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PRODUCTION IN BACTERIA AND YEAST 

OF HEMOGLOBIN AND ANALOGUES THEREOF 
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This application is a continuation-in-part of ·Looker 

and Hoffman, u.s. Ser. No. 07/374,161, DI-ALPHA AND DI-BETA 

GLOBIN LIKE POLYPEPTJ:DES AND USES THEREFOR, filed June 30, 

1989; ·Stetler and Wagenbach, u.s. Ser. No. 07/379,116, 

PRODUCTION OF HUMAN HEMOGLOBIN BY TRANSFORMED YEAST CELLS, 

filed July 13, 1989; and Hoffman, Looker, Rosendahl and 

Stetler, U. s. Ser. No. 07 /349, 623, filed May 10, 1989; ail 

owned by Somatogenetics International, Inc. 

cross-Reference to Related Applications 

Hoffman and Nagai, u.s. Ser. No. 07/194,338, filed 

·May 10, 1988, presently owned _by Somatogenetics International, 

Inc., relates to the use of low oxygen affinity mutant 

hemoglobins as blood substitutes, and to the expression of 

alpha and beta globin in nonerythroid cells. 

Field of the Invention 

The present invention relates to the intracellular 

assembly of a hemoglobin-like protein in ·biologically 

functional, substantially soluble form through co-expression of 

alpha- and beta-globin-like polypeptides in bact~rial or ye.ast 

cells. 

It further relates to the genetic cross-linking of 

the two alpha subunits of hemoglobin to form a novel 

polypeptide, di-alpha globin, which may be considered a 

partially assembled intermediate leading to a hemoglobin-like 

protein, and the use of this compound in the production of 
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synthetic hemoglobins having an increased intravascular half­

life as compared to stroma-free hemoglobins. It also relates 

to the analogous polypeptide di-beta globin. 

Information Disclosure Statement 

A. Blood Substitutes, Generally 

It is not always practical to transfuse a patient 

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

cell substitute is necessary. The product must effectively 

transport o2 , jus:t as do red blood cells. ("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. 

A. Structure and Function of Hemoglobin 

Hemoglobin (Hgb) is the oxygen-carrying component of 

blood. Hemoglobin circulates through the bloodstream inside 

small enucleate cells called erythrocytes (red blood cells) . 

Hemoglobin is a protein constructed from four associated 

polypeptide chains, and bearing prosthetic groups known as 

hemes. The erythrocyte helps maintain hemoglobin in its 

reduced, functional form. The heme iron atom is susceptible to 

oxidation, but may be reduced again by one of two enzyme 

systems within the erythrocyte, the cytochrome b5 and 

glutathione reduction systems. 

About 92% of the normal adult human hemolysate is Hqb 

A (designated alpha2 beta2, because it comprises two alpha and 

two beta chains). Th~ alpha chain consists of 141 amino acids. 

The iron atom of ·the heme (ferroprotoporphyrin IX) group is 

bound covalently to the imidazole of His 87 (the "proximal 

histidine"). The beta chain is 146 residues long and heme is 

bound to it at His 92. Apohemoqlobin is the heme-free analogue 

of hemoglobin: it exists as the ap-globin dimer. 
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Separated, heme-free, alpha-and beta-globins have 
been prepared from the heme-containing alpha and beta subunits 
of hemoglobin. The separated heme-free globin chains are 
folded very differently, even though the heme-containing 
subunits are highly similar in. secondary structure and basic 
folding features. This shows that the binding of the 
prosthetic heme qroup to globin subunits has quite different 
effects on alpha and beta globin. Yip, et al., J. Biol. Chem., 
247: 7237-44 (1972). 

Native human hemoglobin has been fully reconstituted 
from separated heme-free alpha and beta globin and from hemin. 
Preferably, heme is first added to the alpha-globin subunit. 
The heme-bound alpha globin is then complexed to the heme-free 
beta subunit. Finally, heme is added to the half-filled globin 
dimer, and tetrameric hemoglobin is obtained. Yip,. et al., 
PNAS (USA), 74: 64-68 (1977). 

In cell-free· systems prepared from unfractionated 
rabbit reticulocyte hemolysates, globin is actively synthesized 
for approximately five minutes, and then protein synthesis 
abruptly ceases. Prior addition of hemin prevents or delays 
the cessation of synthetic activity, as a result of the effect 
of hemin on an inhibitory protein known as 11hemin-regulate.~ 
inhibitor" (HRI). Hemin deficiency has a more severe effect on 
alpha chain synthesis than on beta chain synthesis as alpha 
globin mRNA is less efficient than beta-globin mRNA in 
initiating polypeptide chain synthesis. It has been speculated 
that alpha chains are released from their site of synthesis 
only in the presence of free beta chains, which immediately 
complex the released alpha chains to form aJ3-globin dimers. 
These then combine with heme to form tetrameric hemoglobin. 
Winterhalter and Huehns, J. Biol. Chem., 239: 3699 (1964). It 
is certainly known that the addition of heme to aJ3-globin 
dimers (apohemoglobin) leads to the rapid formation of 
hemoglobin. 
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The human alpha and beta qlobin genes reside on 

chromosomes 16 and 11, respectively. Bunn and Forget, supra at 

172. Both genes have been cloned and sequenced, Liebhaber, et 

al., PNAS 77: 7054-58 (1980) (alpha-qlobin qenomic DNA); 

Marotta, et al., J. Biol. Chem., 252: 5040-53 (1977) (beta 

qlobin cDNA); Lawn, et al., Cell, 21:647 (1980) (beta globin 
genomic DNA) • 

Hemoqlobin exhibits cooperative bindinq of oxyqen by 

the four subunits of the hemoqlobin molecule (two alpha-globins 

and two beta-globins in the case of Hgb A), and this 

cooperativity greatly facilitates efficient oxygen transport. 

Cooperativity, achieved by the so-called heme~heme interaction, 

allows hemoglobin to.vary its affinity for oxygen. Hemoglobin 

reversibly binds up to four moles of oxygen per mole of Hgb. 

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 carrier, oxygen 

saturation or content is graphed against the partial pressure 

of oxygen. For Hg?, the percentage of saturation increases 

with partial pressure accordinq to a siqmoid relationship. The 

P50 is the partial pressure at which the oxygen-carrying 

solution is half saturated with oxygen. It is thus a measure 

of oxygen-binding affinity; the hiqher the P50 , the more 
loosely the oxyqen is held. 

When the oxyqen dissociation curve of an oxyqen­

carrying solution is such that the P50 is less than that for 

whole blood, it is said to be "left-shifted." 

The oxygen affinity of hemoglobin is lowered by the 

presence of 2,3-diphosphoqlycerate (2,3-DPG), chloride ions and 

hydrogen ions. Respirinq tissue releases carbon dioxide into 
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the blood and lowers its pH (i.e. increases the hydroqen ion 
concentration), ·thereby causinq oxygen to dissociate from 
hemoqlobin and allowing it to diffuse into individual cells. 

The ability of hemoqlobin to alter its oxygen 
affinity, increasinq the efficiency of oxygen transport around 
the body, is dependent on the presence of the metabolite 2,3-
DPG. Inside the erythrocyte 2, 3-DPG is present at a 
concentration nearly as qreat as that of hemoglobin itself. In 
the absence of 2, 3-DPG "conventional" hemoglobin binds oxygen 
very tightly and would release litt~e oxygen to respiring 
tissue. 

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

B. Blood Substitutes, Generally 

It is clear from the above considerations that free 
native hemoglobin A, injected directly into the bloodstream, 
would not support efficient oxygen transport about the body. 
The essential allosteric regulator 2, 3-DPG is not present in 
sufficient concentration in the plasma to allow hemoglobin to 
release much oxygen at venous oxygen tension. 

Nonetheless, solutions of conventional hemoglobin 
have been used as RBC substitutes. The classic method of 
preparing hemoglobin solutions employs outdated blood. The red 
cells are lysed and cellular debris is removed, leaving what is 
hopefully "stromal-free hemoglobin" (SFH). 

Several basic problems have been obs~rved with this 
approach. The solution must be freed of any toxic components . . 
of the red cell membrane without resorting to cumbersome and 
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which would discourage large-scale 

"Appraisal of Hemoglobin Solution ai;; a 

Blood Substitute", suraerv. Gvnecoloay and Qbstetrics, 149: 

417-436 (1979). 

Second, as 

shifted" (lower P5 0 ) 

al. , "The Development 

Solution as a Red Cell 

1419 (Dec. 3, 1986) • 

expected, such solutions are "left­

as compared to whole blood. Gould, et 

of Polymerized Pyridoxylated Hemoglobin 

Substitute", Ann. Emerq. Med. 15: 1416-

Third, SFH has a half-life in the circulatory system 

of only about 2-4 hours. This is because oxy Hgb partially 

dissociates into a dimer (ap) that is small enough to be 

filtered by the kidney. 

Finally, SFH has a high colloid osmotic pressure 

(COD). Thus, administration of SFH in a dose that would have 

·the same oxygen-carrying capacity as a unit of packed red blood 

cells is inadvisable, since the high osmotic pressure (60mm Hg) 

would cause a massive influx of 

bloodstream, thus dehydrating 

consideration limits the dose of 

water from the cells into the 

the patient's tissues. This 

SFH to about 6-8 gm Hgb/dl. 

In an effort to restore the desired P50 , researchers 

added 2,3-DPG to the hemoglobin solution. Unfortunately, 2,3-

DPG was rapidly eliminated from the circulation. Scientists 

then turned to other organic phosphates, particularly pyridoxal 

phosphate. Like 2,3-DPG, these compounds stabilized the "T 

state" of the Hgb by forming a salt bridge between the N­

termini of the two beta chains. The pyridoxylated hemoglobin 

had a P50 of 20-22 torr, as compared to 10 to~r for SFH and 28 

torr for whole blood. While this is an improvement over SFH, 

the pyridoxylated Hgb remains "high affinity" relative to whole 

blood. 
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.c. Chemical Crosslinkinq of Hemoqlobin Subunits 

The properties of hemoqlobin have _been altered by 

specifically chemically crosslinkinq the alpha chains between 

the Lys99 of alphal and the Lys99 of alpha2. Walder, U.S. 

4,600,531 and 4,598,064; ·Snyder, et al., PNAS (USA) 84: 7280-84 

(1987); Chaterjee, et al., J. Biol. Chem., 261: 9927-37 (1986). 

The P50 was 29 mm Hq, and renal excretion was abroqated by the 
/' 

crosslinkinq, but the plasma half-life was increased just 2-3 

fold. r· · 

Thfs chemical crosslinkinq was accomplished by 

reactinq bis(3,S-dibromosalicyl) fumarate with deoxyhemoqlobin 

A in the presence of 

low yield (10-20~). 

eliminate derivatives 

inositol phosphate. This reaction has a 

Moreover, purification is required to 

modified at other sites (there are 42 

other lysine residues and the amino terminal amino qroups of 

the four chains at which competinq reactions could occur). 

A further problem with the use of a 

crosslinkinq aqent is that it can participate 

reaction yieldinq a carcinoqenic halophenol. 

"diaspirin" 

in a side 

In the hemoqlobin analoque of the present invention, 

the N-terminal valine and .c-terminal arqinine of the alpha 

qlobins are connected by means of an amino acid or peptide 

linker, without resort of special couplinq aqents. 

The beta chains have also been chemically 

crosslinked. Kavanauqh, et al., Biochemistry, 27: 1804-8( 

1988). Kavanauqh notes that the beta N-termini are 16 A apart 

in the T state and 20 A apart in the R state. Not 

surprisinqly, the introduction of a DIDS bridqe between the N­

termini of T state hemoqlobin hindered the shift to the R 
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state, thereby decreasing the o2 affinity of the molecule. 

While the Kavanaugh analogue has desirable oxygen binding and 

renal clearance characteristics, it too is obtained in low 

yield. 

D. Gene Expression, Generally 

Gene expression embraces the transcription of DNA 

into messenger RNA, and the translation of messenger RNA into 

protein. The process of trans".ription begins when an enzyme, 

DNA-directed RNA polymerase, binds to DNA. The binding site 

for this enzyme is often called the "promoter," and the binding 

of the enzyme to the P.romoter may be controlled by various 

repressors or inducers of transcription. The. RNA polymerase 

slides along the DNA· molecule, manufacturing ·a messenger RNA 

transcript. When it encounters a second regulatory· element, 

the "terminator," the enzyme falls off, and the mRNA transcript 

is formed. 

Messenger RNA is used by the ribosomes, the protein 

factories of the cell, as a template for the construction of 

the corresponding protein. The ribosomal binding site 

comprises the so-called Shine Oelgarno (SO) 

properly spaced initiation (start) codon. 

sequence and a 

Beginning at a 

special RNA triplet known as the initiation codon, transfer 

RNAs bind to corresponding codons of the messenger. Each 

transfer RNA is two-handed; it binds to the messenger codon by 

means of a complementary anti-codon, while holding the 

corresponding amino acid in position to be linked into the 

growing polypeptide chain. The chain falls off when the 

ribosome encounters one of three special triplets known as 

"stop" codons. That part of the original gene which 

corresponds to the messenger sequence from the initiator codon 

to the last codon before the s·top codon is known as the coding 

sequence. There is also a 5 '-flanking sequence, which begins 

with the promoter, and a 3 1 -flanking sequence which ends with 

the terminator. 
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E. Polycistronic Expression 

It is possible for a single messenger RNA transcript 
to have one promoter, but two or more pairs of start and stop 
codons that define distinctly translatable sequences. Each 
such sequence is known as a "cistron," and the polypeptide 
corresponding to the cistrons are thus co-expressed under the 
control of the single promoter. 

The majority of bacterial operons are polycistronic, 
that is, ·several different genes are transcribed as a single 
message from their operons. Examples include the lactose 
operon with three linked genes (.J..AgZ, lacY and ~) and the 
tryptophan operon with five associated genes (.tl:RE, .tl:RD, tl:RC, 
.t.!12B, and .t!:RA). In these operons, the synthesis of messenger 
RNA is initiated at ·the promoter-operator and, within the 
transcript, coding regions are separated by intercistronic 
regions of various lengths. (An operon is a.cluster of genes 
that is contro1led as a single transcriptional genetic unit). 
Translational efficiency varies from cistron to cistron. 
Kastelein, et al., Gene, 2.3: 245-54 (1983). 

When intercistronic regions are longer than the span 
of the ribosome (about 35 bases), dissociation at the stop 
codon of one cistron is followed by independent initiation at 
the next cistron. With shorter intercistronic regions, or with 
overlapping cistrons, the 30S subunit of a terminating ribosome 
may fail to dissociate from the polycistronic mRNA, being 
instantly attracted to the next translational initiation site. 
Lewin, Gene Expression, 143-148. 

Unlike bacterial 
generally monocistronic in 
157. 

mRNAs, 
nature. 

eukaroyotic mRNAs are 
Lewin, Gene Expression, 



-·--------------

( 

- 10 -

Synthetic polycistronic operons have been constructed 

and expressed in both prokaryotes and eukaryotes. 

Lee, et al., Nucleic Acids Res., 12: 6797 (1984) 

describe a special case of a synthetic polycistronic operon in 

which all of the cistrons express the same polypeptide. This 

homopolycistronic structure was constructed to maximize the 

gene dosage effect. 

Schoner, et ~l., PNAS, 83: 8506-10 (1986) translated 

a synthetic two-cistron mRNA in .I.a. £Ql.i. The first cistron was 

a short, arbitrary ~U-rich sequence, while the second cistron 

was a mammalian gene (bGH). It was found that "read through" 

translation occurred if t,he stop codon of the first cistron 

followed the SD element of the second cistron and lay close to 

the start.codon of the second cistron. Schoner's purpose was 

to overcome his failure to express Met-bGH with its native 

codons at high levels, possibly as a result Of inhibition Of 

translation by local secondary structures. The first cistron 

was engineered to. favor ribosome binding (by placing the SD 

sequence and the AUG initiation codon in an AU-rich region free 

of local secondary structure). See also Schaner, et 

Enzymol., 153: 401-416 (1987), which reveals 

overproduction by this technique was associated 

formation of protein granules. 

al., Meth. 

that bGH 

with the 

Saito, et al., J. Biochem., 101: 1281-88 (1987) 

expressed a synthetic somatomedin c.gene in .B.&. £Ql.! using a two 

cistron system. They theorized that the instability of 

somatomedin .c, a basic polypeptide, might be overcome by 

complexing it with an acidic polypeptide. Thus, they 

constructed a two-cistron system which could express both 

polypeptides. The termination codon of the first cistron 

overlapped the initiation codon of the second cistron. The 

transformants accumulated Somatomedin C at high levels. 

However, the somatomedin c was recovered in the form of 

insoluble pellets (see page 1282). 
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The ribosomes of mammalian cells are likewise capable 

of reinitiatinq translation at an initiation codon downstream 

from a termination codon. Thus, Beel, et al., FEBS Lett., 

219: 181 (1987) expressed a dicistronic transcription unit in 

mammalian (CHO) cells. This unit directed synthesis of both 

the precursor of human pancreatic polypeptide and of a 

selectable genetic marker (mouse DHFR). 

CODON, W088/05486 describes the production of 

dicistronic mRNA which encodes both a protein of interest 

.(e.q., tissue plasminoqen activator) and a selectable phenotype 

(e.q., neomycinresistance). The c~mmon promoter was, in each 

of the examples a derivative of the Harvey murine sarcoma 

virus, and the dicistronic mRNA was translated in suitable 

eukaryotic cells. 

GENENTECH, EP Appl 117, 058 discloses the expression 

in vertebrate host cells of a dicistronic expression vector 

wherein one cistron codes for the desired protein (e.q., HbsAq) 

and a second codes. for a second protein ( e. q. , DHFR) whose 

synthesis is subject to environmental control (e.q., with 

methotrexate). 

F. Fused Genes and Proteins, Generally 

Genes may be fused toqether by removinq the stop 

codon of the first qene, and joininq it in phase to the second 

gene. Parts of qenes may ~lso be fused, and spacer DNAs which 

maintain phase may be interposed between the fused sequences. 

The product of a fused qene is a single polypeptide, not a 

plurality of polypeptides as is expressed by a polycistronic 

operon. Different qenes·have been. fused toqether for a variety 

of purposes. Thus, Gilbert, u.s. 4,338,397 inserted a rat 

preproinsulin qene behind a fraqment of the ~ coli 

penicillinase gene. His purpose was to direct ~ coli 

transformants to secrete the expression · product of the fused 
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gene. Fused genes have also been prepared so that a non­

antigenic polypeptide may be expressed already conjugated to an 

immunogenic carrier. protein. The present invention, however, 

contemplates the joining of two copies of the same gene. 

The use of linker DNA sequences to join two different 

DNA sequences is known. These linkers are used to provide 

restriction sites for DNA cleavage, or to encode peptides 

having a unique character that facilitates purification of the 

encoded fusion protein or a fragment thereof. See, e.g., 

Rutter, u.s. 4,769,326. 

The lectin of Pisum satiyum seeds is synthesized as a 

single 275-amino acid preproprotein consisting of a signal 

sequence followed first by the beta chain and then by the alpha 

chain. The signal sequence is ~emoved in the endoplasmic 

reticulum, and in the protein bodies the resulting 11prolectin11 

is cleaved into a 187-AA beta chain and a 58-AA alpha chain. 

(Further processing results in truncation at the carboxyl 

termini). While the pea seed isolate is thus a heterodimer,. it 

was discovered that the uncleaved naturally-occurring 

11prolectin11 also binds carbohydrates, and that this "prolectin" 

could be expressed in E.s.. QQ!i and recovered in functional form. 

Stubbs, et al., J. Biol. Chem., 26: 6141-44 (1986). 

Toth, u.s. 4,774,180 teaches. the expression of 

polyprotein. This polyprotein was made from a fused DNA 

sequence encoding both a first polypeptide which catalyzes the 

reaction of glycine with ATP to form glycyl-adenylate and a 

second ·polypeptide which reacts glycyl adenylate with tRNAG LY 

to obtain the glycine-charged.tRNA. These two polypeptides are 

the alpha and beta ·subunits of glycine tRNA synthetase which 

has an a 2 p2 quaternary structure. The two subunits, in the K:. 

coli genome, are encoded by a single dicistronic gene. Toth 
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linked the coding region of the alpha chain to the coding 

region of the beta chain by means of a linker encoding six 

amino acids. See also Toth and Schimmel,. J. Biol. Chem., 261: 

6643-46 (May 1986). 

Ladner, u.s. 4,70.,692 describes an expert system for 
finding linkers which may be used to convert two naturally 

aggregated but chemically separated polypeptide chains into a 

single polypeptide chain with a similar conformation after 

folding. This system relies on a database containing amino 

acid sequences for which 3-D structures are known. The 

database is examined for candidate amino acid sequences with .a 

span similar· in length to the interchain qap to be bridged. 

The direction and orientation of the candidate peptides in then 

checked. The algorithm assumes that these peptides will 

maintain the same length and orientation regardless of the· 

flanking sequences. 

Ladner, WOSS/06601 presents a hypothetical approach 

to the preparation of . 11pseudodimeric" analogues of dimeric 

repressor proteins. In essence, an amino acid linker is 

introduced to c.onvert the dimeric molecule into a sinqle chain. 

According to Ladner, this linker may be designed directly by 

the method of the 1 692 patent; alternatively, the linker­

encoding DNA is a random oligonucleotide and !n vivo selection 

is used to find a pseudodimer whose linker permits the molecule 

to fold correctly and bind sequence-specifically to DNA. 

Hallewell, et al., J. Biol. Chem., 264: 5260-68 

(1989) prepared an analogue of cuzn superoxide dismutase. Each 

dismutase molecule is a dimer of two identical subunits: a 

copper ion and a zinc ion are liganded to the subunit. The 

dimer interaction in cuzn superoxide dismutase is so strong 

that the subunits have not been separated wlthout inactivating 

the enzyme. The enzyme has considerable conformational 

similarity to immunoqlobulins; Hallewell, et al., joined two 

human superoxide dismutase qenes, either directly or with DNA 
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encodinq a 19-residue human immunoloqlobulin IqAl hinqe reqion 

and expressed the fused qenes in a transformed host. In 

attempting to express the directly joined genes, recombination 

occurred to eliminate one of the tandem genes in some plasmid 

molecules. Hallewell, et al., postulated that the direct 

connection distorted the dimer, causing the exposure of 

hydrophobic areas which then had a toxic effect. This would 
have provided selection pressure fav~ring gene deletion. No 

recombination was detected with the IgAl linker construction. 

Unfortunately, it cannot · be assumed that a 

pseudodimeric fusion protein containing a peptide linker will 

fold properly so to be a functional equivalent of its parental 

heterodimer. 

G. Expression of Soluble Proteins 

Efforts to produce heterologous proteins in 

transformed ce1·1s sometimes result in the precipitation of some 

or all of the protein as insoluble inclusion bodies, also known 

as refractile bodies. See, e.q., Paul, et al., Eur. J. Cell 

Biol., 31:171-174 (1983) (human proinsulin/.L.. £Ql.i trpE fusion 

protein); Denefle, et al., Gene, 56:61-70 (1987) (angogenin); 

Langley, et al., Eur. J. Biochem., 163:313-321 (1987) (bovine 

growth hormone); Petrov, et al., Biology of the Cell, 61: 1-:4 

(1987) (calciton1n); Richardson, et al., Biochim. Biophys. 
Acta, 950:385-94. (1988) (ricin B chain); Davis, et al., 

Biochemistry, 26:1322-26 (1987) (tumor necrosis factor); Lee, 

et al., Biochim. Biophys. Res. Commun., 151:598-607 (1988) 

(gamma interferon); Meng, et al., J. Chromatogr., 443:183-92 

(1988) (Somatomedin C); Tsuji, et al., Biochemistry, 26:3129-34 

(1987) (interleukin-2). The term "refractile" refers to the 

ability to observe these bodies by phase contrast microscopy. 

Frequently, this insoluble protein retains only a fraction of 

the expected biological activity, possibly due to incorrect 

folding. It has been suggested that inclusion bodies are 

formed when molecules of partially folded proteins interact 
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with each other faster than they can fold into their native, 

active conformation.- Kruger,_ et al., Biopharm, 40 (March 

1989); Haase-Pettingell and King, J. Biol. Chem., 263:4977-83 

(1988). "Factors contributing to the formation of inclusion 

bodies in recombinant bacteria remain obscure and it is not 

easy to predict the physical state of the product of a newly 

expressed eukaryotic gene in I.a. gg,li.. 11 Petrov, supra. 

While the formation of these inclusion bodies results 

in enrichment of the recombinant protein, and is therefore 

sometimes desirable, it also necessitates solubilization of the 

aggregates and regeneration .of the protein's biological 

activity·. Petrov, supra at 4, comments, "sometimes these 

obstacles seem to be the most critical point of the recombinant 

technology." 

Attempts have been made to solubilize and renature 

these proteins. Wetzel·, U. s. 4, 599, 197; Builder, U. s. 

4,620,948; Olson, u.s. 4,511,503; Jones, U.S. 4,512,922. 

However, such efforts can be laborious and uncertain of 

success. See Giantini and Shatkin, Gene, 56:153-160 (·1987). 

As stated by Weir and Sparks, Biochem. J., 245: 85-91 (1987), 

"proteins vary considerably in their optimal conditions for 

renaturation; various factors such as pH, salt concentration 

and type, rate of removal ·of denaturant, concentration of the 
target protein and of contaminants may stronqly affect the 
recovery of authentic protein." These complications are 

avoided if the protein of interest is expressed in soluble 

form. 

Gatenby, et al., Eur. J. Biochem., 168: 227-31 (1987) 

has discussed difficulties in the preparation of the higher 

plant enzyme ribulose-biophosphate carboxylase. This enzyme 

has the subunit structure Ls s8 , where L is a larqe subun"i t and 

S is a small subunit. In nature, a binding protein apparently 
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maintains L in soluble form prior to assembly with s. Attempts 

to assemble an active hiqher plant RuBPCase in E. coli have 

been frustrated by the formation of an insoluble, inactive 

aggregate of L. 

H. Bacterial Expression of Human Alpha and beta Globins 

Naqai and Thorqerson (Nature, .a,n: 810-812, 1984) 

expressed in E. coli a h,ybrid protein consistinq of the 31 

amino-terminal residues of the lambda cII protein, an Ile-Glu-· 

Gly-Arq linker, and the complete human beta qlobin chain. 

They cleaved the hybrid immediately after the linker with blood 

coaqulation factor Xa, thus liberating the beta-qlobin chain. 

Later, Naqai, et al., P.N.A.S. (U.S.A.), .a.3.:7252-55 (1985) took 

the recombinant DNA-derived human beta qlobin, naturally 

derived human alpha qlobin, and a source.of heme· and succeeded 

in producinq active human hemoqlobin. Because the alpha globin 

was derived from erythrocytes, the final product may contain 

undesi~able ·erythroQyte membrane constituents. 

More recently, an efficient bacterial expression 

system for human alpha qlobin was reported. GB 8711614, filed 

May 16, 1987: see copendinq Ser. No. 07/194,338 and wo· 
88/09179. This led to the production of wholly synthetic human 

hemoglobin by 
subunits in 
refolding of 

separate expression of the insoluble qlobin 

separate bacterial cell lines, and in situ 

the chains in the presence of oxidized heme 

cofactor to obtain tetrameric hemoqlobin. Thia;; procedure is 

laborious and low in yield.· It requires the use of denaturinq 

solvents (urea and quanidine), and chemical reduction of ferric 

ion to the ferrous state (see example). One object of the 

present invention is to overcome these disadvantages. 

While human alpha and beta globins may be expressed 

separately in E. coli, Walder, Proceedinqs, Biotech USA 1988 

(San Franciso, Nov. 14-16, 1988) warns at paqe 360, "isolated 

alpha and beta (globin] chains are unstable and tend to 
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precipitate." If human alpha and beta globin are not produced 

in soluble form, they must be solubilized with denaturing 

agents and then refolded to restore activity. Moreover, when a 

wild-type alpha globin gene is expressed in ~ £Q.J.i, alpha 

globin accumulates only slowly. It is not certain whether this 

is due to inefficient translation or to the action of host 

proteases, but. WO 88/09179 teaches that this problem may be 

overcome by fusing a short section of the beta globin gene to 

the alpha globin gene, so that a hybrid protein is produced. 

This hybrid protein must then be cleaved, e.g., with a 

protease, to release the globin. If the protease i-s not 

completely selective (perhaps because of contamination by other 

proteases), the desired cleavage product may not be the only 

one obtained. In any event, that product must be separated 

from other JL. ~ polypeptides, and any contaminants 

associated with the pro~ease. 

Sperm whale myoglobin has been expressed in B.t. ggli, 

demonstrating that bacteria can incorporate prosthetic heme 

groups into a protein expressed from a cloned eukaryotic gene. 

Springer and Sligar, PNAS (USA) 84: 8961-65 (1987). Walder 

says, "it remains to be seen if hemoglobin can be similarly 

made if both the alpha and:beta chains are expressed within the 

same cell." While there is a high degree of tertiary structure 

similarity between myoqlobin· {a single chain protein) and the 

individual alpha and beta glob in subunits, hemoglobin is a 

heterotetrameric protein, the primary qlobin sequences have no 

more than a 27% homology and myoqlobin is now known·to enjoy 

significantly hiqher stability than either alpha or beta 

qlobin. Thus, it could not be predicted that_ co-expression of 

alpha- and beta-globin in the same cell would result in 

intracellular assembly of a functional hemoqlobin, .which 

requires proper folding of the alpha and beta chains and 

incorporation of heme. 



( 
'· 

,. 

- 18 -

I. Human Gene Expression in Yeast, Generally 

A number of human proteins have been expressed in 
transformed yeast cells, especially Sac;charomyces cereyisiae, 

either cytoplasmically or by secretion into the culture medium. 

King, et al., Biochem. Soc. Transac., 16:1083-1086 (1988). 

But success is not guaranteed. Thim, et al., FEBS Lett., 

212:307-312 (1987) experienced difficulty in obtaining properly 

crosslinked insulin from _yeast cells in which the intact 

proinsulin-encoding qene had been inserted. They overcame this 

problem by constru.cting a modified proinsulin gene which 

encoded the B and A chains linked by a hexapeptide spacer. The 

product of this gene was cleaved and the two chains were 

properly folded and crosslinked by the cells. 

Richardson, et al., B~ochim. Biophys. Acta, 950:385-

94 (1988) expressed the B chain of the heterodimeric protein 

ricin in E. coli. They reported that it was hard to obtain 
high levels of·. secretion of a yeast alpha factor leader/ricin B 

chain fusion ·protein. No a~tempt was made to co-express and 

assemble the ricin A and B chains. 

Murakami, et al., DNA, 6:189-97 (1987) reported 

production of a heme-containing fused enzyme in transformed 

yeast cells. 

Horwitz, et al., PNAS (USA), 85:8678-82 (Nov. 1988) 
described the construction of yeast· strains which secrete 

functional mouse· variable reqion/human IgGl constant region 

chimeric antibodies into the culture medium. They characterize 

their paper . the first report of the secretion of. a foreign 

multimeric or heterodimeric protein in yeast. But see also 

Carlson, Mol. Cell. Biol., 8:2638-46 (June 1988), showing 

transcription and translation of heavy and light-chain cDNAs 

into polypeptides which associate and bind antigen. 
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Beggs, et al., Nature, 283:835 (1980) attempted to 

express a chromosomal rabbit beta globin gene in S.S.. cerevisiae. 

However, these yeast cells were unable to properly splice the 

intron-containinq qlobin mRNA transcript. 

No admission is made that any reference cited herein 

is prior art. The description of the work and the citation of 

publication date are based solely on the published information 

and the applicants reserve the right to question the accuracy 

of that information. 

SUMffARY OF THE INYENTION 

It is the object of this invention to overcome the 

aforementioned deficiencies of the prior art. For example, 

Applicants have achieved the first complete expression AnS1 

assembly of tetrameric hemoglobin in cells which do not produce 

he~oglobin in nature. Prior work has related to the separate 

expression of alpha and be.ta globin and their extracellular 

combination with heme to form hemoglobin. 

A central feature of the present invention is the 

intracellular assembly of alpha- and beta-globin-like 

polypeptides and intracellular incorporation of heme to farm.· a 

biologically functional hemoglobin-like ·protein. This 

i~tracellular processing is achieved by expressing the alpha­

and beta-globin-like polypeptides in the same cell so that 

fold together and incorporate hemethey. An· important 

characteristic of this invention· is a substantial reduction 

the formation of insoluble globin inaggregates, in particular 

of beta globin, as compared to what is observed when globins 

are separately expressed in JL. 2Q1i or S. cerevisiae. Co­

expression may be achieved from genes on two separate but 

compatible plasmids in the same cell, or from two 

different operons on the same plasmid, or from a single 

polycistronic operon. 
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In one embodiment, the alpha- and· beta-globin-like 

polypeptides are co-expressed in bacterial cells. The 

corresponding genes may be included in the same synthetic 

operon (i.e., driven by one promoter), or placed in separate 

operons with separate promoters (which may be the same or 

different). Preferably, expression of the alpha- or beta­

globin is enhanced by placing a "ribosomal loader" sequence as 

hereafter . described before the glob in ~ene. This is 

particularly advantageous in the case of alpha globin which is 

more difficult to produce in quantity. 

In another embodiment, the alpha- and beta-globin­

like polypeptides are co-expressed in yeast cells. 

Improvements in both the yield of the alpha globin and the 

solubility of beta globin are obtained. 

A further aspect of the invention is the production 

of novel intermediates, di-alpha globin and di-beta globin (and 

mutants thereof), which can be expressed in a cell and 

assembled with each other or with beta- or alpha-globin-like 

polypeptides, respectively, into a hemoglobin-like protein. 

While intracellular assembly is not strictly required, di-alpha 

and di-beta globin may be considered specially adapted to 

intracellular assembly of a functional hemoglobin since 

expression of, e.g., a di-alpha globin is analogous in some 

respects to intracellular assembly of two alpha globin 

subunits, differing from assembly as previously discussed in 

that the association is accomplished by expression of a 

covalent peptide linker rather than by noncovalent interaction 

of the subunits. Di-alpha and Di-beta-globin-like polypeptides 

may be expressed in, preferably, bacterial cells or in yeast 

cells. 

These facets of the invention are now discussed in 

greater detail. 
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Yeast Expression of Hemoglobin-Like Proteins 

Applicant have discovered that it is possible to 

produce human hemoqlobin (or mutants thereof) in yeast, 

especially Saccharomyces cerevisiae. The use of a yeast 

expression system obviates the need to separate the ~emoqlobin 

from bacterial · endotoxins. It is further believed that alpha 

and beta qlobins with the correct N-terminal amino acid may be 

obtained without first expressinq the qlobin as a part of 

selectively cleavable fusion protein, as the yeast enzyme 

methionyl aminopeptidase should be capable of ·removing the N­

terminal methionine from Met-beta-qlobin to expose the desired 

N-terminal amino acid (Valine). Production of altered oxygen 

affinity mutants as discussed in WOSS/09179 is of special 

interest. Such . mutants may be produced by site-specific 

mutaqenesis of globin genes followed by cloning and expression 

iri yeast. 

In a preferred embodiment, expression is controlled 

by a "qal-qap49" hybrid promoter as hereafter defined. 

co-Expression of Alpha and.Beta Globin Genes in Yeast Cells 

In a preferred embodiment,·the alpha and beta globin 

genes are both expressed within the same yeast cell. 

Expression of the beta qlobin qene alone _results in the 

production of beta qlobin as a largely insoluble, difficult-to­

extract protein comprisinq less than 2% of the total cell 

protein. Expression of the alpha qlobin qene alone results in 

production of alpha globin at very low levels (under 0.5% of 

the total cell protein). In neither case is heme incorporated. 

When, however, the alpha and beta globin qenes are co­

expressed, the transformed yeast cells fold the alpha·and beta 

qlobin chains together and incorporate heme qroups to obtain 

functional recombinant human hemoglobin in soluble form, 

accum~lating to about 10% of the total cell protein, without 

any change in the promoters operably linked to the qenes. 
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The alpha and beta glob in genes may, in turn, be 
carried on different plasmids or on the same plasmid within the 
host cell. 

Polycistronic Co-Expression of tbe Alpha and Beta Globin Genes 
in Bacterial Cells. 

Applicants have . translationally coupled alpha and 
beta globin genes to a· small "ribosomal loader" gene encoding a 
small consumable peptide that will lead the ribosome directly 
into the ATG of the desired alpha and beta globin message and 
thus enhance translational efficiency. The have also placed 
the alpha and beta qlobin genes in the same operon so they are 
transcribed into a single polycistronic mRNA transc.ript. The 
globins are then translated as separate polypeptide chains 
which subsequently are folded together and joined with 
intracellular heme by transformed cells to form the hemoglobin 
tetramer. Applicant's method overcomes the problem associated 
with separate purification of precipitated alpha and beta 
globins. 

The polycistronic expression and assembly of a 
heterooligomeric human protein in soluble_, active form in a 
heterologous host has not been previously reported. It is 
especially noteworthy that this was a mammalian protein 
expressed in a prokaryotic (bacterial) host. It should further 
be considered that this protein incorporates prosthetic qroups, 
which add a further complication to the goal of proper post­
translational processing. 

In one embodiment, Met-FX-alpha globin and Met-FX­
beta globin are co-expressed, where FX denotes a leader peptide 
which a recognition site for Factor Xa cleavage activity. FX­
alpha globin and FX-beta globin assemble to form a mutant 
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hemoglobin with reversible oxygen binding activity, albeit 

higher in affinity for oxygen than native hemoqlobin. 

Alternatively, the FX leader, or other fused leader, may be 

cleaved to obtain a duplicate of native Hqb. 

In another embodiment, Met-alpha globin and Met-beta 

globin are co-expressed. This eliminates the need for a 

cleavage step. 

In a third embodiment, des-val-alpha globin and des­

val beta globin are co-expressed. Native alpha and beta globin 

both begin with valine,. The valine may, however, be replaced 

with methionine, which is of similar hydrophobicity. 

In further embodiments, one or more codons of the 

native genes are altered so th~t a alpha and/or beta globin­

related protein characterized by one or more amino acid 

differences (insertions, deletions or substitutions) from the 

native species 'is produced. 

Di-Alpha ·and Di-Beta Globins 

A new protein, di-alpha globin, has been prepared, 

which consists of two alpha globin amino acid sequences 

covalently connected by peptide bonds, preferably through an 

intermediate linker of one or more. amino acids. Surprisingly, 

these "qenetically crosslinked" alpha globin chains were 

capable of appropriately folding and combining with beta globin 

and heme to produce functional hemoglobin analogue. The term 

"genetically crosslinked" refers to the method of production. 

Two copies of the globin gene are fused together, preferably 

with a spacer DNA encoding the amino acid 1 inker, so the 

construct directly encodes the desired di-alpha globin. The 

term "analogue" is. used because in native hemoglobin, the 

alphal and alpha2 subunits are noncovalently bound. The 

analogous preparation of di-beta globin is also envisioned. 
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The preparation of "genetically crosslinked" 

hemoglobins avoids the disadvantage~ of chemical crosslinking. 

The latter is inefficient and often requires deoxygenation of 

the hemoglobin solution and the presence of another molecule 

(e.g., inositol hexaphosphate or 2,3-DPG) to prevent competing 

reactions. 

In a preferred embodiment, the di-alpha globin and/or 

the beta globin contain mutations which reduce the oxygen­

binding affinity of the hemoglobin analogue in solution so as 

to approach the oxygen-binding characteristics of whole blood. 

The di-alpha hemoglobin advantageously exhibits a 

substantially longer half-life in the circulatory system than 

does conventional (des-val) recombinant hemoglobin. 

Preferably, in humans, the half-life exceeds 9 hours at a dose 

of at least 1 gm/kgm body weight. This would be expected to 

correspond to a half-life of about 3 hours in rats given a 

comparable dose. 

The di-alpha and di-beta globins can be expressed in 

both bacteria and yeast. 

BRIEF DESCRIPTION OF THE DRAWJ:NGS 

Figure 1: 

Figure 2: 

Flowchart for construction of plasmids for 

expression of .FX-alpha globin (pDL II-62m), FX­

beta globin (pDL II-lOa), and FX-hemoglobin (pDL 

II-66a) are schematized. 

Flowcharts for construction of plasmid pDL IIl­

la (2a) bearing dicistronic Des-Val-Alpha globin 

gene under control of Tac promoter, and 

polycistronic di-alpha/beta co-expression 

plasmid pOL III-47a (2b). 
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Figure 6: 

Figure 7: 

Figure 8: 
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Flowchart for construction of plasmid for co­

expression of Met-alpha and Met-beta globins, 

pDL III-13e. 

Oligonucleotides ··for construction of synthetic 

FX-alpha and FX-beta globin genes. The top 

strand is shown 5.' to 3 ' and tl)e bottom strand 

as 3 1 to S' • Areas of overlap between 

complementary synthetic oligonucleotides are 

shown as areas where both strands are shown in 

the same case letters. The ~ site that joins 

FX-alpha and FX-beta occurs at the overlap of 

SJH I-35a and SJH I-36b. 

synthetic gene for expression of Met-FX-alpha 

and Met-FX-beta globin. Region A contains the 

alpha globin gene and region B the beta qlobin 

gene. The location of the Factor X sequence and 

the two Shine-Delgarno sequences (SD#l and SD#2) 

in both regions is indicated. Selected 

·restriction sites are also found. The 

translated amino acid sequences for the 

ribosomal loader and Met-FX-alpha/and beta-

globin arc;t given. 

Elution profile and absorbance spectrum for FX­

hemoglobin. 

Oliqonucleotides for construction of mutant 

hemoglobins (differing in amino acid sequence 

from conventional hemoglobin). 

Oligonucleotides for construction of plasmids 

which do not encode the Factor Xa substrate 

recognition site. 

oxygen Binding of Des-Fx Hgb 
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Figure 14: 
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Plasmids pDL III-14c and pDL III-38b 

Shows the sequence of a pref erred synthetic gene 

for expression·of (des-Val)-alpha-(GlyGly)-alpha 
and des-Val beta globin. A shows the region 

(EcoRI to PstI) containing Shine-Delqarno 

ribosomal bindinq sites (SD#l and SD#2), the 
sequence expressing the octapeptide (Met ••• Glu) 

which serves as a cotranslational coupler, and 

the sequence encoding the two nearly identical 
alpha globin-like polypeptides and the 
interposed Gly-Gly linker. The first alpha 

globin sequence begins "Met-Leu", that is, it 

contains an artifactual methionine, omits the 

valine which is the normal first residue of 

mature alpha· globin, and continues with the 

second residue, leucine. The second alpha 

· globin sequence begins "Val-Leu", immediately 

after the underlined "Gly-Gly" linker. Start 

and stop codons are underlined. .B shows the 

analogous region (PstI to HindIII) containing 
the coding sequence for des-Val beta glob in. A. 

and B are connected at the PstI site to form a 

single polycistronic operon. 

Shows the structure of the final expression 

vector pDL III-47a. "PTac11 is the Tac promoter, 

and "ampicillin" is the ampicillin resistance 

gene. Figure 13a shows a XbaI-BamHI fragment of 

POL III-47a. 

Plasmid pSGEO.OE4 

Plasmid pSGEl.1E4 

Plasmid pDL IV-67a 
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Plasmid pJR VI-54a 

Plasmid pDL di-alpha/beta/beta 

Flowchart showinq the construction of various 

expression vectors featuring lambda PL 

regulation of various polycistronic glob in· 

operons. 

Nucleotide Sequence of GAL-GAP promoter, with 

restriction sites indicated. The region from -

SphI to EcoRV contains a synthetic GAL1 • 10 

regulatory region (M. Johnston and R. Davis. 

1984. Molecular and Cellular Biology, 4: 1440-

1448). The UAS is in the reqion numbered 29-63 

on this Figure. The region from EcoRV to the 

XbaI site contains the consensus GAP491 

transcriptional start reqion, with the 

approximate start .of transcription being at 395. 

(L. McAlister and M.J. Holland. 1983. J. 

Biol. Chem. , 1.§..Q.: 15019-15027: J. Holland, et 

al. 1983. J. Biol. Chem., 22§.:5291-5299.) 

Flowcharts showing construction of beta-globin 

expression cassette (2la and 2lb). 

Flowcharts showing construction of beta-globin 

expression vector pG~4988 (22a) and alpha-qlobin 

expression vector pGS4688 (22b). 

Flowcharts (23a and 23b) showing construction of 

an alpha-qlobin expression cassette and of 

vectors pGS289 and pGS389 for co-expression of 

alpha- and beta globin from the same plasmid. 

Note that alpha and beta globin are expressed 

from separate promoters. 
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Absorbtion spectra for yeast-produced 
recombinant and native human hemoglobin. 

Flowchart 
alpha/beta 
and map of 

(25a) showing construction of di­
hemoglobin yeast expression vector 

plasmid pGS3089 (25b). 

Map of plasmid pGS3089RGV desp. 

DETAILED DESCRJ:PTJ:ON OF THE PREFERRED EMBODDIENTS 

The structure of conventional ·hemoglobin is well 
known. We herewith incorporate by reference the entire text of 
Bunn and Forget, eds., Hemoglobin: Molecular. 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 Holecular Structures in Biology 
(Clarendon Press: 1981). 

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 amino acids. 

About 92% of the normal adult human hemolysate is Hgb 
A (designated alpha2 beta2, because it comprises two alpha and 
two beta chains). The alpha chain consists of 141 amino acids 
(See Fiqure 11). The iron atom of the heme 
(ferroprotoporphyrin lX) group is bound covalently to the 
imidazole of his 87 (the "proximal histidine"). The beta chain 
is 146 residues long (see Fiqure 12) and heme is bound to it at 
his 92. 

Other recognized hemoglobin species are Hgb A2 (a2 a2 

&2 ), Hgb A18 , Hgb A1 b, and Hgb A1c, as well as the rare species 
Hgb F (a2 gamma2 ), Hgb Gower-1 (Zeta2 · epsilon2 ), Hgb Gower-2 
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(alpha2 epsilon2 ), Hgb Portland (Zeta2 gamma2 ), and Hgb H 
(beta4 ) and Hqb Bart (gamma4 ). They are distinguished from Hqb 
A by a different selection of polypeptide chains. 

