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Coexpression of di-a-globin and b-globin in Escherichia coli in the presence of exogenous heme yielded high
levels of soluble, functional recombinant human hemoglobin (rHb1.1). High-level expression of rHb1.1 pro-
vides a good model for measuring mistranslation in heterologous proteins. rHb1.1 does not contain isoleucine;
therefore, any isoleucine present could be attributed to mistranslation, most likely mistranslation of one or
more of the 200 codons that differ from an isoleucine codon by 1 bp. Sensitive amino acid analysis of highly
purified rHb1.1 typically revealed <0.2 mol of isoleucine per mol of hemoglobin. This corresponds to a
translation error rate of <0.001, which is not different from typical translation error rates found for E. coli
proteins. Two different expression systems that resulted in accumulation of globin proteins to levels equivalent
to ;20% of the level of E. coli soluble proteins also resulted in equivalent translational fidelity.

Protein synthesis in living organisms, the ultimate step in bi-
ological information transfer, is also the most error-prone step.
In Escherichia coli, 2 to 20 translation errors typically occur in
every 10,000 codons translated (15). Errors can occur through
incorrect charging of tRNAs (misaminoacylation), incorrect
pairing of noncognate tRNAs with codons (missense errors),
frameshifting and drop-offs (processivity errors), misreading of
sense codons as terminators (false termination), or misreading
of terminators as sense codons (termination readthrough) (13;
reviewed in references 2, 5, 8, and 15). Growth conditions, par-
ticularly starvation for one or more amino acids, can signifi-
cantly increase the translation error rates (15, 16). The rates at
which many of these errors occur are also exacerbated by the
presence of codons whose cognate tRNAs are rare in E. coli
(reviewed in reference 6). For this reason, most heterologous
proteins are overexpressed in E. coli from genes whose codon
bias has been altered to conform to that typical of E. coli (6).

Missense errors resulting from incorrect pairing of noncog-
nate tRNAs with mRNA codons are the most frequent trans-
lation errors under general growth conditions (8). These errors
are attributed to recognition of a codon by a tRNA containing
a less-than-perfect anticodon nucleotide match, as described
by the wobble hypothesis and the two-out-of-three hypothesis
(reviewed in reference 2). Missense errors have been measured
at specific sites, including in recombinant methionyl human
granulocyte colony-stimulating factor, which contained Gln
substitutions for His (12), or in general throughout the protein,
including in mouse epidermal growth factor (mEGF) (18). The
general missense errors were measured by analyzing mEGF for
the presence of phenylalanine not encoded by the gene (18).
Radiolabeled Phe and Leu were incorporated into mEGF, and
the ratio of these amino acids indicated that there was a mis-
sense error rate of 2 3 1022. This translation error rate is 1 to
2 orders of magnitude higher than the rates typical for E. coli
protein synthesis. However, no other studies of missense errors
in intact overexpressed proteins have confirmed that this is a
general phenomenon for highly expressed heterologous pro-
teins in E. coli.

Functional recombinant human hemoglobin (rHb1.1) is pro-
duced in E. coli as a heterotrimer when there is concomitant
expression from a plasmid-borne operon of di-a and b subunits
and exogenous heme is provided (10). Di-a-globin is a pair of
a-globin molecules that are genetically linked to prevent ab
dimerization and thereby reduce renal filtration and extend the
intravascular half-life (11). Low-level mistranslation of rHb1.1
by misaminoacylation resulting in norvaline substitution for
leucine has been observed (1). In this study, we examined the
missense error rate by a technique which we call absent amino
acid analysis (AAAA). Using this technique, we detected trace
amounts of isoleucine, which is not encoded by the rHb1.1
genes. Therefore, the isoleucine content of the purified hemo-
globin reflected a specific class of missense errors. The study
described here had two advantages over previous studies: (i)
very highly purified protein samples were used, so contribu-
tions of contaminants were negligible; and (ii) a sensitive direct
method was used to measure traces of isoleucine by AAAA
rather than radiolabeling.

