- ' (1986); and cp. Nagai, et al., Nature, 329: B858-860

T 30 {Oct. 1987) (similar productio'n_of mutant hemogiobins
| - with.'replac_ements of Val(67beta)Ell).

Surprisingly; the expression of the '_human alpha.
- globin gene in heterologous cells has not been
35 reported. Indeed, merely subs_tituting the alpha globin



(1986); and cp. Nagai, et al., Nature, 329: 858-860 30 (Cct. 1987) -
simil arWﬁ}Qﬂiﬁﬂiﬂpon of nmutant henogl obins with replacenents dICT/US88/01534,
éhl(G?beta)Ell) Surprisingly,, the expre55|on of the human al pha gl obin -
gene in' heterologous cells has -nol been 35 reported. | ndeed,
~merely substituting the al pha gl obin 7 gene for the beta globin gene in,
~the E. col gepgpfessithe defiaglaliin Nggpe incthegE. cpddueppressiaregligi bI e
expre55|ons?g%$ﬂhe f'a@%ﬁé;0||etl”éﬁe'n&@dﬂEt£|0th 5@3 lnglét

appears tha ere s somethi hg about_the nati.v R i.n MRNA
sequence WAKPFESFAN er@S wFhR efemdbdant qx%nsPEPFSHn/ﬂ Qh@aaﬁﬁh%ﬂ host -

SUMVARY G:fEHthNVE'\iH:OHp @ars thd¥ thaye id ssewétieingt Bdbut! ke
di sadvant ages i.n, solutions as bl ood substltutes are overcone if

a mutaft h ﬁﬁéV&bP&péﬁ?e(ﬁ]é%b]t% RNA SeaueRFe nWhichippsrferes sith e

bl ood subgtirivientsdrarisiatiowulnl 4 BectetdalRoselution a P50 conparabl e
to that of non- 15 mutant henoglobin in RBC bound state. - Nat ural |y

occurring henogl obi n ' mutants which, in the erythrocyte environnent woul d.

‘inmpart to _ggygggL___gggggaggggggmgher than the normal value for whol e

bl ood (28 torr) are of particular interest, both in their own right and 20
for what they teach about ‘the structural foundatlons of - oxygen affinity.
I't islexpected Weat hawey dicvovereht -tisdt f t ehie sqiesadyan(tatgtasde dafhe

eryt hrocyt E'Pﬂ’ us.t 1%!1!“ u 3- DPG)

Wil | assungegB %ﬁ%?@%yg é%:%? gﬁga gﬂ. %¢#¥E0$L55%&%&ﬁ%kﬁ%rnal P50

for whole bfoad mmntthemogmppemspemqﬂms semmonwhlphe imeran '
typical cell-free blood substltute solutlon, would
impart to the- solutlon a Psp comparable to that of non-

- 15 mutant hemoglobln 1n RBC-bound state. " Naturally

o

‘occurring hemoglobln mutants whlch in the erythrocyte
environment, would impart to the erythrocyte a Pso
higher than the normal value for whole blood (28 torr)
are of part;cular 1nterest, both in the;r own right and
20 . for what they teach about the struotural foundations of
oxygen affinity."It.is expected that many such "right-
shifted" specles, ootside the erythrocyte environment
(and thus the rlght-shlftlng influence of 2,3-DPG),
will assume a Pso_comparable to or greater than that of .
25  the normal P56 for whole blood. |

For the purposes of thls invention, the term
"conventional hemoglobln A“_refers-to the species of

e -

Hgb A whose alpha and beta chains are of the amino acid
30 sequence given in Figure 1. This is the species which
is most frequently found in human erythrocytes" and
which ihparts to such erythrocytes a Pgg of about 28
torr. A "hemoglobin A mutant" is defined as any species
of hemoglobin A whose alpha or beta chain is of an
35 amino acid sequence different from that set forth in



| "conventi onal henogl obin A" refers to the species of Hgb A whose. al pha and

bes &-/chai nawey gg/@17ohe amino acid 30  sequence given in Figure $-
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which inparts.to such erythrocytes ‘a P50gof about 28 torr. A" hermgl obin A
mﬁant " is defined as any 'species of henpglobin A whose al pha or beta chain
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ggnvent i o%al éﬁe%o%?%ﬁsﬁgor %ﬂrﬁjaﬁé‘Speél cﬁqu%prﬁﬂ?o%fgﬂﬂa?u?‘ﬁl |y
occurring | ovore f comppskdb of namh aallphar earidldmta gFebinaldte 1¢ast Thre "
mut ati ons 15 : e [ { e h efa '. he
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adequate sup ow af | n|
SpeCles.

o A large number of naturally occurrlng low aff.uuty
‘Hgb A mutants are known. (See Table I). The mutations
15 may appear in either the _alpha or the beta chains of -
' the molecule (or' both,- of course). Thus, Hgb
Hazebrouck is a beta mutant (38(c4) thr->pro) ‘whose Psol
is 36 (in whole blood), declining to 27-29 torr in
vitro. ' ' ' B ' -
20 | . _
Clearly, one cannot depend on nature to provide an
adequate supply of these 1low  affinity mutants.
' COnsequently, the mutant polypept:.de chain will usually
be prepared art1f1c1ally, elther by direct polypeptlde
o 25 | synthesis, or, more preferably, _by in vivo expression
’ of the corresponding mutant gene in a suitable host
cell. This gene may be obtained dlrectly from the
genome of -the mutant erythrocyte precursor (a mature
.erythrocyte does not contaln DNA), as a complementary
o7 30 DNA (cDNA) transcribed from the messenger RNA of the
- ‘mutant erythrocyte precursor, by direct polynucleotide

'8

synthesis, or, pr‘efe_rably', by in vitro mutagenesis of
the gene encoding conventional hemoglobin.



Consequent

ly, the mutant polybeptide chain will usually be prepared

artifici woOgs/08lT%her by direct polypeptide 25 synt hesi s, or?C’ﬁﬂrﬁSS/OlSW 5'

referably, by in vivo expression of the correspondrng mut ant gene in a

This gene may be Dbtained directly fromthe genone of

t he nmut ant erythrocyte precursor (a nmature erythrocyte does not contain
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ai oﬁrzémle%tﬁ PhERYEEEHIn0Y F&r%ty pséyw&ﬁg&é&eewr&w S, °

I ng conventronal

sui tabl e host cel

of .the nut
or, prefer

heanIobin

ab z In vitro nut agenesli s gene enco
natugaliyofr osYRRReERGRAIYi s .Héneri akicp,t i@ ereate a

"conventi onghn-heaRahObhBmoglbb TRy R@1eZhAidled i¢i t hey ﬂeeérseaﬁy Oko .
_ synthetrcally I'n addition, to.create a functional enogl obi'n nDIecuIe

cE§§8F9et§P% Prﬂ?&%ﬁﬁ%Qrﬁﬁﬁ?oﬁﬂﬂﬂﬂ§:ﬁ%ﬂe?ﬁ Epéﬁdqﬂ?coupre

it is3ne
the. alpha

this inven
. mutants by

- beta glob

- henogl obi n
their sui

obt ai ned
whi ch conp
portion of
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20

25

aagpﬁgtanahgbma dHairss, also within the contenplation

tion to prepare-and use non-naturally occurring 10 low affinity

appropriate nodification and expression of the alpha.
in geme ded alsequethims st ycomtemplatdaonrrbblfantthls

of

-0r

_ | DFRRRIon (F5 pREEA "l “h-rBRRNTY BBl "0
described hiowi raff¥nity o nuwpants: sbyvamapmiahemdmlﬁﬂuammr mnday be

PEBEeRsishl 4 nensh Sipl, 4 LPRE] o SEBRER, Mot °RaBE

shbsegwentobias sgemlely sepdr ataed rdgomipitnant DNAenrgddbig .a

" Methods for selectlng . candidate sequences and.

evaluating thelr suitability for use in a blood

substitute product are described herein.

~We also have dlscovered that human alpha-globln
may be obtalned from a bacterial host by (1)
constructing a fused gene which comprises not only the

alpha-globin gene but also at least a portion of the

‘beta glébin gene, separated by spacer DNA encoding a
selective protease cleavage site; (2) expressing the
'qued gene in the form of a fusion protein; and (3)

cleaving the fusion protein at the aforementioned

cleavage site in order to liberate the human alpha-
globin. |

As a result of this discovery, it is possible to

| preparé entirely artificial human hemoglobin, that is,

30

35

hemoglobin_ in which both the alpha and beta globin
chains are formed in cells other than human
erythrocytes.  Such fully art1f1c1a1 hemoglobln is
ideal for use in blood substitute solutions. of
course, seml—ar£1f1c1a1 hemoglobins (one chain obtalned
from non-erythrocyte source) may still be used.

“

-



sel ectivé protease cleavage site; (2) expressing the fused gene in the
'fphﬂﬁ of a w8899t ein; and (3) cleaving the fusion protein aRCTMS88/0153#
afoqenentloned 25 cleavage site in order-to lLiberate the human al pha-
globin. As a.result of this discovery, 10 is possible to prepare entirely. -
.attificial human. henogl obin, that is 30 henmogl.obin in which both the
al pha and beta globin chains are fornmed in cells other than human
eryt’hrocyt es. i f h [ f ause. in
bl ood substitute soI %H:‘:A’c@é& é&@uar]éeﬁmﬂ(i@ﬂinficsl a g grmég; oBi ns
(one chain dptepdedsBbstitngs, nownsr ytﬂ’ﬂﬁi‘cyt@ sopnedrneg swith béhesed.

10 When ext rasy ed; pgt t&fﬂ raarmw&anc ki1 U%gnéng% e %qﬂ@% fMlign one

must be. concerned the toxicity rane
conmponert s WhRIGRtS c°ﬁ¥§ﬁ#na§8nt§hﬁnap€°dpﬁ§ prodtct is kppwnj sthagown

that erythrogyyenrstyeln s€2BmadUSanIYERAEE APEPAERDSPESEhcHYBERERS! ON,
arrythm a, dlssen1nated I ntravascuyl ar cqagul@ation,_  activation of

conpl ement , PERATENSIOD, oy STHEFARIAND ﬁ‘éﬁéﬁ@’@% slla§§BEP§FBaaﬁ th

i scheni a 10 co dlaeubﬁ | nfdciRtoh &ee E@ﬁPiem@x'{tﬂer Yancﬁ/”Qéﬁngy &

(bstetrics, 166 2% g éwgrch 1982&1 MacDonal d E.B. J. |

- 2(6) Abstr. BYRGA¥4sa4) and; hppatdc anqgﬁxﬁﬁ%P¢¥5FﬁQthﬁ? &ﬁ&hEE§Fetr|cs

(11?867?% 876al(td91?81)lteR&h]I§mafnmatdbnal ske @@KblaMBdSur 61|2§5, éﬁﬂ&c&io@? .
urifi 0 ra

known (so caﬁvgbsggFE&ﬁﬁif ﬁgng%# ??arg ol %ﬁé g%fa Fg pur e

hermpgl obi n sal uj i Baah8s En®t. heen p(6yunkdty. 8217 (1988); Stone, et

W al., Surgery, Gynecology and Obstetrics, 149: 874-876
(1979); Rabiner, et al, J. Exp. Med., ;2_: 11127-42
.15 - (1967). Whlle purified preparatxons of natural

hemoglobin are known (so called "stroma-free
hemoglobin"), Feola comments, "a truly pure hemoglobln'
_solutlon has not been produced."

20 Another concern with natural hemoglobin is

contamination with infectious agents communicated by
blood. = Bove, Progr. Hematol., 1l4: 123-145 (1986)

reported' that ‘hepatitis wviruses, c¢ytomegalovirus,
Epstein—Barr virus, eerum'“pervoviruses, -syphilis, -
e 25 malaria, filariasis, trypanosomiasis, babesiosis,
numerous  pathogenic bacteria, and AIDS are all
transmitted by blood transfusions. AIDS has even'been
: transmitted by blood transfusions.screened as negative
. for HIV antibody. Ward, et al., New Engl. J. Med.,
= 30 318: 473-78 (1988). . | |

The alpha-globin of the present invention may be
- identical in sequence to natural normal human alpha-
~ globin or to a naturally occurring hemoglobin mutant,



20 Anot her  concern “with natural henogl obin is contaninati.on

- with infectious agents communi cated by bl ood. Bove, Progr. Hematol |, UE_

14: 123-145 (1986) reported that :hepatitis viruses, cyt onegal ovi rus,
Epst ei n-Barr virus, serum parvovirusedp syphilis, 25 mal ari a,

f4i | ari asi s, try_panosom' asis, babesiosis, nunerous ' pathogenic bacteria,
and AIDS are all transm tted by bl ood transfu5| ons. AIDS has even been —
transni tt e@Tbit Blayobe EpapFheselabinseytanhodrioh iscpek kpewd gp padurant i body.
Ward, et ‘al., New E&Eﬂrdlﬂg tWe6ne adfect: 3§8the4frﬁre381c(nlg.ﬁ§ﬂe idherRhade- gl obin.

of the pre ent i nyenti.o be Irdent I'n se uence_to natural normal
umanal pIEe YO (oL F o BHERYr LR POECIedt FPoisT naArogL o Sk - 10

a- or it mmyf‘éxs;uae zﬁt ahmrg-ltobim compaaitimhifol ddgimitrktinen to na patiarnft

SerP i o2 d0edVe RRBFeR USRLRENE RO Bl RIOUERRAUR H2°

non-t oxi chion@omtlon for admnistration to a patlent so as to supplenent

- the oxygen-carryi ngn&apac e mﬁogq%i&may%élamurlbfy-%@&yﬁlﬁyt&m

henogl obi n may be a_natural | y-occurring or non-naturally-occurring

hemogl obi Mo afEably1acEuT e, heficgl hifed for the nutant henogl obin to be
whol |y .artificial.IPrif ﬁﬁﬂtfi]c)dl&m peiflerfé@® Forbhaniu DR sbinato ke P - of
at 50 Ieasth ;ggut 1 % eater than that of cell-free conventional

henogl obi n ¥e conditions. Preferably the nutant henoglobin =
contains a nutati oPlrewﬁe;rahlyaft:heccta:llt-flrze.eequmzaln!:.bttemlogldthtam\/\b&maihg0 Bf'satat e and

the T Stalf%agt éﬂaﬁt 10% greater than that of cell- free conventional hemoglobin

under the same conditions.’ _.g ' -

Preferably ‘the mutant hemoglobin contains a mutation which
affects the equilibrium between the R sﬁate and the T state of the
hemoglobin molecule ' ' . |

Examples of mutant hemogloblns 1nc1ude the follow1ng
mutant hemoglobins containing a mutatlon of the beta
' ~ Asni02 (G4) residue.
mutant hemogloblns containing a beta
Asn102 (G4) -> Thr mutation.
o mutant hémoglobins containing a His 63 Phe mutation.
Preferably the mutant hemoglobins contain a mutation of an
amino acid residue within 4 angstroms, as determined on a nearest

atom-to-nearest atom basis; of the heme moiety, most preferably a

_ mutation of a first amino acid residue on a first chain which is N\

within 4 angstroms of a second residue on a second and distinct chain,
~ as determined on a nearest atom-to-nearest atom basis, whereln said
first and second re51dues are a part of the alphalbeta2 or alphaZbetal

interfaces.



henogl obi n nol ecul e. Exanpl es of nutant henogl obins include the follow ng:
- nmut ant henogl obi ns containing a nutation of the beta Asnl02 (4) .
resi due. nutant henogl obins containing a beta Asnl®2 (&4) -> Thr nutation.
muf ant henogl obi ns containing a Hi s 63 ¥h® nutation. Preferably the nutant
h‘e gl obi ns contai n @ahbiat kRM@AE; an am no acid residue within 4 angstrons,
deternmined on a nearest atomto-nearest atom basis, of -the hene noiety,
‘preferably a nutation BRtaRt hemgel abingocoptadnings iRt asion: of | Pale chain
-Whl chis within 4 angstrons of a sesiAad ysegcple on a second and di sti nct
chain, as determ ned on a nearest at%g%to nearest . at om basi s, erei n sai d .

first and second residues aPB*% pa‘?"P bingeCOR IR NG A B EEIY FRA
i nterfaces. -10 b - Exanpl es i nedidde: 70n{EHNt. henogl obi ns- cont ai ni ng a

mut ati on of " beta residue 45,( n(r%& tnshggm_gmmgng mtt%‘ploggb& mut ati on

.of ‘beta residue 70 (E14). rrut ant |ns contarning a nutation ®of beta
67 Val. A specific exanple of the 67 rrentloned I's the mutant henogl obin

contains a mutation Plspbeimcbdxaiphe -of the 1a£¥im%htmzﬁﬁe£§ Qe titant
henogl ob| ns for ge according to the i nventlé nt ain a nutation wherein

" anot her ani AEMORLCRIP SOPGRANS & MFATLON 8f hera stvé ne, 158d wher ei n sai d
cystei ne i s. cross-| iOdhed ﬁmfaﬂﬁd}ﬂﬁt@ysmﬁogbotﬁam £h1eusé'mec6ﬁdmg3td ith@s used

acor ding 0,14 dyBuentd: ol A GAERIBh Yol i ShoGRIPLIESadlh RLAAL G PPOSPNAL e
' converted to cysteine, and wherein sald cysteine is cross-linked to
.  another cysteine re31due.' .
o . The compositions used acording to the invention preferably
further comprises an organic phosphate whlch stablllzes the T state of '
hemoglobin. '
Nontoxic pharmaceutlcal comp051t10n compris1ng a
non-naturally occurring mutant (as defined above) hemoglobln in a
pharmaceutically acceptable carrier are novel and form a further
aspect of the invention. , o
The invention further provides hemoglobin coﬁpositions
comprlslng cell-free wholly artificial, biologically functional
hemoglobln characterlsed in that both the a- and the P-globin subunlts
are derived by express1ng recomblnant DNA cod;ng sequences.
Said compositions may.further comprise sodium ions,
- potassium ions énd chloride ions, an oncotic agent, and én
antioxidant. |
The a-globin subunit of the hemoglobin compos1t10ns may
advantageously be derived by cleavage of a chimeric protein including
at least a 10 amino acid segment of a B-globln
Polypeptides comprlslng a covalent conjugate con51st1ng of
an a-globin moiety and at least a 10 amino acid segment of a 8-globin

are further provided according to the invention.



henogl obi n. Nont oxi ¢ pharmaceuti cal conposition conprising a non-naturally

occurring mutant (as defined above) henpglobin in a pharmaceutically - o/

acceptabl e carrier are novel and form¥further aspect of the invention.