Segments of polypeptide chains may be stabilized by 
folding into one of two common conformations, the alpha helix 
and the beta pleated sheet. In its native state, about 75' of 
the hemoglobin molecule is alpha-helical. Alpha-helical 
segments are separated by segments wherein the chain is less 
constrained. It is conventional to identify the alpha-helical 
segments Of each chain by letters,· e.g., the proximal histidine 
of the alpha chain is FS (residue 8 of helix F). The non­
helical segments are identified by letter pairs, indicating 
which helical seqlilents they connect. Thus, nonhelical segment 
BC lies between helix B and helix c. In comparing two variants 
of a particular hemoglobin chain, it may be enlightening to 
attempt to align the helical segments when seeking to find 
stru:ctural homologies. For the amino acid sequence and helical 
residue notation for conventional human hemoglobin Ao alpha and 
beta chains, see Bunn and Forget, supra, and Table 1 herein. 

The tertiary structure of the hemoglobin molecule 
refers to the steric relationships of amino acid residues that 
are far apart in the linear sequence, while quaternary 
structure refers to the way in which the subunits (chains) are 

r' packed together. The tertiary and quaternary structure of the 
\ 

hemoglobin molecule have been discerqed by X-ray diffraction 
analysis of hemoglobin crystals, which allows one to calculate 
the three-dimensional positions of the very atoms of the 
molecule. 

In its unoxygenated ( "deoxy", or "T" for "tense") 
form, the subunits of hemoglobin (alphal, alpha2, betal, and 
beta2) form a tetrahedron having a twofold axis of symmetry. 
The axis runs down a water-filled "central cavity". The 
subunits interact with one another by means of Van der Waals 
forces, hydrogen bonds and by ionic interactions (or 11 salt 
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bridqes"). The alphalbetal and alpha2beta2 interfaces remain 
relatively fixed durinq oxyqenation. In contrast, there is 
considerable flux at the alphalbeta2 (and alpha2 betal) 
interface. In its oxygenated ("oxy", or "R" for "relaxed" 
form), the intersubunit distances are increased. 

The tertiary and quaternary structures of native 
oxyhemoglobin and deoxyhemoglobin are sufficiently well known 
that almost all of the nonhydrogen atoms can be positioned with 
an accuracy of o. 5 A0 or better. For human deoxyhemoqlobin, 
see Fermi, et al., J. Mol. Biol., 175: 159 (1984), and for 
human oxyhemoqlobin, see Sbaanan, J. Mol. Biol., 171:. 31 
(1983), both incorporated by reference. 

While analyses of hemoqlobin structure tend to focus 
on the alpha-beta interfaces, it is known that the distance 
between the amino terminus of one alpha subunit and the 
carboxyl terminus of the other is about 5. 6 A0 in the deoxy 
configuration and 3.3 A0 in ·the oxy confiquration. 

For the purpose of the appended claims, a hemoglobin­
like protein is an oxygen binding protein with a plurality of 
heme prosthetic groups and a Pso of _at least about 6 torr (when 
measured as for Table 1 of Ser. No. 07/194, 338), and composed 
of a plurality of polypeptides each of ·w~ich is a human alpha 
(or di-alpha)" globin-like or human beta (or di-beta) globin­
like . polypeptide. A human alpha globin-like polypeptide is 
native human alpha globin or a mutant thereof differing from 
the native sequence by one or more substitutions, deletions or 
insertions, while remaining at least 75% homologous with human 
alpha globin, and still capable of incorporatinq heme and 
associating with beta qlobin. A beta globin-like subunit is 
analogously defined. Subunits of animal hemoglobins or mutants 
thereof which are sufficiently homologous with human alpha or' 
beta globin are embraced by the term "human alpha or beta 
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globin-like polypeptide." For example, the subunits of bovine 
hemoglobin are within the scope of these terms. The alpha- and 
beta-globin-like polypeptides may be referred to collectively 
as 11globins 11 • 

For the purpose of the appended claims, a di-alpha 
globin-like polypeptide is one which · consists essentially of 
two alpha-globin-like polypeptide sequences connected by 
peptide bonds between the normal c-terminus of the first alpha­
globin-1 ike polypeptide and the normal N-terminus of the second 
alpha-globin-like polypeptide. These two sequences may be 
directly connected, _or connected through a peptide linker of 
one or more amino acids. Alpha globin chains crosslinked at 
the N- and c-terminals other than by peptide bonds (e.g., by 
DIDS) are excluded. The di-alpha globin-like polypeptide must 
be capable of folding together with beta glob in and 
incorporating heme to form functional hemoglobin-like protein. 
The di-beta globin-like polypeptide is analogously defined. 
The di-alpha and di-beta globin-like polypeptides may 
collectively be referred to as "pseudodimeric globin-like 
polypeptides". 

A "Met FX alpha globin" is an alpha globin-like 
(_ polypeptide comprising an N-terminal methionine, · a oligopeptide 

which acts as a recognition site for Factor Xa (e.g., Ile-Glu­
Gly-Arg), and an alpha globin-like sequence (e.g., Val-His-Leu­
Thr-Pro ••• ) which may correspond. to wild-type alpha globin or 
to a mutant thereof as taught herein. The term "Met FX alpha 
globin" is sometimes 
beta globin" is an 
polypeptide •. 

abbreviated as "FX alpha globin". "FX 
a~alogously defined beta globin-like 

"Met-alpha glob in" is an alpha globin-like 
polypeptide with an extra N-terminal methionine. The second 
amino acid is valine, which is the first amino acid of mature 
wild-type alpha globin. Met-beta globin is analogously 
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defined. A "Des-FX alpha globin" gene (or "dFFX a.lpha globin") 

is a Met-alpha globin gene obtained by excising the FX codons 

from a Met-FX alpha globin gene. 

"Des-Val-alpha globin" (or "dVal alpha globin"). is an 

alpha globin-like polypeptide wherein methionine is substituted 

for the valine which begins the sequence of mature wild-type 

alpha globin. Des-Val-beta globin is analogously defined. 

Des-Val-alpha/alpha globin is a "di-alpha globin" in which a 

"Des-Val-alpha" sequence is linked via an appropriate peptidyl 

linker to an alpha globin-like sequence which begins with Val. 

The alpha and beta globin-like chains need not 

correspond exactly in sequence to the alpha and beta globins of 

"conventional" hemoglobin. Rather, mutations may be introduced 

to alter the oxygen affinity or stability of the hemoglobin, or 

the ease of expression and assembly of the individual chains. 

By way of example and not limitation, several mutant 

hemoglobins have been prepared by the method of this invention. 

Guidance as to further mutations is provided by the copendinq 

application of Hoffman and Nagai, Ser. No. 07/194,338, 

incorporated by reference herein •. 

( The DNA sequences encoding the individual alpha (or 

di-alpha) and beta (or di-beta) qlobin chains may be of 

genomic, cDNA and synthetic origin, or a combination thereof. 

Since the genomic globin genes contains intrans, genomic DNA 

must either be expressed in a host which can properly splice 

the premessenger RNA or modified by excising the intrans. Use 

of an at least partially synthetic gene is preferable for 

several reasons. First, the codons. encoding the desired amino 

acids may be selected with a view to providing unique or nearly 

unique restriction sites at convenient points in the sequence, 

thus facilitating rapid alteration of the sequence by cassette 

mutagenesis. Second, the codon selection may be made to 

optimize expression in a selected host. For codon preferences 

in E. coli, see Konigsberg, et al~, PNAS, 80:687-91 (1983). 
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For codon preferences in yeast, see the next section. Finally, 
secondary structures formed by the messenger RNA transcript may 
interfere with transcription or translation. If so, .these 
secondary structures may be eliminated by altering the codon 
selections. 

Of course, if a linker is used to genetically 
crosslink subunits, the linker will normally will be encoded by 
a synthetic DNA. While the di-alpha qlobin and the beta globin 
may be expressed separately and then combined with each other 

\ and heme in vitro, they are preferably placed on one plasmid. 

The present invention is not limited to the use of 
any particular host cell, vector, or promoter. However, ·the 
preferred host cells are bacterial (especially, . .E..&. coli) and 
yeast (especially ~ cerevisiae) cells. The promoter selected 
must be functional in the desired host cells. It preferably is 
an inducible promoter which, upon induction, provides a high 
rate of transcription. A preferred bacterial promoter is the 
Tac promoter, a trp/lac hybrid described fully in DeBoer, U.S. 
4,551,433 and commercially available from Pharmacia-LKB. Other 
promoters which might be used include the temperature sensitive 
lambda Pl and P1 promoters, as well as the lac, trp, trc, pIN 

( (lipoprotein promoter and lac Operator hybrid) I gal and heat 
shock promoters. The promoter used need not be identical to 
any naturally-occurring promoter. Guidance for the 'design of 
promoters is provided by studies of promoter structure such as 
that of Harley and Reynolds, Nucleic Acids Res., 15:2343-61 
(1987) and papers cited therein. The location of the promoter 
relative to the first structural qene may be optimized. See 
Roberts, et al., PNAS (USA), 76:760-4 (1979). The use of a 
single promoter is favored. Suitable yeast expression systems 
are described. in detail elsewhere in this specification. 

The vector used must be one having an origin of 
replication which is functional in the host cell. It desirably 
also has.unique restriction sites for insertion of the globin 
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genes and the desired regulatory elements and a conventional 
selectable marker. A vector may be modified to introduce or 
eliminate restriction sites to make it more suitable for futher 
manipulations. 

The alpha and beta globin chains may be expressed 
either directly or as part of fusion proteins. When expressed 
as fusion proteins, the latter may include a site at which they 
may be cleaved to release the alpha and beta globin free of 
extraneous polypeptide. If so, a site sensitive to the enzyme 

(:_ Factor Xa may be provided, as taught in Nagai and Thorgenson, 
EP Appl 161,937, incorporated by references herein. 
Alternatively, the alpha and beta fusion proteins may be 
synthesized, folded and heme incorporated to yield a hemoglobin 
analogue. 

The direct expression of the alpha and beta globin 
subunits is desirable. Factor Xa is a blood derivative. 
Preparations of Factor xa may therefore contain undesirable 
blood-associated substances or etiologic agents. In any event, 
the hemoglobin must be separated from the Factor Xa. 

Nagai and Thorgerson, EP Appl 161,937, incorporated 
(" by reference herein, teach the construction of fused genes in 

which DNA coding for a polypeptide of interest is immediately 
preceded by DNA encoding a cleavage site for Factor Xa, a 
serine protease. Certain of the peptide sequences to be 
cleaved by Factor Xa are· quoted below (wherein the cleavage· 
site is denoted by an"="): 

Ile-Glu-Aly-Arg=Val-His-Leu-Thr CII FxB-globin 
Ile-Glu-Gly-Arg=Thr-Ala-Thr-Ser Hu prothrombin 
Ile-Glu-Gly-Arg=Thr-ser-Glu-Asp Bo prothrombin 
Ile-Asp-Gly-Arq=Ile-Val-Glu-Gly HU prothrombin 
Ile-Glu-Gly-Arg=Ile-Val-Glu-Gly Bo prothrombin 
Ala-Glu-Gly-Arg=Asp-Asp-Leu-Tyr HU antithrombin III 
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In the above list, 11 CIIFXJJ-qlobin" refers to a hybrid 
fusion protein comprises the 31 amino-terminal residues of the 
lambdaCII protein, the Factor Xa recoqnition sequence "Il.e-Glu­
Gly-Arq," and the complete amino acid sequence of human beta 
globin . (which begins "Val-His-Leu-Thr- ••• 11

). It will be 
.evident from study of Fiqure 4 of the present invention that 
FX-alpha and FX-beta qlobins of Example 1 correspond to the 
native globin preceded_ by "Met-Ile-Glu-Gly-Arg." 

In bacterial mRNA, the site at which the ribosome 
binds to the messenger is a polypurine stretch which lies 4-7 
bases upstream of the start (AUG) codon. The consensus 
sequence of this stretch is _5• ••• AGGAGG ••• 3 1 , and is frequently 
referred to as the Shine-Dalgarno sequence. Shine and 
Dalgarno, Nature, 254: 34 (1975). The exact distance between 
the SD sequence and the translational start codon, and the base 
sequence of this "spacer" region, affect the efficiency of 
translation and may be optimized empirically. Shepard, et al., 
DNA 1: 125 (1985); DeBoer, et al., DNA 2: 231 (1983); Hui, et 
al., EMBO J., 3: 623 (1984). 

In addition, the SD sequence may itself be modified 
to alter expression. Hui and DeBoer, PNAS_ (USA), 84:4762-66 

{ (1987). Comparative studies of ribosomal binding sites, such 
as the study of Scherer, et al., Nucleic Acids Res., 8:3895-
3907 (1907), may provide guidance as to suitable base changes. 
If the hemoglobin is to be expressed in a host other than ~ 
QQ.l.i, a ribosomal-binding site preferred by that host should be 
provided. Zaghbil and Doi, J. Bacteriol., 168:1033-35 (1986). 

Any host may be used which recognizes the selected 
promoter and ribosomal binding site and which has the 
capability of synthesizing and incorporating heme. Bacterial 
and yeast hosts are preferred. 
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The intracellularly assembled hemoglobin may be 

recovered from the prodµcinq cells and purified by any art­

recognized technique. 

co-Expression of Alpha and Beta Globins and Their Assembly Into 

~emoqlobin 

In one embodiment, expression of the alpha and beta 

globin genes is driven by a single promoter, and the genes are 

arranged so that a polycistronic messenger RNA transcript is 

transcribed, from which the separate alpha and beta glob in 

polypeptides are subsequently translated. However, the present 

inventlon includes the co-expression of the alpha and beta 

glob in genes from separate promoters, i.e. , the host 

transcribes separate ~lpha and beta globin mRNAs. 

The use of a sinqle promoter is favored. Ideally, 

alpha and beta qlobin are expressed in stoichiometrically equal 

amounts. While use of a sinqle promoter does not guarantee . 
equality, it eliminates one., unbalancing influence 

differences in transcription owinq to differences in promoter 

strength and accessibility. If· differences in promoter 

strength were minimized by use of two identical promoters, 

plasmid stability would be reduced as there would be a 
propensity toward recombination of the homologous regions. 

Another justification for using a single promoter is 

to minimize the number of repressor binding sites. 

Preferably, the alpha and beta globin genes are 

arranged so that the ribosome will translate the alpha globin 

cistron first. The rationale .is that there is some basis for 

believing that alpha globin affects the folding of beta globin. 

Nonetheless, the position of the genes may be switched so that 

beta globin is synthesized first, as is shown in Example 6. 
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The stability of the polycistronic mRNA transcript, 

the efficacy of its translation into alpha and beta qlobin, and 

the f oldinq of the globin chains into tetrameric hemoglobin may 

be modified by varyinq the . lenqth and .base sequence of the 

intercistronic reqions (the reqion lyinq between the stop codon 

of one cistron and :the start codon of the next cistron), the 

phasinq of a second cistron relative to a first cistron, and 

the position and sequence of the ribosomal binding site for the 

one cistron relative to the precedinq cistron. 

In a preferred embodiment, the alpha and beta qlobin 

qenes are ygh preceded by a short 11 introductory" cistron or 

"ribosomal loader" which facilities the subsequent translation 

of the qlobin cistron. rn Fiqure 4, reqion A contains two 

cistrons and a Sh.ine-Delqarno sequence preceedinq each cistron. 

The _first Shine-Delq~rno sequence (SDfl) is bound by the 

ribosome, which then translates the first cistron, a short 

cistron encodinq an octapeptide. (This cistron is referred to 

as an "introductory cistron or ribosomal loader. ) The second 

cistron is a qlobin qene, in this case, an FX alpha-qlobin 

gene. The Shine-Delqarno sequence (SD#2) for facilitatinq 

translation of the second cistron actually lies within the 

first cistron. For this reason, the two are said to be 

"translationally coupled". ·Region B is identical in structure, 

except that the second cistron encodes FX-beta qlobin. Between 

regions A and B is a 43-base inter~istronic reqion. The 

introductory cistrons of reqions A and B correspond to the 

first cistron of the two-cistron expression system denoted 

pCZ144 in Schaner, et al., Meth. Enzymol., 153: 401-16 

(1987). The present invention is not, however, limited to the 

particular "starter" cistron taught by Schaner, et al. r other 

introductory cistrons that allow for rest~rt of high level 

translation of a following cistron may be used. 

Guidance as to the design of intercistronic sequences 

and as to the location of SD sequences may be obtained by 
comparing the translational efficiency of spontaneous or 

·. 
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controlled mutants of the same polycistronic operon, as 

exemplified by Schoner, et al., PNAS, 83: 8506-10 (1980). It 

is also possible to look for consensus features in the 

intercistronic reqions of different operons. McCarthy, et al., 
EMBO J., 4: 519-26 (1985) have identified a translation­
enhancinq intercistronic sequence in the .B.s. ~ atp operon. 

The _present invention is intended to reduce or avoid. 

the localization of the hemoglobin or its component 
polypeptides into inclusion bodies. Consequently, a further 

feature of the invention is that the functional hemo~lobin is 

substantially found (preferably over 80%) in the sriluble 

fraction of the cell. It appears that with this invention, 
over 90% of the hemoqlobin can be so directed when alpha2 beta2 

hemoglobin is assembled from alpha-and beta-globin chains co­

expressed from a tetracistronic operon as described herein. 

With di-alpha, beta2 hemoglobin, nearly 100% is soluble when 

expression is induced at 25 • c and less at hiqher induction 

temperatures. These percentages reflect the percent of all di­

alpha and beta chains found in the soluble fraction (as opposed 

to inclusion bodies) and not actual recovery of protein. 

Expression in Yeast 

In another embodiment the present invention relates 

to the production of hemoglobin-like molecules in yeast. our 

preferred host for expression of recombinant human hemoglobin 

in yeast is Saccharomyces cerevisiae. However, other funqi or 

yeast may be used for the purpose, such as strains of 
Asperqillus or Pichia. For yeast to be a suitable host it must 

be capable of beinq transformed with recombinant vectors, 

either replicatinq or inteqrating types. This allows the 

insertion of the desired DNA sequence for the gene of interest. 
It must also be capable of high density cell growth, in 
appropriate volume to provide sufficient cell mass to isolate 

the desired gene product from ideally the 9rowth would be 

easily controlled by several parameters including nutrient 
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formulation, agitation and oxygen transfer and temperature. It 

is also desirable to be able to induce the expression of 
protein synthesis with the manipulation of the media, 

temperature, or by the addition or consumption of certain 

chemical. Finally, to be a suitable host, the yeast must be 

capable of producing recombinant proteins, preferably in excess 

of 1% of the total cell protein. This allows more facile 

isolation of the desired recombinant protein. 

With reference to s. cerevisiae, haploid strains of 

(. potential use include: 

BJY3501 

GSY112 
GSY112 cir· 
BJY3505 

GSY113 
RSY330 

BJY2168 

BJY1991 
RSY334 

RSY214 

Mata pep4: :HIS3 prb1-A 1. 6R his3 200 uraJ-52 
canl GAL, 
As above but Leu2::HISG 
As above but cured of 2µ plasmid 
Mat.A pep4: :HIS3 prb1-A 1. 6R HIS3 lys2-208 
trpl-101 ura3-52 gal2 canl 
As above but leu2::HISG 
Mata pep4-3 prbl-1122 hist7 ura3-52 trpl-289 
canl gall 
Mat.A prcl-407 prbl-1122 pep4-J leu2 trpl uraJ-
52 
Mata prbl-1122 pep4-3 leu2 trpl uraJ-52 
Mata regl-501 pep4-3 prbl-1122 uraJ-52 leu2-3, 
112 gall 
Mata pep4-3 prbl uraJ-52 

( To date, strains such as GSY112, GSY113 and RSY334 
have been the best hemoglobin producers. Strains such as 

RSY334 that carry the regl-501 mutation may be particularly 

· important as they uncouple glucose_ repression from galactose 

induction, allowing one to induce with lower levels of 

galactose in the presence of glucose. Because this strain 
carries the gall mutation it cannot metabolize galactose, so 

the galactose concentration remains constant and continues to 

function as a inducer. 
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Diploid strains formed from crosses of any of the 
above compatible.strains or similar compatible strains may also 
be useful as they tend to have faster growth rates than haploid 
strains. 

For example, the following diploid strains, which co­
express alpha (or di-alpha) and beta globins, are described in 
the Examples: 

BJY350 [pGS4988] x RSY330 (pGS4688] 
BJY3505 (pGS4988] x BJY 1991 (pGS4688] 

Other matings may likewise be used in practicing the 
present invention. 

The use of protease-deficient strains may also be 
advantageous. 

Yeast expression systems can be divided into two main 
categories: (1) Systems designed to secrete protein and (2) 
system designed for the cytoplasmic expression of proteins. 
The advantages of secretion systems are: 

(1) The protein is often easier to purify from· 
culture medium than from total cell extracts. 

(2) If the proteins has essential disulfide bonds, 
they are more likely to form if the protein 
passes through the secretory pathway. This is 
thought to be partly due to the presence of 
protein disulfide isomerase in the endoplasmic 
reticulum and to a less reducing environment. 
than in the cytoplasm. 
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· (3) Secretion can also be advantaqeous if the first 

amino acid (after the ini tiatinq methionine) 

creates a dipeptide sequence that is poorly 

processed by methionyl aminopeptidase. The 

addiction of a · secretory siqnal sequence may 

allow processinq by siqnal peptidase during 

secretion resultinq in a protein with the 
authentic amino acid at the amino terminus of 

.the protein. 

The disadvantages of a secretion system are: 

(1) Generally, the expression level are much lower 

than those that can be obtained by cytoplasmic 

expression. This seems to be, in part, due to a 
rate limiting step in secretion. 

(2) . Not all proteins are secretable. 

(3) Often, particularly with s. cerevisiae, 

misprocessed forms of the protein accumulate and 

these can be difficult to purify away from 

correctly processed forms. 

The most commonly used secretory expression system 

used in yeast is the yeast a~factor secretory signal sequences 

and the a-factor promoter. See A.J. Brake. Yeast Genetic 
Engineering Eds. P. Barr, . A. Brake, and P. Valenzuela. 
Butterworth Publishinq, Boston 1989, for a review. The 

invertase siqnal sequence coupled to a variety of promoters has 

also been used to express heteroloqous proteins in yeast. See 

G. Stetler et al., Biotechnoloqy, 7:55-60 {1989), R. Smith et 

al., Science, 229:1219-1229 (1985). 
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The advantaqes of cytoplasmic expression are: 

(1) Expression levels can be quite hiqh with reports 
of .proteins expressed at >20% of the total cell 
protein, usually as a soluble protein. 

(2) 

(3) 

Some proteins cannot be efficiently secreted. 

Proteins that contain qlycosylation sites, if 
secreted from yeast, will be qlycosylated with 
the pattern of suqars unique to yeast. Because 
these hiq~ly hydrophilic, post-translational 
modifications lie on the surface of proteins 
they are likely to confer antiqenici ty on the 
protein. If the protein is functional without 
the carbohydrate side chains it may be 
advantaqeous to produce the protein without them 
rather than with the yeast-specific modification 
(see for ex. Travis et al. 1985. J Biol Chem 
260:4384-4389) •. 

(4) Some proteins have other specific modifications 
that may occur only in the cytoplasm, for' 
example aminoterminal acetylation, modification 
with lipids, perhaps heme incorporation and so 
forth. 

At present, cytoplasmic expression is preferred since 
the yeast cells fold toqether the qlobin chains and incorporate 
heme to produce hemoqlobin in yiyo. However, it is possible to 
separately express and secrete the alpha and beta qlobin chains 
and assemble hemoqlobin in vitro. 

The qlobin qenes must be placed under the control of 
a suitable promoter. The commonly used yeast promoters 
generally fall into two broad cateqories: requlated and 
constitutive. Constitutive promoters that are in wide use 
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include GAP, PGK (phosphoqlycerate kinase) and the a-factor 

promoter. Requlated promoters have also been used and these 

include the yeast metallothionein promoter (regulated by 

copper), the Gall-10 promoter, GAL7 promoter (regulated by 

galactose and glucose) the ADHII promoter (regulated by ethanol 

and glucose) the PHOS promoter (phosphate regulation) and 

several hybrid promoters such as PH05-GAP, GAL-PGK, ADHII-GAP, 

and GAL-CYCl. 

The use of regulated promoters may be important for 

t. plasmid stability. Often expression of recombinant proteins, 

at high levels, inhibits the growth of the host organism. This 

disadvantage can result in the accumulation of cells in the 

population with few copies of the plasmid present, a decrease 

in growth rate and a <1:rop in overall expression levels. By 
maintaining the gene in a repressed state and inducing late in 

the fermentation, high growth rat.es can be maintained and 

selection against high plasmid copy numbers can be avoided. 

It is somewhat difficult to obtain accurate data on 

the relative strength of yeast promoters because the only true 

measure of this.would be based on kinetics of mRNA synthesis. 

Most of the data that exists measures only the final protein 

t. concentration that has been obtained. Because there can be 
great differences in protein stability, it is necessary to 

compare the same protein an(i mRNA with multiple proinoters on 

identical vectors. A study that approaches this was done by 

Verbakel et al. (Gene, .§.l.:207-215 (1987)). They compared the 

GAPDH, CYCl GAL7, PH05, and PGK promoters and measured the 

expression of a p-galactosidase/poliovirus .VP2 protein fusion. 

CYCl resulted in an expression level of 0.14% of the total cell 

protein (TCP); GAPDH, 0.22% TCP; PH05, 0.26% TCP; PGK, 0.9% 

TCP; and GAL7, 0.96% TCP. 

Usinq our GALGAP hybrid promoter, we have obtained 

expression levels of hemoglobin that represents ~15% of the 

total cell protein. This most probably represents an increased 
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promoter strength along with a highly stable protein product 

and perhaps mRNA with an extended half life. 

The use of a GAL-GAP hybrid promoter is pref erred~ 

Both elements (the GA~ As and the GAP transcriptional 
initiation site) are well understood. studies on the 

mechanisms of transcriptional regulation of the GAL regulon 
have been fairly extensive. The galactose regulon includes 

five genes that encode enzymes required for the utilization of 

galactose. Four of these genes (GALl, GAL7, GALlO, and GAL2) 

are expressed only in the presence of galactose. Galactose 

induction does not occur in the presence of glucose unless the 

yeast strain bears a ·mutation in the REG1 gene. The GALl, 7, 

10 and 2 genes are regulated by at least two other genes, GALSO 
and GAL4. The GAL4 gene is a transcriptional activator protein 
that activates mRNA synthesis from the GALl, 7, 10 and 2 

upstream activator sequences (UASGAL>· Although GAL4 is 
constitutively expressed, it is functionally silent in the 

absence of galactose. Repression of GAL4 activity, in the 

absence of galactose is maintained by the product of the GAL80 
gene. The GALSO protein apparently interacts physically with 

GAL4 to prevent transcriptional activation. Presumably 

galactose or a qalactose de~ivative prevents this interaction 

( to allow GAL4 mediated induction. 

Haploid strains of s.cerevisiae have three different 

genes encoding the enz~e glyceraldehyde-3-phosphate 

dehydrogenase (GAP) • These genes have been designated TDHl, 

TDH2 and TDH3 and each is present as a single copy per haploid 

genome. The TDH3 gene produces approximately 60% of the cell's 

GAP enzyme and TDHl and 2 produce about 12% and 28%, 

respectively (McAllister, ~ and M.J. Holland, 1985. J •. Biol 
Chem, 260: 15019-15027). Holland's group (Holland et al. 1981. 
J. Biol Chem, .2.22: 1385-13951 and Holiand et al. 1983. J Biol 
Chem .22Jl:5291-5299) has cloned and characterized the three GAP 

genes Of S.cerevisiae. The clones have been designated pGAPll, 



- 45 -

pGAP63, and pGAP491. pGAP491 corresponds to the TDH3 gene and 

is therefore, the most highly expressed. This promoter has 

been used to express a wide variety of proteins in yeast 

including: 

Protein 
a Interferon 
Hepatitis B antigen 
Thaumatin 
Hepatitis B antigen 
H:IV :I:II reverse 
transcriptase 

human soc 
al antiprotease 

REF 
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(3) Kitano, K. et al. 1987. Biotechnology 5:281-283. 
(4) Hallewell, R.A. et al. 1987. Biotechnology 5:363-

366. 
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This promoter is commonly used as a 600-850bp 

fragment and is essentially un-requlated. In its long form 

this is a very powerful promoter. The form we are using 

consists of only ·2oobp 5 • of the translational initiation 

site. This form, with no added enhancer sequences is 

substantially less active.than the longer form of the promoter 

(Edens, L. et al. Cell, 11.:629 (1984)). our addition of the 

GAL enhancer region confers both regulation and high levels of 

expression. With anly the GAP491 promoter, alpha and beta 

globin were produced at a level of less than 0.2% total cell 

protein; with the GAL-GAP491 hybrid promoter, expression jumped 

to 7-10% total cell protein. 

interest: 

Several other hybrid promoters are of particular 

GAL-SIGMA 

A strong galactose-requlated prom~ter with 

the sigma transcriptional start site. 



- 46 -

SIGMA-GAP 

A stronq peptide hormone-requlated promoter 

with the GAP491 transcriptional start· 

site. 

GAL-EF III 

A stronq galactose-regulated promoter with 

the elongation factor III transcriptional 

start site. 

SIGMA-EF III 

A strong peptide hormone-regulated promoter 

with the elongation factor III 

transcriptional start site. 

One could easily conceive of other promoter systems 

that would also work. This would include, but not be limited 

to, a variety of constitutive promoters. For example, the 

yeast mating factora (MFa) promoter or the mating factor A 

promoter MF (A) , the phosphoglycerate kinas~ promoter ( PGK) , 

hexokinasel, hexokinase2, glucokinase, pyruvate kinase, triose 

phosphate isomerase, phosphoglycerate isomerase, 

phosphoglycerate mutase, phosphofructose kinase or aldolase 
promoters may all be used. In short, any ·well expressed yeast 

promoter may work for expression of hemoglobin in yeast. A 

wide variety of naturally occurring, regulated promoters could 

also be used, for example: GALl-10, GAL7, PH05, ADHII have all 

been used to produce heterologous proteins in yeast. A variety 

of synthetic. or semi-synthetic yeast promoters could also be 

employed such as GAL-PGK, GAL-MFa-1, GAL-MFal GAL-SIGMA. ADHII 

regulatory sequences could also be 

transcriptional initiation sites derived 

coupled to strong 

from a variety ·of 

promoters. The PHOS regulatory sequence or the sigma element 
regulatory sequences could also be used to construct powerful 

hybrid promoters. In addition to yeast -promoters, it is 
conceivable that one could use a powerful prokaryotic promoter 
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like the T7 promoter. In this case, one could place the T7 

polymerase under the control of a tightly regulated yeast 

promoter. Induction of the phage polymerase in yeast cells 

bearing hemoglobin genes under T7 promoter regulation would 

allow transcription of the genes by this very efficient phage 

polymerase. 

Because most of the yeast regulatory sequences 

described above serve as targets for proteins that are positive 

regulators of transcription, it is conceivable that these 

proteins may limit transcription in situations where the target 

sequence · is present in many copies. such a situation may 

obtain with vectors such as pClB, pCIT, pClU or pClN which may 

be present in excess of 200 copies per cell. over-expression 

of the positive regulator (for example GAL4) may result in 

enhanced expression. It is possible to construct a strain in 

which the GAL4 gene is altered to.remove its promoter and the 

promoter replaced with the GAL7 or GALl-10 promoters, both of 

which are transcribed more efficiently than the GAL4 promoter. 

In this situation, the positive transcriptional activator 

protein GAL4 would be expressed at elevated level at the time 

hemoglobin expression was induced. 

The consensus sequence for higher eukaryotic ribosome 

binding sites has been defined by Kozack (Cell, 44: 283-292 · 

(1986)) to be: (;AA 0 CCAUGG. Oevia.tions . from this sequences, 

particularly at the -3 position (A or G), have a large effect 

on translation of a particular mRNA. Virtually all highly 

expressed mammalian genes use this sequence. Highly expressed 

yeast mRNAs, on the other hand, differ from this sequence and 

instead use the sequence AAAAAUGU (Cigan and Donahue,_ Gene, 

59:1-18 (1987)). The ribosome binding site that we use for 

expression of the a and p-globins corresponds to the higher 

eukaryotic ribosome binding site. It is within the 

contemplation of this invention to systematically alter this 

RBS to test the effects of changes that make it more closely 
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resemble the RBS of yeast. It should be pointed out, however, 

that alterations at the -2, -1 and +3 positions, in qeneral, 

have been found to only slightly affect translational 

efficiency in yeast and in mammals. 

Intracellular expression of genes in s. cereyisiae is 

primarily affected by the strength of the promoter associated 

with the qene, the plasmid copy number (for plasmid-borne 

genes), the transcription terminator, the host strain, and _the 

codon preference pattern of the gene. When secretion of the 

gene product is desired, the secretion leader sequence becomes 

siqnificant. It should be note.d that with multicopy plasmids, 

secretion efficiency may be reduced by strong promoter 

constructions. Ernst, DNA 5:483-491 (1986). 

A variety of extrachr'?mosomally replicatinq vectors 

(plasmids) are available for transforminq yeast cells. The 

most useful multicopy extrachromosomal yeast vectors are 

shuttle vectors that use a full length 2µ-circle combined with 

an E. coli plasmid. These vectors carry genes that allows one 

to maintain the plasmid in appropriate yeast mutants and 

antibiotic resistance markers that allow selection in E. coli. 

Use of the full~length 2µ-circle, in contrast to vectors 

containing only a partial 2µ sequence, generally results in 

much higher plasmid stability, particularly in yeast strains 

that have been cured of endogenous 2µ plasmid. The pc series 

of vectors described herein are vectors of this type~ 

Strains could also be constructed in such a way that 

the GALGAP hemoglobin expression cassettes were integrated into 

chromosomes by using yeast integrating vectors. Although the 

copy number of the hemoglobin genes would be lower than for 

plasmid vectors, they would be quite stable and perhaps not 

require selection to be maintained in the host cell. Yeast 

integratinq vectors include Yips (Struhl, et al, PNAS, 76:1035-
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39, 1989), Yip1 (l,g.), and pGT6 (Tchumper and carbon, Gene, 

10:157-166, 1980). For information on these and other yeast 

vectors, see Pouwels, et al.; Cloning Vector, VI-I, §t .ug. 

(Elsevier, 1985). · 

The ··alpha and beta qlobin qenes may be introduced by 

separate plasmids, or both upon the same plasmid. The 

advantaqe of a sinqle plasmid system over a double plasmid 

system is theoretical. It is qenerally thought that there is 

an upper limit to the total number of plasmid copies per cell. 

If it is 1000, for example, the two plasmid system could have 

only 500 copies of a-chain plasmid and 500 of the ,8-chain 

plasmid. A sinqle plasmid of 1000 copies per cell would bear 

1000 copies of each a- and ,8-chain qene. The number of copies 

may be irrelevant, however, if other factors are limitinq. In 

fact, several qroups favor usinq strains that contain qenes 

inteqrat;.ed into various $romosomal loci. such strains very 

stably maintain the foreiqn qene and do not require special 

media to maintain selection· for the plasmid. 

Hiqhly expressed yeast qenes show a very hiqh codon 

bias. The qenes encodinq qlyceraldehyde-3-phosphate 

dehydroqenase and ADH-I, for example, show a 90% bias for a set 

of 25 codons •. Hiqhly expressed yeast qenes (>1% pf the total 

JDRt{A) have yeast codon bias indices of >.90. Moderately 

expressed qenes (0.1-.05% of the total mRNA) have bias indices 

of 0.6-0.8, and qenes expressed at low levels (>0.05% of the 

total cell protein) have a codon bias of o .10-0. 50 (Bennetzen 

and Hall, J. Biol. Chem., 257:3026-3031 (1982)). The 

calculated value for the codons of the human a-qlobin cDNA is 

0.23. A similar value can be calculated for the ,8-qlobin cDNA. 

Because there is a very hiqh correlation between the most 

commonly used codons, it is possible that hemoqlobin expression 

from the human cDNA in yeast may be limited by the availability 

of the appropriate tRNA molecules. If this is so, a complete 

synthesis of the qene usinq the most hiqhly favored yeast 

codons could improve the expression levels. It is quite 
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possible that the greatest negative effect of adverse codon use 

would be if there was an abundance of codons used ~n the cDNA 

that are represented by low abundance tRNAs. In such a case, 

high level expression of hemoqlobin could completely drain that 

pool of tRNA molecules, reducing translation not only of 

hemoglobin but of yeast proteins that happen to use that codon 

as well. In the case of the a-cjlobin human cDNA, the most 

commonly used leucine codon is CTG (14 of 21), this codon is 

never used in hiqhly expressed yeast qenes (Guthrie and 

Abelson, The Molecular Biology of the Yeast Saccharomyces, Eds. 

Stratern, Jones and Broach, 1982. Cold: Sprinq Harbor, NY) • 

The low codon bias index and the presence of rare yeast codons 

( in the qlobin cDNAs have been sufficient incentive for us to 

synthesize a modified form of the alpha- beta-qlobin genes 

usinq the preferred yeast codons. 

"Di-Alpha" and Di-Beta" Hemoglobins 

The present invention further contemplates in some 

embodiments the combination of (a) one molecule of a di-alpha 

globin-like polypeptide with two molecules of a beta qlobin­

like polypeptide to form a "di-alpha" hemoglobin-like protein; 

(bl two molecules of an alpha-globin-like polypeptide with one 

molecule of a di-beta globin-like polypeptide to form a 11di-

beta11 hemoglobin-like protein; or (c;:) one molecule of a di­

alpha qlobin-like polypeptide with one molecule of a di-beta 

globin-like polypeptide to form a "di-alpha/di-beta" 

hemoqlobin-like protein. 

It should further be noted that the delta, gamma and 

epsilon chains have considerable homology with the beta chain 

and that the zeta chain has considerable homology with the 

alpha chain. Di-delta, di-gamma, di-epsilon and di-zeta 

polypeptides are therefore within the compass of the invention 

and may be used in the preparation of novel hemoqlobins of 

types other than Hgb Al. 
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Preferably the di-alpha linker (if one is used) 
consists of 1 to 3 amino acids whic~ may be the same or 
different. A Mono-Gly linker is especially preferred. rn 
designing such a linker, it is important to recognize that it 
is desirable to use one or more amino acids that will flexibly 
connect the two subunits, transforming them into domains of a 
single di-alpha globin polypeptide. 

The preparation of "di-beta" mutants is also 
contemplated. The distance between the N-terminus of one beta 
subunit and the c-terminus of the other is 18.4 A in the deoxy 
configuration and 5. 2 A in the oxy form. Preferably, the di­
beta linker consists of 4 to 9 amino acids which may be the 
same or different. 

The linker should be unlikely to form a seco·ndary 
structure, such as an alpha helix or a beta-sheet. Certain 
amino acids have· a greater tendency to participate in such 
structures. See Chou and Fasman, Biochemistry, 13:222-245 
(1974), incorporated by reference. The amino acids are ranked 
in order of decreasing . participation below. The pref erred 
linker amino acids are boldfaced. Glycine is the most suitable 
amino acid for this purpose. The most preferred di-alpha 
linkers are Gly or Gly-Gly. 

Alnha Heli2' ~e:tA Slu~et 
Formers Formers 

Glu (l.53) Met (1.67) 
Ala (1.45) Val (1.65) 
Leu (1.34} Ha Ile (J,!§0} H~ 
His (1.24) cys (1.30) 
Met (1.20) Tyr (1.29) 
Gln (1.17) Phe (1.28) 
Val (1.14) Gln (1.23) 
Trp (1.14) Leu (1.22) 
fhe (1.12) ha Thr (1.20) 
Lys (1.07) Trp (l.l~l h~ 
Ile (1.00) . Ala (0.97} I~ 
Asp (0.98) ~ (0.90) 
Thr (0.82) Gly (0.81) 
Am (0.79) Asp (0.80) i§ 
Ser (0.79) Lys (0.74) 
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C:;iS (Q.77) j.g Ser (0.72) 
Mn (0.73) His (0.71) 
~:;iJ;: (0.61) aa Asn (0.65) 
~ (0.59) Pro (Q.62) 12~ 
Gl~ (0.23) Ba Glu (0.26) B/J 

(The letter symbols are Ha, strong a former 1 ha, a 

former1 Ia1 weak a .former1 ia, a indifferent1 ba, a breaker1 

and Ba strong a breaker. The p symbols are analogous. Trp is 

b/J if near the c-terminal of a p-sheet region.) 

The alpha helix of a polypeptide chain comprises an 

average of 3. 6 residues per turn. In globular proteins, the 

{ average length is about 17A, corresponding to 11 residues or 3 

helix turns. In alpha and beta globin, the helices range in 

length from 7 to 21 A.A. The beta pleated sheet comprises 2.3 

residues per turn 1 the average length is about 20A or 6 

residues. 

·( 

t..:.;__ __ ---· 

Chou and Fasman define an alpha helix nucleus as a 

hexapeptide containing four helix forming residues and not more 

than one helix breaker, and a beta sheet nucleus as a 

pentapeptide containing .three beta sheet forming residues and 

not more than one sheet breaker. 

The . acid sequence in the vicinity of the di-amino 

alpha linker is as follows: 

residue t 138 139 140 141 1 2 3 4 
AA Ser Lys Tyr Arg -(XXX) n Val Leu Ser Pro 
Helix Not H21 HCl HC2 HC3 NAl NA2 Al A2 

Helix Pot 079 107 061 079 114 134 079 059 
Sheet Pot 072 074 129 090 165 122 072 062 
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(Note: Helix- and sheet forming potentials have been 
multiplied by 100 for typographical reasons.) 

The di-alpha linker is preferably only 1-3 amino 

acids.- Thus, it can . form an alpha helix only in conjunction 

with the linker "termini". A one or two residue linker, even 
i;f composed of amino acids with ·strong secondary structure 

propensities, would be unlikely to assume an alpha helix or 
beta sheet configuration in.view of the disruptive effect of, 
e.g., Arg 141 or Ser 3. If the linker is 3 residues long, it 
would be preferable that no more than one residue be a strong 
alpha helix former, unless the linker also included a strong 
alpha helix breaker. · 

The amino acid sequence in the vicinity of the di-
beta linker may impose more·strin~ent constraints. 

143 144 145 146 1 2 3 4 
His Lys Tyr His - (XXX) - Val His Leu Thr 
H21 HCl HC2 HC3 NAl NA2 NA3 Al 
124 107 061 124 114 124 134 082 
071 074 129 071 165 071 122 120 

The di-beta linker is longer (preferably 4-9 A.A.) 

and therefore more susceptible to· secondary structure 

formation. It . is desirable that the amino acid adjacent to 

Val-1 be an alpha helix breaker in view of alpha-helix 
propensities of Val-His-Leu. More generally, it is desirable 

that the linker not contain (or cooperate with the proximately 
linked amino acids to form) an alpha helix nucleus or beta 
sheet nucleus. 

Amino acids with a high propensity toward alpha helix 
formation may be used in the linker if accompanied by "helix 

breaking" amino acids. Similarly, Beta sheet formation may be 

prevented by "sheet disrupting" amino acids. 
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Of course, prediction of secondary structure using 

Chou and Fasman•s approach has its limitations and the ultimate 

test of the acceptability of a linker is whether or not the di-, 
alpha or di-beta hemoglobin has the desired affinity for 

oxygen. In particular, a poly-alanine linker, despite its 

supposed propensity to alpha-helix formation, may well be of 

value since the alanine group is compact and therefore the 

linker should be quite flexible i~ secondary structure does not 

form. 

In an especially preferred embodiment, di-alpha and 

beta globin genes are combined into a single polycistronic 

operon. The , use of a polycistronic operon is nol:', however I 

necessary to practice the present invention, and the alpha (or 

di-alpha) and beta (or di•beta) globin genes may be expressed 

from separate promoters which may be the same or.different. 

While the preferred ''genetically crosslinked 

hemoglobin" of the present invention is one comprising a di­

alpha and/or di-beta globin, other globin chains may be 

9enetically - crosslinked and used in the production of 

hemoglobins of species other than Hgb Al (a2 P2 ). 

The .appended claims are hereby incorporated by 

as a further enumeration of the preferred 

All cited references are incorporated by 

the extent necessary to enable the practice of the 

reference 

embodiments. 

reference to 

invention as now or hereafter claimed. 

By the means suggested in this specification, we have 

had the following achievements: 

(1) Expression of Met-FX-alpha globin in E. coli 

from a.dicistronic operon comprising a introductory cistron and 

a Met-FX-alpha globin gene, both transcribed from a Tac 

promoter. (Example 2) 
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(2) Expression of Met-FX beta qlobin in E. coli by 

similar means. (Example 2) 

(3) co-expression. of Met-FX-alpha qlobin and Met-FX­

beta qlobin in E. coli from a tetracistronic operon comprisinq 

an introductory cistron, an FX-alpha ql~bin qene, an 

intercistronic sequence, a second introductory cistron, and an 

FX-beta qlobin qene, all controlled by a sinqle Tac promoter. 

The alpha and beta qlobins were intracellular assembled into 

functional FX hemoqlobin. The FX · Hqb was enzymatically 

converted to Hqb. (Example 3) 

(4) Co-expression as·in (3).above of mutants of FX­

hemoqlobin in which the beta qlobin subunits possessed the Beth 

Israel, Cheverly, Providence/MSR, Kansas or beta6 7 Val -+ Ile 

mutations. (Example 4) 

(5) co-expression as in (3) above of Met-alpha 

qlobin and Met-beta qlobin and intracellular assembly into Met­

Hqb (a.k.a. Des-FX-Hqb). (Example S) 

(6) co-expression as in (3) above of Des-Val-alpha 

qlobin and Des-Val-beta qlobin. (Example 6) 

(7) Co-expression as in (6) above, but with the Des­

Val-beta qlobin qene preceedinq the Des-Val-alpha qlobin qene 

within the operon. (Example 6) 

(8) Co-expression as in (3) above of (Des-Val)­

alpha-(Gly-Gly)-alpha qlobin and beta-qlobin and intracellular 

assembly into a di-alpha Hqb. (Example 8) 

(9) co-expression as in (8) above of (Des-Val-alpha­

(GlyGly)-alpha qlobin and a mutant (Naqai, Arq-Naqai, or 

Kansas) of beta qlobin and intracellular assembly into a mutant 

di-alpha Hqb. (Example 9) 
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(10) co-expresion as in (3) above of Des-Val-alpha 
qlobin a~d a Des~Val beta-qlobin with the Presbyterian mutation 
and intracellular assembly into a mutant Des-Val Hqb. (Example 
11). 

(11) co-expression as in (8) above of a (Des-Val)­
alpha-(GlyGly)-alpha globin and of a betal globin with the 
Presbyterian mutation. (Example 11). 

(12) Expression of di-alpha globin and beta-globin 
from separate promoters on the same plasmid (Example 12). 

(13) Devised Hypothetical Protocol for Co•expression 
of di-alpha globin and two copies of beta globin from same 
operon (Example·l3). 

