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High-level expression of soluble recombinant human hemoglobin (rHb) in Escherichia coli was obtained with
several hemoglobin variants. Under identical conditions, two rHbs containing the Presbyterian mutation
(Asn-108—Lys) in 3-globin accumulated to approximately twofold less soluble globin than rHbs containing the
corresponding wild-type B-globin subunit accumulated. The B-globin Providence,,,, mutation (Lys-82—Asp)
significantly improved soluble rHb accumulation compared to the wild-type (3-globin subunit and restored
soluble accumulation of rHbs containing the Presbyterian mutation to wild-type levels. The Providence,,
substitution introduced a negatively charged residue into the normally cationic 2,3-bisphosphoglycerate bind-
ing pocket, potentially reducing the electrostatic repulsion in the absence of the polyanion. The average soluble
globin accumulation when there was coexpression of di-a-globin and 3-Lys-82—Asp-globin (rHb9.1) and heme
was present in at least a threefold molar excess was 36% = 3% of the soluble cell protein in E. coli. The average
total accumulation (soluble globin plus insoluble globin) was 56% = 7% of the soluble cell protein. Fermen-
tations yielded 6.0 = 0.3 g of soluble rHb9.1 per liter 16 h after induction and 6.4 = 0.2 g/liter 24 h after
induction. The average total globin yield was 9.4 g/liter 16 h after induction. High-level accumulation of soluble
rHb in E. coli depends on culture conditions, the protein sequence, and the molar ratio of the heme cofactor

added.

Unique among the hemoglobin-based oxygen carriers cur-
rently undergoing clinical evaluation is rHb1.1, a recombinant
human hemoglobin (rHb) produced in Escherichia coli. This
hemoglobin contains two modifications that increase its suit-
ability as a hemoglobin-based oxygen carrier. The first modi-
fication is a genetically linked di-a-globin molecule that pre-
vents dissociation of hemoglobin into a3 dimers, thus reducing
renal filtration and extending the intravascular half-life (10,
18). And second, rHb1.1. contains the Presbyterian mutation
(Asn-108—Lys) (21) in B-globin which reduces the oxygen
affinity to a level roughly comparable to that of native hemo-
globin bound to 2,3-biphosphoglycerate (DPG). DPG naturally
modifies the oxygen affinity of native hemoglobin in erythrocytes.

Overproduction of a heterologous protein in E. coli is espe-
cially challenging when the protein must be soluble and func-
tional and is composed of multiple subunits. In addition, het-
erologous proteins like rHbs require the enhanced presence of
essential cofactors (prosthetic groups), such as heme and fla-
vins, which occurs through supplementation or increased en-
dogenous production (reviewed in reference 29). In E. coli,
accumulation of soluble rHb (11, 26), human cystathionine
B-synthase (12), rat cytochrome b5 (32), and Vitroscilla hemo-
globin (VHD) (9) is limited by heme availability, as indicated by
the fact that 8-aminolevulinic acid, a heme precursor, is re-
quired to increase heme and protein accumulation (12, 26, 32).
Insoluble VHb aggregates do not contain heme, suggesting
that heme may stabilize VHb and thus prevent aggregation (9).

High-level production of functional recombinant hemoglo-
bin in E. coli was achieved when there was concomitant expres-
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sion of both a-globin (or di-a-globin) and B-globin subunits
and exogenous heme was provided (10, 18). Accumulation of
soluble rHb1.1 in E. coli can account for as much as 15% of the
soluble cell protein when heme is added to the culture medium
(30). Production of rHb in E. coli can also result in insoluble
aggregate formation (10, 18, 28), which also occurs when many
other recombinant proteins are overexpressed in E. coli (re-
viewed in references 20 and 25). The presence of heme in the
globin protein is a major factor in partitioning of the globin
protein between soluble and insoluble fractions in vivo (28).
This is consistent with the hypothesis that an absence of heme
during globin chain biosynthesis results in insoluble aggregates
composed of partially folded apoprotein (20). Removal of
heme from human hemoglobin in vitro results in partial un-
folding and severely reduced solubility (16).

In addition to cofactors such as heme, the protein sequence
can influence aggregation. Aggregation of protein in vivo dur-
ing bacterial production is sometimes decreased by mutations
which diminish the kinetic trap of self-association of folding
intermediates (reviewed in references 13 and 31). Myoglobin
mutants which have high soluble protein yields also have rel-
atively stable apoproteins (8).

In the study described here we examined the effects of mu-
tations and heme concentration on soluble rHb accumulation.
Our results indicate that high-level accumulation of soluble
rHb requires excess heme and depends on the amino acid
sequence of the globin protein itself. Although the di-alpha link-
age may slightly improve soluble rHb accumulation, the most
significant improvements in soluble expression were observed
with rHbs containing amino acid substitutions in beta-globin.

