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ABSTRACT

The process of inclusion body (IB) formation in the gram-negative bac-
terium Escherichia coli (E. coli) was investigated. The homodimeric hemepro-
tein Vitreosctlla hemoglobin (VHD) from the gram-negative bacterium Vitre-
oscilla was taken as the model protein.

Expression of VHb under control of its native promoter from a pUC19-
derived plasmid in strain JM101 lead to high-level accumulation of VHb in
both soluble and insoluble forms. The soluble form was purified by sequential
two-phase extraction techniques and used as a basis for analyzing the insoluble
form. The amino acid content and N-terminal sequence of purified soluble VHb
is consistent with that of VHb purified from Vitreoscilla. Soluble and insoluble
VHb exhibit identical migration properties during denaturing two-dimensional
electrophoresis.

The protein composition of VHb inclusion bodies was analyzed by one-
dimensional and two-dimensional electrophoresis techniques. Results indicate
the presence of two types of cytoplasmic aggregates of differing morphology in
single bacterial cells. These aggregates also differ in their relative content of
VHb, pre-g-lactamase, and the cytoplasmic protein elongation factor Tu and
are separable by differential centrifugation.

Conformational properties of soluble and insoluble VHb were studied by
electron paramagnetic resonance spectroscopy. Purified soluble VHb exhibits
three high-spin resonances in the vicinity of g 6 from two heme centers. One
center is axial ( g 6.00 ). The other is thombic ( g 5.50 and 6.39 ). Inclusion body
isolates containing insoluble VHb exhibit a single resonance ( g 5.98 ) which is
also present in control cell debris. Iron quantitation demonstrates that inclusion

body VHb uniformly lacks heme. Titration of IB fractions with monomeric
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ferrous heme followed by difference absorption spectroscopy suggests that some
inclusion body VHb is competent for heme binding.

A series of perturbation-response experiments was conducted to determine
what cellular processes influence VHb IB formation. Results show that VHb
inclusion body formation is highly influenced by the expression plasmid con-
struction and the heme biosynthetic capacity. The level of induction and accu-
mulation appear less important than the general metabolic state of the culture.
Temperature and chaperone protein levels have little effect. Efforts to reduce in-
clusion body formation through genetic amplification of ALA synthase and ALA
dehydratase levels were unsuccessful, presumably due to regulation. Results sug-

gest a heme biosynthetic limitation is involved in VHb in vivo insolubilization.
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CHAPTER 1

Introduction
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1.1 Significance of Inclusion Bodies

Through the use of recombinant DNA technology, man can alter cells to
synthesize proteins which they do not ordinarily produce. The gram-negative
bacterium FEscherichia colt has been used extensively as a host for producing re-
combinant proteins because of the efficient expression vectors available for this
organism (Pouwels et al., 1985). Protein produced in recombinant Escherichia
coltr using high-level expression vectors can have a variety of fates. It can be
degraded, secreted, or accumulated in soluble or insoluble forms. Large intra-
cellular aggregates of cloned protein are called inclusion bodies.

Intracellular aggregation may be desirable during expression of some pro-
teins. In particular, aggregation may prevent some protease-susceptible proteins
from being degraded (Hellebust et al., 1989; Cheng et al., 1981). Additionally,
aggregation of proteins toxic to the cell may ensure cell viability (Mitraki and
King, 1989). The accumulation of recombinant protein in inclusion bodies may
also be desirable from a protein recovery point of view (Schoner et al, 1985;
Marston and Hartley, 1990). This is because the protein is concentrated in a
form which is easily recovered by centrifugation following cell lysis. As most cell
proteins remain soluble following lysis, aggregate recovery can also constitute a
significant initial purification step.

Aggregation of protein in inclusion bodies is only beneficial if the insolu-
ble protein can be subsequently recovered in a soluble and active form. High
concentrations of denaturants are commonly used for inclusion body protein
solubilization (Marston and Hartley, 1990). With this treatment the protein

is recovered in a soluble but denatured form. Consequently, protein refolding
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is required to obtain active protein. Some proteins are difficult to refold and
may only be recovered in very low yield. Complications in protein refolding
rhay arise from complex structural hierarchy, prevalence of intermolecular and
intramolecular disulfide cross-links, a high frequency of proline residues, and a
variety of other factors (Jaenicke, 1987). Protein refolding in general must be
done in dilute solution to minimize losses from competing aggregation processes

(Zettlmeissl et al., 1979).

1.2 Motivation for Characterizing Inclusion Bodies

Critical factors in industrial recombinant protein production are protein
integrity and purified protein recovery yield. Given the comments in the previous
section, inclusion body formation can clearly affect both these factors. Thus,
it is desirable not only to predict when inclusion bodies may form but also to
control the processes leading to their formation.

Inclusion body formation is known to be influenced by a number of fac-
tors. These factors include cultivation conditions used for cell growth, proper-
ties of the recombinant host, and properties of the recombinant protein (Schein,
1989). While correlations between protein properties and insolubilization have
been proposed (Wilkinson and Harrison, 1991), it is not yet possible to predict
a priort whether a given protein expressed in a given host will accumulate in in-
clusion bodies. This is because the specific mechanisms governing inclusion body
formation are poorly understood. Aberrant protein folding is generally believed
important in inclusion body formation (Mitraki and King, 1989). This mecha-

nism is quite rational as the aggregated state of the protein and the conditions
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required for its solubilization clearly indicate that the protein is non-native.

Inclusion bodies may contain information about their formation mecha-
nism. By characterizing inclusion body protein composition, for example, it
may be possible to determine if certain cellular proteins are involved in the in-
solubilization process. Alternatively, by characterizing inclusion body protein
conformation it may be possible to determine the extent of protein folding prior
to insolubilization. This in turn may suggest what conformational forms are
most susceptible to aggregation. Thus, by characterizing inclusion bodies, in-
formation may be obtained which can ultimately be used to predict or control
inclusion body formation.

Inclusion body characterization may also provide information which can be
used to design suitable recovery strategies. In particular, it is possible that some
inclusion body protein possesses conformational attributes worth preserving. If
true, then the use of high concentration denaturants for inclusion body dissolu-
tion, which destroys these partially folded conformers, may not be an optimum
strategy.

Early work aimed at inclusion body characterization focused on the col-
loidal properties of the aggregates. Properties of interest included aggregate
size, density, and morphology (Taylor et al., 1986). Investigations were also
conducted to examine the forces involved in inclusion body stabilization. Most
work was aimed at determining the importance of intermolecular disulfide bonds

(Schoemaker et al., 1985; Tsuji et al., 1987; Langley et al., 1987).
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As chaotropic agents can generally solubilize inclusion body protein, hy-
drophobic interactions are believed important in inclusion body stabilization
(Thomson and Bigelow, 1986)

The most potentially useful information which can be derived from inclusion
body characterization concerns the conformational state of the insoluble protein.
Unfortunately, the protein insolubilized by this process has been subjected to
direct conformational analysis on only one occasion. In this case, the protein
was shown to be a thermolabile intermediate in the productive folding pathway.
(Haase-Pettingell and King, 1988). Absence of work in this area is likely due
to the difficulty of analyzing the properties of a single protein in a protein
mixture. One approach to analyzing the properties of inclusion body protein
not yet exploited involves the use of target-protein-specific probes. With the use
of such probes it may be possible to discriminate the properties of the target
protein from the properties of contaminants. In this approach, the properties of

the target protein are determined by investigating the properties of the probe.

1.3 Scope of Thesis

We have examined the properties of inclusion bodies produced by a model
system using a variety of methods. The model system examined is a recombinant
strain of Escherichia coli (E. coli) which overproduces the homodimeric heme
protein Vitreoscilla hemoglobin (VHb) (Khosla and Bailey, 1988). This protein
bears structural and functional similarity to a number of eucaryotic hemoglobins
(Wakabayashi et al., 1986). In the system used, VHb is expressed from a high

copy number plasmid under the control of its native oxygen-regulated promoter
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and accumulates in both soluble and insoluble forms. VHb was chosen as the
recombinant protein for this study for two reasons. First, it contains a potential
probe, the heme prosthetic group, which can be used to examine the inclusion-
body-bound protein. Second, VHb can be considered as a simple example of
more complex oligomeric proteins. Inclusion bodies of such proteins have rarely
been studied.

To provide a basis for analyzing the insoluble VHb contained in inclusion
bodies, it was necessary to purify the active protein. Chapter 2 describes the
protocol developed for purifying soluble VHb from recombinant E. cols.

As proteins involved in the aggregation of VHb could themselves be insol-
ubilized, the protein composition of VHb inclusion bodies was characterized.
Results of this analysis are presented in Chapter 3.

Inclusion body VHb and purified soluble VHb were examined by various
spectroscopic techniques to ascertain the similarities and differences between
the two forms. Results from this analysis are presented in Chapter 4

Results from Chapter 4 suggest some heme-free VHb contained in inclusion
bodies is competent for heme binding. In Chapter 5, experiments are described
which were conducted to determine whether active VHb can be recovered from
inclusion bodies by dissolution and heme reconstitution without formal refolding.

Results from the studies described in Chapters 4 and 5 suggest heme avail-
ability may influence VHb insolubilization. Chapter 6 presents results from in-
Vestigaﬁons conducted to determine the influence of heme biosynthesis on VHb

insolubilization in vivo.
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CHAPTER 2

Purification and Aqueous
Two-Phase Partitioning Properties

of Recombinant Vitreoscilla Hemoglobin



- 10 -

2.1 Summary

Soluble recombinant Vitreoscilla hemoglobin was purified from E. coli lysate
by sequential two-phase extraction techniques. Extraction of lysate containing
VHbD in PEG / dextran gave a 3.6 fold increase in VHb purity in the PEG-rich
phase via a size exclusion mechanism. Further extraction of the recovered PEG
phase in PEG / sodium sulfate gave an additional 2.0 fold increase in purity in
the PEG-rich phase due to an electrostatic mechanism. Final extraction of the
PEG phase in PEG / magnesium sulfate gave an additional 1.3 fold increase
in VHb purity in the magnesium sulfate-rich phase. The final yield from the
extractive purification was 47% with purity of VHD estimated to be greater than
95%. Yields from the sulfate salt extractions are essentially quantitative due to
the extreme partitioning behavior of VHb in these systems. VHb partition
coefficients as large as 46 in PEG / sodium sulfate and as small as 0.06 in PEG
/ magnesium sulfate were observed. Similar small partition coefficients were
obtained with PEG / manganese sulfate extractions. This dramatic effect of
divalent cation content on the partition coefficient of VHb in PEG / sulfate
salt systems was investigated by pH and magnesium ion titration experiments.
Results show the effect to be largest and nearly constant for pH values greater
than 6.0 and diminished at lower pH values. A model based on magnesium
ion binding to negatively charged amino acids is shown to correlate the data
well. Based on model formulation and the partitioning behavior of contaminant

proteins, the observed effect is expected to be applicable to other proteins.
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2.2 Introduction

The strict aerobic bacterium Vitreoscilla produces a soluble homodimeric
heme protein with considerable amino acid homology! and functional similarity?
to eucaryotic hemoglobins when grown under oxygen-limiting conditions. Intra-
cellular expression of this protein, referred to as Vitreoscilla hemoglobin (VHbD),
has been shown to improve the growth® and recombinant protein productivity*
of Eschertchia coli under microaerobic conditions. Similar effects have also been

5. The physiological role of this protein is as yet un-

seen with Streptomyces
determined; presumably it acts to facilitate oxygen transport and/or to alter
the intracellular redox state*. Identification of the intracellular function of this
protein will aid in its utilization to improve bioprocess yield. In vitro investiga-
tions of the purified proteins ligand and effector binding properties can provide
information regarding its physiological function. Investigations of this nature
have provided tremendous insight regarding the function of other cytoplasmic
hemoglobins®.

VHb has previously been isolated from its native host Vitreoscilla where it
is expressed at low levels. Purification from high-level expression recombinant
hosts, however, has not been investigated. We have examined a variety of protein
purification techniques for isolating VHb from recombinant E. coli. Of the pro-
cedures investigated, aqueous two-phase extraction techniques were judged most
useful based on resolution and yield. This is due in large part to the extreme

partitioning behavior of VHb in PEG / sulfate salt two-phase systems. The

partitioning properties of VHD in these systems can be effectively modulated by
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the divalent cations magnesium and manganese. In this report we examine the
mechanisms of partitioning which manifest themselves in the aqueous two-phase
purification of recombinant VHb and discuss the advantages of this technique
relative to that employed previously for purification from the native host. We
also discuss the mechanism by which magnesium and manganese modulate the
partitioning of VHb in PEG / sulfate salt systems and its possible application

to the extractive purification of other proteins.
2.3 Materials and Methods

Bacterial growth and soluble lysate collection - The recombinant
E. coli strain JM101:pRED2, which produces both soluble and insoluble forms
of VHb, was grown as described previously.” Cells were washed with buffer A,
consisting of 100 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, 1mM
dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride, concentrated in this
buffer to an effective concentration of 100 gdw/1, and lysed by sonication on ice.
The resulting cell lysate was fractionated into soluble and insoluble fractions by
centrifugation at 26,000 g for 1 hour. SDS-PAGE with Coomassie blue staining
indicated that VHb represents approximately 10% of total soluble protein. Visi-
ble absorption spectrophotometry demonstrated tha‘t the soluble VHb produced

is active.

VHbD purification - VHb was purified from the soluble lysate fraction of
JM101:pRED2. The soluble lysate (L) was extracted in an aqueous two-phase
system consisting of 12% (w/w) dextran T-500, 7.7% (w/w) PEG 4000, 20 mM

Tris-HC] (pH 8.0), and 10 mM NaCl, and the PEG-rich phase was collected
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(E1). The E1 fraction was then extracted in a two-phase system consisting of
12.4% (w/w) NaySOy, 11.8% (w/w) PEG 4000, and 20 mM Tris-HC], and the
PEG-rich phase was collected (E2). The E2 fraction was then extracted in a
two-phase system consisting of 9.7% (w/w) MgSOy, 10.8% (w/w) PEG 4000,
and 50 mM Tris-HCIl, and the MgSOy, fraction was collected (E3). The VHb in
fraction E3 was estimated to be greater than 95% pure as judged by SDS-PAGE
with Coomassie blue staining. Higher purity preparations of VHb were obtained
by subjecting the E3 fraction to metal affinity chromatography (fraction M1;
Pharmacia Chelating Sepharose Fast Flow; immobilized Cut?; 20 mM sodium
phosphate (pH 7.5), 0.5 M NaCl, 3.5 mM Na-acetyl-L-histidine elution) fol-
lowed by gel permeation chromatography (fraction GPC; Pharmacia Sephadex
G-75 Superfine; 50 mM potassium phosphate (pH 7.0), 10 mM NaCl). Re-
sulting preparations were devoid of contaminants as judged by two-dimensional
electrophoresis with silver staining. Purified VHb was dialyzed against distilled

water, lyophilized, and stored at -70 °C.

Two-phase extractions - Aqueous two-phase systems were prepared on
a weight percent basis from common polymer, salt, and buffer stock solutions.
In some cases, salt was dissolved directly in a polymer solution to induce phase
separation. Glass distilled water was used throughout. Phases were formed
in graduated centrifuge tubes and separated by centrifugation. All procedures
were carried out at room temperature. Tie line lengths were estimated from
published two-phase binodial data. ® Addition of soluble lysate to the aqueous
two-phase systems resulted in an apparent shift in the critical point to lower

polymer concentrations, similar to that reported previously.? For this reason, in



— 14 ~

some cases the value of the tie line length could not be estimated.

Analytical procedures - VHb concentration was determined by differ-
ence absorption spectrophotometry (carbon monoxide minus reduced) using the
monomer extinction coefficient (¢(VHbCO-VHD, 419 nm) - ¢(VHbCO-VHb, 437
nm)) The value of the extinction coefficient was determined by amino acid analy-
sis to be 1.067z10°%(Mcm) 1. Total protein was determined by the Bradford dye
binding assay'® with a commercial kit (Bio-Rad, Richmond, CA) using bovine
serum albumin (Sigma, St. Louis, MO) as standard. VHb and contaminant pro-

tein concentration were also determined in some cases by scanning Coomassie

blue stained SDS-PAGE gels.

Electrophoresis - A Pharmacia Phastsystem was used for many of the
electrophoretic analyses (Pharmacia, Uppsala, Sweden). SDS-PAGE was done
with Phastgel Homogeneous 20 medium (Pharmacia technical bulletin #111).
Isoelectric focusing and electrophoretic titration were done with Phastgel IEF 3
- 9 medium (technical bulletin #100). Protein bands were visualized by silver
staining (technical bulletin #210). Protein molecular weight or pl calibration

standards were used throughout.