(14) Devised Hypoth~tical Protocol for Co-produciton 
of Di-beta Hgb (Example 14). 

(15) Devised Hypothetical Protocol for co-expression 
of alpha qlobin and beta-globin under control of separate 
promoters on the same plasmid (Example 16). 

( 16) Devised Hypothetical Protocol for co-expression 
of alpha and beta-glob in under control of different promoters··. 
on different plasmids (Example 17). 

(17) co-expression of a and p qlobin in s. cerevisiae 
(Example 19). 

(18) co-expression of di-a globin and p-globin in ~ 
cerevisiae. (Example 23). 

( 19) construction of Des-Val-alpha glob in and Des­
Val-beta globin in E. coli under lambda PL control. 
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(20) co-Expression of di-alpha qlobin and Des-Val­

beta qlobin in E. coli under lambda PL control, 

(21) co-Expression of alpha and beta· qlobin from 

separate plasmids in diploid strains of s. cerevisiae. 

(22) Co-Expression of di-alpha·qlobin and beta qlobin 

Presbyterian mutant.in S. cerevisiae. 

(23) Preparation of vectors for expression of· di­

alpha qlobins with -Gly- or -Pro- linkers. 

"(24) Evaluation · of - different strains an~ induction 

temperatures for expression of di-alpha Hqb in Is. coli. 

(25) Co-Expression of alpha and mutant beta qlobin in 

s. cerevisiae, assembling to form low-affinity Hqb mutants. 

An unexpected and surprisinq chanqe in oxyqen binding 

characteristics of hemoglobin was observed upon.replacement of 

the N-terminal valine with· methionine. As illustrated in 

Example 11, hemoqlobin Ao purified from blood has a P5 0 value 

of 4.03 with N=2.7. DesFX-hgb produced in B.t.. coli, a 

hemoglobin identical to A0 except for the addition of a 

methionine at the N-termini of the alpha and beta chains, has 
essentially ·the same P50 and N values. (Example 7). Thus, the 

addition of a methionine, without alterinq the adjacent valine 

residue, has little or. no effect on oxyqen bindinq. On the 
other hand, a two-fold higher P5 0 vaiue, 7 •. 04, was observed for 

desVal-hgb produced in E. coli, a hemoglobin in which the 

normal N-terminal valine of each chain was replaced with 

methionine. Cooperativity, as measured by N, was the same, 

however, for this molecule as for the others. A similar 

comparison was made for two hemoglobins each containing a 

crosslinked alpha chain and each containing the Presbyterian 

mutation, one produced in E. coli (Example 11) and one in 

yeast. The E. coli hemoglobin was constructed with a Des-Val 
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alpha chain, i.e., the N-terminus had the normal valine 

replaced with methionine. Oxyqen bindinq was characterized by 
P50 =33 and N=2.4 (Example 11). The correspondinq yeast codinq 

reqion beqins with an additional methionine codon in front of 

the normal valine codon. Because this initial methionine is 

removed post translationally in vivo, the purified hemoqlobin 

bas a normal N-terminal . valine. For this molecule, P5 0 =2 3 to 

25 and N=2.5. Thus, in two quite different cases, the 

replacement of an N-terminal valine with an N-terminal 

methionine increased the P50 value. Under physioloqical 
conditions, it is expected that the crosslinked Presbyterian 
bemoqlobin produced in JL.. .QQli will deliver 20-30% more oxyqen 
than the similar hemoqlobin, with its altered· N-terminus, 

produced in yeast. 

A very larqe number of different plasmids· are 

referred to in the Examples which follow. In order to 

hiqhliqht the relationships amonq these plasmids, a Table of 

vectors has been. compiled (See Table 100). 

Example 1: Construction of rx-alpha Globin CpDLII-62ml and 

BetaGlobin CpDLir~1oa> Expression Vectors 

Materials and Methods 

Unless ·otherwise stated all elect~oelutions, 

phenol/chloroform ·extractions, ethanol (EtOH) precipitations, 
alkaline-~DS plasmid purifications, aqarose electrophoresis and 

DNA manipulations were carried out essentially as described by 

Maniatis et al. ("Molecular Cloninq" Cold Sprinq Harbor, New 

York, 1982). 

The followinq abbreviations and definitions are used: 

ethylenediaminetetraacetic acid (EDTA): sodium dodecylsulfate 

(SOS): polyacrylamide qel electrophoresis (PAGE): 

dimethylsulfoxide (DMSO): dithiothreitol (OTT); isopropyl-beta-
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~-thiogalactopyranoside (IPTG); 2XYT medium (16g bacto 

tryptone, lOg Bacto yeast extract, 5g NaCl per liter water); 

SOS-PAGE loading buffer (0.12SH Tris-HCl, pH6.8, 20% v/v 

glycerol, 2% sos, 2% 2-mercaptoetbanol, 0.01% bromphenol blue); 

phosphate buffered TB medium (24g yeast extract, 12g tryptone, 

. 4 mL glycerol, · 17mL 1H I<H2 P04 , 72 mL lM K2 HP04 per liter 

water); Tris-EDTA buffer (TE: 10.mH Tris, pH8.0, lmM EDTA); 

Tris-borate, EDTA buffer (TBB: 0.089 M Tris, o.089 H boric 

acid, o. 002 M BDTA) ; Tris-acetate EDTA buffer (TAB: o. 04 M 

Tris, 0.04 H acetic acid, 0.001 H BDTA). 

Protein electrophoresis 

of ·Laemmli, U.K. (Nature 1970, 

polyacrylamide gels. 

was performed by the method 

.2.21., 680-685) on·· 15% sos-

E.coli JM109 cells were made competent as follows: 

Two hundred milliliters of 2xYT medium was inoculated with 2mL 

of an E.coli JM109 overnight culture. The 200mL culture was 

then incubated with shaking at 37•c for 1 hour. Cell were 

harvested by centrifugation at.6000 rpm at 4•c for 4 min in a 

Beclanan JS13.l swinging bucket rotor (Bec)Qnan· Instruments, 

Inc., Palo Alto, CA). The cells were resuspended in 50mL total 

of a buffer containing 45mll Mi1Cl2, 60mM cacl2 , ·40mM KOAc, pH 

6.2, 15% sucrose (w/v) 1.3% RbCl (w/v), and 7.5% (v/v) 

(. glycerol. Following centrifugation as above, the · cells were 

resuspended in·20mL of the same buffer and incubated at o•c for 

30 minutes. Cells were dispensed in one milliliter aliquots 

and stored at -so•c until used. 

digests 

Unless otherwise stated, all restriction 

were performed under conditions suggested 

enzyme 

by the 

manufacturer. DNA concentrations were determined by Beer's law 

using measured absorbance at 260 nm (A260 ) against a water 

reference standard. For synthetic oligonucleotides the 

following extinctions were used: E260=0.05mL/ug/cm and for 

double stranded DNA E260=o.02 mL/ug/cm. 
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Globin Gene Svnthesis 

Each globin gene was constructed from 14 separate 
oligonucleotides ranging in length from 50-85 base pairs. The 
FX-alpha globin gene was synthesized from oligonucleotides SJH 
I-33a-f, SJH I-34a-f and SJH I-35a,b; FX-beta globin gene was 
synthesized from SJH I-36a_-f, SJH I-37a-f and SJH I-38a,b. 
Each qlobin gene is preceeded by a short loader qene as 
previously described. Oligonucleotides were synthesized on a 
Biosearch 8600 instrument using beta-cyanoethylphosphoramidite 
chemistry on 1,000 angstrom CPG columns (0.2 mmole) (Beaucage, 
S.L. and Caruthers, M.H. Tet. Lett. 1981, .a.a, 1859-1862). The 
sequence of these oliqonucleotides is given in Fiqure 4. 

· Unless otherwise stated, the oligonucleotides were 
cleaved from the columns using the following protocol: 
Approximately 0.5mL of fresh, concentrated NH4 0H was drawn into 
the column with a lmL syringe. The NH4 0H was allowed to react 
for 20min.then expressed into a glass vial (approximately 4mL 
capacity). This process was repeated 2 times, the -vial was 
filled to greater than 75% capacity with N8'0H, and heated at 
55•c, overnight. The samples were lyophilized, resuspended in 
O.lmL H2 0 and the concentration estimated by measuring A260 • 

Two . hundred micrograms of the · individual· 
oligonucleotides were purified by urea polyacrylamide gel 
electrophoresis. To do this, an equal volume of 2x loading 
buffer (90% formamide (v/v), O.SXTBE, 0.05% (w/v) .bromophenol 
blue, 0.05% (w/v) xylene cyanol) was added to the 
oligonucleotide. The sample was heated at 95•c for 10 min. ·and 
applied to a 10% acrylamide gel. containing 7M ur~a and lXTBE. 
Electrophoresis was at 800 volts for approximately 2 hrs. The 
full length oligonucleotide was visualized under ultraviolet 
liqht. That reqion of the gel was then excised and incubated 
in JmL of lOOmM Tris, pH 7.8, SOOmM NaCl, SJl!B EDTA buffer· at 
6o•c, overnight. 
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The oligonucleotide solution was further purified by 
reverse phase chromatography as follows: A C18 Sep-Pak 
cartridge (Waters Associates) was washed with 10mL 100% 
methanol followed by lOmL of H2 0. The oligonucleotide solution 
was applied to the column, washed with 20mL H2 o and eluted with 
3xlmL aliquots of 50mK triethylammonium acetate, pH 
7.3/methanol (1;1). The purified oligonucleotide was 
lyophilized, washed with lOO't ethanol, dried, and resuspended 
in O.lmL H2 o. The concentration was determined by A260 • 

The synthetic FX-beta gene sequence (included in 
Figure 5) was constructed as follows: lOOpmole of the 
following oligo nucleotides were kinased in ·3 separate 

reactions. Reaction 1 contained oligonucleotides SJH I-36b, c, 

d, e, and f. Reaction 2 contained SJH I-37a, b, c, and e. 

Reaction 3 contained SJH I-37d, f, and SJH I-38a. After 
combining the appropriate oligonucleotides, the solutions were 
lyophilized to dryness and resuspended in 16uL of H2 o. Two uL 

of lOX kinase buffer (0.5M Tris-HCl, pH7.4, 0.1H MgClz), 0.5 UL 
of lOOml:l DTT, and luL of 1. Oml:l ATP were then added. The 
reaction was initiated by addition of luL (2U) of T4 
polynucleotide kinase (IBI, Inc., New Haven, CT). After 
incubation at 37•c for l hour, the reactions were heated to 
95•c for 10 minutes to inactivate the kinase. The three 

reactions were combined and 100 moles of oligonucleotides SJH 
I-36a and SJH I-38b were added. After addition of lOuL of 
lOOJDH Tris, pH 7. 8, 100JDH MgC12 , the oliqonucleotides were 
allowed to anneal by incubatinq at 6s•c for JO min, 37•c for 
3 Omin, and 15 • c for 1 · hour. Annealed oligonucleotides were 

ligated by addition of ATP (lml:l, final) and DTT (10 mM final) 
and 4uL (20U) T4 DNA ligase (IBI, Inc., New Haven, CT) and 

incubation at 1s·c for 1 hour. Aliquots of this ligation 

mixture were then cloned directly into M13mpl9 (see below). 

Oligonucleotides for the construction of FX-alpha 

qlobin were similarly purified, kinased, annealed, and ligated. 

Before cloning into M13mpl9, the full length FX-alpha globin 
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gene was purified by electrophoresis through o. 8% agarose in 
lXTAE buffer and electroeluted into dialysis tubing using o.sx 
TBE as the electroelution buffer by the method of Maniatis et 
al. Eluted DNA was phenol extracted, EtOH precipitated, and 
resuspended in 20uL TE buffer. Aliquots were used for cloning 
into Ml3mpl9. 

Phage Vectors 

For cloning, a 2, 5 or 10 fold molar excess of the 
individual FX-alpha and FX-beta globin gene ·sequences were· 
combined with 200ng of double cut, gel purified M13mpl9-RF (New 
England BioLabs, Inc., Beverly, MD) and ligated overnight at 
1s•c in SOuL ligation buffer (IBI, Inc., New Haven, CT) 
containing 2U of T4 ligase. FX-Alpha globin was cloned into 
the Xmal/PstI sites of M13mp19. FX-Beta globin was cloned into 
the PstI/HindIII sites of.Ml3mpl9. 

E.coli JM109 was transformed with the Ml3mpl9 
ligation mixture·containing the FX-alpha or FX-beta globin gene 
sequences using the following transformation protocol: Nine 
microliters of DMSO was added .to 0.25mL of competent E.coli 
JM109 and the cells were ihcubated on ice for lOmin. Aliquots 
of the FX-alpha or FX-beta globin ligation reactions were added 
and incubated on ice for 40 minutes and at 42•c for 3 min. one 
hundred microliters of a JM109 overnight culture was added to 
each transformation mix followed by 60µL of a solution 
containing SOµL of 2% (w/v) 5-bromo-4-chloro-J-indolyl 
galactopyranoside in dimethylformamide and lOµL of lOOmM 
isopropyl thiogalactoside. Molten B-top · agar ( lOg Bacto 
tryptone, Sg NaCl, 6g agar per liter), 2.SmL was added and the 
mixture poured onto a a-bottom agar plate (lOg Bacto tryptone, 
Sq NaCl, 12g of agar per liter). Following incubation 
overnight at 37•c colorless plaques (i.e., clones containing 
inserted DNA) were removed from the plates using sterile 

transfer pipettes and inoculated into lmL of a JM109 overnig~t 

culture diluted 1:100 in 2xYT media. 
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Bacteriophage clones were qrown at 37 •c for 6 to 8 

hrs. and centrifuqed in a microcentrifuge for 5 minutes. The 

cell pellets were processed for M13mp19 RF using the alkaline­

sos method and resuspended in 20µL of TE buffer containing 

. 20µg/mL DNAase free RNAase (Sigma, St. Louis, MO.). Aliquots 

(1-JµL) of the RF preparations were digested with 10-20 units 

each of the appropriate restriction enzymes (see above) . and 

analyzed on 0·.8% agarose electrophoresis gels (see above) • 

. Ml3mpl9 clones containing the correct size inserts 

were grown in larqer quantities to obtain sinqle stranded phaqe 

DNA for sequencing. Thirty-five milliliters of 2xYT- medium was 

inoculated with o. 3mL of a JM109 overniqht culture. After 

growth for 1 hour at 37•c, the 35mL culture was inoculated with 

~OOµL of the appropriate phag~-containinq supernatant. The 

culture was incubated for 6 hours at 37•c and the culture 

supernatant collected by centrifugation at 9000 rpm for 10 min 

in a JS13 .1 rotor. The phage were precipitated from· 3lmL of 

supernatant by addition of SmL 4H NaCl and 4mL 40% (w/w) 

polyethylene glycol 6000 and recentrifuged as above. The phaqe 

pellet was resuspended in 0.4mL of TE, extracted with 

phenol/chloroform/isoamyl alcohol (50:49:1 (v/v)) three times, 

chloroform/isoamyl alcohol (49:1 (v/v)) one time, and ethanol 

precipitated. The DNA pellet was resuspended in 20µL TE and 

quanti tated spectrophotometrically by A2 6 0 • One microqram of 

phaqe DNA was used per set of sequencing reactions. 

Sequencing was by the dideoxy method of Sanger 

(Sanger, F.S. et Al· Proc. Nat. Acad. Sci. r USA 1977 I li1 

5.463-5467) with Ml3 -20 and Ml3 -40 universal primers (New 

England BioLabs, Beverly, MA) and gene specific primers (for 

FX-alpha globin· the followinq primers were used: alpha-1 · 5' -

CGTATGTTCCTGTCTTT-3 1 ; alpha-2 5 1 -ACAAACTGCGTGTTGAT-3'; for FX­

beta globin the following primers were used: beta-1 s•­
GCTGGTTGTTTACCCGT-31; beta-2 5 1-ACCCGGAAAACTTCCGTC-3'). 
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Expression Vectors pDL II-62m and pDL II-lOa 

The appropriate sequences were excised from·· the 

Ml3mpl9 vector and cloned into the pKK-223-3 (Pharmacia/LICB, 

Piscataway, NJ) ) expression vector under control of the Tac 

promoter (Brosius, J. and Holy, A. Proc. Nat. Acad. Sci •• USA 

1984, 11.l, 6929-6933). A DNA sequence encoding alpha globin was 

removed by cutting with EcoRI and .f§tI. The globin containing 

fragment was gel purified and cloned into .BQQRI and .f§tI double 

cut, gel purified pKK-223-3 using methods described above. 

E.coli JM109 celis were transformed with the ligation reaction 

containing the desired :Fx-alpha globin sequence (pDL II-62m) 

(Figure 1) and selected for by growth on 2xYT medi"a· containing 

ampicillin (100 µg/mL) ~ Individual clones were screened for 
"""" the presence of the desired insert (yielding pDL II-62m) by 

alkaline-sos purification of plasmids and restriction analysis 

with the enzymes BQQRI_ and ~J: using the methods described 

above. Cloning of the FX-beta glob in sequence into the pKK-

223-3 expression vector, yielding pDL II-lOa (Figure 1) was 

done analogously except that restriction analysis and cloning 

was done with Pstl and Hin.Q.III. 

Example 2: Separate Exnression · of svnthetic PX-Alpha and 

FX-Beta Globiil 

To assess the expression of the individual FX-globin 

gene products, E.coli JM109 clones transformed with either pDL 

II-62m or pDL II-lOa were inoculated into 2mL of TB media 

containing ampicillin (lOOµg/mL). The inoculum was grown at 

37•c for 3-4 hours, then divided into two lmL aliquots. one of 

the aliquots was induced by the addition of IPTG (lmM, final) 

and grown for an additional 3-4 hours. The cells were 

collected by centrifugation, resuspended in 0.5mL sos-PAGE 

loading buffer and heated at ss•c for 10 minutes. ·The total 

cell protein mixture was electrophoresed on 15% SDS­

polyacrylamide gels using authentic hemoglobin as a molecular 

weight standard. 
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Po1ycistronic COexpression of U-alpha and FX­
beta Globin Gene ProdUCts from tbe saae Operon 
CPDLII-66al And Conversion of PX-Hemoglobin to 
Hemoglobin 

To achieve coexpression of FX-alpha and FX-beta 
globins from a single polycistronic operon, the FX-beta globin 
sequence from pDL II-lOa was excised with JiirulIII and PstI, gel 
purified, and ligated into l!&itI/IU..rulIII cut and gel purified 
pDL II-62m. Ligation and transformation conditions were 
identical to those described above. Note that each globin 
cistron was preceeded by an "introduction" -·cistron as 
previously described, so that the entire Tac promoter driven 
operon had four cistrons. Clones were individually examined 
for.the presence of both FX-alpha and FX-beta globin genes by 
digestion of .plasmids with 1.QQRI and separation of fragments by 
electrophoresis through 0.8% agarose. Plasmids containing both 
genes (pDL II-66a, Figure 1) . produced . a fragment of 
approximately l.Okb following EcoRI digestion. 

Clones containing pDL II-66a were grown in 2mL of TB 
media containing ampicillin (lOOµg/mL) for 4 hours at 37•. The 
culture was divided into two lmL aliquots, one of· which was 
induced with lmtl IPTG. Incubation was continued for 4 hours·!".,.. 
Total cell protein extracts for both the uninduced and induced 
clones were examined by SOS-PAGE electrophoresis to confirm the 
coexpression of both FX-alpha and FX-beta_globin. 

To determine if the coexpression of both . gene 
products resulted in. the formation of tetrameric FX-alpha 
globin2 FX-beta globin2 protein, the following experiments were 
performed. Two liters of TB medium containing ampicillin 
(lOOµg/ml) was inoculated with 2omL of an overnight culture of 
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an FX-alpha/FX-beta expressing £&_ .Q2l.i clone and grown to an 
optical density at 600nm (00600 ) of 2.1 at 37•c. The culture 
was induced with IPTG (2.SJDH final concentration) and grown to 
an 006 0 0 of 3 • s. 

The cells (40gm) were collected by centrifugation at 
10,oooxg and suspended in somL of lysis buffer (SOil!M Tris-HCl, 
pH s.o, 25% sucrose, lmli EDTA). Ten milliliters of lysozyme 
solution ( 18mg/ml in lysis buffer) was added and the mixture 
incubated on ice for 30 min. MgC12 , MnC12 , and DNAse I (Sigma, 
st. Louis, MO) were added to final concentrations of lOmH, lmH 
and lOµg/mL, respectively. The cells were incubated at room 
temperature for· l hour and an· equal volume of --a solution 
containing 1% one percent deoxycholic acid, 1% · Nonidet P-40, 
20mH Tris-HCl pH 7.5, 2mH EDTA was added to the lysate. 

Particulate material was removed by centrifugation at 
10, 000 x g for 10 min. The .supernatant (- 200mL) was bubbled 
with carbon monoxide for 5 min and dialyzed overnight against 4 
liters of lOmH NaP04 buffer, pH .6.0. ~he cell-free extract was 
clarified by centrifugation at 10, oooxg for 10 min. To the 
supernatant was added 20g DE-52 (Whatman, U.K.). The pH of the 
suspension was adjusted to 7.0 and the ion exchanqe resin was 
removed by centrifugation. The pH of the supernatant was 
readjusted to 6. O and the supernant was loaded onto a CM­
cellulose column (2.5 x 15cm) equilibrated in lOmM NaP04 , pH 
6.0 at 4•c. The column was washed with two bed volumes of lOmM 
NaP04 , pH 6. O followed by a linear gradient of lOmH NaP04 , pH 
6.9 to 20mH NaP04 , pH 9.0 (400mL total volume). Fractions 36 
to 42 contained a red solution and were combined; an aliquot of 
this solution was scanned from 650nm to 400nm revealinq a 
spectrum identical to that for carboxyhemoglobin (Figure 6). 
An aliquot of the same peak was analyzed by SDS-PAGE 
electrophoresis with hemoglobin .as molecular weight standard 
and was found to contain two protein bands of approximate MW 
15,500 and 16,200. As expected, these bands migrated at a 
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slightly slower rate than authentic hemoglobin (alpha 
MW=ls,100; beta MW=lS,850) presumably due to the five amino 
acid extension of the Factor X recognition sequence. On this 
basis the material was designated PX-hemoglobin. 

PX-Hemoglobin (2.0mg) was digested at room 
temperature for 2 hours in lmL of 20mH HEPES, pH 7. 4, o .1 H 
NaCl, lOmM CaC12 containing 2mg of trypsin (Sigma, st. Louis, 
MO., 10,000 units/mg). SDS-/PAGE electrophoresis confirmed the 
conversion of PX-hemoglobin to material that comigrates with 
native hemoglobin. 

Example JA: Distribution of FX-Globin Products from E.coli 
Exnression 

one hundred milliliter cultures of B.s. .QQ!i clones 
expressing Fx-~lp~a globin (plasmid .pDL II-62m), Fx-beta globin 
(plasmid pDL II-lOa) and Fx-hemoglobin (plasmid pDL II-66a) 
were started with 1 ml inocula of overnight cultures. After 
growth for 4 hours, protein expression was induced by addition 
of IPTG to l mM final concentration. Incubation was continued 
for an additional· 3 hours. The cells were collected by 
centrifugation, weighed, and lysed as described above except 
that . DNAase · treatment was done for 3 o minutes on ice. The•"· 
samples were centrifuged at soooxg, 10 min and the supernatants 
(representing the soluble protein fraction) brought to 2 ml 
final volume with H2 o and frozen at -so•c. The pellets 
(representing the insoluble protein or inclusion body fraction) 
were washed twice in s mL o.st Triton x-100, 1 mM EDTA, 
resuspended in 2 ml H2 o and frozen at -so•c. 

Analysis of protein distribution was accomplished by 
SOS-PAGE and Western blotting. The primary antibody was rabbit 
anti-human hemoglobin IqG. The western blotting protocol was 
according to the manufacturer's recommendations (Proto Blot 
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Western Blot AP system, Promeqa corp., Madison, WI). Samples 

of soluble and insoluble protein representinq 60 µq of wet cell 

weight were analyzed. from the FX-alpha and FX-beta expressinq 

clones. Due to the greater level of expression in the FX­

hemoglobin clone, material representing only 15 µq of wet cell 

weight was analyzed. 

As seen in Table 11 the distribution of the proteins 

varied. Fx-alpha globin was detectable only in the soluble 

fraction while FX-beta globin partitioned between the insol~ble 
and soluble fractions of the eel.. FX-Hgb, which stabilizes 
each separate subunit, was found only in the soluble fraction, 

\. and at a concentration at least 2. 6 times that of the 

individually expressed subunits. These results indicate that 

FX-beta qlobin is totally soluble only when allowed to assemble 

with FX-alpha qlobin. 

Example·4: Construction And Expression of Mutant FX­

AlDha/FX...:Beta Tetrameric Hemoglobin Expression 

Vector 

Hemoglobin Beth Israel: pDL II-1o·a was diqested with 

restriction enzymes ~I and SpeI, gel purified, and isolated 

by electro-elution. Oligonucleotides incorporating the· 

appropriate codon change for Hemoqlobin Beth Israel (beta 1 o 2.,~· 
asn-->ser) (Figure 7) were synthesized as 
above to bridqe the SacI to SpeI 

Purification and quantitation of 

oligonucleotides was as previously 

previously described 
restriction sites. 

complementary oligonucleotides were annealed 

the individual 

described. The 

by heating to 95•c 

for 10 min. followed by slow coolinq to room temperature over a 

2 hour period. An aliquot of the annealed mixture was then 

combined with the §A.gI/SpeI diqested, gel purified pDL II-lOa 

plasmid at molar ratios similar to those used for the initial 

FX-alpha and FX-beta cloninq. T4 DNA liqase (2U) was added and 

·the mixture incubated for 1 hour at room temperature. E.coli 

JM109 was transformed with this liqation mixture as previously 
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described. Individual clones were isolated, and plasmids 

purified were sequenced using primer beta-1 (~ supra).. 

Plasmid sequencing was done with a sequenase kit (United states 

Biochemical Corp., Cleveland, OH) following the protocol 

supplied by the manufacturer. The appropriate mutated beta 

globin sequence was then excised with llirulIII and PstI, gel 

purified, and cloned into pDL II-62m as described above. 

Other hemoglobin mutants: The synthetic genes 

encoding Hemoglobin Cheverly (beta45 phe-->ser) Hemoglobin 

Providence/MSR (betaB2 lys-->asp) and Hemoglobin beta67 val-­

>ile and Hemog1ob.in Kansas (beta 1o2 asn-->thr). were prepared 

similarly except with synthetic oligoiluc1e·otides spanning the 

.s.AgII-->.aaJ..II, Sal I --> SJ2AI, HQ.QI-->.&mI and SacI -->SpeI 

restriction sites respectively (Figure 7). Cloning conditions 

for construction of the mutation oligonucleotides~ restriction 

enzyme digestion, gel purification, and ligation ·conditions · 

were identical to those used for Hemoglobin Beth Israel. All 

mutations were first cloned into plasmid pDL II-lOa, 

appropriate clones were sequenced, and the mutated beta qlobin 

gene was subcloned into PstI and HimlIII digested pDL II-66a. 

Plasmid sequencing was accomplished as described previously. 

E. coli cells were transformed, cultured, and induced as 

previously described. FX-hemoglobin mutants were purified by 

the method of Example 3. Oxygen binding of purified hemoglobin 

mutants is shown in Table 9. 

Example 5: Production of Synthetic Met-Alpha/Met-Beta 

Hemoq·lobin 

Construction of Des-FX Alpha and Des-FX Beta Globin Genes 

We established that E.coli could produce tetrameric 

fusion-hemoglobin. Elimination of the DNA sequences coding for 

the Factor X8 substrate recognition site on the N-terminal end 

of each peptide should result in production of synthetic (FX 

free; "des-FX") hemoglobin containing the N-terminal methionine 
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as its only extra residue. pDL II-62m was digested with ~RI 
and 1!§.t.I to excise the sequence containinq the FX-alpha globin 
gene. The PX-alpha globin qene was then gel purified. pGEM-1 
(Promega Corp.) was linearized with EcoRI and ~I, qel 
purified, and the PX-alpha qlobin gene ligated into the plasmid 
as described previously. Clones (PX-alpha pGEM) containinq the 
FX-alpha globin gene .in pGEM-1 were identified by diqestion of 
purified plasmids with ~RI and E§.tI followed by agarose gel 
electrophoretic analysis. FX-Alpha pGEM was digested with ~I 
and EAgI to remove the Factor X8 coding sequence (Figure 5) • 
Oligonucleotides containing the DNA sequence encoding native 
alpha globin were synthesized with ends compatible to NdeI and 
l.AgI (Fiqure 8) restriction sites. After synthesis, the 
oligoncleotides were purified, annealed, and ligated as 
described above. The sequence of pGEM-desFX-alpha. (pDL II-83a) 
was confirmed by dideoxy-sequencing of the plasmid using the T7 
promoter primer (Promega Corp., Madison, WI). A clone 
containing the correct sequence was then diqested with EcoRI 
and PstI. The des-FX alpha globin gene ~as gel purified, 
cloned into EcoRI/PstI digested, gel purified pKK-223-3 to 
generate pDL II-86c. E.coli strain JM109 was transformed with 
the ligation mixtures and expression of des-PX alpha globin by 
individual clones was determined by analysis of total cell 
protein extracts of induced culture inocula (see above). Des­
FX alpha globin, in contrast to FX-alpha globin, co-migrates 
with authentic alpha globin on SDS-PAGE. 

The des-FX be~a globin sequence was prepared in an 
analogous fashion using the FX-beta globin gene excised from 
pDL II-lOa with PstI and B.imlIII. This gel purified beta 
globin sequence was then cloned into pGEM-1 that had been 
digested with the same two enzymes. A pGEM-1 clone containing 
the FX-beta globin gene was digested with NdeI and SacII, gel 
purified, and used for construction of the des-FX beta globin 
gene. The oligonueleotides conferring the desired sequence 
(Figure 20) were synthesized, purified, annealed, and ligated 
into NdeI, SacII cut pGEM FX-beta to form pGEM-des-FX beta (pDL 



'· 

III-6f) as 
sequence was 
and Bim!III 

- 71 -

described above. After confirminq that the 
correct the des-FX beta qene was removed with PstI 
and gel purified. Des-FX beta was then ligated 

into the des-FX alpha-containing. plasmid pDL II-86c usinq the 

_PstI/HindIII sites. Clones containinq both des-FX alpha and 
beta globin genes (pDL III-13e) (Fiqure 9) were confirmed by 
.B£gRI diqestion of purified plasmids (see above), and screened 
for expression by comparison of IPTG induced and non-induced· 
cultures. Des-FX hemoqlobin co-miqrates with native hemoqlobin 

on SDS-PAGE. 

Characterization of Met-Hqb CDes-FX Hqbl 

Recombinant methionyl-Hqb has different reactivities 
than Hgb Ao in the presence of chloride and phosphate ions 

(Table 10) and with . changes in hydroqen ion concentration 
(Figure 10). The reason for this is thouqht to be the 

additional amino acid, methionine, on the N-termini of both 
globins. The N-terminal amino group of the alpha chain is 

important for the chanqe in P50 by phosphate ion. Displacement 

of the N-terminal · amino group in space or changing its 

electronic state by the addition of the methionine can alter 
these effects. 

The increase in P5 0 seen in the presence of inositol~;. 
hexaphosphate ion is irrelevant for any Hgb found in solution 
because the concentration of monophosphate ion found in plasma 
is not enough to significantly increase the P5 0 • There is no 
inositol hexaphosphate ion found in plasma. The increase in 
P50 needed for Hqb in solution to effectively off-load oxyqen 
can be best attained by incorporatinq mutations to make Hgb 
lower in affinity for oxyqen. 

The magnitude o~ change in P50 with respect to 

chloride ion is not important physiologically. The effect, 

which is interesting in teX'Jlls of its biochemical mechanism, 

does not add a significant . amount of oxygen off-loading 
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capacity to Hgb in solution. Some animal Hgb have extremely 
small chloride effects. Again·, . the chloride effect is thought 
to be transmitted by the alpha globin N-terminal amino group: 
with methionyl-Hgb that effect could be changed because of the 
stearic change or because the pKa of the methionine amino group 
is different than that of valirie. 

The P50 of Hgb is· normally most dramatically changed 
by hydrogen ion concentration. The so-called "Bohr effect" is 
also thought to, in part, involve the N-terminal amino group of 
the alpha globin. Numerous mutant human Hgb molecules have 
been shown to have altered Bohr effect changes without any 
physiological deficiency. There is an advantage in having a 
limited Bohr effect, as well as phosphate and chloride effects, 
in a Hgb molecule to be used in solution for a number of 
different medical and biochemical applications. In terms of 
the Bohr effect, there are several applications for methionyl­
Hgb where it could be used in the more alkaline pH range, e.g., 
tissue culture, organ perfusion. From Figure 17 it can be seen 
that the P50 is actually greater for methionyl-Hgb than for Hgb 
Ao at greater than pH 7 • 8. This is clearly an advantage of 
methionyl-Hgb over native Hgb Ao for applications at alkaline 
pH where modestly reduced oxygen affinity is desirable. 

The main advantage for using a Hgb molecule with 
fixed changes in P50 relative to pH, chloride and phosphate, is 
that the practitioner will know the oxygen off-loading capacity 
of the formulation with out regard for the specific conditions 
of its use.· 

/ 
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Synthesis of Syntbetic Hemoglobin CDes-Val Hqbl 
of Native size 

Construction of Des-Val-Alpha CpDL II-9lfl and Des-Val-Beta 
CpDL lII-lal Globin Genes 

DNA sequences encoding the globin genes in which the 
N-te:rminal valine codon in each gene is replaced by an ATG 
(methionine) codon were constructed in a manner analogous to 
the des-FX clones except. that the oligonucleotides inserted 
(Figure 8) were ones encoding the amino acid sequences "met­
leu ••• " and "met-his ••• 11 for alpha and beta glob in ge:nes, 
respectively. Following confi:rmation of correct sequence for 
both des-val alpha (pDL II-9lf) and des-val beta (pDL II-95a) 
genes in pGEM-1, the des-val alpha globin gene was cloned into 
the EcoRI/.f§:tI cut pKK-223 (see above) to create pDL III-la. 
The des-val beta globin gene from pDL II-95a was then cloned 
into pDL III-la using the .E§;tI/BinsiIII restriction sites. 

More specifically, the des-val alpha transfer vector 
was prepared from plasmid pDL II-62m as follows. Plasmid pDL 
II-62m was digested with EcoRI and PstI to excise the fragment 
containing the FX alpha globin gene. The FX alpha globin gene 
was then gel purified. The plasmid pGEM-1 (Promega corp.) was 
linearized with EcoRI and PstI, gel purified, and the FX alpha .1 

globin gene ligated into the plasmid as described previously. 
It was necessary to subclone. into pGEM-1 because redundant 
restriction sites in pKK 223-3 prohibited the removal of the FX 
coding sequence directly from the individual FX-alpha and FX­
beta globin genes. Clones containing the FX alpha glob in gene 
in . pGEM-1 were identified by digestion of purified plasmids 
with EcoRI and PstI followed by agarose gel electrophoretic 
analysis. FX alpha pGEM-1 was digested with NdeI and EagI to 
remove the FX alpha coding sequence and oligonucleotides 
containing DNA sequences coding for native alpha globin in 
which the N-terminal valine is replaced by a methionine were 
synthesized with ends compatible to NdeI and EagI restriction 
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sites. After synthesis, oligonucleotides were purified, 

annealed and ligated as described above. The sequence of pGEM 

des-val alpha (plasmid pDL II-9lf) was confirmed by dideodoxy 

sequencing of the plasmid using the T7 primer (Promega Corp., 

Madison, Wisconsin) • A clone containing the correct sequence 

for des-val alpha (pDL II-9lf) was then digested with EcoRI and 

PstI. The des-val alpha . glob in gene was gel purified, and 

cloned into EcoRI/PstI digested, gel purified, pl<K-223-3 to 

generate plasmid pDL III-la. 

The des-val beta globin transfer vector was prepared 

in an analogous fashion using the FX beta globin gene of 

plasmid pDL II-lOa. FX-beta was excise~ from pDL II-lOa with 

PstI . and HindI. This gel purified beta glob in sequence was 

then cloned into pGEM-1 that had been digested with the same 

two enzymes. A pGEM clone containing the FX beta glob in gene 

was digested with NdeI and SacII, gel purified, and used for 

construction of the des-val beta globin gene. The 

oligonucleotides encoding the desired sequence for des-val beta 

were synthesized, purified, annealed, and ligated into NdeI, 

SacII cut, pGEM FX-beta· to form pGEM des-val beta (plasmid pDL 

II-95a) • ·After confirming . that the sequence _was correct for 

des-val beta globin, the gene was removed with PstI and HindIII 

and gel purified. 

Preparation of pDL III-14c and III-38b <des-Val-alpha/des Val 
beta Polycistronic Gene Clones) 

Plasmid POL III-la containing the Des-Val alpha 

globin gene was digested with PstI and HindIII and gel 

purified. The Des-Val beta globin gene was removed from pDL 

II-95a using the same method. Following ligation and 

transformation, individual clones containing the Des-Val 

alpha/des-val beta globin coexpressing plasmid pDL III-14c were 

analyzed for Des-Val hgb production by IPTG induction and sos­
PAGE. 
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Plasmid pDL III-38b which contains the Des-Val beta 

globin gene 5 • to the Des-Val alpha globin gene was then 

constructed and analyzed. 

Plasmid pDL III-la containing the de~-val alpha 

globin gene was linearized with the restriction enzyme .smAI. 

The plasmid was then treated with bacterial alkaline 

phosphatase to remove the 5 ••phosphate groups, phenol 

extracted_, ethanol precipitated, and resuspended in TE buffer 

as above. A"pGEM-1 clone containing the des-val beta gene was 

digested with HindIII, phenol extracted, ethanol precipitated 

and resuspended in a ligation mixture containing a 50:1 molar 

ratio of a Hin,gIII-SmaI linker to plasmid. This ligation 

mixture was then digested with §m.AI and the beta globin 

fragment now containing smaI restriction sites on both the 5'-

and 3 1 - ends was gel purified and added to a ligation reaction 

containing the linearized form of plasmid pDL III-la, above, 

thus obtaining plasmid pDL III-JSb. The orientation of the 

alpha and beta globin genes in pDL III-14c and pDL III-38b was 

confirmed by restriction analysis. 

Cells of E. coli strain JM109 were transformed with 

pDL III-14c or pDL III-38b and grown in 2xYT media containing 

ampicillin. Colonies were induced with IP'rG ·as above. 

Individual clones were analyzed for their ability to produce 

des-val alpha and des-val beta globin polypeptides by SDS-PAGE 

and Western blotting. There was no appreciable difference 

between expression of immunoreactive des-val alpha or des-val 

beta globins from the alpha-->beta orientation (pDL III-14c) or 

the beta-->alpha orientation (pDL III-38b). 
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Analysis and Comparison of the Functional 

Characteristics of Recombinant Des-FX and Des­

Val Hemoglobins 

JM109 cells expressing either des-FX hemoglobin (dFX­

hgb) or des-Val hemoglobin (dV-hgb) were grown to an 00600 of 

15 in a 10 liter fermenter and then induced by the addition of 

JOOµm IPTG. Induction _period was for 6 hrs. Cells were 

harvested by centrifugation and frozen at -so•c until 

processed. 

For purification of hgb approximately 200g of cells 

were resuspended in 350mL of 50mM sodium phosphate (NaPi) 

buffer, pH 7.0 containing 200 units of aprotinin/mL and 20µg/ml 

DNAase 1. Cells were then lysed by the addition of lmg/mL of 

lysozyme and 4 passages through a Dynomill. Cellular debris 

was removed by centrifugation at 10,000 rpm in a Beckman JA14 

rotor at 4°C for 40 min. The supernatant was added to 200mL of 

a hemoglobin-binding resin equilibrated with lOmM NaPi, pH 7.0. 

The pH was adjusted to 7. O with lOM NaOH or concentrated 

phosphoric acid. The resin was then loaded into a 5x3 O cm 

chromatography column and allowed to settled. The column was 

then washed with 2. 5 column volumes of lOmM NaPi, pH 7. o 
containing 100 units/mL aprotinin. Hgb was eluted from the 

( column in 20mM Tris-HCl, pH 7.5 containing 100 units/mL 
'-. 

aprotinin. This partially purified hqb was then o. 2 micron 

filtered and loaded onto a l.6x10 cm Mono-Q anion exchange 

column equilibrated with 20mM Tris-HCl, pH s.o. Hgb was eluted 

using a linear gradient of o to 0.4M NaCl in 20 mM Tris-Bel, pH 

s.o. The material was then loaded onto a l.6xl0 cm Mono-s 

cation exchange column. Hemoglobin was eluted with a linear 

gradient of lOmM NaPi, pH 7.0 to lOmM NaPi, pH 8.5, 160mM NaCl. 

The major peak of · hqb was collected, concentrated to 

approximately lOOmg/mL. and used for analysis. 



\ 

- 77 -

Functionality of the recombinant hgb was evaluated 

using a Hemox analyzer at 2s•c in 50mM HEPES, pH 7.4 containing 

O.lM c1·. The following oxygen binding data were obtained: 

SAMPLE Pso N 

Ao 4.03 2.7 

dFX-hgb 3.43 2.6 

dV-hgb. 7.04 2.8 

Of significance in these. data are the following: 

1) The addition of an extra amino acid, 

methionine, on the N-termini of alpha and beta globins (dFX­

hgb) appears to reduce slightly the P50 of the molecule but has 

little effect upon cooperativity (N). 

2) Replacement of the N-terminal valines of 

alpha and beta globins with methionine (dV-hgb) increases the 

. P5 0 of the molecule but has little effect upon the 

cooperativity (N). 

Example 8: Polycistronic co-expression of Des-Val-

Alpha/Alpha CDi-Alphal and Des-Val Beta Globin 

( The overall synthetic plan for the preparation of ·a 

plasmid (pDL III-47a) which co-expresses di-alpha globin and 

peta globin is given below. The starting materials are the 

commercially available transfer vectors M13mpl9-RF, pKK 223-3 

and pGEM-1, and the synthetic oligonucleotides described in the 

examples. 

For convenience, our manipulations began with 

plasmids, pDL II-62m and pDL II-lOa. Plasmid pDL II-62m was 

obtained by cloning the "FX alpha globin" gene into pKK 223-3 

downstream of the Tac promoter. Plasmid pDL II-lOa was 

prepared by an analogous insertion of the "FX beta-qlobin" 

qene. 
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As set forth in greater detail in Figure 14, the "FX 
alpha globin 11 operon encodes two cistrons, the first expressing 
an octapeptide "loader", and the second, alpha globin preceded 
by Met-Ile-Glu-Gly-Arg. The latter four amino acids constitute 
a recognition site for Factor x cleavage activity. The "FX 
beta globin" operon is similarly constructed. 

Since the Factor X recognition site was not needed 
here, the genetic material was manipulated to excise the "FX" 
codons. (This could have been avoided by synthesizing the 

· desired di-alpha globin and des-val-beta globin genes directly 
rather than using the FX-alpha and FX-beta genes of pDL II-62m 
and pDLII-lOa.) The Tac promoter-FX-alpha globin gene cassette 
was excised and cloned into pGEM-1 to obtain pGEM FX-alpha. 
Similarly, the Tac-driven FX-beta gene of pDL II-lOa was· 
transferred to pGEM-i to obtain pGEM FX-beta. 

The recognition site (FX)-encoding sequence could now 
be removed from pGEM FX-alpha and pGEM FX-beta to obtain pDL 
II-9lf and pDL II-95a, respectively. The des-val alpha globin 
gene of pDL II-9lf was recloned into pKK 223-3 to generate pDL 
III-la·, the gene being operably linked to the Tac promoter of 
pKK-223-3. The des-val beta globin gene of pDL r~-95a was 
extracted and inserted downstream of the des-val alpha globin 
gene of pDL III-la to form a single transcriptional unit which 
would encode a polycistronic alpha globin/beta globin mRNA, see 
pDL III-14c. Finally, a synthetic oligonucleotide · comprising 
the desired di-alpha linker encoding sequence and another copy 
of the alpha globin gene was inserted into . pDL III-14c to 
create pDL III-47a, wherein a Tac promoter controls 
transcription of a di-alpha. globin gene and a des-val beta 
globin gene. 
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Preparation of pDL III-47a Cdi alpha/beta alobin clone> 

The EagI and PstI restriction fragment containing 

most of the alpha globin gene from the plasmid pDL II-91f was 

gel purified and ligated to a synthetic DNA linker containing 

the sequence from the BstBI site of the alpha globin gene to 

its carboxyl terminus, the glycine linker, and the amino 

terminus of alpha globin to the EagI site (Figure 12). After 

digesting this ligation mixture with Pst I, the resulting 

fragment was cloned into BstBI/PstI-cut pDL III-14C to create 

plasmid pDL III-47a (Figure 13). 

Expression of Di-alpha/Beta Hemoglobin 

Individual E.coli clones were analyzed by Western 

blotting for production of dimeric alpha globin protein in 

combination. with monomeric beta globin. Appropriate plasmid 

construction was confirmed by digestion with EcoRI and 0.8% 

agarose gel electrophoresis. The EcoRI fragment present in the 

di-alpha constructs is approximately 1450 bp. 

Expression of genetically crosslinked hemoglobin was 

accomplished using the IPTG induction protocol and s-sepharose 

purification of recombinant hemoglobin. E.coli cells (400 ml) 

were grown to an OD6 0 0 of 3. O and induced with lmM IPTG. The 

cells were allowed to continue to grow for another 4 hours and 

then harvested by centrifugation. The cell pellet was 

resuspended in the lOmM sodium phosphate, pH 6.0 containing lmM 

benzamidine, lmM EDTA and 0.1% Triton-XlOO. The cell 

suspension was then sonicated, centrifuged_ at 15, oooxg for 15 

minut_es, and the supernatant loaded on to an s-sepharose column 

equilibrated with lOmM sodium phosphate pH 6.0~ After the 

sample was loaded on the column, the column was washed with 10 

bed volumes of lOmM sodium phosphate pH 6.8. The dialpha 
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hemoglobin was eluted from the column with lOmM sodium 
phosphate, pH 7.4, 30mM NaCl. confirmation of hemoqlobin 
production was accomplished .by visible liqht spectroscopy·, sos­
PAGE, and Western blot analysis of purified material. 