\me i nventi.on furt hgdcolbREnd epNA R6DHUQEE Fob 0aRRSEdingNBoGREPEIgeE Nekeral | - free
olly artificial, biologically fupctional h | obi.n gharacterised in that =«

‘Both the ainaRRPOLRiNE BiFeht Repdalobig A (0SSP IPedcReRren 1RFRe IREEEI n o

r econbi nantaspidiscofli thg pesseenciowenGaind (Thepesinclods reegaifivashSNAconpri se o

sodi um i on Sj ' ans..chl oride. i.qn n COQf | , an’ .

anti oxi dan?l 9%%&%-%&%#%{%&%%#’ B,o "Che’ lgrrﬁigsﬁ §b$e(r?1£c(g‘g“l %% It otﬁsf%%y '-

“advant ageo@utledidde essiavercen yhidhe godrse onfexpresaionr far pnaloba slebindiang -at

least a 10 amOpaefidl 80P BEqRncd dHith] cdib®in exfiUs¥ PSP IFbH S GOMTY 1aSI Ng 2

coval ent conjugate consisting of an [err]-globin noiety and at |east a 10

am no aci d 19e¥HPRt agid gegnant| ofy2oBetR &1ePiPurt her provi ded according to the

i nventi on. -10 Cin BaewHcoatinak/ONADhAICHL RS ald PAPEE SRl Ngcpad ypept i des

useful in produci.ng nutant henogl obins.as described hergj.n formfurther :
epcots of Puntetiiad sRbBhtee B2 YeB2tal2a ¥y RCPARL Fisear D APRISRES ol coul o
conpri si ng whithisedeg ancexpmisdiduded gyenguencaef] sning acids shichupredidede
sequence i : | for . Q&? |.ohl an second

nucl eot i d\énsg%h%%ggév%ggﬁ%gg% grgl_rei[?rlg%ssi@%n- or %?%Pae%egt gc’;lé'i°10 am no acid
segnent of Fackert Xagl obin. I n _such recombi nant DNA nol ecul es said first and
second nucl eoti de PRS$RB6RE ndEPactee sRh@shdRYid afivirdageangr pddidisesguence

36l et ve. BPoRR e RS gt 3¢ SREPELer ba Trbredtns o ghS biBel! o, °

caodon of the first nucleotide sequence in the course of the expression o/

of the fused gene and preferably codes on expression for the
N-terminal of a beta globin.
| Methods of producing hemoglobin which comprises (a)
'-producing alpha.globin by'(i) introducing a recombinant DNA molecule
'as defined above into.a suitable host other than an erythrocyte, (ii)
expressing alpha globin éither ih'free form or aé part'of_a fusibn
protein, (iii) if need be, cleaving said fusion protein at a selective
cleavage site to 1iberate the alpha globin, and (iv) recovering and
.purifying said alpha globin; (b) obtaining beta globin from a source
other than blood; and (c) ﬁreparing hemoglobih by combining said alpha
and beta.giobin and a sourcé'bf heme form further aspects of the
invention. a o _
_ : Hémoglobin comﬁositions comprising a solution of cell-free,
mutant (as defined heréin) hembglobin in a pharmacéutically acceptable
50 under -standard physiological .
conditions of 24-32 torr are also provided according to the invention. :

carrier, said solution having a P



The second nucl eotide sequence is advantageously positioned so that its _
f4 st codqnd&(,@ﬁg prior to the reading of the first codon:of hp strsgh 34'-
nucl eoti de sequence in the course of the expression of.the fuse ene d

pr ferably codes on expression for the Nytermi nal .of a beta globin. Methods
of roduci ng henogl obi n whi ch conprisesh?a) produci ng. al pha gl obin by (i)
introducing a reconbi nant DNA nol ecul-e as defined above into a suitable
- host other than an erythrocyte, (ii) expressing alpha globin either in free
formor as part of a fusion protein, (iii) if need be, cleaving said fusion
- protein at a selectlve cl eavage site: to'Iiberate t he  al pha globin and (iv)

recovering and purifyin sald al pha- gl obin; (b) obtalnlng beta gl obin from.

y

a source other 'thaM %k@lfpﬁeﬁ#ﬁ%ﬁeﬂﬁg}‘%@“ﬁe OFo nedai d
al pha -ands betax {;ahl N 223 A SOUT GRyPT MR F ORIk t bR agned o lxﬂfrt&}e

i nvention. obi n conp05|t|ons conprising a solution of
nut ant (as deFPﬁéGnﬁéraéﬁWn%e%gI%:Ln FRLEUBRS, nA¥e A% XY TAEEEPTa 2

carrier, saidegghutsiidiving a P under standard physiol ogi cal 50
.condltlons of 24-32 torr are.also provided according to the invention.

11 Mt ant "henogl obi ns, whet her of reduced or enhanced 5 oxygen afflnity,

may be of value fipe abppended 021aQneenarat ih’-é’ifebﬂ qeidofp&iamz@a w for
~extracting 02_fromfluids. TTfha% pended_cl a | 1B are her g inc rpqéa? ed by
10 reffencESERESTN SR EAPEr SORELOR, Bfe: SHREERENT &
enbodi ments. BReFerREdCRIIddINéRtIHE DRAW NGS 15 ~Figure'1 shoms t he
am no aci d sequence of the (a) alpha and (b) beta chains of :
ce\yentlonal human . : :

BRIEF DESCRIPTION OF THE DRAWINGS

15 E;gg;g_; shows the amino ac1d sequence of the (a)
alpha and (b) beta chains of conventlonal human
hemoglobin. A, and the nucleotide sequences. encodlng
these chains. | ' ' ' | |

20 ' .Figure 2 shows_seiected DNA sequences and enzyme
restriction maps of (a) M13 mpll FX, (b) chIIFX beta,
and pLcII beta, and (¢) PLCIIFX-beta~FX-alpha. Note .
that pLCIIFX alpha lacks the codon encoding beta His
- 2 in Figure 2(b).

' ~ Figure 3. shows equilibrium oxygen binding curves
: for artificial conventional human hemoglobin and mutant
: human hemoglobin having the structure of Hgb Kansas.
. 30 . . o -

DETAILED DESCRIPTION OF THE INVENTION

'One'aspect of this invention is the cloning and
. expression of an exogenous alpha globin gene in a
35 suitable host. The host may be a procaryotic cail



henogl obi n A and ‘the nucl eoti de sequences encodi ng these chains. 20

- Figure 2 shousg/eahect ed DNA sequences and enzyme restriction WM/D”SS&@)S‘V
M npll FX, (b) pLcl|FX beta, and “pLcl | bet a, and (c)

- pLCI | FX- bet a- FX- al pha. Not e that pLCl hBX al pha | acks the codon encod| ng

beta Hs 2 in Figure 2(b). 25 Figure 3 shows equilibrium oxygen binding .
curves for a(guéhmﬁ aorﬂ.ent:b& 43! dwnman dumgiathice eedlnugsudh hegara <

THE | NVENTI FPRRE E8HdcErof TP Sty B S (FecriRhR AP i on

- of an exogerwiilal pbaagllgbl codiene oni nexpl¥essisui t fore ROSspolypEpt idest may

be a procar 8/ 91
pCT) USss) 015505 e p8Benatng, B &) PREBFARLY SRTHEFAS) PR SRR yeast
- cell or @ neghebian amrx)lalﬂwa: aaphargladbu rbgkenmayi | correspiond todea on
- expression  h8hnuiaBl APERLI 4L SOLH SSRANTLARELA gl Attt g human
~alpha 5 gl oDbi norna correspon 0 a non n
al pha gl obi. nchurrnnGear@émummmdcxmm Iileb%uglbhgnanal Frefexabdibwn
al pha gl obin r n lp?g?, [ S enbl ed
[ nltoo agl ow a f| n| t ftﬁ a?f l?/ %\gurr%?a%ts a%ségj éli?\d aaﬁ%Sﬂgi% %‘S"gg:&tsl tute
conposi ti on. 10¥hea fpnétm ob¢n°géﬁblns BRpabtsclons waet 1 & f dH@edjene '

- Whi ch aiéo cggggtggugépmdylgﬂn at least a portion of the beta gl ob| n
gene. In a preferre .

Th'e alpha globin gene' is expressed as part of a
fused géne' which also codes_-on'.expression for at least - u
a portibn of the beta globin gene. ‘In a prefefred
15 embodiment, the alpha and beta globin segquences are -
separated by :s_pacer DNA encoding a selective protease
cleavage site, in particular, a site -susceptible to
specific'cleavage'by'Faétor Xa.

20 : 'P'referably., the aforementioned fused gene includes
' a .subsequence which codes on expression for the 20
amino acid N~terminal of beta globin.

‘As previously. hoted, the alpha globin' of the
.25 present invention is advantageously combined with rDNA- W
derived beta globin and a source of heme to obtain '
fully artificial (derived entirely from sources other
_than blood) hemoglobin. Such -hemoglobins, and .
especially 1low 6Xygen affinity hemoglobin mutants
30 produced through use of selectively modified alpha | T
and/or beta globin genes, are of value as blood
substitutes. Semi-artificial hemoglobins, in which the
only chain obtained from a non-erythrocyte source is a
mutant sequence and the mutation imparts reduqed oxygen
35 affinity to the molecule, are also encompassed by the



15 enbodi nent, the al pha and beta gl obin sequences are separated by
spaser DNA ¢ selective prot ease cl eavage site, in partp g

sit s“l]scepfwgl e to speC|f|c cl eavage by Factor Xa. 20 Pr eﬁ(g%?sﬁgy _
the aforementioned fused gene includes a ;sjbsequence which codes on
empre55|on for the 20 anino acid N—tern1n§1 of beta globin. As previously

noted,  the %rﬁifﬁrﬂl il &30 RagscaisbnVeal | adds abvanpgepusly

conh¥ned W th r|ve eta gl obin an a source of hene to abtaln

fully artifici Substdiiutes ent i Ualess opthartae odindiqated, pItdhw)) term

henogl obi n. "E%Ifﬂq@lg‘ OBinBFacedNbOERE Ghahl |&H\ﬂoé)é9ﬁ“-a%f€1ﬁéﬁ’al
henogl obi n nmut ants 30 produced through wuse of selectively nodified

al pha and/ or . E&XRS gl obi n genes, are of value as blood substitutes.
Sem -artificial heanIoblns i'n which the only chain obtained froma

non-erythrocyte source is a nu ant sequepce and the tation inparts
reduced oxygen 35 I f PHI O RPRHEELAFE, %ﬁ’%s%ﬁ’g% ng g FPY he

13|_presenth inwﬁﬁmgninqﬂmtzﬁayaﬁﬁh&@tybeaﬂpﬁﬁi @@l beoad muhﬂ?ﬂsﬂehmll,
Unl ess ot her cate the term"artifjcial” ces y
o sem Sarti 1 hengd EbAR “hror.' Ciae: 2B adhand o SinsElPRPEsS, ML 1R

for deSigning rlenessdYy rid yundépdttandrthéestructuzet of thehdemggiobin f or

use Egood 4¥£§§ﬂéLﬂes it is necessary to understand the structure
of the he gloﬂ hnlecule.'The structure of conventional henogl obi n °
|s wel | _ :
The structure of convent10na1 hemoglobln is well
RN known. We herewith incorporate by reference the entire

text of Bunn and Forget, eds., Hemoglobin: Molecular,
15 Genetic - and Clinical Aspects (W.B. Saunders co.,
‘Philadelphia, PA: 1986) and of Fermi and Perutz
"Hemoglobin and'Myoglobin;" in Phillips and'Richards,_
Atlas of olecular Structures Bioloc (Clarendon
Press: 1981). o ' |

20 - | _

' _ The-primary structure of a polypeptide is defined
by its amino acid sequence and by identification of any
modifications of the side chains of the individual

s “amino acids.
—

25
| About 92% of the normal adult human hemolysate is
_ Hgb A (des:.gnated alpha2 beta2, because it comprises
2 o _ two alpha 'and two beta chains). The alpha chain
i 'p consists of 141 amino acids (See Figure 1). The iron
: 30 atom of the heme _(ferroprotoporphyrln IX) group is
bound covalently to the imidazole of his 87 (the
"proximal histidine“), The beta chain is 146 residues
long (see Figure 1) and heme is bound to it at His 92.

35



- known.: W herew th- |ncorporate by reference the entire text of Bunn and
Forget, W 88/08®ogl obin: Ml ecular. 15 Genetic and di mBGT/LS@ﬂBé?éJ
QM[B. Saunders Co., Philadelphia, PA: 1986) and of Ferm and
Perut z "Henogl obi n and Myogl obin, " |n ¥4nlllps ‘and Richards, Atlas of

- Mol I Structyres in Biolaq n_Press:, 198 20 The primary = .
strﬁg'gu?e of ; p?g'irﬁﬁ'e]p P&@gl%lg%eéif H§B°g °g11§ PPRGLES; c;rs%q@@ﬁ’ceAand by  ~ .

i dentificatighn R{,anHgwdRAkpcat ands Hgﬁ A?j Slacb- wBanlnsa®f thke raﬁléw dual™
am no acids. 25 Aboyt. 9 @6@%9 nor ul t qg n henpl ysate is Hygb A

(desi gnat eFPEIFR BEPa é- |t Pw§§s 9h| GRYersty ¥8Pbeta
chains). Portlamha HghaHp amﬁﬂﬂgh;nﬂrﬁ41 aneyoamE(Bistiﬁgﬁigwée 1).

Coval ehrty brop B e of catEPRRERY ShEREREE Docl Mor dh¥Pians. o

The beta clkhiadnss 146 residues long (see Figure 1) and herme is bound to it
at Hs 92. 35 14 Qcher recogni zed henogl obi n species are Hgb A2, ‘Hgb ..
Al'a, Hgb Alb, and Hgb Alc, as well as the rare species Hgb F, Hgb F1, Hgb
Gower-1, Hgb Gomgnzenﬁ@boﬁormlamepﬁgbe H;hannSHgthabe suaieylazed

di sti ngui SE @old{.ﬁgml'ﬂb% ¢ achf’ g R %h?| Zeétg.%'n%ége%hge

chai ns. Segftents o ept | ai ns may | di'ng into
one oﬂotwoa&mhﬂnth##oandttbﬁstﬂﬂapleatGd sheet. 1In 1ts native

state, about 75% of the hemoglobln molecule is alpha-
“helical. Alpha-hellcal segments are_.separated by -
segments whereln the chaln 1s less constralned. It is -

: conventlonal to 1dent1fy the alpha-hellcal segments of
15 "the  each chain by letters, e.g., the proxlmal
' hlstldlne of the alpha chaln is F8 (residue 8 of helix
_ F). The non-hellcal segments are 1dentif1ed by letter

pairs, 1ndlcat1ng which hellcal segments ‘they connect.

Thus, nonhelical segment BC lies between helix B and

20 helix C. In comparing two variants of a particular
hemoglobin chain, it may be enlighteningﬁto'attempt'to

align the helical -segments ‘when seeking to find
structurai homoibgies. For the amino aeid'sequence and

_ helical residue notation for conventional human

25 .- hemoglobin A, alpha_end beta chains, see Table 4.

The tertiary structure of the hemoglobln molecule

'refers to the sterlc relationships of amino acid
residues that are far apart in the linear sequence,

30 while quaternary structure refers to the way in which
the subunits (chains)' are' packed together. The
tertiery' and quaternary structure of the hemoglobin
molecule have been discerned by X-ray diffraction
analysis of hemoglobin crystals, which allows one to



10 -al pha helix and the beta .pleated sheet. |In its native state, about

75%-0f, t he HY@DER/OM7R nol ecul e is-al pha- helical. - Al pha- hel i cRCT/US88/01534
segngnts are separated by segnents wherein the chainis less = '
constrained. It -i's conventional to identi¥S the al pha-helical segnents of
1% the - each_ chain by letters, - e.g., the proximal histidine of

the al pha chai Falsuiate ethaudiras-dicmensignal TresAsions | @l thegieeXy are

i dehtified by | Rl FRidre mére&@iéng which helical segnents they connect. -
Thus, nonhel i caﬁ segnent BC*‘?%E' bet ween- helix B and 20 helix C In -
conparing two variants of a particular henoglobin chain, it nmay. be

enlightening to attefpti£s ahbgfgehatreadl Ce8ONENES Wren ferekitiendeém f i nd
structural honpl ogies. . For the amno acid segﬁegce and _hel i.cal resi due
notation f& c i e FRRRENDES 88 oBEBBELoRIN, Bﬁ‘& et RIRE ns,

see Table 4. Thetaar!i @hd betalhurforn aheechedbedrim naviryl a rafefsldto
the steric relationships f am aci d residues that are far r{ in
the |inear seq@tk,© Osgmﬁ(ﬁrﬁg'qua&&eneﬁ’?%t FHEBuPWLf Br &3 I‘tTf‘lsla@n%ﬁi n .
which the subwgdrergdhasawsitytye rrokedubugitdierinterdde twithargnend
quaternary structyre of. the henogl phjn IeCﬁqe ‘haye_ been_ di by
Xeray di1frac@NTFIER BEi Desns i Van; Aeg JAaks TRrFeR artoiydneden
15 cal cul ae t hridy e¢ad@peniai othe mEsd i ofs deoxyhensylolim sbyf ‘tselt
mol ecul e. I n its .uhoxvpenat (" AVAN o] S S N " t he
subunits of h’é‘ﬁb%eo%?)n’ (igﬁhglq%%aélbﬁtaai %%? a??p g%gg%§f3 gzéqtoérzfnf%ges :
tetrahedron hawewa ént wafedlatt dxedyof fiwedet rduringheoyygenatiaondown aln
vvatir/--ﬂ '1ed " contrast, there is considerable flux at the alphalbeta2
- . (and alpha2betal) interface. 1In its oxygenated ("oxy",
15 or "R" for "relaxed" form), the intersubunit distances
'~ are increased. ' |

The deoxy conformation 'is stabilized by numerous |
interactions, including, for example, the hydrogen bond
20 between Tyr42a_lp.h_a' and Asp99_be_ta. In the oxygenated
| - form, this bond is broken and a new one formed betwegn _
‘Asp94alpha and AsnlO2beta. | '

Various different approaches to modification of N
. 25  hemoglobin may be adopted. In each case, a candidate |
| mutant is selected which, on the basis of the available
evidence, is believed to be likély to have a lower
affinity for oxygen than conventional hemoglobin.

L 30 In making this selection, it is possible to
| consider not only the known effects of various
mutations of human hemoglobin, but also the oxygen
binding capacit_y of known forms of animal hemoglobins,
and of rei_ated compounds "such as carboxyhemoglobin,
35 methemoglobin, myogiobin',__ etc. ' |
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at the_alphalbeta2 (and alpha2betar)
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rgverqg;nng t he.

ene I n.a heterol o gﬁs 5 system

'Eggg;xaszl ri% i pe},\{ag.'s,oglrlglb trosaki (a;pha43 he->Leu)

~and Hb .Moablt _(alphasngu->Arg)l are of special

15"

‘interest.

Alpha globins are more readily oxidized than beta
globins becauSelthe His(F8) to O, bond on the alpha
chain is sllghtly stronger -than on beta, so that an
electron is more readlly lost by the oxygen. Alpha

-globlns could be modified to make them less oxidizable,

.20

- 25

- 30

- for example, by the change alpha63His->Gln or Val.

Chloride ion”binds to the alpha chain by bridging
between the N-terminal NH3* and the hydroxyl of

*alphal3lSef, The effect of chldride 'binding is to
increase theé Pgg slightly. It is believed that by

changing alphal3l to Glu,_ASp or Asn one Could achieve
the same effect _without resorting to chloride.
Alternatively, the pK, of the N-terminal could be

. increased. The natural human N-termlnal is vallne,
‘with a pKy o0f9.72. This could be replaced with Ile

" (9.76), Pro (10.60) or Thr (10.43).