MATERIALS AND METHODS

Hemoglobin expression and purification. E. coli SGE1662 (19) contains
pSGE705, a medium-copy-number pBR-based plasmid with di-alpha- and beta-
globin genes in which most codons conform to the E. coli bias. These genes are
in an operon whose transcription is dependent upon the tac promoter (11) and
express rHb1.1. A similar high-copy-number plasmid containing the pUC origin
of replication was used to express rHb1.1 in SGE1464 (19).

Fermentations were performed at 28 to 30°C in defined medium in 15-, 600-,
and 1,500-liter fermentors generally as described by Looker et al. (10) and
Weickert et al. (20). Expression was induced by adding isopropyl-b-D-thiogalac-
topyranoside (IPTG) to a concentration of either 55 mM (SGE1662) or 100 mM
(SGE1464). IPTG was added when the optical density at 600 nm was approxi-
mately one-third the expected final cell density. Incubation was continued for 10
to 16 h postinduction, and hemin was added to a concentration of ;0.2 g/liter
(SGE1662) or ;0.4 g/liter (SGE1464). One-milliliter samples were withdrawn,
placed in 1.7-ml Eppendorf tubes, and centrifuged for 3 min, and the superna-
tants were removed. The pellets were stored at 280°C until they were assayed for
soluble and/or insoluble rHb1.1, as described by Weickert and Curry (19) and
Weickert et al. (20). rHb1.1 was purified as described by Plomer et al. (17). The
functionality of the purified rHb1.1 samples was determined as described by
Hoffman et al. (4). Purified protein was characterized by trypsin mapping per-
formed as described by Lippincott et al. (9), and a liquid chromatography-mass
spectrometry analysis was performed as described by Apostol et al. (1).

Measurement of E. coli proteins. The amounts of E. coli protein contaminants
in purified rHb1.1 samples were determined by a proprietary enzyme-linked
immunosorbent assay (ELISA) by using antibodies developed at Somatogen.
After identical fermentation of an equivalent strain containing plasmids from
which the rHb1.1 genes were removed, E. coli proteins were recovered by
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purification of a lysate. This produced antibodies that were more sensitive than
commercial anti-E. coli protein reagents and that could be used to detect protein
contaminants in an rHb1.1 sample which were present at levels too low to be
visualized by gel electrophoresis.

Amino acid analysis. Purified rHb1.1 samples were subjected to gas phase
hydrolysis at 165°C for 1.5 h in the presence of 6 N HCl containing 0.1% phenol
with a Savant AminoPrep model AP100 hydrolyzer. Levels of norvaline substi-
tution were determined by a modified ortho-phthaldehyde method as described
in Apostol et al. (1). Other amino acids were analyzed by precolumn derivati-
zation with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC). The
standard AccQ-Tag method was used to derivatize amino acids. AQC derivatives
of amino acids were separated on a Zorbax XDB C8 column (2 by 150 mm) by
using a model HP 1090IIM chromatograph. Separation was monitored by exam-
ining fluorescent signals (excitation at 254 nm, emission at 395 nm) and UV
signals (254 nm). The UV signal was used to determine the concentration of all
amino acids except Ile, and the amplified fluorescent signal was used to deter-
mine the isoleucine content (Fig. 1). One level of calibration at 125 pmol/
injection was used for the UV signal. Solvent A was diluted AccQ-Tag eluant A
from Waters (1,000 ml of water, 85 ml of concentrated eluant A). Solvent B was
48% acetonitrile–12% isopropanol in high-performance liquid chromatography
grade water. Separation was accomplished by using the following gradient con-
ditions: 1% solvent B at zero time, 4% solvent B at 1 min, 20% solvent B at 16
min, 37% solvent B at 40 min, 100% solvent B from 42 to 46 min, and no solvent
B at 47 min. A hydrolysate of hemoglobin from sample 79 (Table 1) was used to
calibrate the assay and to determine the degree to which low levels of isoleucine
added to the sample were recovered. This hydrolysate was used as the matrix,
and different levels of amino acid standards, including Ile, were added. The areas
under Ile peaks (fluorescent signal) were plotted versus the amounts of Ile added
(Fig. 2). The levels of recovery of small amounts of added Ile (0.5 and 1.0 pmol)
exceeded 100% (130 and 118%, respectively) because of the small amount of Ile
already present in the hydrolysate. This small amount of native isoleucine was
not significant when the larger amounts (2.0, 5.0, and 10.0 pmol) of Ile were
added; under these conditions the average level of recovery was 102%. The area
under the Ile peak was proportional to the amount added, with an R2 value of
0.9987 and a P value of 1.1 3 1026. The inverse of the slope represented the
color factor (extinction coefficient) used to determine low levels of isoleucine in