MATERIALS AND METHODS

Strain and plasmid construction and sequencing. The strains and plasmids
used in this study are shown in Table 1. In general, strains were constructed by
transforming plasmid DNAs into E. coli strains lacking plasmids by using the
procedure of Chung et al. (5) or Hanahan (6). Transformants were selected by



VoL. 65, 1999

MUTATIONS AND HEME AFFECT HEMOGLOBIN ACCUMULATION 641

TABLE 1. Strains and plasmids used in this study

Strain Plasmid rHb Host description Source or reference

SGE1675 None None grA96 (Nal) lacI?" endA hsdR17 relA1 supE44 rec] 28
(a derivative of JM107)

SGE1464 pSGE720 rHbl.1 SGE1675 28

SGE1480 pSGE726 rHb1.0 SGE1675 This study

SGE1483 pSGE728 rHb0.0 SGE1675 This study

SGE2706 pSGE733 rHb0.1 SGE1675 This study

SGE2761 None None SGE1675 + mpsL (strR) by P1 transduction This study

SGE2782 pSGE767 rHb9+1.1 SGE1675 This study

SGE2784 pSGE768 rHb9.1 SGE1675 This study

SGE3083 pSGE1001 Mutant SGE2761 with rHb di-«K158C/BN108K This study, J. Davidson

SGE3084 pSGE1222 Mutant SGE2761 with rHb di-aK158C/BK82D This study

SGE3138 pMON7124K None 2rA96 (Nal) lacI?" endA relAl supE44 rec] E. Best and L. Lucast
(a derivative of SGE1675)

SGE3172 pSGE1237 Mutant SGE2761 with rHb di-«K158C/BN108K; K82D This study

SGE3261 pSGE768 rHb9.1 SGE3138 E. Best and L. Lucast

plating cells onto Luria-Bertani medium supplemented with 15 pg of tetracycline
per ml and incubating the preparations at 37°C for 12 to 24 h. pSGE720 contains
a synthetic operon composed of the di-a-globin and BFres®¥ierian_olobin genes
transcribed from the fac promoter on a tetracycline-resistant plasmid with the
pUC high-copy-number origin of replication (28).

pSGE728 was constructed by Xhol digestion and deletion from pSGE720 of
one alpha-globin subunit and the di-alpha-globin glycine linker. The resulting
plasmid, pSGE726, contained a single alpha-globin gene rather than a di-alpha-
globin gene (rHb1.0). The Presbyterian mutation in beta-globin was replaced by
digestion with Bg/II and HindIII and ligation which introduced wild-type beta-
globin in order to create pPSGE728 (rHb0.0). The Presbyterian mutation in the
beta-globin gene of pSGE720 was replaced by digestion and ligation as described
above for pSGE728 in order to introduce wild-type beta-globin and create
pSGE733 (di-alpha-globin and wild-type beta-globin; rHb0.1).

The Providence,s,) mutation (BLys-82—Asp) (3) was introduced into the
rHb1.1 background to create rHb9+1.1. The Lys-82—Asp mutation was created
by PCR amplification of a portion of the B-globin gene performed with an
oligonucleotide containing an Asp codon in place of Lys-82 (CBG119; 5'-AGC
GAAGGTACCGTCCAGGTT-3') and CBG124 (5'-CCTGACTCCGGAAGA
AAAATCC-3"). The PCR product and vector were digested with BspEI and
Asp718 and ligated. DNA sequencing of plasmids isolated from transformants
was performed by using Sequenase kit reagents and protocols (United States
Biochemical Corp.), **P (Amersham, Inc.), and primers synthesized with an
Applied Biosystems model 380B DNA synthesizer. Sequencing confirmed the
identities of the Providence,g,, and Presbyterian mutations and that plasmid
pSGE767 was transformed into SGE1675 to produce SGE2782.

The Providence,y,, mutation was introduced into the rHb0.1 background to
create tHb9.1. A BamHI-Asp718 fragment from pSGE767 was isolated and
ligated into digested pSGE733 (rHb0.1). Sequencing confirmed the identity of
the mutation and that plasmid pSGE768 was transformed into SGE1675 to
produce SGE2784 and into SGE3138 to produce SGE3261. Similar procedures
were used to introduce Providence,,, and Providence ,g,, plus Presbyterian
into a plasmid with a di-alpha-globin Lys-185—Cys mutation (SGE3083,
SGE3084, and SGE3172 [Table 1]).

Fermentations, rHb purification, and analysis. Fermentations were per-
formed by using a defined medium in 15-liter Biolaffite fermentors as described
by Looker et al. (17), except that induction was for 16 h at 28°C (30) unless
indicated otherwise. Expression was induced by adding IPTG (isopropyl-B-p-
thiogalactopyranoside) to a concentration between 10 and 200 pM as indicated
below. IPTG was added during the log phase at an optical density at 600 nm that
was approximately one-third the final cell density (optical density at 600 nm,
~30). Various concentrations of hemin were added as noted below; typically, the
hemin was distributed into three to five aliquots and added to the fermentation
preparations at 3-h intervals starting at induction. Different concentrations of
hemin did not affect the final cell densities. When possible, fermentations in
which different strains were compared under the same conditions were per-
formed in parallel to minimize variability. Purification and functionality were
determined as described by Plomer et al. (23), and norvaline contents were
measured as described by Apostol et al. (1).