Materials - Dextran T-500 (M, 487,000) was purchased from Sigma Chem-
ical Co (St. Louis, MO). Poly(ethylene glycol) (PEG) 4000 (M, 3000-3700) was
obtained from Serva Chemical Co. (Heidelberg, FRG). PEG 6000 (M, 6000-
7400) was from Fisher Chemical Co. (Fair Lawn, NJ). All other chemicals were

analytical grade.
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2.4 Results
Aqueous Two-Phase Purification of Vitreoscilla Hemoglobin

Isolated E. coli soluble lysate containing VHb was initially extracted in
PEG / dextran systems. The soluble lysate was extracted in PEG 4000 / dex-
tran T-500 and PEG 6000 / dextran T-500 two-phase systems. This procedure
led to substantial purification of VHb in the PEG-rich phase due to the strong
partitioning of contaminating proteins to the dextran-rich phase. The results of
these extractions, shown in Figure 1, indicate that while VHDb partitioning to
the PEG-rich phase is largely unaffected by the molecular weight of PEG, the
partitioning of contaminating proteins is strongly affected. SDS-PAGE analysis
of the resulting fractions (from the extraction designated as E1 in Figure 1)
indicates that high molecular weight proteins favor the dextran-rich phase while
low molecular weight proteins including VHb dimer (31.5 kDa) favor the PEG-
rich phase. This trend becomes more pronounced with increasing tie line length
(data not shown). At the critical point the tie line length (L) equals zero and the
two phases are indistinguishable; thus, the partition coefficient is expected to
approach one. As the tie line length increases, the properties which distinguish
the two phases, such as the composition and density, become increasingly differ-
ent generally leading to a monotonic change in the protein partition coefficient.
As these systems have a relatively low ionic strength (10 mM NaCl, 20 mM Tris-
HCI (pH 8)) and are composed of ionic species which do not strongly partition,
electrostatic effects are likely comparable and small. All results indicate that

VHb and contaminant protein partitioning in these systems are dominated by
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a size exclusion mechanism.!!

Extraction of the PEG-rich phase from extraction E1 by the direct addition
of anhydrous sodium sulfate in the presence of 20 mM Tris-HC1 (pH 8.0) gave
the results shown in Figure 2. In this case, VHD is partitioned principally to
the PEG-rich phase with the partition coefficient increasing with increasing tie
line length and approaching unity near the critical point. Contaminant proteins
are also partitioned to the PEG-rich phase but to a much lesser degree. Thus,
substantial purification of VHb is obtained by this procedure. Native isoelec-
tric focusing analysis of the PEG-rich phase (from the extraction designated as
E2 in Figure 2) indicates that only proteins with a pl less than 6, which are
negatively charged under these conditions, are found in the PEG-rich phase.
Additionally, anion exchange chromatography of the PEG-rich phase from ex-
traction E1 at pH 8 yields upon sodium chloride elution a VHb-enriched protein
solution containing essentially the same contaminants as the PEG-rich phase
from extraction E2. Each of these observations is consistent with a partitioning
mechanism dominated by electrostatic effects. Electrostatic effects are known
to be important in polymer / polymer two-phase systems containing phosphate
or sulfate because of the unequal partitioning of these anions between the two
polymer phases.!? The same is expected for polymer / salt two-phase systems.
However, thermodynamic analysis in this case is greatly complicated by the
presence of concentrated ionic solutions.

Extractions of PEG-rich phases containing VHb with magnesium sulfate

showed behavior qualitatively different from extractions with sodium sulfate.

Results from extractions of the PEG phase resulting from extraction E2 with
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magnesium sulfate are shown in Figure 3. In these experiments, the PEG-rich
phase from extraction E2 was diluted with buffer A to yield a solution with
approximately the same PEG concentration as that in the PEG-rich phase from
extraction E1. Magnesium sulfate was then added directly to induce phase for-
mation. Results show that under these conditions, VHb is strongly partitioned
to the magnesium sulfate-rich phase. Contaminant proteins also partition to
the magnesium sulfate phase, but, to a lesser degree. The partitioning of VHb
in PEG / magnesium sulfate systems is not strongly dependent on the tie line
length for large values of the tie line length. The protein composition of the
magnesium sulfate-rich phase (from the extraction designated as E3 in Figure
3) is similar to the protein composition of the eluent from anion exchange chro-
matography of the PEG-rich phase from extraction E2.

The combined effect of the respective successive extractions on the purity of
VHbD can be seen in Figure 4. These results show that the greatest purification of
VHb is achieved by the PEG / dextran and PEG / sodium sulfate extractions.
Examination of the E3 fraction by SDS-PAGE with Coomassie blue staining
indicates that VHb constitutes greater than 95% of the protein in this frac-
tion (data not shown). Further purification can be achieved by metal affinity
chromatography and gel permeation chromatography. To enable visualization of
contaminant proteins, the SDS-PAGE gel shown in Figure 4 was over-developed
during silver staining. Consequently, it over-represents the relative content of
contamiﬁant proteins and cannot be used for quantitative purposes. Examina-
tion of the difference absorption spectra of VHb demonstrates that the shape

and relative intensity of the Soret, alpha and beta bands are not affected by any
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of the purification procedures. Data concerning the purity and yield resulting
from preparative application of the procedure are given in Table 1. Quantitative
yields were obtained from both the PEG / salt extractions due to the extreme
partitioning of VHb in these two-phase systems. Comparison of the achieved
purity and yields shows that the most favorable purification step is the PEG /
sodium sulfate extraction. This is also true when the preceding PEG / dextran

extraction is omitted (data not shown).
Partitioning Mechanism in PEG / MgSO, Two-Phase Systems

Processing of the VHb-enriched PEG 4000 phase resulting from extraction
E1 was hampered by its high viscosity. Consequently, attempts were made to ex-
tract VHb into a low viscosity, salt-rich phase by the direct addition of salts. As
expected, the addition of salts containing multivalent anions, including sulfates
and phosphates, uniformly lead to the formation of two phases!3. Salts contain-
ing a multivalent anion and a monovalent cation, such as potassium phosphate
(pH 8), sodium sulfate and ammonium sulfate, yielded extreme partitioning of
VHbD to the PEG 4000-rich phase. In contrast, salts containing a multivalent
anion and a divalent cation, such as magnesium sulfate and manganese sulfate,
yielded extreme partitioning of VHb to the salt-rich phase. Other salts, such
as zinc sulfate, ferrous sulfate, and cupric sulfate lead to VHb precipitation.
Representative partitioning data indicating these findings are given in Table 2.

Thé presence of a divalent cation in these systems could affect the partition-
ing of VHbD in several ways. Solvent-based effects could arise through a change

in dielectric constant or water structure (through formation of aquo ions), and
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protein-based effects could arise through structure disruption or cation binding.
Given the magnitude of the observed effect, the cation must partition strongly
to one phase if a solvent-based effect is responsible. Further, difference absorp-
tion spectrophotometry indicates VHb structure is not affected by the pres-
ence of either magnesium or manganese (data not shown). Negatively charged
acidic residues are known, however, to bind magnesium ion when present in high
concentration.!* Binding of the cation would change the effective protein charge
making it more positive than expected and may explain the observed inversion
of the partition coefficient.

To test this latter hypothesis, we sought to titrate a PEG / sulfate salt
two-phase system with respect to divalent cation and pH while keeping other
phase properties constant and examine the effect on the partition coefficient of
VHb. Only PEG / magnesium sulfate and PEG / sodium sulfate systems were
examined further. All experiments conducted indicate that, for a fixed total
system weight percent PEG and weight percent sulfate salt (sodium sulfate plus
magnesium sulfate), volume ratio is independent of pH and cation type. This
observation suggests that the binodials are not strongly dependent on these
variables. The total weight percent PEG and weight percent sulfate salt was
kept constant throughout, corresponding to a two-phase system with a tie line
length of approximately 32%(w/w). The ratio (R) of weight percent magnesium
sulfate to weight percent sulfate salt was varied to modulate cation type. The
system pH was varied by addition of either Tris-HCI (points above pH 8) or
sodium phosphate (points below pH 8) to a concentration of approximately 50

mM. The difference between the pH of the two phases never exceeded 0.2 pH
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units. Purified VHb was used throughout to allow precise partition coefficient
determination through total protein measurement. The results of these titration
experiments are indicated by the data points in Figure 5a. Results show that
the partitioning is not strongly dependent on pH for values greater than 6.0
but is sensitive to pH for lower pH values. Extrapolation of the titration curves
suggests convergence near pH 4.8. The curves have dramatically different slopes
between pH 4.8 and 6.0, differing not only in magnitude but also in sign. If cation
binding to acidic residues is responsible for the partitioning behavior, the effect
should be diminished at low pH values where acidic residues are increasingly
protonated. The partitioning should also be relatively independent of pH above
approximately 6.5 as most acidic residues are fully deprotonated above this pH.
Each of these trends are seen in the observed titration results.

To test the consistency of the proposed mechanism with experimental find-
ings, a model was developed to examine the possible effect of magnesium on
VHD partitioning properties. For this analysis, VHb charge was predicted from
its amino acid content! and commonly reported pK values for amino acids in
proteins.!® All amino acids were assumed accessible for titration except for the
histidine which presumably occupies the proximal site in heme binding.! The
predicted charge-titration curve is in qualitative agreement with that determined
experimentally, although the predicted isoelectric point of 5.15 differs from the
experimental value of approximately 5.0 (data not shown). The magnesium-
modulated VHb charge was predicted by simultaneous solution of the equi-
librium expressions for the protonation of acidic and basic residues, given by

equations (1) and (2), and the equilibrium expression for magnesium binding to
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acidic residues, given by equation (3).

AH= A"+ HY (1)
BHt =B+ HY (2)
AMgt = A~ + Mgt? (3)

The resulting specific protein charge was calculated through the use of equation

(4).

2= ([V}Ib])(Z[B,-Hﬂ - Ej:[Aﬂ + Ll (4)

i

The calculated specific protein charge was related to the partition coefficient
through application of the commonly used theory predicting linearity of the

natural logarithm of the partition coefficient with protein charge.:13:16

F
InK, =InK,° + %A@b (5)

The values of all parameters in equations (4) and (5) were determined from
the literature with the exception of K,°, Ay and the acidic residue magnesium
binding constant, Kasy. The values of these parameters were determined from
the data by a least squares fit with resulting lines as shown in Figure 5.

An estimate of the magnitude of Kpr, of 10%-3! was obtainable from the
literature. This is the value of the equilibrium constant for the binding of mag-

nesium ion to acetic, proprionic and butyric acid.!” Simulations corresponding
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to this binding constant are shown in Figures 5a and 5b. The value of the equi-
librium constant determined by a least squares fit of the full data set is 10%-4°.
Simulations corresponding to this binding constant are shown in Figures 5c¢
and 5d. Examination of these results indicates that the qualitative trends seen
in the experimental data above and below pH 6.0 are predicted by the model.
The greatest quantitative deviation between model predictions and experimental
data occur below pH 6.0. The model fails to predict the sharp convergence of the
experimental data near pH 4.8, which is close to the experimentally-determined
isoelectric point. As deviation below pH 6.0 may be due to protein precipi‘gation
effects, discussed further below, the value of the equilibrium binding constant
was also determined by a least squares fit considering only the data above pH
6.0. The value of the binding constant was determined in this case to be 10°-18,
Corresponding simulations are shown in Figures 5e¢ and 5f. A summary of the
determined parameters is given in Table 3. The values determined for Ay are
in good agreement with those reported previously for similar PEG / potassium
sulfate systems 2.

Titration at low pH values was hampered by a decrease in the solubility of
VHbD in the two-phase system as shown in Figure 6. The solubility limitation
appears to reside in the PEG-rich phase as a decrease in the partition coefficient
at a given pH leads to an increase in the total solubility of the protein. The
insoluble protein aggregates and is found at the interface between the two phases.
The solﬁbility trends seen in the two-phase titration are in agreement with

those seen in the electrophoretic titration of purified VHb. Examination of

the results indicates two apparent titration curves, one exhibiting a monotonic
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increase in negative charge with increasing pH and another showing essentially
no charge below pH 6. We interpret these curves to correspond to two species,
soluble active VHb whose negative charge increases monotonically with pH and
aggregated VHb whose mobility in the gel is hindered by its effective molecular
weight. This aggregated species is not removed by high-speed centrifugation
(16,000 g for 1 hour) and is most significant below pH 6.5. Visible absorption
spectrophotometry indicates a progressive change in the structure of VHb for pH
values below 6 indicating that protein denaturation is occurring in this regime
(data not shown). VHD also focuses poorly during IEF due to aggregation at
low pH caused by protein denaturation. VHb aggregation at low pH values
could affect the magnitude of the partition coefficient as well as the solubility
in the two-phase system. Aggregation appears maximized in the vicinity of the

isoelectric point (data not shown).
2.5 Discussion

Only one other purification procedure has been published for the isolation

of Vitreoscilla hemoglobin!®

. It involves successive precipitation of VHb with
protamine sulfate and ammonium sulfate followed by gel permeation chromatog-
raphy on Sephadex G-100 and ion exchange chromatography on DEAE-cellulose.
This procedure has been applied extensively for purifying VHb from its native
organism, Vitreoscilla. Its utility for purifying highly expressed VHb from re-
combinaﬁt hosts has not, however, been examined. We investigated the use of

this procedure for the purification of VHb from recombinant E. coli. Various

elements of the procedure were found to perform poorly with the recombinant
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system. In particular, optimum conditions for precipitation of lysates using 40%
saturated ammonium sulfate gave only a 2.1 fold increase in purity with 80%
yield. Serial precipitation with 30% and 50% saturated ammonium sulfate gave
only a 1.6 fold increase in purity with 70% yield. Somewhat better performance
was reported for purification of VHb from the native host. In that case serial
precipitation with 45% and 65% saturated ammonium sulfate gave a 4.6 fold
increase in purity with a 65% yield. In all cases with the recombinant system,
two-phase extraction with PEG / dextran performed better than ammonium sul-
fate precipitation. Yields of 70% with 3.0 fold increase in purity were routinely
obtained at analytical scale. Two-phase extraction with PEG / sodium sulfate
similarly performed better than ion exchange chromatography for purification
of VHb from the recombinant system. Quantitative yields were obtained with
a 2.0 fold increase in purity with the extractive technique. To obtain similar
increases in purity with gradient elution ion exchange chromatography, yields as
low as 30% were suffered. Similar performance statistics for ion exchange chro-
matography were previously reported for purification from Vitreoscilla. Part of
the loss during ion exchange chromatography is attributed to VHb aggregation
in the chromatographic matrix. Similar losses were seen during metal affinity
chromatography but not during gel permeation chromatography. Losses gener-
ally increased with protein loading and were not affected by mobile phase ionic
strength.

Ouf results indicate that extraction in PEG / magnesium sulfate systems
can be an efficient means for the separation of protein and PEG. Additional

procedures for the separation of protein and PEG involve ion exchange chro-
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matography, electrophoresis and dialysis or ultrafiltration®. Each of these latter
methods possess certain disadvantages. The high viscosity of PEG-rich phases
can make chromatography difficult. Electrophoretic techniques are poorly suited
to large-scale separations. Dialysis and ultrafiltration are only useful when the
molecular weights of the protein and PEG differ substantially. Two-phase ex-
traction at reduced pH can also be used to separate protein and PEG provided
the protein is stable at low pH. In some cases, magnesium titration may be a
less denaturing method for modulating protein charge than pH titration. The
generality of the mechanism is indicated by the good correlation between model
predictions and experimental observations. The described model does not as-
sume specific protein binding sites for magnesium, but rather a general ionic
interaction which is expected to be applicable to other proteins. This suggestion
is further supported by the observation that contaminant proteins are similarly
partitioned to the magnesium sulfate-rich phase during the purification of VHb.
This same mechanism may also be responsible for the dramatic reduction in the
partition coefficient of 3-galactosidase-protein A fusions with the inclusion of
magnesium ion in PEG 4000 / potassium phosphate aqueous two-phase systems

as reported previously!?,
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Table 3: Partitioning model parameters

Parameter Simulation 1 Simulation 2 Simulation 3

Kp® 1.42 1.34 1.34

A¥ (mV) -2.7 - 2.9 -3.3

Kng (M 1) 10 051 10 0.40 10 0.18
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2.9 Figures

Figure 1. Extraction of JM101:pRED2 soluble lysates containing VHb
in PEG / dextran two-phase systems. (A) Partition coefficient data for
VHD (filled) and total protein (open) following extraction in PEG 4000 /
dextran T-500 (circle) and PEG 6000 / dextran T-500 (square) as a function
of tie line length. The partition coefficient (K) is defined as the ratio of the
protein concentration in the top phase to the protein concentration in the
bottom phase. The tie line length (L) is defined as the length of a line on
a binodial curve connecting the compositions of two coexisting phases. (B)
SDS-PAGE analysis of extraction E1. Lane 1: soluble lysate; lane 2: PEG

4000-rich phase; lane 3: dextran-rich phase.

Figure 2. Extraction of the PEG 4000-rich top phase from extraction
El by the addition of Na;SO4. (A) Partition coefficient data for VHb
(filled) and total protein (open) as a function of tie line length. W indicates
gm Na,SO,4 added to 4 gm of PEG 4000-rich phase from extraction E1
containing 13.5% (w/w) PEG 4000. (B) Isoelectric focusing of the PEG
4000-rich phase from extraction E2. Lane 1: JM101:pRED2 soluble lysate;
lane 2: PEG 4000-rich phase from extraction E2; lane 3: eluent from anion
exchange chromatography of the PEG 4000-rich phase from extraction E1
(DEAE-cellulose, pH 8.0, 0.5 M NaCl elution). VHDb focuses poorly in IEF

due to pH instability properties discussed in the text.

Figure 3. Extraction of the PEG 4000-rich phase from extraction E2 by

the addition of MgSOy4. (A) Partition coefficient data for VHb (filled)
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and total protein (open) as a function of tie line length. W indicates gm
MgSO4 TH5O added to 4 gm of diluted PEG4000-rich phase from extraction
E2 containing 13.5% (w/w) PEG 4000. (B) SDS-PAGE of the MgSO,-rich
phase from extraction E3. Lane 1: JM101:pRED2 soluble lysate; lane 2:
MgSOQOy,-rich phase from extraction E3; lane 3: eluent from anion exchange
chromatography of the PEG 4000-rich phase from extraction E2 (see Figure

2 for conditions).