a hemoglobin matrix. The level of Ile in an unknown sample was calculated by
multiplying the area under the Ile peak by the color factor.

Sample 94 (Table 1) was used as a reference sample for determining the
precision and consistency of the Ile analyses. Aliquots of sample 94 were hydro-
lyzed and analyzed multiple times. The molar content of Ile in hemoglobin was
calculated by using the three most stable amino acids, Leu, Val, and Ala, as the
references. The value reported for each experiment was the mean number of
moles of Ile per mole of rHb1.1 calculated by using these three amino acids. On
average, 0.102 mol of Ile/mol of rHb1.1 was found in sample 94, and the standard
deviation was 0.036 mol (relative standard deviation [RSD], 35%) (Table 2). In
low-level amino acid analyses factors such as foreign particles, cross contamina-
tion, traces of glove powder, etc. may contribute to relatively large errors.

RESULTS
Expression and purification of rHb1.1. rHb1.1 was pro-

duced in E. coli with medium-copy-number (SGE1662) and
high-copy-number (SGE1464) plasmids containing the di-al-
pha-globin and beta-globin genes in an operon under control
of the tac promoter (4, 10, 19, 20). In eight fermentations of
SGE1662 approximately 5.4% of the soluble E. coli protein was
soluble rHb1.1 (Fig. 3A). In two fermentations of SGE1464
the average level of soluble rHb1.1 accumulated was 13.4%
of the soluble E. coli proteins (Fig. 3A). Western blot assays of
the insoluble and soluble fractions of recombinant hemoglo-
bins from SGE1464 lysates indicated that approximately one-
third (37% 6 3%, as determined by densitometry scanning) of
the globins were insoluble (Fig. 3B). In SGE1464, this corre-
sponded to a maximum accumulation of total hemoglobin
equivalent to approximately 20% of the E. coli proteins, which
is consistent with previous observations (20).

Soluble rHb1.1 was recovered and rigorously purified and
the final yield was 20 to 36% of the starting material (Table 1).

FIG. 1. Magnified portion of chromatogram from an amino acid analysis
(sample 94-3A) (Table 2), showing resolution of Ile and Val-Val dipeptide. The
lines used to establish a baseline and to separate the Val-Val and Ile peaks in
order to enable peak integration and Ile quantitation are shown.

FIG. 2. Calibration curve for Ile. Hydrolysate of sample 79 was used as the
matrix, and different levels of amino acid standards, including Ile, were added.
Areas under the Ile peak were plotted versus the amount of added Ile. The
inverse of the slope represents the color factor for a low level of isoleucine in a
hemoglobin matrix (R-squared 5 0.9987 and P value 5 1.1 3 1026). Fl, fluo-
rescence.

TABLE 1. Attributes of purified rHb1.1 samplesa

Sample

rHb1.1
functionality E. coli protein

concn (ppm)b
mol of norvaline/

mol of rHb1.1
Overall

yield (%)
P50 Hill max

74 28.8 2.4 ,0.16 0.10 31
75 29.4 2.4 1.30 ,0.04 20
76 28.7 2.4 0.42 0.35 35
77 31.1 2.4 0.39 0.09 27
78 31.6 2.5 ,0.16 0.19 35
79 30.7 2.4 ,0.16 0.20 36
80 31.8 2.5 ,0.16 0.32 33
81 31.6 2.4 0.20 0.08 31
94 30.2 2.5 ,0.16 0.36 20

a The RSDs for P50, Hill max, E. coli protein concentration, and proportion of
norvaline were 2.3, 2.1, 25, and 8.9%, respectively.

b As determined by the ELISA.