35

Beta globin mutants, and additional alpha globin
mutants- whlch are llkely to impart' reduced oxygen
afflnlty, are dlscussed below. '

-



al pha gl obin nutants. Several |ow oxygen affinity henogl obin al pha chain
nutehts ar eve ssesroknown. Of these, Hb Titusville 10 PCT/US88/01534
(al §ha94Asp=>Asn), Hb. Setif (al pha94Asp->Tyr), Hb Torino .
(al pha43Phe->Val ), Hb Hirosaki (al pha4d3Phg7>Leu) and Hb Mbabit

(&l pha86Leu->Arg) are of special interest. 15 Al pha gl obins are
mo( e readily oxi di zed than beta gl obins because the H s(F8) to O2 bond on

t he7al pha chai t K0 t han on beta, so that an electron is
nore readily Iék é .H : g QQS{-_ pha gl obins could be nodified to nake
t hem | ess oxi di zabl e, for exarrpl e, by the change al pha63H s->@ n or
Val . Chloride ion ds tot | p sﬁ.h:?! by bet n .
N-term nal NH3+ big t é) E%déoxgﬁ g?phézll%g Csig?gge Th‘%ﬁgffgt]trhe
chloride & ndu¢@1¢sntnat$on nfcréa%-eDP@nesumcherg:im yto maxiimizee| theed
that by changi hal co C
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effect w'thout esorting ernatively,
N-t er mi nal cd‘tﬂfﬁp‘l)bob-h%réas@e biped natThés pURbAeR tC‘@rfml?%lIO"?SCQEPl ne

30 . with I
(10. 6\(I)VI) oraThﬁ %@aﬂﬁlzlﬂe' Sh%g?ngrﬁ%te SL%%C ?ﬂéﬁrﬁddolﬁaéaggg@rlg ob| n

nutants whi cHPT ahyd nqqeay pRAS| AR%xo \P%%@CM BR?EBF\“%F“‘H&‘P??F#B?- are

i scusseckdoel ome crbésﬁlelmﬂlﬂg ng gt heeﬂoéiasfnltma sitBaelf PoeshPlgzet O
rairse the a:ﬂs concentration of 2 3-DPG sufficiently to rraX|mze
ca

t he oxygen ' |q"195t’é‘f“FF‘éF§nE9 sgpe ex&enteonventional

< Hydroge_n bonds , a_nd ionic salt bridges are the
- ' predominant stabilizing' f_orces on the surface of
15 proteins. Hydrogen bonds are weak non-ionic bonds
formed between eleCtronégative atoms (eg.' oxygen,

nitrogen; sulfur) and protons that are covalently

attached to other electronegat:we atoms. Individually,

'hydrogen bonds are weak (eg -1 kcal/mol), but in a

20 protein there are hundreds to thousands of hydrogen

bonds that collectively amount to a large stabilizing

force. An exampl_e. of an hydrogen  bond that is

important to hemoglobin structure is the hydrogen bond

‘formed between alpha-asp®4 and beta-asnl®2 in the oxy-

o 25 state. When either of these residues is mutated to a
residue that can no longer form this hydrogen bond the.
. oxy .-state 'is destabilized and the molecule has a zﬁ'uch '

. lower O, affinity. Hg Kansas (beta thrl02), Hg Beth
o ~ Israel (beta serl02), Hg Richmond (beta lysloz) , Hg St..
30 Mande (beta tyrl02), Hg Titusville (alpha asn4) and Hg

Setif (alpha tyrl92) are all examples of the importance

of this hydrogen bond. Other 1likely non-natural
mutants that will achieve the same effect are beta _

‘aspl02, beta glul02, beta argl02, beta hisl02, peta



heanIobln in the bl ood.
~state w tWQ8RI09178nal

efigi neering. 10
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15

interactions ‘such as these are destablllzing.

Stabiliz_ation of the deoxy state of Hg by 2,3-DPG

is an example of ionic interaction.. The 2,3-DPG

molecule is highly charged at neutral pH' (5 negative

20

25

30

charges)- and interacts with elght residues -in the 2,3~
DPG pocket that are posxtxvely charged. It is felt
th;\t by engineering more positive charge into this
binding pocket that 2,3-DPG would bind more tightly to
the engineered. Hgb than to HgbA. - Another example is
the alphaj_./betaz interface where alpha asp®4 hydrogen
bonds to beta asnl02.. Replacing beta asnl02 with a

‘negatively charged group such as asp or glu will

interfere with oxy  state stabilization by charge
repulsion with the like charged alpha'asp94.

Thus, certain amino acid. resid_ue' changes can
facilitate the formation of the desired hydrogén bonds

‘and salt bridges.

35

The T conformation can also be stabilized by the
substitution of cysteine residues for other residues.

o



5 juxtaposed residues of -opposite charge. These interactions are -
of, \&gc-h greaverssgoesgt h-nol e for nole than hydrogen bonds. An PETAUHSS/01H34
attriaction of unlike charges. would be the interaction between a |ys and -
asp residue; at physiologic pH both ofi9 these 10 residues are -
char ged (positive and negative, respectively). Repulsion of two
j uxt aposed pos ctyls\ttnihar e iudsno mapt aﬂosed-ussg-émnked: hdnygeslimul Hids

W int
S abi i zat i on bPAR" deossiut AREERR of LA b ldneld w-ray data of
‘jonic inter actmemhemogl‘ﬁmm Zsﬁgmsoltémﬁ e¢he hlgh&y/bh&ﬂged-rmelrﬂﬁﬁe al
pH (5 negati ve, | g.dgesge ang [ %gﬁ%%tls i[é’bgl g{% Zﬁﬁtdu%ﬁel n&ll'éql foﬁ DPG

pocket that ar ¥PeS 1 iVel y_char engi neeri ng
more positBve Comvenientiyhitheredang 'pﬁokelphhaala xesnéuﬂﬁﬂ & mndor e

tightly to the g| n 4§y t

al phal/beta2 i r??e%rface %er%iﬁfag 3%%63?05%88&%?@?%@#&% tainﬁ%tza o
Repl aci ng "bet a Gddn1GPSwi t hHange. afegﬁilrﬁﬁl wlanae gé8 IF obBoughén thatasp
or glu wl| 'ntaaﬁih%[ G C%P G:PBWwoé%&tBe ﬂﬁmg &btan folay c@agr@mues

repulsion with ar ged a asp9%4 certain
amino acid ré&s doe adfdsfhes KWRC lP%Pél Islttrétt@%ealPB‘l‘Frat‘iW%f tohd 5d"‘la%?red

hydrogen Rgnds @andislded’é4lyose Jeadacsyf ehBRhteR, gan.at:s.om stmn zed
by the 35 substitution of cysteine residués, for ot her resi dues.
88/ 09179 151, 261-287, 1981. ‘Oxidation F%ﬂ'/ USys 5 lgto

;(EAxfstei ne res:c@i%&xlf%il/e bﬁ‘c eﬁﬁeé)nksdndby cdhsubki deaerida out by
aT/natlon © treea n?eml: Sw:e.thxorza%r caata{yzed by thioredoxin (P:Lglet,
' V Am. Biotech. Lab §, 48-52, 1988) '

15

Modifving residues near the oxvge .bi_nd'n site

- ‘Heme (haem) is the prosthetlc group of hemoglobln,
myoglobin, catalase, perox;dase, ‘and cytochrome b. The
20 heme is inserted in a cleft between the E and F
helices. The heme iron is linked covalently to the
imidazole nltrogen of the "proximal" F8 histidine.  The
"distal® El1 valine appears to guard the access of
oxygen to the heme. pocket.
25 o _
' Val-Ell and His-E7 are highly conserved residues
- which are in Van der Waals contact with the oxygen
Ny ' molecule liganded to the heme iron atoms of hemoglobin:
' by. replaclng these residues the intrinsic oxygen
= 30 affinity of hemoglobin can be altered. Val-Ell has
- been replaced with Ile, Leu, ala and Met. The oxygen
affinity of the Ala-Ellbeta mutant was higher than that
of HbA; that of the Ile-Ellbeta mutant was lower. X-
ray crystallographic study of the latter mutant showed
35 that the delta-methyl group of the Ile side chain must



nmet hemogl obi n suggests that the al phal/betal interface would be a

I'ogi cal WPIB8#91790 put the disulfide. 5 Conveniently, tIPROHUSSS/OIS0 W
élpha al a residues, Gl7 and Gl8 (ala is sterically simlar to cys) adjacent
to beta Gl4 cys. ance,'at.first glarpe it is thought that al pha G17 or

Gl8 woul d be likely spots for cys residues to be added. Further strategy .
about wher bet pysheasdt 46 ondi sikde des oargdre bsi tedblindThw ntion, dxrdh J. Ml .
Bi ol . 151, 25L- 287, 1981. Oxidation of cysteines to disulfide o/
(Cystines) tbonds can be ‘carried out by treatnment with O2 or catal yzed
by thioredoxin (Pigiet, V Am Biotech. Lab 6, 48-52, 1988). 15 Modifying

resi dues near th d?ﬁ%?ﬂ] f%%#@léﬁtetﬁﬁeﬁ &Qagﬂgv ?&eprfgthgétg group-

of heanIobLn, ase, peroxi dase, OChroTre The 20
" heme Ps HASS e-n  aThisf thykan®ehasheank an’draﬁrdenateiy 1adWe hene

ironis liB&?ﬁé "gféfiﬁiﬁyéﬁ?é éﬂlgaggle nitrogen of the "proxinmal" F8°

hi sti di ne. _ I ne pears to guard the access of oxygen
to the hene pocket. 25 Val-ElI and Hi s-E7 are highly conserved residues

‘which are in Vagilematal enspatast %&Ent hshewge%n%@ eqfle 14 d to the
heme iron atagns ,of henogl obin;_ hy, replacing these residues the trinsic

- oxygen 30 affamityy off  heRRFARIN cFrbe ket Akteredvat ElWikhs bgen

repl aged wireb 1Lalcagn$eyes&hae%ndci\®ée tee %g%lacyq‘ i "bina9hgt hei ¥ a- El | beta
nmut ant was hlggsr an that of e- El.l bet a nut ant was

t hat', of
lower. X- P¥y 30IPSHNDH%XNIRR §$§H915¥ iRet &&Ft@PMﬂHH%ﬂ?@ﬁ*ﬁ*ﬁP@B ‘that
‘the delta- ot foptygEouprahspbet! loansisée mdwimi#e@t in the absence of

allosteric effectors such as 2, 3-DPG. - _ -

15 The following ‘residues of human deoxyhemoglbbin
are, on a nearest atom-to-nearesf'atom basis,.within-4
angstroms of ~the henme moiety; Alpha B13(D)Met,
C7(E)Tyr, CEl(D)Phe, CE3(E)His, CE4(D)Phe, E7(D)His,’

. E10(D)Lys, 'E11(D)Val, E14(D)Ala, F4(P)Leu, F7(P)Leu,

20  F8(P)His, FG3(P)Leu, FG5(P)Val, G4(P)Asn, -GS(P)Phe,
G8(D)Leu, H15(P)Val and H19(P)Leu; and Beta B13(D)Leu,
C7 (E) Phe, -CDl(D)Phe,_ CD3(E)His, CD4(D)Phe, E7(D)His,
E10(D)Lys, - E11(D)Val, E14(D)Ala, F4(P)Leu, F7(P)Leu,
F8 (P)His, FG3(P)Leu, FG5(P)Val, G4(P)Asn, G5(P)Phe,

25 G8(D)Leu, H15(P)Val, and Hl19(P)Leu. -See Fermi, et al.,’
J. Mol. Biol., 175: 159-174 (1984). (In the above
list, "pr denotes "pfoximal", upw, "distal",'and."E",
"edge-pn";)' |

30 ‘These residues are therefore candidates for

' modification. - Consideration should also be given to
pairs contacted through bound water molecules. See
Ladner, et.al., Mol. Biol., 114: 385-414 (1977).



20 be pushed to one side if oxygen is to bind to the iron atom "Anot hér

al t'eration degg{mg have nade 1is beta 5 H s63- >Phe. Thi s PUTAUSSS)IS34
an Q(t?aordl narily |ow oxygen affinity (See Table 3). It has therefore
been” shown that the oxygen affinity @ff henoglobin can be altered
atewi Il by 10 . replacing residues close to the oxygen binding site. By

ad] EE“ ng oxygen af Muﬁatﬁit?r{‘s tdﬂbewlal H&eia&{es:;?cycni) pxygeqctmaant .
can e maximz apsence al lasteric eff.ector,s suc 5
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%t-ohmto- ne?r)eSEeah@meba)sbs Miﬁéu-est‘l d.lmgs.udmsuof(cnh)e, HEne(ChY) gt V38

pha B13(D T P (E)H s A( 7(QH s,
E O(D)Lys, %:B))Val 61 5(31:9))A| a? nd Q%D) L‘ﬁ%‘) 'F7(P)”‘Llé’E‘Fa ?&%%ngs%

F&(P) Leu, 5 F(E.@Itb‘w.‘dst Iﬁkﬁmdenu @R@))Phel,s GBXER L cuS8 H{ETP) VAL afELO)
H19( P) Leu; and 3 Bl@( Leu, C7(E)Phe, CD1(D)Phe, CD3(E)H s,

CD4(D) Phe, FB‘;’H 3 lg%)D) Lys, ElI(DyVval, El4(D)Aa, F4(P) Leu,

F7(P) Leu, F8( P\H s, F&(P)Leu, FG&G(P)Val, &4(P)Asn, G5(P)Phe, 25
0t S e Mt bt e o pfhng,
"distal", and site "Bwfe- zmte;fene with %demlanesalapedeﬁmaalﬁe

candi dat eg fo%e@agigé Caéf0nthex?‘e)ni'o@ie-ra%t 19{1 oy abiﬂd@ﬁgg' \fﬁtdﬂepa' rs

cont act ed throug ound wat er nol ecul es ee Ladner$ .
114: 385-414 ( )acmg resmues that are ad]acent to the face of

- heme that binds 0, can result in lower affinity. A
-\.; ' naturally ‘occurring ‘mutant Hg Bristol (beta67 val--
' >asp) has been described with low affinity. Other
15 mutants that are desirable are the beta ileb7 described
herein, beta asp57 and beta glu67 Other residues are '
also in the vicinity of the O, binding site. Histidine
E7 (beta his®3) can be replaced with phe which results
in very low Op afflnlty.' The other llkely residue for
20 . mutation is beta phe42; replacement with trp is likely.
to result in low 0, affinity. The corresponding
residues of the alpha chain may ke altered instead of,
or in addition to, these preferred mutations of the
_ beta chain. |
25 o | _
' Replacing residues at the alphaj_ beta 2 contact and the
central cavity. | o

The oxygen affinity and’ cooperativity' of hemoglobin
30 'depehd on the relative stabilitiés of .the T (low
affinity) and R (high _aff'-inity) quaterhary states.
These two states are in equilibrium with each other but
one state may be favored by mutations at the alpha;
beta, contact or in the central cavity. There are many
35 naturally occurring mutations at these sites, -and



WD 88/09179 : o ' PCT/ US88/ 01534 21
Mut at i onY QBB 1 esi dues 42 (CDl) 45 (CD4).and 70 (E14) %?EILSﬂGIOIS‘u
particular. interest. “OGther beta reS| dues of i nt erest .i ncl ude 43 -
(CE1l), 46 (CE4), 58 (E7), 61 (ElO) 2and 62 (E11). Al pha residues

~of 5 interest d 3 CE4) 58 (E 61, (E10) . and 62 (El1).
" In general, q’ﬁﬁ%‘f oﬁg gyOlﬂé%% E‘ﬁdb d°rfg"§)1(‘b‘-‘-t+|'gt degigriege wit h- .
@ bi ndi ng arsembdgbodtni nobeeule wittcakwe detfirddgpropeppiaklinity @ o/

bi ndi ng”™ nature. Replacing residues that are adjacent to the face of hene

that binds @ can result in lower affinity. . A naturally occurring nutant
"Hg Bri stol (betPifdsvalalplrasp)l hessbaaesdesaridagdre th s8ycal Thei,ty.
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oot ton | SEGaI L TN aach,  UGREEPEVE: KShY T0 (HEs [ REq TBre,
‘@ affinitadl knmma tor Adepostthinr dsi angstoémshofil pha least uafe ?ﬁ

I d , e
et o ohal nTEEdE o ¢he Ml ohaint WP nahEC A PALALEP0R 8L |1
cent r 0 ca\ﬁltn}ﬂ-laFFkYoxylg@ha&ffrﬁF?@u&ﬁd d&@d&@t)lﬂms.y 014$1éH63D'BMrm 30
depend on 3387 pLall,ve 16630d)AdRS (ifoz.t{t?:s)Elu(' ow gbfigd o, and R

(hlgh afflnltéé) quat ernary st at es. fat’es arelnewllbrlum

with each GhEFIDASBre s§8HUEFFBY ViRl ¢ av§r7eﬁf'<b‘§r) Hidgat i o3 (§t93£)ffélal:pha
beta2 cont agt (@7) PHe h@oqeet)h&b,caaﬂ(ds)'iffﬁ e3er(@2'7§*i-36 35(C1)Tyr,
' ‘and 34(316)Val lie on the other ‘side of the alphalbeta2
15 1nterface of human deoxyhemoglobln..- o

Mutatlon of_f beta102(G4)Asn is particularly
.preferred Hg Kansas J.s a known low afflnlty mutant in
which this resmue is altered to Thr. As prev1ously

20 mentioned, the oxy state is _stabJ.lJ.-zed by a hydrogen
bond between beta Asnl02 and  alpha Asp94. " The
preferred _r_nu_tati"on would disrupt this hydrogen bond.

. Another favored mutation at this site is to beta
25 Asploz The negatzve charge-negative charge repulsion _
between thls group and the alpha“ Asp94 would further o/
destablllze the oxy state.

Still other 'preferred_ - mutations at the betalo2
30 locus would be to Ser (Hb Beth 1Israel), Lys (Hb
'~ Richmond) and Tyr (Hb st. Mande).

Increasing the stability of hemoglobin
35 ' '



35 dyna}urally occurring mutations at- these .SlteS “and 22 careful
st.u of t d be of value in designing a hennglobln nol

theégeél re%&%ﬂ?@?‘% Thus' alpha 1 residues 37(C2)Pro, g E &5%}0@51}34
40(C5) Lys, 41(C6) Thr, 42(C7)Tyr, 44(CD2) Prp, 88(F9)Ala, 91(F&3) Leu,

92 FG4) Arg, 94(d)Asp, 95 (&) Pro, 96( Val , 97(G4) Asn,. 140( HC2) Tyr,

and 141(HC3)Arg are_al| to | thin 4 I -
reskdue of the betdEg%h%?Roggehaﬁﬁk ngfyh%hogﬁg% égﬁ?ﬁg%ﬁ%1lggf;aﬂageta2
resi-dues 146(gXi3} bith iond5( HEAMBL i oA 05 EFELams sem)m mapntadng u,

10(0o) A o, 37RAFRCEEn i) BB Leie ForEale, my, AR BemodibkIn T

‘side of the alimathet mozaastnemerxvm.‘edorapmdw b@oaﬂnelrm%bmrtm%ém on .
of betal O CNdplal 2oRdd Cithal | feRE £ Chklte Lthddntderds fskipinslen

'afflnlty mut a residue is alter As previously 20
menti oned, t hememys sofit beeplsgabitl dnedhiey r@qm%gfé?m&iﬁtsb@?vﬁhﬁ rgdi a

Asnl @ and Pha 185R¥-po OFJ{s@l&reaeé{:sQlﬁ&at P2 vm#fbwg St¢Ph bii s

hydrogen bond of her favore nutation at _this site

‘Aspl'®@. The mgola%nehéﬂg% NadaElde komidiee r Wdkbsidn Bé'ﬁﬁee?lftﬂpgtc}jf’oup

and the al pha A3pR4 weyhd SusH hes ﬂfét 8k lliete the Qu-g&t aide Sthainoaker
preferred nutations at the betalO iocus Bet h

| srael), 1Qys thip masidoirn QFG Hplept rﬂﬁné5n°q%cﬁéﬁﬁr@e?ﬁglng
5tabl||ty of heRBYiPBhNagem and so slows the rate of autox1datlon.