Figure 4. Results of VHb purification protocol. (A) SDS-PAGE analysis
of JM101 control soluble lysate (lane 2), JM101:pRED2 soluble lysate (lane
3), E1 (lane 4), E2 (lane 5), E3 (lane 6), M1 (lane 7) and GPC (lane 8)
fractions. (B) Difference absorption spectra of Soret region of purification
fractions. (C) Difference absorption spectra of alpha and beta region of

purification fractions.

Figure 5. Effect of pH and Mg*? concentration on the partitioning of
purified VHb in PEG 4000 / sulfate salt two-phase systems. All systems
are composed of 15% (w/w) PEG 4000 and 8% (w/w) sulfate salt. The
measure of magnesium content in each system, R, equals 0.0 (@), 0.25 ),
0.5 ©), 0.75 (@), and 1.0 () where,

R = (% (w/w) MgSOy4) / (% (w/w) NazSO4 + % (w/w) MgSOy)

The partition coeflicient is plotted as a function of pH (A, C and E) and
magnesium-modulated VHb charge (B, D and F). Simulations correspond
to magnesium binding constants of 10%°! (A and B), 10%4° (C and D)

and 10%!8 (E and F).
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Figure 8. Solubility of VHDb as a function of pH. (A) Relative solubility
of purified VHb in the PEG 4000 / sulfate salt two-phase systems shown
in Figure 5. If all VHDb added to the two-phase systems remained soluble,
the concentration would equal 100. (B) Electrophoretic titration analysis

of purified VHb. Arrows indicate soluble VHb (1) and aggregated VHb (2).
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CHAPTER 3

Protein Composition of Vitreoscilla Hemoglobin

Inclusion Bodies Produced in Escherichia cols

Source: Hart, R. A., Rinas, U., and J.E. Bailey (1990)

J. Biol. Chem., 265, 12728 - 12733.
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3.1 Summary

The protein composition of inclusion bodies produced in recombinant FEs-
cherichia coli overproducing Vitreoscilla hemoglobin (VHb) was analyzed by
one-dimensional and two-dimensional electrophoresis techniques. Results indi-
cate the presence of two types of cytoplasmic aggregates of differing morphology
in single bacterial cells. These aggregates also differ in their relative content
of VHb and pre-f#-lactamase and are separable by differential centrifugation.
Results further suggest that the cytoplasmic protein elongation factor Tu is
integrated into VHb inclusion bodies. The presence of the outer membrane
proteins OmpA and OmpF in inclusion body preparations is attributed to cell
envelope contamination rather than specific involvement in inclusion bodies.

The specificity of in vivo protein aggregation is discussed.
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3.2 Introduction

The expression of a recombinant protein in the bacterial cell E. colt is of-
ten accompanied by the insolubilization of that protein tn vivo into aggregates
referred to as inclusion bodies. A large number of highly diverse proteins have
been insolubilized in this way and it appears that the phenomenon of recombi-
nant protein inclusion body formation is not unique to E. colt or for that matter
to bacterial cells (Kitano et al., 1987a). Several incisive reviews of the literature
concerning inclusion body formation have been prepared (Kane and Hartley,
1988; Mitraki and King, 1989; and Schein, 1989).

Despite the abundance of recombinant systems which produce inclusion
bodies, little is known concerning the properties of these aggregates or their fun-
damental mechanism of formation. The presence of ordinarily soluble proteins
in insoluble aggregates, lacking measurable activity and requiring chaotropic
agents for dissolution, suggested from the outset that inclusion body proteins
lack native conformation. Indirect evidence provided by polyclonal antibody
binding (Paul et al., 1983) and non-denaturing solubilization techniques (Kro-
nheim et al., 1986; Hoess et al., 1988), however, indicated that inclusion body
proteins possess aspects of native conformation. The first direct evidence con-
cerning the conformational state of tn vivo insolubilized protein was provided
by King and his associates (Goldenberg and King, 1982; Goldenberg et al.,
1983; Haase-Pettingell and King, 1988). Their findings indicate that aggregates
derive from specific partially folded intermediates and not from mature or fully

unfolded proteins.
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Inclusion bodies are generally relatively devoid of contaminant proteins sug-
gesting that in vivo association of misfolded protein species to form inclusion
bodies is a highly specific process. The specificity of protein association in ag-
gregation processes seemingly analogous to inclusion body formation has been
discussed (Mitraki and King, 1989). Investigators have, however, reported find-
ing specific protein contaminants in inclusion bodies such as the subunits of RNA
polymerase and outer membrane proteins (Hartley and Kane, 1988). Proteins
conferring antibiotic resistance for selection pressure are, as a class, most often
cited as inclusion body contaminant proteins (Schoner et al., 1985). Invariably,
in these cases, the genes for the desired recombinant protein and the protein
conferring antibiotic resistance are contained on the same plasmid. There is a
priori no reason to expect specificity of association between the folding interme-
diates of this class of proteins and those of the reported desired proteins. Thus,
this observation suggests that protein aggregation might occur in the vicinity
of plasmid protein translation and be, at least in part, kinetically driven lead-
ing to an apparent loss of aggregation specificity. Following this logic, for fast
aggregation kinetics, one might further expect to find numerous cellular macro-
molecules associated with protein expression as contaminants in inclusion bodies
(Kane and Hartley, 1988; Hartley and Kane, 1988).

To investigate in vivo protein aggregation specificity and its role in inclusion
body formation, we analyzed the protein composition of Vitreoscilla hemoglobin
(VHD) inclusion bodies produced in E. coli. Proteins integrated into inclusion
bodies were discerned from cell envelope contamination by detergent solubi-

lization. Integral inclusion body proteins were identified by two-dimensional
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electrophoresis and immunological staining. Our results indicate the presence
of two types of cytoplasmic inclusion bodies differing in their relative content
éf VHb and pre-B-lactamase, both expressed from genes carried on the same

plasmid.
3.3 Materials and Methods

Bacterial strains and plasmids - Escherichia colt JM101 was used as
the host strain. The plasmid pRED?2 is a derivative of pUC19 containing the

VHD gene under the control of its native promoter (Khosla and Bailey, 1988).

Media and growth conditions - Complex growth medium containing
10 g/l bactotryptone, 5 g/l yeast extract, 5 g/l NaCl, 3 g/l KoHPOy, and 1
g/l KH3;PO4 was used throughout. Growth medium for JM101:pRED2 was
supplemented with 0.1 g/l ampicillin. Capped 2 liter flasks (Kimax) containing
1 liter medium were inoculated with 5 ml of overnight culture and grown in a
Lab-Line Orbit Environ-Shaker at 225 rpm and 37 °C. After 15 hours of growth,
each culture was supplemented with 10 ml of feed media consisting of 110 g/1
bactotryptone, 110 g/l yeast extract, and 110 g/1 glucose. Growth was continued

for 6 additional hours with a reduced shaker speed of 175 rpm.

Isolation of soluble and insoluble fractions - Cell harvest, lysis and in-
clusion body isolation procedures are essentially as reported previously (Marston
et al., 1984). All procedures were carried out at 4 °C unless otherwise indicated.
Cells were harvested by centrifugation, resuspended in buffer A, consisting of

100 mM Tris-HCI (pH 8), 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol
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(DTT), 0.1 mM phenylmethylsulfonyl fluoride, and lysed by sonication on ice.
The crude lysate suspension was fractionated into soluble and insoluble fractions
by differential centrifugation in a Beckman J2-21 Centrifuge with a JA20 rotor.
Insoluble lysate fraction I was isolated by centrifugation of the crude lysate sus-
pension at 6,000 g for 10 min. Centrifugation of the resulting supernatant at
12,500 g for 15 min yielded insoluble lysate fraction II. Centrifugation of the
resulting supernatant at 40,000 g for 2 h yielded the soluble lysate fraction.
Insoluble lysate fractions were washed twice with buffer A. All fractions were

stored at -70 °C for further analysis.

Detergent extraction - Detergent extraction procedures are essentially
as reported previously (Schnaitman, 1971b; Langley et al., 1987). Insoluble
lysate fractions were washed twice with 50 mM Tris-HCI (pH 8), 10 mM EDTA,
resuspended in 50 mM Tris-HCI (pH 8), 10 mM EDTA, 1.6 g/l lysozyme and
incubated at 25 °C for 40 min with periodic mixing. Resulting suspensions were
then divided into two aliquots and made up to final concentrations of either 2%
(v/v) Triton X-100 or 2% (w/v) sodium deoxycholate and incubated at 25 °C
for 40 additional min with periodic mixing. Remaining particulate was isolated
by centrifugation at 40,000 g for 30 min and washed once with 50 mM potassium

phosphate (pH 7). All fractions were stored at -70 °C for further analysis.

Gel Electrophoresis - One-dimensional SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed according to the method of Laemmli
(1970). Samples were prepared in 4% (w/v) SDS, 20% (w/v) glycerol, 12.5 mM

DTT, 125 mM Tris-HCI (pH 6.8), sonicated several seconds, boiled for 10 min,
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and electrophoresed on a 9 - 16 % acrylamide gradient gel. Two-dimensional
electrophoresis was performed using the O’Farrell technique (1975) as modified
by Hochstrasser et al.(1988). Samples were prepared in 2% SDS, 30 mM DTT,
sonicated several seconds, boiled for 10 min and electrophoresed. Isoelectric
focusing for the first dimension was performed to equilibrium (4 h 200 V, 4 h
500 V, and 8 h 2000 V) using the Bio-Rad model 175 chamber. The ampholine
mixture used consisted of 2% (v/v) Serva pH 3 - 10, 2% (v/v) Bio-Rad pH 3 -
10 and 1% (v/v) Bio-Rad pH 5 - 7. SDS-electrophoresis for the second dimen-
sion was performed on a 9 - 16 % acrylamide gradient gel at constant current
(40 mA per gel, 160 x 200 x 1.5 mm) using the Bio-Rad Protean II Multi-Cell
electrophoresis apparatus.

Silver staining was performed according to the method of Hochstrasser et al.
(1988). Electrophoretic transfer of protein for Western blotting was done accord-
ing to the method of Towbin et al. (1979). Rabbit anti-RTEM-3-lactamase anti-
serum (J. Richards) and rabbit anti-VHb antiserum (Exogene Corp., Pasadena,
Ca. USA) were used with a commercially available kit for immunodetection
(Vectastain ABC Kit, Vector Labs, Burlingame, Ca. USA). Procedures for im-

munostaining supplied by Vector Labs were followed.

Microscopy - Sample preparation procedures for electron microscopy
were essentially as reported previously (Kitano et al., 1987b). Cell samples
were fixed with 2% (v/v) glutaraldehyde in 100 mM cacodylate (pH 7.4), post-
fixed with 2% (w/v) osmium tetroxide, en-bloc stained with 1% (w/v) uranyl

acetate in 100 mM malate (pH 5), dehydrated in a graded series of ethanol,
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cleared with propylene oxide and embedded in Polysciences LR-White. Thin
sections were stained with uranyl acetate and lead citrate. Samples were ex-
amined using a Phillips 420 Transmission Electron Microscope. Cells for phase
contrast microscopy were viewed while in growth media with an Olympus BH

light microscope.

3.4 Results

The recombinant E. coli strain JM101:pRED2 bears a high copy number
plasmid encoding Vitreoscilla hemoglobin (VHb) under the control of its native
promoter (Khosla and Bailey, 1988). When grown under microaerobic condi-
tions, this strain is found to produce both soluble and insoluble forms of VHb.
Microscopic examination of the recombinant cells grown under this condition
reveals an abnormally elongated cell morphology and a large variety of cytoplas-
mic aggregates not found in plasmid lacking JM101 control cells grown under
parallel conditions. The inclusion bodies, as seen in Figure 1, exhibit a large de-
gree of heterogeneity whether viewed by phase contrast or transmission electron
microscopy. In addition to the large, dense, spherical bodies generally termed
refractile bodies, looser flocculated clusters with irregular boundaries are also
seen.

In order to distinguish whether the two aggregate types seen by microscopy
differ in composition, whole cell lysates of JM101:pRED2 were fractionated into
two insoluble fractions by differential centrifugation and analyzed by SDS-PAGE

with the results shown in Figure 2A. The two insoluble fractions, isolated as
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described in the Materials and Methods section, differ from each other in pro-
tein composition as well as from comparable fractions of JM101 controls. The
most notable differences between the two insoluble fractions from JM101:pRED2
(lanes 4 and 6 in Figure 2A) are produced by bands at 31.5 and 33 kDa which are
present in fraction I but absent, or dramatically reduced, in fraction II. These
proteins are not present in whole cell lysates of JM101 and are not present
in the soluble fraction of JM101:pRED2. Insoluble fractions I and II from
JM101:pRED2 additionally contain a band at 43 kDa not found in compara-
ble insoluble fractions of JM101 but present in whole cell lysates of JM101 and
the soluble fraction of JM101:pRED2 (data not shown). The only differences
between the soluble fractions of JM101:pRED2 and JM101 are bands at 15.8 and
31 kDa (indicated by arrows in Figure 2A) attributable to VHb and 3-lactamase,
respectively; the proteins expected from expression of the recombinant plasmid.

To ascertain whether the compositional differences between insoluble frac-
tions I and IT were due to inclusion bodies or crude cell envelope, and more gen-
erally to identify integral inclusion body proteins, EDTA /lysozyme/detergent
extraction was used for the selective solubilization of cell envelope proteins. The
soluble and insoluble fractions resulting ffom these extractions were analyzed by
SDS-PAGE (Figure 2B). The non-ionic detergent Triton X-100 effectively solu-
bilizes cytoplasmic membrane proteins from cell envelope fractions (Schnaitman,
1971a). Pretreatment of envelope fractions with EDTA and lysozyme followed
by extraction with Triton X-100 solubilizes about half of the cell wall proteins
as well as the cytoplasmic membrane proteins (Schnaitman, 1971b). Inclusion

bodies, on the other hand, have in general been found to be stable to Triton
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X-100 extraction (Marston et al., 1984). Treatment of insoluble fractions I
and II with EDTA and lysozyme followed by extraction with 2% Triton X-100
partially solubilizes most of the proteins in these fractions. As VHb remains
entirely insoluble, however, it is evident that inclusion body dissolution has not
occurred; hence, proteins solubilized with this treatment clearly arise from the
cell envelope.

The bile salt deoxycholate is a more powerful membrane solubilizing agent
than Triton X-100 and tends to be more effective in dissociating protein aggre-
gates such as those seen in membrane structures (Helenius and Simons, 1975;
Helenius et al., 1979). The use of EDTA /lysozyme/deoxycholate extraction for
the removal of endotoxin, phospholipid and nucleic acid from inclusion body
containing insoluble fractions with only slight solubilization of recombinant pro-
tein has been described (Langely et al., 1987). Treatment of fractions I and II
with EDTA and Lysozyme followed by extraction with 2% deoxycholate leads
to greater protein solubilization than occurred with Triton X-100 extraction.
Indeed, partial inclusion body dissolution is evident as some VHb is solubilized.
Even when extracted with sodium deoxycholate, however, particular proteins
are clearly more resistant to solubilization and are only liberated to the extent
that VHb is. Such proteins are considered to be integral inclusion body pro-
teins. Proteins demonstrating this behavior include those which migrate at 31.5,
33 and 43 kDa and distinguish JM101:pRED2 insoluble fractions I and II from
comparable JM101 insoluble fractions.

A higher resolution analysis of the composition of the two different insoluble

fractions is afforded by two-dimensional gel electrophoresis, as shown in Figure
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3 (Two-dimensional electrophoresis gels were run by Ursula Rinas). These gels
clearly indicate the differences between the fractions discussed earlier. Compar-
ison of the two-dimensional electrophoresis protein patterns obtained with the
protein index established by Neidhardt and coworkers (Phillips et al., 1987) al-
lows identification of several of the proteins present in the insoluble fractions of
JM101:pRED2. The prominent spot migrating at 35 kDa is identified as OmpA
and is present in all isolated insoluble fractions. This protein is partly solubilized
by extraction with Triton X-100 and is not present at significantly higher levels
in JM101:pRED2 than JM101; hence OmpA is not considered to be an integral
inclusion body protein. The same observation is made concerning OmpF, a pro-
tein which migrates at 37 kDa but does not stain reproducibly with silver so is
not apparent in all gels shown. The prominent spot migrating at 43 kDa is found
at the same location as the cytoplasmic protein elongation factor Tu (EF-Tu).
This protein is resistant to solubilization by EDTA /lysozyme/detergent extrac-
tion and is considered to be an integral inclusion body protein. VHb appears
as a multiple spot pattern on two-dimensional gels (multiple isoelectric points).
This pattern is the same for both soluble and insoluble fractions and is identical
to that obtained for purified soluble VHb (data not shown).

Identification of the 31.5 and 33 kDa proteins in insoluble fraction I of
JM101:pRED2 as VHb and -lactamase variants, respectively, was initially made
on the observation that they were found only in strains harboring the appro-
priate structural gene as discussed above. Evidence supporting this assignment
is provided by the Western blots shown in Figure 4. The 33 kDa band reacts

with antiserum raised against #-lactamase but not with antiserum raised against
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VHDb, clearly identifying the protein as the precursor form of S-lactamase (Sut-
cliffe, 1978). The 31.5 kDa band reacts with antiserum raised against VHb but
not with antiserum raised against f-lactamase. Additionally, treatment with
high amounts of reducing agent prior to electrophoresis leads to a dramatic re-
duction in the size of this spot on two-dimensional gels (Figure 5). Based on
reactivity with antiserum raised against VHb, molecular weight, and behavior
under extreme reducing conditions, this protein is identified as a disulfide-linked
VHb dimer. Numerous other bands, inclubding ones in the vicinity of both 31.5
and 43 kDa, appear with immunodetection by antiserum raised against either
VHb or f§-lactamase. The two-dimensional gels also show spot multiplicity in
the vicinity of 31.5 and 43 kDa. These protein species are not affected by treat-
ment with excess reducing agent prior to electrophoresis (data not shown). The

identity of these proteins is unknown at this time.