TABLE 2. Consistency and precision of the Ile assay

Sample

Amt (pmol) of amino acids as
determined by AAAAa

Proportions of Ile compared
with other amino acids

Ile Leu Val Ala Ile/
Leub

Ile/
Valc

Ile/
Alad Avge

94.1A 0.775 441.72 366.64 446.37 0.126 0.125 0.125 0.125
94-1B 0.969 433.16 357.89 434.71 0.161 0.160 0.161 0.160
94-1C 0.527 431.99 358.57 435.29 0.088 0.087 0.087 0.087
94-2A 0.407 426.67 357.40 436.13 0.069 0.067 0.067 0.068
94-3A 0.633 452.58 374.31 446.11 0.101 0.100 0.102 0.101
94-3B 0.400 411.50 344.01 418.50 0.070 0.069 0.069 0.069

a Each rHb1.1 molecule contains 72 leucine residues, 59 valine residues, and
72 alanine residues.

b Calculated as follows: (picomoles of Ile/picomoles of Leu) 3 72.
c Calculated as follows: (picomoles of Ile/picomoles of Val) 3 59.
d Calculated as follows: (picomoles of Ile/picomoles of Ala) 3 72.
e The overall average 6 standard deviation was 0.102 6 0.036, and the RSD

was 35%.

1590 WEICKERT AND APOSTOL APPL. ENVIRON. MICROBIOL.



The level of E. coli proteins was measured by the ELISA, and
in the majority of samples the levels of E. coli proteins were
below the level of detection (,0.16 ppm relative to rHb1.1)
(Table 1). The presence of very pure rHb1.1 was confirmed by
trypsin mapping and reversed-phase chromatography along
with mass spectrometry (9). The functionality of the purified
rHb1.1 was also assessed, and the values for all samples were
within the expected range of values for oxygen affinity and
cooperativity (Table 1). Rigorous purification of rHb1.1 al-
lowed us to assess the amino acid composition without worry-
ing about potential contamination of the signal by E. coli pro-
teins (Table 1).

Measurement of the isoleucine content of rHb1.1. An anal-
ysis to determine the absent amino acid was the analytical
method used to determine the isoleucine content in several
samples of hemoglobin produced by two different strains (Ta-
ble 3). Highly purified rHb1.1 samples were subjected to hy-
drolysis followed by amino acid analysis as described above.
AQC derivatives of amino acids were separated on a reversed-
phase column, and the concentrations of all amino acids except
isoleucine were determined from the UV signal. The highly

amplified fluorescent signal was used only to determine isoleu-
cine content (Fig. 1). Special care was taken to resolve the
residual Val-Val dipeptide from Ile to avoid interference. The
Val-Val dipeptide results from incomplete hydrolysis of the
peptide bond (3), which occurs twice in b-globin.

The number of moles of isoleucine in 1 mol of rHb1.1 was
divided by the number of codons in rHb1.1 that differed from
the Ile codons by one base to calculate the frequency of this
class of mistranslation error. A total of 200 of the 575 codons
in the sequence of recombinant hemoglobin met this criterion.
Three of these codons encode initiating methionines (one for
di-a subunits of rHb1.1, two for b subunits of rHb1.1), and they
typically could be excluded, except that initiation of heterolo-
gous protein translation by isoleucine has been observed in E.
coli (7). Exclusion of these three amino acid codons should
have had little effect on the calculated rate of translation error.
The calculated translation error rate did not exceeded 0.0011,
and one-third of the samples had a translation error rate of
#0.0002 (Table 2). It was estimated that the lower limit of
quantitation for Ile determinations was 0.05 mol of Ile per mol
of rHb1.1, which corresponds to a translation error rate of
0.0002. This is equivalent to two translation errors in every
10,000 translations of rHb1.1 codons that differ from isoleucine
codons by one nucleotide. The observed levels of translation
error did not correlate with hemoglobin functionality measure-
ments for oxygen affinity (P50) and cooperativity (Hill max)
(Tables 1 and 3). There was a considerable distribution of error
rates among the various purification yields (Fig. 4).