Example 9; Preparation of Di-Alpha Hemoglobin I.ow Affinity 
Mutants 

In order to reduce the oxygen affinity of recombinant 
di-alpha hemoqlobin, several mutations were introduced into the 
beta qlobin polypeptides usinq synthetic oliqonucleotides. The 
restriction sites used to incorporate these mutants-· are shown 
in Table 3. For insertion of the Naqai (beta Val 67->Ile) and 
Arq-Naqai (also beta Lys 82-> Arq) mutations, the des-Val-beta 
plasmid pDL II-95a was digested with the restriction enzymes 
NcoI and KpnI and gel purified. Oliqonucelotides spanning 
these two restriction sites and containinq the appropriate 
codon chanqes were synthesized, purified, annealed and liqated 
into the qel purified plasmid. Followinq confirmation of 
correct 
excised 
plasmid 

sequence, the mutant des-Val-beta globin gene was 
with PstI, HindIII, gel purified, and cloned ·into 
pDL III-47a. The beta globin. gene containing the 

Kansas mutation (beta Asn 102=>Thr) was similarly constructed 
using SacI and SpeI restriction sites. Mutated· codons for all 
of these beta qlobin mutations are shown in lower case letters 
in Table 3. 
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Example 10: Cbaract@rization of Di-Alpha Hemoglobins 

Oxygen Binding 

Hemox 
Tris, 

Oxygen binding measurements were made at 37 .. C in a 
Arialyzer (Southampton, PA). The solutions were SOmM Bis­
pH 7. 4, o. lM NaCl and 60uM heme. The solutions were 

measured between 120 and 1.5 torr oxygen pressure. P50 values 
are given in Table 4. 

In Vivo Half Life 

Di•Alpha Hgb (wild type_) containing a_. C;JlY.gly linker 
between alpha1 .and alpha2 was prepared as described previously. 
The protein was formulated in 20mM NaP04 , pH 7.4 at a 
concentration of 95 mg/ml. Di-alpha Hgb was infused into male 

Sprague-Dawley rats 388 - 426 gm) at a dose of 875 mg/kg 

throuqh a central venous catheter over 20-30 sec. Samples of 
blood were drawn at 2, 30, so, 90, 120, 150, 180, 210, and 240 

min. into heparinized vials. The blood was centrifuged to 
remove red blood cells and the plasma hemoglobin was assayed by 
absorbance at 540 nm. The.percent hemoglobin remaining versus 
time was determined by comparison to the 2 min time point which 

was assumed to be a homogeneously mixed sample. The same 

experiment was repeated with non-crosslinked des-val Hgb at a 
concentration of 100 mg/ml. The data were averaged for each 
sample and plotted as percent Hgb remaining against time after 

infusion. The measured half-lives were 205 min and 104 min 
respectively for di-alpha Hgb and des-val Hgb, respectively. 
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Example 11: Co-expressign gf Wild Type Des-Val Alpha Glgbin 
and Di-Alpha Globin witb Des-val 8eta Globin 
eontaininq the Presbyterian Kutation 

Plasmid pSGEO.O-E4 is shown in Figure 14 and contains 
the followinq modifications as compared to other expression 
vectors derived from plasmid p:KK223-3. 

1) The plasmid now contains a functional 
tetracycline resistance qene. 

2) The lacI qene which encodes for the lac 
repressor protein has been incorporated· into the-plasmid. The 
lac repressor protein represses the TAC promoter until 
induction with IPTG. The repressor gene was inserted into the 
plasmid to permit transformation of L.. .QQl.i cell lines which do 
not have endogenous lac repressor qenes. 

The 
Presbyterian 
complementary 

desVal beta qlobin gene containing the 
mutation was constructed by in$ertion of a 
pair of synthetic oligonucleotides into the Sacl 

to Spel restriction of sites of pSGEO.O-E4. 

The following oliqonucleotides (Pres-A and Pres-B) 
were used to construct the Presbyterian mutation in dVal-beta 
globin. 

Pres-A 
Pres-B 

Pres-A 
Pres-B 

51 CCACTGCGACAAACTGCACGTTGACCCGG (Continued below) 
3 1TCGAGGTGACGCTGTTTGACGTGCAACTGGGCC (Continued below) 

Sac I 

AAAACTTCCGTCTGCTGGGTaaaGTA 3' 
TTTTGAAGGCAGACGACCCAtttCATGATC 5' 

§P.!lI 
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Followinq diqestion with the two restriction enzymes 

the plasmid was qel purified to remove the wild type encodinq 

DNA fragment. 'l'he anne.aled oliqonucleotides were then liqated 

into the plasmid. Followinq transformation of JM109 cells 

individual colonies were selected and analyzed for production 

of alpha and beta globins by IP'l'G induction and SOS-PAGE. 

Dideoxynucleotide sequencing· was used to confirm the presence 

of the Presbyterian mutation. 

analyzed 
'l'he mutant hemoglobin was 

as described in Example 

results were obtained: 

SAMPLE 
Ao 
dV-hqb 
dV-hgbPres 

Pso 
4.03 

7.04 

33.0 

produced,· purified, and 

7 above. 'l'he followinq 

N 

2.7 

2.8 

2.s 

·----..... .. 

If should be noted that the Presbyterian mutation, 

which results in the change of beta asparagine 108 to lysine, 

decreases the affinity of the molecule for oxygen by 10 fold 

but does not affect .the cooperativity of the molecule. 

'l'he Presbyterian mutation has also been co- express~.d 

with di-alpha globin containinq a single qlycine linker 

utilizing plasmid pSGEl. l-E4 (Figure 15). 'l'he result shown 

below indicate that the joininq of the carboxy 'terminus of 

alpha 1 t"o the amino terminus of alpha 2 has no effect on 

oxygen binding and cooperativity. 

SAMPLE 
dV-hgbPres 
dialpha/Pres 

Pso 
33.0 

33.0 

N 

2.5 

2.4 
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construction of a Two Promoter System for the 

·co-expression of Di-Alpha Globin and Beta 

Glob in 

In this example, a di-alpha globin gene is operably 

linked to one promoter and a beta globin gene to a second 

promoter, but both genes reside on the same vector. Compare 

Examples 16 and 17, infra. 

. . 
.Oligonucleotides (see below) encoding the sequence of 

the complementary strands of the TAC promoter· (syn pTAC) and 

appropriate restriction enzyme sites were synthesized, gel 

purified, and annealed. Notice that the sequence--eomplementary 

to the Xbal restriction ·enzyme site was designed to eliminate 

this restriction site when ligated into an authentic Xbal site. 

This was done to facilitate future manipulation of syn pTAC. 

Sequence of syn pTAC 

BamHI PstI 
5 1 GATCCT~CAGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGG (Cont'd) 

3 1 GACGTCTCGACAACTGTTAATTAGTAGCCGAGCATATTACACACC (Cont'd) 

Xbal COMP 

AATTGTGAGCGGATAACAATTTCACAC 3 1 

TTAACACTCGCCTATTGTTAAAGTGTGGATC 5 1 

Plasmid pDL III-47a (Figure 13) was digested with the 

restriction enzymes BamHl and Xbal, and .the plasmid, now 

containing as an insert only part of the beta globin gene from 

the Xbal site to the HindIII site (Figure 13a), was gel 

purified. 
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Syn pTAC was then liqated into the plasmid to create 

plasmid pOL IV-64a and JM109 cells were transformed. 
Individual transformants. were isolated and analyzed by IPTG 
induction and SOS-PAGE to confirm-the presence of a functional 
TAC promoter. 

Plasmid pOL III-47a was diqested with the restriction 

enzymes Pstl and HindIII and qel _purified to remove the beta 
qlobin codinq sequences. Plasmid pOL IV-64a was diqested with 
these same enzymes and the fraqment encodinq syn pTAC/beta qel 
.purified. Liqation of the syn pTAC/beta fraqment into the 
Pstl/HindIII diqested pOL III-47a created plasmid pOL IV-67a 
(Fiqure 16). · Individual transf9rmants were ·dcreened for 

production of di-alpha and beta by IPTG induction and sos­
PAGE. 

The dVal-beta qlobin cjene under the control of syn 
pTAC was also ligated into another location in pOL III-47a. Syn 
pTAC/beta was removed from pOL IV-62a by diqestion with Hind 
III and Pstl. The restriction site overhanqs were filled with 

T4 polymerase and blunt end liqated into the Pvu II site of POL 

III-47a to create plasmid pJR VI-54a (Figure 17). IPTG 

induction and SOS-PAGE analysis were as previously described. 

Results of induction experiments as evaluated by sos~ 
PAGE indicated that control of.expression of di-alpha and beta 
by separate promoters qave little increase in the expression of 

either protein. Similarly, insertion of a second beta qlobin 

qene under requlation of .a separate promoter had little effect 
upon production of the proteins. 



\. 

fixample 13: 

- 86 -

Rypotbetigal Rrotocgl fgr Insertion gf a Second 

Translationally coupled Peta Globin Gene Into 

the Di-A1pba/B@ta Expression Plasmid 

Plasmid pDL III-47a (Figure 13) is digested with 

HindIII and PstI and the HindIII/PstI fragment gel purified. 

The restriction site overhangs are then filled by T4 

polymerase. The same plasmid is digested with HindIII and 

filled in with T4 polymerase. The beta glob in gene is then 

blunt end ligated into the plasmid (Figure 18). Following 

transformation, individual clones can be· analyzed by 

restriction digest to confirm the presence and orientation of 

the inserted· beta globin gene. IPTG induction ·-ifid SOS-PAGE 

analysis can be used to evaluate production to di-alpha and 

beta globins. 

·Examole 14: Hypotbetical Protocol for Expression of Di-Beta 

Glob.in 

A di-beta globin gene; analogous to the di-alpha 

globin gene described above can be constructed as follows. 
'• 

Plasmid pDL II-95a is· a plasmid containing the des-val beta 

globin gene in the pGem-1 (Promega, Madison, Wl) vector. pDL 

II-95a would be digested with the restriction enzymes PstI and 

ll§l!MII and the l.:arqe linear DNA . sequence isolated by . gel 

purification. A separate pDL II-95a plasmid would be 

restriction digested with ~I and HJlilI, and the small PstII to 

!ill§II fragment gel purified._ Oligonucleotides encoding the di­

beta linker containing the c-terminal amino acids of beta1 and 

the N-terminal amino acids of beta2 , connected by a linker 

peptide of variable length (See Example 15) would be 

synthesized, gel purified and annealed as described previously. 

The generic sequence for such an oligonucleotide connecting the 

c-terminal his of beta1 to the N-terminal val of· beta2 would 

be: 
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HbAI 
.bJ2HII 

-His Val 
5 1 -CTAGCTCACAAATACCAC(XXX)nGTTCACCTGACT-3' 

3 1 -GAGTGTTTATGGTG(XXX)nCAAGTGGACTGAGGCC-5' 

where the "XXX" indicates the codon(s) for the amino acid(s) 

linking the two beta globin peptides. Since the two beta 

globin termini are separated by approximately 18 angstroms in 

the deoxy state, it is anticipated that "n" would be in the 

range of 5 to 9. In the above example the oligonucleotide 

sequence spans the Bil§ 1 restrictiop site, thro~gh the carboxyl 

terminal histidine of beta1 , a variable length coding sequence 

containing the amino acid linker to create di-bet~ the amino 

terminal valine of beta2 and the ~ II restriction site in 

the beta2 gene. 

To construct the plasmid encoding the di-beta 

polypeptide, the unphosphorylated di-beta linker DNA with NheI 

and ~II restriction sites at its termini would be ligated to 

the ~I /~I fragment~ Following ligation the dimeric forms 

resulting from the ligation of the ~I sites would be 

digested with E§.:tI to produce fragments containing only ~I 

and D:mHII termini. These fragments. would then be subcloned 

into the .f§.tI/~II cut plasmid. Following transformation, 

clones containing the di~beta construe~ would be confirmed b! 

PstI and H.inSIII restriction fragment analysis. The linker 

region would be sequenced and the appropriate constt'ructs 

subcloned into the expression plasmid cQntaining either the di­

alpha globin gene or a single alpha globin gene. E. coli would 

be tr~nsformed in the previously described f~shion and assayed 

for p~oduction of hemoglobin as described before. 
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HVPC>thetical PrQtocol for Development of Linkers 

by H11tation anc:l Selection 

In this hypothetical example, the linker is obtained 

by mutaqenesis of a·linker-encodinq DNA sequence and selection 

for functional linkers. Oliqonucleotides spanninq the · BstBI 

site of alpha1 to the EaqI site alpha2 will be synthesized such 

that the six nucleotides comprisinq the pref erred qlycine­

qlycine linker are· randomized. By randomizinq these 

nucleotides, codons for all combinations of amino acids will·be 

present in the oligonucleotide mixture. Followinq purification 

and annealinq of the oliqonucleotides they will be used to 

construct the di-alpha/beta co-expression qenes ·ali · described 

above. 

Clones containinq the various di-alpha/beta plasmids 

will then be screened for production of increased levels of 

recombinant hemoqlobin usinq a protocol developed at the 

Company. E. coli clones will be arrayed on nitrocellulose 

filters overlayed on 2xYT-ampicillin plates containinq lmM 

IPTG. Following overnight incubation of 37•c, the plates will 

be sealed in a plastic baq in whi_ch the air has been displaced 

by carbon monoxide (CO). co bindinq· to intracellular 

recombinant hemoqlobin produces a distinctive red color in the 

E.coli colonies. Colonies producinq the most intense red color 

will be further analyzed. 

In this experiment the assumption is made that 

certain combinations of amino acids in the di-alpha linker will 

permit more stable folding of the individual, linked alpha 

qlobin chains and, therefore, result in qreater levels of 

product.ion of intracellular recombinant hemoqlobin. This 

increase level of production will result in a more intense red 

color in the appropriate E.coli clones. 
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After selection of several clones producing higher 

levels of recombinant hemoglobin, more detailed analyses will 

be done on individual clones to determine the optimal di-amino 

acid linker. The analyses will include determination of 

quantities of recombinant. hemoglobin produced, oxygen affinity, 

and protein stability. Finally, clones found to be producing 

the best quality recombinant hemoglobin will be DNA sequenced 

to determine the amino acids comprising the linker. 

Example 16: Hypothetical protocol for the syntbesis of 

plasmids containing alpha and beta qlobin qeues 

under tbe reaulation of two separate promoters 

on the same plasmid. ·--=~ ..... 

It is anticipated that recombinant hemoglobin can be 

e:xpressed fro~ constructs where the different globin gene~ are 

under the control of separate promo~ors. This situation would 

yield two separate mRNA's1 one with a dicistronic sequence 

encoding an alpha glob in gene and another with a dicistronic 

sequence encoding a beta glob in gene. For construction of an 

expression system in which both the alpha and beta globin genes 

are under the regulation of separate promoters, on the same 

plasmid, the following protocol would. initially be used. 

Plasmid pDL III-la containing the des-val alpha globin gene 

would be digested with the restriction enzyme BamHI, reacted 

with bacterial alkaline phosphatase, phenol extracted, ethanol 

precipitated, and resuspended in TE buffer. The plasmid pJR 

IIII so-a which is the pKK expression. plasmid containing the 

des-val beta construct would then be digested with the 

restriction enzymes .Dm!\HI and ~I, to excise a fragment from 

the plasmid containing the Pt• c promoter, the des-val beta 

sequence, the transcriptional terminator sequence and a portion 

of the ampicillin resistance. gene. Following gel purification 

of this. fragment, a PvuI-!lgHI linker would be synthesized and 

ligated onto the insert. The insert would then be back-cut 

with ~1· to generate ~I compatible sites on both the 5 '­

and 3 •- ends of the insert. This insert would then be cloned 
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into .BmnHI linearized plasmid pDL III-la, resultinq in a 

plasmid in which a translationally coupled des-val beta globin 

gene under regulation of one Ptac promoter is positioned on the 

3 ' side of a translationally coupled des-alpl;ta globin gene 

under regulation of a separate Pt 8 c promotek. Restriction 

enzyme mapping would be used to confirm.the orientation of the 

beta globin containing insert. I.&. ~ JM-109 would be 

transformed with the plasmid containing the separate Pt 8 c -

globin constructs and grown in media containing ampicillin to 

isolate clones containing the plasmid. The clones containing 

the plasmid would then be induced with IPTG and expression of 

des-val alpha qlobin, des-val beta qlobin and des-val 

hemoglobin would be assayed by SOS-PAGE analys'fs, · Western 

blotting with anti-hemoglobin antibodies and isolation of des­

val hemoglobin by standard chromatographic methods. 

Alternatively, coexpression of both qlobin qenes 

could be achieved from DNA sequences on separate vectors under 

the control of separate promotors. 

Example 17: Hvnothetical Protocol for the construction of 

Vectors Containing alpha and beta· globin genes 

under the regulation of separate promoters and 

on different vectors. 

E. coli clones containing plasmid pDL III-la which is 

the pKK223-3 plasmid containinq a dicistronic loader gene/des­

val alpha construct under the requlation of the Ptac promoter 

would be transformed with a plasmid containinq the dicistronic 

loader gene/des-val beta construct under control of the same 

promoter, but with a gene conferring additional antibiotic 

resistance to tetracycline. This could be constructed in the 

following manner: Plasmid pJR IV-SOa contains the des-val beta 

qlobin gene under control of the Pt 8 c promoter. This plasmid 

would be cut with PvuII to generate a linear plasmid with blunt 

ends. This would be liqated with a NotI phosphorylated linker 
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(New Enqland BioLabs). The liqation mixture will be used to 

transform ~ ~. Plasmid DNA would be prepared and plasmids 

containinq a HQ!;I site identified by diqestion with NotI 

aqarose qel electrophoresis. This plasmid will contain the 

Pt•c:des-val beta qlobin sequence. The qene for resistance to 

the antibiotic kanamycin is commercially available (Pharmacia) 

and contains EQQRI restriction sites on both ends. The ends 

will be converted to blunt ends by treatment with T4 DNa 

polymerase by the method of 

fraqment will be liqated 

phosphorylated NotI linker 

Maniatis, n AL_. The resul tinq 

with a 50 fold excess of 

(25•c, 60 min). The liqation 

reaction would be made 0.01 M in EDTA, he~ted to 10• for 20 ·min 

and ethanol precipitated. The precipitated DNA w-ill be taken 

up in 100 ul of NotI buffer and treated with 100 units of NotI 

( 37 •). for 2 hr. The fraqment would be purified by aqarose qel 

electrophoresis. The B.gj&I adapted kanamycin resistance qene 

would then be liqated into the HQtI linearized pJR IV-SOa to 

yield a plasmid with the qene for des-val beta qlobin under 

control of Pt•c with kanamycin resistance. E.c;oli JM-109 

clones containinq plasmid pDL III-la, the plasmid containinq 

des-val alpha qlobin under control of Pt•c with resistance to 

ampicil.lin, will then be transformed with kanamycin resistant. 

plasmid containinq the qene for des-val beta qlobin and clones 

will be selected for resistance to both ampicillin and 

kanamycin. Other antibiotic resistance qenes could be used as 

well. Expression of alpha and beta qlobin polypeptides under 

the requlation of separate promoters will then be analyzed by 

IPTG induction, SDS paqe and western blottinq. 

Should we encounter problems with plasmid exclusion, 

we could use the same strateqy with the pIN plasmids that have 

been used to express polypeptides from separate plasmids in ~ 

£21.i (McNally, et al., PNAS.85, 7270, 1988). 

One potential problem that we may face with creatinq 

plasmids in which the alpha and beta qlobin qenes are under 

separate but identical promoters is the possibility of 
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homologous recombination within the identical sequences on the 

plasmids, eg. the promotor region. This could result in 

deletion of a segment of important DNA sequence. It is 

therefore preferable to use different, non-homologous promotors 

for each different globin gene, eg. Pt 8 c and , tr c , or the 

lambda PL promotor in appropriate host (containing cI857). 

Example 18: Smthesis and AsBft1Phlv of the Di-Alpha Beta· 

Globin eonstruct in al!&, Regulated Vector System 

In prior examples, the glob in genes were under Tac 

promoter control, and the alpha (of di-alpha) and?."·beta globin 

genes were each translationally coupled to the ribosomal loader 

cistron taught by Schaner, et al. ·In this example, the lambda 

PL promoter and a different translational coupler (see below) 

are used. 

Translational Coupler 

SD2 Sfi 

5 I AAT AAG GAG GAA TAA CA'l'° ATG CTG TCT CCG GCC GAT (Cont Id) 

J'TTA TTC CTC CTT ATT GTA TAC GAC AGA GGC CGG CTA (Cont'd) 

EAGI 

AAG GCC.CCA AGC TTG GGG3 1 

TTC CGG GGT TCG AAC CCC5 1 

Hind III 

The pL expression system has a different 

translational coupler as compared to the pTAC sy·stem. 

Sequences coding . for the two SD• s and the translational stop 
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were added onto the 3 1 end of the N protein coding sequences to 
act as a translational coupler. Subsequent to that the globin 
coding sequences are identical to that used in the pTAC 
system. 

Using the pPL-lambda vector available from Pharmacia, 
a plasmid construct was assembled to generate a genetically 
crossed-linked tetrameric human hemoglobin (wild type) in 
E. coli strains N9~Ci+ and N4830-1 (cI857). These bacterial 
strains were obtained from Pharmacia and are inducable by 
addition of naladixic acid (40µg/ml) or mitomycin c (lOµg/ml) 
in the presence of the wild type Ci+ repressor or heat 
treatment of the strain containing the cI857 repressor gene 
(Mott, et al., pNAS §A, 88, 1985 and Gottesmann, M.E., et al., 
J.Mol. Biol • .l!.Q., 57, 1980). A diagramatic representation of 
the cloning strategy is depicted in fiqure 19. 

Removal of the EBqI site from tbe pPL:Lambd.a Vector 

Removal of the EagI site .. from pPL-lambda was 
necessary to .enable cloning of the di-alpha gene sequence, 
because both alpha structural genes contains a EagI site 
located 6 bp into the coding sequence. The pPL-lambda vector 
was digested -with EagI, and the ends were filled using T4 DNA 
polymerase. The Bam HI linker (5 1 -CCCGGATCCGGG-3 ')(Pharmacia)'~ 
was blunt-end. ligated to the EagI digested pPL-lambda plasmid 
by standard methods. This eliminated the EagI site in the 
desired construct. The resulting· mixture was digested with 
EagI to eliminate any plasmids still containing ~he EagI site. 
E. coli N99Ci+ cells were transformed with resulting plasmid, 
pPL-lambda-E. Clones containing the desired plasmid were 
identified by restriction digest analysis. 

r 
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Incorooration of the Synthetic Co-Translational Coupler into 

pPL=Lambcia-E 

Prior to insertinq the qlobin qenes into the vector 

it was necessary to incorporate the synthetic translational 

coupler sequence into the HpaI site of pPL-lambda-E. This was 

done by diqestion of pPL-lambda-E with HpaI followed by blunt­

end liqation of the co-translational ·coupler into the HpaI site 

of the vector. Liqation of the coupler to the blunt end 

resulted in destruction of the HpaI site. The liqation mixture 

was treated with HpaI to diqest any plasmid remaininq 

containing the HpaI site. E. coli N99Ci+ cells. were 

transformed with the resul tinq reaction mixture ,--'~lones were 

screened with EcoRI and Hind III restriction diqests to 

identify clones containinq the .co-translational coupler in the 

proper orientation. DNA fragments of 522 bp and 4762 bp were 

observed for. plasmid containing the desired orientation. To 

confirm the orientation of the coupler, the resultinq plasmid 

. was sequenced using a primer (5 'CAATGGAAAGCAGCAAATCC-3 1 ) 

complementary to the sequence 30 base pairs upstream from the 

translational coupler s·equence. The desired plasmid was 

denoted as pPL-lambda-E+TC. 

Construction of an Expression Plasmid .containing Des-Val Alpha 

and Beta Genes Under Control of pPL=Lambda ,.. 

The Des-Val alpha and beta qlobin genes were obtained 

from pDL III-14c by digestion with EagI and Hind III, followed 

by agarose gel purification of the desired 942 bp segment. The 

purified alpha and beta glob in gene fragment was cloned into 

EatI and Hind III digested pPL-lambda-E+TC. The _ligation 

·mixture was used to transform E. coll N99Ci+, and clones wre 

screened for the presence of the desired plasmid, pPL­

alpha/beta with EcoRI (4758 and 1468 bp), and with PstI and 

Hind III (4005, 1775, 520 bp) confirmed presence of the desired 

restriction sites. Further confirmation was obtained through 

sequencing with the 20 bp primer, above, to confirm the 

.. 
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sequence between the co-translational coupler and the Des-Val 

alpha qlobin gene, and a second primer (S'ACCCGGAAAACTTCCGTC-

3 • ) to confirm the sequence between Des-Val beta and the pPL 

vector. 

Construction of an Expression Plasmid Containing Di-Alpha and 

»eta Globin Genes Under Control of pPL=Lambda 

An RGV crosslinker which encodes for the carboxy 

terminal portion of alpha globin, linked via a single glycine 

residue to the native sequence of ·the amino portion of a second 

alpha globin chain, was prepared by separately phosphorylating 

the 5 I ends . of 5' CGAAATAACGTGGTGTTCTGTCTGC-3 I and 

3 'TTTATGGCACCACAAGACAGACGCCGG-5. with T4 kinase, followed by 

annealinq. This double stranded oliqonucleotide was cloned 

onto the EagI end of a purified fragment of Des-Val alpha and 

beta qlobin prepared from pDL III-14c digested with EaqI and 

HindIII, as described above. The linear DNA sequence generated 

from this ligation, now containing sticky ends coding for BstBI 

and HindIII restrcition site sequences, was purified by agarose 

gel electrophoresis and cloned into BstBI and HindIII digested 

pPL-alpha/beta. The new plasmid designated pPL-dialpha/beta 

contained a sequence with- a co-translational coupler upstream 

to a sequence containing di-alpha globin linked via a glycine 

residue, followed by a cotranslational coupler adjacent to ,~. 

beta globin gene sequence, all under conrol . of a sinle Pl 

promoter. These clones were identified throuqh screening 

minipreps with EaqI restriction digestions. Clones without the 

second alpha globin gene merely linearised upon digestion, 

whereas clones containinq the second qene released 431 bp and 

6222 bp DNA fragments. 
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Construction of the Expression Plasmid pSGE0.1-LO Containing a 
ROP- origin of Replication Mutation 

pPL-dialpha/beta was diqested with PvUII then treated 
with T4 DNA polymerase to fill in the sticky ends. The 
linearized plasmid was then blunt end liqated witha NotI linker 
(Promeqa Corp., Madison, WI) (5 'TTGCGGCCGCAA-3 '). The liqation 
mixture was then treated with PvuII to remove any remaininq 
plasmid containinq the PvuII si:te. E. coli were transformed 
with pSGE0.1-LO and positive clones were identified by the 
presence of the unique NotI restriction site. 

Expression of Hem,oqlobin SGE0.1 in E. Coli unsier.th»,Control of 
the Lambda I\ Promoter 

E. coli N99Ci+ and E. coli N4830-l were transformed 
with pSGE0.1-LO and grown on agar plates containing ampicillin, 
as described previously. These E. coli strains contain the cl+ 
repressor qene and the cI857 heat sensitive repressor gene, 
respectively. 

Inocula of N99Ci+ were qrown at 37•c in TB media to 
an 00600 of - l.O and induced with naladixic acid (40µg/ml). 
Cultures were incubated for 4-6 hrs. at 37•c before the cells 
were harvested. Hemoglobin production was estimated by sos­
PAGE analysis of total cell protein and by western blot 
analysis. By these techniques,· SGE0.1 was estimated to be 
produced at -0.02% of the total cell protein in this cell line. 
Hemoglobin (57µg) · was isolated by Mono Q chromatography and 
shown to have an optical spectrum representative of that for 
normal hemoqlobin. 

Inocula of N4830-l were incubated at 3o•c in TB media 
to an 006 0 0 of 1. O and induced by addition of sufficient 
preheated TB media ( 65 • C) to raise the temperature of the 
inocula TO 42•c. The culture was then incubated at 42• for 4-6 
hrs. Total cell protein analysis with SOS-PAGE revealted that 
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SGEO.l was beinq synthesized at 0.4% of the total cell protein, 
correspondinq to o. 18 mq protein per qram of wet cell paste. 
SGE0.1 prepared from a 2L preparation was purified as described 
elsewhere, and resulted in isolation of 7. 6 mq of purified 
material, SGEO. 1 ( 7. 6mq) was isolated and had a P5 0 of 7. 08 

· (Hemox Analyzer, pH 7.4, 0.1 M NaCl, 37•c), and an optical 
spectrum representative of native hemoqlobin. 

Bxample 19; Production of Hemoglobin in Yeast 

All restriction enzymes and DNA-modifyinq .enzymes 
we·re purchased from BRL, New Enqland Biolabs, IBI, ''Pharmacia or . 
Boerhrinqer-Mannheim. The concentrations of enzymes used were 
those suqqested by the supplier to produce a complete reaction 
in 30 minutes. The buffers and conditions for the use of these 
enzymes were those provided with the enzymes, unless otherwise 
stated. Plasmid DNA was purified from E.coli DHSa as described 
by Birnboim and Doly (Nucleic Acids Research 1979, 7: 1513-
1520). ElectrDphoretic analysis of DNA was carried out in 
aqarose qels usinq tris-acetate electrophoresis buff er 
(Maniatis et al. MoleCular Clonina, Cold Sprinq Harbor, NY, 
1982). DNA was visualized by staininq the qels with o.sµq/ml 
ethidium bromide and exposinq the qel to ultraviolet liqht. 
DNA fraqments were purified from aqarose qels usinq a kit:· 
purchased from BI0-101. DNA fraqments were purified from 
acrylamide qels by crushinq· the excised qel fraqment, 
containinq the DNA, of interest in 3. 25M amm~nium acetate and 
incubatinq overniqht at 3 7 • c. Gel fraqments are removed by 
centrifuqation (12,000 x q, 15 min) and the DNA precipitated 
with 2 volumes of 95% ethanol, 5% isopropanol. The precipitate 
is dried in vacuo and dissolved in O.lXTE (lXTE is 10mM Tris. 
HCl pH7.8, lmM Na3 EDTA), Acrylamide qel electrophoresis of DNA 
was done as described by Maniatis,. et al. (Molecular Cloning, 
Cold Sprinq Harbor, NY, 1982.) in tris-acetate electrophoresis 
buff er. Bacteriological growth media and DNA transformation 

. . 

methods are described by R.W. Davis et al. (Advanced Bacterial 
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Genetics, Cold Spring Harbor Laboratory, New York, 1980, pl40-

141) • Transformation of a.. cerevisiae with linear or circular 

DNA was carried out as described by H. Ito et al. (J. 

Bacteriology 153: 163-168 (1983)) • Transformants were selected 

on SD medium iacking uracil or tryptophane ( SD-ura, SD-trp) 

depending on the selectable marker. on the plasmid (F. Sherman 

et al., Methods in Yeast Genetics: A Laboratory Manual, Cold 

Sprinq Harbor Laboratory, 1979) • All other yeast media used 

are described by Sherman et al. (ibid.) 

SYNTHESIS AND ASSEffBLY OF A GALACTOSE BEGUI..ATED PROMOTER 
This synthetic promoter consists of two functional 

parts, a regulatory sequence and sequence that allows efficient 

initiation of mRNA synthesis. One of the regulatory regions we 
chose includes the nucleotide sequence that confers positive 

regulation of transcription in the presence of galactose (M. 

Johnston and R. Davis, 1984. Molecular .and Cellular Biology 

4:1440-1448; L. Guarente et al., 1982, Proc Nat Acad Sci (USA) 

1.2.:7410-7414.). The transcriptional initiation site is derived 

from the consensus sequence for the s. cerevisiae 
glyceraldehyde-3-phosphate dehydrogenase gene (GAP491) (L. 

McAlister and M.J. Holland, J. Biol Chem 260:15019-15027, 

1983; J.P. Holland et al., J. Biol Chem ~:5291-5299, 1983). 

The synthetic oligonucleotides shown in figure 1 were 

synthesized on a Biosearch 8600 DNA synthesizer. Each 

oligc;mucleotide was cleaved from its support column with 28% 

NH4 OH. The blocking groups were removed by incubating the 

cleaved oligonucleotide in 28% N~ OH at 65 • C for :c!:: 16hr. All 

oligonucleotides were purified by preparative polyacrylamide 

gel electrophoresis in slabs of 10% ~crylamide ( 19.: 1 
acrylamide:bis-acrylamide) containing 7M urea. 

Oligonucleotides were eluted from acrylamide slices by 

incubation· (16hr) in 50mM ammonium acetate (pH7.4), 2.5mM 

maqnesium acetate, 0.25mM EDTA and 0.25% sos at 37•c. 

Acrylamide fragments were removed by centrifugation (14,000xg, 
lOmin) and the oliqoriucleotide precipitated from the aqueous 
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phase by the addition ·of NaCl to 0.25M and 3 volumes of 100% 
ethanol. The precipitated oliqonucleotides were collected by 
centrifuqation (14, oooxq for 30min), washed twice with 80% 
ethanol, once with 100% ·ethanol and the pellets dried. Pell«ts 
were dissolved in O.lXTE. 2 x io-10 moles (each) of 
oliqonucleotides 1-5 (Table 5) were phosphorylated in 0.02 ml 
of 0.066M Tris HCl (pH 7.6), 0.01M MqC12 , 0.002M dithiothreitol 
(OTT) , o. OOlM spermidine and 10 units of T4 polynucleotide 
kinase. Phosphorylation.reactions were. carried out at 37•c for 
30min and terminated by heatinq to 96•c for 5 min •. 2 x lo· 1 0 

moles of oliqonucleotides 1 and 6 (Table 5) were added to the 
phosphorylated oliqonucleotides in a final volume of 0.04ml of 
0.07M Tris HCl (pH7.6) O.OlM MqClz. The ·mixture of 
oliqonucleotides 1-6 (Table 5) was heated to 96•c for 5 min, 
75•c for 20 min, ss•c for 30 min, 37•c for 60 min and 25•c for 
15 min. T4 DNA liqase °(10 units), OTT (O. 002M final 
concentration) , and ATP ( o. OOlM) were added and the mixture 
incubated at 4•c for 16hr. The resultinq 210 bp 
oliqonucleotide contains a 5 1 end compatible with a SalI 
restriction endonuclease· site and a 3 1 end compatible with an 
XbaI site~ Because the oliqonucleotides comprisinq the two 
ends of the intact oliqonucleotide were no~ phosphorylated, 

. they cannot liqate to each other. This oliqonucleotide was 
cloned into the vector pSK+ (Strataqene, Inc.) (Fiqure 21 (a)) 
that had been diqested with XbaI and SalI. The ligation 
mixture contained song of XbaI, Sall: digested pSK(+), and 
5pMoles of the ligated oligonucleotide in a volume of O.Olml. 
E.coli DH5a was transformed with a portion of the ligation 
reaction and clones that contain inserts were identified by 
screeninq for white colonies on LB-ampicillin (0.15mq/ml) agar 
plates supplemented with XGAL (4µq/ml). Positive 
identification was made by preparing plasmid DNA from these 
isolates and digesting with XbaI and SalI. The restriction 
digests were analyzed by agarose gel electrophoresis and three 
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clones containinq a fragment of the expected size C- 250bp) 

were identified. The DNA sequence of all three clones was 
determined and one was chosen for further use and desiqnated 

pGS2488 {Fiqure 2l(a)). 

ASSEHBLY OF THE SYNTUETIC GAI.ACTOSE UPSTREAM ACTIVATOR CGAL,, 1 ) 

SEQUENCE 

The oliqonucleotides shown in Table 6 were 
synthesized and purified as described above. Oliqonucleotides 
2-5 were phosphorylated, annealed with oliqonucleotides 1 and 6 
and liqated as described for the assembly of GAP. The full 

lenqth oliqonucleotide qenerated by this protoco·1 has non­

phosphorylated ends compatible with the · restriction 

endonuclease sites qenerated by .SphI and Sall. However,. when 

the oliqonucleotide is liqated to a Sall site the resul tinq . 

junction formed between the two fragments will no lonqer 

contain a cleavable Sall site. 

The GAI.u As is contained on an SPHI - Sall fragment. 
To clone this fragment into pGS2488 required that we chanqe the 
KpnI site of this plasmid to an SphI site. The plasmid pGS2488 

was modified by cleavinq with KpnI. The KpnI diqested plasmid 

was incubated _with 2 units of T4 polymerase in o.osml buffer 

containinq SOµM of each deoxyribonucleotide triphosphate 

{A,G,C,T), 0.033M Tris-acetate (pH 7.9), 0.066M potassium 
acetate, o.olM maqnesium acetate, o.SmM DTT and lOOµq/ml bovine 
serum: albumin (BSA) • Na3 EDTA was added to O. OlSM and the 

mixture extracted lX with phenol-chloroform. DNA was 

precipitated with ethanol. The dry· pellet was dissolved in 

o.ooaml of T4 DNA liqase buffer, sonq phosphorylated SphI 

linkers {New Enqland Biolabs) and 10 units of T4 DNA liqase. 

The mixture· was incubated for 1 hour at 2s•c and used to 

transform E.coli DHSa. Plasmid DNA was prepared· from 12 

transformants and tested by restriction enzyme diqestion and 
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agarose gel electrophoresis, for the presence of an SphI site 

and the absence of a I<pnI site. A clone containing a plasmid . 

with these characteristics was identified and the plasmid was 

designated pGS2888 (Figure 21(b)). 

The next step in the assembly of this hybrid promoter 

was to clone the SphI - Sal I fragment containing the · GAI.u As 

into pGs2sss. pGs28ss was digested with SphI and Sall, phenol­

chloroform extracted and ethanol precipitated. Fifty nanograms 

of Sphl, Sall digested pGS2888 was incubated with 25ng of the 

annealed, ligated GAiuAs mixture in o.005ml 1X ligase buffer 

containing 10 units of T4 DNA ligase. The ligation mixture was 

incubated overnight at 4 • c and a portion used to transform 

E.coli DH5a. Ampicillin resi~tant clones were isolated and 

plasmid DNA prepared. The plasmid DNA (digested with XbaI and 

Spl) was analyzed by agarose gel electrophoresis. A plasmid 

containing a fragment of the expected size C- _500bp) was 

identified. The sequence of the putative GAiuAs portion of 

this plasmid was determined and the plasmid was designated 

pGS4788 (Figure 21(b)). The complete sequence of the synthetic 

GALGAP promoter (pGGAP) is shown in figure 20. 

CONSTRUCTION OF A pGGAP-8-GLOBlN EXPRESSION CASSETTE 

The plasmid pLCllFX-P-globin (I<. Nagai, M. Perutz and 

c. Payart, Proo Nat Acad Sci (USA) .a.a: 7252-7255) was used as 

the source of human p-globin cDNA. The coding region of the p­
globin cDNA can be excised as an ApaLl to Hindl fragment that 

is missing only the first four nucleotides of the p-globin 

coding (translated) sequence. pLcFX p-globin (5jig) was 

digested with ApaLl and Hindl and a 550 bp fragment containing 

the cDNA was purified by acrylamide gel electrophoresis. The 

. ApaLl ·- Hindl fragment containing the p-globin cDNA was cloned 

into Xba1, Hind3 digested pUC19 using the following adaptor 

(synthesized and purified as described above).: 
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XbaI NcoI ApaLl 
YHla/bS'-CTAGAACCATGG 

TTGGTACCACGT-5 1 

The two oligonucleotides were mixed (12.6µg of each), 

NaCl was added to 0.25M and thre~ volumes of ethanol 

(anhydrous) was added. The precipitated oligonucleotides were 

collected by centrifugation (14,000 x g, 15 min) and the pellet 
washed twice with 80% ethanol, once with anhydrous ethanol and 

dried in vacuo. The adaptors were dissolved in lml of O.lXTE. 
Fifty nanograms of Xbal-Hind3 fragments containing the p-globin 
cDNA and 12.Sng of the ethanol precipitated (non-
phosphorylated) YHla, b oligonucleotide in o. 010 ml of T4 DNA 

ligase buffer containing 10 units of T4 ONA ligase. The 

ligation mixture was incubated at 4•c for 16 hr. and a portion 

used to transform E.Qoli DH5a. Transformants were selected on 

LB-ampicillin plates containing- 4µg/ml XGAL. · Plasmid DNA was 

prepared from · 12 white colonies. The DNA was digested with 

Ncol or ApaLl and analyzed by agarose gel electrophoresis. 

Four of these colonies contained plasmids with the expected 

restriction fragments and one was designated pUC19P-globin 
(Figure 2l(a)). The plasmid pSUC2-6E (G. Stetler et al. 
Biotechnology 7:55-60 (1989)) (Figure 21(a)) was digested with 

Hind3 and Xbal and the large fragment was purified by agarose 

gel electrophoresis. The Xbal to Hind3 fragment containing P-
\ · globin cDNA was also purified (agarose gel electrophoresis)' 

from pUC19P-qlobin. Ten nanograms of gel-purified Xbal, Hind3 

digested pSUC2-6E was mixed with 16 nanograms of the Xbal, 

Hind3 fragment from pUC19P-globin in o. Olml of ligase buffer 
containing 10 units of T4 DNA ligase. The ligation mixture was 

incubated at 25•c for l hr. and a portion used to transform 

E.coli DHSa. Transformants were selected on LB-ampicillin 

·medium and three were used to prepare plasmid DNA. These were 

analyzed by digestion with EcoRl and analyzed by agarose gel 

electrophoresis. Two of these contained plasmids with the 

expected restriction fragments and one was designated pGS1188 

(Figure 21(b)). This plasmid contains p-qlobin under the 
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transcriptional control of the sigma promoter and contains the 

3 1 transcriptional termination signals and polyadenylation 

signals of the MFal gene. 

REPLACEMENT OF THE SIGMA PROMOTER WITH pGGAP 

The plasmid pGS1188 was digested with SphI and NcoI 

and the vector plus p-globin cDNA was separated from the sigma 

. promoter by agarose gel electrophoresis and purified as 

described previously. Plasmid pGS4788 (10ug) ·was also digested 

with SphI and NcoI and the - 500bp fragment (containing pGGAP) 

produced by this digest was purified by agarose gel 

electrophoresis. Fifty nanograms of the gel-purified p-globin 

containing vector was incubated with song of NcoI-SphI fragment 

containing the pGGAP promoter in o. Olml of lX ligase buffer 

with 10 units of T4· DNA ligase. The mixture was incubated ~or 

1 hour at 2s•c and a portion· of the ligation mixture used to 

transform E.coli DHSa. Ampicillin resistant clones were 

selected. Plasmid DNA isolated from 12 of these clones was 

analyzed by digestion with SphI and NcoI to identify plasmids 

containi-ng the - 500 bp GGAP promoter. The presence of the p­
globin cDNA was confirmed by digestion with XbaI and Sall, 

followed by agarose gel electrophoresis analysis. A plasmid 

containing the expected fragments was identified and· designated 

.1 pGS3588 (Figure 21 (b)) • To aid the subcloning of this fragment· 

in~o a yeast vector, the SmaI site of pGS3588 was converted to 

a XhoI site as follows: 1 µg of pGS3588 was digested with 

SmaI, the digest was extracted once with phenol-chloroform and 

ethanol precipitated. The precipitated DNA was dissolved in T4 

DNA ligase buffer, with lOOng of phosphorylated XhoI linker and 

10 units of T4 DNA ligase (final volume of O.Olml). The 

ligation was incubated at room temperature for 2 hr and a 

portion of the ligation mixture was used to transform E.coli 

DH5a (excess linkers were not removed prior to transformation). 

Ampicillin resistant clones were isolated and plasmid DNA 

prepared. Plasmids containing the additional XhoI site were 
identified by digestion with XhoI and agarose gel 
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electrophoresis analysis. A plasmid containing the pGGAP-P­

qlobin expression cassette was identified and has been 

designated pGS3888 (Figure 2l(b)). 

CONSTRUCTION OF AN a-GLOBIN EXPRESSION CASSETTE 

We obtained a partial length cDNA (pa-MRC) clone from 

K. Nagai (MRC, Cambridge). To adapt the cDNA encoding a-globin 

for expression from the pGGAP promoter, two oliqonucleotide 

primers were synthesized (synthesis and purification of 

oligonucleotides was as described above). 

a-1: 5'-GAATTCCATGGTGCTGTCTCCTGCCGACAAGACC-3 1 • 
-... 

a~2: 5'-CTGCAGTCGACTTAACGGTATTTGGAGGTCAGCACGGTGCT-3 1 • 

These two oligonucleotides were used as primers for a 

polymerase chain reaction (PCR) (R.K. Sakai et al.,· 1985. 

Science ~:1350-1354) using a Perkin Elmer-Cetus PCR kit and 

pa-MRC as template. a-globin cDNA (8.3ug/ml) in 0.018 ml H2 o 
was denatured .. by the addition of 0.005ml lOM NaOH. The mixture 

was incubated at 2s·c for 5 min.. Denatured DNA was 

precipitated by the addition of 0.003ml 3M sodium acetate (pH 

5. 2) and o. 07 Sml anhydrous ethanol. The precipitated DNA was 

washed twice with 80% ethanol, once with 100% ethanol and 

dried. The dried pellet was dissolved in: o.oosml 20µM a-1, 

O.OOSml 20µM a-2, o.OlOml l.OX Taq polymerase buffer (Perkin 

Elmer-Cetus) , O. OOOSml TaqI polymerase (Perkin Elmer-Cetus) , 

o. 663ml H2 o, · o. 016ml of all four deoxyribonucleotide­

triphosphates ( 1. 25mM each) • TaqI polymerase was added after 

heating the solution to 94•c for 1 min. After addition of the 

enzyme the aqueous solution was overlayed with O.lOOml paraffin. 

oil. The reaction-mixture was cycled, by hand, 25 times at the 

following temperatures: 3 7 • c for 2 min, 68. 5 • c for Jmin and 

94•c for 1 min. After the twenty-fifth cycle, the reaction mix 

was incubated at 37•c for 2 min and Gs.s•c for 10 min. A 

portion (O. OOSml) of the reaction mixture was analyzed by 

aqarose gel electrophoresis and revealed a band of the expected 
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size (- 430bp). The PCR-amplified DNA fragment should contain 

a 5 • extension, that includes an ATG codon embedded in an 

optimal sequence context for initiation of translation (M. 