Determination of percentages of soluble and insoluble rHb. We measured the
accumulation of soluble and insoluble rHbs for at least two and usually three or
more independent fermentations per condition examined. One-milliliter samples
were withdrawn into 1.7-ml Eppendorf tubes at appropriate times after induc-
tion. These 1-ml samples were centrifuged in an Eppendorf centrifuge at 4°C for
3 min, and the supernatants were removed. The pellets were stored at —80°C
until they were assayed. Soluble and insoluble rHb contents were determined as
described previously (30), except that after sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis, the rHb was detected by either silver staining or Western

blotting (30). The gels were silver stained by using the reagents and protocol
recommended by Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan).

Hemin concentration estimation. The hemin concentration in a fermentation
broth was estimated as follows. Samples of the fermentation broth were centri-
fuged, and an aliquot of the supernatant was added to a solution containing 300
uM human serum albumin (Baxter) in 50 mM Tris (pH 7.5) such that the
concentration of hemin did not exceed 50 pM. In the presence of excess human
serum albumin hemin forms a 1:1 complex with a well-defined absorbance
spectrum (2), and the hemin concentration was estimated from the absorbance
at 625 nm. By subtracting the new hemin concentration from the hemin concen-
tration of the previous sample, the quantity of hemin bound by or taken up by the
cells was calculated during the entire time course of rHb accumulation.

RESULTS

Improving soluble rHb0.0 accumulation by hemin addition.
In 30°C fermentations containing 15 uM IPTG to induce rHb
expression, the levels of soluble rHb0.0 that accumulated were
consistently higher than the levels of soluble rHb1.1 (averages,
10.0% *= 1.1% and 6.5% * 1.6% of the of the soluble cell
protein for rHb0.0 and rHb1.1, respectively, in 10 h) (Table 2).
At 28°C in the presence of 100 uM IPTG, the accumulation of
soluble rHb0.0 and the accumulation of soluble rHb1.1. in-
creased similarly (Table 2). Increasing the length of the induc-
tion period from 10 to 16 h increased the accumulation of
soluble rHb1.1 to 10.9% = 1.9% of the soluble cell protein but
resulted in the yield of soluble rHb0.0 declining from 16.6% =+
0.3% at 10 h after induction to 11.0% = 0.3% at 16 h after
induction (Table 2). The amount of globin remained relatively
constant (Table 2), suggesting that there was a decrease in
globin solubility (the proportion of the total globin present in
soluble form).

The possibility that additional heme could support contin-
ued soluble rHb0.0 accumulation was tested by adding hemin
two more times, at 9 and 12 h after induction, which increased
the final heme concentration 85%, from 0.34 to 0.63 mM.
These additions prevented the decline in the soluble rHb0.0
level observed late in the fermentations described above. Sol-
uble rHb0.0 accumulated to an average of 19.2% =* 2.1% of
the soluble cell protein, and total globin accumulated to 28.4%
*+ 8.5% of the soluble cell protein (Table 3). This 75% increase
in soluble hemoglobin accumulation at 16 h after induction was
highly significant (P = 0.0005; as determined by a ¢ test of the
means). Although an increase in the soluble rHb1.1 accumu-
lation was also observed in fermentations supplemented with
higher levels of heme, the magnitude of the improvement was
much less than the magnitude of the improvement observed
with tHb0.0 (Table 3).
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TABLE 2. Effects of temperature and fermentation duration on accumulation of soluble rHb*

Strain Hb IPTG concn Temp Duratiqn of Avg % of' Avg % o_f ) No. of
(M) (°C) fermentation (h) soluble protein” total protein® fermentations?
SGE1464 rHbl.1 15 30 10 6.5 * 1.6 135 £6.0 38
SGE1483 rHb0.0 15 30 10 10.0 £ 1.1 16.8 £ 1.9 3
SGE1464 rHbl.1 100 28 10 92*28 13.0x54 7
SGE1483 rHb0.0 100 28 10 16.6 £ 0.3 239 x5.1 3
SGE1464 rHbl.1 100 28 16 109+ 1.9 21.8 3.9 12
SGE1483 rHb0.0 100 28 16 11.0 £ 0.3 225 4.0 3

“ Three aliquots of hemin were added to the fermentations. The final hemin concentration was 0.34 mM.

b Average percentage of the soluble protein present as soluble rHb.

¢ Average percentage of the total protein present as total globin protein (soluble globin plus insoluble globin).
4 Number of fermentations used to determine average soluble and total expression.

Comparison of expression of four rHbs when a higher he-
min concentration was used. Using the higher hemin concen-
tration (0.63 mM) established for rHb0.0 in 15-liter fermenta-
tions at 28°C, we examined the soluble expression of four
different recombinant hemoglobins in parallel fermentations
(Table 4). All four strains were isogenic and contained identi-
cal high-copy-number plasmids except for the following two
globin gene differences: (i) the covalent linkage which forms
di-a-globin and (ii) the presence of the BFresbyerian_globin
(Asn-108—Lys) mutation.