Measurement of the norvaline content of rHb1.1. Another
type of mistranslation has been observed in rHb1.1; this type of
mistranslation, substitution of norvaline for leucine, arises by
misaminoacylation and depends on conditions during cell growth
(1). Norvaline substitutions in rHb1.1 occur late in fermenta-
tions after most cell protein mass has already accumulated (1);
thus, norvaline is not typically found in E. coli proteins. Highly
purified rHb1.1 samples were analyzed for the frequency of
this substitution. The level of norvaline measured in purified
rHb1.1 varied by at least 1 order of magnitude (Table 1). The
frequency of this substitution was not correlated with the pu-
rification yield, with the level of isoleucine misincorporation
(Fig. 4), or with hemoglobin functionality (P50, Hill max) (Ta-
ble 1).

Another advantage of examining norvaline substitution is
that since norvaline is not typically found in E. coli proteins,
contaminants should not interfere with measurements of nor-
valine in rHb1.1 in crude samples. We studied norvaline sub-
stitution throughout purification to see if bias was introduced
into the final pure sample by removal of the substituted pop-
ulation. Several additional fermentations were performed un-
der conditions likely to generate relatively high levels of nor-
valine substitution (1). The norvaline substitution levels in
crude rHb1.1 from two early purification steps were compared
to norvaline levels in final, highly purified rHb1.1 (Table 4).

FIG. 3. rHb1.1 expression. (A) Accumulation of soluble rHb1.1 during fer-
mentation in E. coli SGE1662 and SGE1464. N is the number of fermentation
preparations from which samples were taken. Except for the last time point, most
but not all preparations were assayed for each time point. (B) Western blot of
soluble (lane S) and insoluble (lane I) globin from an SGE1464 fermentation cell
lysate.

TABLE 3. Isoleucine contents of different lots of
rHb1.1 and estimated translation errors

Sample Strain mol of Ile/mol
of rHb1.1

Translation
error rate

44 SGE1662 BLOQa #0.0002
46 SGE1662 BLOQ #0.0002
47 SGE1662 BLOQ #0.0002
51 SGE1662 0.18 0.0009
74 SGE1662 0.17 0.0008
75 SGE1662 0.20 0.0010
76 SGE1662 0.15 0.0007
77 SGE1662 0.18 0.0009
78 SGE1662 BLOQ #0.0002
79 SGE1662 BLOQ #0.0002
80 SGE1662 0.09 0.0004
81 SGE1662 0.07 0.0004
94 SGE1662 0.18 0.0010
151 SGE1464 0.05 #0.0002
601 SGE1464 0.22 0.0011

a BLOQ, below limit of quantitation (,0.05 mol of Ile/mol of rHb1.1).

TABLE 4. Norvaline levels during rHb1.1 purification

Prepn

mol of norvaline/mol
of rHb1.1 ina:

Sample 88 Sample 90 Sample 91

Crude prepn I (before heat treatment) 0.48 0.24 0.23
Crude prepn II (after heat treatment) 0.54 0.30 0.29
Final pure rHb1.1 prepn 0.40 0.27 0.27

a The final pure preparation/crude preparation I ratios for samples 88, 90, and
91 were 0.833:1, 1.125:1, and 1.174:1, respectively.
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Purification did not significantly influence the quantity of nor-
valine in the samples. The norvaline level in highly purified
rHb1.1 was 104% 6 15% of the level found in crude rHb1.1
pools.