3.5 Discussion

Microscopic analysis indicates that two types of inclusion bodies, differing
in general morphology, are produced in single cells of JM101:pRED2. Fraction-
ation of the insoluble material in whole-cell lysate suspensions by differential
centrifugation followed by electrophoretic analysis shows that the isolated frac-
tions contain two types of inclusion bodies differing in protein composition.
There are two mechanisms one can envision for the production of different types
of inclusion bodies in single recombinant E. cols cells. One mechanism is based
on compartmentalization in which proteins partition between, and aggregate

in, different cell compartments, namely the cytoplasm and the periplasm. This
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mechanism appears to have been responsible for the presence of pre-3-lactamase
in B-lactamase inclusion body fractions (Georgiou et al., 1986; Bowden and
Georgiou, 1988). This mechanism is not responsible, however, for the two types
of inclusion bodies seen in JM101:pRED2 as aggregates are only seen in the
cytoplasmic space.

Another mechanism is based on specificity of protein aggregation in which
different proteins preferentially associate with themselves rather than with each
other during insolubilization. Such a mechanism, in its extreme, would yield dis-
tinct aggregates of high purity for each of the species insolubilized. Specificity of
association during aggregation has been seen in in vitro refolding studies of pro-
teins in complex protein mixtures (London et al., 1974). This type of mechanism
is supported in this case by two observations: cytoplasmic pre-#-lactamase inclu-
sion bodies, apparently lacking integral protein contaminants, are produced by
JM101:pUC19, cells containing the parent plasmid of pRED2, when grown un-
der the conditions described; and VHb inclusion bodies free of pre-A-lactamase
can be produced in JM101:pRED2 when grown under different conditions from
those described (data not shown). These two observations demonstrate that
pre-g-lactamase and VHb can independently aggregate to form inclusion bodies
under conditions similar to those described.

The observation that different pellet fractions contain different proteins
indicates a correlation between aggregate colloidal properties and protein com-
position. Two possible processes which could account for this are: a temporal
dependence of contaminant protein insolubilization, such that different proteins

are insolubilized at different stages of inclusion body growth, and the selective
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insolubilization of different proteins into different inclusion bodies. To determine
the temporal dependence, the protein composition of insoluble lysate fraction
I was examined at different stages of the cultivation. Results show that VHb,
VHb dimer, pre-B-lactamase and EF-Tu are insolubilized in the same propor-
tion throughout the entire cultivation. A dramatic increase in the amount of all
species occurs following nutrient replenishment and concomitant aeration reduc-
tion, however, the increase is again proportional. To determine whether VHbD
and pre-f-lactamase were insolubilized selectively in different inclusion bod-
ies, experiments were undertaken to determine whether insoluble lysate frac-
tion I, which contains both VHb and pre-3-lactamase, could be further frac-
tionated. Analytical techniques used to distinguish differences in particle size
(Taylor et al., 1986) and density (Schoner et al., 1985; Taylor et al., 1986)
did not indicate the presence of two distinguishable aggregates in fraction I
These same techniques, however, did not indicate distinguishable differences
between JM101:pRED2 insoluble fractions and JM101 insoluble fractions even
when treated by EDTA /lysozyme/Triton extraction (data not shown). This is
likely because of interactions between inclusion bodies and cell envelope or its
components. Based on these experiments we are unable to determine the exact
protein composition of the two aggregates seen by microscopy or determine if
insoluble fraction I is composed of a mixture of these two aggregates. These
experiments do, however, reinforce the need for the use of suitable controls
when investigating inclusion bodies because of contamination of inclusion body

preparations by cell envelope.
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Our conclusions concerning what cellular proteins can be considered as in-
tegral inclusion body proteins differ in part from those of other authors. Hartley
énd Kane (1988) reported finding the four subunits of RNA polymerase («, o,
B and (') as well as a combination of OmpA, OmpF and OmpC in inclusion
bodies by analysis with SDS-PAGE. They note that these proteins were always
present in inclusion bodies regardless of the cloned gene, promoter, plasmid
vector, fermentation regimen, or media composition. No discussion is given,
however, to the methods used to eliminate or at least account for crude cell
envelope contaminants which are always present in the insoluble fraction of cell
lysates. Veeraragavan (1989) reported finding OmpA and OmpF in inclusion
bodies purified by density gradient centrifugation. As these proteins, however,
were present in the processed form in cytoplasmic inclusion bodies, the conclu-
sion made was that these proteins were deposited in inclusion bodies following
or during lysis by sonication. This conclusion additionally implies that den-
sity gradient centrifugation is ineffective in removing crude cell envelope from
inclusion body preparations.

We have identified OmpA and OmpF in insoluble fractions containing in-
clusion bodies by two-dimensional electrophoresis. Analysis of their solubiliza-
tion properties with EDTA /lysozyme/detergent extraction relative to that for
VHb leads us to conclude that OmpA and OmpF are not integral contaminants
of VHDb inclusion bodies, but rather are contributed to the insoluble fraction
through their involvement with the cell envelope. This conclusion is further sup-
ported by the observation that OmpA and OmpF are mature outer membrane

proteins formed by cotranslational cleavage of precursor species and therefore
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not available for insolubilization in the cytoplasmic space (Silhavy et al., 1983).
Results suggest that the cellular protein EF-Tu may be an integral protein of
VHb inclusion bodies. Analysis of inclusion bodies formed by aggregation of
various forms of porcine somatotropin, however, indicates that EF-Tu may not
be a general inclusion body contaminant but rather one specific to this system
(data not shown). Elongation factor Tu is intimately involved in the elongation
cycle during protein synthesis (Hershey, 1987) and is the most abundant protein
in the E. colt cell.

Some discussion regarding the disulfide-linked VHb dimers found insolubi-
lized is warranted. One would expect the probability of formation of this species
would be low as monomeric VHb only contains one cysteine residue and native
dimeric VHb does not contain a disulfide bond (Wakabayashi et al., 1986). This
species is found systematically only in insoluble fraction I despite the presence
of considerable VHb in insoluble fraction II. Further, it is present in whole cell
samples lysed by treatment with electrophoresis sample buffer containing SDS
and DTT, conditions sufficient to solubilize inclusion bodies concurrent with cell
lysis and inhibitory to disulfide bond formation. Overall, this type of behavior
appears inconsistent with that expected for a species thought to be formed fol-
lowing cell lysis (Schoemaker et al., 1985; Langley et al., 1987; Tsuji et al., 1987)
but rather suggests that the species is formed tn vive. Such a process may be
possible in this case as the recombinant cell contains very large amounts of an
oxygen-binding protein, VHb, whose presence may tend to make the cellular

environment more oxidative than usual.
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Our observations regarding the state of protein structure in inclusion bodies

are supportive of the well established view that inclusion body proteins are mis-
folded. Regardless of the mechanism for disulfide formation, the disulfide-linked
VHb dimer found in inclusion bodies is clearly in a non-native state as VHb
dimer isolated from Vitreoscilla lacks intermolecular disulfide cross-links. Addi-
tionally, spectroscopic analysis of inclusion body fractions and purified soluble
fraction VHD indicates that the insoluble VHb lacks heme whereas the soluble

form contains heme and appears properly folded (manuscript in preparation).
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3.8 Figures

Figure 1. Photomicrographs of JM101:pRED2 cells. (A) Phase contrast
micrograph (bar is 1 pm). (B) Transmission electron micrograph (bar is 1
pm). In addition to refractile type inclusion bodies (rIB), cells also contain

floccule type inclusion bodies (fIB).

Figure 2. SDS-PAGE analysis of insoluble fractions. (A) Comparison
of soluble and insoluble lysate fractions of JM101 (lanes 1, 3 and 5) and
JM101:pRED2 (lanes 2, 4 and 6). The soluble lysate fraction (lanes 1 and
2) and insoluble lysate fractions I (lanes 3 and 4) and II (lanes 5 and 6) were
obtained as described in the Materials and Methods section. Insoluble frac-
tions are concentrated 4 times relative to respective soluble fractions. (B)
EDTA /lysozyme/detergent extraction of JM101:pRED2 insoluble lysate
fractions I (lanes 1 - 4) and II (lanes 5 - 8). Followin‘g extraction with
EDTA /lysozyme/Triton X-100 (lanes 1, 2, 5 and 6) and EDTA /lysozyme/
deoxycholate (lanes 3, 4, 7 and 8) insoluble proteins were separated from
soluble ones by centrifugation as described in the Materials and Methods
section. Inclusion body proteins were still largely insoluble and were found
in the resulting pellet fraction (lanes 1, 3, 5 and 7), while most cell enve-
lope proteins were solubilized and were found in the resulting supernatant

fraction (lanes 2, 4, 6 and 8).

Figure 3. Two-dimensional electrophoresis of insoluble lysate fractions of
JM101 and JM101:pRED2. Conditions for electrophoresis were as described

in the Materials and Methods section. (A) Insoluble lysate fraction I of
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JM101. (B) Insoluble lysate fraction I of JM101:pRED2. (C) Insoluble
lysate fraction II of JM101:pRED2. The major proteins in insoluble lysate
fraction I of JIM101:pRED2, as identified in the figure, include: VHbD (a),
OmpA (b), OmpF (c), EF-Tu (d), disulfide-linked VHb dimer (e) and pre-
B-lactamase (f). (Two-dimensional electrophoresis gels were run by Ursula

Rinas)

Figure 4. Identification of disulfide-linked VHb dimer and pre-3-lactamase
in inclusion bodies by Western blotting. The proteins in insoluble lysate
fraction I of JM101 (lanes 1, 3 and 5) and JM101:pRED2 (lanes 2, 4 and
6) were resolved by SDS-PAGE. Replicate lanes were then silver stained
(lanes 1 and 2) or electroblotted onto nitrocellulose for immunostaining
with antiserum raised against either f-lactamase (lanes 3 and 4) or VHb

(lanes 5 and 6).

Figure 5. Reduction of disulfide-linked VHb dimer in JM101:pRED?2 insol-
uble lysate fraction I by treatment with DTT. (A) Preparation of fraction
I in sample buffer lacking DTT (2% SDS). (B) Preparation of fraction I in
sample buffer containing excess DTT (170 mM DTT, 2% SDS). The two-
dimensional gel region shown is identified by the box in Figure 3B. The po-
sition of the disulfide-linked VHb dimer (e) is indicated. (Two-dimensional

electrophoresis gels were run by Ursula Rinas)



Figure 1.




- 65 -

Figure 2.

A B

Lysate Fractions Detergent Extractions

S I I I II
974 ——__
662—

-
7 M=— "

-

p——

— A e—a e = -
3.0y ! !__, -
215 —

12 3 456 1234 56738



- 66 -

Figure 3.

.

-¥yl
-g'12
~0'1E
-12p

—2'99

01 X
m..



- 67 -

Ficure 4.

QHA tuy
087 - ¢ nuy

JONIS

97.4 -

6

2 3 4 5

1



- 68 -




- 69 —

CHAPTER 4

Characterization of the Soluble and
Insoluble Forms of Vitreoscilla Hemoglobin

Produced in Escherichia colr
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4.1 Summary

Vitreoscilla hemoglobin (VHD) is produced at high levels in both soluble and
insoluble forms when expressed from its native promoter on a pUC19 derived
plasmid in Escherichia coli. The soluble and insoluble forms of VHb exhibit
identical migration properties during denaturing two-dimensional electrophore-
sis. The amino acid content and N-terminal sequence of purified soluble VHb
is consistent with that of VHb purified from Vitreoscilla. Purified soluble VHD
is dimeric and exhibits three high-spin resonances in the vicinity of g 6 when
examined by electron paramagnetic resonance spectroscopy (EPR). These reso-
nances are attributed to inequivalency of the two heme centers in dimeric VHb.
One center is axial and gives rise to a resonance at g 6.00. The second is rhombic
and gives rise to resonances at g 5.50 and 6.39. Inclusion body isolates contain-
ing the insoluble form of VHb exhibit a single resonance in the vicinity of g 6
when examined by EPR. This resonance, found at g 5.98, is also present in con-
trol cell debris fractions and is attributed to the membrane-bound cytochrome
d complex. Iron quantitation by atomic absorption spectroscopy demonstrates
that inclusion body VHb lacks heme. Titration of insoluble lysate fractions with
monomeric ferrous heme followed by difference absorption spectroscopy suggests

that some inclusion body VHb is competent for heme binding.
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4.2 Introduction

Intracellular aggregation is a common fate of heterologous recombinant pro-
teins (Kane and Hartley, 1988; Schein, 1989; Mitraki and King, 1989). Despite
the prevalence of this phenomenon, the fundamental mechanisms underlying this
intracellular aggregation are poorly understood. Protein misfolding is generally
believed to be the major contributor to the process. Unfortunately, there is very
little information available to support or dispute this view. The protein insolu-
bilized by this process has been subjected to direct conformational analysis on
only one occasion. In this case, the protein was shown to be a ”"thermolabile
intermediate in the productive folding pathway” (Haase-Pettingell and King,
1988). Activity measurements have been used for inference of protein struc-
ture. In some cases, the insoluble protein lacked activity and was considered
incorrectly folded (Sharma et al., 1987; Kepetzki et al., 1989). Significant ac-
tivity of inclusion body protein has also been reported (Dhurjati et al., 1990).
Activity measurements, however, cannot provide a complete picture of the con-
formational state of inclusion-body-bound protein as steric hindrance, substrate
diffusion limitations and constrained protein flexibility can all affect the activ-
ity measurement (Kennedy and Cabral, 1983). Further, activity may be absent
although substantial folded structure exists (Mitraki et al., 1987).

Understanding the conformational properties of inclusion body protein is
important for two reasons. First, this information can provide clues concerning
the underlying mechanisms of the aggregation process and the extent to which

aberrant protein folding is responsible. In particular, the existence of a dis-
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tinct conformational state in the inclusion body might indicate that this species,
or a variant thereof, precedes the rate determining step in folding or matura-
tion (Horowitz and Criscimagna, 1986; Horowitz and Criscimagna, 1990). This
species might also represent the terminal product of folding within the host re-
combinant cell. Second, this information may be used to guide the development
of dissolution and renaturation strategies necessary for active protein recovery.

Inclusion body preparations generally contain contaminant proteins due to
the presence of cell wall debris, loss of specificity during the intracellular aggre-
gational process, or both (Hart et al., 1990). Analysis of inclusion body protein
conformation requires either the removal of contaminant proteins or resolution of
the properties of the target protein from those of the contaminants. Progress has
been made in analyzing the properties of the tailspike variant which is aggregated
into inclusion bodies (Haase-Pettingell and King, 1988). This has been possible
because the stability properties of this protein allow for its separation from con-
taminants without structural perturbation. Unfortunately, most recombinant
proteins which aggregate into inclusion bodies lack these stability properties. In
situ analytical techniques which allow resolution of the target protein’s prop-
erties relative to those of contaminants can be used to analyze inclusion body
protein properties. The term sn situ is used here to refer to analysis of protein
aggregated in inclusion bodies removed from the cell. One such technique in-
volves the use of probes specific to the target protein which may be analyzed
spectroséopically. Ideal probes include those indigenous to the recombinant
protein but not particularly prevalent in contaminant proteins. Spectroscopic

techniques have previously been used to analyze proteins in non-native immo-
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bilized states. Examples include protein attached to chromatographic matrices
(Clark and Bailey, 1983; Clark and Bailey, 1984) and protein in salt precipitated
aggregates (Przybycien and Bailey, 1989; Przybycien and Bailey, 1991). To in-
vestigate this approach, we have utilized a variety of spectroscopic techniques
for the comparative analysis of the soluble and insoluble forms of Vitreoscilla
hemoglobin (VHDb) produced in Escherichia coli.

VHD is a soluble homodimeric heme protein expressed by the obligate aero-
bic bacterium Vitreoscilla in response to low oxygen conditions (Wakabayashi et
al., 1986). The protein can be expressed from its native promoter in recombinant
E. coli under similar hypoxic conditions (Khosla and Bailey, 1989a; Dikshit and
Webster, 1988). VHD is accumulated concurrently in both soluble and insoluble
forms when expressed from a high copy number plasmid under the control of its
native promoter (Hart et al., 1990). The soluble form is found to partition be-
tween the cytoplasmic and periplasmic spaces despite the absence of a processed
N-terminal signal peptide (Khosla and Bailey, 1989b). Similar compartmental-
ization is observed in the native host Vitreosctlla. In contrast, the insoluble form
is only found aggregated in cytoplasmic inclusion bodies (Hart et al., 1990). In-
tegral protein contaminants of VHD inclusion bodies include the precursor form
of B-lactamase, an aberrant disulfide-linked dimer of VHb and a protein identi-
fied by two-dimensional electrophoresis as elongation factor TU. The principle
contaminants of VHb inclusion body preparations are derived from cell wall de-
bris Whi?:h cosediment with inclusion bodies during centrifugation (Hart et al.,
1990).