A significant increase in soluble expression was observed
with the two strains expressing a wild-type B-globin subunit
rather than BFresPYerian_globin (P < 0.05 as determined by
multiple-range tests). The average increase in the soluble rHb
level was approximately twofold, from ~10% of the soluble
cell protein to ~20% or more of the soluble cell protein (Table
4). A slight increase (~7 to 17%) in soluble globin protein
accumulation was correlated with expression of the di-a-globin
subunit with both wild-type and BFresbyerian_globin subunits,
but the sample number was too small to determine statistical
significance.

Soluble accumulation of BLys-82—Asp (Providence) rHb
variants. Since a mutation in the beta-globin subunit had a
profound negative effect on the soluble expression of a recom-
binant hemoglobin, a mutation that improved rather than im-
paired soluble expression was sought. One such mutation,
Providence,g,, (Lys-82—Asp), was identified. When coex-
pressed with di-a-globin (rHb9.1) (strain SGE2784), this mu-
tation improved the expression of soluble rHb by 47% to
25.3% = 5.4% of the soluble cell protein, and the level of total
globin expression increased to 44.4% *+ 12.4% (Table 5). This
improvement was apparent throughout the entire induction
period during fermentation (Fig. 1A) and resulted in an aver-
age soluble yield of 3.1 £ 0.7 g/liter. The accumulation of
soluble and total rHb9.1 was significantly greater than the
accumulation of soluble and total rHb0.1 (P < 0.05, as deter-
mined by multiple range tests) under identical conditions (Fig.

1A). Addition of the Providence,,, mutation to the Presby-
terian B-globin subunit (rHb9+1.1) resulted in a 116% in-
crease in soluble accumulation (Table 5 and Fig. 1A) com-
pared to the soluble accumulation with the Presbyterian
subunit alone (P < 0.02, as determined by a ¢ test of the
means). This rescued rHb1.1 soluble expression to a level sta-
tistically indistinguishable from the level of wild-type rHb0.1
(Table 5). Molecules that accumulated to higher levels did so
in part because a greater proportion of the protein accumu-
lating within the cells remained soluble (Table 5). The rHbs
with higher soluble expression levels (Table 5) were correlated
with higher total globin levels (Table 5) (R* = 0.99) and with
higher percentages of the total globin present as soluble rHb
(Table 5) (R* = 0.97).

The presence of the beta-globin mutations had similar ef-
fects on accumulation of a soluble recombinant hemoglobin
having a Lys-158—Cys mutation in di-alpha-globin. The pres-
ence of Providence,,, improved soluble expression from a
maximum of 11.3% with the Presbyterian beta-globin to 24.4%
(Fig. 1C). The combination of the Providence,y,, and Presby-
terian mutations in beta-globin resulted in an intermediate
level of expression with a maximum of 16.4% soluble globin
accumulation (Fig. 1C).

Improving soluble rHb9.1 accumulation by hemin addition.
A 69% increase in the hemin concentration to 1.07 mM sig-
nificantly (P = 0.001) increased the rate of soluble rHb9.1
accumulation (strain SGE3261) (Fig. 2A), and an average of
35.6% * 2.5% of the soluble cell protein was soluble rHb9.1.
These fermentations resulted in an average soluble yield of
6.0 £ 0.3 g of rHb9.1 per liter, which was almost twice the yield
(3.1 = 0.3 g/liter) obtained with the lower heme concentration
(Fig. 2A). The average total rHb9.1 globin accumulation was
55.6% = 6.9% of the soluble cell protein, and the total globin
yield from 16-h fermentation was 9.4 g/liter. A maximum ac-
cumulation of soluble rHb9.1 corresponding to 39% of the
soluble cell protein and a maximum total globin accumulation
corresponding to 65% of the total cell protein were observed in

TABLE 3. Effect of heme concentration on accumulation of soluble rHb1.1 and rHb0.0*

rHDB0.0 (SGE1483)

rHb1.1 (SGE1464)

Final hemin

concn (mM) Avg % of Avg % of No. of Avg % of Avg % of No. of
soluble protein® total protein® fermentations? soluble protein® total protein® fermentations?
0.34 11.0 = 0.3 225140 3 127+29 21.7 6.3 64
0.63 192 2.1 284 =85 3 145 3.0 23855 5

¢ Fermentations were incubated at 28°C, induced for 16 h with 100 pM IPTG, and supplemented with hemin.

b Average percentage of the soluble protein present as soluble rHb. The samples were obtained 16 h after induction.
¢ Average percentage of the total protein present as total globin protein (soluble globin plus insoluble globin).

4 Number of fermentations used to determine average soluble and total expression.
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TABLE 4. Effects of di-alpha-globin and beta-globin subunits on accumulation of soluble rHb*

% Increase in soluble

Strain rHb Alph.a— Beta-globin rls{?)luyti)gd Avg % Of. b Avg % O.f . Na. Of a expression with:
globin (glliter) soluble protein total protein fermentations Di-alpha- Wild-type
globin linker® beta-globin/
SGE1480 rHb1.0 Mono Asn-108—Lys 1.1+02 9.6 = 0.5 21.8 = 1.5 3
SGE1464 rHbl.1 Di Asn-108—Lys 1404 112 45 21.8 £ 0.7 3 17
SGE1483 rHb0.0 Mono Wild type 24 *+0.6 198 14 324+ 85 3 106
SGE2706 rHb0.1 Di Wild type 3.1x05 21234 54.0 £15.0 3 7 89

“ Fermentations were incubated at 28°C, induced for 16 h with 100 uM IPTG, and supplemented with five aliquots of hemin. The final concentration of hemin was

0.63 mM.

b Average percentage of the soluble protein present as soluble rHb. The samples were obtained 16 h after induction.