Kozack 1986, Cell il:283-292). The 3' end should contain an 

extension that includes a translational terminator and a SalI 

restriction endonuclease site. The PCR-amplification reaction 

was phenol-chloroform extracted and ethanol precipitated. The 

dry pellet was dissolved in o. 05ml 1mM Tris-HCl (pH 7. 8) • A 

portion of this material (0.025ml, 1.25ug) was digested with 

NcoI and Sall and purified by acrylamide gel (5%) 

electrophoresis. A gel slice containing the· fragment was 

eluted by crushing the gel slice in 0.3ml 2.5 ammonium acetate 

(pH 7.4) and incubating at·37•c for 16hr. Acrylamide· fragments 

were removed by centrifugation and the DNA precipitated by the 

addition of o~ 75ml of ethanol. The pellet was collected and 

dissolved in o.02oml lmM Tris HCl (pH 7.8) O.lmM EDTA. This 

fragment was cloned into NcoI, · SI digested and agarose gel 

purified pGS3888. Fifty nanograms of NcoI, Sall digested 

pGS3888 was incubated (2hr, 2s•c) with song of gel purified, 

PCR-amplif ied NcoI-SalI fragment containing the a-glob in cDNA 

in O.Olml ligase buffer with 10 units of T4 DNA ligase. A. 

portion of this reaction mixture was used to transform E.coli 

DHSa- and ampicillin resistant clones were selected .on LB­

ampicillin medium. Plasmid DNA was ·prepared from 12 

independent isolates and digested with Ncol and Sall. The 

restriction digests were analyzed by acrylamide gel 

electrophoresis (5%), all twelve contained a fragment of the 

expected size. one of these was designated pGS4088 (Figure 

22). The a-globin insert in pGS4088 was completely .sequenced 

to assure that no mutations had been introduced by PCR­

amplification. 
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CONSTRUCTION OF A YEAST EXPBESSION PLASMID THAT CO-EXPRESSES a­

AND 8-GLQBIN GENES FRQM A SINGLE Pt.ASMID 

The a-globin and p-qlob.in expression cassettes from 
the plasmids pGS3888 and pGS4088 were cloned into a sinqle 
plasmid in a way that allows them to be excised on a sinqle 
NotI fragment. This NotI fragment was then cloned into the 
hiqh copy yeast plasmid pClN to qenerate a plasmid carryinq and 
expressinq both a-and· p-qlobin chains under the control of 

separate (thouqh identical) promoters. The details are 

presented below. 

INTRODUCTION OF NOTI SITE INTO pSKC+l 

The plasmid pSK(+) (St~atagene, Inc.) (Figure 23(a)) 

was .modified by diqesting lOOnq of purified plasmid DNA with 
KpnI. After digestion was complete, the DNA · was ethanol 

precipitated and the dry pellet dissolved in o.osml T4 DNA 
polymerase buffer containinq 10 uni ts of T4 DNA polymerase. 
The reaction mixture was incubated at· 37•c for 20 min, Na3 EDTA 
(lOmM) was added and the sample heated to 1o·c for 10 min. The 

digested DNA was precipitated with ethanol and the dry pellet 
dissolved in 0.01 ml of lOmM Tris· HCl (7.8) lmM EDTA. A 
portion of this material (20uq) was dissolved in O~OOSml of 

ligase buffer containing 10 units of T4 DNA ligase and song of 
phosphorylated NotI linkers. The ligation mixture was 
incubated at 25 • C for 2 hr and a portion used to transform 
E.coli DH5a. Ampicillin resistant coionies were selected on 
LB-ampicillin medium. Plasmid DNA was isolated, digested with 

Notl and analyzed by acrylamide gel (5%) electrophoresis. A 

plasmid containing the additional NotI site is expected to 

generate a new, - 90bp fragment. such a plasmid was identified 

and designated pSN(+) (Figure 23(a)). 
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CLONING THE pGGAP-a-GLoBIN EXPRESSION CASSETTE INTO pSNC+l 

pSN(+) was digested with Sall, phenol-chloroform 
extracted and ethanol precipitated. The precipitated. DNA was 
dissolved (50ug/ml) in lmM Tris-HCl (pH 7.8), O.lmM EDTA. 
pGS4088 was digested with XhoI and the 1100bp fragment 
containing the a-globin expression cassette was isolated from 
an agarose gel. The purified fragment was dissolved (20ug/ml) 
in O.lXTE. Twenty-five nanograms of Sall digested pSN(+) was 
mixed with song of the gel-purified a-globin fragment in O.Olml 
ligase buffer containing 10 units of T4 DNA ligase. The 
ligation mixture was incubated for 1.5 hr at 2s•c and.a portion 
used to transform E.coli DH5a. Ampicillin resis:tant clones 
were isolated. One hundred transformants were transferred, in 
a grid pattern, to fresh plates. Replicas of the grid were 
made on a nitrocellulose filter ~nd prepared for colony 
hybridization (R.W. Davis et al.· Adv Bacterial Genetics, Cold 
Springs Harbor, NY, 1980.). The hybridization probe was 
oligonucleotide 4 (Table 6). This oligonucleotide (20pM) was 
labelled with 32P-ATP in a o.02ml reaction mixture containing 
0. 050M Tris-HCl (pH 7. 6) , 0. OlM MgClz , 0. 005M OTT, 0. OOOlM 
spermidine, O.OOOlM EDTA, 50pM of 32P-ATP and 10 units. of T4 
polynucleotide kinase. The reaction mixture was incubated . for 
2hr at 37•c, unincorporated ATP was removed by spin-column 
chromatography (BIORAD) used according to the manufactures 
instructions. The filters were incubated (37.C) in 
hybridization solution (6XSSC, 50% formamide, 2% SDS, 20pMoles 
of 3 2 P labelled probe) for 16 hr. The filters were washed 4 
times (15 min each) with lX ssc, 0.1% SDS at 55•c; twice (5 min 
each) with o.2xssc, 0.1% sos at so·c and twice (5 min each) 
with o.2xssc. Autoradiographs were made of the filters. 
Colonies that produced a hybridization signal were used to 
prepare plasmid DNA. This DNA was digested with EcoRl and the 
fragments produced by this digest were analyzed by agarose gel 
electrophoresis •. A plasmid cont,aining a fragment of the 
correct size was identified and designated pGS488ij (Figure 
23 (a)). 
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CLQNING THE pGGAP-8-GLQBIN EXPBESSION CASSETTE INTO pGS4888 

The construction of pGS4888 required cloninq an XhoI 

fragment (pGGAP-a-globin) into a SalI site. The combination of 

a XhoI site with a SalI site destroys the recognition sites for 

both XhoI and Sall restrict'ion endonucleases, leaving pGS4888 
with a single unique XhoI site. An XhoI fragment from pGS3888 

was purified by agarose gel electrophoresis and cloned into 

XhoI diqested pGS4888 essentially as described for the 

construction of pGS4888. Colony filter hybridizations were 

performed using the NcoI-SalI fragment (containing p-globin 

cDNA) from pGS3888 as a hybridization probe. This fragment was 

purified by aqarose gel electrophoresis and radioactively 

labelled with a 3 2 P-dCTP using an Amersham random 

oligonucleotide labelling kit. Filters were hybridized, washed 
and autoradiographs made as described for·. the construction of . 
pGS4888. Plasmid DNA was prepared from colonies producing a 

hybridization signal and digested with either NcoI or NcoI and 

SphI. These diqests allow identification of plasmids that 

contain both the a- and P-globin expression cassettes and 

reveals the relative orientation of the a- and p~globin 

transcriptional units. A plasmid containing both 

transcriptional units was identified and qiven the desiqnation 

( pGS189 (Figure 2J(b)). 

CQNSTBUCTION OF PLASMID pC1N 

The plasmid pClU was modified to introduce a NotI 

site. pClU DNA (lOOug) was digested . with SalI, phenol­
chloroform extracted and ethanol precipitated. The Sall ends 

were modified with T4 DNA polymerase to produce "blunt" ends 

and phosphorylated NotI linkers were added. The procedures 

used for these modifications. are essentially the same as those 

used to produce pSN(+) (described above). The plasmid 

resulting from these manipulations is called pCIN (Fiqure 

23 (b)). This pClN was digested with Notl, phenol-chloroform 
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extracted and ethanol precipitated. A - 2. 4kb NotI fragment 

(carrying a- and p-globin expression cassettes) was purified 

from NotI digested pGS189 DNA by agarose gel electrophoresis. 

Fifty nanograms of NotI digested pClN was mixed with song of 

the gel p~rified, 2.4 kb fragment ~solated from pGS189 in 0.01 

ml of ligase ·buffer containinq 10 units of T4 DNA liqase. The 

reaction mixture was incubated at 2s•c for 2hr and a portion 

used to transform E.coli DH5a. Ampicillin resistant clones 

were selected on LB-ampicillin plates and plasmid DNA prepared. 

The purified· DNA was digested with EcoRl and analyzed by 

agarose gel electrophoresis to identify plasmids carrying the 

a- and p-globin genes and to determine the orientation of the 

insert with respect to the vector. Two plasmids were 

identified, representing the two possible orientations and have 

been designated pGS289 (Figure 23(b)) and pGS389 (Figure 

23 (b)). 

EXPRESSION OF RECOMBINANT HUMAN HEMOGLOBIN IN SACCHAROMYCES 

CEREVISIAE 

s. cerevisiae strains GSY112 (MATapep4::HlS3prbl 1.6R 

his3 200 ura3-52 leu2: :hisG can:L· ciro) and RSY334 (MATa- regl-

501 pep4-3 prbl-1122 ura3-52 leu2-3, leu2-112) were transformed 

with plasmids pGS289 or pGS389 by the method of Ito et al. (J. 

( Bacteriology 153: 163-168 ( 1983) ) • Transformants were selected 

on yeast SD-ura. Single colony isolates were picked and 

streaked to SD medium lacking uracil and leucine. Colonies 

from this selective medium (SD-ura,-leu) were used to inoculate 

2ml of SD-ura,-leu, the cultures were incubated at 3o•c for 

24hr and used to inoculate 20ml cultures of YP + 3% ethanol, 

these were incubated for an additional 24hr and galactose was 

added to a concentration of 2%. Samples were removed at 4, 8, 

24, 28, 32 and 48 hours post induction. Cells were collected 

by centrifugation and washed with 1 ml lOmM Tris HCl (pH 7.8), 

lmM EDTA and resuspended in SDS-PAGE sample buffer ( 2 x 1oa 

cells/ml). Samples were boiled for 10 min and the insoluble 

material removed by centrifugation, o.ooSml samples were 
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analyzed by SOS-PAGE (12.5% gel) followed by transfer to 
nitrocellulose. a- and p-globin chains were stained using 
commercially available rabbit anti-human hemoglobin and an 
immunoblotting kit purchased from Promega. The protocols used 
were supplied by Promega. The immunoblot indicated that both 
chains are synthesized and that pGS2S9 produces slightly less 
material than pGS389. An apparent lack of stoichiometry 
between the a-chain (lower band) and p-chain is due to a 
difference in immunoreactivity of the antibody to the two 
chains. This was demonstrated by comparing Commassie 
.brilliant blue stained gels of purified human and recombinant 
hemoglobin with immunoblotted samples. 

Example 20: Characterization Of Buman Recombinant Hemoglobin 
Synthesized in Yeast 

RSY334 [pGS389] was grown in lOOml SD-leucine to an 
006 0 0 of 2 • 4 • This was used to inoculate lL of YPE. This 
culture was shaken at Jo•c, for 24hr at which time 50ml of 40% 
galactose was added. The incubation was continued and the 
cells harvested 24 hr later (00600 of 9). The cell pellet was 
resuspended in lOOml of O.OlM Tris-HCl (pH 7.18), O.OOlM EDTA 
and carbon monoxide bubbled through the cell suspension for 3 
min. The cells were collected by centrifugation and after the 
co treatment were distinctly red. The cell pellet (19 gm) was 
resuspended in 19ml of lysis buffer (O.OlM NaP04 pH 6.0, 0.020M 
OTT, 1% Triton X 100, o ~ OOlM PMSF, o. 005M benzamidine and 
o. 06mM leupeptin) and bubbled with carbon monoxide for 2 min. 
The cell suspension was sonicated with Branson 250 sonicator 
equipped with a 0.5 inch disrupter horn. The sonication time 
was 2 min (0.5 sec pulses) at full power. This was repeated 4 
times with 2 min cool•down periods between sonication 
intervals. The cell debris was removed by centrifugation 
(27 I 000 x q for 15 min) and the supernatant saved co•c). The 
pellet was resuspended in 5ml 

pellet was sonicated with the 

of maximum output). The 

of lysis buffer. The resuspended 

microtip as described above (70% 
cell debris was removed by 
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centrifugation as described above and this supernatant combined 

with the first. The combined solutions were clarified by 

centrifugation (38,000 x g, 20 min), producing a clear, red 

solution. This was loaded (after adjusting the pH to 6.o, with 

lOmM phosphoric acid) onto a 5ml s-sepharose fast flow column 

equilibrated with o. OlM sodium phosphate (pH 6. O). All of the 

red material bound to the column and the column was washed with 

20ml of 0.01M sodium: phosphate (pH 6.0). The column was eluted 

with 0.05M sodium phosphate (pH 7.5), O.lM NaCl and lml 

fractions were collected. The red color eluted in two 

fractions. The purity ·of this material was analyzed by sos­
PAGE and appears to be ;=:. sot pure after the first 

chromatography step. This material was dialyzed against lOmM 

sodium phosphate (pH 6.0), o.OOlM EDTA for 16 hr at o•c and re­

chromatographed on a mono-s FPLC qolumn (ph 6.8 - pH 9.0, 0.02M 

sodium phosphate .gradient). The peak fraction from this is C!: 

85% pure. An absorbtion spectrum was obtained by scanning the 

mono-s purified material from 400mM to 650mM with a Shimadzu 

spectrophotometer (Figure 24, top). The spectrum obtained was 

identical to that of human hemoglobin (Figure 24, bottom), 

indicating that the protein had folded and incorporated heme. 

The amount of hemoglobi~ recovered in the two peak fractions 

was determined from the extinction coefficient (1.23 x 104 

A450/M) to be - 20mg. 

Example 21: Construction of Vectors for the ·Expression of a­

and 8-Globin from Separate Yeast Plasmids 

In addition to the development of a single yeast 

vector that carries both a- and p-globin expression cassettes 

we also developed a system that uses separate plasmids for each 

of the two globin cDNA' s. The two plasmids each carry two 

yeast genes that are used to maintain the plasmid in yeast. 

Both have the LEU2 gene in common and one (pGS4688f has the 

URA3 gene, the other (pGS4988) has the TRPl gene. By using a 
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host that carries mutations in URA3, LEU2 and TRPl both 

plasmids (.one with a-qlobin and the other with the P-globin 

expression cassette) can be maintained. The constructions of 

these vectors is described below. 

CONSTRUCTION OF pClT 

The plasmid pClU ( 5uq) was digested with BamHI and 

Sal I and the largest fraqment was purified by aqarose gel 

electrophoresis. The plasmid YRp7 (lOug) (J. Strathern, E. 

Jones, and J. Broach, Tbe Molecular Biology of the Yeast 

Saccharomyces, Cold Spring Harbor, NY, 1981) was digested with 

BglII and SalI and the fragment containing the TRPI gene was 

purified by agarose gel electrophoresis. Twenty-five ng of 

gel-purified, BamHI and SalI diqested pClU was mixed with 50ng 

of the BglII-SalI fragment in ligase buffer containing 10 units 

of T4 DNA ligase. The reaction mixture was incubated at 2s•c 

for 1.5 hr and a portion of the ligation reaction mixture used 

to transform E.coli DH5a. Tetracycline resistant colonies were 

selected on LB-tetracycline medium. Plasmid DNA was prepared 

from 15 transformants, · diqested with EcoRl and analyzed by 

aqarose gel electrophoresis. One isolate with the expected 

EcoRl restriction fragments was chosen and was desiqnated pClT 
(Figure 22(a)). 

CLQNING THE 8-GLOBIN.EXPRESSION CASSETTE IN pClT 

One hundred nanograms of pClT was digested with SalI, 

phenol extracted, ethanol precipitated and dissolved in O.Olml 

of lOmM Tris-HCl (pH 7. 8), lmM EDTA. The plasmid pGS3888 was 

digested with XhoI and the - 1.2 kb XhoI fragment containinq 

the p-globin expression cassette . was purified by aqarose gel 

electrophoresis. Ten nanograms of SalI digested pClT was mixed 

with 60ng of the XhoI fragment containinq the p-globin 

expression cassette in o. Olinl of ligase buffer containinq 10 

units of T4 DNA ligase. The reaction mi.xture was incubated at 

2s•c for 30 min. A portion of this material was used to 
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transform E.coli DHSa. one hundred ampicillin resistant 
transformants were picked and patched to LB-ampicillin agar. 
They were incubated for · 5 hr at 3 7 • c and overlayed with a 
nitrocellulose filter. Plasmids containing the XhoI fragment 
were identified by ·colony hybridization, using the XhoI 
fragment as a hybridization probe, as described above. 

Colonies producing an autoradiographic signal were used to 

prepare plasmid DNA. The purified DNA was digested with EcoRl 
and analyzed by agarose gel electrophoresis for the presence of 

the expected restriction fragments. Two clones containing the 
desired XhoI insert were identified and the orientation of the 
insert was determined by agarose gel analysis of EcoRl digests 

or SphI digest of the plasmid DNA. Both isolates contained the 
desired insert in the same orientation and one was designated 

pGS4988 (Figure 22(a)). 

CLONING a-GLOBIN EXPRESSION CASSETTE IN pClU 

The Xhol fragment from pGS4088 containing the a­

globin expression cassette was purified by agarose gel 
electrophoresis and the recovered fragment dissolved 
(lOOng/O.Olml) in lmM Tris-HCl ph 7.8, O.lmM EDTA. Twenty-five 
nanograms of the gel purified fragment was mixed with lOng of 

Sall digested (phenol-chloroform extracted, ethanol 
precipitated) pClU in 0.01 ml ligase buffer containing 10 units 
of T4 DNA ligase. The reaction mixture was incubated at 2s·c 
for 1. 5 hr and a portion used to transform E.coli DH5a. 
Ampicillin resistant colonies were selected on LB-ampicillin 
plates. Plasmid DNA was prepared from 12 transformants, 
digested with HindIII and analyzed by agarose gel 
electrophoresis. The two possible orientations were isolated 
and given the designation pGS4488 (Figure 22 (b)) and pGS4688 

(Figure 22(b)). 
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CONSTRUCTION OF DIPLOID STBAINS EXPBESSING a- AND 8-GLQBIN 

CHAINS FROM SEPABATE PLASMIDS 

s. cerevisiae RSY330 (MAa pep4-3 prbl-112 hist7 ura3-

52 trpl-289 canl gall) was transformed (Ito et al.) with 

pGS4488 or pGS4688. Trp+ transformants were selected on so-trp 

medium and streaked for single colonies. s.cerevisiae BJY1991 

(MATa prbl-112 pep4-3 leu2-3,112 trpl- 101 uraJ-52 gal2 canl) 

was transformed with pGS4988. URA+ transformants were selected 

on so-ura _medium and streaked for single colonies. These 

strains were each tested for the production of a- and p-globin 

as follows: (1) Single colonies were picked from SD-selective 

medium and used to inoculate 2ml of SD-selective (liquid) 
medium. The cultures were incubated for 24 hr at Jo•c and 

diluted into 25ml of fresh so-selective medium and incubated 

for an additional 24 hr. The cells were collected by 
centrifugation and resuspended in 25ml of YP-galactose (2%) and 

the incubation continued for an additional 24 hr. The cells 

were harvested (8,000 x g, 10 min) and the pellet washed with 

50ml 0. OlOM TrisHCl (pH 7. 8) , 0. OOlM EDTA. The pellets were 

dissolved by heating to 96°C for 10 mi~ in SOS-PAGE sample 

buffer and the debris removed by centrifugation (15,000 x g, 10 
min). The cleared supernates from 1x106 cells each were 

analyzed by SDS-polyacrylamide gel electrophoresis and Western 

immunoblotting as described above. p-globin was readily 

detectable in extracts from BJY3505 [pGS4988] • We were also 
able to detect a-globin cross-reacting material, although the 
signal strength was considerably weaker. The production of 

tetromeric hemoglobin requires the presence of both a and p 
chains, ideally these would · be expressed in the same cell. 

Because strains BJY3505, ·BJY1991 and RSY330 are haploids they 

each can be mated with a yeast strain of the opposite mating 

type. Strains RSY330 and BJYi991 are both mating type a, 

whereas BJY3505 is mating type a. BJY3505[pGS4988], 

RSY330 [ 4688] or .BJY1991 [ 4688] or RSY330 [pGS4688] matings were 

done and diploids selected by streaking onto SD minimal medium 

with no additional amino acids or other nutrients. Neither of 
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the plasmid-bearing parental strains are capable of growth on 

this medium, diploids, however, can grow. Because the diploids 

are homozygous for the mutations in TRPl and URA3 both plasmids 

must be present for the cells to grow in the absence of these 

nutrients. These diploid strains were analyzed for the 

synthesis of a and p-globin as described above. A most 

surprising result was obtained. Although a-globin and p-globin 

are synthesized at low levels in the haploid strains, co­

expression in a diploid strain results in a substantial 

increase in the levels of both chains. Furthermore, after 

induction (24 hr) with galactose the cell pellets develop a 

distinct, pink-red color. These results suggest that: (a) co­

expression of a-and p_.globin stabilizes the two proteins, 

perhaps as a consequence of their interacti.on and (b) the 

protein is apparently folding and incorporating heme. 

Examole 22: O:xyqen Bindina Pr9perties of Yeast-Derived 

Hemoalobin 

The P5 0 of the yeast derived hemoglobin is nearly 

identical to that of Hgb Ao. Depending on how we measure it, 

the P5 0 ranges from about 5 to 10 torr in a phosphate free 

solution. At 2s·c it is about 4-6 torr in· SOmM. BisTris, pH 

7.4, NaCl O.lM. In the same solution, at 37°C, the P50 is from 

8.5 to 11. 

Example 23: Expression of Di-Alpha Hemoglobin in 

s.cereyisiae 

Methods 

Unless. stated otherwise, all enzymes (restriction 

endonucleases, T4 DNA ligase, T4 DNA polymerase, T4 

polynucleotide kinase) were purchased from New England Biolabs, 
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Pharmacia,· BRL, stratagene or Boerhinger Mannheim. Restriction 

enzymes and T4 DNA ligase were used with the buffers supplied 

by the manufacturers. 

Ethanol precipitation of nucleic acids was carried 

out by the addition of o.5 volumes of 7.SM ammonium acetate and 

2 volumes of 20: 1 ethanol-isopropanol. The pellet was 

collected by centrifugation at 14, 000 x g for 15 minutes, 

washed twice with 80% ethanol, once with 95% ethanol and dried 

in vacuo. Phenol extractions were done by the addition of 

so: 49: 1 mixture of phenol: chloroform: isoamyl alcohol. Phases 

were separated by centrifugation at 14,000 x g and the aqueous 

phase collected. Plasmid DNA was purified from E.coli DHSa ·as 

described by Birnborn and Doly (Nucleic Acids Research 1979, 
.· . . 

7: 1513-1520). Electrophoretic analysis of DNA was carried out 

in agarose gels using tris-acetate electrophoresis buffer 

(Maniatis, et al. Molecular Cloning, Cold Springs Harbor, NY, 

1982). DNA was visualized by staining the gels with o. Sµg/ml 

ethidium bromide and exposing the gels to ultraviolet light. 

DNA fragments were purified from agarose gels using a kit 

purchased from BI0-101. DNA fragments were purified from 

acrylamide gels by crushing the excised gel fragment in 3.2SM 

ammonium acetate and incubating overnight at 37•c. Gel 

fragments are removed.by centrifugation (14,000 x g, 15min) and 

the DNA precipitated with. ethanol. The. precipitate is 

dissolved in TE (lOmM Tris HCl, pH7.8, lmM Na3 EDTA). 

Acrylamide gel electrophoresis of DNA was done as describ.ed by 

Mani~tis, et al. <Molecular Cloning. Cold Spring Harbor 

Laboratory, NY, 1982) • Bacteriological growth media and DNA 

transformation methods are as described by R.W. Davis, et al. 

(Advanced Bacterial Genetics, Cold Spring Harbor Laboratory, 

NY, 1980) • Media for the growth of s. cerevisiae has been 

described by F. Sherman· et al. (Methods in Yeast Genetics: A 

Laboratory Manual, Cold Spring Harbor Laboratory, NY, 1979) • 

Transformation of s.cerevisiae with linear or circula~ DNA was 

carried out as described by H. Ito, et al. ( J. Bacteriology, 

153:163-168(1983)). 
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Removal of the PstI and speI sites from PG84888. The 

design of the synthetic linker for joining two a-qlobin chains 

allows the inclusion of PstI and SpeI sites flanking a JObp 

sequence that includes the junction of the two a-globin coding 

sequences. Because we anticipate testing several different 

linker sequences, these sites will allow directional cloning of 

relatively short synthetic oligonucleotides encoding different 

linker sequences. Removal of the PstI and SpeI sites from the 
vector sequence is, therefore, necessary so· that the sites in 

the coding region are usable. One µg. of the plasmid pGS4888 

was digested with PstI and ethanol precipitated. The dry 

pellet was resuspended in 50µi of 33mM Tris-acetate, pH7. 9, 

66mM potassium acetate, lOmM magnesium acetate; 0.5mM OTT and 

50 µM of each dNTP (T4 polymerase buffer). Two units of T4 DNA 

polymerase were added and the reaction mixture incubated for 

15min at 37•c. Na3 EDTA was added to 12.5mM and the reaction 

mixture heated to 6s•c for lSmin, phenol extracted and ethanol 

precipitated. The dry pellet was dissolved in 14 µl of T4 DNA 

l~gase buffer (BRL) and lµl (10 units) of DNA ligase added. 

The ligation mixture was incubated a 4•c for 16hr. A portion 

of the ligation reaction was used to transform E.coli DH5a and 

transformants were selected on LB-ampicillin plates. Plasmid 

DNA was prepared from 12 trans formants. The DNA was analyzed 

by agarose gel electrophoresis of PstI digests. Five 

transformants had lost the PstI site and one of these was 
designated pGSl889. The SpeI site of this plasmid was removed 

as described above after digestion of pGS1889 with SpeI. A 

plasmid was identified that had lost both the PstI and the SpeI 

site and was designated pGSl989. 

Strateay for Joining TwO Copies of the q-qlobin cDHA. A 

fragment containing the 5'-363bp of the a-globin coding region 

can be excised from pGS4888 as an NcoI to ApaLl fragment. A 

second fragment containing nucleotides 109 through the 3 1 

untranslated region can be removed as a FokI to Sall fragment. 

These two fragments can then be joined together to create a 
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single translation unit encoding two· tandem copies the of a­

chain cDNA by using a synthetic oligonucleotide adaptor (Table 

8). The purification and assembly of these fragments is 

described below. 

The plasmid pGS4888 was sequentially digested with 

ApaLl. and NcoI and a· -36Sbp fragment (a-chain 1) purified by 
acrylamide gel electrophoresis. A second fragment of ·3s1bp 

(a-chain 2) was prepared by sequential digest with FokI and 

Sal I followed by acrylamide gel electrophoresis. Four 

oligonucleotides were synthesized (Table 8) and assembled into 
a ·113bp linker (RGGV) containing an ApaLl and FokI ends. 

Synthesis, purification and assembly of olig~:mucleotides was· as 

described previously. This adaptor encodes an amino acid 

bridge linking the carboxy-terminus of a-chainl. with the amino­

terminus of a-chain2 as well as portions of the 3' end of a­

chainl and the 5 • end of a-chain2. The carboxy terminal 

arginine residue of a-chainl is separated from the amino 
terminal valine of a-chain2 in this construct by 2 glycine 

residues. The "diglycine bridge" portion is flanked by HpaI, 

SpeI and PstI. sites. These sites allow the substitution of a 

variety of bridges by the use of ·3obp adaptors to connect the_ 

two a-chains into an expression cassette was carried out in a 

four part ligation as described below. 

Plasmid pGS1989 was sequentially. digested with NcoI 
and Sal.I and the large fragment containing the plasmid vector 
and pGALGAP was purified by agarose gel electrophoresis 

(gpl.989). Fifty nanograms of gpl989 were mixed with 2oong each 

of the gel purified ApaLl-NcoI a-chainl fragment and the FokI­

SalI a-chain2 fragment. A twenty-fold molar excess of t~e 

synthetic ApaLi-FokI adaptor was added (the 5 •-ends of the 

adaptor segment are not phosphorylated). The ligation reaction 

was carried out in a volume of 20µ1 for 4hr at 23•c. A portion 

of this reaction mixture was used to transform E. coli DH5a and 

ampicillin resistant colonies were selected. Transformants 

were patched to nitrocelluloes filters and screened by 
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hybridization with the 32P-labelled oligonucleotide AL2as 

(Table 8). Five pMoles of oligo AL2as were incubated in 20µ1 

of a solution containing 2 units of T4 polynucleotide kinase, 

50mM Tris-HCl (pH7. 6), lOmM MgC12 , 6mM OTT, O. lmM spermidine, 

O.lmM EDTA, and lOpMoles of 732p-ATP (7000 Ci/mMole) for 2hr 

at 37•c. Filters were processed as described by Maniatis, et · 

al. and the hybridization was done at 37•c in 5XSSC, 50% 

formamide, lOOµg/ml yeast tRNA and 2% SOS for 16hr. The 

filters were washed, sequentially, in 2XSSC and lXSSC at ss•c 
for 15min (twice in each, all wash solutions contained 1% SOS). 

Dried filters were exposed to X-ray film and colonies giving a 

hybridization signal were used to prepare plasmid DNA. Plasmid 

DNA was analyzed by restriction enzyme digestion to identify 

plasmids that contained in.serts of a size consistent with two 

a-chains (NcoI-SalI digest) and that contained unique PstI, 

SpeI and HpaI sites. A plasmid identified in this manner was 

designated pGS2189 (Figure 25). 

An XhoI fragment from pGS3888 containing the P-globin 

expression cassette was purified by agarose gel 

electrophoresis. XhoI digested pGS2189 · (50ng) was combined 

with 150ng of the gel purified insert from pGS3888 in lµl of 

ligation buffer containing 10 units of T4 DNA ligase,. A 

portion of this mixture was used to transform E.coli DHSa and 

ampicillin resistant colonies were selected. Plasmid DNA was 

isolated and analyzed by digestion with XhoI, BamHI or NcoI. 

Several plasmids were identified that produced restriction 

fragments of the expected sizes, all contained inserts in the 

orientation shown in Figure 25. One of these was designated 

pGS2989. Although this plasmid contains the linked a-globin 

genes and a p-globin gene under the control of separate 

promoters, it is not capable of replication in s.cerevisiae. 

The entire expression cassette, containing the two genes (dia 

and P-globin), can be purified as a NotI fragment. Ten µg of 

pGS2989 was digested with PvuI and NotI and the NotI fragment 

gel purified. The digestion with PvuI was done to reduce thE:! 

size of the vector sequences which otherwise would comgrate 
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with the desired NotJ: fragment. Two hundred ng of the gel 
purified Not:i: fragment was combined with song of NotJ: digested 
pClN in lOµL of ligation buffer containing 10 units o.f T4 DNA 
ligase. The reaction mixture was incubated at 4 • C overnight 
and a portion was used to transform E.coli DHSa. Ampicillin 
resistant transformants were selected and plasmid DNA prepared. 
DNA was digested with NcoI-SalI, PstI or NotI to identify 
plasmids with the dia, p-globin expression cassette and to 
determine the orientation of the inserted fragment. Several 
plasmids were identified that contained the correct insert, all 
of which. have the inserted fragment in the same orientation. 
One of these was designated pGS3089 (Figure 25). This plasmid 

was used to transform strains GSY112 and RSY334. 

Expression and Purification 

s.cerevisiae strains GSY112[pGS3089] and 
RSY334 [pGS3089] were grown to saturation in SD-uracil medium 
and diluted into 2L of YPD medium (all cultures were incubated 
at 3o•c). Twenty-four hours after inoculation (of the YPD 
culture), galactose was added to 1% and the cultures incubated 
for another 24hr. carbon monoxide was bubbled through the 
culture and the cells collected by centrifugation. A 1:1 
mixture (weight:vol) of cells and breakage buffer (lOmM sodium 
phosphate (pH7.2), lmM EDTA, lmM EGTA and SmM DTT) were 
disrupted in a "Bead-Beater" (Biospec Products, Bartlesville, 
OK). Debris was removed by centrifugation (10,000 x g, JOmin). 
The soluble fraction was adjusted to pH6.0 with phosphoric acid 
and chromatographed on a column of s-sepharose (fast flow) 
equilibrated in lOmM sodium phosphate pH6.0. The loaded column 
was washed with lOmM Tris-HCl, pH6.7 and hemoglobin eluted by 
washing with 2 OmM Tris-HCl, pH7. 5. A bright red band was 
collected and the pH adjusted to s •. o~ by the addition of NaOH. 
This material was then chromatographed on Q-sepharose (fast 
flow) equilibrated in 20mM Tris-HCl, pHS.O. Hemoglobin was 
eluted with a NaCl gradient (0-0.4M). A final chromatography 
step was carried out on Sephacryl s-200 equilibrated in SmM 
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NaP04 , pH7.4, O.lM NaCl. Each step of the purification 

protocol was analyzed by SDS-polyacrylamide gel electrophoresis 

(Laemmli, U.K., 1970, Nature .3.21.:680-685) and staining with 

Commassie brilliant blue~ The purified protein contains a band 

that comigrates with monomer p-globin and a band in the 

expected position for a-giobin dimer. This material comigrates 

with human tetrameric hemoglobin when analyzed by size 

exclusion chromatography (Progel TSK G3000 SWXL HPLC column). 

This protein is red and binds Oz with a 50% binding affinity 

(P50 ) of s-10 Torr, indicating that it has incorporated heme 

and is capable of reversible Oz binding. 

The purified protein was separated into a- and {J­

chains by reverse phase HPLC and the sequence of the 10 amino­

terminal residues of each chain were determined. The sequence 

matched that· of bona fide human hemoqlobin, iridicatinq that the 

initiating methionine had been efficiently removed from both 

the a-globin dimer and the p-qlobin dimer. 

Example 24: Construction of I.ow Affinity, Genetically Cross­

Linked, Hemoglobin Mutants and Expression in 

Yeast 

Construction of vector for site directed mutagenesis. 

The XhoI fragment containing the p-globin gene and its GALGAP 

promoter waas isolated from pGS2989 by preparative agarose 

qelelectrophoresis and liqated with XhoI digested Phaqescript 

(RF-form, obtained from stratagene, Inc.). E. coli XL1-Blue 

was transformed with the DNA ligation mixture and phage 

containinginserts were identified (white plaques on medium 

containing XGAL). Single plaques were isolated and DNA was 

prepared and analyzed by diqestion with XhoI and agarose gel 

electrophoresis. This construct was designated Mpp-qlobin. 
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Preparation of siµqle stranded template. ~ saturated 

culture of E. coli XLl-Blue (available commercially 

. from strataqene,; 11099 North Torrey Pines Road, LaJolla, CA 

92037) (200 µl) was used to inoculate 4 ml of 2X YT broth. 

This culture was incubated for 2. hr. at 37•c and then infected 

with a sinqle Ml3,8-qlobin phaqe plaque and the i~cubation 

continued for 6-8 hrs. Cells were removed by centrifuqation · 

and discarded. Phage were precipitated from l.6ml of clarified 

medium by the addition of 320 µl of cold 30% PEG. 8000 in 3. 5M 

ammonium acetate followed by incubation on ice for 30 min. 

Phage were collected by centrifuqation and resuspended in o. 1 

ml of lOmM Tris-HCl pH 8.0, lmM EDTA (TE). DNA was isolated by 

extracting twice with phenol/cholorform. DNA (contained in the 

aqueous phase) was precipitated by the addition of NaCl to 0.5M 

and two volumes of 95% ethanol. The DNA pellet is dissolved in 

20µ1 of water. 

In yi tro mutaqenesis reactions. Two hundred ng of 

template DNA are mixed with a twenty-fold molar excess of the 

appropriate, phosphorylated mutagenic oliqonucleotide in 10 µl 

of 20mM. Tris-HCl, pH 7.4, 2mM MgC12 , 50mM NaCl and heated to 70 

•c for .5 minutes. The annealing reaction is allowed to slowly 

cool (40 min) to 4o•c and then to 3o•c (15 ·min). After the 

last annealing step the mixture is transferred to ice for 5 

min. To this mixture lµl of synthesis buffer (4mM each dNTP, 

7.5mM ATP, 175mM Tris-HCl pH 7.4, 37.5mM MgClz 215mM DTT), 0.5 

µl of T4 gene32 protein (2 µg/µl), lµl of T4 DNA ligase (3 

units) I and 1 ml of T4 DNA polymerase (1 unit)-_ are added. The 

mixture is i.ncubated at 37 • c for 90 min ( followinq 5 min at 

room temperature). The reaction is stopped by the addition of 

90ml of O.lM Tris-HCl (pH 8.0) and O.lM EDTA. Approximately 

O.lµl of the. reaction mix was used to transfect E. coli XLl­

Blue cells (Cells were prepared for transformation by the 

method of D. Hanahan, 1983. J. Mol. Biol. 166:557). 
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Screening for phage containing the mutant gene. 

Approximately so-100 plaques were picked to fresh plates seeded 

with the appropriate host strain (XLl-Blue) in ordered arrays. 

After incubation for 6-8 hrs. at 37•c the plates were overlaid 

with nitrocellulose filters and prepared for hybridization 
essentially as described in Davis, R.W. et al. _(Advanced 

Bacterial Genetics: A Manual of Genetic Engineering. · Cold 

Spring Harbor Laboratory, New York 1980). The choice of 
hybridization temperature with the mutagenic oliqonucleotide 

was determined on the basis. of. the nucleotide composition of 

the oligonucleotide. The oligonucleotide was · labelled with 

~32P-ATP and polynucleotide kinase {T. Maniatis et al. 

Molecular Cloning: A Laboratory Manual. Cold Spring Harbor 

Laboratory, 1982). Hybridizations were done at 2-s•c below the 

calculated Tm for the correct match in 6XSSC, 2%SDS, 100µg/ml 

yeast tRNA using 10s cpm/ml of the labelled oligonucleotide for 

>6 hr. The Tm was calculated using the formula: 4•c for every 

GC pair + 2°c for each AT pair assuming an Na+ concentration of 

lM. Filters were washed at the same temperature as the 

hybridization in sxssc, 2% SDS and exposed to XRay film. 

P~aques giving positive hybridization signals · were used to 

prepare single stranded DNA, as described above. The single­

stranded DNA was used as template for sequencing reactions 

{Sanger, F. and Coulson, A.R. 1975, J. Mol. Biol. 94:441) to 

confirm that the mutant sequenc~ was indeed present. 

Oligonucleotides used for mutagenesis. 

/3N108K-"Presbyterian" 5 1 -AGGCTCCTGGGCAAGGTGCTGGTCTGT-3' 

/3E90K-"Agenogi" 5 1 -GCCACACTGAGTAAGCTGCACTGTGAC-3' 

/3V67I-(No Alias) S'-CATGGCAAGAAAATCCTCGGTGCCTTT-3' 

/3N102T-"Kansas" 5 1 -GTGGATCC'.l'GAGACTTTCAGGCTCCTG-3' 
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Cloning into yeast expression vectors. Phage RF DNA 
was prepared from phage-infected cells that had been confirmed 
to have t~e mutant sequence and the XhoI fraqment containing 
the altered p-globin gene was puritied by agarose gel 
electrophoresis. This fraqment was cloned into a derivative of 
pGS3089 that had been altered to change the di-a-crosslink from 
the diGly configuration to a single glycine bridge, and from 
which the p-globin gene had been deleted, and designated 
pGS3889desp (Figure 26). This. created a unique XhoI site into 
which altered p-globin expression cassettes could be inserted, 
allowing coexpression with the a-globin dimer. The expression 
plasmids generated· in this way (pGS3889 for "Presbyterian", 
pGS5189 for "Agenogi", pGS5689 for "Kansas" and pGS4989 for 
"/3V67I", all identical to pGS3089 except for mutation in 
specified codon) were used to transform S. cerevisiae strains 
GSY112 and RSY334. 

Characteristics of a genetically crosslinked low 
affinity mutant ·protein expressed in yeast. Cell~ bearing the 
plasmid pGS3889 (single gly bridge, /3Nl08K alias 
"Presbyterian") were grown and hemoglobin purified as 
previously described. This material when analyzed for 
functionality was substantially "right-shifted" compared to the 
crosslinked protein with a wild type p -chain (P5 0 =23-25. for 
the mutant vs 6.8 for wild type). 

Example 25: Effect of Choice of Strain and Induction 
Temperature · on Exoression of Di-Alpha 
Hemoglobin in E. coli 

Table 100 contains comparisons of di-alpha/beta 
fermentations. It also provides comparison of temperatures of 
induction. The column labeled "mg di-A+B" is total mg di-alpha 
and beta polypeptides per fermentation. The adjacent column 
"mg/OD-L" simply expresses the first column number on a cell 
density basis. The two columns labeled RHGB present total and 
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cell density-corrected output of functional recombinant 

hemoglobin. The last column shows that in terms of final 

functional hemoglobin recovery, strain JM109 is preferable. 

Without binding ourselves to any theory, we believe that this 

difference has to do with the proteases expressed in different 

strains. It is interesting to note that of ·the two best JM109 

runs, one induction was at 30• and one at 37• with roughly 

equivalent amounts of final functional Hb produced. 

Example 26: Construction of Genetically cross-Linked a­

Globin Dimers Connected By a Single Glycine or 

Proline Residue 

The following synthetic adaptors for altering the 

dia-qlobin bridge were synthesized and purified as described in 

previous sections. 

T s K y R p v L s p A 

5 1 -A ACT AGT AAG TAC AGA CCT GTT TTG TCT CCT GCA-3 RPV 

3 1 -T TGA TCA TTC ATG TCT GGA CAA AAC AGA GG-5 1 

HpaI 

T S K Y R G V L S 
5'-A ACT AGT AAG TAC AGA GGT GTT TTG TCT 

3 1 -T TGA TCA TTC ATG TCT CCA CAA AAC AGA 
HpaI 

PstI 

p A 

CCT GCA-3 1 

GG-5 1 

PstI 

RGV 

Complementary pairs of RPV and RGV oligonucleotides 

were combined (2. 4µg o.f each oligonucleotide) in O. 05 ml of 

water. The two pairs of adaptors were precipitated 

(separately) by the addition of 2.µl of 4M NaCl and O.l58mL of 

100% ethanol followed by centrifugation. The pellets were 

washed with 80% and 100% ethanol and dried. The adaptors were 

dissolved in 24~1 of TE. 
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Cloning of the RBGV and RPV adaptors. The plasmid of 

pGS2989 was sequentially digested with the enzymes HpaI and 

Pst:C and the vector was purified after agarose gel 

electrophoresis. The digested plasmid was then ligated with 

·a 10-fold molar excess of either the RGV or RPV adaptor (these 

adaptors were not phosphorylated) as previously de.scribed. A 

portion of the ligation mixture was used to transform E. coli 

OHS. Transformants were selected on LB plates containing 

ampicillin. Clones containing the new adaptor were identified 

by colony filter hybridization. The hybridization probes were 

either the RPV or RGV upper strands (as shown above). These 

proves were labelled with 732P-ATP and T4 polynucleotide 

kinase. Filters were hybridized with the appropriate probes 

(10s cpm/ml) at 37°C in a solution containing 6XSSC. 50% 

formamide, 2% sos and 150µg/ml yeast tRNA. Filters were 

incubated for >12 hrs. and washed 4 times with 2XSSC,. 2%SDS 

(250ml, 20min each) and exposed to X-ray film. Colonies that 

. produced autoradiographic signals were used to prepare plasmid 

DNA which was sequenced using the following primer: 5'­

AAGCTTCAGCACCGTATTCA-3' (a2seql). This primer was specifically 

designed to minimize homology with the corresponding sequence 

in ·the al subunit of the dimer and to maximize homology 

with sequences near the 5' end of the a2 subunit of the dia 

dimer. This allows sequence to be determined reading from the 

a region through the sequence that bridges the two a-domains 

without a background sequence reading from a similar sequence 

near the 5 '-end of the al-domain. The plasmids constructed in 

this way were designated pGS2989RPV(single praline crosslink) 

or pGS2989RGV (single glycine crosslink). 

Cloning into yeast expression plasmids. The NotI 

fragments from either pGS2989RPV or pGS2989RGV that contain the 

hemoglobin expression cassette were purified by agarose gel 

electrophoresis and subcloned into pClN that had been digested 

with NotI. Plasmid DNA from ampicillin resistant transformants 

was isolated and analyzed by digestion with Not:C and agarose 

gel electrophoresis. These plasmids were designated pGS3089RPV 
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or pGS3089RGV. A second set of plasmids was generated from 

these to facilitate the substitution of different P-chain 

mutants. These plasmids were generated by digestion with XhoI 

and religation under dilute conditions <lµg/ml). This favors 

deletion of the p-chain expression cassette. Plasmid DNA ~as 

isolated from ampicillin resistant transformants and the 

structures confirmed by digestion with NotI and XhoI ·(these 

plasmids have been designated. pGS3089RGV-desP, see Figure 26, 

and pGS3089RPV-desp). 

Reference Example: Reconstitution of Recombinant Alpha-Globin 

and Recombinant Beta-Globin with Heme and chemical Reduction to 

Yield Artificial Hemoq~obin 

Conventional methods of preparing artificial 

hemoglobin are exemplified by the following procedure. 