In this report we show that purified soluble VHb produced in E. coli possess
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the same amino acid content, heme stoichiometry, and optical spectra as VHb
isolated from Vitreoscilla. Electron paramagnetic resonance spectroscopy (EPR)
of purified soluble dimeric VHb shows the protein to possess two inequivalent
heme centers. The insoluble form of VHDb yields the same multiple spot pattern
as purified soluble VHb during denaturing two-dimensional gel electrophoresis
suggesting the polypeptides are identical. In situ EPR and atomic absorption
spectroscopy of the insoluble form of VHbD proves it uniformly lacks heme. Titra-
tion of insoluble VHb with heme suggests some protein is competent for heme

binding tn situ.
4.3 Materials and Methods

Bacterial growth, lysis and fractionation - The recombinant E. coli
strain JM101:pRED2 was grown by a fed-batch procedure, harvested, washed,
lysed and fractionated by differential centrifugation as described previously
(Hart et al., 1990). This procedure leads to the accumulation of soluble VHb
(representing 10% of soluble protein) and insoluble VHb at comparable levels.
Two insoluble lysate fractions were obtained, each containing VHDb inclusion
bodies but differing in the relative content and type of contaminating proteins
(Hart et al., 1990). Control soluble and insoluble lysate fractions were prepared
under identical conditions from JM101:pUC19, the host strain containing the

parent plasmid of pRED2.

Insoluble lysate sample preparation - Insoluble lysate fractions were
obtained from late stationary phase cultures having the same optical density.

With the exception of Figure 1c, all data shown were obtained from the fraction
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previously identified as insoluble lysate fraction I (Hart et al., 1990). Identical
results were observed for the fraction previously identified as insoluble lysate
fraction II. In some cases insolubles were subjected to EDTA and lysozyme fol-
lowed by Triton-X100 extraction to partially solubilize membrane contaminants
by methods described previously (Hart et al., 1990). Stocks were prepared from
the insoluble lysate fraction by washing extensively with 50 mM potassium phos-
phate (pH 7.0), 10 mM EDTA followed by washing and resuspension in 50 mM
potassium phosphate (pH 7.0). The resulting JM101:pRED2 debris stock con-
tained approximately 0.5 mM VHb polypeptide as determined by quantitative
SDS-PAGE. Resulting JM101:pUC19 debris stock contained the same amount
of cell wall material as judged by the content of the outer membrane proteins
OmpA, OmpF and OmpC. For EPR analysis, 0.5 ml of debris stock was oxi-
dized with ammonium persulfate or reduced with sodium dithionite and placed
in an EPR tube. For atomic absorption spectroscopy, inclusion body analogues
were prepared by titrating purified VHb stock into JM101:pUC19 debris stock
to achieve a protein composition comparable to that of JM101:pRED2 debris
stock. To investigate insoluble VHb heme binding competency, debris stocks
were diluted 200 fold with 100 mM potassium phosphate (pH 7.0) and titrated

with heme from a 15 mM heme, 0.1 N NaOH stock solution.

Soluble VHDb purification - VHb was purified from the soluble lysate
fraction of JIM101:pRED2 (Hart and Bailey, 1991). The soluble lysate (L) was
extracted in an aqueous two-phase system consisting of 12% (w/w) dextran
T-500, 7.7% (w/w) PEG 4000, 20 mM Tris-HCl (pH 8.0), and 10 mM NaCl

and the PEG-rich phase was collected (E1). This fraction was then extracted
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in a two-phase system consisting of 12.4% (w/w) NaySOy, 11.8% (w/w) PEG
4000, and 20 mM Tris-HCl and the PEG-rich phase was collected (E2). The
PEG-rich fraction was then extracted in a two-phase system consisting of 9.7%
(w/w) MgSOy, 10.8% (w/w) PEG 4000, and 50 mM Tris-HCI and the MgSO4
fraction was collected (E3). The resulting salt fraction was dialyzed against
20 mM sodium phosphate (pH 7.5), 0.5 M NaCl and subjected to metal affin-
ity chromatography (Pharmacia Chelating Sepharose Fast Flow, immobilized
Cu*?) with 3.5 mM Na-acetyl-L-histidine elution (M1). Further purity was
obtained by subjecting the resulting eluent to gel permeation chromatography
(Pharmacia Sephadex G-75 Superfine) (GPC). The purified VHb was dialyzed

against distilled water, lyophilized, and stored at -70°C.

Purified soluble VHbDb sample preparation - For extinction coefficient
determination, an 11 uM stock solution of VHDb in distilled water was prepared
for amino acid analysis and UV-visible absorption spectroscopy. Various dilu-
tions of the VHDb stock solution were prepared and buffered with 50 mM potas-
sium phosphate (pH 7.0). Reduced VHb was prepared by the addition of sodium
dithionite. Oxidized VHb was prepared by the addition of ammonium persulfate.
Carbon monoxide bound VHb was prepared by reduction with sodium dithionite
followed by incubation in CO at 4 psig for 30 min. For EPR analysis a 35 uM
VHbD stock solution was prepared by dialyzing purified protein against 50 mM
potassium phosphate (pH 7.0), 10 mM EDTA followed by dialysis against 50
mM potassium phosphate (pH 7.0). Purified VHb exists naturally in the ferric
state presumably due to the absence of a naturally occurring reductase present

in both Vitreoscilla and Escherichia colt (Dikshit and Webster, 1988).
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Amino acid analysis - Amino acid analysis was carried out with an
Applied Biosystems Inc. Model 420A/130A Amino Acid Derivatizer-Analyzer
System. Protein was hydrolyzed in the vapor phase under vacuum (constant

boiling HCI, 1 h, 165 °C) and derivatized with phenylisothiocyanate.

Visible difference absorption spectroscopy - Samples were analyzed
with a Shimadzu UV260 Spectrophotometer interfaced to an IBM-XT computer.
Matching 1 cm. path length quartz microcuvettes were used with a temperature
controlled platform maintained at 25 °C. Difference spectra relative to suitable
buffer blanks were obtained in all cases. Serial dilution was used to ensure

linearity of absorbance measurements.

Electron paramagnetic resonance spectroscopy - Prepared samples
were transferred to 4 mm quartz EPR tubes (Wilmad) and deoxygenated by
argon replacement. EPR spectra were recorded on a Varian E-Line Century
series X band spectrometer (Varian Instruments, Palo Alto, Ca) equipped with
an Oxford Model ESR-900 Cryostat and Model 3120 Digital Temperature Con-
troller (Oxford Instruments, Bedford, Ma). The relative receiver gain was 5 for
oxidized debris, 2 for reduced debris and 1 for purified VHb. Spectra were ob-
tained at nonsaturating microwave power (typically below 8 mW) and 4 degrees

Kelvin.

Atomic absorption spectroscopy - Cell debris stocks, purified VHb
stock and inclusion body analogues were prepared for analysis by one of two
methods. In the first method, samples were diluted with ultrapure HCL (Baker

Ultrex Ultrapure HCI) and glass distilled water to give a final HCI concentra-
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tion of 1.2 N. In the second method, samples were hydrolyzed by vapor phase
hydrolysis in constant boiling HCI at 165 °C for 1 hour, resuspended in 1.2 N
Ultrapure HCIl, and 0.22 um filtered. Resulting samples were analyzed with
an Instrumentation Laboratory Atomic Absorption Spectrometer following In-
strumentation Laboratory suggested procedures. Samples analyzed by the first
method systematically gave lower measurements (typically by 20%) than sam-
ples analyzed by the second method. This error is attributed to reduced flow

rate through the needle orifice for samples containing particulate matter.

Analytical techniques - VHb concentration was determined by visible
difference spectroscopy (carbon monoxide minus reduced) using the extinction
coefficients determined for purified protein. Total protein was measured by the
Bradford dye binding assay using a commercially available kit (Bio-Rad, Rich-
mond CA). Two-dimensional electrophoresis and SDS-PAGE were conducted
as previously described (Hart et al., 1990). Proteins were visualized by either
Coomassie blue or silver staining. For protein quantitation, Coomassie blue

stained gels were scanned with a LKB Ultroscan XL Scanning Densitometer.

4.4 Results

To provide a basis for the tn sttu analysis of inclusion body VHb produced
by JM101:pRED2, soluble VHb coincidentally produced was purified to homo-
geneity and examined by a variety of spectroscopic techniques. Difference visible
absorption spectroscopy was used throughout the purification to monitor pro-
tein structural integrity. The amino acid content of the purified soluble VHb,

given in table 1, is consistent with the previously reported amino acid sequence
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of VHb isolated from Vitreoscilla (Wakabayashi, 1986). The sequence of the
first 15 amino acids of this protein was previously shown to be identical to that
reported for VHb isolated from Vitreoscilla (Khosla and Bailey, 1989). Exami-
nation of purified VHb by denaturing two-dimensional electrophoresis revealed
a distinctive multi-spot pattern along the isoelectric focusing direction as shown
in Figure la (Two-dimensional gels were run by Ursula Rinas). Similar exami-
nation of crude insoluble lysate fractions obtained from JM101:pRED2 revealed
the identical spot pattern as shown in Figures 1b and 1c. The migration of
a protein during denaturing isoelectric focusing is determined by the protein’s
charged residue content and its stability properties (Bravo, 1984). The migration
of a protein during SDS-PAGE is determined by the protein’s stability proper-
ties and its molecular weight (Bravo, 1984). The identity of the two-dimensional
electrophoresis spot patterns derived from purified VHb, crude soluble VHb and
insoluble VHb is strong evidence for the identity of the respective VHb polypep-
tide species. This is important as changes in amino acid sequence can lead to
inclusion body formation (Krueger, 1990). In the case of hemoglobins, a number
of disease states are known to arise from globin aggregation and this aggregation
has been linked to single amino acid substitutions (Dickerson and Geis, 1983;
Pagnier et al., 1990). Interestingly, norleucine is known to be incorporated into
recombinant proteins (Chang et al., 1986; Lu et al., 1988). Norleucine is not
present in soluble VHb as determined by amino acid analysis.

To examine the heme environment of the respective forms of VHb each was
analyzed by electron paramagnetic resonance spectroscopy (EPR). The EPR

spectrum of purified ferric VHb, shown in figure 2a, has features which dis-
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tinguish it from published spectra of many other hemeproteins including those
contained in E. colt membranes. Three peaks in the vicinity of g 6 derived from
high-spin ferric heme are discernable. One peak is centered at g 6.00 and arises
from an axial heme center. The other two peaks are centered at g 6.39 and 5.50
and arise from a rhombic heme center. The calculated high-spin rhombicity
(Palmer, 1979) of this resonance is compared with values previously reported
for related hemeproteins in Table 2. VHD is a dimeric heme protein composed
of identical subunits having distinctly different iron redox potentials (Webster,
1988). These results suggest that the two heme centers of VHb are magneti-
cally inequivalent, presumably due to heme pocket distortion upon dimerization.
The EPR spectrum of crude soluble VHb obtained from JM101:pRED2 also has
peaks centered at g 6.0 and 6.39. The peak at 5.50 cannot be observed in
crude soluble lysate samples due to the presence of numerous contaminating
resonances (data not shown).

The insoluble form of VHb produced by JM101:pRED2 was investigated in
situ by EPR analysis of insoluble lysate fractions containing inclusion bodies.
Control insoluble lysate fractions obtained from JM101:pUC19 were likewise an-
alyzed to account for membrane contaminants present in inclusion body prepa-
rations. EPR spectra obtained from the respective insoluble lysate fractions,
shown in Figures 2b and 2c, are virtually identical both in terms of resonance
content and relative resonance intensity. Further, the spectra of JM101:pRED2
insoluble lysate lacks the distinctive triple resonance pattern produced by active
dimeric VHb. To determine the relative contribution of different proteins to the

observed spectra, samples containing differing amounts of VHb and membrane
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material were prepared from JM101:pRED2 insoluble lysate by differential cen-
trifugation and EDTA/lysozyme/detergent extraction (Hart et al., 1990). Re-
sults indicate that the intensities of the resonances observed under oxidizing con-
ditions scale with the quantity of membrane protein rather than VHb (data not
shown). EPR spectra of insoluble lysate from JM101:pUC19 and JM101:pRED2
in the reduced state, shown in Figures 3a and 3b, are likewise virtually iden-
tical in terms of resonance content and relative resonance intensity. HoloVHb
is diamagnetic in the reduced state and does not exhibit an EPR resonance.
Results suggest that the EPR resonances observed in insoluble lysate fractions
arise from membrane protein contaminants. A list of the resonances previously
observed for E. coli membrane proteins is given in Table 3.

The absence of the triplet structure in JM101:pRED2 insoluble lysate taken
with the observation that resonance intensity scales with membrane protein con-
tent rather than VHD content, strongly suggests that the insoluble form of VHb
lacks heme. To further test this possibility, the quantity of iron in each insol-
uble lysate fraction was determined by atomic absorption spectroscopy. All
measurements were normalized by the amount of the outer membrane pro-
teins OmpA and OmpF in the sample to account for varying membrane con-
tent. To determine how much iron would be present if all insoluble VHb con-
tained iron, inclusion body analogues were prepared by titrating purified VHb
into JM101:pUC19 insoluble lysate as shown in Figure 4b. To ensure that
titrated iron arose only from VHb, the iron to polypeptide stoichiometry of
the VHDb stock was determined by amino acid analysis and atomic absorption

spectroscopy. The membrane-normalized iron content of JM101:pUC19 insolu-
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ble lysate, JM101:pRED2 insoluble lysate and VHD inclusion body analogues is
shown in Figure 4a. Results show that purified soluble VHb contains stoichio-
metric heme. This is evident in Figure 4 by the fact that the curves for the iron
content of inclusion body analogues predicted by amino acid analysis and atomic
absorption spectroscopy of the purified VHb titration stock are coincident. The
curve determined by analysis of inclusion body analogues has a reduced slope
relative to the predicted curve. Results from analysis of JM101:pRED2 insoluble
lysate show the iron content is at least six-fold less than expected for lysate con-
taining VHb with incorporated heme. Further, the membrane normalized iron
content of JM101:pRED2 insoluble lysate is the same as that of JM101:pUC19
insoluble lysate. These results clearly show that the insoluble form of VHb
produced in JM101:pRED2 uniformly lacks heme.

To determine if the insoluble form of VHb is competent for heme bind-
ing, monomeric heme was titrated into insoluble lysate fractions and monitored
by difference visible absorption spectroscopy. During titration, heme to VHb
polypeptide ratios ranged from 0.2 to 1.4. The difference visible extinction
spectra of purified soluble VHb (carbon monoxide minus reduced) is shown in
Figure 5a. The extinctions and positions of the alpha, beta and Soret peaks of
oxidized, reduced and carbon monoxide forms of purified VHb are given in Table
3 along with those for related hemeproteins. The visible difference absorption
spectra of JM101:pUC19 insoluble lysate titrated with heme is shown in Figure
5b. Thé position of the Soret peak in these samples does not vary with heme
content and is found at 422.8 nm. The visible difference absorption spectra of

JM101:pRED2 insoluble lysate titrated with heme is shown in Figure 5c. The
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position of the Soret peak in these samples varies systematically with heme con-
tent. At a heme to VHb polypeptide ratio of 0.2, the Soret peak maximum is
found at 422.8nm. At a heme to VHb ratio of 1.4, the Soret peak maximum
is found at 424.5 nm. These results show that JM101:pRED2 insoluble lysate
provides a different environment for heme than JM101:pUC19 insoluble lysate
and suggests that some insoluble VHDb is competent for heme binding. If this is
true, the conformation of the heme pocket of inclusion body VHb must differ
significantly from that present in soluble VHb to account for the differences in
the observed spectra. Additionally, it must have a low binding constant as the

observed spectral changes occur at high heme to VHb polypeptide ratios.

4.5 Discussion

Vitreoscilla hemoglobin (VHDb) is a soluble homodimeric heme protein pro-
duced by the obligate aerobic bacterium Vitreosctlla when grown under oxygen
limiting conditions (Webster, 1988). The amino acid sequence of this protein
has a striking homology to lupin leghemoglobin and several other globin proteins
(Wakabayashi et al., 1986). The most notable divergence of the sequence of this
hemoglobin from that of eucaryotic hemoglobins lies in the N-terminal region. It
is possible that VHb lacks the N-terminal helix, referred to as the A helix, which
other globins possess (Wakabayashi et al., 1986). This helix, when present, is
not directly involved in heme pocket formation (Lesk and Chothia, 1980). VHb
also appears to have a glutamine as the distal heme ligand in contrast to the
usual histidine (Wakabayashi et al., 1986). Substitution of the distal histidine in

human hemoglobin with glutamine by site-directed mutagenesis yields a protein
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with similar oxygen binding characteristics and X-ray crystal structure to native
hemoglobin (Nagai et al., 1987)

| Previous studies have shown that the two heme centers of dimeric VHb
have vastly different redox potentials (Webster, 1988). Our results’ from EPR
analysis of VHb confirm this heme center inequivalency. Previous studies have
also shown cooperativity of carbon monoxide binding (Webster, 1988). A pos-
sible cause of the rhombicity of one VHb heme center is heme pocket distortion
upon dimerization. Our results suggest cooperativity in binding may be mani-
fest through a relaxation in the distortion of this heme pocket. Further, VHD is
partitioned to both the cytoplasmic and periplasmic spaces in E. coli and Vit-
reoscilla (Khosla and Bailey, 1989). It is possible that the inequivalency of the
two heme centers allows VHb to be active in both these compartments despite
their different redox states.