¢ Average percentage of the total protein present as total globin protein (soluble globin plus insoluble globin).

4 Number of fermentations used to determine average soluble and total expression.

¢ Percent increase in soluble expression with the di-alpha-globin linker compared to the soluble expression with the unlinked alpha-globin.
/Percent increase in soluble expression with the wild-type beta-globin compared to the soluble expression with the Asn-108—Lys beta-globin.

an individual fermentation. Silver-stained gels of the soluble
and insoluble fractions of cell lysates obtained from fermenta-
tions contained prominent di-a-globin and BF*ovidereean)_globin
bands that accounted for the majority of the protein in each of
the lysate fractions (Fig. 2B).

Extending the induction period to 24 h and adding hemin
every 3 h resulted in a marginal increase in the average soluble
rHb9.1 yield, from 6.0 = 0.3 to 6.4 = 0.2 g/liter, but did not
result in any increase in the percentage of soluble or total
rHb9.1 (Fig. 2A). However, this treatment resulted in the high-
est yield of soluble rHb9.1 from an individual fermentation (6.8
g/liter). We also tested the effect on soluble rHb9.1 accumu-
lation of adding at induction the entire amount of hemin typ-
ically distributed over the entire fermentation period. We ob-
served no significant difference in the soluble rHb9.1
accumulation when this strategy was used.

Heme-to-rHb9.1 stoichiometry. The molar concentration of
hemin was compared to the molar accumulation of soluble
rHb9.1 on a per heme basis. The molar concentration of sol-
uble rHb9.1 was calculated from the soluble yields. The molar
concentration of hemin supplied was calculated from the
known mass of hemin added. One mol of hemoglobin contains
4 mol of globin subunits (2 mol of « subunits and 2 mol of B
subunits), and each globin subunit accommodates heme; there-
fore, 1 mol of hemoglobin contains 4 mol of heme. The accu-
mulation of soluble rHb9.1 was strongly correlated with the
concentration of hemin supplied, and there was an apparently
linear relationship up to a hemin concentration of about 1 mM

(Fig. 3A). Addition of hemin to a concentration of >1 mM did
not improve the soluble rHb9.1 accumulation, indicating that
hemin was not limiting under these conditions (Fig. 3A). The
correlation between the accumulation of soluble rHb9.1 sub-
units and the concentration of hemin supplied was very strong
over the initial concentration range used (Fig. 3A) (R? = 0.90;
50 samples). The comparison revealed that an approximately
threefold molar excess of hemin was required for accumulation
of soluble rHb9.1 over a range of concentrations (Fig. 3A). We
did not observe a single sample among the 70 samples exam-
ined that was accompanied by less than a 2.5-fold molar excess
of hemin (Fig. 3A). This value was therefore considered the
lower limit of hemin excess required for maximal soluble
rHb9.1 accumulation.

To determine the relative importance of time of accumula-
tion and hemin concentration, we compared two sets of data
from different hemin supplementation experiments in which
the concentrations of hemin were nearly identical at different
times during accumulation. In one experiment a total of 0.64
mM hemin was added by 6 h after induction, and in the other
experiment 0.63 mM hemin was added by 12 h after induction.
We compared the concentrations of soluble rHb9.1 on a per
heme basis at 8 h after induction in the first experiment and at
14 and 16 h after induction in the second experiment. Regard-
less of the time since induction, the soluble rHb9.1 accumula-
tions were indistinguishable (0.22 = 0.02 and 0.19 * 0.04 mM,
respectively), suggesting that under the conditions used hemin

TABLE 5. Effects of beta-globin mutations on accumulation of soluble rHb*

Soluble - % Increase in
Strain rHb Beta-globin rHb yield SO]UAE)\{E %;o(:iin” toﬁl\llg Z;t(e)ifn" So(h(;b)ltl}ty fermlig.ta(:ifons“ soluble expression
(g/liter) P P © with Lys-82—Asp/
SGE1464 rHbl1.1 Asn-108—Lys 1.0 £0.1 8.1+14 20.6 £ 1.6 44.1 £ 4.0 3
SGE2782 rHb9+1.1 Asn-108—Lys + 2.6 £ 0.5 17.5 4.0 357+175 52.4 =102 5 116
Lys-82—Asp
SGE2706 rHb0.1 Wild type 2.1 +£0.5 172 22 37.8 £5.1 50.8 = 3.7 3
SGE2784 rHbO.1 Lys-82—Asp 3.1 %07 25354 444 + 124 582 +5.1 3 47

“ Five aliquots of hemin were added to the fermentations. The final concentration of hemin was 0.63 mM.

b Average percentage of the soluble protein present as soluble rHb.