_ The H1563->Phe mutant 1s also of 1nterest.
- - |
If hemoglobin is cross-linked Dboth
15 intermolecularly to form ‘higher molecular weight
aggregates and lntramolecularly to prevent dlssoc1ation
into dimmers then it will neither react with
haptoglobln nor pass through the glomerular membrane of
. the kidney. If the oxygen binding propertles of
20 haemoglobin are to be unaffected it is important that
the cross-llnklng does 'not prevent conformational
'change of the protein. This is because the heme~heme
interaction arises from a rever51ble tran51tlon between
tow quaternary structures: the T structure with low
.\,/ . 25 - ongen affinity. These two structures with high oxygen
' ~ affinity. These two structures differ in the contact
between the alphal and betaz subunits. Therefore this
+ contact should be allowed to undergo the conformational
changes 'accompanylng oxygen association and
30 dissociation.

Site-directed mutagenesis can be used to replace
certain surface residues of haemoglobin with cysteinyl
greSLdues. Protein englneerlng technlques 51m11ar to

35 those used to introduce new disulfide bridges to
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stems serve to nmaintain henoglobin in the active ferrous form Free
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es

gen Ing pr
haenogloblFXﬁ@?%QﬁbgOEﬁéfﬁbd@bﬂulfldg %#@dgﬁﬂﬁlthaCYEhéinhﬁtallnklng

~does not premant opwiorFEthALak sChRREe sthrhlte tHaH Sdtivd
heme- hene interaction arises froma reversible transition

s, |

tween tow

quaternary structures: the T structure with Iow 25 oxygen affinity.

These1iono structpdisbewiz h iy gla oxygen 8ff idindidadbesandNbnathrslvyes.
There ore this

differ in the contact. bet .t he al and beta2 subunits.
“cont act sh&mqyﬁﬁ}QﬁlBﬁ@&gi§Aﬁﬂiaéhfgheaaﬁﬁ?ﬁPEE??ﬂ Eociexhjidit a
' acconpanyprwmwgemfﬁsamtyatm@rEﬂvkjﬁen dtRaACi dde@d. conventional

hemoglobln.

o/

15 - After. determlnlng the. amino acid sequence changes'
which dlstlngulsh the desired _hemoglobln from
‘conventional hemoglobln, it is-necessary tc-design'the'
expression vectcr.- The most convenient startlng poxnt'
is a nucleotide sequence which codes upon expression

20 _for conventlonal hemoglobin. This sequence then may be

modified by site-specific mutagenesis.

Techniques of site-specific mutagenesis are well
known, and this invention is not 1limited to any

25 particular technique. The two principal technigques are
the gapped duplex A.A., Kruse, K. B., Brown, J.L.

' BioTechniques 6, 338-339, 1988) and M-13 (Zoller, M.J.
and Smith, M. Meth. Enz. 100, 468-500, 1987) methods.

30 - Alternatively, - a subsequence with the desired

mutation may be synthesized and then ligated to other

subsequences to form the desired molecule.

The gene must be placed'under'the control of a

35 promoter. _Either ~a constitutive or an

inducible'e

hd

rm higher nol ecul ar
melght5aggﬁﬁﬁﬁeﬁh%ﬁﬂ 1%t3aﬁ§#§§§ﬂaﬂ“¢&ﬂt[ﬁﬂhﬂﬁﬁnxhsboknavhmthHus di mers .
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I s because the



Site-direct éd mut agenesi s can be used to replace certain surface residues
of. kaenogl olwo s8ygsn7¢yst ei nyl residues. - Protein engineering tepOT/US8S01534
simgar«tto 35 those wused to introduce  new. disulfide bridges to

WO 88/ 09179 _ _ : 25 _ PCT/ US88/ 015 24
| ysozyme, subtilisin and di hydrofol ate reductase can be used. = Henpgl obin
-l ecul es . carr progoteth majH lgg oupedeathlee advarstadeskand Qysddvanftades

briddes or via, a_bifunctional ,thiol reagent. . |t,should.also_be noted 5

Chat there i s SfndRBPaRtRMEIE KIPRLATLSEE PoReehlF ob1a1bal a¥h " X0 °

\rl-\-‘et)lhacqled l% bcypra;ndte_hre mas;_t;._y_be*lt rabsEaT esich nésL?tmc'aiodzisglign ﬂg:liy Bdge
S e n vido.. Thi S Le.S amp _n 3

Table 2 is a #’l’&lg#'of 'iélgl%%fdlag[ Zné@%%ﬁi?‘%t g%nﬁ):e cc‘ﬂ?‘fiag%ﬁe%’bé%ﬁpng’q}mi ch

are expect®d tthexhespressioner vegitiomi tis fter bexygdatrodused ddm; a '

conventional h LR. e Ll Nisng . . N i

sequence changggegvh??:h&_ é%ﬁ'ng%igﬁ%%hgr9533|er éd lrﬁeén;%‘?%%%nﬁogreémand :

conventional - hanRArRAhiant prometesysaiy 2. wapnghiane eabk eboisdn vedttor .

The most conveghgiasidl hinedbal Engtibledrdiiotial Bcs Yarah Gades

upon -expressi on 20 or conventi onal- henogl obi n. | S sequence tHen. may

be nodi fied byosi fe-Vigais fikichit dnbaesssthecchasqredioft seebl spayi plso
nut agenesj § ar geWgldedkNOWhheahr-d£dsit | &iﬁ%&xﬂ'&d Saoes hbl t%éﬂda%ggﬁs ox

particular technique., The two principal techniques are the gapped
A A, Kruse, Kthe W PE. eitheEhnithges RBFompRR30r 1088 ah@sR.13
(Z'O_| ler, MJ. getedeith itV idbhBsibablelXb dRS0580a hYED SBtHREE. the
- k/ subsequent purification of the mutant hemoglobin is not

| unduly complicated. ' |

15
' For the same reason, it is preferable,' but not
required, that the mutan_{: hemoglbbin be expressed as a
moiety of a fusion protein. Attempts to express the
.alpha chain other than as a fusion protein were largely

20 unsuccessful. However, the entire alpha chain sequence

could be expressed as part of a fusion protein .
including a 'porti_dn of the beta chain, and separated

~from the latter by ‘a spacer providing a selective

cleavage site. The hemoglobin is obtained ‘me'rely by-

o 25 placing the se_ci:'éted” fusion protein in an appropriate '
Cleavage environment. Numerous fusion protein/cleavage

' system'combinations are nbw known in the art. |

After expressing, recdvering and p'urifying' the
30 mutant hemoglobin, its 'Pso is measured in accordance
- with the protocol set forth in the Reference Example.
Preferably, its Pgp is at least 10% higher than that of
conventional hemoglobin A when measured in the same
environment. ' | '
- 38



30 Alternatively,” a subsequence wth the desired nutation may - -
be.synthesi zed and then |igated to other subsequences to forrB Sﬁ%@ i redw’
‘IeCuléWtﬁﬂymggﬂe nmust be placed under the control - of. a 35 %jﬁ @P )
-ither a constitutive or - | ndug W88/ 09179

PCT[US88/01534 25 pronDter nay be use t he advant ages and dlsadvantages of -

e e %Ib hﬁ'snf)llag b ﬁggﬁ%laqgﬁﬁsgbmbﬁg%r Om ny &?er V\DM

chosen whi ch |s terra pronD
be chosen cbrﬁrent:tmahxmmogbobmecwwth i sufificdienti nt2 GitRR@ tato a

“bacteri al y t t t; rgﬁﬂg?

pronot er, Q%% °££ gﬁ #J ékfﬁﬁéé g?% %nggéérs 00 *hat the
- pronot er opoasmhlae gonecotnbane ras medestlinf ecight+shifitedn matantel | may

also 1 Th se [ |o%$¥@ no epgend Jypah t ch0|ce

: ?her ‘t&sgo%'rrrlot g"r’P{;gr -%t Hﬁﬁl& wel\ﬁlgr tmlftaI |§ gem rablgfto .
,choose a h&unQ%iQﬂﬁ%lyrﬁﬂmubenqgegﬁanrPhp§@ha&¢(ﬁetgﬁarﬂﬂ%ﬁ@°ﬁéﬁnglob|n

Is not Undg@b%ﬁ%ﬁt QEEQQTPJELEQ&eh 8e§a§B E%a%QPMAﬂﬂc'éhé”éig? éhLe, but

not requir t he mut ant obin % essed as a_ noi of a

. fusion proﬁ@n¥yln9¥Q%ﬁﬁﬁétYo°§x§h€§§ Pﬁ@°§lph hﬁmﬁ%%ﬁn#kﬁet%gn Be 3
fusion. protRiganes epﬂaééﬁﬁéieZQxa S UDRISSSTE4 - by"'@f@é@fsuﬁé’@iﬁ@tthﬁ al pha

chai n sequence could be expressed as gart of a ein lncludlng a
porti 8R of HFRTH& a RIRSPRABAI 3BPar EREd PPGﬁPFhe q%yn Bacr

prOVI di ng 3 igRisnid veoc! eBradn sat G'SLmul'Eifemethdtyﬁe,Obt @Irneﬂymi‘re| y
by covalently attachlng the organlc phosphate group to the

| hemoglobin. A S - N
15 Refegegce gxemgle

of
purlfled hemogoblln solutlons for the purpose of the

our prefefred'”method of 'measuring the P50

appended clalms is as follows.

20 _
- Hemoglobin-oxygen eqﬁilibrium data are measured
‘using a thin fllm technlque (Imai, K. Meth. Enz. 76,
438-449, 1981). A sample of hemoglobln (0.6 mM) in
_ buffer (50 mM Bls-Trls or 100mM HEPES), pH 7.4, 0.1M .
25 NacCl, is applled to the cell and then equllzbrated at o/

25°C. The hemoglobin is saturated with 0, by a stream
of air,. ortair/oz if the hemoglobin has low 0, affinity
or if the 1local barometrlc pressure prevents abient .
‘oxygen from ach1ev1ng a high enough partlal pressure to
30 saturate the molecule. Deoxygenation is achleved by
c1051ng ‘the cell to O flow and flushing the cell with
‘Np  (>99. 98% pure), The oxygen equlllbrlum curve is
obtained by piotting the change in absorbance at 550 nm
against the pressure of 0, in the cell. Percent .
35 . saturation is determined by measuring the a560 at a



25 placing the secreted fu5|on protein in an approprlate cleavage

envﬁPOnnent s fusion proteln/cleavage system combi nati o '
knowfi i the ar Aﬁé expressi ng, recovering and- purifying threpggi‘%sgﬁ%u

mut ant heanIobln its P50 is neasured i ;ccordance with the protocol set
forth in the Reference Exanple. Preferabl its P50 is at |east 1096h|gher

{han that of CHNAN: SR NSO UIEL (0F aTRAE ) "ehl®AS® or che
PCT/ US88/ 015 - Zmannnnnq,|tohatlprsamum§tad)thbsabutuonnﬁghfsplutlon

conventi onal [ Ievg?'g/}‘%b sg;g)l Cd eQBPe gér?%u{,gtigﬁ oret,#ﬁe's 50 to

I ntra-erythroc e ‘poSsi Ine a
right-shifted mﬁadsfgnedhamgzl’mparm% pa:esesnme (dhooft Ozofreczqiar@we

or _functi ogal | Sididdd S6PAEaPROIBHALE 65 Bindl¥y Udes phosphat e or

ATP-di al dehyde) so as to mmc the oxygen- rrying capaC|ty of whol e
blood.. The half life of the organic phosphate may he inproved by

encapsul ating the 16, OpagniA) sNBEP hsauradr uﬁ&@r Behadt cdipipelokkp i

a-liposone to obtain 30 »'Sityl ated erythroc te, hy coval ent | attachlng

the organi c ph&hate gheupdt ba me ot HanYSGI‘VPQé'P@F‘\%B'@lEx X Bur

preferred ‘methackadt nﬁéﬁut;u%mt'@e Bxy ge‘ﬁf SPepHit{l ed méveqtﬁedt of
sol utions for t he qu?ose of the appendéd clains is ,as follows. 20
~ Ph, 1norgan1c anlons, organic phosphates and
temperature on Pgg are discussed in Bunn and Forget,
HEMOGLOBIN:MOLECULAR, GENETIC AND CLINICAL ASPECTS 37~

|\, " 47, 95-98 (W.B. Saunders Co.: 1986).

15 Since many determinations of whole blood oxygen -
binding curves are made ﬁnder standard physiologic
' conditions (37°C, pH=7.4, PCO,=40 mm Hg), it may be
necessary to adjusﬁ literature figures. In this
_ context, it should be noted that ~a 10°C increase
20 results in nearly'a two-fold increase in Psb,-while-the
dependence of Psg, while the dependence of Pgg on PH is
approximately given'as delta log Pgp/delta pH = =0.5.

_ Comparlng Pgo - values of" purlfled Hb preparatlon to _
o 25 P5o values of whole blood can be problematic. Whole
bléoed, or isolated RBC’s, contain many components that
naturally modulate the shape of the hemocglobin-oxygen
R o .bihding curve. The RBC encapsulates Hgb in the
' - presence of a high concentration of the effector
30 molecule 2,3-DPG; a molecule that causes Hgb to have a
markedly lower affinity for 0. . Other intra-
erythrocyte components also affect the shape of the
binding curve: ATP, Cl7, CO,, H* . orthophosphate,
methemcglobih and carboxyhemoglobin. These substances
35 " are not normally present in purified HgB solutions and



Henpgl obi n- oxygen equi | i brium data are rreasured using a thin fil m technl que

(I'mai, Kwd/Bspor1dnz. 76, 438-449, 1981). A sanple of henog t@h% 61% 6J
V) in buffer’h(SO mvi Bi s-Tris or 100mV HEPES) pH.7.4, 0.1M 25 Csi

.applied to the cell and t hen’ equilibraggd at 25[err]. The henogl obin |s
- saturated with Q2 by a streamof air, or air/Q if the henoglobin has low .

Q2 affini t)tlﬁfs,l ftﬁéeP C@'aleH C&Etlﬁmﬁlﬁiéésligb RseIiidr ah &Rt tAx¥gen frem
achi evi ng e} hi g £ enou artial pressure to ~saturate_the nolecule. ‘-

‘Deoxygenat i lﬂ}%‘f%l ngReh¥eT¥| I“‘P(?réﬁnf'q FPAREREPESARENG t he
cell with Ix@b-(oa%&s%mﬁlty e eiygedonqui | idat UDGHIr 4@ I go@RBai ned by

POt N9 ! DS R 20500 RRREE 2L 000 ATty e lresaire, of
at a 5 V\Dpﬂfyélﬂélaglc concentration of approxlmately 0. 15Mf. ‘he |
Eg;{ gﬁ?ﬁgo i} ?Ig \éﬁ%r‘g%e% g‘g %rglﬁﬁsfjuéén%% cLi!teId%g i Af'ggﬁgf'l ned as
t he partlalwz.mhasango( m)eaﬁufﬂirmuﬂmgs nay cweld ﬁﬁ%&saﬁunlatlowenf 2
lsjlhggi ggbzl nét edffgnmany envi ronrr\e\"H'?&?j thérlgbgfer q'leﬁrlng %tﬁ&% '
‘oxygen af f b¥ablem wighefmeasupingo Oy Pb,lndd)ng oﬁongmie: bdwicdnsis organic
oo S N CERE " R PRISRD SR G . HRRe A s p20eBR %68,
Saunder s c@anl;p;;;l@thg the erﬂhﬂ@cYMylmiperthﬂatmﬁm‘umenmousedl ood
oxygen bi ndig'meglhyds tAEE FRIBindIdR it! afdanithe AT A O%hat at

least a- sma_.'ll percentage of the RBCs wil]_. lyse. Lysed 'u_

RBCs leak Hgb into th_é surrounding media away from 2,3-

15 DPG;_ hence, since free Hgb has a higher affinity than
intraerythrocyte Hgb, lysed RBCs will have a higher 0,
affinity and can" cause a falsely low Pgg value for
whole blood Psgg determ:.natlons. It is widely accepted
that under physiologic conditions whole blood has a Pgg

20 value of 26-28 mmHg. When Hgb is isolated from whole

| blood, however, the measured Psgo is on the order of 1-

10 mmHg depending on the i_ni_r_e_stigators experimental
conditions. For these reasons it is most accurate to
measure Hgb'-oxygen équilibria Wlth purified Hgb

25 molecules under strict conditions of buffer, pH and \J
salt c.onc_:entrat:.on._ Unfortunately, there are no '
accepted "standards" for all investigators to measure
Hgb oxygen binding in in vitro systems. .

30 Still, as many mutant -hemoglbbins are first

identified in patient’s whole bloocd, one would like to
be able to' compare the relative affinities of native
and mutant Hgb for Oy, between whole blood and purified
_ Hgb preparations. -'_An example' ‘of this is Hgb Chico
35 (beta lys®6-->thr) (Table 1). If one examined only the



condi'tions (err), it may be necessary to .adjust ‘literature figures. .

In \this cow(yg?mg”g should be noted that a 10[err] increapeTACS88/01534
resylts in near y a two-fold increase in P50, while the dependence of P50,

whi I'e 't he dependence of P50 on pH is apprexi nately given as delta |og
P50/ delta pH = -0.5. Conparing P50 val ues of purified Hbo preparation to 25

P50 val ues of | sl wdogarcHe puphkesat lnﬁztan’d/\hn B hlind, mmHg$olared
RBCg, cont ai npﬁg n Pt g

ny conponents that naturally e th f
hemogl obi n- oxy§eH1s fRYR thak Hgb hag,a %I%C r%ﬁ'bea ﬁ%tgganl—ggla% nég}tehe
presence of gaorkadh wheleenblabdon(29f2 tieHge{fectsyillD, whErecdihat

2, 3- DPG a m)l ecul e.that cawuses have a kedl f

f or 02. r??’i“i‘ etSt h’?‘%gﬂlﬁegonﬂ'&e %1 s 3?# \(I:\?) hq'thdgpe of
theb;b'l nﬂl ng lcubnalt_l:&ﬁ}'-& :[.'e{)u.b app&mqaﬂan sphate, itredbespdians naaddgher
car boxyhenogl ofi n ese_su npd s N e
purified HgB sOP@t i Bﬂgnanﬁomgé\ongﬁbé 751‘%8 e %‘H—P&)I J Rife SRaridbt
PCT/ US88/ 015 2predict tthe Ridyned wchat thei Pigdvadiei wildwshangs 9aing

oG Tonr! PR ine £87 pifioh, | RREh °Bh IPULoLFiell pdP @yERT 2 48 1V

serum at a 5wex;mysinlfugaeﬂ cbntent rt:sheonbl@deSﬂpp¢ém mﬁfel ya Obﬂmd -

Since d -, caus 0% n l,Figqu th 0 a dln.-'

vitro. may \%el I gﬁlg\%éélrruc €1 O\NEESrrIé ég%‘f |d?1°| c?é) nga’%nt oa}% Elﬁgo?g&

stream  Anot hedldr obeemmlxer nehanr ity z:e b-ll'hcﬂ‘-h@e offoxmal ANl oEhats By

that RBCs are ?&attﬁ‘?lc HfOthg %ﬁéx{hthﬁbm&f&ﬁs ogatRw ppuhaépnstébe that
e

erythrocyte into strunent used
Y Psp w:.ll be even hlgher.