Hemeproteins as a class have historically been very heavily studied proteins.
They continue to be heavily studied today and are routinely mutagenized for
structure, function and folding analysis (Nagai and Thogersen, 1984; Nagai et
al., 1985; Nagai et al., 1987; Springer and Sligar, 1987; Dodson et al., 1988;
Shimada et al., 1989; Simons and Satterlee, 1989; Kraus and Wittenberg, 1990;
Pagnier et al., 1990; Hoffman et al., 1990). Given this cloning activity, one
would expect sufficient information would have emerged concerning inclusion
body formation to allow an inference of mechanism. Unfortunately, this is not
the casé. The principle reason for this is the small number of cloning strategies
employed. The most commonly used cloning vector is the A cII fusion protein

vector developed by Nagai and Thogersen (1984). Protein is produced with this
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system by induction at 42°C and the expressed A cII - hemoglobin fusion protein
invariably aggregates. It is likely that the expressed fusion protein is incapable
of folding correctly.

Fortunately, some of the expression vectors used for producing hemepro-
teins do lead to the formation of soluble protein. Sperm whale myoglobin was
expressed in E. coli from a totally synthetic gene inserted into the expression
vector pUC19 (Springer and Sliger, 1987). The protein is expressed from the
lac promoter and accumulates as a holoprotein in soluble form to a level of 10%
of total soluble protein. Apparently no insoluble myoglobin was produced with
this vector. The formation of high levels of soluble holoprotein was attributed
to the use of E. coli preferred codons in the synthetic gene.

Human hemoglobin was expressed in E. coli from a synthetic operon com-
posed of synthetic genes encoding a- and S-globin (Hoffman et al., 1990). This
operon was inserted into the expression vector pKK223-3, a derivative of pUC19.
Both a- and f-globin are expressed from the tac promoter and soluble a8,
hemoglobin accumulates to a level of > 5% of total protein. Interestingly, expres-
sion of (-globin alone results in high-level accumulation of insoluble #-globin.
Expression of a-globin alone results in a marked decrease of soluble a-globin
levels relative to those obtained with coexpression of a- and (-globin. These
results clearly show that intramolecular association of globin chains tn vivo aids
in folding and/or stabilization of the individual chains.

Expression of VHb in JM101:pRED2 is controlled by the native VHb pro-
moter. This promoter has been shown to be regulated by dissolved oxygen

levels with expression occurring under hypoxic conditions (Khosla and Bailey,
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1989a). During shake flask cultivation on complex media, these conditions are
manifest during stationary phase. JM101:pRED2 grown on complex media ac-
cumulates soluble VHb during stationary phase at a fairly constant rate of 0.2
pmole/(gmdw hr) to a final concentration of 3.0 pmole/gmdw. Soluble VHD is
fairly equally distributed between the periplasmic and cytoplasmic spaces and
represents approximately 10% of total soluble protein at the end of stationary
phase.

Expression of VHb in E. coli from a pUC19-derived plasmid also leads to
a concurrent accumulation of insoluble VHb. The accumulation rate of insolu-
ble VHDb during stationary phase varies but is generally highest during phases
exhibiting metabolic acids accumulation. In sttu examination of this insoluble
form of VHb by EPR and atomic absorption spectroscopy clearly shows that it
uniformly lacks heme. Analysis of soluble and insoluble VHb by two-dimensional
electrophoresis indicates that they do not otherwise differ. Other investigators
have reported observing an absence of heme in hemeprotein inclusion bodies;
however, as yet no direct evidence has been presented in support of this con-
tention (Smith et al., 1990). In this case the hemeprotein was accumulated only
in an insoluble form.

In an insightful review, Mitraki and King discussed the role of cofactors in
protein folding and speculated that their absence during ¢n vivo protein fold-
ing could lead to aggregation and inclusion body formation (Mitraki and King,
1989). As an extension of this thought, one might expect apoprotein aggregation
whenever the ratio of net polypeptide synthetic rate to net cofactor synthetic

rate exceeds their stoichiometric binding ratio. Such a state would arise if the
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cofactor biosynthetic pathway were saturated and consequently unable to re-
spond to a demand for increased flux. A mechanism such as this would lead to
the simultaneous accumulation of both soluble and insoluble hemeprotein with
the only determinant between the two forms being heme content. To investi-
gate this possible mechanism we are currently examining the influence of heme
biosynthesis of VHb inclusion body formation tn vivo.

The origins of several resonances observed in the EPR of F coli insoluble
lysate fractions can be identified by reference to the literature. The resonance
at 5.98 is attributed to the cytochrome d complex due to its tendency to be-
come rhombic with a distinguishable side resonance at 5.71 following membrane
detergent extraction (Hata et al., 1985; Finlayson and Ingledew, 1985). This
identification is consistent with previous observations that the cytochrome d
complex is produced in response to low oxygen tension (Hata et al., 1985).
The resonance at 2.03, attributed to the succinate dehydrogenase and nitrate
reductase complex (Condon et al., 1985) as it was readily lost with detergent
extraction and was not observable above 30 K. Normalization of EPR signal
intensity with Omp levels indicates that the amounts of cytochrome d com-
plex, succinate dehydrogenase and nitrate reductase complex are comparable in
both JM101:pUC19 and JM101:pRED2. This view is supported by the observa-
tion that membrane-normalized iron levels are likewise comparable for the two

strains.
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4.8 Tables

Table 1: Amino acid content of VHb

Amino Acid Sequence Recombinant VHb
Asp 12 13.0
Glu 18 16.7
Lys 10 10.8
Arg 2 2.4
His 4 4.6
Phe 4 4.0
Tyr 4 4.0
Gly 8 8.2
Ala 23 19.0
Val 14 12.3
Leu 14 12.2
lle 12 10.8
Ser 1 1.8
Thr 8 6.4
Cys 1 0.0
Met 3 3.0
Pro 7 6.5
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4.8 Figures

Figure 1: Two-dimensional electrophoresis migration pattern of soluble and
insoluble VHb. (a) Pattern of purified soluble VHb. (b) Pattern of inclusion
body VHb contained in insoluble lysate fraction I. (¢) Pattern of inclusion body

VHb contained in insoluble lysate fraction II.

Figure 2: EPR spectra of oxidized soluble VHb and insoluble lysate fractions.
(a) Spectrum of purified soluble VHb. (b) Spectrum of JM101:pUC19 insoluble

lysate fraction I. (c) Spectrum of JM101:pRED2 insoluble lysate fraction I.

Figure 3: EPR spectra of reduced insoluble lysate fractions. (a) Spectrum
of JM101:pUC19 insoluble lysate fraction I. (b) Spectrum of JM101:pRED2

insoluble lysate fraction I.

Figure 4: (a) Membrane normalized iron content of JM101:pUC19 insoluble
lysate, JM101:pRED2 insoluble lysate and various inclusion body analogues.
Open symbols represent data determined by AA analysis of respective samples.
Filled symbols represent values expected from amino acid analysis (circle) and
iron analysis (square) of purified VHb used for analogue preparation. (b) SDS-
PAGE of purified soluble VHb (lane 1), JM101:pUC19 insoluble lysate (lane 2),
JM101:pRED2 insoluble lysate (lane 3) and various inclusion body analogues

(lanes 4 through 6).

Figure 5: Difference absorption spectra (carbon monoxide bound minus re-
duced) of purified soluble VHb and heme titrated insoluble lysate fractions. (a)
Spectrum of purified soluble VHb. (b) Spectra of heme titrated JM101:pUC19

insoluble lysate. (c) Spectra of heme titrated JM101:pRED2 insoluble lysate
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CHAPTER 5

Solubilization and Regeneration of Vitreoscilla

Hemoglobin Isolated from Protein Inclusion Bodies
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5.1 Summary

Vitreoscilla hemoglobin (VHb) in its native, active state is a homodimer
containing two heme groups. High-level expression of VHb in recombinant E. colt
results in its accumulation in heme-free inclusion bodies. VHb can be solubilized
from these inclusion bodies with relatively low concentrations of urea. The
midpoint of VHb inclusion body dissolution occurs at approximately 3.2 M urea.
Dissolution in the presence of stoichiometric heme shifts the dissolution midpoint
to approximately 4.5 M urea. The presence of heme does not influence the
dissolution properties of contaminant proteins, as determined by SDS-PAGE,
suggesting the effect is specific for VHb. Denaturation of apoVHb obtained from
purified native VHb has a midpoint of 2.9 M urea and follows a two-state model.
The midpoint of denaturation of holoVHb obtained from purified native VHb
occurs at 5.1 M urea. The denaturation of holoVHb in urea does not follow a two-
state model. VHD solubilized from inclusion bodies with urea at concentrations
from 0 to 3.5 M urea can be regenerated by heme addition without dilution
to yield active holoVHb. The fraction of solubilized VHb reconstituted upon
heme addition is maximum when solubilization and reconstitution is conducted
in less than 1 M urea. At these low urea concentrations, approximately 5% of
inclusion body VHb is solubilized. Of this solubilized VHb, approximately 30%

is reconstituted upon heme addition.
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5.2 Introduction

Many proteins aggregate intracellularly when expressed at high levels in het-
erologous hosts (Kane and Hartley, 1988; Mitraki and King, 1989; Schein, 1989).
For subsequent recovery of the desired recombinant protein, the aggregated form
may represent either an advantage or a disadvantage. Inclusion bodies may be
advantageous for downstream processing as the insoluble protein can be sub-
stantially concentrated and purified with low-speed centrifugation (Marston et
al., 1984; Schoner et al., 1985). Inclusion bodies may be very disadvantageous,
however, if the insolubilized protein cannot be renatured. In most cases, the
extent of advantage afforded downstream processing by inclusion bodies is de-
termined by the technological difficulty of refolding/renaturation steps and the
resulting yield of active product (Kenten et al., 1984; Tsuji et al, 1987).

The standard approach to recovering protein from inclusion bodies involves
dissolving the protein aggregates with high concentrations of denaturants fol-
lowed by a refolding process based on systematic removal of the denaturing
solute (Builder and Ogez, 1985; Olson and Pai, 1985; Marston and Hartley,
1990). The governing premise of this approach is absence of desired conforma-
tion in the insolubilized protein which is worth preserving. This premise has not
been shown to be uniformly true and a few reported cases contradict it directly
(Kronheim et al., 1986; Hoess et al., 1988). If the insoluble protein does possess
useful conformational attributes, greater progress in developing suitable recovery
strategies may be made by utilizing minimal denaturant concentrations during

dissolution. We have adopted this approach in the recovery and reactivation of



- 106 -
Vitreoscilla hemoglobin (VHb) from inclusion bodies produced in Escherichia
coli.

VHb represents a good model system for investigating this approach. It
spans the entire hierarchy of protein structure (Jaenicke, 1987) as it is dimeric
and each protomer incorporates a heme prosthetic group. Thus, this system af-
fords new challenges in the form of prosthetic group incorporation and oligomer-
ization not encountered in previous inclusion body processing reports (Marston
et al., 1984; Kronheim et al., 1986; Lowe et al., 1987). VHb is a useful model of
such complex proteins since it is homodimeric and each protomer is relatively
small and largely helical (Wakabayashi et al., 1986).

Previous studies of VHD inclusion bodies by EPR and atomic absorption
spectroscopy demonstrated that insoluble VHb uniformly lacks heme (Hart and
Bailey, 1991b). Concurrently produced soluble VHb, however, contains heme
and is active. Two-dimensional electrophoresis and amino acid analysis demon-
strated that the soluble and insoluble forms of VHb do not otherwise differ.
Further, heme titration studies suggest some insoluble VHb is competent for
heme binding (Hart and Bailey, 1991b). In this report we show that VHb can
be solubilized from inclusion bodies with low concentrations of denaturant and
subsequently regenerated by heme addition in the presence of denaturant to
yield active protein. Further, observations of the response of inclusion bodies
and soluble VHDb to the presence of heme and denaturant offer general insights

into the complex phenomena encountered in inclusion body processing.
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5.3 Materials and Methods

Cell growth and inclusion body harvesting - F. coli strain JM101:
pRED2 which overproduces VHb from a pUC19-derived plasmid was grown as
previously described (Hart et al., 1990). Cells were washed, lysed by sonication
and fractionated by centrifugation. Inclusion bodies were washed, resuspended

in buffer and stored at - 70°C as previously described (Hart et al., 1990).

VHb inclusion body dissolution - Stock inclusion body suspensions,
in which VHD constitutes approximately one third of total protein, had a VHb
monomer concentration of approximately 0.5 mM. Inclusion bodies from 0.1 ml
of inclusion body stock suspension were pelleted by centrifugation and resus-
pended in 1.0 ml of X M urea, 100 mM potassium phosphate (pH 7.0), 1 mM
DTT and incubated for 1 hour at 25°C. Dissolution in the presence of heme was
conducted identically except the dissolution buffer in this case also contained
50 uM hemin chloride. Heme was added to the dissolution buffer from a 15
mM hemin chloride, 100 mM NaOH stock solution (Sano, 1979). Following in-
cubation, remaining insolubles were removed by centrifugation at 14,000 g for
5 min. Solubilized proteins were then precipitated with 10% TCA and the re-
covered pellets washed extensively with ethanol:ethyl ether (1:1). All samples
were stored at - 70°C for later analysis. Soluble and insoluble fractions were
analyzed by SDS-PAGE with Coomassie blue staining. The amount of VHDb per

band was determined by scanning densitometry.

Conformational stability of holoVHDb and apoVHD - HoloVHb and

apoVHD stock solutions were prepared from a common 1 mM stock solution of
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purified VHb in 50 mM potassium phosphate (pH 7.0) (Hart and Bailey, 1991a).
The holoVHDb stock solution was prepared by diluting 0.1 ml of the 1 mM VHb
stock to 2.0 ml with 0.1 M potassium phosphate (pH 7.0) to achieve a final
holoVHb concentration of 50 uM. The apoVHDb stock solution was prepared by
diluting 0.1 mL of the 1 mM VHbD stock solution to 0.5 ml with distilled wa-
ter. The resulting VHD solution was then added dropwise to 10 mL of ice cold
acidified acetone (3 ml of 2 N HCl/liter acetone) and the precipitated apoVHb
was isolated by centrifugation at 10,000 g, - 20°C for 30 min (Sano, 1979). The
precipitated apoVHDb was resuspended in 1 ml of ice cold distilled water and
dialyzed extensively against 0.1 M potassium phosphate (pH 7.0) at 4°C. Fol-
lowing dialysis, irreversibly precipitated protein was removed by centrifugation
and the supernatant was diluted to 2.0 ml with 0.1 M potassium phosphate (pH
7.0) to achieve a final apoVHb concentration of approximately 50 uM. Yield
of apoVHDb was estimated to be approximately 70% with remaining holoVHb
representing less than 3% of VHb. Stability was determined by adding 0.1 ml of
prepared holoVHb or apoVHDb stock solution to 1.9 ml of a denaturation buffer
containing X M urea, 0.1 M potassium phosphate (pH 7.0), incubating at 25°C

for 5 min, and measuring sample fluorescence.

VHDb regeneration - The starting material was the soluble fraction iso-
lated by inclusion body dissolution as described above. The soluble fraction was
diluted 1:2 with a regeneration buffer containing X M urea, 0.1 M potassium
phosphate (pH 7.0), 1 mM DTT, 50 uM heme (equimolar urea). VHb concen-
tration at this point ranged from 50 ug/ml to 1 mg/ml. Sodium dithionite was

added to a concentration of 2.5 mg/ml and the protein was incubated at 25°C
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for 4 hours. Unbound heme was removed by ultrafiltration, the retained protein
was resuspended in X M urea, 0.1 M potassium phosphate (pH 7.0), 1 mM DTT

(equimolar urea) and the difference absorption spectrum was collected.

Difference absorption spectroscopy - Difference absorption spectra
(carbon monoxide minus reduced) were obtained with a Shimadzu UV-260 dual
beam spectrophotometer interfaced to an IBM XT computer (Hart and Bailey,
1991b). The spectrophotometer cell was maintained at 25°C. Reduced VHb
was produced by addition of 2.5 mg/ml sodium dithionite. Carbon monoxide-
bound VHb was produced by addition of 2.5 mg/ml sodium dithionite followed

by incubation in CO at 3 psig for 30 min.

Fluorescence spectroscopy - Fluorescence emission spectra were ob-
tained with a Shimadzu RF-540 spectrofluorometer interfaced to an IBM XT
computer. The spectroﬂuorometer cell was maintained at 25°C with a recircu-
lating water temperature controller. The excitation wavelength was set at the
absorption maximum of 290 nm. Spectral resolution was 0.1 nm with excitation
and emission slit widths of 2 nm. The fluorescence spectra of suitable buffer

controls were collected and subtracted digitally.

Electrophoresis - SDS-PAGE was conducted using the BioRad Protein II
Multi Cell Electrophoresis system according to the method of Laemmli (1970).
Resolving gradient slab gels were composed from 10% - 20% acrylamide, 0.3% -
0.6% bisacrylamide and 0.1% SDS. Gels were run at 32.5 mA /gel, 4°C for 6 hours
and stained with Coomassie blue R 250. VHb internal standard was included

throughout to correct for variations in staining. For quantitative analysis, gels
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were scanned while wet using an LKB Ultroscan XL Scanning Densitometer.

5.4 Results

VHD Inclusion Body Dissolution

Dissolution of protein inclusion bodies is usually accomplished by incuba-
tion in buffer containing high concentrations of the denaturants urea or guani-
dine hydrochloride (Marston and Hartley, 1990). Vitreoscilla hemoglobin (VHbD)
is solubilized from inclusion bodies with comparatively low concentrations of
urea as shown in Figure la. The midpoint of VHD dissolution occurs at approx-
imately 3.2 M urea. Essentially all VHb is solubilized by 5 M urea and some is
solubilized by incubation in buffer containing no urea.