¢ Average percentage of the total protein present as total globin protein (soluble globin plus insoluble globin).

@ Percentage of the total globin present in the soluble form. Values were determined independently for each sample. The values are not necessarily equivalent to
the values obtained by dividing the percentage of soluble rHb1.1 by the percentage of total globin since fermentations with greater globin accumulation would have
greater weight in an average value.

¢ Number of fermentations used to determine average soluble and total expression.

/Percent increase in soluble expression with the Lys-82—Asp mutation in beta-globin compared to the soluble expression with the identical beta-globin without
Lys-82—Asp.
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FIG. 1. Effects of mutations on soluble rHb accumulation. Fermentations
were incubated at 28°C, induced for 16 h with 100 uM IPTG, and supplemented
with hemin (final concentration, 0.63 mM) at 0, 3, 6, 9, and 12 h after induction.
(A) Soluble accumulation of four variants, rHb0.1 (SGE2706), rHbl.1
(SGE1464), rHb9+1.1 (SGE2782), and rHb9.1 (SGE2784), for 16 h after induc-
tion. Most symbols represent the average from three fermentations; the only
exception is the SGE2782 symbols, which represent the average from five fer-
mentations. (B) Accumulation of three variants of soluble rHb with a di-a K158C
mutations, as described above. Most symbols represents the average from four
fermentations; the only exception is the SGE3083 symbols, which represent the
average from two fermentations.

was more important than time of rHb accumulation for achiev-
ing high soluble yields.

We examined the heme lost from the medium in the 15-liter
fermentor incubated at 28°C in which rHb1.1 expression was
induced by adding 100 uM IPTG and correlated it with the
accumulation of soluble rHb. An approximately stoichiometric
relationship was observed, indicating that only the heme re-
quired to support soluble rHb accumulation disappeared from
the medium (Fig. 3B).

Accumulation of soluble rHb0.1 in heme-free fermentations.
We tested whether rHb0.1 accumulated to higher soluble lev-
els than rHb1.1 accumulated in fermentations without hemin.
When two fermentations were incubated at 28°C and induced
with 100 uM IPTG, the average soluble rHb0.1 yield was just
2.5% * 0.2% of the soluble cell protein, a value similar to the
value of obtained for rHbl.1 (26). When 10 uM IPTG was
used for induction, an average of 1.6% * 0.3% of the soluble
cell protein was soluble rHb0.1. By dividing the soluble rHb0.1
accumulation in the absence of hemin by the accumulation in
the presence of hemin, we estimated that a maximum of 12 to
15% of the accumulation in the presence of hemin was due to
E. coli heme biosynthesis.

Functionality of rHbs. Samples of six variants of recombi-
nant hemoglobins were purified. Two parameters of function-
ality, oxygen binding affinity and cooperativity, were measured
(Table 6). As expected, the hemoglobin mutations affected
oxygen binding in the recombinant molecules to approximately
the same degree that they affected oxygen binding in the native
hemoglobin molecules (3, 21). The correlations between the
two functional parameters and between each parameter and
the soluble expression levels were examined. The two func-
tional parameters were not correlated with each other (R* =
0.04; P = 0.69). In spite of this, these parameters were equally
correlated with soluble expression (R* = 0.46 for oxygenbind-
ing affinity [P = 0.14] and R* = 0.47 for cooperativity [P =
0.13]). This indicates that low oxygen binding affinity and/or
cooperativity may be correlated with higher soluble expression.
However, since the P values were greater than 0.1, the corre-
lation was not statistically significant, and additional testing
would be required to verify this observation.

In addition, a sample of soluble rHb9.1 from a fermentation
yielding 3.7g/liter was examined for norvaline substitution,
which was observed previously in rHb1.1 (1, 27). The level of
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FIG. 2. rHb9.1 accumulation. (A) Soluble rHb9.1 (SGE3261) fermentation
yields under two different heme conditions and with two different lengths of
induction. Symbols: A, average soluble rHb9.1 concentrations obtained with the
original heme concentration (0.63 mM); @, average soluble rHb9.1 concentra-
tions in three fermentations supplemented with heme (final concentration, 1.07
mM) at 0, 3, 6, 9, and 12 h; m, soluble rHb9.1 concentrations in four fermenta-
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24 h. The globin bands are indicated by the arrows (upper arrow, di-a-globin;
lower arrow, B-globin). Lane S, soluble lysate fraction; lane I, insoluble lysate
fraction.

norvaline was below the limit of quantitation, indicating that
high-level soluble expression did not increase the level of mis-
incorporation of this amino acid.

DISCUSSION

Measurements of the insoluble protein contents in fermen-
tations yielded evidence that reductions in soluble hemoglobin
levels were due to conversion into insoluble globin. Loss of
heme as a mechanism for turnover of soluble hemoglobin into
insoluble globins has been well-characterized (20). The rate of
turnover was consistent with an 11-h half-life for rHb1.1. in E.
coli flask cultures (28), raising the possibility that when heme
became limiting (when the level dropped below a required
stoichiometric level), soluble accumulation ceased and turn-
over of rHb was driven primarily by heme loss, followed by
insoluble aggregation.