The lyophilized recombinant alpha and beta-globins 

(100 mg each) were individually dissolved in SM urea/SOmM Tris­

Cl, pH 8. 01/lmM EDTA/ lmM OTT, diluted to a concentration of 

and incubated at room temperature for 3-4 hours. The alpha­

globin was then diluted to o.Jmg/ml with chilled 20mM K2 HP04 , 

pH 5.7/lmM EDTA/lmM OTT. Hemin (25 mg) was dissolved in 2.4mg 

O.lM KOH, diluted with an equal volume of lM KCN; this solution 

was then made o. lmg/ml in hemin and 2 OmM K2 HP04 , pH 6. 7 with 
stock phosphate buffer. Hemin from this solution was added to 

a 2.8 molar excessed to the chilled alpha-globin; and equal: 

molar amount of beta-globin was added and the solution was 

dialyzed at 4•c overnight against O.lM K2 HP04 , pH 7.6/lmM EDTA/ 

lmM KCN. The artificial Hb solution was concentrated by Qltra­

filtration using a PM-lo membrane (Amicon) and transferred into 

a 200ml screw-top test tube with a rubber septum. The 

hemoglobin solution was deoxygenated by evacuation and !lushing 

with N2 , and then the solution was saturated with co. lOOmM 

sodium dithionite solution was prepared anaerobically in a 20ml 

screw-top test tube with rubber septu:m. 4.5 equivalents of 
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dithionite were added to the Hb solution with a syringe, and 
the mixture incubated on ice for 15 min. The Hb solution was 
gel-filtered against lOmM Na phosphate buffer pH 6.0 on a 4x40 
cm Sephadex G-25 (fine) column. The colored solution was then 
a~plied to a 2x10 cm-52 (Whatman) column equilibrated with the 
same buffer and the chromatography was developed with a linear 
gradient of SOOml lOmM Na phosphate buffer pH 6.0 and SOOml of 
70mM sodium phosphate buffer pH 6.9 •. co was removed from Hb by 
photolysis under a stream of oxygen. Artificial Hgb prepared 
this way is isolated in only about 25% yield from the fusion 
peptides· but shows native oxygen binding properties. 
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Table 1 - PRIMARY STRUCTURE OF HUMAN GLOBIN SUBUNITS 

Helix a Zeta Helix• fJ 6 Gamma £ 

NAl 1 Val Ser NAl 1 Val Val Gly Val 
NA2 2 His His His His 

NA2 2 Leu Leu NAl 3 Leu Leu Phe Phe 
Al l Ser Thr Al 4 Thr Thr Thr Thr 
A2 4 Pro Lys A2 5 Pro Pro Glu Ala 
A3 5 Ala Thr Al 6 Glu Glu Glu Glu 
A4 6 Asp Glu A4 7 Glu Glu Asp Glu 
AS 7 Lys Arg AS S Lys Lys Lys Lys 
A6 S Thr Thr A6 9 Ser Thr Ala Ala 
A7 9 Asn Ile A7 10 Ala Ala Thr Ala 
AS 10 Val Ile AS 11 Val Val Ile Val 
A9 11 Lys Val A9 12 Thr Asn Thr Thr 
AlO 12 Ala Ser AlO 13 Ala Ala Ser Ser 

@ All 13 Ala. Met All .... 14 Leu Leu Leu Leu 
en Al2 14 Trp Trp A12 15 Trp Trp Trp Trp ,.., (11 

l'11 :::i:: All 15 Gly Ala All 16 Gly Gly Gly Ser _bi tt1 
c;;· ~m >.., A14 16 Lys Lys Al4 17 Lys Lys Lys Lys ~ ("') ::r:: 
0 tTl > -----~ 0 {I) Al5 17 Val Ile Al5 18 Val Val Val Met ~ tc ~ tTJ Al6 18 Gly Ser ttl m 

C1I z C1I ABl 19 Ala Thr = 
l:Q 

-----(1) 
'Q 

~s;"· 
-----o 

C1I p.. 
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Bl 20 His Gln Bl 19 Asn Asn Asn Asn 
B2 21 Ala Ala B2 20 Val. Val Val Val 
B3 22 Gly Asp B3 21 Asp Asp Glu Glu 
B4 23 Glu Thr B4 22 .Glu Ala Asp Glu 
BS 24 Tyr Ile BS 23 Val Val Ala Ala . 
B6 25 Gly Gly B6 24 Gly Gly Gly Gly 
B7 26 Ala Thr B7 25 Gly Gly Gly Gly 
BS. 27 Glu Glu BS 26 Glu Glu Glu Glu 
B9 28 Ala Thr B9 27 Ala Ala· Thr Ala 
BlO 29 Leu Leu BlO 28 Leu Leu Leu Leu 
Bll 30 Glu Glu Bll 29 Gly Gly·· Gly Gly 
Bl2 31 Arg Arg B12 30 Arq Arg Arg Arq 
813 32 Met Leu Bl3 31 Leu Leu Leu. Leu 
Bl4 33 Phe Phe Bl4 ;32 Leu Leu Leu Leu 
BlS 34 Leu Leu Bl5 33 Val Val Val Val 
B16 35 Ser Ser Bl6 34 Val Val Val Val 

~ Cl 36 Phe His Cl 35 Tyr Tyr Tyr Tyr 
-~ ~ 

(/) 

C2 37 Pro Pro C2 36 Pro Pro Pro Pro -en 

~~ -Cl.) 
::l" -('D ~ tr1 CJ 38 Thr Gln C3 37 Trp Trp Trp Trp a l' tt1 iiimiiiimi ::i:: >~ C4 39 Thr Thr C4 38 Thr Thr Thr Thr -= (') :I: -en 

=tt1 tr1 > 
Gln Gln Gln =('D d (/) cs 40 Lys Lys C5 39 Gln -('D -= o:l 

iiimiiiimi ::ti rn C6 41 Thr Thr C6 40 Arg Arg Arg Arg rrl ===.a 'Z ---= -o ('D 
Q.. 
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C7 42 Tyr Tyr C7 41 Phe Phe Phe Phe 

CEl 43 Phe Phe CDl 42 Phe Phe Phe Phe 

CE2 44 Pro Pro CD2 43 Glu Glu Asp Asp 

CE3 45 His His CD3 44 Ser Ser Ser Ser 

CE4 46 Phe· Phe CD4 45 Phe Phe Phe Phe 

CDS 46 Gly Gly Gly Gly 

CE5 47 Asp Asp CD6 47 Asp Asp Asn· Asn 

CE6 48 Leu Leu CD7 48 Leu Leu Leu Leu 

CE7 49 Ser His CDS 49 Ser Ser Ser Ser 

CE8 50 His Pro 01 50 Thr Ser Ser Ser 

02 51 Pro Pro Ala Pro 

03 52 Asp Asp Ser Ser 

04 53 Ala Ala Ala Ala 

05 54 Val Val Ile Ile 

@ D6 55 Met Met Met Leu 
....... 

CE9 51 Gly Gly D7 56 Gly Gly Gly Gly --bi 
t/) ~ .... 

~~ = =~ El 52 Ser Ser El 57 Asn Asn Asn Asn S-Qil:r' 
tg rrl == -== 1: 
t'""'~ E2 53 Ala Ala E2 58 Pro Pro Pro Pro 5i iii i 
~:I: ==SI> =""="' 
tTl > E3 54 Gln Gln E3 59 Lys Lys Lys Lys ;;;-::: IX1 
0 t/) tt iii CD 

i::o E4 55 Val Leu E4 60 Val Val Val Val =--g 
~ ~l :z ES 56 Lys Arq E5 61 Lys Lys Lys Lys ==Si -=n 

CD 

E6 57 Gly Ala E6 62 Ala Ala Ala Ala Q. 

E7 58 His His E7 63 His His His. His 

ES 59 Gly Gly ES 64 Gly Gly Gly Gly 
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E9 60 Lys Ser E9 65 Lys Lys Lys .Lys 

ElO 61 Lys Lys ElO 66 Lys Lys Lys Lys 

Ell 62 Val Val Ell 67 Val Val Val Val 

E12· 6l Ala Val El2 68 Leu Leu Leu Leu 

El3 64 Asp Ala Ell 69 Gly Gly Thr Thr 

El4 65 Ala Ala El4 70 Ala Ala Ser Ser 

El5 66 Leu Val El5 71 Phe Phe Leu Phe 

El6 66 Thr Gly El6 72 Ser Ser Gly Gly 

El7 68 Asn Asp El7 73 Asp Asp Asp Asp 

E18 69 Ala Ala El8 74 Gly Gly Ala Ala 

El9 70 Val Val El9 75 Leu Leu Ile, Thr Ile 

E20 71 Ala Lys E20 76 Ala Ala Lys Lys 

EFl 72 His Ser EFl 77 His His His Asn 

EF2 7l Val Ile EF2 78 Leu Leu Leu Met 

~ ...... en 
en ,., :I: 

m tI1 
~·t'I1 
>~ 
n :I: 
tI1 > Oen 

EFl 74 Asp Asp EF3 79 Asp Asp Asp Asp ~-:::-::: 
EF4 75 Asp Asp EF4 80 Asn Asn Asp Asn w=~ ._ s=p,, 

':%' -=~ 
EFS 76 Met Ile EF5 81 Leu Leu Leu Leu ._ -.; p:! 

~~ 
S¥ ~ti:' 
sa;;::::: ~ 

EF6 77 Pro Gly EF6 82 Lys Lys Lys Lys ::: =~ e !!! .g 
EF7 78 Asn Gly EF7 83 Gly Gly Gly Pro iii ;;= -;;iii!!!!! ~ =--o 
EF8 79 Ala Ala EF8 84 Thr Thr Thr Ala p.. 

o:i 
01 Fl 80 Leu Leu Fl 85 Phe Phe Phe Phe 
[Tl 
z F2 81 Ser Ser F2 86 Ala Ser Ala Ala 

Fl 82 Ala Lys . F3 87 Thr Gln Gln Lys 
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F4 83 Leu Leu F4 88 Leu Leu Leu Leu 
FS 84 Ser Ser FS 89 Ser Ser Ser Ser 

F6 8S Asp Glu F6 90 Glu Glu Glu Glu 

F7 86 Leu Leu F7 91 Leu Leu Leu Leu 
FS S7 His His F8 92 His His His His 
F9 SS Ala Ala F9 93 Cys Cys Cys cys 
FGl S9 His Tyr FGl 94 Asp Asp Asp Asp 
FG2 90 Lys Ile FG2 9S Lys Lys Lys Lys 

FG3 91 Leu Leu FG3 96 Leu Leu Leu Leu 

FG4 92 Arg Arg F,G4 97 His His His His 
. FGS 93 Val Val FGS 9S Val Val Val Val 

Gl 94 Asp Asp Gl 99 Asp Asp Asp Asp 
G2 9S Pro Pro G2 100 Pro Pro Pro Pro 

-··--, GJ 96 Val Val G3 101 Glu Glu Glu Glu 
l 

::::~ ! G4 97 Asn Asn G4 102 Asn Asn Asn Asn ~L, I -(;') 

GS 9S Phe Phe 103 Phe Phe Phe ::t:I en GS Phe 
rn ::c: 

G6 99 Lys Lys G6 104 Arg Arg Lys Lys -~ '""!j tI1 

~~ "' 
G7 100 Leu Leu G7 105 Leu Leu Leu Leu ~ 

Q~ 
n ------ ~ 0 Cll GS 101 Leu Leu GS 106 Leu Leu Leu Leu ::r: 

°' el 
rn G9 102 Ser Ser G9 107 Gly Gly Gly Gly tl1 m - n z g 

.GlO 103 His His GlO lOS Asn Asn Asn Asn ::ii;:i ,,,...__.g 
. Gll 104 Cys Cys Gll 109 Val Val Val Val ---=~ n 

Gl2 lOS Leu Leu Gl2 110 Leu Leu Leu Met Q. 

Gl3 106 Leu Leu G13 111 Val Val Val Val 
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Gl4 107 Val Val Gl4 112 cys Cys Thr Ile 

GlS 198 Thr Thr GlS 113 Val Val Val Ile 

G16 109 Leu Leu Gl6 114 Leu Leu Leu Leu 

G17 110 Ala Ala G17 115 Ala Ala Ala Ala 

Gl8 111 Ala Ala Gl8 116 His Arg Ile Thr 

G19 112 His Arg G19 117 His Asn His His 
GHl. llJ Leu Phe GHl 118 Phe Phe Phe Phe 

GH2 114 Pro Pro 
. 
GH2 119 Gly Gly Gly Gly 

GHJ llS Ala Ala GHJ 120 Lys Lys Lys Lys 

GH4 ·116 Glu Asp GH4 121 Glu Glu Glu Glu 

GHS 117 Phe Phe GHS 122 Phe Phe Phe Phe 

Hl 118 Thr Thr Hl 123 Thr Thr Thr Thr 

H2 119 Pro Ala H2 124 Pro Pro Pro Pro 

HJ 120 Ala Glu HJ 125 Pro Gln Glu Glu 

H4 121 Val Ala H4 126 Val Met Val Val __;._~ 
HS 122 His His HS 127 Gln Gln Gln Gln ---'-"' 

fll 

-~ 
H6 12J Ala Ala H6 128 Ala Ala Ala Ala (1) - .... 

H7 124 Ser Ala H7 129 Ala 
:x: 

Ala Ser Ala ~ 
tx:l 

HS 12S Leu Trp HS lJO Tyr Tyr Trp Trp 
(1) 

g 

H9 126 Asp Asp HlO 131 Gln Gln Gln Gln '° -----~ 
10 127 Lys Lys HlO 1J2 Lys Lys Lys Lys ~ 

(1) 

~ 

Hll 128 Phe Phe Hll 133 Val Val Met Leu 

Hl2 129 Leu Leu Hl2 134 Val Val Val Val 



:cl ..... en 
:;:ti en 
trl :r: 
"ti trl 
L" ~ g g: 
o en 

o:i 
m 
m z 

Hl3 

Hl4 
Hl5 
Hl6 
Hl7 

H18 

H19 
H20 

H21 
HCl 
HC2 
HCJ 

130 Ala Ser 

131 Ser Val 

132 Val Val 
133 Ser Ser 

134 Thr Ser 

135 Val Val 
136 Leu Leu 

137 Thr Thr 
138 Ser Glu 

139 Lys Lys 
140 Tyr Tyr 
141 Arg Arg 
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Hl3 135 Ala 

H14 136 Gly 
H15 137 Val 
Hl6 138 Ala 
Hl7 139 Asn 
H18 140 Ala 
H19 i4·1 Leu 

H20 142 Ala 
H21 143 His 
HCl 144 Lys 
HC2 145 Tyr 
HC3 146 His 

Ala Thr. 

Gly Gly,Ala 
Val Val 
Ala Ala 
Asn Ser 
Ala Ala 
Leu Leu 
Ala Ser 
His Ser 
Lys Arg 
Tyr Tyr 

·His His 

Ser 

Ala 
Val 

Ala 

Ile 
Ala 
Leu 
Ala 
His 
Lys 
Tyr 
His 

....i 
~' :.r _ ... 
-"' ===(/) 
-g" 
-~ 

::i:: 
~ 
l,;J 

-n . g 
~ 

==-8 ---Ill -a. 
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Table 2; Oliqonucleotide Sequences Used to Create Di-Alpha 
Globin Gene@ 

a1 (Arg)-Gly-Met(Leu)a2 Linker 

BstBl Eaql 
CGAAATACCGTGGTATGCTGTCTCC 

TTTATGGCACCATACGACAGAGGCCGG 

a1 (Arg)-Gly-Gly-(Val)a2 Linker 

BstBl Eaql 
CGAAATACCGTGGTGGTGTTCTGTCTCC 

TTTATGGCACCACCACAAGACAGAGGCCGG 

a1 (Arq)-Gly-(Val)a2 Linker 

BstBl Eaql 
CGAAATACCGTGGTGTTCTGTCTCC 

TTTATGGCACCACAAGACAGAGG.CCGG 

a1 (Arq)-Gly-Gly-(Leu)a2 

BstBl Eaql 
CGAAATACCGTGGTGGTCTGTCTCC 

TTTATGGCACCACCAGACAGAGGCCGG 

a' (Arq)-(Val)a2 

BstBl Eagl 
CGAAATACCGTGTTCTGTCTCC 

TTTATGGCACAAGACAGAGGCCGG 



= .~~(:~ ~ .. ·.: ...... =~-~ ':.:.:·; •. :.·.·.~~-.:·;~. ~: :·:. :~;. :. 

51 
Cl 

:;;, en 

~m,-> '-:] g::r: 
> O·cn 
tu 
CTJ 
CTJ z 
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Table 3: · Oligonucleotide Sequences to Create Beta Globin Mutations 

p67val-->ile 

Hcol Kpnl 
CATGGTAAAAAAatcCTGGGTGCTTTCTCTGACGGTCTGGCTCACCTGGACAACCTGAAAGGTAC 

CATTTTTTtaqGACCCACGAAAGAGACTGCCAGACCGAGTGGACCTGTTGGACTTTC 

P67val-->ile;P82 lys-->arq 

Hcol . , Kpnl 
CATGGTAAAAAAatcCTGGGTGCTTTCTCTGACGGTCTGGCTCACCTGGACAACCTGcgtGGTAC 

CATTTTTTtaqGACCCACGAAAAGAGACTGCCAGACCAGTGGACCTGTTGGACqcaC 

p102asn-->thr 

Sa cl . Spel 
CCACTGCGACAAACTGCACGTTGACCCGGAAaccTTCCGTCTGCTGGGTAACGTA 

TCGAGGTGACGCTGTTTGACGTGCAACTGGGCCTTtqqAAGGCAGACGACCCATTGCATGATC 

~ - .... 
-"' -00 
~g" 
~G 
-r+ 

iiiiiiii ::c: -I» -"' =t:e 
===g -= 
iiiiiiii :;i:i 
-G 
-'O ---1» -n 

!!. 

.. . . . ·· .. 
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Table 4 P50 Values for Hemoglobin-Like Proteins 

Hemoglobin 
des-val Hgb 

Rs..o. 
10.2 

dialpha (arg-gly-met) Hgb 9.0 
dialpha 

beta67val-->ile Hqb 16.0 
di alpha 

beta67val-->ile/ · 
beta82lys-->arq Hqb 

dialpha (arq-qly-gly-val) Hqb 
16.0 
16.0 

Table s. Synthetic Oliqonucleotides Used For The Synthesis Of 
pGAP 

1 TCGACTGAAA AAAAAGGTTT AAACCAGTTC CCTGAAATTA TTCCCCTACT 
TGACTAATAA GTATATAAAG 

2 CAATACCTAC CGTTTATATA CTTATTAGTC AAGTAGGGGA ATAATTTCAG 
GGAACTGGTT TAAACCTTTT TTTTCAG 

3 ACGGTAGGTA TTGATTGTM TTCTGTAAAT CTATTTCTTA AACTTCTTGA 
ATTCTACTTT TATAGTTAGT C'rrTTTTTTA GTTTT 

4 AAGTTCTTGG TGTTTTAAAA CTAAAAAAAA GACTAACTAT AAAAGTAGAA 
AGAAGTTTAA GAAATAGAT'l' TACAGAATTA CAAT 

5 AAAACACCAA GAACTTAGT'l' TCGAATAAAC ACACATAAAT AMCCATGGT 
TAACT 

6 CTAGAGTTAA CCATGGTTTA TTTATGTGTG TTTATTCGAA ACT 

Table 

1 

2 

3 

4 

5 

6 

6. Synthetic Oliqonucleotides Used For The Synthesis 
Of The Galactose Upstream Activator 

CGTACGGATTAGAAGCCGCCGAGCGGGTGACAGCCCTCCGAAGGAAGACTC 
TCCTCCGTGCGTCCTCGTC TTCACCGGTCGC 

AGGACGCACGGAGGAGAGTCTTCCTTCGGAGGGCTGTCACCCGCTCGGGG 
CTTCTAATCCGTACGCATG 

GTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAAT 
AAAGATTCTACAATACTAGCTTTT ATGGTTATGAAGAGGAAAAT 

ATAACCATAAAAGCTAGTATTGTAGAATCTTTATTGTTCGGAGCAGTGCG 
GCGCGAGGCACATCTGCGTT TCAGGAACGCGACCGGTGAAGAC 

TGGCAGTAACCTGGCCCCACAAACCTCAAATGAACGAAATCAAATTA 
ACAACCAGATATC 

TCGAGATATCTGGTTGTTAATTTGATTCGTTCATTTGAGGTTTGTGG 
GGCCAGGTTACTGCCAATTTTCCTCTTC 
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Table 7: Codon Preferences in Yeast 

Ala <;CU, GCC 
Ser ucu, ucc 
Thr ACU, ACC 
Val GUU, GUC 
Ile AUU, AUC 

Asp GAC 
Phe uuc 
Tyr UAC 
Cys UGU 
Asn AAC 
His CAC 

Arq AGA 
Glu. GAA · ... :··. 

Leu UUG 
Lys· AAG 
Gly GGU 
Gln CAA 
Pro CCA 

Met AUG (No alternative codons) 
Trp UGG (ditto) 

Source: Bennetzen and Hall, J. Biol. Chem., 
(1982). 

Table § 

OLIGONUCLEOTIDES USED FOR THE CQNSTRUCTION OF A GENE 
ENCODING A TANDEM ALP8A-GLOBIN DIMER. 

AL-lSS 

257:3026-31 

5'-tqcacqcttctttqqacaaqttcttqqcttctqtttctactqtqttaactaqtaaqt 
acaqaqqtqqtqttttqtctcctqcaqacaaqactaac-3' 

AL-2SS 

5 '-qttaaqqctqcttqqqqtaa_qqttqqtqctcacqctqqtqaatacqqtqctqaaqcttt 
qqaaaqqatqttcttqtct-3' 

AL-lAS 

5'-tqcaqqaqacaaaacaccacctctqtacttactaqttaacacaqtaqaaacaqaaqcca 
aqaacttqtccaaaqaaqcq-3 1 
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AL-2AS 

s•-ggaaagacaagaacatcctttccaaagcttcagcaccgtattcacccagcgtgagcacc 
aaccttaccccaagcagccttaacgttagtcttgtc-3 1 

Note: NcoI-ALPHA-1-ApaLl; FoKl-ALPHA-2-Sall; ApaLI-RGGV-Fokl 

Table 9; Oxygen ·Affinity of Rec91Dbinant Mutant BeJDoq1obin 
Generated From lX-Hgb anci Tryptic Digestion 

Oxygen affinity measured at 37.•c in 50 mM Bis-Tris, 
pH 7. 4, 0.1 Ii ·NaCl on a Hemox-Analyzer. Solutions were 60 uM 
in heme and measured between 130 and 1.2 torr oxygen tension. 

HgB Ao 
rHgB A0 

HgB Providence 
Hgb Kansas 
HgB (beta 67 val-->ile) 

&.a 
9.5 

9.2 

10.2 
11.3 
22.4 

~ ... ~·::::· 

The value for Hgb Ao is of course for free hemoglobin 
in solution. The P50 of whole .blood is much higher. 

Table 10: Effects of NaCl and Inositol Hexaphosphate on Oxygen 
Binding to Hemoglobin A0 and Recombinant des-Fx Hgb 

0.1 M NaCl 
Hgb Ao 6.6 
des~Fx Hgb 4.9 

Pso 
0 M NaCl 

2.8 

3.9 

2.2 mM IHP 
51.1 
s.s 

Pso 
0 M lHP 

6.6 
4.9 



., 
\ 

( 

\ 
- 141 -

\ 
Table 11: Dist ibution o 

coli. 

FX-Beta and FX-H b in E. 

FX-Alpha 
FX-Beta 

FX-Hgb 

RFE S'mAIN 

1 BI21 
5 BI21HA 
6 JMl.09 
7 JMl.09 
8 JMl.09 
10 SCSl 
11 JMl.09 
12 JMl.09 
13 JMl.09 
17 JMl.09 
25 JMl.10 
26 IE392 
27 JMl.10 

. 30 JMl.10 
31 23722 
35 W3110 
38 AG-1 
49 CH-1 
50 NMS54 
51 NM554 

milligrams of protein 

per OD-liter of E. coli 

36 

21 

188 

0 

21 

0 

\ 

FER( 

INIXJCl' T.eMP FINAL OD 

30.0 6.6 
37.0 9.3 
37.0 7.1 
37.0 11.3 
37.0 6.6 
37.0 15.2 
25.0 11.5 
25.0 9.5 
30.0 9.0 
37.0 14.4 
30.0 20.5 
37.0 23.0 1040.0 
30.0 27.-0 334.0 
37.0 23.6 
30.0 25.4 
30.0 18.6 
30.0 13.0 
30.0 4.0 
30.0 14.0 
37.0 14.5 

.• !•t"-

!G/00-L JG RHGB 

o.o 
o.o 

16.5 5.5 
16.5 25.0 
33.5 49.0 
24.8 38.0 

26.0 
31.0 
64.0 
51.2 
25.0 

22.6 4.1 
6.2 47.0 

16.0 
59.0 
13.0 
57.0 
7.7 

56.0 
18.0 
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TABLE 200: Bacterial and Yeast Vectors 

DEFINITIONS: ROP, Gene which regulates plasid copy number 
ROP+=Low copy number 

selection 

ROP-=High copy number 
AR, ampicillin resistance used for plasmid selection 
TR, tetracycline resistance used for plasmid 

TS, tetracycline sensitive, TR gene not functional 
FX-A, FX-alpha gene 
FX-B, FX-beta gene . 
DFX-A, Des-FX alpha globin gene 
DFX-B, Des-FX beta globin gene 
DV-A, Des-Val alpha globin gene 
DV-B, Des-Val beta globin gene 
RV-Di-alpha, Di-alpha gene containing no amino acid 
spacer (R=Arginine; V-Valine) 
RGV-Di-alpha, Di-alpha gene containing single glycine 

(G) linker followed by a valine 
RGM-Di-alpha, Di-alpha gene containing single glycine 

linker followed by a methionine (M) 
RGGV-Di-alpha, Qi-alpha gene containing two glycine 
linker 
RGGGV-Di-alpha, Di-alpha gene containing three 

glycine linker 
LACI, gene encoding repressor protein which regulates 

TAC promoter 
LAC+=repressor gene on plasmid 
LAC-=no reporessor gene on plasmid. 

All bacterial plasmids listed below which contain 

alpha, di-alpha and/or beta genes also have translational 

couplers. The pPL expression system translationally couples 

the lambda N protein gene to a globin gene. 

pKK223-3 

Parental plasmid obtained commercially from Pharmacia 

LKB, 800 Centennial Ave., P.O. Box 1327 Piscataway, N.J. 08855-

1327: all remaining plasmids derived from this parental 

plasmid. Has TAC promoter followed by a poly-restriction site 

region to facilitate gene insertion. 

1. 

AR, TS, ROP+, LAC-

pDL II-62m 
pKK223-3 containing FX-A 
AR, TS, ROP+, LAC-



2. 

3. 

4. 

s. 

6. 

7. 

8. 

9. 
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pDL II-lOa 
pKK223-2 containing FX-B 
AR, TS, ROP+, LAC-

PDL II-66A 

pGEM 

Parental plasmids are 1 and 2·; contains both FX­
A and FX-B in single operon 

AR, TS, ROP+, LAC-

FX-A 
Parental plasmids are l and pGeml which is 
commerically available from Promega Corporation, 
2800 Woods Hollow Rd., Madison, WI 53711. 
pGeml containing FX-A 
AR 

pGEM FX-B 
Parentals are 2 and pGeml 
pGeml containing FX-B 
AR 

pDL II-83a 
Parental is 41 contains DFX-A 

pDL III-6f 
Parental is s; contains DFX-B 
AR 

pDL II-86c 
Parentals are pKK223-3 and 6 
contains CFX-A 
AR, TS, ROP+, LAC-

pDL III-13e 
Parentals are 7 and 8 
pKK223-3 containing both DFX-A and CFX-B 
AR, TS, ROP+, LAC-

10. pDL II-9lf 
Parental is 4 contains CV-A 
AR 

11. pCL II-9Sa 
Parental is 7 contains DV-B 
AR 

12. pDL III-la 
Parentals are pKK223-3 arid 10 
contains CV-A 
AR, TS, ROP+, LAC-
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13. pDL III-14c 
Parentals are 11 and 12 
contains DV-A and DV-B 
AR, TS, ROP+, LAC-

14. pDL III-47a 
Parental is 13 
contains RGM-DIALPHA and DV-B 
AR, TS, ROP+, LAC-

15. pDL III-82A 
Parental is 13 
contains RGGV-DIALPHA and DV-B 
AR, TS, ROP+, LAC-

16. pDL IV-Sa 
Parental is 13 
contains RGV-DIALPHA and DV-B 
AR, TS, ROP+, LAC-

17. pDL IV-47b 
Parental is 13 
contains RV-DIALPHA and DV-B 
AR, TS, ROP+, LAC-

18. pDL IV-66a 
Parental is 13 
contains RGGGV-DIALPHA and DV-B 
AR, TS, ROP+, LAC-

19. pDL IV-3a 
Parental is 15 

ROP gene is inactivated by insertion of a 
Not I linker into the Pvu II site within 
the ROP gene 

AR, TS, ROP-, LAC-

20. pDL IV-38a 
Parental is 15 
contains the Nagai mutation in DV-B 
AR, TS, ROP+, LAC• 

21. pDL IV-58f 
Parental is 20 
ROP gene inactivated as in 19 
AR, TS, ROP-, LAC-

22. pDL IV-59a 
Parental is 21 and pBR322 which is commerically 

available from a number of different suppliers. 
contains a functional TR gene constructed in the 

following manner: · 
The Eco Rl site of pBR322 was changed to a 
Bam Hl site by insertion of a Bam. Hl 
linker. This permitted removal of the 5' 
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end of the TR gene from pBR322 as a Bam Hl 
fragment. This fragment was then inserted. 
into the Bam Hl site located at the 
junction of the TAC promoter and the 
inactive TR gene of pKK223-3. Insertion of 
this fragment reactivates the TR gene if 
the fragment inserts in the proper 
orientation. Selection of colonies on 
tetracycline plates assures presence of the 
fragment in the proper orientation. 

AR, TR, ROP-, LAC-

23. pJR V-83a 
Parental is 11 
contains DV-B with the Presbyterian mutation 

(asnlOS to lys). 
AR, TS, ROP+, LAC-

24. pJR VI-29a 
Parentals are 15 and 23 
contains RGGV-DIALPHA and DV-B with Presbyterian 

mutation 
AR, TS, ROP-, LAC-

25. pJR VI-53b 
Parental is 24 
made TR by insertion of BAM Hl fragment 
AR, TR, ROP+, LAC-

26. pJR VI-61a 
Parental is 25 
made ROP- by insertion of Not I linker into Pvu 

II site 
AR, TR, ROP-, LAC-

27. pDL V-4a 
Parentals are 16 and 26 
contains RGV-DIALPHA and DV-B with Presbyterian 

mutation 
AR, TS, ROP-, LAC-

28. pDL V-lOa 
Parental is 27 
insertion of Bam Hl fragment to convert to TR 
AR, TR, ROP-, LAC-

29. pDL V-16d 
Parental is 28 
contains LACI gene inserted into Not I site 
LACI gene obtained using.following protocol:· 

Polymerase chain reaction (PCR) primers 
containing NOT I sites at their 5' ends 
were used to amplify the lac 1 gene 



- 146 -

Following gel purification the gene was 
inserted into the NOT I site of pDLV-la 
AR, TR, ROP-, LAC+ 

Several other plasmids constructs have been designed 

to facilitate the incorporation of a second beta globin gene 

under regulation of its own TAe promoter. 

30. pDL IV-64a 
Parental is 14 
contains beta globin under regulation of a 
synthetic TAC promoter 
AR, TS, ROP+, LAC-

31. pDL IV-67a 
Parental plasmids are 14 and 30 
contains DIALPHA under regulation of one pTAC 
and DV-B under regulation of a second pTAC 
DV-B is adjacent to DIALPHA 
AR, TS, ROP-, LAC-

32. pJR VI-54a 
Parental plasmids are 14 and 30 
contains DIALPHA · and DV-B under regulation of 
one pTAC and a second DV-B under regulation of 
another pTAC 
The second DV-B is inserted into the Pvu.II site 
of the plasmid 
AR, TS, ROP-, LAC-

3 3 • pPL Lambda, 
Commercially available plasmid from Pharmacia 
LKB (see above) contains pL promoter and coding 
region for N protein of lambda which can be used 
for expression of fusion or translationally 
coupled recombinant proteins. 

34. pPL-alpha/beta 
Parental plasmids are 13 and 33 
contains DV-A and DV-B 
AR, ROP+ 

3 5. pPL-dialpha/beta 
Parental plasmid is 34 
contains RGV-DIALPHA and DV-B 
AR, ROP+ 

36. pSGE0.1-LO 
Parental plasmid is 35 
ROP gene inactivated by insertion of Not I 
linker into Pvu II site in ROPgene 
AR, ROP-
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37. pSK+ 
Commercially available from Strataqene, LaJolla, 
ca. 

38. pGS2488 
Derived from (37) by insertion of synthetic GAP 
491 transcriptional initiation site. 

39. pGS2888 

40. 

41. 

Derived from (38) by conversion of KpnI site to 
SphI site. 

pGS4788 
Derived from 
GAI.u A s into 
promoter. 

(39) 
(39) 

pLC IIFX-P-globin 
Plasmid available 
Research Council, 
globin gene 

by insertion of synthetic 
to form GALGAP hybrid 

from Kiyoshi Nagai, Medical 
London, England; bears p 

42. pUC19 

43. 

Plasmid commercially · available from Bethesda 
Research Laboratoreis, Bethesda, Maryland 

pSUC2-6E· 
Plasmid described by Stetler, 
Biotechnology, 7:55-60 (1989) 

et al. I 

44. pUC19P-globin 
Derived from (41) and (42) 

45. Plasmid pGS1188 
P-globin gene (from 44) is under control of the 
sigma promoter and the MFX terminator (both from 
43). 

46. Plasmid pGS3588 
Derived from (45) and (40); sigma promoter 
replaced by GALGAP promoter of (40). 

47. Plasmid pGS3888 
Derived from (46) by conversion of SmaI site to 
XhoI site. 

47a. Plasmid pa-MRC 
Plasmid available from K. Nagai, MRC; bears 
alpha-globin gene. 

48. Plasmid pGS4088 
Derived from (47) by insertion of a-globin gene, 
replacing the p-globin gene. 
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49. Plasmid pSN(+) 
Derived from (37) by changing XpmI site to NotI 
site. 

50. Plasmid pGS4888 

51. 

52. 

Derived from (49) by insertion of pGGAP-a~globin 
expression cassette from (48). 

Plasmid pGS189 
Derived from (50) by 
expression cassette 
bears both GALGAP.a 
operons. 

Plasmid pClU 

insertion of pGGAP-p-globin 
from (47). Plasmid thus 

globin and GALGAP p globin 

Plasmid described in Stetler, 
Biotechnology, 7:55-60 (1989) 

et al.; 

53. Plasmid pClN 
Derived from (52) by addition of NotI site. 

54. Plasmid pGS289 
Derived from (53) by insertion of a-globin and 
p-globin expression cassettes. 

55. Plasmid pGS389 
Ditto, but with insert orientation reversed. 

56. Plasmid pYRp7 

57. pClT 

Plasmid described in strathern, 
Molecular Biology of the Yeast 
(Cold Spring Harbon 1981) 
Source of TRPl gene. 

Derived from (52) and (56). 

et al., The 
Saccharomvces 

Replacing Ural gene (52) with Trpl gene (56). 

58. pGS4988 
Derived from (57) by insertion of p-globin 
expression cassette from (47). 

59. Plasmid pGS4488 
Derived from (52) by insertion of a-globin 
expression cassette of (48). 

60. Plasmid pGS4688 
Ditto, but with insert orientation reversed. 

61. Plasmid pGS4888 
Derived from (49) by insertion ·of GGAP-alpha 
glob in expression cassette from ( 48 > .• 

62. Plasmid pGS1889 
Derived from (61) by removal of PstI site. 
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63. Plasmid pGS1989 
Derived from (62) by removal of SpeI site. 

64. Plasmid pGS2189 
Derived from (61) and (63). Encodes di-alpha 
globin with RGGV linker. 

65. Plasmid pGS2989 
Derived from ( 64) and ( 4 7) , contains di-alpha 
globin gene and beta globin gene. 

66. Plasmid pGs3·oa9 
Derived from (53) by insertion of expression 
cassette of (65). 

66a. Phagescript 
Phage commercially available from Stratagene. 

67. Phage.MpP-globin 
Derived from Phagescript by insertion of GALGAP 
promoter and p-globin gene from (65). 

67a. Plasmid.pGS3089 RGV desp 
Derived from (66) · by deletion of XhoI fragment 
containing p globin expression cassette. 

68. Plasmid pGSJ889 
(66) with "Presbyterian" (PN108K) mutation. 

69. Plasid pGS5189 
(66) with "Agenogi" (PE90K} mutation. 

70. Plasmid pGS5689 
(6~) with "Kansas" CPN102T) mutation. 

71. Plasmid pGS4989 
(66) with n·pv67I" mutation. 

72. Plasmid pGS2989 RPV 
(64) with RPV di-alpha linker 

73. Plasmid pGS2989 RGV 
(64) wiht RGV di-alpha linker 
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TABLE 300 

TABLE OF BACTERIAL STRAINS 

Strain Availability Expression 

1 BL21 Brookhaven TAC 
2 JM109 commercial TAC 

3 SCSl commercial TAC 

4 JMllO ATCC TAC 

5 LE392 ATCC TAC 

6 23722 ATCC TAC 
7 W3110 ATCC TAC 
8 AG-1 Commercial TAC 
9 DHl ATCC TAC 
10 NM554 Commercial TAC 
11 N99cl+ Commercial PL 
12 N4830-l Commercial PL 
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CLAIMS 
1. A di-alpha globin-like polypeptide consisting 

essentially of first and second alpha globin-like polypeptide 

sequences connected by one or more peptide bonds into a single 

polypeptide chain, said chain being capable of associating with 

beta globin and incorporating heme to form a human hemoglobin-

1 ike protein with reversible oxygen-binding activity. 

2. A di-beta globin-like polypeptide consisting 

essentially of first and second beta-globin-like polypeptide 

sequences connected by one or more peptide bonds into a single 

· polypeptide chain, said chain being capable o~ associating with 

alpha-globin and incorporating heme to form a human hemoglobin-

1 ike protein with reversible oxygen-binding activity. 

3 • The polypeptide of claims 1 or 2 wherein the 

first and second alpha or beta globin-like polypeptide 

sequences are connected directly by a single peptide bond 

between the normal c-terminal of the first polypeptide and the 

normal N-terminal of the second polypeptide. 

4. The polypeptide of claims 1 or 2 wherein the 

first and second alpha or beta globin-like polypeptides are 

connected by a peptide linker of one or more amino acids. 

5. The polypeptide of claim 4 wherein the linker 

consists of 1 to 3 amino acids. 

6. The polypeptide of claim 5 wherein the amino 

acids of the linker are disposed in a random coil. 

7. The polypeptide of claim 5 wherein the amino 

acids of the linker are selected from the· group consisting of 

lysine, aspartic acid, arginine, serine, asparagine, proline 

and glycine. 
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a. The polypeptide of claim 1 wherein the linker is 

-Gly- or -Gly-Gly-. 

9. A human hemoqlobin-like protein having 

reversible oxygen-bindinq activity, sai~ protein selected from 

the qroup consisting of multimeric proteins composed of: 

(a) a di-alpha qlobin-like polypeptide and two beta 

qlobin-like polypeptides, 

(b) a di-beta qlobin-like polypeptide and two alpha 

qlobin-like polypeptides, and 

(c) a di-alpha qlobin-like polypeptide and a di-beta 

globin-iike polypeptide, said protein bearing 

prosthetic heme groups. 

10. A recombinant DNA molecule comprising 

expressible first and second DNA sequences encodinq first and 

second alpha globin-like polypeptide sequences and optionally a 

linker DNA sequence encodinq a linker amino acid sequence, said 

first and second polypeptide sequences and if included said 

linker amino acid sequence being expressed as a single 

polypeptide chain, said chain being capable of associating with 

beta globin and incorporatinq heme to form a human hemoqlobin-

1 ike protein with reversible oxygen-binding activity. 

11. A recombinant DNA molecule comprising 

expressible first and second DNA sequences encoding first and 

second beta-globin-like polypeptide sequences, and a linker DNA 

sequence encoding a linker amino acid sequence, said first and 

second. polypeptide sequences and said linker amino acid 

sequences being expressed as a single polypeptide chain, said 

chain being capable of associating with alpha globin and 

incorporating heme to form a human hemoglobin-like protein with 

reversible oxygen-binding activity. 
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12. The recombinant DNA molecule of claim 10, 

further comprisinq a third DNA sequence encoding a beta globin­

like polypeptide. 

13. The molecule of claim 12, wherein said first DNA 

sequence, linker DNA sequence, and second DNA sequence define a 

sinqle cistron ·of a polycistronic operon and said third DNA 

sequence defines another cistron thereof, said cistrons being 

transcribed from a common promoter. 

14. The molecule of claim 13 wherein the common 

promoter is the Tac promoter. 

15. A method of producing a human hemoglobin-like 

protein with reversible oxygen ·binding activity wherein the two 

alpha subunits of native hemoglobin are replaced by a single 

di-alpha globin-like polypeptide, which comprises providing a 

host transformed with a recombinant DNA molecule according to 

claim 10, cultivating said host under conditions whereunder it 

expresses said di-alpha globin-like polypeptide, and combining 

said polypeptide with beta globin and heme to obtain a human 

hemoglobin like protein. 

16. The method of claim 15 wherein the di-alpha 

globin and the beta-globin are co-expressed from said 

recombinant DNA molecule and heme is provided by said host and 
incorporated to form said hemoglobin-like protein. 

17. A method of producing a human hemoglobin-like 

protein with reversible oxyqen binding activity wherein the two 

beta subunits of native hemoglobin are replaced by a single di­

beta globin-like polypeptide, which comprises providing a host 

transformed with a recombinant DNA molecule according to claim 

11, cultivating said host under conditions whereunder it 

expresses said di-beta globin-like polypeptide, and combining 

said polypeptide with alpha qlobin and heme to obtain a human 

hemoglobin like protein. 
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18. A non-chemically crosslinked hemoqlobin-like 

protein composed of fewer than four polypeptide chains and 

havinq a half-life in the circulatory system substantially in 

excess of that for des-Val hemoqlobin. 

19. The hemoqlobin prot_ein of claim 18 which has a 

half-life of at least 3 hours in the circulatory system of a 

rat. 

20. A method of determininq a functional linker for 

a di-alpha qlobin-like or di-beta qlobin-like polypeptide, 

suitable for use in the production of a hemoqlobin-like 

protein, which comprises (a) providinq a family of recombinant 

DNA vectors, each vector encodinq a di-alpha qlobin-like 

polypeptide or a di-beta qlobin-like polypeptide characterized_ 

by a polypeptide linker of one of more amino acids, said family 

collectively encoding a plurality of different polypeptides 

differing in the linker amino acid sequence, (b) transforming 

cells with said family of vectors, (c) producing a di-alpha or 

di-beta hemoglobin-like protein in said cells, (d) screening 

said cells for the production of a hemoqlobin-like protein by 

determining which cells react with carbon monoxide in a manner 

indicating the presence of a hemoglobin-like protein, and (e) 

determining the amino acid sequence of the linker of the di­

alpha hemoglobin or di-beta hemoglobin produced by the cells 

which screened positively in step (d) above. 

21. In a method for the production of a hemoglobin­

like protein wherein an alpha qlobin-like polypeptide and a 

beta globin-like polypeptide are each expressed in transformed, 

non-erythrocyte cells, the improvement comprising expressing 

the alpha qlobin and beta qlobin-like polypeptides in the same 

cell in such manner that the alpha and beta globin-like 

polypeptides are assembled and combined with heme so as to 

intracellularly produce a biologically functional hemoglobin­

li)te protein. 
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22. The method of claim 21 which comprises (a) 
providinq a yeast cell bearinq (i) a qene encodinq a human 
alpha qlobin-like polypeptide, said qene beinq linked to a 
promoter functional in said cell, and (ii) a qene encodinq a 
human beta qlobi~-like polypeptide, said qene beinq operably 
linked to a promoter functional in said cell, and (b) co­
expressinq said alpha qlobin and beta qlobin-like qenes to 
obtain alpha qlobin and beta qlobin-like polypeptides, said 
cell foldinq toqether such polypeptides and incorporatinq heme 
to produce a human hemoqlobin-like protein in soluble, 
recoverable form. 

23. The method of claim 22 wherein at least one of 
said qenes is expressed under the control of a GALGAP hybrid 
promoter. 

24. The method of claim 22 wherein both qenes are 
carried by the same plasmid. 

25. The method of claim 22 wherein each qene is 
carried by a different plasmid. ~ 

26. The method of claim 22 ·wherein the yeast cell is 
of the species Saccharomyces cerevisiae. 

27. The method of 9laim 22 wherein the yeast cell is 
of a protease-deficient strain. 

28. The method of claim 22 wherein the hemoqlobin­
like protein is a non-naturally occurrinq, mutant hemoqlobin. 

29. The method of claim 15 wherein the host is a 
yeast cell. 

3 o. The method of claim 15 wherein the host is a 
bacterial cell. 
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31. The method of claim 21 which comprises (a) 
i 

providing a transformed nonhuman cell bearipg a polycistronic 
genetic unit comprising a first cistron coding for an alpha 

I 

globin-like subunit protein and a second ci~tron coding for a 
; 

beta-globin-like subunit protein ,.which may ) precede or follow 
said first cistron, and a single pro~oter controlling 
transcription of said polycistronic geneti~ unit, said cell 
being capable of synthesizing heme and incorporating the heme 
into said subunit proteins so as to form a human hemoglobin­
like protein, and (b) cultivating the eel~ under conditions 
suitable for expression of said human hemoglobin-like protein. 

32. The method of claim 31 in Jhich the cell is a 
bacterial cell. 

' i 
33-. The method of claim 32 in ~hich the bacterial 

cell is Escherichia ~. 

34. The method of claim 33 in 
the Tac promoter. 

I 

the promoter is 

3 5. The method of claim 31 wh ein said first and 
second cistrons are preceded, respectively by first and second 
introductory cistrons, wherein the second cistron may precede 
or follow the first cistron, and the irst and secondary 
introductory cistrons each contain a Shin - Delgarno sequence 
operably positioned to facilitate translat'on of the following 
cistron. I 

I 

36. The method of claim 32 wtlerein a substantial 
I portion of the human hemoglobin-like protjein is found in the 

soluble fraction of the cell. ! 
i 

I 
37. The method of claim 35) wherein the human 

hemoglobin like protein has a lower oxygen affinity than native 
human hemoglobin. 
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PRODUCTION IN BACTERIA AND YEAST OF HEMOGIJOBIN 
AND ANALIOGUES THEREOF 

ABSTRACT 

The alpha-subunits of hemoglobin, which in nature are 
f o:z::med as separate ·polypeptide chains which bind noncovalently 
to the. beta subunits,. are here provided .-in the; form of the. 
novel molecule di-alpha globin, ;. single polyp~ptide chain 

· defined by connecting the two alpha subunits either directly 
via peptide bond or indirectly by a flexible ai\i.ino acid or 

' peptide linker. Di-alpha globin may be combined ~ yivo or in 
vitro with beta globin and heme to form hemoglo~in. Di-alpha 
glob in is expressed by recombinant DNA techniques. Di-beta 
globin may be similarly obtained. 