15 ' Note also that whdle blood oxygén binding curves
are customarily determined' under standard physiologic
conditions (37°C, pH 7.4, PCO,=40 mmHg) and red cell
2,3-PDG varies with age, sex and condition. : :

20 (Example 1: Production of Artificial ' Conventional -
| Hemoglobins)

Construction of M13 mpil FX

_ M13 mpll FX encodes a sequence (Ile-Glu-Gly-Arg)
U .25  including the recognition site for factor X;. This M13
' ' derivative can be used to join any coding sequence to
. the factor xa recognition sequence. See Nagal, EP Appl
B 161,937 (CELLTECH LTD.) However, this invention is. not
| limited to the use of either M13 or of the factor Xa

- 30 cleavage system. | |

'All DNA manipulations were carried out essentially

as described by Maniatis et al (’Molecular Cloning’

Cold -Spring Harbour, New York, 1982). A temp"erature-

- 35 sensitive lys_o?;enic strain MZ-=1 (galKyp 8attl



to nmeasure.the 02. bi nd| ng it is inevitable that at |east a small R
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than intraeryt hrocyte Hgb, |ysed RBCs ‘wg!| have a higher 02 affinity and
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experi nment alRemmhdh orrsouncﬂ))r twase usedonas t a s HEXE aperaphe fgrrreasure
rJfled Hg mol ecul es under strict

b- b Wt h :
(ljgnd?i(lygﬁg %q'u%ﬁﬂ{eéa -Wp(f-Pg ARy ) cogéé‘ﬁ?‘?ét i L PXRAPGE®Fat 492 there
are noS5accé&pass foaxmatticoniswasocaziriedvest | hpt the et WL kghagkygen

bi ndi e Iy
: hlagoiglngb: Esl [Ea\r/%irocr%éfé g%r‘it |3$+e%3| n(lﬁgll)e)n't s%‘e éFBB‘&tte&'ﬁe i d 1 ke
to be abl e hestéomixainsheowldthaveabéeni employkdnati ve and nutant Hgb for .

02. between whol e bl ood and purifi-ed Hgb preparations. An exanpl e of this
I's Hgb'Chi'co' 35 (beta l'ysg6-->thr) (Table 1). If one exam ned only the

WD 88/ 09179 T4 DNA lJ.gase was prepared from REIYalR3S/MMS39 29 P50

val ue 9f t hgMpiwriaky egtmg Nt J%iégv\h&l %%%ge 4?%‘7”5%?0%? 543t s%—g‘?l ha\?\hgn.

P50 val ue Iess than or “norma
that henogl 8@&iF et n@é‘surea BAOlRBG'é‘emJnd%‘ﬁ, ph$3B8cBagi ¢ EL98@bhdi ti ons

it is appar gektididtidn d@?x%y'ﬂié‘ée aemeghﬁﬁrBﬁereaaanBﬁ”%ewh%?gﬂ&?d (38

nmrHg One canno
) B?.oLa s. | _ | O

15 . Two .olig.onu_cieo_tides_'dTACCc'rcGATGGAT-c and
dCATCGAGGGTAGGCC were synthesized by a phosphotriester
inethod on a -'co_ntrolied pore giass _supp'ort (5pro'at et
a1, Tei:_rah’e-dfon Lett, 24, 5771-5774 (1983)) and

' purified by HPLC (Gait et al, Nucleic Acids Research

20 10, 6243-6254 (1982)). These oligonucleotides encode
- the peptide sequence ('gly)-ser--ilef-glu-gly-arg in a
BamHl-Stul 1linker. = The two oligonucleotides were

- allbwed to anneai after phosphorylation wrl:h T4
polynucleotide kinase (P-L, Biochemicals) and r{gamma-

25 32-P]ATP (3000 Ci/m mol,. Amersham) and l:Lgated to form
concatamers. The DNA was then digested with Bam HI and
'c'_loned into: the dephosphorylated Bam HI site of Mi13
mpll (Vieira et al, Gene 19, 259-268 (1982)) to yield
M13 mpll FX, as shown in Figure 1la, which forms blue

30 plaques in the presence of isopropyl-beta-D-

| thiogalacto-pyranoside and 5-bromo-4-chloro-3-indolyl-
beta~-d-galactoside (Sigma). | u

Construction of mpll FX alpha-globin



predict the degree that the P50 value will change going from whole b’l ood

Chise to a § bethoHgb Chico'if it were infused into the bl oodqu;'pﬂ,rgssmlgy
bl ogd 10 su stltute One can concl ude, however, that the P50 will

hi gher ‘than it is in pure form and thatapy reactlng t he nutant Hgb W|th
organi ¢ phosphates that P50 will be even ?n gher . : Not e al so that

whol e bl ood oxygen n ClYy S F Fqlg.g e @m r ndar d
'phy*s*rol ogi ¢ condit |£?1SH?'§?F lér &s éi@xggélil hﬁiﬁﬁh [% vari els with 5 w&&-)% and

condition. 20 digesEes Hltb ﬂlﬂr o‘éﬁ&'@?%ﬁn‘—l@f‘ eNWPPcP‘éH"

Henogl obi ns)  GRRSt Is4eid 10 K rdfidedP bhaeX 43 tHd | eﬁ&eeaooﬂpnasgmumne
(11e-d u- dy-Arg) 25 ~including the recogmtlon site f

r f :
ML3 derivati vefEagmeRt yséere o Foimmedy R didn§ (%o Ph%f&@tror 1
recogni ti o segiieRees SEELRRIM0 A o@lmaaz; (BEthE@thLEES)a Hwew
this invention |s not Ilimted to the use Qf eithe E/IlS f _th ({a or
30 © cl eavage %&/%?}éﬂFlﬁPFsbNN’Fraﬁl UMt ﬁ&ﬁé%r%‘:ﬁ{i? ech{) g sg% ly. as
geSErl ?ggzby Nodd bk S ch@ordldel, |\1)|mukﬁﬁcci:ﬁmlblﬁﬂde(;0|5(% S yeexrdhs boThe New
or sensi tiy, yS a
(gal kam 6ai 1 (ALBESLBPER" seifhends g then” FIRERE 1tgTkhe Hed T
][equelst from sttecor Meseapdl FRodesdpibeshabowed(Nagaiak Tbhegersenai n
or plas nt ali PL o r f n was
Lot o byu?ﬁ {3@ ki{ébgg&t) FrUObfh Hlhehcel YE SETRERT
' : c¢lones were determined (Sanger et al Proc. Natl. Acad. . :
i Sci. Usa, 14, 5463-5467 (1977)) and a clone in which
N\ the first. valine codon of the alpha-globin gene was
' " joined to the DNA sequence encoding the factor X,
15- recognition site (Ile-Glu-Gly-Arg) was named mpll FX
alpha-globin. '

Thi s

cOgstrucfi on of QLQI_I beta and plLcIIFX beta

20 Plasmids chIIFX " beta and pLcII beta direct
efficient produ'ction of a hybrid protein consisting of
the 31 amino-terminal residues of the lambda CII
protein and the complete human beta-globin, with and
without the factor Xa cleavage site, respectively. |

The Eco-Hind III fragment containing the multi-
restriction sites was cut out from M13 mplO0 (Vieira eta
- al, supra) and ligated to Eco RI-Hind III cut pLc245
(Remaut et al, supra) to form pLmplO. The 319 bp Alu I

30  fragment containing the nutR, tg; sites and a part of
the cll gene was cut out from pKG1805 (McKenney, K PhD
'Dlssertatlon, The Johns Hopklns University (1982)) and
cloned into the Sma I site of M13 mploO in the same
orientation - with ‘respect to the beta-galactosidase

35 ' alpha-peptide gene. The Eco RI-Hind  III fragment -



et al (Gene 15, 81-93 '(1981))' O her pronoters and host strains coul d--

have bee T4 DNA ligase was prepared from straj N u‘
SEBISIRL, “PEr)LSsklorg 7 -

g\]/lJrray et ec Biol 132, 493-505 (1979) and Tait. et
em 255, 813-815 (19_80)) Restri ct |3 n enzymes were pur chased from New
Engl and Bi oLabs. 15 - ol i'gonucl eoti des dTACCCTCGATGGATC and = -

dCATCGAGCGTAGHES t S rdmgnf -
control |l ed pore }Oﬁg,? support prl?)}g%asegeeﬁﬂengthrgarﬁg‘ ron (ei?t,'?‘-'n ﬁ}% g
5771-5774 €10B8R) 1%%@%&@%@;&%*:& ofl PLApdIite Atielkd
'Resear.ch 20prc}9., 6243-6254 (1982)). These oligonucleotides encode the
peptide- sequence (gly)-ser-ile-glu-gly- arg in a BanH -Stul |inker.
The two  oligonucleotides “were al lowed to- anneal after

" phosphogy! atlon AW' &bm Iétaoluﬁﬂshe%é@ls-éjwsiﬁ (Ebka Raghentealls and
r[ gamma- 25 ]tATP? Amef sham) and |igated to form .

concat amersrec?ﬁ BO%Xm}PJd?Hé%t’é%FW%ﬁ tEam FFragR@ntiso REeRa¥eA t he
dephosphor yfpbrd aBaniirH:oﬁpletef JoiA r@loné Vipowa o) afwilees &8 259- 268
(1992)) 10, fush 3yt L BT ke LD FURl S5l Ul o e 0,
and 5- br onopKacldlone 3(Ladebnl etbeatn, deematquSI@lﬁ-é&grrre).ss@qr)stam&tlon of
L1 E el PSR o, el ol oF 0t X ERLUIE P R, RSOV
si ngl e- st r ampged heicks chlAhetlaxsl obtaineh-whsbiopdnied mant tiee eNtbi rrrred by
.|ncubat|on Sitger{vﬂutﬂr }:Q located at the 1n1t1at10n codon * and B
:treated with Klenow DNA polymerase (Boehrlnger -’
. Mannhelm) in the presence of 100 micro M- 4dNTP to
15 obtain flush ends.  The beta-globln CcDNA sequence was
 then cut out w:.th H:Lnd IITI and inserted into the Bam HI
(filled-in)-Hind III site of pLcII so that the beta-
| globin gene --w_as'.fused to the lambda cII gene in phase
via a small linker DNA derived from M13 mplO. |
20 ' | - '- -
| In order to construct pLCIIFX beta, M13 mp9 beta
cDNA was opened with Nco I and 40 micro g of DNA was
treated w1th 200 units of mung bean nuclease (P-L
Blochemlcals) in 30 mM Na-acetate pPH 4.6, 50 mM NacCil, 1
- 25 mM ZnCly, 5% glycerol at 0°C for 10 min to remove the \J
.5’ protruding end. ' The beta-globin cDNA sequence was
cut out with Hind III and cloned into the Stu I-Hind
III cut Mi13 mpll FX. The DNA sequence was determined :
by the dideoxy chain termination method (Sanger et al, |
30 PNAS 74, 5463-5467  (1977)) to ensure that the first *
valine ‘codon of the beta-globin gene was preceded by
the DNA sequence coding for Ile-Glu-Gly-Arg. Then, the
Bam HI fragment' containing a part of the beta-globin
sequence was cut and cloned into Bam HI digested pLcIlI
35 beta to form pLcIIFX beta, as shown in Figure 1b.



5 "mnutes with 200 units of nung bean nucl ease (P-L Biochemcals) in
3Q wM _sodi U'Wé%%f@tl@ pH 4.6, 50 mM'sodi.umchloride, 1 nM zinc ChPQﬂ'vUSSS/6%34 '
gl y{erol The al pha-gl obi n sequence was then cloned into the Stu | site of
ML3 npl| FX described above (Nagai & Thogggsen 10 Nat ure 309, 810-812).
The DNA sequences of several clones were determ ned (Sanger et al Proc.
Natl. Acad. Sci. USA, 74, .5463-5467 (1977)) and a clone in which the first
val e codon of the aI ha gI obi n ge t he DNA sequence -
encodi ng the fSERSEINS O RRfH -2 4+3+88-a y- Arg) was naned
mpl I FX al pha- gl obi m13C0mqu.r1uctB}on hétwig:ld;bmt aDMAd wasl | EXepam’edZO in

P d

nybri d protof n=dBRRceTATNa hESER Al oa, BdATE, Sibel ot IptEsta Tl °
%I Cloggf/glg glnflntdaf ct')lrelt Ieéteﬁamghobmna- glegfuiemceni tusimgl wat hmnttatqeeuftact or
Tl £y estr cPraFPORRR R SRR, BICTRAT SR AT PTET AR e Tl he
and |igated toKE8a3,RItdH odtaih ol 1p lePR SFXRbefkat BX. al Thsup‘ﬁ@)lwmdﬁn

pLnpl O The 31? gﬁn%i" +n3Q ﬂgﬁg&*g&h&g&gg 8¢ EQEeHUth*]Réaé![t @nha@nd a

part of the cl was ‘cut enne

:Z)i ss;arta]'E i on3 Fhiad @il mmma mwﬂ:%imq ‘EIDSE)() baﬁa ERofZaTmen: (AS S
site o a ﬁﬁﬁﬁf t

bet a- gal ac 0Si gase £ ]{'!h?? ﬁa pe gh tIIﬂn tht rb E%% gOElhihepcIfCIIII IFx

fragment 32bed@t aFRi ng This| EmrsfeqﬂéﬁéBlﬂayat%eﬂlgﬁFtSGt with

o BglII and the 5’ terminal phosphate groups of the
\_ _ linear DNA were removed with calf intestinal alkaline
. phosphatase. The replicative form of mpll FX alpha-
15 globin was digested with BamHl and the FX alpha-globin
containing fragment was ligated with the 1linearised
' pLcIT FX beta FX to form pLcII FX beta FX alpha. This
_ plasmid encodes a fusion proteln consisting of . the 31
'amlno-termlnal res:l.dues of the 1lambda phage cII
20 prote:.n, the tetrapeptlde Ile-Glu-Gly-Arg, the 20
aniino-terminal re51dues ~of human. beta-globin, the
. tetrapeptide Ile-Giu-_Gly'-Arg'_and human alpha=globin at
the carboxyl end. Transcription of the fusion protein
gene is initiated at the lambda. Pp, promoter and is

k/ 25 regulated by lambda repressor.

Expression of Recoﬁbinant COnventional Alpha and_Beta
a - Globin _
| | A defectlve lambda phage ‘lysogenic strain - of |
30 E.coli QYlB (a gift from S. Brenner, and available on
request from ‘Medical Research Council) harboring
PLcIIFX beta FX alpha-globln or pLcIIFX beta-globln was
- grown at 30°C in 2xTY medium (16g tryptone, 10g yeast
extract and 5g sodium chloride-litre) 1n_the presence
35 of-'ampicillin (25 micro g/ml). When the optical



cloned into the Eco Ri-Hind 111 site of pLnpl0 to yield pLcil. 5

i

(Wl son et

1-Hnd 111

a- gl obi n cDNA sequence was reconstructed by joining
nts prepared froman inconplete cDNA clone ?EIHE@EyOIS

A..
o/

al, Nucleie Acids Research 5, 563-581 (1978)) and a genonm c DNA
clone (Lawson et al, Cell 21, 647-651 B%#980)) and 10 -cloned into the Sma .
site.in M3 np9 beta cDNA thus obtai ned was opened at

the Nco | s??@s&ﬁVcHGQ%nRBémﬁﬁPQﬁeqhe S5ri B athheh temBaratuye was
with “Kl enoguibRily ppaysedassnd (:B@Eﬁtaﬂﬁea l\&lenfwz% f&”ﬁp&:ﬁ%ﬁnce of

.100 VL 4 P t d | obi n cDNA sequence
was. PLELOCB% ggnhﬁ?tHyHﬂﬂf é¥zﬁﬂ9¢hﬁ %5%33Fn%€ Fh§°Ba A hr. The =

ed

(filled-i.n)eelbd wereshhevelstd ldndofideént i begaidohekirdgeene was fused

to theé%anbda cll gene in phase via a snmal:'l |inker DNA derived from ML3
npl O In order. to construct pLcllFX beta, M3 np9 beta cDNA was opened
with Nco | and 41Dhen ced 1 otlm)mm eeliawiedi bhd Aispunded ¢h ramg bean
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Stu I -H nd

di deox challkéb élrjﬁn %I or %:!?u%d ngr#%:f %qu (égovgads tSe§§1 ?ié@ﬁ‘s
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Figure |b.
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epkysholiis a a6 Ja‘dyf helcl¥ Fxmaﬂmﬂsacm

(vol/vol)/zo mM Tr15-HCl(pH7 5)/2 mM EDTA were added to
the lysate, which was then centrlfuged at 5000 x g for

nin

X-100/1 mM EDTA and centrlfuged. This procedure was
repeated untll ‘a tight pellet was obtained. The
protein pellet was flnally dissolved in 8 M urea/ 25 mM
Tris-HOAc (pHS5. 0)/1 mM EDTA/l mM dithiothreitol in the

- case of CIIFX beta-globln fusxcn proteln. In the case

of CIIFX beta-FX-alpha-globln fusion proteln, ‘the

pellet was flrst dissolved in 6M guanldine
- hydrochloride/25 mM Trls-HOAc (pH 5. 0)/1 mM EDTA/1 mM

25

30

dlthlothreltol
The fu51on prot lution was then applied to a
4 X 10 cm CM-Sepharo armacxa) column equilibrated

with the same buffer, The fusion protein was eluted
with a linear gradient formed with 500 ml of 8 M
urea/25 mM Tris-HOAc pH 5.0/1 mM EDTA/1lnmm
dithiothreitol and 500 ml of the same buffer with 0.2 M

‘NaCl. The fusion proteln was further purlfled on a 5 X

35

60 cm Sephacryl S-200 co_lumn equilibrated with 5 M
guanidine-HCl/50 mM Tris-HCl/1 mM EDTA/1 mM
dithiothreitol to remove any trace of impurities. The

t he
467

in

TM)

10 min. Then the pellet was suspended in 0.5 % Triton

sequence wWas MNd ¢l oned
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Ve
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33 Construction of pLcl | FX beta FX alpha ML3 npll FX beta gl obin DNA

was\— pr epar g sglﬁgﬁgngl e-stranded formand a Bglll site was int rROTYS8801534
intg tthe beta-globin sequence. using a nutagenic oligodeoxynucleotide,
dA \CTTCAGATCTGTTACCTTG, call ed KN83, tggobtain npll cll FX beta FX. The

replicative formof this mutant clone was digested with Sacl and Hind I

and the resul tadigh Phéa FEriaeitd dnX ‘fréégmbn\ﬁ&ell@ dChDpedadi rigaiest | 66 nd
IT1¢ut pLnpll to form LcII FX bsta EX, ThIS ant plasm d was '
di gest ed wth%l?lrl%n% $héPY 8¢ Q) AOn3 pl‘ﬂ&?&% g#%lfr}é of the |inear DNA

were renoved with calf intestinal al kaline phosphatase. The replicative-
form of npll EX al pha- %5' | obin was digested with BanHl and the FX
al pha- gl obi n é@ﬁ¥%£%¥ﬁ%—$§¥€g§nt was ligated with the linearised pLcll FX
beta FX t@g formpLcll FX beta FX al pha. This plasm d encodes a fusion

tei I sti f th t I
Poge "ot 30° " poofhen Erfiy el 5, Whone RAIGHGE ol nofitx, | B8RS
am no- termluﬂglabﬁndG351aw protein Wasa-igiaikated ta&k O&ﬂ%ﬂiﬁhlbéooa :
Ile-d u-3dy-A I h I
(1 0.0 C - 08 00 TSR "4 g5oas! obL " dlad "o B gBSselepBecuil on
regul ated by |Rubsiellésryiper WBqnmssmnnbbllﬁsdonmIGMQHQE#NeHFPEAQP‘AIpha
and Beta Ob'Qcéwggggctgaﬁgaka@daa.phagfoo' QRS Q4  8higuets0l wéle

E.colir Q renner, and aval l e on- request from
Medi cal Researelhovelduntﬁt%r KnEBIVRAS ME| RFX -’b:et a5FX W ph&9 13 n1dP

52;!5{ FX beta- o phiBelds 030" & ¥ Cprbrbin2sRhgel BUrEEs0 {Liehane, 10
U 1970) and 1 ul of . 100 mM DTT were ~added to each
~ ~aliquot, which was then boiled before being applied ;o

15 an SDS polyacrylamide gel. Factor_xa cutting of the-
cIIFX beta FX alpha fusion protein gives rise to a
number of polypeptide products. This is due to the
presence of two recognltlen sites within the protein.
Complete dlgestlon releases three polypeptldes, a cII

. 20 protein fragment and a beta-globln fragment, both with

the .tetrapeptide Ile-Glu-Gly-Arg at the carboxyl
terminus, and the desired -alpha-globin. - Pa;tial
. digestion of the fusion protein gives two other
products.. B
Factor .Xa cleavage of cIIFX-beta yields two
pfoducts, a cII fragment and the desired beta globin.