Many unstable human hemoglobin mutants that were found
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FIG. 3. (A) Comparison of accumulation of soluble rHb9.1 heme sites with
the concentration of hemin supplied. The symbols represent 70 individual sam-
ples. One heme site is present in each « subunit and B subunit; therefore, there
are four sites per hemoglobin molecule. The heavy line represents a threefold
molar excess of hemin with respect to heme binding sites in hemoglobin. The
light line represents a 2.5-fold molar excess of hemin. (B) Hemin uptake and
hemoglobin production. Symbols: m, independent measurements of hemin loss
from the fermentation broth; @, time course for rHb production converted to the
amount of hemin required for each level of rHb accumulation, assuming that
there are four heme molecules per rHb molecule.
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TABLE 6. Effects of beta-globin mutations on rHb functionality

Oxygen
Alpha- . binding Cooperativity
globin rHb Beta-globin affinity (nMax)
(P50)
Di rHb0.1 Wild type 10 22
rHb9.1 Lys-82—Asp 15 2.0
rHbl.1 Asn-108—Lys 31 2.4
rHb9+1.1 Asn-108—Lys + 44 22
Lys-82—Asp
Mono rHb0.0 Wild type 15 2.6
rHb1.0 Asn-108—Lys 36 2.5

in vivo in inclusion bodies contained heme, as did in vitro
heat-precipitated forms of mutant hemoglobins (24). Heme
may stabilize some globin conformations even in insoluble
aggregates, and the absence of heme from one or more of the
four hemoglobin subunits may lead to insolubility and rapid
turnover of the subunits (28). Although globin can accept
heme before it is released from the ribosome in eukaryotic
cell-free translation systems (15), it is unclear whether this
occurs in bacteria. Unlike the situation in eukaryotes, globin
probably cannot complete folding into its native configuration
until it is released from the ribosome in E. coli (22). Therefore,
without heme, apo-globin can be likened to a trapped folding
intermediate.

In fermentations supplemented with increased heme, sev-
eral globin variants exhibited greater soluble hemoglobin ac-
cumulation than seen with rHb1.1. The abilities of different
globins to accumulate to different levels may be understood in
terms of the stability of the apo-globin. In myoglobin, the levels
of expression of a series of mutants were shown to be related
to the stability of the folded apo-globin (7, 8). Thus, the rate of
formation of functional myoglobin or hemoglobin is a function
of the concentration of heme and the concentration of apo-
globin in a classical bimolecular manner (Fig. 4).

The reversible bimolecular reaction combining apo-globin
and heme to form hemoglobin can best be encouraged by
increasing the concentration of one or both reactants, but this
reaction competes with aggregation of apo-globin, a terminal
side reaction. Either hemoglobin can aggregate into insoluble
hemoglobin that still contains heme or dissociation of heme
from one or more subunits may be a prerequisite. Accumula-
tion of soluble hemoglobin is very sensitive to (i) the rate of
globin synthesis, (ii) the heme pool within the cells, and (iii)
the stability of the apo-globin (30), as discussed below.

In each experiment in this study, the expression strains and
plasmids were identical, as were the fermentation and induc-
tion conditions. Therefore, approximately the same amount of
protein synthesis occurred for each rHb variant. No significant
differences in cell growth were observed, suggesting that the
rHb variants did not have different toxic effects on the cells,

[extracellular heme]

«

synthesis — fapo-globin] + [heme] - [hemoglobin]
{ {

[insoluble globin] [insoluble hemoglobin]

FIG. 4. A simplified reaction for the formation of hemoglobin. The revers-
ible biomolecular reaction combining apoglobin and heme depends on the con-
centration of the reactants (concentration denoted by brackets). Irreversible
aggregants compete as side reactions, and the concentration of the reactant
heme inside the cell is driven by the extracellular heme concentration.
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which could have accounted for the differences in the percent-
ages of the soluble protein accumulating as soluble rHb.

The extracellular heme concentration was manipulated in
order to influence the intracellular heme concentration. The
use of identical expression strains imposed the same heme
transport (diffusion) and biosynthetic capacities on the cells
expressing all rHb variants. The E. coli strains were sufficiently
heme permeable to allow a heme protein, rHb9.1, to accumu-
late to levels that were equivalent to almost 40% of the soluble
protein in the cell. Since very high soluble expression of rHbs
always required a >2.5-fold molar excess of heme, this excess
may be required for sufficient diffusion across the cell mem-
brane to maintain an intracellular heme concentration high
enough to drive the bimolecular reaction of heme with globin.
Fermentations not supplemented with heme accumulated only
~12 to 15% of the soluble rHb0.1 accumulated when hemin
was added, indicating that biosynthesis of heme contributes
little to the soluble globin and therefore to the heme pool
within the cells. In addition, exogenous hemin probably sup-
presses endogenous heme production in E. coli, so the actual
contribution of endogenous heme to soluble rHb accumulation
is probably much less than the estimated contribution.