We further describe the production ot te~rameric 

human hemoglobin and di-alpha/beta2 hemoglobin ln the yeast 
Saccharomyces cerevisiae. The synthesis of th~ protein is . i 

directed by a synthetic promotor consisting of t~o functional 
parts, an upstream activator sequence (UAS) that confers . . 
inducible transcription by galactose from a consensus yeast 
transcriptional initiati~n site. The express.ion construct is 
~esigned. such that tran$lation is expected to initiate at·. the 

. . 
same position as the human wild-type genes for a- and /3-globin. 
Three different types of expression vectors have been used: 
( 1) a-globin and p-globin contained on two separate plasmids 
(pGS4688 and pGS4988) in a diploid yeast strain; '.(2) a-globin 
and /3-globin each contained on a single plasmid~ (pGS289 and "' 
pGS389) and expressed in either haploid or diploid strains; and 
(3) di-alpha-g~obin and beta globin contained .on a single 
plasmid (pGS 3089)and expressed in haploid strains. 

Finall~, we describe the co-expres~ion ~of alpha ~nd 
beta globin chains a·re · co-expressed. from a: constructed 
polycistronic operon, and are fol~ed ·together .and combined 
intracellularly with heme to form active tetrameri~ hemoglobin. 
The hemoglobin may be recovered from the ce~ls' soluble 

I fraction. The invention thus obviates the need to express 
i :alpha and beta globin separately, solubilize, ;renature and 
I 

I 

"' 
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ABSTRACT - CONTINUED 

: : 

purify them, and combine them in vitro with heme to obtain an 

artificial hemoglobin. By way of comparison, the separately 

expressed beta globin known in the art is deposited in 

inclusion bodies. 
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Construction of des-val Hgb a~i-alpha-Hgb Expression 
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-
,· Oligonucleotides for Synlhelic FX·Alpha and FX-Beta Globin Genes 

lrldividual ollgonucleotides for the conslrucllon of lhe synthetic genes are depicted by caphal and 
smaU case letters. The top strand Is shown as 5'··>3' and lhe bottom as 3'<··5'. Areas of overlap 

(•sticky ends'") between complementary synlhelic oligonuclaalldH are shown as areas where bolh 
strands ore shown In the same case letters. The fall site that Joins lhe FX-alpha and FX·bata 
sequences occurs at the overlap of SJH 1·35a and SJH l-36b. · 

SHI 1·33• , 
CCGCC.CTACAT~.GAGATTAACTCAATCTAGAGGGTATTAATAATGTATCGCTTAAATl\AGGAGGAATAACATATGATc 

c9at9tacctctaatt9a9tta9atctcccataattattacata9c9aatttattCCTCCTTATTGTATACTAG 
SJll 1·33b SJll 1-33d 

SJll I· 33c SHI 1·33e 
qaagqtc9tqttct9tctcc9qcc9ataaaaccaacqttaaa9ct9ctt9999taaa9tt99c9c9cac9cTCGTGAA 
CTTCCAGCACAl\CACAGAGGCCGGCTATTTTGGTTCCAATTTCGACGAACCCCATTtcaacc9c9cgt9c9accactt 

. SJH 1·33' 

SHI l·:M• 
TACGCTGCTGAAGCTCTCGAGCGTATGTTCCTGTCTTTCCCGACCACCAAAM:CTACTTCCCGCACTTc9acct9tct 
atqccac9acttcgagagctc9catacaa99aca9aaa999ct99t99ttttGGATGAAGGGCGTGAAGCTGGACAGA 

SHI l-J4b >" 

SJJI 1·34c 
cacq9ttctc9cca99ttaaa99tcac99taaaaaaqttgct9at9ctct9accaacgct9tTGCTCACGTTGATGAT 
CTCCCAAGAGCCGTCCAATTTCCAGTGCCATTTTTTCAACGACTAc9a9actq9tt9c9acaac9a9t9caactacta 

SIU J-J4d 

SJH J.J4c 
ATGCCGAl\CGCGTTGTCTGCTCTGTCTGATCTGCACGCTCACAAACTGCGTGTTGATCCGGTtaacttcaaactgctg 
tac99ctt9c9caaca9ac9a9acaqacta9ac9t9c9a9t9tttGACGCACAACTACCCCAATTGAAGTTTGACGAC 

SJll 1·341 

sm 1.35, 
1.ctcact9cct9ctg9ttactctg9ct9ctcatct9cc99ct9aatt.tacccc99ctgtTCATGCGTCTCTGCATAAA 
AGAGTGACGGACGACCAATGAGACCGACGAGTAGACGGCC9acttaaat9999ccgacaa9tacgcagagacctattt 

SHI 1·3Sb 

SJtl 1·361 
TTCCTGGCTTCTGTTTCTACCGTTCTGACTTCGAAATACCGTTAATGACTGCAgctacat9ga9attaactcaatcta 
a49cacc9aa9acaaagatggcaa9act9aa9ctttat99caattactgACGTCGATGTACCTCTAATTGAGTTAGAT 

. SIU l·Jeb 

SJll J.36c 
9a999tattaataatgtatc9cttaaataa99a99aataacatat9atc9aAGGTCGTGTTCAC~TGACTCCGGAAGA 
CACCCATAATTATTACATAGCGAATTTATTCCTccttatt9tatactagcttcca9cacaa9tg9actgag9ccttct 

. . Siii 1-36d 

SJH J.3k 
AAAATCCGCCGTTACTGCTCTGTGGGGTAAAGTGAACGTTGACGAAGTTGGGGGT9aagctctgggac9tctgct9gt 
taaaa99c9ccaat9ac9a9acaccccatttcactt9caacTGCTTCAACCACCACTTCGAGACCCTGCAGM:GACCA 

SJll I-Jiii' 

. snr r.n. 
t9tttaccc9t99actcagcqtttctttqaatctttc99agatct9tcTACCCCGGACGCTGTTATGGGTAACCCGAA 
ACAAATCGGCACCTGAGTCGCAAAGAAACTta9aaa9cctcta9acagat99ttcct9c9acaatacccatt999ctt 

SJll J.J7b 

SnJ 1·3'1c 
AGTTAAAGCCCATGGTAAAAAAGTTCTGGGTGCTTTCTCTGAC99tctggctcacct99acaacct9aaa99tacctt 

ltttc99gtaccattttttcaagaCCCACGAAAGAGACTCCCAGACCGAGTGGACCTGTTGGACTTTCCATGGAA 
SJll 1-3'1d 

Snl l0 J'1e 
c9ctactct9tct9aqctccact9c9acaaactgcac9tt9accc9gaAAACTTCCGTCTGCTGGGTAACCTACTAGT 
GCGATGAGACAGACTCGAGGTGACGCTGTTTGAc9t9caact99gcctttt9aa9gca9ac9acccatt9cat9atca 

SIH 1·37r 

SHI t.Jla 
TTGCGTTCTCCCTCACCACTTCGCTAJ\AGAATTCACTCCGCCGCttca99ctgcttaccagaaa9tt9ttgct9gt9t 
aac9caa9acc9a9t99t9aa9ccatttcTTAAGTGACGCGGCCAAGTCCGACGN\TGGTCTTTCAACAJl.CGACCACA 

sm J.Jlb 

tqctaac9c9cta9ctcacaaataccactaat9a 
ACGATTGCGCGATCGAGTGTTTATGGTGATTACTTCGA 

-
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"""'' ,_, 
1111 AtT ...... r.rr CCIII TAr cni GllC rar A!'CI GAG ATT AAr TCll ATC" TAG 

111·, rc;a ftCC 111'11 CC".t' cca A'l'G ,.,... ere TM '"' AGT TMI Ai'C 

"'"' Nd•I A 
ar .. "'" "" AU IJlj TAT CCC '"' llAI AM GAG GAA .tA6 car tarli ATC ttc C:AT ,..., TAT , .... ATA ace ,..., TTA rrc crc en ATT GTA TAC TAG 

-~Ill• 

IT•or· 
....... '"' "'' '"' rte TCT en~ GC'C C".AT AAA ACC MC GTT ...... OCT CICT 
C"Tt •~:A Cl<"A """ CW" AC" GC1C c:c:o CTA "' "'° TTG CAA "' CGA c:GA 
t1I• qty ••••11al l•u "' pto •I• asp ly• ti" '"'val lya •1• ala ................ 

'"""' 1UI llBT MA C:TT CXlC l1rCI CllC GCT CX:T GllA TAC CCT GCT C"M OCT CTC 
MX: CCA Tl T CM CCG C'C".C: CTCI CC'A CCA CTT ATG C'CA CGll CTT CG11 GAG 
up ''" Iyo ••I •Ir •I• l\U 111 9ly ''" tyr al'I' ola GIY •la I.,. 

MG CCT MG TfC Cl'C TCT TTC CCC ACC M:C AAA llCC TAC T1C ca; CM: 
CIC CICA TM: AAC GllC AGll MC CCIC l'GC l'GC Trt TGC ATC AAG OCC: GTO 
qi• ••• .. , pewt l•u ••r phe pro II.hr thr lya thr t.71' pM pre 1'1• 

""''' TTC C".AC CIG TCT C:llC °"' TCT GCG CMl err ...... O!IT CAC OCT ...... ...... 
MG CM C".AC Ar"' G'IC CCII MOii GCG GTC CllA TTT CCA GTC CCII TrT TTT 
,.... Hp 1.., ••• "'" air ••• •Jo ,1 ..... 1 •r• air hi• air 1.,. Ir• 

ctr CX:T CollT acr CTO ACC MC GCT GTT GCT CM: GTT CAT CAT ATO CCG 
CM CCA CIA CCII GM: TCIC Tra CCII CAA CGll GIG CllA CTA CTll TAC OCIC ••I •I• 1911 ••• 1 .. t.ttT ••"' ••• ••l ••• ht.•.,.., asp ••P ..i. pro 

lltlu I . 
NC act: TTCI trT C1CI" CTO TCT au CTO C:AC OCT CllC: ....,.. C1G car ctr 
nu CGC MC Miii ccr. GAC - CTA GM: era CCIII ctC "' CllC Gell CAA ... ,. •I• l•u ••• ala J•u ••r ••P l•u hla ah hi• Ir• l•u .,. vii ,,,,..., 
ClllT CCII Gft MC TTC Mii CTG CTC T'CT CllC TGC CTG CTG CTT ACT CTG 
CTA OGC CM TTO AAG TTT GM: CllC: AGll GTG M:C CllC CllC CAA '°"' CllC ••Jt .,. ¥11 l•ft plw Ira leu leu 1er Id I qa )•U .leu YAl '1'r leu ,,, .. , . 

C:AT era CCII GcT CAA TTf ACC CCII OCT GTT CA1' GCG TCT CTG 
• ctA CllC OOC: CCII CTT AAll Tall aac: CCIII Cllll OTA CCC: Miii GM: •I• "'' letl pro 111 •lu ttlll• 11.ltl' pro •I• v11 It&• •I• nr Jeu 

GllT """ TTC CTC GCT TC'I en rcT ace CTT CTG ACT TCG """ TAC CCT 
CTA 1Tf MG CllC: CaA AGA CM AGA l'GC C:All CllC IGA ACIC Tl'f A1G GCll 
•• l'r• pM I•., 1)• "' val Ml ~hr ••1 leu the ••r Ir• tire •q 

IP•rl _...._ 
JM 1G6 C TGC llGC TM: ATG GAG ATT AAC TCA ATC TAG AOG GTll tTA 
llTT llCf 0 ACG - AIO TAC ere '"" rTG AGT TAC ATC AC:C CAT AAT 

.,, ,_, a 
AT.II 6%11 '"' cc:: TTll ... , MG GAG GM ua CAT IJlj ATC GAii DGT car 
TAf TAC ATA CCG ""' "" fTC ere CTT ATT llfA TAC TAG err CC:ll GCA 

"'"•Ill• •I" •Ir u91 ............. 
.tti•cll 

CTT CAC CTG ACT CCG CAA GAii llAA TCC OCG GTT M:T OCT CTC TOG OGT 
C:M ore GAC - OCIC CTT err AAA - CGC CAA - call CllC M:C CCA 
••1 1\11 leu t"r pr• •I• 9lu lye ••1 •l• ,,,, tl\r &1• l•u 1.rp ••r 
""" GTG AAC OTT GllC CllA CTT OGT - °"" acr CTC - CCT era eTO nT CAC TTO CAA CTG CTT CM CICA CICll CTT CW. GAC CCT CICA UC GAC 
Ir• vol """ "d ••P al• "'l air air-a•• 1h l•" t•r •ra l•v l•u ,,,.,,, 
GIT "" TM: CCII 1'GG M:T CAC car TTC nT - TCT T'l'C CCII CAT CTG 
CAA CAii ATC cac ace 1Gll 01C OC:A Mil Mii CTT 111111 MCI ccr CTll CllC 
""' vol •r• pro Up thr 9111 "' phe ...,. 9lu Hr phe 91'1' up l•v 

'11COI 
tcr ace ccr. GAC GCT ctr llTG oar UC CCG """ arr ...... ace CAT OCT 
- TGC TTC era CCII ellll TAC CCII nc oac: TTT COA TTT CGG GTll CCII 
....... pre HP ....... •t a•r .... pro Ir• ••I Ir• •II hi• ••r 

,...,. nr CTC GCf GCT TTC TCT GM: oc:r CTC OCT CllC C:TC CM: UC 
" .M GAC CCA CCII AAC Miii era CCA GM: CGll GTG CllC era rra 
ly • vol l•u •Ir •I• .,... ••• Hp 9lr 1.., ah hb 1 ... HP """ 

'"""' ,1i .. :r CTG AAA GGT llCC rrc: GCT ACT CTG TCT GllG ere eAC TGC CM: """ era 
GllC TTT CCII fCG MCI CCII - GllC: - ere GAG GTG - CTG "' CllC 
l•v Ir• •Ir ••• pM al• ll\r !•• ••• 9lu Jey hi• er• Hit Jr• l•v ,, ... 
CM: err GAC CCII CAA MC TTC CGT CTO CTO GCT Alie CTA CTA an 'IGC 
GIG CAA C:to - en rr• - CCA GAC cae CCII TTC CAT CAT CM -
1111• val ·~ pro •Iv •111 ptw ••• lev leu ••r ••fl ••I leu ••I er• ,&,,.., 
CTT Cftl acr eac CllC nc: oar AAA GM TTC ACT c:c:o CCII en CAO CICT 
CM CAC CGA GTG Cftl MG CCII T1'T CTT - l'Gll CICC OCIC CM CTC CGA 
"•I 1 ... •I• Illa "'" phe ••r tr• 9111 plle or.pro pro ••l 9111 al• 

ocr TAC: C:AC AAA "" GTT GCT OCll' GTI' GCI' MC GCO CTA OCT CM: AM 
CGA AIG GK l'Tf CAA CAA CGA CCII CAA CCA T1G CCC GllT CCII GIG TTT 
111 trr ''" Ip• vol "•I •U .•Ir., •• •lo '"" •h l•v •I• hi• Ir• ,,,,,.,,,,, 
rac: C:AC DA Illa 
ATG ctG llrT ACI' TCG A 

'" .... 

FIGURE 5 

THIS SHEET HAS BEEN 
REPLACED 



0 
a:> 
N 

~ 

1.0 

0.8 

O.G 

0.4 

0.2 

Elution Pro me and Absorbance Spectra for FX-Hernoglobin 

.! 

. .. 
I. 
•; 

. 
I 
! . 
\ 

\ .. f·\ ·l-.: I 

····-=­-t 
·=-

: .......... J? 

i 

.... I 
~ 

. ( \ .. \ I i:. :, ... ,..,., . ............ J!> .-;,, 
• 

:· 
J 
'! 

.. • • J 
• \,J . s 

·~ I . : • :. 
\ .' . ;· . .. . \ ~ 

·.. I : . ' . 1._ .. 
'.. . : I : ..... · .. ·•· ..••• · .:.\: u 

.... : . .. ; '~ . ~ t 
. '. 

: ... , ....... .__, : ...... ~ ...... ; ..... ···i . 

·1 • . . t' ... . . . . . ""' . . . . . 
::, •i;• • - 1• •• • •• .• ... ·--'••- •• \c-·-·---l I k I ft 
:~~- ~1 ~ ~ 0 . •g . . . . . . "" c· -: o o o 

·2 ~ ~ • r ~ D Z ft ~ ~ < • ~ 

I I 

o.u I ••• ' •••• I • I I I ' I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I •••• I I I I I I I I I 
11 12 13 14 1!;1G1710 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45. 

Fraction No. 

' 11.1 

~@ 
=~ 
E-< ~ 
ffi fu 

'::t: c:ic::' en 
en -

\D 

~ p::: 
0 
t!) 
1-1 
rz.. 

"O 
0 
u 

..!!?• 
fr!!!? -
~- -=---= 
8 -Ill .,,- -:a - -8-

,Q 

rJ'J= . -~-----= 
~-



Ui1gonucleot1des tor Gonstrub...dn of Mutant Hemoglobin Variants 

··uampglobin Beth r1rael tbetal02 11n-->11rl; 

/SacI 
C CAC TGC GAC AAA CTG 

TC GAG GTG ACG CTG TTT GAC 
leu his cys asp lys leu 

/SpeI 
CAC GTT GAC CCG GM tct TTC CGT CTG CTG GGT AAC GTA 
GTG CAA CTG GGC CTT aga AAG GCA GAC GAC CCA TTG CAT GAT C 
his val asp pro glu SER phe arg leu leu gly asn val leu 

Hemoglobln Cheverly <heta45 phe-->ser); 

/SacII 
CG GTT ACT GCT CTG TGG GGT 

G CGC CAA TGA CGA GAC ACC CCA 
ala val thr ala leu trp gly 

AAA GTG AAC GTT GAC GAA GTT GGT GGT GAA GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val 9ly 9ly glu ala leu gly arg leu leu 

/BglII 
GTT GTT TAC CCG TGG ACT CAG CGT TTC TTT GAA TCT tct GGA 
CAA CAA ATG GGC ACC TGA GTC GCA AAG AAA CTT AGA aga CCT CTA G 
val val tyr pro trp thr gln arg phe phe glu ser SER gly asp 

H•mpglgh1n heta67 ya1-->11e• 

/NcoI 
CAT GGT 

. CA 

gly 

AAA.AAA ate CTG GGT GCT TTC TCT GAC GGT CTG GCT CAC CTG GAC AAC 
TTT TTT tag GAC CCA C::::GA AAG AGA CTG CCA ·GAC CGA GTG GAC CTG TTG . 
lys lys ile leu gly ala phe ser asp gly leu· ala his leu asp asn 

/KpnI 
CTG AAA GGT AC 
GAC TTT C 
leu lys gly 

Hemoglgbin gonaas lhetal02 aan-->thr> 

/SacI 
C CAC TGC GAC AAA CTG 

TC GAG GTG ACG CTG T'!T GAC 
glu leu his cys asp lys leu 

. /Spel 
CAC GTT GAC CCG GAA ace TTC CGT CTG CTG GGT AAC GTA 
GTG CAA CTG GGC CTT tgg AAG GCA GAC GAC CCA TTG CAT GAT C 
his val asp pro glu asn phe arg leu leu gly.asn val leu val 

FIGURE 7 
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: . _substrate Recognition Site · · 

des-fX Alpha 

/NdeI /EagI 
T ATG G77 C7G TCT CC 

AC C.:v\ GAC AGA GGC CGG 
mec val leu ser pro ala 

de.s-FX Beta, 

/NdeI /SacII 
T ATG G!T CAC CTG ACT CCG GAA GAA AAA TCC GC 

AC CAA G7G GAC TGA GGC CTT CTT TTT AGG 
me~ val his leu thr pro·glu glu lys ser ala 

des-yal Alpha 

/NdeI /EagI 
T ATG CTG TCT CC 

AC GAC AGA GGC CGG 
met leu ser pro ala 

des-val Beta. 

/NdeI 
T ATG CAC CTG ACT CCG GAA GAA AAA TCC 

AC GTG GAC TGA GGC CTT CTT TTT AGG 
met his leu thr pro glu glu lys ser 

/SacII 
GC 

ala 

THIS SHEET HAS .. . , 
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.-
Alkaline Bohr Effect'uf Recombinant des-FX Hgb and hgd A0 

Oxygen dissociation curves were measured on a Hemox-Analyzer (TCS, ·Inc. 

Southhampton, PA) at 25.0 +/- 0.2 oc in 50 mM Bis-Tris buffer, 0.1 M NaCl. 

The solutions were 60 .uM in heme and were measured between 130 and 1.2 
torr o2. 

Bohr Effect of Hgb Ao and Recombinant Methionyl-Hgb 
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ATT AAC 
TAA TTG 

GAA .IAA 
CTT ATT 
glu 

_,,,..___ 

TCA ATC TAG 
AGT TAG ATC 

/NdeI 

\._, 

FIGURE 12 

/EcoRI /XmaI b 
A ATT CGA GCT CGG TAC CCG GGC TAC ATG GAG 

GCT CGA GCC ATG GGC CCG ATG TAC CTC 

51211 :=c•z 
AGG GTA TTA ATA Am TAT CGC TTA AAT AAG GAG 
TCC CAT AAT TAT TAC ATA GCG AAT TTA TTC CTC 

met tyr ar9 ·1eu asn lys 9lu 

/EagI 
CAT A1:G CTG TCT CCG GCC GAT AAA ACC AAC GTT AAA GCT GCT 
GTA TAC GAC AGA GGC CGG CTA TTT TGG TTG CAA TTT CGA CGA 

met leu ser pro ala asp lys thr asn val lys ala ala 

/XhoI 
TGG GGT AAA GTT GGC GCG CAC GCT GGT GAA TAC GGT GCT GAA GCT CTC 
ACC CCA TTT CAA CCG CGC GTG CGA CCA CTT ATG CCA CGA CTT CGA GAG 
trp gly lys val gly ala his ala gly glu tyr gly ala glu.ala leu 

GAG CGT ATG TTC CTG TCT TTC·CCG ACC ACC AAA ACC TAC TTC CCG CAC 
CTC GCA TAC AAG GAC AGA AAG GGC TGG TGG TTT TGG ATG AAG GGC GTG 
glu arg met phe leu ser phe pro thr thr lys thr tyr phe pro his 

/MstI 
TTC GAC CTG TCT CAC GGT TCT GCG CAG GTT AAA GGT CAC GGT AAA AAA 
A.~G CTG GAC AGA GTG CCA AGA GCG GTC CAA TTT CCA GTG CCA TTT TTT 
phe asp leu ser his gly ser ala gln val lys gly his gly lys lys 

GTT GCT GAT GCT CTG ACC AAC GCT GTT GCT CAC GTT GAT GAT ATG CCG 
CAA CGA CTA CGA GAC TGG TTG CGA CAA CGA GTG CAA CTA CTA TAC GGC 
val ala asp ala leu thr asn ala val ala his val asp asp met pro 

/Mlu I 
AAC GCG TTG TCT GCT CTG TCT GAT CTG CAC GCT CAC AAA CTG CGT GTT 
TTG CGC AAC AGA CGA GAC AGA CTA GAC GTG CGA GTG TTT GAC GCA CAA 
asn ala leu ser ala leu ser asp leu his ala his lys leu arg val 

/HpaI 
GAT CCG GTT AAC TTC AAA CTG CTG TCT CAC TGC CTG CTG GTT ACT CTG 
CTA GGC CAA TTG AAG TTT GAC GAC AGA GTG ACG GAC GAC CAA TGA GAC 
asp pro val asn phe +ys leu leu ser his cys leu leu val thr leu 

/Nae I 
GCT GCT CAT CTG CCG GCT GAA TTT ACC CCG GCT GTT CAT GCG TCT CTG 
CGA CGA GTA GAC GGC CGA CTT AAA TGG GGC CGA CAA GTA CGC AGA GAC 
ala ala his leu pro ala glu phe thr pro ala val his ala ser leu 

/BstBI 
GAT AAA TTC CTG GCT TCT GTT TCT ACC GTT CTG ACT TCG AAA TAC CGT 
CTA TTT AAG CAC CGA AGA CAA AGA TGG CAA GAC TGA AGC TTT ATG GCA 
asp lys phe leu ala ser val ser thr val leu thr ser lys tyr arg 

THIS SHEET HAS BEEN 
REPLACED· 



FIGURE 12 (Cont'd) liiUfliir 
' ' ·"""' 

/EagI . 
GGT GGT GTT CTG TCT CCG GCC GAT AAA ACC AAC GTT AAA GCT GCT 
CCA CCA CAA GAC AGA GGC·CGG CTA TTT TGG TTG CAA TTT CGA CGA 
gly gly val leu ser pro ala asp lys thr asn val lys ala ala 

l in11:or 

IX ho I 
TGG GGT AAA GTT GGC GCG CAC GCT GGT GAA TAC GGT GCT GAA GCT CTC 
ACC CCA TTT CAA CCG CGC GTG CGA CCA CTT ATG CCA CGA CTT CGA GAG 
trp gly lys val gly ala his ala 9ly glu tyr gly ala glu ala leu 

GAG CGT ATG TTC CTG TCT TTC CCG ACC ACC AAA ACC TAC TTC CCG CAC 
CTC GCA TAC AAG GAC AGA AAG GGC TGG TGG TTT TGG ATG AAG GGC GTG 
glu arg met phe leu ser phe pr.o thr.thr lys thr tyr phe pro his 

/MstI . 
TTC GAC CTG TCT CAC GGT TCT GCG CAG GTT AAA GGT CAC GGT AAA AAA 
AAG CTG GAC AGA GTG CCA AGA GCG GTC CAA TTT CCA GTG CCA TTT TTT 
phe asp leu ser his gly ser ala gln val lys gly his ~ly lys lys 

GTT GCT GAT GCT CTG ACC AAC GCT GTT GCT CAC GTT GAT GAT ATG CCG 
CAA CGA CTA CGA GAC TGG TTG CGA CAA CGA GTG CAA CTA CTA TAC GGC 
val ala asp ala leu thr asn ala val ala his val asp asp met pro 

/Mlu I 
AAC GCG.TTG TCT GCT CTG TCT GAT CTG CAC GCT CAC AAA CTG CGT GTT 
TTG CGC AAC AGA CGA GAC AGA CTA GAC GTG CGA GTG TTT GAC GCA CAA 
asn ala leu ser ala leu ser asp leu his ala his lys leu arg val 

/HpaI 
GAT CCG GTT AAC TTC AAA CTG CTG TCT CAC TGC CTG CTG GTT ACT CTG 
CTA GGC CAA TTG AAG TTT GAC GAC AGA GTG ACG GAC GAC~CAA TGA GAC 
asp pro val asn phe lys leu leu ser his cys leu leu val thr leu 

/Nae I 
GCT GCT CAT CTG CCG GCT GAA TTT ACC CCG GCT GTT CAT GCG TCT CTG 
CGA CGA GTA GAC GGC CGA CTT AAA TGG GGC CGA CAA GTA CGC AGA GAC 
ala ala his leu pro ala glu phe thr pro ala val his ala ser leu 

/BstBI 
GAT AAA TTC CTG GCT TCT GTT TCT ACC GTT CTG ACT TCG AAA TAC CGT 
CTA TTT AAG CAC CGA AGA CAA AGA TGG CAA GAC TGA AGC TTT ATG GCA 
asp lys phe leu ala ser val ser thr val leu thr ser lys tyr arg 

TM l:GA 
ATT ACT 

IP st I 
C TGC A 
G 

·GC TAC ATG GAG ATT AAC TCA 
ACG TCG ATG TAC CTC TAA TTG AGT 

S!)fl Sp 12 /NdeI 
GAA IM CAT 
CTT ATT GTA 
glu 

ATC TAG AGG GTA TTA ATA AIG TAT CGC TTA AAT AAG GAG 
TAG ATC ACC CAT AAT TAT TAC ATA GCG AAT TTA TTC CTC 

.' met tyr arg keu asn lys glu 
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REPLACED 



FIGURE 12 (Cont'd) 
... 

. /SacII . 
A.IG_CAC CTG ACT CCG GAA GAA AAA TCC GCG GTT ACT GCT CTG TGG GGT 
TAC GTG GAC TGA GGC CTT CTT AAA AGG CGC CAA TGA CGA GAC ACC CCA 
met his leu thr pro glu glu lys ser ala val thr ala leu trp gly 

AAA GTG AAC GTT GAC GAA GTT GGT GGT GAA GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val gly gly glu ala leu gly arg leu leu 

/BglII 
GTT· GTT TAC CCG TGG ACT CAG CGT TTC TTT GAA TCT TTC GGA GAT CTG 
CAA CAA ATG GGC ACC TGA GTC GCA AAG AAA CTT AGA AAG CCT CTA GAC 
val val tyr pro trp thr gln arg phe phe glu ser phe gly asp leu 

/NcoI 
TCT ACC CCG GAC GCT. GTT ATG GGT AAC CCG AAA GTT AAA GCC CAT GGT 
AGA TGG TTC CTG CGA CAA TAC CCA TTG GGC TTT CAA TTT CGG GTA CCA 
ser thr pro asp ala val met gly asn pro lys val lys ala his gly 

AAA AAA GTT CTG GGT GCT TTC TCT GAC GGT .. CTG GCT CAC CTG GAC AAC 
TTT TTT CAA GAC CCA CGA AAG AGA CTG CCA GAC CGA GTG GAC CTG TTG 
lys lys val leu gly ala phe ser asp gly leu ala his leu asp asn 

/KpnI /Sac I 
CTG AAA GGT ACC TTC GCT ACT CTG TCT GAG CTC CAC TGC GAC AAA CTG 
GAC TTT CCA TGG AAG CGA TGA GAC AGA CTC GAG GTG ACG CTG TTT GAC 
leu lys gly thr phe ala thr leu ser glu leu his cys asp lys leu 

/SpeI 
CAC GTT GAC CCG GAA AAC TTC CGT CTG CTG GGT AAC GTA CTA GTT TGC 
GTG CAA CTG GGC CTT TTG AAG GCA GAC GAC CCA TTG CAT GAT CAA ACG 
his val asp pro glu asn phe arg leu leu gly asn val leu val cys 

/EcoRI 
GTT CTG GCT CAC CAC TTC GGT AAA GAA TTC ACT CCG CCG GTT CAG GCT 
CAA GAC CGA GTG GTG AAG CCA jTT CTT AAG TGA GGC GGC CAA GTC CGA 
val leu ala his his phe gly lys glu phe thr pro pro v~l gln ala 

GCT TAC CAG AAA GTT GTT GCT GGT GTT GCT AAC GCG CTA GCT CAC AAA 
CGA ATG GTC TTT CAA CAA CGA CCA CAA CGA TTG CGC GAT CGA GTG TTT 
ala tyr gln lys val val ala gly val ala asn ala leu ala his lys 

/HindIII 
TAC CAC .I.AA :I:GA 
ATG GTG ATT ACT TCG A 
tyr his 

--............... ._.-................ ~ ... _, ___ -. 

; h.1..::, ;,Ht:.1~T HAS BEEN 
REPLACED 



FIGURE 13 

Xbal 

pDL lll-47a 

1'1"-:( BamHI 

~AMP v)...---------c<TETSI 
5ST1T2 

THIS SHEET HAS BEEN 
REPLACED 

........ • . .. .. :. ·. 



Scal(6550) 

Pvul(6440) 

Ndel(4654) 

FIGURE 14 

Hindlll(7448) 

Spel(132) 

pSGEO.OE4 

LACI 

il1i1iii1iiflf 

Hindlll(1279) 

EcoRV(1445) 

BamHl(1636) 



Scal(6990) 
Pvul(68BO) 

Ndel(5094) 

FIGURE 15 

pSGE1.1E4 

BssHl(4068) 

EcoAV(3974) 

BamHl(1690) 

Hlndlll(1719) 

EcoRV(1885) 

BamHf(2076) 



FIGURE 16 

pDLlV-67a· 

Barn HI 



FIGURE 17 

Xbal 

pJRVl-54a 

BamHI 



FIGURE 18 

Pwl 
Xbal 

pDL di-alpha/beta/beta 

BamHI 



FIGURE 19 

pSGE 0.1-L.O 

Not I 

t 

Hind Ill 

I 

pPL-Lambda 

pPL-Lambda-E 

pPL-alpha/beta 
Hind Ill 

THIS SHEET HAS BEEN 
REPLACED 



From 1 

FIGURE 20 

.. 
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-1Nap(7524)1 
t 

-tSfh1 
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-tel r 101 

i 
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OOATOOGTAC GGATTAGAAG CCOOCGAOOG GGTGACAOOC CTCCGAAGGA AGACTCTCCT CCGTOOGTCC TCGTCTTCAC 

90 100 110 120 130 140 150 160 

CGGTCOOGTT CCTGAAACOO AGATGTOOCT COOOOCOOAC TOOTCCGAAC AATAAAGATT CTACAATACT AOOTTTTATG 

-tEcoR5 

170 180 190 200 210 220 230 I . 240 

GTTATGAAGA GGAAAATTGG CAGTAACCTG OOCCCACAAA CCTCAAATGA ACGAATCAAA TTAACAACCA GATATCTCGA 

-tora1 

t 
... Alha:60 . . 250 270 280 290 

CTGAAAAAAA AGGTTTAAAC CAGTTCCCTG AAATTATTCC CCTACTTGAC 

330 340 350 

-tEcoR1 

l 360 370 

300 310 320 

TAATAAGTAT ATAAAGACGG TAGGTATTGA 

380 400 

TTGTAATTCT GTAAATCTAT TTCTTAAACT TCTTGAATTC TACTTTTATA GTTAGTCTTT TTTTTAGTTT TAAAACACCA 

-tXba1 

*'fa1 

-IN cot -tHlnd2 

f f 
-tAsu2 

-tS•r 
-tHlnc2 

410 I 420 430 440 I 450 .. 
AGAACTTAGT TTCGAATAAA CACACATAAA TAAACCATGG TTAACTCTAG A 
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CONSTRUCTION OF A YEAST BETA-GLOBIN EXPRESSION. VECTOR 

pC1U 

pC1T 

pC1 U digested with BamH1 and 
Sall + Bgl2-Sal1 fragment from 
YRp7 containing the TRP1 gene. 

pC1 T digested with 
Sall 

FIGURE 22(a) 
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containing the beta-globin 
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CONSTRUCTION OF AN ALPHA-GLOBIN EXPRESSION VECTOR 
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pC1U digested with Sal1 

Ligation 
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FIGURE 25(a} 
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FIGURE 25(b) 
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Table 1 - PRIMARY STRUC'l'URE OF HUMAN GLOBIN SUBUNITS 1 
I! ll 

Helix Q Zeta Helix• fJ & Gamma E 

NAl 1 Val Ser NA.l 1 Val Val Gly Val 

NA2 2 His His His His 

NA2 2 Leu Leu NAJ 3 Leu Leu Phe Phe 

Al 3 Ser Thr Al 4 Thr Thr Thr Thr 

A2 4 Pro Lys · A2 5 Pro Pro Glu Ala 

A3 5 Ala Thr Al 6· Glu Glu Glu Glu 

A4 6 Asp Glu A4 7 Glu Glu Asp Glu 

AS 7 Lys Ar9 A5 8 Lys Lys Lys Lys .... 
N 

"° A6 S·Thr Thr A6 9 Ser Thr Ala Ala I 

A7 9 Asn Ile A7 10 Ala Ala Thr Al~ 

AS 10 Val Ile AS 11 Val Val Ile Val 

A9 11 Lys Val A9 12 Thr Asn Thr Thr ::D rn 
AlO 12 Ala Ser AlO 13 Ala Ala Ser Ser -a -- ~ 
All 13 Ala Met All 14 Leu Leu Leu Leu ....... 

rn 
"Tl s: 

Al2 14 Trp Trp Al2 15 Trp Trp Trp Trp m m 
CD 

~ 
Al3 15 Gly Ala All 16 Gly Gly Gly Ser -(0 

!:6 en 
A14 16 Lys Lys Al4 17 Lys Lys Lys Lys :c m 
AlS 17 Val Ile Al5 18 Val Val Val Met ~ .. 

Al6 18 Gly Ser 

A Bl 19 Ala Thr 



J. 

. .i' 

Bl 20 His Gln Bl 19 Asn Asn Asn Asn 

B2 21 Ala Ala B2 20 Val Val Val Val 
.. 
" 

BJ 22 Gly Asp B3 21 Asp Asp Glu Glu 

B4 23 Glu Thr B4 22 .Glu Ala _Asp Glu 

B5 24 Tyr Ile BS 23 Val Val Ala Ala 

B6 25 Gly Gly B~ 24 Gly Gly Gly Gly 

B7 26 Ala Thr B7 25 Gly Gly Gly Gly 

BQ 27 Glu Glu BS 26 Glu Glu Glu Glu 

B9 28 Ala Thr B9 27 Ala Ala Thr Ala 

BlO 29 Leu Leu BlO 28 Leu Leu Leu Leu .... ...., 
Bll 30 Glu Glu Bll 29 Gly Gly Gly Gly 0 

I 
Bl2 31 Arg Arg Bl2 30 Arg Arg Arg Arg 

Bl3. 32 Met Leu Bl3 31 Leu Leu Leu Leu 

Bl4 33 Phe Phe Bl4 ~2 Leu Leu Leu Leu 

B15 34 Leu Leu Bl5 33 Val Val Val Val 

Bl6 35 Ser Ser Bl6 34 Val Val Val Val 

Cl 36 Phe His Cl 35 Tyr Tyr Tyr Tyr :D 
m 

C2 37 Pro Pro C2 36 Pro Pro Pro Pro -0 ...... 
~ 

CJ 38 Thr Gln CJ 37 Trp Trp Trp Trp 
. -.J 

rn 
-ri ~ 

C4 39 Thr Thr C4 38 Thr Thr Thr Thr rn rn 
al ~ 

C5 40 Lys Lys cs 39 Gln Gln Gln Gln us 
!:S en 

C6 41 Thr Thr C6 40 Arq Arq Arq Arq ::c 
m 
~ 

': ··: 



......... 

C7 42 Tyr Tyr C7 41 Phe 

CEl 43 Phe Phe COl 42 Phe 

CE2 44 Pro Pro .. CD2 43 Glu 

CE3 45 His His C03 44 Ser 

. CE4 46 Phe Phe CD4 45 Phe 

CD5 46 Gly 

CE5 47 Asp Asp CD6 47 Asp 

CE6 48 Leu Leu CD7 48 Leu 

CE7 49 Ser · His COB 49 Ser 

CES 50 His Pro 01 50 Thr 

02 51 Pro 

03 52 Asp 

04 53 Ala 

05 54 Val 

06 55 Met 

CE9 51 Gly Gly 07 56 Gly 

El 52 Ser Ser El 57 Asn 

E2 53 Ala Ala. E2 58 Pro 

E3 54 Gln Gln EJ 59 Lys 

E4 55 Val Leu E4 60 vai 
E5· 56 Lys Arq ES 61 Lys 

E6 57 Gly Ala E6 62 Ala 

E7 58 His His E7 63 His 

ES 59 Gly Gly ES 64 Gly 

_ .. 

Phe Phe Phe 

Phe Phe Phe 

Glu Asp Asp 

Ser Ser Ser 

Phe Phe Phe 

Gly Gly Gly 

Asp Asn· Asn 

Leu Leu Leu 

Ser Ser Ser 

Ser Ser Ser .... 
"" Pro Ala Pro .... 

Asp Ser Ser 

Ala Ala Ala 

Val Ile Ile 

Met Met Leu 

Gly Gly Gly 

Asn Asn Asn 

Pro Pro Pro 

Lys Lys Lys 

Val Val Val 

Lys Lys Lys 

Ala Ala Ala 

His His His 

Gly Gly Gly 

I 

., 

1 ~ "'O ...... 
-..l 

"'T1 
rT1 
CD 

as 
!:a 

- -

~ 
~ 
~ 
(./) 
:I: rn 
!:!'.\ 



- ·-' 

E9 60 Lys Ser E9 65 Lys .Lys Lys Lys 

ElO 61 Lys Lys ElO 66 Lys Lys Lys Lys 

Ell 62 Val Val Ell 67 Val · Val Val Val 

El2 63 Ala Val El2 68 Leu Leu Leu Leu 

El3 64 Asp Ala El3 69 Gly Gly Thr Thr 

El4 65 Ala Ala E14 70 Ala Ala Ser Ser 

El5 66 Leu Val ElS 71 Phe Phe Leu Phe 

El6 66 Thr Gly E16 72 Ser Ser Gly Gly 

El7 68 Asn Asp El7 73 Asp Asp Asp Asp 

El8 69 Ala Ala El8 74 Gly Gly Ala Ala 

El9 70 Val Val E19 75 Leu Leu Ile, Thr Ile 
.... 
"" N 

E20 71 Ala Lys E20 76 Ala Ala Lys Lys I 

EFl 72 His Ser EFl 77 His His His Asn· 

EF2 73 Val Ile EF2 78 Leu Leu Leu Met 

EF3 74 Asp Asp EF3 79 Asp Asp Asp Asp 

EF4 75 Asp Asp EF4 80 Asn Asn Asp Asn 

EFS 76 Met Ile EFS 81 Leu Leu Leu Leu ., l 
l 

:0 m 

EF6 77 Pro Gly EF6 82 Lys Lys Lys Lys "'tJ _.. 
~ Gly 

...... 
EF7 78 Asn Gly EF7 83 Gly Gly Pro m 

"Tl s: 
EF8 79 Ala Ala EF8 84 Thr Thr Thr Ala '"" m 

aJ z 
Fl 80 Leu Leu Fl 85 Phe Phe Phe Phe -- -I 

I 
c.o en (.Q 

F2 81 Ser Ser F2 86 Ala Ser Ala Ala I ....... :r: 
m 

I m 

F3 82 Ala Lys F3 87 Thr Gln Gln Lys 1 -I 



F4 83 Leu Leu F4 88 Leu Leu Leu Leu 

F5 84 Ser Ser F5 89 Ser Ser Ser Ser 

F6 85 Asp Glu F6 90 Glu Glu Glu Glu 

F7 86 Leu Leu F7 91 Leu Leu Leu Leu 

F8 87 His His F8 92 His His His His 

F~ 88 Ala Ala F9 93 Cys Cys Cys cys 

FGl 89 His Tyr FGl 94 Asp Asp Asp Asp 

FG2 90 Lys Ile FG2 95 Lys Lys Lys Lys 

FG3 91 Leu Leu FG3 96 Leu Leu Leu Leu 

FG4 92 Arg Arq FG4 97 His His His His 

FG5 93 Val Val FG5 98 Val Val Val Val .... 
""' Gl 94 Asp Asp Gl 99 Asp Asp Asp Asp C,o) 

I 
G2 95 Pro Pro G2. 100 Pro Pro Pro Pro 

G3 96 Val Val G3 101 Glu Glu Glu Glu 

G4 97 Asn Asn G4 102 Asn Asn Asn Asn 

G5 98 Phe Phe GS 103 Phe Phe Phe Phe 

G6 99 Lys Lys G6 104 Arq Arg Lys Lys :a rn -a 
G7 100 Leu Leu G7 105 Leu Leu Leu Leu - ~ .....i 

GS 101 Leu Leu GS 106 Leu Leu Leu Leu m 
""" ~. l"'l'1 : 

G9 102 Ser Ser G9 107 Gly Gly Gly Gly 03 ~ 
GlO 103 His His GlO 108 Asn Asn Asn Asn us Cf> ~ :x: 
rGll 104 cys cys Gll 109 Val Val Val Val m 

~ 
G12 105 Leu Leu Gl2 110 Leu Leu Leu Met 

Gl3 106 Leu Leu Gl3 111 Val Val Val Val 



G14 107 Val Val Gl4 112 Cys Cys Thr Ile 

GlS. 198 Thr Thr Gl5 113 Val Val Val Ile ., 
G16 109 Leu Leu G16 114 Leu Leu Leu Leu 

Gl7 110 Ala Ala G17 115 Ala Ala Ala Ala 

Gl8 111 Ala Ala Gl8 116 His Arq Ile Thr 

G19 112 His Arg Gl9 117 His Asn His His 

GHl 113 Leu Phe GHl 118 Phe Phe Phe Phe 

GH2 114 Pro Pro GH2 119 Gly Gly Gly Gly 

GH3 115 Ala Ala GH3 120 Lys Lys Lys Lys 

GH4 116 Glu Asp GH4 121 Glu Glu Glu Glu 

GHS 117 Phe Phe GHS 122 Phe Phe Phe Phe 
..... 
w 
.po. 

I 

Hl 118 Thr Thr Hl 123 Thr Thr Thr Thr 

H2 119 Pro Ala H2 124 Pro Pro Pro Pro 

H3 120 Ala Glu H3 125 Pro Gln Glu Glu 

H4 121 Val Ala H4 126 Val Met Val Val "YJ " ' m• 

HS 122 His His HS 127 Gln Gln Gln Gln -0 - r-

H6 123 Ala Ala H6 128 Ala Ala Ala Ala -' ~ m ..,, §! 

H7 124 Ser Ala H7 129 Ala Ala Ser Ala m m 
a:J z 

HS 125 Leu Trp HS 130 Tyr Tyr Trp Trp us -I 
(./) 

H9 126 Asp Asp HlO 131 Gln Gln Gln Gln ~ :c:: 
m 

10 127 Lys Lys HlO 132 Lys Lys Lys Lys !!\ 

Hll 128 Phe Phe · Hll .133 Val Val Met Leu 

Hl2 129 Leu Leu Hl2 134 Val Val Val Val 



0 0 

H13 130 Ala Ser H13 135 Ala Ala Thr Ser •1 

Hl4 131 Ser Val H14 136 Gly Gly Gly,Ala Ala 

Hl5 132 Val Val Hl5 137 Val Val Val Val 

H16 133 Ser Ser H16 138 Ala Ala Ala Ala 

Hl7 134 Thr Ser H17 139 Asn Asn Ser Ile 

Hl8 135 Val Val H18 140 Ala Ala Ala Ala 

Hl9 136 Leu Leu H19 141 Leu Leu Leu Leu 

H20 137 Thr Thr H20 142 Ala Ala Ser Ala 

H21 138 Ser Glu H21 143 His His Ser His 

HCl 139 Lys Lys HCl 144 Lys Lys Ar CJ Lys 

HC2 . 140 Tyr Tyr HC2 145 Tyr Tyr Tyr Tyr .... 
w 
VI 

HC3 141 Arq Arq HCJ 146 His ·His His His I 

r-- ::rJ m 
-0 _,,; s;: ....... C') 

-T1 ~ m m I I CD 2: 
,, 

- -I 
t8 (/) ...... ::c: 

m 
m 
-I 
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" Table 2: Oliaonµcleotide Sequences Used to Create Qi-Alpha 
Globin Genes 

a1 (Arq)-Gly-Met(Leu)a2 Linker 

BstBl. Eaql 
CGAAATACCGTGGTATGCTGTCTCC 

TTTATGGCACCATACGACAGAGGCCGG 

a1 (Arq)-Gly-Gly-(Val)a2 Linker 

BstBl. Eaql 
CGAAATACCGTGGTGGTGTTCTGTCTCC 

TTTATGGCACCACCACAAGACAGAGGCCGG 

a1 (Arq)-Gly-(Val)a2 Linker 

BstBl Eaql 
·cGAAATACCGTGGTGTTCTGTCTCC . 