Formation of Semi-Artificial Hb _with alpha-globin
¢ 30 produced in E.coli

' 25 mg of hemin-Cl was dissolved in 2.5 ml of 0.1 N

KOH and 30 diluted with 20 ml of water and 2.5 ml of 1’

M KCN. The native beta chain was diluted in 20 mM K

35 phosphate buffer pH 5.7, 1 mM EDTA, 1mM dlthlothreltol



_extract and 59 sodi umchloride-litre) in the presence 35 of anmpicillin.
(25 mcro - Wen the optical 34 density (600 nm reached &
.5-1.6W Q%IHﬁerature was quickly rai sed and mai ntai ned at QIUE&MOISJ or
mn', followed by further incubation at 37[err] for 3-4 hr. The cells _
were harvested and frozen in Iiquid ni3¢ogen. 5 The cells (100g) were .
t hawed and suspended in 80 m_  of, 50 mM Tris-HCL (pH 8.0)/25% sucrose .
(wt/vol)/1 GHW«'EDTAnéndeEEGdeJaF}Hu Pon Mph?s&lﬂmre 203 9dced TRan, o

'VgClZ MI@lQ:olade?-gNﬁ%sdlvdﬂ?rfn @d@?chri'éQ ?6' ﬂﬁkf’l‘tms-@l)nﬁﬁnbagt Ibg{] O(r)If
respecti ve! er I ncubat i
200 of 81"\‘42 ﬁﬁﬂlﬁé}/ M’n ﬁ{ggxf&]n}'#‘% é/’%“ NBhi Jetg Pl pand

(vol /voI )/&Glawiélte@ &€l ﬁgoldgn aaéxé’pém'ﬁﬂ?é\ mresam%o t't'lﬁel X¥3phar~ whl ch -
was t hen trnifuge 5 X en t epe .
suspended |gﬁ' ’Epo/sﬂ"rl{:bﬂnx éﬁél‘:‘%ﬁﬁpﬂﬁﬁeghﬁt A% g‘g'd" Fsgbr ocedur e

. Was repeat M l(lrplndasphategbuf}felri @H V8.7, obt mMNnEDTA, ThemrDIEi wiphl | et was

f |1y di / 0 EDTAL 1 WM

i Eh of o BRI, SR o3, AR ARG shRER b EYoR N

the case ofequilvalenteta Fohal pmphgl-gﬂnblnf)uswam /agdedeld_ll_:opw.’me pebl et was
first di ris

5. 0)/ 1 m OV BRE GrERPAR, B A g ChaL bR e billin 'uds TR8a8 s ¢ nen
appl i 8@ toim ZsklgmtCRKGHSSephdFlmseSGEﬁaamcfa):‘ladl mﬁ:n wagididipgeed with
the same byfdinight %éﬁé@”o?iokek”p%épﬁ' ¥e"bH 7.6 1 mM EDTA, 1

mM KCN.

15 produced in‘E.Cq;i N

_ Beta-globln (100 mg) was dlssolved ins M urea, 50
mM Tris-C1 pH 8.0, 1 mM DTT, 1 mM EDTA at the
. concentration _6f 5 -mg/ml and incubated at room
20 temperature for 1 hr. The beta-globin solution was
added dropwise tb_ 16 volumes of alpha chain solution
(either iso]_.ated from Hgb A, or produced by recombinant
means) (3.2 mg/ml) in 10 mM Tris-Cl pH 8.0. The hemin-
dicyanide solutlon (1.2 equlvalents to beta-globin) was | '
25 added . dropwise with gentle stirring. The semi- ' W/
artificial Hb was dialyzed against 2 changes of 0 1 MK
phosphate pH 7.4 1 mM EDTA, 1 mM KCN.

Formation of wholly artificial hemoglobin
30 ' |
The lyophlllzed recomblnant alpha .and beta globlns. _
were dissolved in 8M urea/so mM Tris-Cl, pH 8.0/1 mM
EDTA/1 mM DTET, diluted to a concentratlon of 5 mg/ml
and incﬁbétéd at room temperature for 3-4 hours. The
35 alpha globin was then diluted to 0.3 gm/ml with chilled



with a Ihnear.gradient formed with 500 ni of_8'NI30 urea/25 nmM

Tr,i ‘s« HOAC mM EDTA/ I mm dithiothreitol and 500 m of

buf er“".vvithwoégsé_gPﬁaCl The fusion protein was further purified on a@@éﬁ
ephacryl S-200 colum equilibrated wi{p 5 M guani di ne- HC1/50 M

.Tris-HA /1 M EDTA/-1 M 35 dithiothreitol to renove any trace of

I mpurities. def |y z a nst :
S0 it Tr 5 HOE S BRI 09 6. Bupcar Tl Rt Sprad STIe, Y Rt 2 P8 ad 1o s
beta FX al pha- Vgﬁs)bdriS@OIMq¢leet2a~4 gmgbi &- 3 udf oKOBy otk I WidhatBd at
Lerr] wth bl 0@&&96‘%&%{& ffictwrxéﬁ twléﬂaéioil&@ﬂoﬁ%b&atmém hlde

‘Russel |l ' s viper“venom i mmobili zed cign@ﬂen brom de- actlvat ed

Sephar ose- 6B. 0.1 10g.®lcid heﬂ%mlﬁﬂds rgaﬂ?@dcaﬂ"ers°|7nt"él'%l§ BFK2, 5,
15, 30, 6@ and, Hatdt 8arferl00 Hemoh - &fx@hﬁlﬁhﬁ@ﬁﬁb@uhﬂbﬁemas{ Lagastii ',
1970) and 1 ul’ of 100 nM DTT were added to eglla IlquﬂD 'V\/ngcg.qu thgn L
boi | ed before ®Ri Ry #pfl i BALRE 18%cess &5 FOifded | aiPRa~gePPinira3fdr xa
cult ting 0; t heeghd FX st Fxmahaga dfis w:amqltwm gwafss added t aral ntheer of
pol ypeptide products. ue .to. t resence, t Uy tyo
sites within tSRIBFLPR; I‘I’aSCoﬁ'b?%l’éeﬂl %tgo e‘ﬁygg'xf[ h%ggs'g%l yprBep ges,
cll 20  prot exémoggréﬁnt 736¢ 1anNe EDTR/AbmM fRGent, both with the
tetrapeptide Il'e-Gu-Gy-Arg at the carboxyl termnus, and the desired

al pha- glohq Partial digestion of the fusion protein gives two
ot her products u;:.f:.catlon of _the seml-artlflcial or wholly

e;L;i;QAel_ﬂe
— |
'. The artificial Hb was concentrated by ultra-
15 filtration 'lisirig diaflo PM-10 membrane (Amicon) and
transferred into a 200 ml screw-top test tube with a
rubber septum. The hemoglobln solution was
deoxygenated by evacuatlon and flushmg w:.th N3, and
then the solution was saturated ‘with co. 100 mM Sodiunm
20 dithionite solution was prepared anaerob:.cally in a 20
ml screw-top test tube with rubber septun. 4.5
equivalents of dithionite were added to the Hb soll_ution
"with a syringe, and the mixture incubated on ice for 15
min.

The Hb solution was gel-filtered against l%QmM ?a
phosphate buffer pH 6.0 on a 4 X 40 cm Sephade
- (fine) columz The Hb was then applied to a 2 X 10 cm
CM-52 (Whatmaqg_ column equilibrated with the same
30 buffer and the chromatography was developed with a
) linear gradient of 500 ml 10 mM Na phosphate buffer pH
6.0 and 500 ml of 70 mM sodlum phosphate buffer pH 6.9.
CO was removed from Hb by photolysis under a stream of
oxygen. This Hb shows native oxygen binding
35 properties. '



25-Factor - Xa cleavage of - clIFX-beta yields two products, a cII

f ragment waocgsfdgwgiesi red beta globin.- Formation of Semi- Artpmggslomw .
_ t@l.th al pha- gl obi n 30 produced in E.coli 25 ng of hemin-d was dissolved T
in 2.5 m of 0.1 NKOH and 30 diluted 3th 20 ni of water and 2.5 ml of 1 M
KCN. The native beta chain was diluted in 20 mM K 35 phosphate buffer pH—
5.7, 1 mM-EDTA, 1nM dithiothreitol ‘W0B8/ 09179

PCT/ US88/ 0153 36, ( Wi h dpin E. g
was di ssol ved i %8% ga%li% %18 %&@8 4R ﬁa D'(IZ%/ rbm\hng?t"ér&a?y?he CdH_ :
~concentr at ithe obo&brxgl/ar'ﬂloahdofn@mmh?b%liorﬂ"tcbnbéﬁi&t‘ﬁll@md? BOkBur s.

The al pha- agd ol pit Lg{; was gdd dvdr genkese hes20 vegl ugesneh-30 nMK
phosphat e ﬁ?er%?’? %—mvp'ﬁ N DT Wit h geﬁtle stlrrllhlg The

~heni n- @<nugnxnhmﬂﬁetnehuret zleauevﬁqaﬂ¢Q<?ﬁth9Qﬁpha gl obi n) was added
dropwi se to the al pha- gl obi n" sol ution and the beta chain was added. 10 in

slight excess.” The sem-artificial s _di aI d aver i.nst 0.1 M.
K phosphat EXAnpple 1 M EBred ‘i"‘l‘ﬁxﬂ’!’(Cl\t"\éyal Y o giggﬁ'@i al Hb

W th betapgibaeslS produced in E coli Beta gl obin (100 rrg) was
dissolved in 8 Murea, 50 nM Tris-Cl pH 8.0, 1 mVM DTT, 1 nM EDTA at

t-he concentration of 5 ng/m. -and .incubated at room‘20_ t enperat ure

_ f?)rhl 1*1{1 cdier PeEE1 6h0RhE Malta e@ms/j?s agfided dropwi se to 16 vol unes of
- al'pha chain solution (either.,isql ated.fromHgb A or produced by -
r ecombi nant—RLELIFXbe a- L - lﬁl o P Y

A _synthetlc_ 6ligohucleotide- of 'éequence
'dGGAGCCTGAAAGTCTCAGGA was designed from published mRNA
sequence information (Bunn & Forget, eds., Hemoglobln'

15 Molecular, Genetlc g__ Clinical Aspects, "W.B. Saunders
Co., Philadelphla, PA, 169-222 (1986)] and synthe51zed
on a controlled glass support. The ollgonucleotlde was

gel purified [Lloyd et al., BloTechg;gges 4, 8-10

(1986)] and used to prime the sn:e-speclflc mutagenesis

20 of M13 mpl0 cIIFXbeta -globin by the methods of Zoller

' and Smith [Methods i_n_Enzmologxi 100, _Acﬁa_demic. Press,
New York, 468-500 (1983)]. |

The mutagenic o_ligonuclebtide was complementary to
25  the ‘beta~-chain st’ructural' gene sequence flanking and | _
centered upon the wild-type codon for Asnl02. at this ~/
triplet specific base substitutions were designed into
the oligonucleotide to specify ACT-Thrl02, the amino
acid sequence alteration which is characte_riétic of the
30 Kansas beta-globin mutant [Bonaventura & Riggs, J.
Biol. Chem. 243, 980-991° (1968)]. The particular Thr
codon employed in this substitution, while differing
from that found in the original Kansas isolate
(Bonéven’cura and ‘Riggs, supra), is preferentially



neans) (3.2 ga? in 10 MM Tris-Cl pH 8.0. The henin- dicyanide sol ution
(1-27equi val BiR 88081t a- gl obin) was 25 added dropwise with RETUSSS/01534
stirting. The seni- artificial Hb was djal yzed agai nst.2 changes of 0.1
M K phosphate pH 7.4 1 nM EDTA, 1 nM KCN. ?%rnatlon of . wholly artificia

i agolved i n oWt LLFER Ay FRBBLE) Sxpan el Hrvciidy SeTAT CHEraNERAR 88 1 o

a concentrati omabf, SNunlelicahdidscReat.cd ,atr4d3cam4 efues )y pre for 3-4 hours.
The 35 al pha globln was then diluted to 0.3 gmm with chilled WO
88/ 09179 . _ PCT/ US88/ 01534 37 20 nM

[err] pH5.7/1 PO G . ! ) was dissolved in 2.4 ng 0.1
MKOH, dilwed with K made
A A a?;‘ﬁe %*%W%ﬁ‘s@f °‘t-*¢% % Gl iy pRgHdLTs \Eaa Bl
buffer. Hem n weXen tﬂnasx%ﬁﬂm%nlmg wcrrpetent E.8 eolr sﬁgabxam
chilled al pha Aﬁgq At bet ~0 edgand
t he sol ution mgiggtglez qg%ﬁ% overn?ﬁﬁg g?ﬁs %l?ldﬁenr E Qf
EDTA/ 1 nM KCN. Bo. PuKl fhl@&enaﬁy oandt hévaééﬁb &rt PRj craguesk ﬁﬁ m yt e
artificial tb Taggs@ail fné‘é@alrcxﬁbcomn?oncsgt 'Aefifiadl prodeRures of

filtration usin o PM 10 menbr ane

_ and transferred into a
200 m  scridvt %zrshggls viManiatimpet aéepuﬁe__tasecu Aoninani fold
solution was degXyAgNaifrbdy Qkastery Andidy UZBiRg Wosb-bEa a@ﬂgaz),

' Nagai & Thogersen, uetgogs~_g Enzymology, supra]
) | |
Transformants harboring the desired mutant M13
15 ~ bacteriophage COnstruéts were then identified by .
differential plaque-hybridization screenings at high
stringency wusing gamma[32P]-end-labeled
oligdnudleotideélas probes.

20 . The reactants used 'to__prepare .each of  the
phosphorylated hybridization probes were 300 pM (2 ug)
of oligonucleotide, 100 pM (0.7 mCi) gamma-[32P]~ATP
(Specific activity'approximately 6000 Ci/mM), and 15

_ units T4 polynucleotide kinase in a total reaction

25 ‘mixture of 50 ul. After 37° ¢ incubation for 2 h; the
end-lébeled oligomers were purified away from
orthophosphate and unincorporated, precursor nucleotlde

| using reverse phase c-18 sep-pa %((W%ters Assoc1ates
" Milford, MA). This latter procedure involved loadlng

30 the phosphorylatlon reaction mixture onto the cC-18

| cartridge in an aqueous salt solution, elutlng
‘orthophosphate and unincorporated ATP with water

~ followed by 10% methanol, and then eluting the purified
'ollgomer with 60% methanol. The probes employed
35 comparatlvely in the dxfferentlal hybridization



then the sol ution was saturated with CO 100 mM Sodi um 20 dithionite
“solution red anaerobically in a 20 m -screwtop ]
ffubber s‘,ﬂé@pt%ﬁmﬁw 4.5 equivalents of dithionite were added tg'quﬁégmms
_soI ution with a syringe, and the mxtugﬁ i ncubated on ice for 15 min. 25
The Ho solution was gel-filtered again 1 phosphate buffer pH 6.0 on a 4 X,

40 cm Sephagdexy ) U 10 cm
CM 52 (\What mar% c%l uun%fgegu?h bra? L&véﬁﬂﬁ?hgiq OW%&J% a%d;.(nd t he?
chr omat ogr @9t ded@t+wgad mlqscaciqqmzagwmmsem5oovhricno e Na -
phosphat e 6 a f pH 6. 9.
CO was- ren@%%%ﬁé$g£¥ cggim%m%?% 3?;3 uég1 a str o éggysgﬁgﬁ~ is Hb
shows nat |S/%qu%‘>‘(9§ehn 3 ﬁdﬁﬁg‘eSGOdlm%[;@th% 38 A wholly artificial
hermogl gpi n may be prepar.ed by the combi nati on of al pha-gl obin and

bet a- gl obi n both Produced in, E.coli, or any.other ‘host_ of .a non- 5
erythroi d natur ATHPTh ddeprddigatian. ArdmpRlaque FPRBLELralk 105

‘Low Af fini tyzolEeP koS th) 286 ré?ho%éﬂil oF Mk Wéegﬁaesmsof

pLcl | FXbet a-gl obin (Thr101} A et ol i gonucl eot.i flg, sequence
dGGAGCCT @gi Qﬁ%o"?r Ehep&ss Wsequ@ﬁEénl ror mat i on
[ Bunn & Fortgaime®d413 inbtrogbcmmx beta~gUdieit @hr R2e] Iﬁaenﬂueh:narcal

,:)s/ﬁte ﬁt V\‘”?o.’er:i.S i gegy SBA’ szrc];lule%%eel partlalaa;l.yszl.s []Saagngzezz2 é&%f”, %roc.
Natl . Acad. S¢i. USA 74, 5463-5467 (1977)] to contain
. the desired mutation at COdon-102,' and only that

part:.cular amino acid ‘sequence alterat:.on in the beta- \J o

chain structural gene codlng sequence.
15 _ : ' '
_ A _lafge' scale ypreparation of M13 mpl0 cIIFX-
globin(Thrl®2) RF DNA was conducted as follows
[Recinos,  Ph.D. Dlssertatlon, Vanderbilt University
(1987)]. The host E. coli was grown at 37° ¢ overnlght
20 in M9 minimal medium (Manlatls et al., supra) plus 2
ug/ml thlamlne. 0. 3 ml of this cell culture was then
diluted (1:50) 1nto 14. 7 ml 2X YT medium and growth at
37° ¢ was continued for an addltlonal 2 h. The latter
culture was agaln dlluted (1:10) into a final volume of

25 150 ml 2X YT, and this cell solution was inoculated u o

with the plaque'purlfled ‘mutant M13 phage construct at
a multiplicity'of infection of approximately one. This
phage infection was then shaken'vigoreusly at 37° ¢ for .
14 'h, and cells fbr RF preparation were harvested by

30 centrifugation (5000 X g, 10 min, 4° C). The mutant :
phage supernatant was stored at -20° c for use in |
scaled?up versions of the protocols (Zoller & Smith,
.supra) for phage'purificatien and for Sinéle-stranded
template preparation.