Inclusion body VHb uniformly lacks heme (Hart and Bailey, 1991b). Ac-
tive VHb, by definition, contains heme. To determine whether heme may in-
fluence the solubilization of inclusion body VHb, we repeated the experiments
described above using buffers containing urea and heme. All buffers contained
the same amount of heme which was stoichiometric with the total amount of
VHbD polypeptide present. Including heme in the dissolution buffer results in less
VHb solubilization at intermediate concentrations of urea as shown in Figure
1b.

VHD solubilization in urea buffers and urea buffers containing heme was
determined by quantitative SDS-PAGE. Thus, we were able to monitor the sol-
ubilization properties of all proteins contained within insoluble lysates simulta-
neously. Interestingly, only the solubilization properties of VHb are affected by

including heme in the dissolution buffers (data not shown). That is, the effect
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appears specific to VHb. The midpoint of dissolution of VHb in the presence of

heme occurs at approximately 4.5 M urea.

VHD Denaturation

Treatment of inclusion bodies with denaturant can cause protein unfold-
ing as well as protein solubilization. To resolve these potentially simultaneous
processes, it is useful to determine the stability properties of VHb. The closest
analogue of inclusion body VHb available is apoVHb produced from purified
soluble VHb by heme extraction as described in Materials and Methods. Pu-
rified soluble VHb was previously shown to be active and homogeneous (Hart
and Bailey, 1991a). Fluorescence spectroscopy was used to determine the de-
naturation properties of apoVHb and holoVHb. Each VHb monomer contains
1 tryptophan, 4 tyrosine and 4 phenylalanine residues. Of these potential flu-
orophores, the only one expected to have appreciable fluorescence under these
experimental conditions is tryptophan.

Fluorescence emission spectra of apoVHb in various denaturation buffers
are shown in Figure 2a. The excitation wavelength was 290 nm. Results show
apoVHb has an emission maximum at 320 nm. Upon denaturation, the emis-
sion maximum shifts to 348 nm. Previous studies on tryptophan fluorescence
have shown the wavelength of the emission maximum to be dependent on the
polarity of the solvent (Demchenko, 1986). In particular, tryptophan in a polar
environment has an emission maximum near 350 nm while tryptophan in an
apolar environment has an emission maximum between 320 and 340 nm (Dem-

chenko, 1986). Thus, the fluorescence spectrum of apoVHDb in buffer, shown in
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Figure 2a, reveals that apoVHb possesses a hydrophobic core. Detailed analysis
of apomyoglobin has shown that it also possesses a hydrophobic core (Griko et
al., 1988).

Examination of the urea denaturation curve of apoVHDb, shown in Figure 3a,
shows the midpoint of denaturation occurs at 2.9 M urea. Assuming two-state
denaturation, the free energy of apoVHb denaturation can be determined (Pace,
1986). A plot of the calculated free energy values is shown in Figure 3b. Using
the linear extrapolation method, the free energy of denaturation in the absence
of denaturant can be determined. This value, referred to as the conformational
stability, is a measure of the free energy required to unfold a protein in the
absence of denaturant. The conformational stability of apoVHb determined by
this method is 2.4 kcal/mole. The conformational stability of apomyoglobin,
determined by more accurate means, is reported to to be 2.6 kcal/mole (Griko
et al., 1988). The linearity of the free energy curve shown in Figure 3b indicates
validity of the two-state model assumption for the denaturation of apoVHb.

Fluorescence emission spectra of holoVHD in various denaturant buffers are
shown in Figure 2b. The presence of heme in holoVHb efficiently quenches tryp-
tophan fluorescence as it does with other hemeproteins (Kawamura-Konishi et
al., 1988). Consequently, the fluorescence of holoVHD in buffer is weak with the
emission maximum occurring at 348 nm. The intensity of fluorescence increases
with denaturation due to the loss of the heme group.

The urea denaturation curve of holoVHb, shown in Figure 4a, reveals that
the midpoint of holoVHb denaturation occurs at approximately 5.1 M urea.

Employing the same analytical assumptions as with apoVHb, the free energy of
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denaturation of holoVHb was determined and is plotted in Figure 4b. Linear
extrapolation to zero denaturant concentration gives an estimate of the confor-
mational stability of holoVHD of 3.1 Kcal/mole. In this case, however, examina-
tion of the free energy curve reveals the presence of two distinct linear regions
indicating existence of an intermediate and failure of the two-state model as-
sumption. Consequently, 3.1 kcal/mole must be considered a low estimate of
the actual conformational stability (Pace, 1986). The conformational stability

of holomyoglobin, for example, is 8.1 kcal/mole (Griko, 1988).

Regeneration of VHDb Solubilized from Inclusion Bodies

Results from dissolution studies show that VHb can be solubilized from
inclusion bodies by incubation in relatively low concentrations of urea. Previ-
ous studies suggest some inclusion body VHb is competent for heme binding
(Hart and Bailey, 1991b). At the low concentrations of urea required for VHb
solubilization from inclusion bodies, holoVHDb is essentially stable. These obser-
vations suggest a possible strategy for recovering VHb from inclusion bodies. In
this strategy, VHD is solubilized from inclusion bodies using low concentrations
of urea and subsequently stabilized by heme binding. It is possible that the
stabilizing action of heme may alleviate the need for extensive dilution.

To test this strategy, inclusion body samples were incubated in buffer con-
taining urea at the concentrations indicated in Figure 1a. After one hour in-
cubation, the solubilized protein was separated from remaining aggregate. The
isolated soluble fractions were then diluted (1:2) into regeneration buffers con-

taining equimolar urea and stoichiometric levels of heme. VHb concentration at
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this point varied from 50xg/ml to 1 mg/ml. Sodium dithionite was added to
reduce the heme and the solution was allowed to incubate for 4 hours. Later, un-
bound heme was removed by ultrafiltration against a buffer containing equimo-
lar urea. The samples were then analyzed by difference absorption spectroscopy
(carbon monoxide minus reduced) to examine the extent of renaturation and
the properties of the renatured protein. Special care was taken to ensure that
a given protein sample only encountered one urea concentration throughout its
manipulation.

Visible difference spectra of regenerated VHb are shown in Figure 5b. Re-
sults show that VHb solubilized and regenerated in less than 4 M urea has a
difference absorption spectrum indistinguishable from that of native soluble VHb
(Figure 5a). Note that the sample resulting from solubilization and regeneration
in buffer containing no urea also yields the same difference absorption spectrum
as native VHb. Spectral analysis of controls produced by eliminating heme from
the regeneration buffer shows the spectrum is not due to the presence of residual
active VHD in inclusion body preparations (data not shown). Further, parallel
treatment of control cell debris shows the spectrum is not derived from solubi-
lized membrane cytochromes (data not shown). Consequently, the spectrum is
attributed entirely to regenerated VHD.

Evidence of the invariance of VHb conformation among samples arising
from solubilization and regeneration in less than 4 M urea is provided by the
existence of isosbestic points at 405 nm and 428 nm in the spectrum of the
respective samples (Figure 5b). Native VHb has isosbestic points at these same

wavelengths (Figure 5a). Isosbestic points are the frequencies at which the dif-
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ference extinction coefficient equals zero. The frequency at which an isosbestic
point occurs is sensitive to heme pocket conformation and heme electronic state
(Smith and Williams, 1970; Adar, 1978). VHDb in samples resulting from disso-
lution and regeneration in urea concentrations greater than 4 M shows evidence
of denaturation as these isosbestic points are absent in spectra of such samples.
(Figure 5b).

By assuming the regenerated form of VHb has the same extinction as puri-
fied soluble VHD, it is possible to calculate the yield resulting from the reconsti-
tution strategy. The results from this yield determination are shown in Figure
6. Results show that the fraction of solubilized VHb reconstituted upon heme
addition is maximum for samples incubated in 1 M urea or less. At this low
urea concentration, approximately 30% of solubilized VHb is reconstituted upon
heme addition. Overall recovery yield in this regime is low, below 5%, due to the
relatively low solubilization achieved under these conditions. Improved yields,
approaching 10%, are obtained when VHDb is solubilized and reconstituted in

urea concentrations near 4 M.
5.5 Discussion

Most strategies for recovering protein from inclusion bodies begin with a
solubilization step employing high concentrations of denaturant, typically 8 M
urea or 6 M guanidine hydrochloride (Marston and Hartley, 1990). Few in-
vestigatérs, however, report the actual concentration of denaturant required
for solubilizing the target protein (Lowe et al., 1987). We have found that

Vitreoscilla hemoglobin is solubilized from inclusion bodies with relatively low
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concentrations of urea. The midpoint of VHb solubilization occurs at 3.2 M
urea. Interestingly, some VHb, approximately 5%, is solubilized by treatment
with buffer containing 1 M urea or less. The midpoint of apoVHb denaturation
occurs at 2.9 M urea. The similarity between the midpoints of VHb solubiliza-
tion and apoVHb denaturation suggest that denaturation may be an important
component of the solubilization mechanism at higher denaturant concentrations.

Contacts between the heme prosthetic group and neighboring polypeptide
structures generally stabilize the holo form of heme proteins relative to the apo
form (Griko, 1988). This stabilization generally shifts the polypeptide unfolding
equilibrium to favor the folded state. Due to this interaction, we initially thought
it possible that including heme in VHbD inclusion body dissolution buffers would
influence the underlying solubilization process so as to favor the soluble holoVHb
state. Through such a mechanism, we expected that the midpoint of VHbD
solubilization in buffers containing heme would be less than the midpoint of VHb
solubilization in buffers lacking heme. Results show, however, that the opposite
of this is true. That is, including heme in dissolution buffers makes VHb more
difficult to solubilize. In particular, the midpoint of dissolution in the presence
of heme occurs at approximately 4.5 M urea while dissolution in the absence of
heme occurs at approximately 3.2 M urea. The midpoint of VHb dissolution
in the presence of heme occurs at a urea concentration between the midpoint
of denaturation of apoVHb (2.9 M urea) and the midpoint of denaturation of
holoVHb (5.1 M urea).

One possible mechanism to explain this behavior is heme stabilization of in-

soluble inclusion body protein through nonspecific hydrophobic contacts. With
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this mechanism, one would expect that the solubilization properties of all ag-
gregated proteins in the inclusion bodies would be similarly affected. Results
indicate, however, that the solubilization properties of contaminant proteins are
unaffected by the presence of heme. Another possible mechanism to explain this
behavior is interaction of heme specifically with VHb, at a site perhaps simi-
lar to the hydrophobic pocket of apoVHb, and thereby stabilizing VHD in the
insoluble state by stabilizing the molecule to denaturation. Such a mechanism
appears plausible based on observations from heme titration studies which sug-
gest that some inclusion body VHb is competent for heme binding (Hart and
Bailey, 1991a).

Results from dissolution and reconstitution studies show that VHb can be
solubilized and reconstituted using low concentrations of urea. Interestingly,
some VHDb can be solubilized and reconstituted in buffer lacking urea. Results
further show that the fraction of soluble VHb reconstituted by heme addition
is maximum at or below 1 M urea. At these low urea concentrations, approx-
imately 30% of solubilized VHD is reconstituted upon heme addition. VHb
reconstituted in this regime has the same difference absorption spectrum as na-
tive VHb. Interestingly, at these low urea concentrations, apoVHD is relatively
stable with approximately 90% existing in the native state. Thus, it is possible
that the protein solubilized in this concentration range is not denatured upon
solubilization.

Overall recovery yields are higher when VHb is solubilized and reconstituted
in greater than 3.5 M urea. This is due to the larger extent of solubilization

with these higher urea concentrations. At these higher urea concentrations,
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solubilized VHDb is undoubtedly denatured. Thus, reconstitution in this regime
is likely due to heme-induced protein refolding. Dissolution and reconstitution
in greater than 4 M urea yields a form of holoVHb which does not have the
same difference absorption spectrum as native VHb. The difference absorption
spectrum of native VHb denatured by incubation in greater than 4 M urea is
similar to that obtained from VHb solubilized and reconstituted in greater than
4 M urea (data not shown). Interestingly, the urea concentration at which the
difference absorption spectrum of holoVHDb is disrupted (approximately 4 M
urea) coincides with the point at which the fluorescence spectrum of holoVHb is
disrupted‘ (see Figure 2b, emission wavelength of 300 nm). This also corresponds
to the point of discontinuity between two linear regimes in the holoVHb free
energy of denaturation curve. It is possible that all these changes are due to a
dimer to monomer transition occurring during denaturation.

An advantage to the solubilization and regeneration strategy used here is
minimal solubilization of membrane proteins in low concentrations of denatu-
rants. In particular, the outer membrane proteins OmpA, OmpF and OmpC,
the most prevalent protein contaminants in inclusion body preparations, are not
solubilized by incubation in urea concentrations less than 5 M (data not shown).
This is important as these proteins can readily foul ultrafiltration membranes

due to their high tendency for aggregation.
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5.8 Figures

Figure 1: Solubilization of VHD inclusion bodies in buffer containing urea and
buffer containing urea and stoichiometric ferrous heme. (a) Fraction VHb found
soluble (open) and insoluble (filled) following incubation in urea. (b) Fraction
VHD found soluble (open) and insoluble (filled) following incubation in urea

containing heme.

Figure 2: Fluorescence spectra of apoVHb and holoVHb with urea denatu-
ration. (a) Changes in fluorescence upon apoVHb denaturation. (b) Changes
in fluorescence upon holoVHb denaturation. Bold line indicates fluorescence of

apoVHb in buffer.

Figure 3: Denaturation of apoVHb in urea. (a) Fraction apoVHb remaining
native following incubation in urea. (b) Free energy change upon denaturation

of apoVHD in urea.

Figure 4: Denaturation of holoVHb in urea. (a) Fraction holoVHb remaining

active following incubation in urea. (b) Free energy change upon denaturation

of holoVHD in urea.

Figure 5: Regeneration of VHb solubilized from inclusion bodies. (a) Difference
extinction spectrum of purified soluble VHb. (b) Difference absorption spectra
of inclusion body VHb following solubilization and regeneration in 0, 1, 2, 2.5,

3.0, 3.5, 4.0 and 4.5 M urea.
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Figure 6: Inclusion body VHb renaturation yields. Fraction inclusion body
VHD solubilized by incubation in buffers containing urea shown with open sym-
bols. Fraction of solubilized VHb reconstituted following heme addition shown

with filled symbols.
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Figure 5.
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CHAPTER 6

Factors Influencing Vitreoscilla Hemoglobin
Inclusion Body Formation

in Recombinant Escherichia colr
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6.1 Summary

A series of perturbation-response experiments was conducted to elucidate
cellular processes which influence Vitreoscilla hemoglobin (VHb) inclusion body
formation in E. coli. The effect of VHb accumulation rate was examined by
using pUC19 and pBR322-derived expression plasmids, varying induction level
through aeration and supplementing readily metabolized sugars to the medium.
The effect of heme biosynthetic rate was investigated through supplementation
of the heme pathway intermediates glutamate and §-aminolevulinic acid (ALA)
and the heme pathway inhibitor levulinic acid. Attempts were also made to
increase heme biosynthetic capacity through the genetic amplification of ALA
synthase and ALA dehydratase levels. The influence of chaperone protein levels
was examined by varying temperature and inducing the heat shock response
through genetic amplification of E. coli 032. Results show that VHDb inclusion
body formation is highly influenced by plasmid vector construction and the heme
biosynthetic capacity. The level of induction and accumulation rate appear
less important than the general metabolic state of the culture. Temperature
and chaperone protein levels have little effect. Efforts of reduce inclusion body
formation through genetic amplification of ALA synthase and ALA dehydratase

levels were unsuccessful, presumably due to interaction with regulation.
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6.2 Introduction

Many heterologous proteins aggregate intracellularly when expressed in re-
combinant hosts (Kane and Hartley, 1988; Schein, 1989; Mitraki and King,
1989). This phenomenon is best documented for protein expression in the gram-
negative bacterial host Escherichia coli. However, inclusion body formation is
not confined exclusively to this bacterium or for that matter to procaryotic hosts
(Kitano et al., 1987a; Kitano et al., 1987b; Wang et al., 1989). The mechanisms
underlying this intracellular aggregation are not well understood and may vary
with protein and recombinant host. A common theme, however, may be mal-
function or disruption of intracellular protein folding. A summary of the various
ways intracellular protein folding may malfunction and lead to insolubilization
has been presented previously (Mitraki and King, 1989).

The study of in vivo protein folding is new in comparison to that of protein
secretion and degradation. From the investigation of these related phenomena
it is clear that the fate of an intracellular protein is determined both by its prop-
erties and those of the host cell (Hartl et al., 1989). Early analysis of inclusion
body formation concentrated on determining what protein properties influence
intracellular aggregation (Kane and Hartley, 1988; Schein, 1989; King, 1989;
Krueger, et al. 1990). Recently, more attention has been given to determining
what cellular properties influence the event (Schein, 1989; Mitraki and King,
1989). The most potentially important work in this area concerns a class of
proteins referred to as molecular chaperones which appear capable of prevent-

ing partially folded protein chains from aggregating in vivo (Gatenby, 1990). In
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our investigations on inclusion body formation we have examined the influence

of both protein and host properties (Hart and Bailey, 1991a; Hart and Bailey,

1991b).

6.3 Model Development

In the systems examined, VHb, a homodimeric hemeprotein, is produced
from multicopy plasmids with expression regulated by the native VHb promoter
(Hart et al., 1990). This promoter is regulated by dissolved oxygen levels with
maximal expression occurring in a narrow window commonly described as the
microaerobic region (Khosla and Bailey, 1989; Dikshit et al., 1990). During
batch shake flask cultivation, VHb is accumulated during stationary phase in
both soluble and insoluble forms.