Mutations which influence protein solubility were presumed
to affect apo-globin stability and therefore, concentration by
reducing the terminal aggregation side reaction of apo-globin.
More than 29% the more than 200 human hemoglobin beta-
chain variants investigated previously were unstable (4). Insta-
bility of hemoglobin protein containing the Presbyterian mu-
tation has been observed previously (14). This instability
probably had an impact on the accumulation of soluble rHb1.1
in E. coli, which was approximately one-half the accumulation
of rHb0.1 containing wild-type Asn-108 instead of lysine. With
the Presbyterian mutant, the apo-globin aggregation reaction
most likely dominates the soluble accumulation rate (30).
However, no significant difference in the stabilities of these
globin proteins was observed in the gas phase by mass spec-
troscopy (1a).

The Providence,,,, mutation occurs at a key residue in the
DPG binding cleft (Lys-82; EF6) between the two beta-globin
subunits in the hemoglobin tetramer (Fig. 5). This anion-bind-
ing cleft is lined with at least six positively charged residues,
three from each beta-globin (His-2, His-143, and Lys-82). In
the absence of DPG or inositol hexaphosphate, such as during
accumulation of rHbs in E. coli, electrostatic repulsion be-
tween these residues may destabilize or even partially denature
the beta-globin structure. Replacement of the normally occur-
ring positively charged lysine by a negatively charged aspartate
introduces a counterion into the DPG pocket, which may form
an electrostatic interaction with His-143 (3), which is likely to
stabilize the beta chain. This could account for the improved
accumulation of soluble rHb9.1 compared with the accumula-
tion of soluble rHb0.1, which contains the wild-type lysine at
position 82. The charge substitution may also increase the rate
of hemoglobin assembly by reducing the electrostatic repulsion
in this region. Differences in accumulation of stable hemoglo-
bin variants in humans appear to be correlated with differences
in subunit assembly rates (4).

It is likely that the same Lys-82—Asp (Providence) substi-
tution could stabilize and improve the accumulation of other
soluble recombinant hemoglobin molecules, since all such
molecules are typically expressed without DPG present. This
was observed with a di-a-globin mutant rHb, Lys-158—Cys,
in which the presence of Providence,,) more than doubled
the soluble globin accumulation. The addition of the Provi-
dence,,y mutation to rHb1.1 to create rHb9+1.1 resulted in
a more than twofold increase in soluble expression, rescuing
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FIG. 5. Principal amino acids in the DPG binding pocket at the interface between the two beta subunits (81 and B2). (A) Native hemoglobin with a lysine at position
82. (B) Hemoglobin Providence,,, with an aspartate at position 82. The positions of the amino acids in B-globin are indicated; the designations in parentheses are
helical structure designations. The interface between the two  subunits is indicated by a dashed diagonal line.

the Presbyterian mutation by restoring the soluble expression
to wild-type levels. In addition to improving soluble globin
accumulation, rHb variants also increased total globin accu-
mulation. This implied that soluble hemoglobin is more stable
than the insoluble protein; otherwise, an improvement in sol-
ubility would not be expected to increase the total globin levels
but merely would reallocate more of the total globin to the
soluble form. Our interpretation is consistent with the results
of pulse-chase experiments in which we observed a much
shorter half-life for insoluble globin than for soluble globin
(28). Thus, the greater the amount of globin maintained in the
soluble form, the greater the total globin accumulation ex-
pected, since the insoluble globin is more rapidly removed.

The rHb affinity for heme theoretically could contribute to
the difference in soluble rHb accumulation by eliminating or
reducing the denaturation of hemoglobin to apo-globin plus
heme. While the stability of myoglobin (and by analogy, he-
moglobin) depends on the affinity for heme (7), this does not
necessarily apply to the forward reaction (i.e., folding and
hemoglobin formation). High rates of heme loss from myoglo-
bin were not necessarily correlated with unstable apo-globin
and vice versa (8). Although the Providence,g,, mutation re-
sulted in a lower oxygen affinity, this was most likely due to
stabilization of the T-state (low affinity) of hemoglobin in the
absence of DPG, not to changes in the heme pocket (3). Be-
cause of their location relative to the heme pocket, we do not
believe that the mutations studied here affected soluble expres-
sion because of significant changes in heme affinity.

This study demonstrated that increases in accumulation of
soluble mutant rHbs were correlated with increases in the
proportion of rHb accumulating as soluble protein rather than
insoluble protein. This supports the model in which mutations
reduced the terminal aggregation side reaction and thus in-
creased the soluble yield. Increased heme supply supported
higher soluble yields of mutant rHbs, which corroborated the
bimolecular reaction model. In this study using rHbs, we ob-
tained what we believe are the highest soluble expression yields
for a heterogous, complex, multiple-subunit protein with a
prosthetic group (heme) ever obtained in E. coli (6.4 g/liter).
Maintenance of a threefold molar excess of heme was critical
to accumulation of soluble globin. Our study confirmed that
rHbs can be very significantly overproduced in E. coli. In ad-
dition, the results of the study of recombinant hemoglobin
mutants provide new and useful model for the effects of mu-
tations on protein folding and subunit assembly.
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