35



on a-controlled glass-support. The oli gonuc'l eotide was gel purified
[Ll by“d et al. Bi oTechni-aues 4, 8-10 (1986)] and used to prine the-

Si te{sp-em f |W0788/021€9e5| s 20 . of M3 npl O cl | FXbeta -globin by tﬂerlmbp(ig_u
of Zoller.and Smith (Methods in Enzynol ogy 100, Acadenic Press, New York,

468- 500 (1983)] The nut ageni ¢ ol i gonucl eattl de was conpl enentary to 25
the bet a-chai n structural .gene sequence fl.anking and centered upon the
a"type codon for Doubl-stiranded RFi PNAt wamecpdrifbede fxobs tthaitcalls

vvere desi gned gréttlg'r%on V\glgggg{qgotl%lt QP é][.é_{ Mﬁy] 59,2 e aop

aci d sequence I'S charac erls T¢c O ansas
bét a: gl obi n nmudanyt-ideoisatintfor X0 Riins, thawsdokRt QEENC 24@ cEBiploskely

(1968)]. The pa t#s@&&r@i(’) dTEB Cf&'é)n x‘?”Pboﬁ{fdzbﬁ Eﬁb%oﬁ%bsk'otM%1Méf

differing from

(BonaventuPa dpd# &iQys, Lygp.zy}ne Was qﬁ@ﬁér'@htaalﬂmal cmq;mtmazwxnn
hi ghl y express I g 0€ , CM%RI C S

ra3-r74 (1981)]%(f Pr o‘gﬁ&“. gn%}?j qﬁ(‘%};{@ﬁg}é?g %bgbl n ﬁhfed&\ 6# éggr of cts of
the in vitro nifddyeneBPTA ré@ﬁlﬂﬁﬁ%ﬁéd?ﬂa#ﬂ&@w¢ht gopegpsration @b |

M- 1 [ gal Kam 8ggf lmr-ﬁA'H)‘Yd\%ﬁwafﬂerhssmh' Z!Sn Eb@ Hii efu@lf vlfudd oK

McKenney and avallabl e reguest - fro m di cal” Research

Council), by stoarﬁar'aerBBecP&T%%oof 5fo mMC&'Gﬂ-E—‘Mk(PWBrﬁ Rlis 623 WM

Mol ecul ar 16l onippera Ged€ &B8eAy Harbps sebetabar VlasN%p\@rdfn 268 ok 15
(1982); Nagai & ,Thogersen, thods in Enzyrml gg supr Transfogémnt
e

?har.borl ng .t he RidesPPEE, nahdntthen & M pNaf Yﬁﬁag"é’ &Or Rt
theQ/IdentlfI%ndéhtrat on ép 1 M. The last solution was loaded

into Beckm e 70 Ti rotor bottles, and after a

. further 1ncubatlon on ice for 3 h, was centrifuged at

15 40,000 rpm for 75 min at 15° C. RF DNA was decanted

| with the supernatant and precipitated at -20° ¢ for 20

" min with the addition of an equal volume of
'isopropanol. DNA precipitates ‘were peileted and

| resuspended in ‘10 mM Tris-HCl (pH 8.0), 1 mM EDTA,

20 100mM NaCl, and treated with RNase (final conc. 100
ug/ml) for 2 h at 37° C. This solution was phenol and

chloroform extracted (one time each), and the DNA' was

ethanol precipitated and resuspended in 30 ml 10 mM

Tris-HC1 (pH 8.0), 1 mM EDTA. The DNAs were twice

\/ 25 banded by CsCl-ethidium bromide density gradient
equilibrium centrifugation. Form I DNA bands were
extracted 4X with CSCI-saturated isopropanocl to remove
ethidium brbmide, and DNA. and CsCl were ethanol
precipitated. CsCl was removed from DNA pellets by

30 resuspension in and dialysis against 10 mM Tris-HC1l (pH
' 8.0), 0.2 mM EDTA. A final ethanol precipitation and
resuspension in 0.5 ml Tris-HCl (pH 8.0) yielded 150 ug

of purified M13 mplo cIIFXbeta-globln(Thrloz) RF. DNa

. for use in 'subclonlng the mutant ,beta-globln



drfferential pl aque- hybri di zati on screenings at_high Stringency usi ng

gamma[ 32P] - end- | abel ed ol i gonucl eoti-des as probes. 20 - The reactanty
ed to each of the phosphoryl ated hybridi zati on_probes were
0 pM ()”63?7@% i gonucl eoti de, 100 pM (0.7 nG) gamme- [ 32B(TAYH88/015:

. (specific activity approxi mately 6000 /mv, and 15 units T4

- pol ynucl eotide kinase .in a total reacfion 25 m xture of 50 ul. After .

370 C i 12 h | d Qldwp iigd :
1 om or oG RRar B A ISFRh T he ot BHepr ccrar Ty ibe, SEERdmef e, oree”

e and unlncorporat precursor goti devusing reverse

phase C- 18 cepspemet(Waters Associates M| ford, Nﬂ). This latter procedure |

i nvol ved | oading 30 the phosphorylation reaction m xture onto the
C-18 cartridge in an aqueous salt solution, eluting orthophosphate and :
uni ncorporated e mutatedat detatchain wmtwaﬁolmo im&® el uti ng
the purg fiath@! i aouEs NQle T f&pﬁggtae lopyef 35

g%l the H\% ?fe tlég&ﬁ e e 2

conparativ LN ybri |zat|on 0 anal'yses were
both the rru(’&-‘g‘én)c BYi g‘férﬁrcfeb%paénampmmeseo mtant clone RF

- (dGGAGCCT TedPAGas ré’%\tﬁfk:tién%ﬁ&?ﬁb' m@;@e@earwaryggg thand | d-type

~beta-chain sequence i.n e-sane. coding reqio Af ter dentification
(é’aﬂ '83 &F‘h

“and  pl aquéliBfr iFhilyat AHR reshiant, &r10%8 desired
ML3 phage ¢ dﬁtSwaenssatLan-Jea rﬂ%ﬂ ta’:lm% é;SRrwwetsgai:eseequS mpl O

2 TR ) S S S GRS

to Contalnfreeze-thaw procedure [Benson, BioTechniques 2, 77-78

(1984)]. Approx1mate1y 200 ug of expreseion vector DNA

was <isolated and purified from E. ‘coli QY13

_ 'transformant cell pellets by methods nearly identical

15 to.those described above for the Rf preparation. This

plasmid DNA (20 ugj'was'similarly restricted with Sac I

and. Hind III and further treated with bacterial

alkaline phosphatase (Bethesda Research Laboratories,

Gaithersburg, MD, as dlrected) to -remove the 57

20 phosphates from  the vector DNA, thereby preventing

| recircularization .without insert DNA in subsequent
‘ligation reactions. ' '

The purified mutant insert DNA fragment was then

25 ligated back into the expression construct at moderate
insert end-concentration, replacing the wild-type
protein. coding sequences previousiy therein. Ligatioﬁ
reaction condltlons (modified from procedure of New
England Blolabs, Inc., Beverly,_MA) were: 11 ug vector

30  DNA and 2.1 ug purlfled insert DNA in 500 mM Tris-HCl
(pH 7.8), 100 mM MgCl2, 6 mM ATP, 2 mM dithiothreitol:
total reaction volume = 125 ul. Incubation for the
ligation was at 16° ¢ for 10 h. The final 1ligation

. reaction mixture was used to  transform competent E.
35 ‘coli QY13 with' selection for ampicillin resistance.

.



t he | 'desi'red mut ati on at codo.n 102, and only that particul.ar am no _
aciFd~Sequencw@B8ogio on in the beta- chain structural gene codi

sequéncé 15 A I/grge scale preparation of M3 nplO cllFX- rigCT/LSSS/OlS:M
gl obi n(Thr102)° RF DNA was conducted ag follows [Recinos, -Ph.D.

Di Ssertation, Vanderbilt University (1987)]. The host E. col i was grown
at. [e:ﬁr] over niiglinsAbruant /Dharbordngrethe mdedivied | plasmad. .cangprricpl us

2 ug thi am m of eII uIture sthndll ted (1:50)

Cnto 14,7 mi 2ROFr EBRum SR SPORAn oSy BYGRRES coRBtATAR | M

addi tional 2 hldﬂrmfa‘etder oyl tdrléﬁmsengaarl dldmledy(ll-im)rudu.(zaiomal

vol une of 25 - §Q9| SgC ut ocC d h the
pl aque purifie em 3[Grf:|a e %‘g}ﬁs rgl@bnagg #%'Eﬁ m %nf% fon -
of appr oxi ﬁateuﬁblﬂ, mﬁk?ﬂﬁ\ije(lﬁ?@btlUmth/amodn@ncartamwlwnmstlyeat

37[err] for t

ceLtrl 1‘ugat|oné?,’&)'g'E)éq’faféci dJuqar#ﬂ:Afg Fﬁ@{d’i kfﬁﬁ'dw ne'[]aro uég'gero:"glf%%? was
stored at -20[ descriked scabavecapsd- BFARES ons Bhet h@OEIGLCGcoIElail!Z&I er
& Smth, supra)cd‘,gtv%{ag/e%g SBE%%&'OW%IQ 5y Ngbetsibrided My Si s

prepar at I on
PCT/ US88/ 01534 and DobY| eidis ane¥prES Sh@N RS Lpurd f i pEOtEd A t hehdeh pis| et s

as fol lowg Hﬁénn%dﬁ’&‘:?a ﬁ&&e&'lffef‘gnénggy £8bh £he Qﬁtltﬂ-ftygel%ﬁm

t hawed at 20[er etely resuspen onicein: % sucr ose, .

50 mM Tri s- HC beta-gioksim) fusp_.9§0 Us RYIdBRLCe o ThAaPuEaRteRe%AT On

globin was produced, purified and combined with a_lpha-_

o globin as described for native beta-globin.
15 c 'struction and Mutagenesis of cIIFXbeta-
'globm(; 87y

Mutation of the val®? codon was introduced into

the beta-globin cDNA sequence in M13 mpl0 cIIFXbeta-

20 globin using the m_utagenic primer

' (dGCACCGAGGATTTTCTTGCC) as above. - The mutant beta-

globin was produced purified and combined with alpha

glob;m as descrlbed for native beta-globln to obtain a
mutant hemoglobm.

Construction and -Mu;égehesis of '
pLcIIFXbeta-globin(phe&3)

Mutation of the his®3 codon was introduced into the
30 beta-globin cDNA sequence in M13 mpl0 cIIFXbeta-globin
using the mutagenic primer (JTTCTTGCCGAAAGCCTTCA) as
above. The mutant beta-globin was produced, purified
‘and combined with alpha globin as described for native
beta=-globin to obtain a mutant hemoglobin.
35 '



of 4 ng/m, and incubation was continued on ice for 5 nin. EDTA was t hen

ded towofggy(;glngoncentratlon of 80 nmM and again after 5 m | N\
gual volune of 0.5% Triton X-100, 50 nM Tris-HCO (pH 8.0), gEHZLﬁﬁﬁRHQ :

EDTA was added. Th| s solution was kept44on ice for 15 min nore, and then 5

- M Nad was added to a final concentration of 1 M The last sol ution was .

- | oaded i'nto Beckman Type 70 T| rotor bottles and after a further
|ncubat|on8 ' 40, OOOrpmfor 75 min s
15[ err] RF . ; - and preci pltated at

" -20[err] for 20 min . wth the ~addition “fan  equal vqurre '

e R 6. e %k%ﬁ#i“i&mmﬁﬁ‘b%%ﬁ@ H3 [8 Wkﬂaig W '
(final ﬁoncHgbldwerﬁ rri}eF ) ¥ereatperfermed I O S5 ukil bn.svoak‘ltmepﬂ)l and ..
Snd T esuspenadn” % g REY) TRACHNe xikhd eng uiBRaBRRT AU N oY
‘twice 25 PRRaFatusy ofcdG -Imad d(Mekh prl de_édeﬂéﬁrﬁ49grdcﬁ8dﬂt and

equi i bri U%Bg”kbbf YERIHLehr10Fprip 6, DY EpES iﬁ/ﬁr9 axt roagt o N th

.CsCl -saturated 1 sopropanol to renopve et hi di um brom.de and
Csd = were UELRENA $hiRi pRYarc@Pticedaceds (Ghbbe dsf#orrm'ptﬁm’ets by 30

resuspggsi ofiei,n4and4digs| MY g1 poai Reuils na/i.-zrsﬁotdﬁﬂ 1hplﬂa%1® 30. 2 mV EDTA. .

“A final ethanol - pr eci pi ‘tation and resuspension in 0.5 m Tris- "HC (pH 8.0)
yi el ded 150 ug of purified ML3 npl O'cl | FXbet a- gl obi n(Thr102) RF DNA for
use - suhﬁhepuegadﬂualdnaesubstlfwté.sbpﬁtﬂon 42 structural gene
into the - beta-globin expression - . L

o’/

_ The purified hemogllobin . is i’ncorporated- into a
15 physiologically acceptable blood substitute solution.
- A preferred solution includes the following components:

Hgb (gm/1) S 60=120

| Sodium (mEg/1) 135-145
20 ~ Potassium (mEg/l) 3.5~ 4.5

Chloride (mEg/1) '90~110

Preferably, the solution has a pH of 7.3-7.5, an - !
‘osmolality of 280-310, and an oncotic pressuré of 20-30 | |

25 mm Hg. Osmolality is controlled by concentration of
‘hemoglobin and of the electrolytes, as well as by the
optional ingredient glucdse (preferably 0-30 gm/1).

The oncotic pressure is controlled by the concentration
of'the-hemoglqhin and by its degree of crosslinking.

30 Agents, such as aibumin (0-70 gm/l), dextran (0-100
gm/1) and polyethylene glycol (0-25 gm/1) may be added

to increase oncotic pressure. . Moreover, to reduce the
degree of methemoglobin formation, anti-oxidant or free
radical = scavengers, - such as mannitol (0-20 gm/l),



construct.. The nmutated = beta-chain sequence was noved into 5 t he .
bet'a-chai n WQBQ/QSIUn vector, pkcllFXbeta-globin (nic-), by the PETILARSMYS34
progedures. Mitant clone RF (50 ug) was ristri ction enzyne digested with
Sac | ‘and Hind Il1l, and the resultant cl"l X -gl obi n (Thr-102) fragnment was

|Ssolatedfroma l%preparatlvea L S a)
and gel - puri f iGBRUALHLRRNEP—fr 8%‘?& t’h ?%tpe%lu FBgtr?ls?n%t g’hk/T]é)chﬁ?gues
2, \%7-78 (1984),]tamﬁppgomnnoel yu209- ugyobeepmoe&dam vect or. DNA was
isolated and purified from E coli QY13 transfornmant cell pel lets by :
met hods nearly identical 15  to those described above for the

‘preparation. This pfasgn Qdai\le@:&@ejg) affdndityl | aﬂlt?nﬁeshﬁmegé&b\?mnt hi%ac |
and H-nd 111 -and furt, g?%%ggle %ctﬁébggsg}:yalﬁdleadjust

phosphat afe ( ERRPERYEARe r’B?lyL Gal't her sbur g, g
directed) to tﬁ@ﬂ% iofe the Zﬁoluphoapma@esth&rmet neskt deV by

t hereby preventi ir cu*lar |czeat Ig?antg‘lwc’l R PHA aina Subaecn'uent

| i gation reactT’Bﬁg S insert fra%Ir 3 was t hth%5

l'i gat ed back I@h@rabeeexptas:sl omif cdiet r aempasifdaBrat

end-concentrat Lon re €a pPeap t@dq;xcqmdgrsst;aadaed
previ ously thefL' ﬁl ﬁﬁ r%‘a%ctl or %o‘?]fdl t§|40'r3§ (nodi fied from procedure .
of New En'gd)andeysh.amsgllcad coBdiddonsp) were: 11 ug vector 30  DNA and
2.1 ug purified insert DNA in 500 mM Tris-HO (pH 7.8), 100 nM MyCl2 6 nM
ATP, 2 mMdithiothreitol; total reaction volune = 125 ul. | ncubation for
the ligation was at 16[ERR] C for 10 h. The final ltigation reaction '
m xture was used to transform conpetent E 35 ~coli QY13 with selection
for\anplmllln reS|stance : : '



43 Transformants. harboring the desired plasnid con.str'uct for the _

expr essi wp ggjoorfg/t ant - beta-chaimé were identified by diff t -.\J
gol ony hybridi zati ongscreeni ngs [ G unstein & Hogness, groc. I\gﬁﬂ“ggdﬂjls

~Sci. 5. USA 72, 3068} 3965 (1975), with nodifications]Qusing the

end- | abel ed nut ageni & and wi | d- type ol igonucleotides scribed above as

probes. . The corra t - plasm d construct was furtherﬁ,‘ verified by !-
restrlctlon analyms“a nd Ny s expression of a %firotein which is e’
chr omat ogr aphed di ff&r ent Fal | y~f rom< he whld-type cll betw@- gl obi n fusion

product by - HPLC. The. nutant beta- gl obin was produced, purified and

conbi ned with al pha- gl obin as described for native beta gl obin. 15
Construction .and Mutagenesis of. pLell FXbet a- globin (I1e67) Mitation of .