TTTATGGCACCACAAGACAGAGGCCGG 

a1 (ArCJ)-Gly-Gly-(Leu)a2 

BstBl Eaql 
CGAAATACCGTGGTGGTCTGTCTCC 

TTTATGGCACCACCAGACAGAGGCCGG 

a1 (Arq)-(Val)az 

BstBl Eaql 
CGAAATACCGTGTTCTGTCTCC 

TTTATGGCACAAGACAGAGGCCGG 

REPLACEMENT SHEET 
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fable 3: Oliqonucleotide Sequences to create Beta Globin Mutations 

p67val-->ile 

Hcol . Kpnl 
CATGGTAAAAAAatcCTGGGTGCT'l'TCTCTGACGGTCTGGCTCACCTGGACAACCTGAAAGGTAC 

CATTTTTTtagGACCCACGAAAGAGACTGCCAGACCGAGTGGACCTGTTGGACTTTC 

P67val-->ile;P 8 2 lys-->arq 

Hcol. Kpnl 
CATGGTAAAAAAatcCTGGGTGCTTTCTCTGACGGTCTGGCTCACCTGGACAACCTGcgtGGTAC 

CATTTTTTtagGACCCACGAAAAGAGACTGCCAGACCAGTGGACCTGTTGGACgcac 

p1°zasn-->thr 

sacl Spel 
CCACTGCGACAAACTGCACGTTGACCCGGAAaccTTCCGTCTGCTGGGTAACGTA 

TCGAGGTGACGCTGTTTGACGTGCAACTGGGCCTTt99AAGGCAGACGACCCATTGCATGATC 

f 
~·i I I 
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....... 

...,, 
m 
m -fe 

.... 
w ..... 

::0 
m 
'"t1 

> n 
m s: 
m 
z 
-f 
Cf) 
:::c: m m 
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PRODUCTION OF BACTERIA AND YEAST OF HEMOGLOBIN 

AND ANALQGUES THEREOF 

Alpha subunits of hemoglobin are provided as a novel recombinant di-alpha 

globin polypeptide comprising the two alpha subunits connected directly via 

peptide bond or indirectly by a flexible amino-acid or peptide linker. Di-alpha 

globin may be combined in vivo or in vitro with beta globin and heme to form 

hemoglobin. Tetrameric human hemoglobin and di-alpha be~ hemoglobin are 

produced in S. cerevisiae by three types of expression vectors: 

1) two separate plasmids containing respectively alpha and ]?eta globin genes 

expressed in diploid strains. 

2) a sirigle plasmid comprising alpha and beta globin genes expressed in 

either haploid or diploid strains. 

3) a single plasmid containing di-alpha and beta globin genes expressed in 

haploid strains. 

Tetrameric form or separate subunits can be recovered from the soluble fraction. 

So 3 types of hemoglobin-like molecules can be produced: di-alpha two beta, 

di-beta two alpha or di-alpha di beta with a long half life. 

Figure 9 

I . 
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S/.316 
• ••• Oligonucleo11des for Synll\elic: FX·Alpha and FX·Beta G1abln Gen~•· 

lndlvldual ollgonucf901ides for th• ocm11tUction ol th• 1ynlherlc genes •e depieled by capkal Pel 
small case lea.rs. The top SlrMd Is shown n S'-:113' end the bottom as 3'c-S-. Areaa of cwerlep 
rallcky ends1 between complemenlaty synlhellc oDgonucleotld81 •e shown a1 ••• where both 
scrends Gte .,,,,_In Che .._ cue r.tters. The £111 llte that 1o1ns 1he FX-elpha arid FX-bela 
1equen1:91 occurs al lhe overlap of SJH l-35a and SJH l-36b. 

s,ii1 •• ,,. 
CCCCGCTACl\TCCAGATTMCTCMTCTMUICGOTl\TTMTAATCTA'l'CGCTTl\MTMGCliGCMTAACATATCATc 

c9•t9t•cctct••tL9a9tt•9•tctcccata•tt•ttac:at•9c9••ttt•ttCCTCCTTATTCTATM:TAC 
SIU 1-:Ulo SJll 1-:U• 

Siii 1.>Jc I.Ill l•lh 
9aa9qtc9t9ttct9tctcc99cc9•t••••cc••C9tt•••9Ct9Ctt9999t•••9tt9qc9c9cac9cTGCTC:AA 
CTTCCACCAc:l\ACACl\CACCC~TATTlTGGTTGCAATTTCl:ACCAACCCCATTtc••cc9c9c9t9c9•cc•ctt 

Siii l-J3t 

sn1 ..,.. 
TACCCTCCTGAACCTCTCGACCCTATGTTCCTCTCTTTCCC:CACCACCAMACCTACTTc:CCCCACTTc9•cct9tct 
•t9cc•c9•cttc919&9ctc9c•t•c:a•99ac•9•••999Ct99t99ttttc:c:A~ACACA 

IJll 1-34" 

IJll 1·:14• 
cac99ttctc9ccaqcrtt•••99tc•c99ta•••••9tt9ct9•t9ctct9acc••c9ct9tTCCTCACGTTCATCAT 
GTGCCAM:AGC:CCTCCMTTTCCAGTCc:CATTTTTTCAACCM:TAc:9a9act99ttqc9•caacqa9tqc:aact•cta 

SJll .. ,.. 

SJH 1·:14• 
ATGCCCAACCCCTTCTCTCCTCTCTCTCATCTC:C:A~ACMACTCCCTc::t'TGA'ICCGc:Ttaacttc•••ct9ct9 
tac99ctt9c9caac19ac9a91ca91cta91c9t9C9•9t9ttt~M;CCCM~c:AC 

1111 1-:Mr 

SJH LHo 
tctcact9cct9ct99ttactct99ct9ctcatct9cc99ct9&&tttacccc99ct9t'fCATCCClC'fCTCCATAAA 
~AATGAGACCGACGACTAGACGGCC9•ctt•••t9999cc9ac&•9tacqc•9•9•cct•ttt 

SIU I-Ult 

sns 1.u. 
TTCCTCGCTTCNTTTCTACCCTTC'fGACTTcMATACCCTTAATCACTCCAgct•c•t99•9•tta&ctCHtCt1 
·••9c•cc9••9ac••a9at99c••9act9••9cttt•t99c•att•ct9Ac:CTCCATCT.llCCTCTAATTCACTTACAT 

Siii WA 

Siii 1., .. 
9•999tatt••t••t9t•tc9ctt•••t••99•99••t••c•t•t9•tc9•1\GCTC~~ 
C~TAATTATTACATJIGCCAATTTA1'1'CCTcctt•tt9t•t•ct•9cttcc•9c•c••9t99•ct9•9IJCcttct 

Siii l4M 

Siii 1.3.. . 
MAATCCCCacTTACTCCTCTc:Tcccc;TMAGT~9••1JCtct9991c:9tct9ct99t 
t•••aq9cqcc&at91cqa9acaccccatttcactt9c1&cl'GCTtCMCCACCACTIC~CM:CA 

Siii 1., ... 
Sftl r.J7a 

tqttt•ccc9t99actc•9c9tttcttt9a•tctttc99191tct9tcTACCCCGc:ACCCTCTTATCGCT~ 
ACJUIATCGGCACCTGACTCC:CAAACAAACTt19aa19cctct•91c•9•t99ttcctqc9ac••t•ccc1tt999ctt 

SIU '-"" 

. IJll •• ,,. 
llCTl'AAACCCCATCCTMAAAACTTC'l'CGGTCCJllClCTCAC99tct99ctc•cct99ac••cct9•••99t•cctt 

'tttc999taccattttttc119•CCC~CTCCCAc:ACC:C:ACTGc:ACCTCTTGCACl1'l'CCATGCAA 
Siii 1-JU 

SDI 1-37• 
c9ct•ctct9tct9•9ctcc•ct9c9•c•••ct9cac9tt9•cccq9•AAACTTCc:c:tCl'GCTC:C:CTAACCTM:l'Ac:T 
CCc:ATGACACACACTCCACGT~CGCTGTTTGAcgt9c••ct999cctttt9••99C:.9•C9•CCC•tt9c•t91tc• 

IJIC Ll'K . 

Siii l·JI• 
lTCC'c:TlCTCCCl'CAccACTTCGCTAAACAATTCACTCCGCCGCttc:•99ct9ctt•cc:19a••9tt9tt9ct99t9t 
aac9c1•9•cc9a9t99t9aa9ccatttcTTAAGTGACGCGGCCAAC'fCCCACGl\ATGCTCTTlCAACMCCACCACA 

SJll l·Jllt 

t9ctaac9c9c:ta9ctcac•a•t•ccacta•tq• 
ACCATTGCGCCA'fCCACTCTTTA'TCCTCATTACl'TCGA 
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Oligonucleotides tor Constru....m or Mulanl Hemoglobin Variants 

/Sar;l 
C CAC TGC GAC AAA CTG 

TC GAG GTG ACG CTG TTT GAC 
leu bis cys asp lys leu 

/SpeZ 
CAC GTT GAC CCG GAA tct '1"rC CGT C'l'G CTG GG"1' AAC G'l'A 
GTG CAA CTG GGC C'J'T aga AAG GCA GAC GAC CCA TTG CAT GAT C 
his val asp pro 9lu SER phe arg leu leu gly asn val leu 

HemqqJpbSn Cbeyc;Jv Cl>ct•~5 pb•-·>•erl• 

/Sacll 
CG GTT ACT GCT CTG TGG GGT 

G CGC CAA TGA CGA GAC ACC CCA 
ala val thr ala leu trp 9ly 

AAA GTG MC GTT GAC GM GTT GGT GGT GM GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val gly gly glu ala leu gly arg leu leu 

/llglZI 
l:TT GTT TAC CCG TGG ACT CAG CG'l' '1'TC TTT GAA TCT tct GGA 

(OCAACAA~GGC~~~~~~CTT~~CCT~G 
val val tyr pro trp thr 9ln arg pbe phe glu ser SER 9ly asp 

Bemoat*i.n het•&7 Y.i-->ite· 

/NCOZ 
CAT GGT 

CA 
gly 

MA AAA ate CTG GGT GCT TTC TCr GAC GGT CTG GCT CAC CTG GAC AAC 
TTT 'l'TT tag GAC CCA CGA AAG A.GA CTG CCA GAC CGA GTG GAC CTG TTG 
lys lys ile leu gly ala phe ser asp gly leu ala his leu asp asn 

/Kpnl 
CTG AAA GGT AC 
GAC TlT C 
leu lys c;ly 

C) Hemoql Mia Jnn101 

/Saez 
C CAC TGC GAC AAA CTG 

TC GAG GTG ACG CTG TTT GAC 
glu leu his cys asp lys leu 

/SpeZ 
CAC G'l'T GAC CCG GAA ace TTC CGT CTG CTG GG"1' AAC GTA 
G'l'G CAA C'1'G GGC C'1"1' tg9 .\AG GCA GAC c:AC CCA TTG CAT GA'l' C 
his val asp pro 9lu asn phe arg leu leu 9ly asn val leu val 
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"' Oligonuc1eot1oes 10.........,e Construction of Plasmids withoW"le Facotor Xa 

: : • _substrate Recognition Site · · 

!'') .. 

0 

des-nc Alpha 

/NdeI /£agI 
T ATG G77 C~G TCT CC 

AC CAA G~C :.GA GGC CGG 
met: val leu ser pro ala· 

/NdeI /SacII 
T ATG GTT c~c CTG ACT CCG GAA GAA AAA TCC GC 

AC ~ G7G G~C TG~ GGC CTT CTT TTT AGG 
me~ val his. leu th= pro;9lu 9lu lys ser ala 

des-yal Alpha 

/NdeI /Zag I 
T ATG CTG TCT CC 

AC GAC AGA GGC CG::i 
met leu ser pro ala 

des-val Beta 

/NdeI /SacII 
T ATG ~C CTG ACT CCG GAA G~ AAA TCC GC 

AC GTG GAC TGA GGC CTT CTT TTT AGG 
met his leu th: pro 9lu 9lu lys ser ala 
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Alkaline Bohr Effectof Recombinant des-FX Hgb and hvd Ao 

· . 

Oxygen dissociation curves were measured on a Hemox-Analyzer (TCS, ·lnc. 

Southhampton, PA) at 25.0 +I- 0.2 °c in 50 mM Bis-Tris buffer, 0.1 .M NaCl. 

The solutions were 60 .u.M in heme and were measured between 130 and 1.2 
torr02. 

0 
\I) 

0.. 

Bohr Effect of Hgb Ao and Recombinant Methionyl-Hgb 

1.2 

• HgbAo 
--0- methionyl·Hgb 

1.0 

m 0.8 
.! 

0.6 

0.4-'------------------i 
6 7 8 9 

pH 
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FIGURE 10 
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FIGURE 12 
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/EccRI /XmaI lt 
A ATT CGA GCT CGG TAC CCG GGC TAC ATG GAG 

GCT CGA GCC ATG GGC CCG ATG TAC CTC 

SQ!J cntz 

ATT AAC TCA ATC TAG AGG GTA TTA ATA Al:G TAT CGC TTA AAT AAG GAG 
TAA TTG AGT TAG ATC TCC CAT AAT TAT TAC ATA GCG AAT TTA TTC CTC 

met tyr arg leu asn lys 9lu 

/NdeI /£agI 
GAA I!A CAT A:ni CTG TCT CCG GCC GAT AAA ACC AAC GTT AAA GCT GCT 
CTT ATT GTA TAC GAC AGA GGC CGG CTA TTT TGG TTG CAA. TTT CGA CGA· 
glu met leu ser pro ala a·sp lys thr asn val lys ala ala 

/Xho! 
TGG GGT AAA GTT GGC GCG CAC GCT GGT GAA TAC GGT GCT GAA GCT CTC 
ACC CCA TTT CAA CCG CGC GTG CGA CCA CTT ATG CCA CGA CTT CGA GAG 
"trp gly lys val gly ala his ala qly glu tyr gly ala glu ala leu 

GAG CGT ATG TTC CTG TCT TTC CCG ACC ACC AAA ACC TAC TTC CCG CAC 
CTC GCA TAC AAG GAC AGA AAG GGC TGG TGG TTT TGG ATG AAG GGC GTG 
9lu arg met phe leu ser phe pro thr thr lys thr tyr pbe pro his 

/HstI 
TTC GAC CTG TCT CAC GGT TCT GCG CAG GTT AAA GGT CAC GGT AAA AAA 
AAG CTG GAC AGA GTG CCA AGA GCG GTC CAA TTT CCA GTG CCA TTT TTT 
phe asp leu ser his gly ser ala gln val lys gly his gly lys lys 

GTT GCT GAT GCT CTG ACC AAC GCT GTT GCT·CAC GTT GAT GAT ATG CCG 
CAA CGA CTA CGA GAC TGG TTG CGA CAA CGA GTG CAA CTA CTA TAC GGC 
val ala asp ala leu thr asn ala val ala his val asp asp met pro 

/Hlu I 
AAC GCG TTG TCT GCT CTG TCT GAT CTG CAC GCT CAC AAA CTG CGT GTT 
TTG CGC AAC AGA CGA GAC AGA CTA GAC GTG CGA GTG TTT GAC GCA CAA 
asn ala leu ser ala leu ser asp leu his ala his lys leu arg val 

/HpaI 
GAT CCG GTT AAC TTC AAA CTG CTG TCT CAC TGC CTG CTG GTT ACT CTG 
CTA GGC CAA TTG AAG TTT GAC GAC AGA GTG ACG GAC GAC CAA TGA GAC 
asp pro val asn phe ~ys leu leu ser his cys leu leu val thr leu 

/NaeI · 
GCT GCT CAT CTG CCG GCT GAA TTT ACC CCG GCT GTT CAT GCG TCT CTG 
CGA CGA GTA GAC GGC CGA CTT AAA TGG GGC CGA CAA GTA CGC AGA GAC 
ala ala his leu pro ala glu phe thr pro ala val his ala·ser leu 

/BstBI 
GAT AAA TTC CTG GCT TCT GTT TCT ACC GTT CTG ACT TCG AAA TAC CGT 
CTA TTT AAG CAC CGA AGA·CAA AGA TGG CAA GAC TGA AGC TTT ATG GCA 
asp lys phe leu ala ser val ser thr val leu thr ser lys tyr arg 
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' . 
, /EagI 

GGT GGT GTT CTG TCT CCG GCC GAT AAA ACC AAC GTT AAA GCT GCT 
CCA CCA CAA GAC AGA GGC CGG CTA TTT TGG TTG CAA TTT CGA CGA 
g1y gly val leu ser pro ala asp lys thr asn val lys ala ala 

lin.cor 

/XhoI 
TGG GGT AAA GTT GGC GCG CAC GCT GGT GAA TAC GGT GCT GAA GCT CTC 
ACC CCA.TTT CAA CCG CGC GTG CGA CCA CTT ATG CCA CGA CTT CGA GAG 
trp gly lys val 9ly ala his ala gly glu tyr gly ala glu ala leu 

GAG CGT ATG TTC CTG TCT TTC CCG ACC ACC AAA ACC TAC TTC CCG CAC 
CTC GCA TAC AAG GAC AGA AAG GGC TGG TGG TTT TGG ATG AAG GGC GTG 
glu arg met phe leu ser phe pro thr thr lys thr tyr phe pro his 

/MstI 
TTC GAC CTG TCT CAC GGT TCT GCG CAG GTT AAA GGT CAC GGT AAA AAA 
AAG CTG GAC AGA GTG CCA AGA GCG GTC CAA TTT CCA GTG CCA TTT TTT 
phe asp leu ser his gly ser ala gln val lys qly his gly lys lys 

GTT GCT CAT GCT CTG ACC AAC GCT GTT GCT CAC GTT GAT GAT ATG CCG 
CAA CGA CTA CGA GAC TGG TTG CGA CAA CGA GTG CAA CTA CTA TAC GGC 
val ala asp ala leu thr asn ala val ala his val asp asp met pro 

/14lu I 
AAC GCG TTG TCT GCT CTG TCT GAT CTG CAC GCT CAC AAA CTG CGT GTT 
TTG CGC AAC AGA CGA GAC AGA CTA GAC GTG CGA GTG TTT GAC GCA CAA 
asn ala leu ser ala leu ser asp leu his ala his lys leu arg val 

/HpaI 
GAT CCG GTT AAC TTC AAA CTG CTG TCT CAC TGC CTG CTG GTT ACT CTG 
CTA GGC CAA TTG AAG TTT GAC GAC AGA GTG ACG GAC GAC·. CAA TGA GAC 
asp pro val asn phe lys leu leu ser his cys leu leu val thr leu 

/Nae I 
GCT GCT CAT CTG CCG GCT GAA TTT ACC CCG GCT GTT CAT GCG TCT CTG 
CGA CGA GTA GAC GGC CGA CTT AAA TGG GGC CGA CAA GTA CGC AGA GAC 
ala ala his leu pro a~a glu phe thr pro ala val his ala ser leu 

/BstBI 
GAT AAA TTC CTG GCT TCT GTT TCT ACC GTT CTG ACT TCG AAA TAC CGT 
CTA TTT AAG CAC CGA AGA CAA AGA TGG CAA GAC TGA AGC TTT ATG GCA 
asp lys phe leu ala ser val ser t.hr val leu thr ser lys tyr arg 

IP st I 
l2! l:GA C TGC A 
ATT ACT G 

GC TAC ATG GAG ATT AAC TCA 
ACG TCG ATG TAC CTC TAA TTG AGT 

,,,, -=a " /NdeI 
ATC TAG AGG GTA TTA ATA Alli TAT CGC TTA AAT AAG GAG GAA I.AA CAT 
TAG ATC ACC CAT AAT TAT TAC ATA GCG AAT TTA TTC CTC CTT ATT GTA 

' met tyr arg keu asn lys glu glu .. 

.. 
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/SacII . 
a.:IG..CAC CTG ACT CCG GAA GAA AAA TCC GCG GTT ACT GCT CTG TGG GGT 
TAC GTG GAC TGA GGC CTT CTT AAA AGG CGC CAA TGA CGA GAC ACC CCA 
met his leu thr pro glu glu lys ser ala val thr ala leu trp gly 

AAA GTG AAC GTT GAC GAA GTT GGT GGT GAA GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val gly gly glu ala leu gly arg leu leu 

/BglII 
GTT GTT TAC CCG TGG ACT CAG CGT TTC TTT GAA TCT TTC GGA GAT CTG 
CAA CAA ATG GGC ACC TGA GTC GCA AAG AAA CTT AGA AAG CCT CTA GAC 
val val tyr pro trp thr gln arg phe phe glu ser phe gly· asp leu 

/NcoI 
TCT ACC CCG GAC GCT. GTT ATG GGT AAC CCG AAA GTT AAA GCC CAT GGT 
AGA TGG TTC CTG CGA CAA TAC CCA TTG GGC TTT CAA TTT CGG GTA CCA 
ser thr pro asp ala val met gly asn pro lys val lys ala his gly 

AAA AAA GTT CTG GGT GCT TTC TCT GAC GGT CTG GCT CAC CTG GAC AAC 
TTT TTT CAA GAC CCA CGA AAG AGA CTG CCA GAC CGA GTG GAC CTG TTG 
lys lys val leu gly ala phe ser asp gly leu ala his leu asp asn 

/KpnI /Sac I 
CTG AAA GGT ACC TTC GCT ACT CTG TCT GAG CTC CAC TGC GAC AAA CTG 
GAC TTT CCA TGG AAG CGA TGA GAC AGA CTC GAG GTG ACG CTG TTT GAC 
leu lys gly thr phe ala thr leu ser glu leu his cys asp lys leu 

/SpeI 
CAC GTT GAC CCG GAA AAC TTC CGT CTG CTG GGT AAC GTA CTA GTT TGC 
GTG CAA CTG GGC CTT TTG AAG GCA GAC GAC CCA TTG CAT GAT CAA ACG 
his val asp pro glu asn phe arg leu leu gly asn val leu val cys 

/EcoRI 
GTT CTG GCT CAC CAC TTC GGT AAA GAA TTC ACT CCG CCG GTT CAG GCT 
CAA GAC CGA GTG GTG AAG CCA jTT CTT AAG TGA GGC GGC CAA GTC CGA 
val leu ala his his phe gly lys glu phe thr pro pro val gln ala 

GCT TAC CAG AAA GTT GTT GCT GGT GTT GCT AAC GCG CTA GCT CAC AAA 
CGA ATG GTC TTT CAA CAA CGA CCA CAA CGA TTG CGC GAT CGA GTG TTT 
ala tyr gln lys val val ala gly val ala asn ala leu ala his lys 

/HindIII 
TAC CAC :I!A ~ 
ATG GTG ATT ACT TCG A 
tyr his 
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CONSTRUCTION OF A YEAST BETA-GLOBIN EXPRESSION VECTOR 
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. -· Ofivanudeotidn far S~iltic FX-Alpha mnd FX·Beta Globin Genn. 
Md 

2 9 APR \997 
-

rt bath ... 
~ ollganuc:leatide• far 11\e mnSrruc:tion ol 11\e 1ynlhedc gen .. .,. dePCted by c::apbl 
...... case lenttrs. The lop Slr8"d •• shown .. s·-..:r ~the bonom •• :r-s-. "'-· ol 

C-sdc:ky Mda, between complementaty ayn.,edc oRgonucleolldn •• ehown •• •-• wtter 
strMd• are shown In ihe same aa- len•a. The f2ll Ille tt'8l Jaina the FX-elpha and FX-b 
MqWnCe• occun • lhe owerlap of SJH l-3Sa Md SJH l-36b. '-----

sai1 1.n. 
C:CCC«TACATCCACATTAACTCMTC:TACACCCTATTAl\Tl\l\TCTATCCCTTMATMCCAGCMTl\ACATATCATI: 

c9•t9t•cc~c~••t~9•9tt•9•tctccc:.t••tt•t~c•t•9CCJ••ttt•ttCCTCCTTATTCTl\TM:TAC 
SJll S.Jlto SUI 1-JJ4 · 

sm s.uc sm s.~ 
· 9••9~tc9t9ttc~9tctcc99cc9•t••••ccaacqtt•••9Ct9CCt99tJ9t•••9tt99c9cqcac9cTGCTCAA. 
CTTCCM:CM:AACACM:ACCCCCCCTAT'TTTCCTTCCM~C:CCCl\Tnc••cc9qc9tC)CCJ•CC•ctt 

ma 1-:a:ar 

sna .. ,.. 
TACCCTcc:TC:l\ACCTCTCCACCCTATCTTCCTCl'Cf"flC:CCC:ACCM:CAAAACCTACT'TCCCCCACTTcq•cctlJtct 
•t9ccac9acttc9a9•9ctc9c•t•c••99ac•9•••999ct99tCJ9ttttCCATCJ.M:CCC~ACA 

sna w .. ~ 
snr .. ,... 

~c99ttctc9cc•qqtt•••99tcac99t••••••9tt9ct9•t9ctct9•cc••C9Ct9tTCCTCl\CCTrCA~T 
c:rcc:cAACACCCCTCCAATTrC:CACTC:CCl\f"fl111CAACCACTAc:tJ•9•Ct99tt9Cf1aC••CCJ•IJC9C••Ctact& 

·- S.111 S.J44 

SJIC •• ;.. 
ATCCCCMCCCCTTCTCTCCTCTCTCTCATCTCCACCCTCM:AAM:TCCCTC?TCA•TCC-C:C::""CT~•t••Cttc•••Ct9cc9 
t•c99CCt9c9c••c•9•CtJ•9•C•9•Ct•9•CCJt9C9•9C9tttCAC:c:c:ACAAc:rAGCCCAA'rTCAACTTTCACCAC­

snt 1-14r 

SJll l-U. 
ccccact9ccc9ct99tt•ctcc99ct9ctcacct9cc99ct9••tttaeccc91JCCCJtTCATCC:ClCIClcc:ATAAA 
~C:CAATCAc:ACCCACc:Ac:TM:ACC:CCC9•Ctt•••t9999cc:q•ca•9t•CCJC•9•9•cCt•ttt 

SHI I-JS~ 

sn1 i.u. 
TTCC1'CCCTTCTCTTTCACCCflCt'CACTTCCAAATACCCTTAATCM:TCC:Atact•cat99•9•Ct••ctc••tCt• 
••9cacc9••9•caaa9at99c••9•ct9••9cttt•t99caatt•ct9AC:CTCCATC'rM:CTCT1'ATTCM:T'TACAT 

sn1..,. 

SHI 1-H. 
9a999tatt••t••t9tatc9ctt•••taa99a99aat••cat•tCJ•tc9aACCTCCTCrrCAcCTc:ACTCCCGAM:A 
CACCCATAATTATTACATACCCAATTTATTCC'Icctt•tt9t•t•Cta9cttcc•9c•c•••tCJ9•c:tt•tf9CCttct 

SJll l-Hlll 

SJH 1-l._ . 
AAAATCCCCCC:TTACTCCfCTCTc::c:ccTAAAC"f'c:A~CJ••CJCCCtC)ftaC9tc:t9cc99t 
taaaa99c9ccaat.CJ•C9•CJ•C•ccccatttcactt9caacTCcTrcAACCACCAC1"'1CGM:Acc:c:TCCl\GACCACCA mi,.,.,. 

snt ,..,,. 
t9tttaccc9t99ac:tca9c9tttcttt9aacctttc99a9atct9tcTACCCCCCM:CCTCTTATCCCTAACCCCAA 
""""'Tcccc:ACCTCACTCCCAAACAAM:TC•9•••9cctct•9•C•9•t99ttcct9c9•ca•t•CCC&tt999ctt 

SJll '"''-
snr s.:11c 

M:TTAAACCC:CA'?CCTAAAAAM:TTCTCCCTCCTTTCTCTCAC99tct99ctcacct99•caacct9•••CJ9C&CCtt 
'tttc999tacc•tt.ttttca•9•CC:C~CACACCCACTCCICCTCTTCCACTTTCCl\'ICCM 

SIU W14 

sn1 ..,,. 
c9ctactct9~ct9a9c~cc•ct9c9•c•••ct9c•c9tt9•ccc99•A""CTT~cc~ct~c,_,.TC~·CTC:CCTAACCT1\CTACT 
CCCATCACACACACTCCAC:C:TCACCCTCTTTCAC1Jt9ca•ct999cctttt9aa99ca9ac9accc•tt9c•t9•tca 

SJH &.JTI' 

SJll l•Ja• 
TTc:cc:TTCTCCCTCM:CM:TTCCCT1'AACAATTCACTC:CCC:CC:C::ttca99ct9cttacca9aaa9tt9ttCJCt99t9t 
•ac9caa9acc9a9t99t9aa9ccatttc1'TMCTCAC:C:C:CC:CCAM:TCCCACCMrccTCTTTCAAC.v.c:c:ACCACA 

SJH &.>•-

t.9ct.••c9c9cta9ctc•c•••t•cc•ctaat.9a 
AC~TTCCCCCATCCACTCTTTATc:c:TGATTl\CTTCCA 
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UliQonudeotides tor Cons~ of Mutant HamOQlabin V • lS 

·- 1 • '•mantohtg •ctb teree] fJ:tet• Q2 ••n-->••=>· 
/S.t:Z 
c·CAc: TCC ~MA at: 

TC QC: G-rc: M:C: ac: rrr c::>.c: 
leu lU.s cys asp_lys leu 

/SpeZ 
<:AC CTT CM: o:G c::AA f.C:t: 't'TC CCT CTC: c:rc;,;c=r Mt: c:t'A 
CTC: CM CM CC:C: O'T •CJ• AAc: c:c:A CM: .:At: ~ T'fC: CAT QT C 
h1s val asp pro 9111 SEa phe •&"9 let.a leu 9ly asn val le11 

Bemnalpb\p· Q!rrei-ly <'bct•-'5 2he--.)=2e ... l • 

/s.crr 
CG f:Tr Aa CiC'? CG TGG c:Gr 

C: CGc: GA Tc:A a::A <:AC ACC CCA 
ala val thr ala le11 t:p IJlY 

AAA GTC AAC c;rT GAC c:AA C1"r c:G'r c:c:r C:U CCT Cl'G GCA o::T CTC: C'fG 
TTT CAC TrC aA CTC C'1"r CAA C:CA a:A C'n' c:c:A c:M: CC1" GCA c:AC ~ 
lys val :U" val asp 9J.11 val. c;ly 9ly ql11 ala le11 gly U'IJ leu leu 

. /Bt;J.ZZ 
~ c:TT TAC CCC: TCc: AC: CAc: cc:T T'fC tr. c:AA Ta t:ct: CCA 

0

) CAA CM A"rC CC:C: ACC 1'c:A. <:TC ~ AM: AAA c:n" M:A aqa 0::: CTA C: 
val val t:yr p:o ~:p t:Ar 9.l.n aq phe pbc 9111 ••r SU 9.ly asp 

-! 
i 
! 

AAA MA ate: C'1'C: Gc:T c:c:T T'1'C TCT QC c:G'f CC: CCT CM: CTG CM: MC 
TTT TtT tac; c:AC .C:CA a::A AA<: AGA ac CQ <:AC Cc:A c:rc: CAC C::C: TrC 
lys lys ile leu fJlY ala ptle scr asp CJlY leu al.a !Us J.eu asp asn 

/Kpnr 
CTc: AAA c:GT AC 
GM: TTr c 
leu lrs c;l.y 

/S•t:r 
C Oc TCc: c::Ac: MA CTC 

TC QC c:rc: AO: ere: TTr CAC 
glu l.e11 b.is cys asp lys le11 

/Sit•Z 
:AC: c:n CAC c:c:c: CAA ace: rrc c:c:r ere C'l'C c:GT .uc: C'l'A 
::t:. CAA ere c:c:c: err ~c;c; MC c=c:A c:M: ~ ·<:CA nc: CAT CAT c: 
1Ls val asp pro 9.111 asn phe aq leu leu 9ly asft val. ieu val 

•··---

I 
I 

i 
I 

.. -··-------· 
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FIG. 4a 
SJH I-33a 
CCGGGCTACATGGAGATTAACTCAATCTAGAGGGTATTAATAATGTATCGCTTAAATAAGGAGGAATAACATATGATc 

cgatgtacctctaattgagttagatctcccataattattacatagcgaatttattCCTCCTTATTGTATACTAG 
SJH I-33b SJH I - 33d 

SJH I-33c SJH I-33e 
.gaaggtcgtgttctgtctccggccgataaaaccaacgttaaagctgcttggggtaaagttggcgcgcacgcTGGTGAA 
CTTCCAGCACAAGACAGAGGCCGGCTATTTTGGTTGCAATTTCGACGAACCCCATTtcaaccgcgcgtgcgaccactt 

SJH I-33f 

SJH I-34a 
TACGGTGCTGAAGCTCTCGAGCGTATGTTCCTGTCTTTCCCGACCACCAAAACCTACTTCCCGCACTTcgacctgtct 
atgccacgacttcgagagctcgcatacaaggacagaaagggctggtggttttGGATGAAGGGCGTGAAGCTGGACAGA 

SJH I-34b 

SJH I-34c 
cacggttctcgccaggttaaaggtcacggtaaaaaagttgctgatgctctgaccaacgctgtTGCTCACGTTGATGAT 
GTGCCAAGAGCGGTCCAATTTCCAGTGCCATTTTTTCAACGACTAcgagactggttgcgacaacgagtgcaactacta ~ 

SJH I-34d 

SJH I-34e 
ATGCCGAACGCGTTGTCTGCTCTGTCTGATCTGCACGCTCACAAACTGCGTGTTGATCCGGTtaacttcaaactgctg 
tacggcttgcgcaacagacgagacagactagacgtgcgagtgtttGACGCACAACTAGGCCAATTGAAGTTTGACGAC 

SJH I-34f 

~ 
~ 

• .. 
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FIG. 4b 
SJH I-35a 

tctcactgcctgctggttactctggctgctcatctgccggctgaatttaccccggctgtTCATGCGTCTCTGGATAAA 
AGAGTGACGGACGACCAATGAGACCGACGAGTAGACGGCCgacttaaatggggccgacaagtacgcagagacctattt 

SJH I-35b 

SJH I-'36a 
TTCCTGGCTTCTGTTTCTACCGTTCTGACTTCGAAATACCGTTAAfGACTGCAgctacatggagattaactcaatcta 
aaggaccgaagacaaagatggcaagactgaagctttatggcaattactgACGTCGATGTACCTCTAATTGAGTTAGAT 

SJH I-36b . 

SJH I-36c 
gagggtattaataatgtatcgcttaaataaggaggaataacatatgatcgaAGGTCGTGTTCACCTGACTCCGGAAGA , 
CTCCCATAATTATTACATAGCGAATTTATTCCTccttattgtatactagcttccagcagaagtggactgaggccttct 

SJH I-36d 

.. 

C1I 

~ 
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FIG. 4c 
SJH I-36e 

AAAATCCGCGGTTACTGCTCTGTGGGGTAAAGTGAACGTTGACGAAGTTGGTGGTgaagctctgggacgtctgctggt 
ttttaggcgccaatgacgagacaccccatttcacttgcaacTGCTTCAACCACCACTTCGAGACCCTGCAGACGACCA . 

SJH I-36f 

SJH I-37a 
tgtttacccgtggactcagcgtttctttgaatctttcggagatctgtcTACCCCGGACGCTGTTATGGGTAACCCGAA 
ACAAATGGGCACCTGAGTCGCAAAGAAACTtagaaagcctctagacagatggggcctgcgacaatacccattgggctt 

SJH I-37b . 

SJH I-37c 
AGTTAAAGCCCATGGTAAAAAAGTTCTGGGTGCTTTCTCTGACggtctggctcacctggacaacctgaaaggtacctt 
tcaatttcgggtaccattttttcaagaCCCACGAAAGAGACTGCCAGACCGAGTGGACCTGTTGGACTTTCCATGGAA 

SJH I-37d 

SJH I-37e 
cgctactctgtctgagctccactgcgacaaactgcacgttgacccggaAAACTTCCGTCTGCTGGGTAACGTACTAGT 
GCGATGAGACAGACTCGAGGTGACGCTGTTTGACgtgcaactgggccttttgaaggcagacgacccattgcatgatca 

SJH I-37f 

SJH I-38a 
TTGCGTTCTGGCTCACCACTTCGGTAAAGAATTCACTCCGCCGGttcaggctgcttaccagaaagttgttgctgg::gi: 
aacgcaagaccgagtggtgaagccatttcTTAAGTGAGGCGGCCAAGTCCGACGAATGGTCTTTCAACAACGACC~CA 

SJH I-38b 
tgctaacgcgctagctcacaaataccactaatga 
ACGATTGCGCGATCGAGTGTTTATGGTGATTACTTCGA 

\ 

C1I 

Q 
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~ 
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FIG. 5a 
•, 

/Xmal 
GA ATT CGA GCT CGG TAC CCG GGC TAC ATG GAG ATT AAC TCA ATC TAG 

CGT CGA GCC ATG GGC CCG ATG TAC CTC TAA TTG AGT TAG ATC 
SD1l ' SD#2 /Ndel A 
AGG .GTA TTA ATA ATG TAT CGC TTA AAT AAG GAG GAA TAA CAT ATG ATC 
TCC CAT AAT TAT TAC ATA GCG AAT TTA TTC CTC CTT AAT GTA TAC TAG 

~ met(ile 
/Eagl 

GAA GGT CGT GTT CTG TCT CCG GCC 
CTT CCA GCA CAA GAC AGA GGC CGG 
glu gly arg)val leu ser pro ala 
Factor X sequence 

GAT AAA ACC AAC GTT AAA GCT CGT 
CTA TTT TGG TTG CAA TTT CGA CGA 
asp lys ~hr asn val lys ala ala 

/Xhol . 
·TGG GGT AAA GTT GGC GCG CAC GCT GGT GAA TAC GGT GCT GAA GCT CTC 
ACC CCA TTT CAA CCG CGC GTG CGA CCA CTT ATG CCA CGA CTT CGA GAG 
trp gly lys val gly ala his ala gly glu tyr gly ala glu ala leu 
GAG CGT ATG TTC CTG TCT TTC CCG ACC ACC AAA ACC TAC TTC CCG CAC 
CTC GCA TAC.AAG GAC AGA AAG GGC TGG TGG TTT TGG·ATG AAG GGC GTG 
glu arg met phe leu ser phe pro thr thr lys thr tyr phe pro his 

/Mstl 
TTC GAC CTG TCT CAC GCT TCT GCG CAG GTT AAA GGT CAC GGT AAA AAA 
AAG CTG GAC AGA GTG CCA AGA CGC GTC CAA TTT CCA GTG CCA TTT TTT 
phe asp leu ser his gly ser al.a gln val ·lys gly his gly lys lys 

GTT GCT GAT GCT CTG ACC AAC GCT GTT GCT CAC GTT GAT GAT ATG CCG 
CAA CGA CTA CGA GAC TGG TTG CGA CAA CGA GTG CAA CTA CTA TAC GGC 
val ala asp ala leu thr asn ala val ala his val asp asp met pro 

·. 

i 

... 
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FIG. Sb 
/Mlul 

AAC GCG TTG TCT GCT CTG TCT GAT CTG CAC GCT CAC AAA CTG CGT GTT 
TTG"CGC AAC AGA CGA GAC AGA CTA GAC GTG CGA GTG TTT GAC GCA CAA 
asp ala leu ser ala leu ser asp leu his ala his lys leu arg val 

/Hpal 
GAT CCG GTT AAC TTC AAA CTG CTG TCT CAC TGC CTG CTG GTT ACT CTG 
CTA GGC CAA TTG AAG TTT GAC GAC AGA GTG ACG GAC GAC CAA TGA GAC 

··· asp pro val asn phe lys leu leu ser his cys leu leu val thr leu 

/Nael . 
GCT GCT CAT CTG CCG GCT GAA TTT ACC CCG GCT GTT CAT GCG TCT CTG 
CGA CGA GTA GAC GGC CGA CTT AAA TGG GGC CGA CAA GTA CGC AGA GAC 
ala ala his leu pro ala glu phe thr pro ala val his al·a ser leu 

GAT AAA TTC CTG GCT TCT GTT TCT ACC GTT CTG ACT TCG AAA TAC CGT 
CTA T'1"l' AAG GAC CGA AGA CAA AGA TGG CAA GAC TGA ACC TTT ATG GCA 
asp lys phe leu ala ser val ser thr val leu thr ser lys tyr arg 

/Pstl Sl)#1 
XU. :mA C TGC AGC TAC 1'.TG GAG ATT AAC TCA ATC TAG AGG GTA TTA 
ATT ACT G ACG TCG ATG TAC CTC TAA TTG AGT TAG ATC TCC CAT AAT 

SD#2 
ATA ATG TAT CGC TTA AAT AAG GAG GAA TAA CAT ATG ATC GAA GGT CGT 
TAT TACATA GCG AAT TTA TTC CTC CTT ATT GTA TAC TAG CTT CCA GCA 

met{ile glu gly arg) 
Factor X sequence 

. /Sac II 
GTT CAC CTG ACT CCG GAA GAA AAA. TCC GCG GTT ACT GCT CTG TGG GGT 
CAA GTG GAC TGA GGC CTT CTT TTT AGG CGC CAA TGA CGA GAC ACC CCA 
val his leu thr pro glu glu lys ser ala val thr ala leu trp gly 

AAA GTG AAC GTT GAC GAA GTT GGT GGT GAA GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val gly gly glu ala leu gly arg leu leu 

.! 

GTT GTT TAC CCG TGG ACT CAG CGT TTC TTT GAA TCT TTC 
CAA CAA ATG GGC ACC TGA GTC GCA AAG AAA CTT AGA AAG 
va;i. val tyr pro trp thr gln arg phe phe glu ser phe 

/Bglll 
GGA GAT CTG 
CCT CTA GAC 
gly asp leu 

TCT ACC CCG GAC GCT GTT ATG GGT AAC CCG AAA GTT AAA GCC CAT GGT 
AGA TGG GGC CTG CGA CAA TAC CCA TTG GGC TTT CAA TTT CGG GTA CCA 
ser thr pro asp ala val met gly asn pro lys val lys ala his gly 

AAA AAA GTT CTG GGT GCT TTC TCT GAC GGT CTG GCT CAC CTG GAC AAC 
TTT TTT CAA GAC CCA CGA AAG AGA CTG CCA GAC CGA GTG GAC CTG TTG 
lys lys val leu gly ala phe ser asp gly leu ala his leu asp asn 

,,..-.·---. 
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FIG. Sc 
··~ 

/Kpnl · /Sacl 
CTG AAA GGT ACC TTC GCT ACT C'l'G TCT GAG CTC CAC 'l'GC GAC AAA CTG 
GAC T'1'T CCA TGG AAG CGA TGA GAC AGA CTC GAG GTG ACG CTG TT'I' GAC 
leu lys gly thr phe ala thr leu ser glu leu his cys asp lys leu 

/Spel 
CAC GT'l' GAC CCG GAA AAC TTC CGT CTG C'1'G GGT AAC GTA CTA GT'l' TGC 
GTG CAA CTG GGC CTT T'l'G AAG GCA GAC GAC CCA T'l'G CAT GAT CAA ACG 
his val asp· pro g;Lu asn phe arg leu. leu gly asn val leu val cys 

/EcoRI 
GT'l' CTG GCT CAC CAC 'l"l'C GGT AAA GAA T'l'C ACT CCG CCG GTT CAG GCT 
CAA GAC CGA G'l'G GTG AAG CCA T'l"I' CT'l' Jo.AG TGA GGC GGC CAA GTC CGA 
val leu ala hi~ his phe gly lys glu phe thr pro pro val gln ala 

GC'l' TAC. CAG AAA GTT GTT GCT GGT GTT GCT AAC GCG CTA GCT CAC AAA 
CGA ATG GTC 'l"l"l' CAA CAA CGA CCA CAA CGA TTG CGC GAT CGA GTG TTT 
ala tyr gln lys val val ala gly val ala asn ala leu ala his lys 

/Hind Ill 
TAC CAC :r.M :ilZA 
A'l'G CTG ATT ACT 'l'CG A 
tyr his 
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FIG. 7 
Hemoglobin Beth Israel (beta asn -> ser): 

/Sac I 
C CAC TGC GAC AAA CTG 

TC GAG GTG ACG CTG TTT GAC 
leu his cys asp lys leu 

/Spel 
CAC GTT GAC CCG GAA tct ~~'C CG1 CTG CTG GGT AAC GTA 
CTG CAA CTG GGC CTT aga AAG GCA GAC GAC CCA TTG CAT GAT c 
his val asp pro glu SER phe arg leu. leu gly asn.val leu. 

Hemoglobin Cheverly (beta phe .;.> ser}: 
/Serll 
CG GTT ACT GCT CTG TGG GGT 

G CGC CAA TGA CGA-GAC ACC CCA 
ala val thr ala leu trp gly 

AAA GTG AAC GTT GAC GAA G'l"l' GGT GGT GAA GCT CTG GGA CGT CTG CTG 
TTT CAC TTG CAA CTG CTT CAA CCA CCA CTT CGA GAC CCT GCA GAC GAC 
lys val asn val asp glu val gly gly giu ala leu gly arg leu leu 

/Bglll 
G'l"l' GTT TAC CCG TGG ACT CAG CG';l'.' . TTC 'ITT GAJ!.. TCT tct GGA 
CAA CAA. ATG GGc ACC TGA GTC GCA AAG AAA C ... ""i' AGA aga CCT CTA G 
val val tyr pro trp thr gln arg phe phe glu ser SER gly asp 

Hemoglobin beta val -> ile: 
/Ncol 
CAT GCT 

CA 
gly 

AAA AAA ate CTG GGT GCT T'l'C TCT GAC GGT CTG GCT CAC CTG GAC AAC 
'l'TT TTT tag G;LC CCA CGA AAG AGA CTG CCA GAC CGA GTG GAC CTG TTG 
lys lys ile leu gly ala phe ser asp gly leu ala his leu asp asn 

/Kpnl 
CTG AAA GGT AC 
GAC TrT C 
leu lys gly 

Hemoglobin Kansas (beta asn -> thr): 
/Sac I 

C CAC TGC GAC AAA CTG 
· TC GAG GTG ACG CTG 'ITT GAC 
glu leu his cys asp lys leu 

. /Spel 
GAC GTT GAC CCG GAA ace TTC CGT CTG CTG CTG GGT AAC GTA 
GTG CAA CTG GGC CTT tgg AAG GCA GAC GAC CCA TTG CAT GAT C 
his val asp pro glu asn phe arg leu leu gly asn val leu val 

····.t 
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