DISCUSSION

A serious dilemma confronts investigators attempting to de-
termine translation error in specific proteins. A crude protein
preparation represents a large sample of the population of
protein molecules of interest, but contaminants can produce
misleading signals; however, a highly purified protein prepara-
tion could be biased if the purification procedure selectively
eliminates the mistranslated members of the population. In
addition, many of the proteins studied contain at least one
residue of each amino acid. Therefore, researchers analyzing
the inappropriate presence of absent amino acids frequently
rely on only a fragment of the protein and extrapolate mis-
translation of the whole protein from the measurement ob-
tained for this fragment (2, 15). Our approach examines mis-
translation in the whole protein and avoids signals arising from
contaminants. Several lines of evidence indicate that rigorous
sample purification is unlikely to bias our results significantly.
We examined translational fidelity during overexpression of
recombinant hemoglobin by taking advantage of the absence
of isoleucine in the amino acids of rHb1.1. Therefore, most of
the isoleucine found in purified rHb1.1 samples could be at-
tributed to mistranslation. Misacylation could also have ac-
counted for some Ile in rHb1.1 samples, but the fidelity of
aminoacylation is generally greater than ribosome fidelity by at
least 1 order of magnitude (5), so this class of translation errors
probably contributed little to the Ile detected in these experi-
ments.

Many (33%) of our samples had no quantifiable translation
error (error rate, #0.0002). The average number of errors for
rHb1.1 translation was 6 in 10,000 codons (Table 3). This is
within the normal range of the error rates measured for ho-
mologous proteins in E. coli. When the samples with error
rates of #2 3 1024 were not included in the analysis, the upper
estimate of the error rate was 8 3 1024. There was no signif-
icant difference between the two strains studied, even though
the level of rHb1.1 accumulation was much higher in SGE1464.
The average error rate for SGE1662 was 0.0005 6 0.0003 (n 5
13), while the average error rate for SGE1464 was 0.0007 6

0.0005 (n 5 2), suggesting that higher levels of soluble and/or
total globin expression did not increase mistranslation in highly
purified samples. The average error rate for purified soluble
rHb1.1 (#6 3 1024) was at least 2 orders of magnitude lower
than the average error rate for another highly expressed re-
combinant protein, recombinant mEGF (18).

Purification can affect the measurement of translation error
in two ways; first, contaminating E. coli protein can contribute
an isoleucine signal in AAAA, and second, the purified sample
may be biased by the purification techniques if they eliminate
a higher proportion of the mistranslated protein. Since the
level of E. coli protein can result in an overestimate of Ile, we
measured the E. coli protein contents of our samples. Only one
rHb1.1 sample contained more than 1 ppm of E. coli proteins,
and most E. coli protein levels were below the limit of quan-
titation (,0.16 ppm). A sample containing 0.1 mol of Ile per
mol of rHb1.1 would require about 0.4% E. coli protein con-
tamination, assuming that E. coli proteins contain 5% Ile,
which is typical (Table 5). The levels of E. coli proteins in our
samples were at least 3 to 4 orders of magnitude lower than
this and therefore could not significantly contribute to the Ile
signal measured.

Purification bias might be introduced if it selectively re-
moves molecules containing mistranslations, resulting in a vir-
tually error-free product. The scatter plot of the Ile mistrans-
lation levels distributed among the various purification yields
(Fig. 4) did not reveal any purification bias that affected our
results. We simultaneously measured a second, independent
mistranslation event, norvaline substitution for leucine, which
is due to misaminoacylation (1). We reasoned that the levels of
amino acid misincorporation, whether occurring by mistrans-
lation or misaminoacylation, should be similarly affected by the
protein purification procedure. Again there was no correlation

FIG. 4. Relationship between purification yield and amino acid misincorpo-
ration. Misaminoacylation produced norvaline (Nval), shown as the percentage
of norvaline substituted for leucine, and missense substitutions (subst.) intro-
duced isoleucine, shown as the error rate per codon translated.