~the val67 codon was introduced into the beta~g| obi n cDNA sequence in ML3
mpl O clIFXbeta- 20, g 1 obi n using t he mut ageni c prime -
r (dGCACCGAGGATTTHLTTIGCC) as above.  The nutant Ug 5 9l gdin was '

produced, purifi edlakll conbined with al pha gl obin as scrided for native

beta-gl obin to obtyif§j a mE ant henod obi r§' 25 Const §udlli on @nd Mt agenesi s
~of pLcl I FXbet a- gl

|g phe@) M@ atidh of fhe his63 Zod@n wef§ introduced
into the 30 bet a-'gl'pbi n" cDNA sequence in M3 npl Ocl['FXbet a-gl obin using
the ‘mutagenic primer {dTTCTTGCCGAAAGCCTTCA) as above. The nutant &
~beta-gl obin was produged, purified gpd conbined with al pha gl obin as
" described for nat.i bet a- gl obin to obt ain a nmutant hermgl obin. 35
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44 Characterization of Mitant Henoglobin Oxygen equilibriumstudies for Hgb
(béta phe63\)~,858 / é—{g,? (beta ile67) were performed in-0.05 M bis- ‘ﬁc—gugbbﬂ)wy
0. 1ll\/TNaCI ?g using the automated recording apparatus of K

(Metth: Enz. 76, 438-449, 1981) and for Hgb (peta thr. 102) in 0.1 M HEPES pH
7.4 , 0.1 MNad wusing a thin layer optical cell (GII, S.J. Meth. Enz. 10
76, 427-438, 1981). Results are shown@n Table 3. Exarrpl e 3. Blood
Sub‘s—t/ltute Sol ution The purifjed enogl Pbin L is ifgcorpgrated ‘into a 15

physi ol ogi cal Ly acgeptagl e bbod suibstid ute Sol utfon. M preferred sol ution

i.ncludes the follow ng conponents: Hgb (gnil) 60- 120" Sodi um
(nEq/l) 135-145 20 Pot assi um (nEq/ | ) 3.5- 4.5 Chloride
(nEq/l) - 90- 110 Preferably, the solution has a pH of 7.3-7.5, an

osnol. allty of ¥280- @10, and an oncotic pressure of 20-3@ 25 m nm Hg.
Csnol ality i socont ol | ed by concengratign of shenogl obi 8 and oof t he

el ectrol ytes, Has wa | - as by the optionaf i nEIedl ent gl ucose (preferably
0-30 gnil). e o] otlc pressure.Fs coﬁrol ed by thewconc tration of the
henogl obi n an :[‘Ls degree of crypssl i ki nge 30 @ Age such as al bum n
(0-70 gnm'I), ext - 1062 rﬂls andE&pol yﬁt hyl §ne gPycoI ﬁ"(0 25 gm'l) may
be added to |ﬁ’crea ti c. essgre. reoxer, &£o reluce 1"’ne degree of
nmet henogl obin formati on anti-oxidant or free r adi cal scavengers, such as
mannitol (0-20 gml), - - B Lo _ '
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45 gl ut alh 4 gnil), ascorbic acid (0-0.3 gnml) and vitanin E (0-100.
U 1) may gg@?g& ded. 'If a |l ow oxygen affinity nutant henogl BETA $88/8157
~dpl oyed, it nay be desirabl e or necessary to adjust the P50 of the

solutionto the preferred |evel by suitghle choice.of electrolytes, pH and.

ot her characteristics of the conposition. Preferably, the final solution,
has a P50 of 24-32 torr®undef] stagdard 10 physiol ogical conditions. — &
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62 val==>trp

- 65 ala-->aSp-

94 asp-->gln
20 94 asp-->thr

94 asp-->ser

94 asp-->lys

94 asp-->gly

94 asp-->arg
25 :
beta chain
21 asp-->ala
21 asp-;>sér
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66 lys-->ser
35 |
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K. Henogl obi 198? éo 109- 126. 15 56 Table 2: Candi dat e
Non- Nat ur al | y cuP FhGPPSW Affinity Henogl obin Mitants alpha chain 5
46 phe-->thr 467pkal->s&xrpli6 phe-->ala 58 hls-->phe 58 hls-->trp 10

61 Iys-->thr 6%7I¥§1 >§q& 61 Iys-->net
o 5 70 ala-=->glu
70 ala-->ser
70 ala-->thr
96 leu-->phe
96 leu-->his
10 96 leu-->lys
98 val-->trp
98 val-->phe

| mai ,

~ 102 asn-->asp
102 asn-=->glu
15 102 asn-->arg

102 asn-->his
102 asn-=->gly
108 asn-->arg
108 asn-->glu



61 |lys-->asn 62 val :->l eu 15 ___5_ 62 val -->ile 62 val -->phe 62 val -->trp”.

65 al a- -wargs/@#1M@®sp-->gln 20 - < 94 asp-->thr 94 asp-->ser ﬁéyﬂgssjmgysa*
P4 asp-->gly 94 asp-->arg 25 beta chain 21 asp-->ala 21 asp-->ser 45.
~phe-->ala 30 45 phe-->thr 45 phess>val 63 his-->phe 63 his-->trp 66
l'ys-->ser 35 57 66 lys-->asn 67 val-->phe 67 val-->trp 67 val-->ile 5 -~
70 ala-->glu 70 ala-->ser 70 ala-->thr _ \;\
‘Table 3: Oxygen Afflnlty Values for Mutant Hemoglobxns B !
Hemoglobin Mutant =~ ' 250 (mmHg) ’ gso'mutantzpso wild typé !
' Hgb (beta phef3) . .36.0 . _ 7.5 '
Hgb (beta ile$7) ' 9.4 - 2.0
Hgb (beta thrl02). 11 4.6
o/



96 Ieu-->phe 96 | eu-->his 10 96 | eu-->lys 98 val - - >t rp— 98 var=—=>phe
10‘Z‘ésn-->asp 102 asn-->glu 15 102 _asn-->arg.102 asn-

gérll_; [Eglg}/oig85gs$;b|>grg; 108 asn-->glu 290D 88/ 09179 JM@W"MWHI"I

Oxygen Affinity Val ues for

Hemogl obi n Miut ant . P50 (mmHg) P50 rrut ant/PSO wild type 5
Hgb (beta phe63) . _ 36.0 : 7.5 Hgb (beta
ileer) 'CLAIMS 9.4 2.0 Hgb (beta thr102)

11.1 ' . 4.6 CLAII\/Sl The use of cell-free nutant

(as defined herein) henpglobin in the manufacture of a non-toxic
conposi tion ¥or adnmi Fhetusateheellrfrepamutent (@6 efined d@ppivnent the

oxygen- car r g gEGIAC KA yth@fmérJ%?a@lﬁIrbe@F 'eSnéi-28fic 2omposition FBE use clai nmed

in claim1l wherein the nutant h bi t [
hermgl obi n. @mlmswau%é’°u%é’aﬂ?$ea‘?"rg’r§8 ‘stiwn tlef%H% ; %2?5/80{9%? ;‘t!ﬁ‘f‘%ﬁf’g

capaclty of the patlent s blood. .

2. The use claimed in claim 1 wherein the mutant

hemoglobin is a naturally-oécurring hemoglobin.

3. The use élaimed in claim 1 wherein the mutant

heﬁoglobin is'a'non-natupally-occurring hemoglobin.

' b, The use claimed in any'preceding claim wherein the cell-free
mutant hemoglobin has a Pgg of at least about 10% greater than that
of cell-free conventional hemoglobin under the same conditions.

5. : The uée claimed in any préceding claim wherein said mutant
“hemoglobin is an alpha chain hemoglobin mutant.
6. : The'use'claiﬁed'in any preceding claim wherein the
mutant hemoglobin contains a mutation which affects the'eqdilibrium
between the R state and the T state of the hemoglobin molecule.

&~/. 7{ - The use claimed in claim 1 wherein the mutant

hemoglobin contains a mutation of thé beta Asn102 (Gh) residue.

. 8. ' ' The use claimed in claim 7 wherein the mutant’
hemoglobin contains a beta Asni02 (G4) -> Thr mutation.

9. ' . The use claimed in claim 1 wherein the mutant .

hemoglobin éontains-a His 63 Phe mutation.

10. The use claimed in claim 1 wherein the mutant
hemoglobin contains a mutation of an amino acid residue within 4
angstroms, as determined on a nearest atom-to-nearest atom basis, of

" the heme moiety.



\\ ) ’\-'

" about 10% gr.eat er tha that of cell-free conventional -
heanIob n under *the sane conditions. 5. ~ The use clained in any

precedi ng cl ai m wherein said nutant hermgl obin is an al pha chain henogl obin
nmut ant . 6. The use clained in any precedi rtlzg cl ai mwherein the nutant -’
B

hemogl obi n idont ai nsTBe Mge stliedReduincrlaimr Louhereife tg YtABE i um between t he

obin is a non- naturally occurri ng henogl ob| n. 4. The use N
ﬁm " u, ﬂmced' ng clai mwherein hge cel | -free nutant henogl obin has—,

- state and. tHedogdlediat @ox&hlﬁaha hepagba M anhiree Udflno7acid residudhe use claimed

inclaiml eelnth t enogl obin contains a nutatjpn of the beta
rens0s ( Gyt IPEE et \hadH A Vs BEDY SRGRRGRIGR ¢ 3o Bl BEGR e "C
mut ant henoagicohd randodltsuinst ahbitn a mmm:(r@a) on >a Rearestt stomobo-r@arest

~The use cl adt%ﬁd%ééls 'vﬁ{e%ﬁ%n ‘MAE&GP ”yéé:l?nh F@I?Sév\ﬁ%g &%Q&@'d?stﬁe Hs 63

Phe nutati usecalrre rn clal erei n.the nutant _
herogl obi n Behakhate2LoalehaZbatal inkeRfigch®: aci d residue within 4 angstrons,
as determned on a nearest atomto-nearest atom basis, of the heme noiety.

11, T d | tant _henogl obi t N
‘a mutation 2 gsslf Igﬁe#n‘ﬁ}géé? @eg}%eigﬁ'hﬁr?jie“r gke g{?ﬂev\nﬁ?cﬁ :2 \(/:\notnhﬁlnnz .

angstrons diemagbationcontaing ige notatios eub hdtamdsitiuet #H0CD-hai n, as determ ned
on a.nearest atomto-nearest atom basis, wherein said first and second

resi dues are a part of the al phal beta2 or al pha2betal interfaces. 12.

The use cl &t3red i n &hejuse1alaiped dnnclaia flitwheredfe ¥bgIT%ARE cont ai ns a

nut ati on ofhdi@fPobiastehitaidd  Gi¥atiod Dof beta reditieUs® (E1@) ed in claim 1l
wherein the mutant -henogl obin contains a nutation.of beta residue 70 (E14)

14. - The use clained in claim1 wherein the nutant henogl obi n cont ai IQs)

a nutation 1. beta BHeWsk.claimed in claim 1 wherein the mutant
' ‘hemoglobin contains a mutation of beta 67 Val. '

"15. - The use claimed in claim 14 wherein the mutent
hemoglobin cdntains a mutation of beta 67 Val -> Ile.

16. ': The use claimed in any preceding claim wherein the
composition further comprises-an organic phosphate which stabilizes

the T state of hemoglobin.

- 17. The use claimed'in any préceding claim wherein the

mutant hemoglobin contains a mutatlon wherein another amino acid

re51due is converted to cysteine, and wherein said cystelne is ' LN

'cross-llnked to another cysteine residue.

'18. The use clalmed in c1a1m 2 wherein the mutant
hemoglobln has the structure of a natural low affinity hemoglobin
mutant selected from the group consisting of the mutants identified in
. Table 1. ' '

1



15 ' The use clainmed in clai m 14 wherein the mut ant hermgl obi n
,Con-t-al ns a mutation of beta 67 Val -> Ile 16. The userﬁu ““““m“\
precedl ng clai mwherein the conposition f@kther conprises a *
phgosphat e which stabilizes the T state of henpgl obin. 17. he use

ck& nmed in-any preceding claimwherein the nutant henogl obin contains a

mut at i on wherein another amno acid residue is converted to cysteine, and

V\ﬂe*‘él n si':u d19yst ei neI‘HeSué‘zé’ \%ﬁﬁ:ﬂeldnkﬁﬁzlhﬂm I hr¥in Coted gumhtr eendﬁ;mebmlas
Teusecalrre m rein the nutan n.has the _strucgture
of "a natural & éif ?’r’fﬁt?'yh*ﬂ'@ﬁgﬂ?’é‘bfl‘ht%t %“rﬁecg"e‘f?&’@& rOm Phe gt fipe
consi sting o'inutzhﬁ:snhawamgsthedentaﬁmadidemilﬁlekleni Table P9and combm'amgoruse
claimed in clg ? 5@[ 3 Wherein the nutant henoglobin is a law affinity

henogl obi n mutant sel ected fromthe group consisting of nutants having the
mutation identified in Table 2 and conbi nati ons thereof. 20. - The use.

clainmed in apy, precedipagusd Qélﬁlxﬂ&aeiﬁ'ﬁysﬁéééeﬂlﬁgﬂ@laﬂﬁﬁﬁﬂﬂ-éml Baids mib@it! ¥
artificial. 21. A nont oxi crdg‘lar ceutical  conposition conprising a

non- nat ur al | §‘e’6%@19pilﬁ‘n‘§ WoR et Y i'ned' herein) hermpglobin in a

pharmaceutical |y acceptable.carrier. 22 A reconbi nant DNA nol ecul e

COMpr 1 $ing, 2ghuSed 9ohGonSald LSed - AMR.F URPIS0G, BobbilinguE! O de
sequence whi ¢h*codes ‘on expresglon For-ah al second - .
nucl eoti de sequerdarakixhcosddag onltelxtpr(essdeé‘nn%hemm)eheaoséotﬂei dnio acid

segnent of a gl BLPRd1y Zabceptable dd¥eiBP! ecul e of claim 22 wherein said
first and second nucl eotide sequences are separated by a first spacer DNA -

sequence whi ch codes on expression for a sequence of am no acids whi ch
pr muzde a selagGtive chav¢agfinght ONACKoXkcid @otifti®ing \& Fpseal gase,

.said fused gene comprising a first nucleotide sequence which codes on
expression for an alpha globin, and a second nucleotide sequence which
codes on expression for at least a 10 amino acid segment of a beta

globin.

23.- The molecule of claim 22 wherein said first and second
nucleotide sequences are separated by a first spacer DNA sequence
which codes on expression for a sequence of amino acids which provide

a selective cleavage site for a site-selective protease.

24, _" The molecule of claim 22 wherein the first speeer DNA -

codes for a cleavage site which is selectively cleaved by Factor Xa.

25. The molecule of any of claims 22 to 24 wherein the
"second nucleotide sequenee is positioned so that its first codon is
read prior to the reading of the first codon of the first nucleotide

i ' sequenee in the course of the expression of the fused gene.

26. The molecule of any of claims 22 to 25 wherein the
_ second nucleotlde sequence codes on expre331on for the N-terminal of a

beta globln.



_ he nDIecuIe of claim22 mhereln the first spacer DNA codes for
ﬂﬂﬂl “H ch is selectively cleaved by Factor Xa. 25. ' The

S p05|t|
Vlrst cod
expressio
25 wher ei

a.'. .
N

f clains 22 to 24 whetein the second nucl eoti de sequence
oned S0 that its first codon is read prior to the readi ng of the

on of the first nucleotide sequence in the course of the

,-""'\

n of the fused gene. 26. The nol ecul e of any of clains 22 to,

87t he sedondthnﬁcbémnodecmhmomdum@ncempmes&(@r) for the

N

N-term nabr&iuc@n eeglﬁhglﬁ. by (g J.ntroduc:ue%%eEMleflaxﬁr gﬁy%@&\ﬂ%mgl obi n

whi ch conp

DNA nol ec

rses

BrePTSdRs i ﬁba#moza Jantﬁh stul Wﬁeohgﬁ%e

& I ntroduci ng a reconblnant
hef thamn 88t eBIREPCHSBan an

~erythrocyfei) (ekb}e@iﬁgmha@gmbmabigh@blm Pideh€orni Brfdepatoion @r as part -of
ein, (iil) aving sa yusion pratein at a
93?’[@;5\/35%&§ﬁ e(ili&) gfﬁ(fé’et‘h -1l l‘glffu P “aRﬁg{ 8% &overing

.a fusion
sel ective

and puri f gebeptize cclebphge gitdito; 1(Hcrabdattaem]mgalﬁtoaigl @lndn(ifvr)om a source

ot her tha

beta gl obi n"an

DelbAling U s eDEBPILI S LIBRAILOR]; Igby SRRl Werak fhighPha and

a source o I.n CO Ition

conpri si n§rew|a seurce qehsn yhapy bileedi and (s) cnwgaefa}a 96#%149?% ¥ henpgl obi n
char act er csmshniAgtdial ¥3¥na 40F bdta F6bid@nd & EbueOBF membbuni ts are derived

by expressing recombi nant DNA codi ng sequences. 29. : The henogl obi n

conposi tion of C aim 28 wherein sai-d henoglobin has an affinity for oxygen
whi ch i s I28wer t hai hieihaglobin tdvepositientdcopalsingnogllobree dhpilyt ed in Figure

1 30.

al pha chaln

bin

E'Jﬁi‘ﬂ L? b'bgof%]ggﬁj 'fg{i]c&fongi "ﬂe %1%%%11%5% t%q"lge({]qgoﬁﬂ Q:b' nis ah

I n conpositron of

cl ai m 28 RAEk dibg @h@nﬁe?h?gﬁoﬁ)ﬁql?lhaﬁslbph%tssﬂ%(ﬁeﬂ%\éedopy e?’?ﬁ’éf?%ﬁlélg | ow af finity

henogl obi @e@a,ﬁ@agn@@mcémngr%gmsgroup consisiting of the rrut ants
identified in Table 1. .

29. : The hemoglobln composition of Clalm 28 whereln said
hemoglobin has an affinity for oxygen which is lower than that of the
conventional hemoglobin depicted in Figure 1

30. The hemoglobih-composition of claim 28 wherein said hemoglobin is

an alpha chain hemoglébin mutant.

31. The hemoglobin coﬁposition of claim 28 wherein the
hemoglobin has the structufé‘of a natural.lﬁw affinity hemoglobin:
mutant selected from the group consisiting of the mutants identified
in Table 1. S

32. The hemoglobin composition of any of claims 28 to. 31 wherein
the a-globin subunit is derived by cleavage of a chimeric protein

including at least a 10 amino acid ségment of a g-globin.

- 33. "A non-naturally occurring low hemoglobin ﬁutant selected

from the group consisting of mutants hav1ng the mutatlon identified in

Table 2 and comblnatlons thereof.

34, A hemoglobin COmposi;ion comprising a solution of cell-free,
mutant (as defined herein).hemoglobin in a pharmaceutically acceptable
carrier._said solution having a P50 under standard physiological

conditions of 24-32 torr.

L]
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32, The henogl obi n conposition of any of clainms 28 to 3
a- gT’O‘6| n subunit i's derived by cl eavage of 32 chi rrerl c prot e| n mammjmmll
| east a 10 amino acid segnment of a [err]- qobl n.
OCC@‘I‘I ng | ow henogl obi n nutant sel ected from t he gr oup COI’ISI sti ng of
rrut ants having the nutation identified in Table 2 and conbi nations thereof.

- A henogl obi n conposi tion cor}_'prl sjing, a_sol ution_ of - cell-free,
rrut‘TTf (as dePPned her eff§ REAVHCIER Pfi ﬁl%i‘mpglérwﬁﬁﬁ%jtﬂ peig comersd&ithnl e -
carrier, sai dfemiheri complprasesngodiumd Dory)dpstasitumd dbas wnylstmlo@gde:abnsondl tions
of 24-32 torr. *C . L M S * 35. _ The conposition of :
claim 34 wherein said conposition further conprises sodiumions, potassium
i ons and chl oBfde i onFhe3gmpositionToR: cdoim3si whmlwfsaedanWWErfé!rﬁh@a| d
conposi tion fgggmgegqypgh&qﬁca%eggcotl c agent. 37. : The conposition
of claim35 wherein said conposition further conprises an antioxidant. 38.
A poI ypeptide conprising a coval ent conjugate consisting of an [err]-globin
noi ety and at 3yeast a1he ednpaeimhdos@gamaso&haemrsra]ldg&dabbﬁtion further

comprises an antioxidant.

38. A polypeptide comprising a covalent conjﬁgate consisting of
an a-globin moiety and at least a 10 amino acid segment of a B-globin.