TABLE 5. Amino acid compositions of rHb1.1
and typical E. coli proteins

Amino
acid

No. of
residues in

rHb1.1

mmol/g of
rHb1.1

mmol/g of E. coli
protein (avg)a

% Change in
distributionb

Ala 72 1,159 887 8
Arg 12 193 511 216
Asn 18c 290 416 28
Asp 30 483 416 4
Cys 6 97 158 210
Glu 24 386 455 24
Gln 8 129 455 218
Gly 41 660 1,058 29
His 38 612 164 68
Ile 0 0 502 225
Leu 72c 1,159 778 12
Lys 46c 741 593 6
Met 9c 145 265 211
Phe 30c 483 320 13
Pro 28 451 382 5
Ser 32 515 373 10
Thr 32c 515 438 4
Trp 6 97 98 20
Tyr 12 193 238 25
Val 59c 950 731 7
Total 575 9,258 9,238 0

a Calculated by using the data of Neidhardt and Umbarger (14).
b Percent change in amino acid distribution in the total protein of E. coli cells

when the level of rHb1.1 expression was 25%.
c Some but not necessarily all of the codons for this amino acid are identical

to an Ile codon at two of the three positions; 200 of the 575 codons tested were
identical to an Ile codon at two of the three positions.
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between the purification yield and the level of norvaline sub-
stitution (Fig. 4) or between norvaline misincorporation and
isoleucine misincorporation (Fig. 4). In addition, norvaline is
not typically found in native E. coli proteins, which allowed us
to easily measure norvaline substitution in upstream (crude)
samples. The proportions of this mistranslation were the same
for crude rHb1.1 and for highly purified rHb1.1, indicating that
purification did not affect norvaline mistranslation measure-
ments. We also saw no evidence that the rate of either type of
mistranslation correlated with rHb1.1 functionality (Tables 1
and 3).

Although highly purified, our samples represented a large
portion of the soluble rHb1.1, averaging about 30% of the
starting material in the experiments. Since the soluble rHb1.1
accounts for at least 60 to 65% of the total globin protein,
purified samples included 20 to 30% of the total globin. There-
fore, the measured rate of translation error was the average
rate for a large fraction of the total globin population. It may
have represented the lower limit of mistranslation for globin,
but was unlikely to differ a great deal from the rate for the
entire globin population, assuming that translation errors are
normally distributed among proteins and Ile-substituted pro-
teins behave like norvaline-substituted proteins during purifi-
cation. In rHb1.1, most of the globin codons have been opti-
mized for E. coli expression (4, 10). Since translation errors are
strongly context dependent (15), codon optimization may have
removed the opportunities for mistranslation at a rate other
than the rate typified by E. coli proteins.

It has been proposed that high-level overexpression of a
heterologous protein having a distribution of amino acids atyp-
ical for E. coli could result in overutilization of some amino
acids. This could result in amino acid starvation or other per-
turbations in E. coli amino acid availability. Starvation or de-
pletion of particular amino acid pools could stimulate a com-
pensatory increase in the mistranslation error rate, especially
for those codons involving cognate tRNAs usually charged
with amino acids made scarce by overutilization (reviewed in
reference 8). We calculated the effect of rHb1.1 overexpression
on E. coli amino acid requirements and found it to be surpris-
ingly small. Assuming that accumulation of rHb1.1 accounted
for about 25% of the E. coli protein, a value slightly greater
than the value measured in SGE1464 fermentations, the re-
quirement for histidine increased by 68%, but no other amino
acid requirement increased by more than 13% (Table 5). It
appears that the level of histidine utilization did not affect
E. coli growth to a degree indicative of amino acid starvation,
since no significant difference was observed in the growth rates
and cell densities of SGE1464 cultures in which rHb1.1 syn-
thesis was induced or not induced (18a). This suggests that the
amino acid requirements in E. coli do not appear to be seri-
ously perturbed by rHb1.1 overexpression. However, our
method was not suitable to address the potential for His sub-
stitutions.

We quantified translation missense errors in highly purified
samples representing 20 to 30% of the total population of
globin molecules by using AAAA. The fidelity of translation of
this portion of rHb1.1 in E. coli is indistinguishable from the
fidelity of translation of homologous proteins. This may indi-
cate that when native E. coli codons are used, even expression
of globin proteins accounting for up to ;20% of the total
protein can be accommodated without seriously compromising
the quality of the purified fraction of this large, complex pro-
tein. It appears that overexpression of heterologous proteins in
E. coli is not necessarily deleterious to the fidelity of transla-

tion, which is especially reassuring for those proteins destined
for therapeutic use, like rHb1.1.
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