We have previously examined many properties of the soluble and insoluble
forms of VHb accumulated in E. colt. The purified soluble form of VHD is prop-
erly folded, dimeric and contains heme in the correct stoichiometry (Hart and
Bailey, 1991a). The insoluble form of VHb, however, uniformly lacks heme (Hart
and Bailey, 1991a) and is aggregated into inclusion bodies which are relatively
devoid of contaminants (Hart et al., 1990). The insoluble form is not solubi-
lized by incubation in the presence of heme although it does appear to bind the
prosthetic group (Hart and Bailey, 1991b). Refolding studies have shown that
VHD polypeptide does fold in the absence of heme to yield a species possessing a
hydrophobic core. However, heme binding dramatically affects polypeptide fold-
ing and stability as shown by the observation that refolding of the denatured

polypeptide occurs in the presence of denaturants following heme addition (Hart
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and Bailey, 1991b). Available evidence indica.tes that some inclusion body VHb
polypeptide bears conformational similarity to apoVHb.

To provide a basis for analyzing cellular influences on VHb aggregation,
we developed a conceptual model of the process as shown in Figure 1. In this
model, the pathway for insolubilization intersects that of maturation at an in-
termediate believed similar to apoVHb. This intersection definitely occurs prior
to heme incorporation but follows initial polypeptide folding. The intermedi-
ate is postulated to be monomeric. Globin subunit association has previously
been shown to be important for maturation of human hemoglobin expressed
in E. coli (Hoffman et al., 1990) Quantitative VHb maturation clearly requires
availability of heme in stoichiometric proportion to VHb polypeptide. Aggre-
gation processes typically have a higher reaction order than folding processes
(Zettlmeissl et al., 1979); consequently, factors which increase intermediate con-
centration are expected to increase aggregation. In this case, the intermediate is
believed similar to apoVHb; the apo forms of hemeproteins are known to have
a high tendency for aggregation (Sano, 1979). Factors expected to increase the
concentration of apoVHDb include high polypeptide synthetic rate and low heme
biosynthetic rate. By analogy with their other established functions (Gatenby et
al., 1990), chaperone proteins may influence this process by shielding apoVHb
from aggregation.

We have examined these model predictions through a series of perturbation-
responsé experiments. Specifically, synthesis rate perturbations were made
through the use of different plasmid constructs, supplementation of sugars to

the growth media and modulation of aeration to effect induction level. Heme
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biosynthesis perturbations were made through supplementation of heme path-
way intermediates and inhibitors and through genetic amplification of two heme
biosynthetic enzymes. Chaperone protein level perturbations were made through

genetic amplification of the heat shock regulator protein o32.

6.4 Materials and Methods

Bacterial strains and plasmids - E. colt strain JM101, genotype supF
thi A(lac-proAB) [F’ traD36 proAB lacl? ZAM15] was used as the host strain
throughout (Yanisch-Perron et al., 1985). Plasmid pRED2 was constructed from
pUC19 (Yanisch-Perron et al., 1985) by insertion of a 2.2 kb HindIII fragment
containing the gene which encodes VHb under the control of its native promoter
(Khosla and Bailey, 1988). Plasmid pINT2 was constructed from pBR322 (Bo-
livar et al., 1977) by insertion of a 2.2 kb HindIII-BamHI fragment containing
the gene which encodes VHb under the control of its native promoter (Khosla
and Bailey, 1989). Plasmid pVSP1 was constructed from pRED2 by insertion
of a 2.9 kb BamHI- HindIII fragment isolated from pJL68 (Li et al., 1989c¢)
which contains the hemA gene under the control of its native promoter. Plas-
mid pVDP1 was constructed from pRED2 by insertion of a 1.6 kb PstI fragment
isolated from pJL2 (Li et al., 1988) which contains the hemB gene under the
control of its native promoter. Plasmid pHP1 was constructed from pUC18 by
insertion of a 1.3 kb EcoRI- BamHI fragment isolated from pDS2 (Grossman et
al., 1987) which contains the rpoH gene under the control of the tac promoter.
Plasmid pVHP1 was constructed from pHP1 by insertion of a 2.2 kb HindIII

fragment isolated from pRED2 which contains the gene encoding VHb under
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the control of its native promoter. Plasmids pVSP1, pVDP1, and pVHP1 were

constructed by Pauli Kallio.

Media and growth conditions - Phosphate buffered LB medium sup-
plemented with 100 ug/ml ampicillin was used as the basal medium in all cases.
Capped side-arm shake flasks (300 ml; Belco) containing 50 ml medium were
inoculated with 0.5 ml of overnight culture and shaken at 250 rpm in a rotary
shaker (New Brunswick) at the indicated temperature. When the Klett ab-
sorbance of the culture reached 150, cells were harvested by centrifugation at
the culture growth temperature and resuspended in pre-warmed fresh media to
the same absorbance. The resulting stock culture was then divided into aliquots,
placed in culture tubes (Kimax) to the indicated volume, and grown in a recip-
rocating water bath shaker (Reichert-Jung) at 150 cycles/min and the indicated
temperature. For all cells investigated, a Klett absorbance cell density of 150 is
obtained in shake flask cultivation during the later stage of exponential growth.
Test tube cultures grown from colony inocula, however, only reach a cell density
of 150 Klett units in late stationary phase, presumably due to oxygen transfer
limitations. Consequently, culture tubes inoculated with stock culture having a
cell density of 150 Klett units are considered microaerobic. Parallel analysis of
culture tubes prepared without replenishing medium shows that cell harvest and
resuspension steps involved in stock culture preparation are not detrimental to
either cell growth or VHb production. For carbon source perturbations, the cul-
ture tubes were additionally supplemented to the indicated final concentration
with glucose, lactose, glycerol or sucrose from a 50% stock solution. For heme

intermediate perturbations, the culture tubes were additionally supplemented
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with monosodium glutamate, levulinic acid, é-aminolevulinic acid or ferric cit-
rate to the indicated final concentration from a 1 M stock solution neutralized

with ammonium hydroxide.

Cell harvesting and sample preparation - Following cultivation, cul-
ture density was determined and 3 ml samples were collected. Cells were isolated
by centrifugation, washed with a buffer consisting of 100 mM Tris-HCIl, 50 mM
NaCl, 1 mM EDTA, 1 mM DTT and 0.1 mM PMSF, and resuspended in 1 ml
of the same buffer. Cells were lysed by sonication on ice using a Heat Systems
Ultrasonicator. Soluble and insoluble fractions were separated by centrifugation
at 14,000 g for 5 min. Soluble fractions were assayed for soluble VHb content
and insoluble fractions were immediately frozen. The protein from soluble frac-
tions was then isolated by precipitation with 10% TCA and the resulting pellets
were washed extensively with ethanol:ethyl ether (1:1). Resulting samples were

stored at -70°C for electrophoretic analysis.

VHb determination - Soluble VHb was determined by visible absorp-
tion spectroscopy of soluble lysate fractions and SDS-PAGE. The Soret peak
of VHb in these samples uniformly had its maximum at 415 nm indicating the
protein was present in the oxygenated state (Orii and Webster, 1986). Baseline
values, determined from analysis of the soluble lysate from various cells lacking
the gene encoding VHb, range between 2.7 and 3.0 A(415)/Klett units. The
plotted activity units are 10* times calculated activity units. Insoluble VHb

was determined by SDS-PAGE.

Electrophoresis - SDS-PAGE was conducted using the BioRad Protein II
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Multi Cell Electrophoresis system. Resolving gradient slab gels were composed
from 10% - 20% acrylamide, 0.3% - 0.6% bisacrylamide, and 0.1% SDS and
topped with a discontinuous buffer stacking gel (Laemmli, 1970). Pellets from
soluble and insoluble fractions were resuspended in sample buffer to a constant
biomass concentration. Gels were run at 32.5 mA /gel, 4°C for 6 hours and
stained with Coomassie blue. VHb internal standard was included throughout

to correct for variations in staining.
6.5 Results

The following studies were conducted in culture tubes to insure uniform mi-
croaerobic conditions necessary for controlled activation of the VHb promoter
in large numbers of samples. Culture tubes were inoculated with moderate cell
density stock culture as described under Materials and Methods. As all cells
lacked VHb at the time of tube inoculation, the culture tube results shown rep-
resent the entire temporal accumulation phase of VHD in E. colt when expressed
from its native promoter under microaerobic conditions. Cell growth and VHDb
accumulation was monitored for all strains over a 12 hour time period. For
chemical perturbations, cells were grown for 6 hours in 5 ml volume, defined as

the standard state, and compared to cells not treated with the perturbant.

Plasmid Vector

The type of plasmid used for the expression of recombinant proteins can
have a large effect on growth, protein synthesis (Seo and Bailey, 1985) and
metabolic activity. To examine this influence, we have investigated VHb in-

clusion body formation in JM101 carrying plasmids of different construction.
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Plasmid pRED2 was derived from the high copy number plasmid pUC19 by
insertion of the gene encoding VHb under the control of its native promoter.
Plasmid pINT?2 also carries the gene encoding VHb under the control of its na-
tive promoter but was derived from the moderate copy number plasmid pBR322.

The strain JM101:pRED2 accumulates soluble VHb fairly rapidly upon in-
duction acquiring 75 percent of its final level within 3 hours. Insoluble VHb
accumulates much more slowly and is not present 3 hours after induction as
shown in Figure 2. The growth rate is fairly linear for the first 6 hours and
decreases thereafter. Cultures of 3 ml volume grow faster, reach a higher final
cell density and accumulate higher levels of both soluble and insoluble VHb than
5 ml cultures.

The strain JM101:pINT2 accumulates soluble VHb during the first 3 hours
at approximately the same rate as JM101:pRED2. However, soluble VHb accu-
mulation continues for a longer period of time such that much higher levels are
obtained after 12 hours. This strain does not accumulate insoluble VHb as indi-
cated in Figure 3. This strain also grows faster and to a significantly higher final
cell density than does JM101:pRED2. Cultures of 3 ml volume grow faster and
reach a higher final cell density than those of 5 ml; however, they accumulate
lower levels of soluble VHb.

Results clearly show that plasmid construction dramatically effects VHb
inclusion body formation. This effect, however, is only significant 3 hours after
induction. As the two strains produce similar specific amounts of VHb prior
to this time and are derived from the same host, the significantly lower growth

rate of JM101:pRED2 indicates it is more burdened by plasmid maintenance.
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This is consistent with earlier fed-batch fermentations showing significant growth

inhibition of JM101:pUC19 relative to JM101 (Khosla and Bailey, 1988).

Temperature

Temperature has a profound effect on the stability of proteins with denat-
uration typically occurring above 50°C (Privalov, 1982). In the case of sperm
whale apomyoglobin, maximum stability at physiological pH occurs at 30°C;
denaturation occurs above 50°C (Griko et al., 1988). While most proteins are
stable below 50°C, the occurrence of the highly conserved heat shock response
below this temperature (Craig, 1985) suggests lower temperatures may generally
affect intracellular protein folding. Indeed, protein mutations which affect the
thermal sensitivity of folding but do not affect thermal stability are known to
occur (King, 1986). Temperature has previously been shown to be an important
variable in inclusion body formation (Schein and Noteborn, 1988). The need to
understand the influence of temperature on inclusion body formation is punctu-
ated by the prevalent use of thermally inducible promoters. To investigate this
influence we have examined VHb inclusion body formation in JM101:pRED2
and JM101:pINT2 grown and induced at 42°C.

Growth and soluble VHb accumulation in JM101:pRED2 at 42°C are com-
parable to that at 37°C for the first 3 hours. Thereafter, growth and soluble
VHD accumulation at 42°C decrease (Figure 4) relative to these trajectories at
37°C. Interestingly, specific soluble VHD levels fall after 6 hours despite mini-
mal growth. Insoluble VHb is accumulated earlier at 42°C than 37°C but not

to higher final levels.
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Growth and soluble VHb accumulation in JM101:pINT2 at 42°C (Figure 5)
are comparable for the first 3 hours to culture behavior at 37°C. Thereafter, in-
creases in cell density and soluble VHbD are less than those at 37°C. JM101:pINT?2
does not produce insoluble VHb at 37°C or 42°C. Results suggest that higher
temperatures have little affect on the insolubilization of VHb but do affect the

level of expression.

Supplementary Carbon Source

Metabolizable sugars are commonly supplemented to fed batch media to
enhance recombinant protein accumulation during the production phase (Tsai,
1987). This is in part due to the high energy yield obtained through their
catabolism (Stouthamer, 1973). We have investigated the effect of supplement-
ing glucose, lactose, glycerol and sucrose at 0.5, 1.0, 1.5 and 2.0% concentrations
on VHD inclusion body formation.

The VHDb promoter is believed to have a CAP binding site and be suscep-
tible to catabolite repression (Khosla and Bailey, 1989). Supplementation of
glucose to JM101:pRED2 cultures has little effect on growth or soluble VHb
accumulation. It does, however, significantly decrease the accumulation of in-
soluble VHb as shown in Figure 6. Interestingly, supplementation of glucose to
JM101:pINT2 decreases the accumulation of soluble VHD to a level comparable
to that of JM101:pRED2 (data not shown). The effect of glucose is approxi-
mately the same over the concentration range tested.

Supplemented glycerol, which can be metabolized by JM101:pRED2, has

little effect on growth, soluble VHb accumulation and insoluble VHb accumu-
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lation. Its addition, however, does elicit accumulation of a number of distinct
cellular proteins which are also accumulated with glucose addition (Figure 6).
These proteins are also accumulated in insoluble fractions of control strains
which do not produce VHb. The small improvement in growth and VHb pro-
duction seen with glycerol addition suggests cell metabolism is limited by oxy-
gen rather than nutrient level in the basal medium. Supplemented lactose and
sucrose have no effect on growth, soluble VHb accumulation, insoluble VHb
accumulation or cellular protein content. These sugars cannot be metabolized
by JM101:pRED2 and were included as controls to account for osmolarity or

related effects (Bowden and Georgiou, 1988)

Chemical Perturbation of Heme Biosynthesis

Heme biosynthesis involves the condensation of 8 molecules of §-amino-
levulinic acid (ALA) to form the tetrapyrrole protoporphyrin IX. The structure
of the heme biosynthetic pathway is very well conserved among the plant, ani-
mal, and protista kingdoms (Bogorad, 1979), and portions of the pathway are
also utilized for vitamin B-12 and chlorophyll biosynthesis. The most notable
difference in the pathway among different organisms occurs in the synthesis of
ALA. E. coli synthesizes ALA by the C-5 pathway from the intact five car-
bon chain of glutamate (Li et al., 1989b). The enzyme which catalyzes this
transformation, ALA synthase, shows no amino acid homology with any other
cloned ALA synthase (Li et al., 1989c). Other facultative aerobic bacteria syn-
thesize ALA by the C-4 pathway from succinyl coenzyme A and glycine (Li et

al, 1989b). Vitreoscilla appears to utilize the C-4 pathway (Dikshit et al., 1989).
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The pathway for heme biosynthesis in E. coli is shown schematically in Figure
7 (Bogorad, 1979; Li et al., 1989).

Under hypoxic conditions, Vitreoscilla synthesizes VHb polypeptide,
NADH-methemoglobin reductase, and §-aminolevulinic acid (ALA) synthase
(Dikshit et al., 1989). The increase in ALA synthase levels with VHb polypep-
tide synthesis presumably allows the heme biosynthetic pathway to respond to
the greater demand for heme. Expression of VHb in E. cols leads to increased
production of heme (Khosla and Bailey, 1988; Dikshit and Webster, 1988). It
is not known if this is accomplished by derepression of heme synthesis or by an
amplification of ALA synthase levels as occurs in Vitreoscilla. Previous studies
on E. colt suggest ALA synthesis is the rate limiting step in the heme biosyn-
thetic pathway (Ishida and Hino, 1972; Hino and Ishida, 1973). Upon allevi-
ating the limitation in ALA synthesis, the new limiting step is believed to lie
at porphobilinogen (PBG) synthesis (personal communication, Dr. Alexander
Sassarman). ALA Dehydratase, the enzyme responsible for this latter conver-
sion, is competitively inhibited by levulinic acid (Li et al., 1988). To examine
the influence of heme biosynthesis on VHb insolubilization in E. coli, we con-
ducted titration experiments on the strain JM101:pRED2 with glutamate, ALA,
levulinic acid, and ferric citrate.

Glutamate was previously shown to effect VHb synthesis in Vitreoscilla
(Lamba and Webster, 1980). Supplementing glutamate to JM101:pRED2 cul-
tures, however, has no effect on growth, soluble VHb accumulation, or insoluble
VHb accumulation as shown in Figure 8. In this basal medium, glutamate

is the most prevalent carbon source available prior to supplementation (Difco
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Laboratories, 1953). The basal level of glutamate in the medium used for the
Vitreoscilla studies is unknown.

Iron concentration was also previously shown to effect VHb synthesis in
Vitreoscilla (Lamba and Webster, 1980). We have used ferric citrate as an iron
supplement as its uptake pathway is well understood (Van Hove et al., 1990).
Ferric citrate addition has no effect on growth or soluble VHb accumulation
as shown in Figure 9. It does, however, decrease insoluble VHb accumulation
monotonically when supplemented at concentrations in excess of 0.8 mM. The
basal medium contains approximately 40 uM iron and the total iron required to
meet VHb stoichiometric requirements under these conditions is approximately
5 uM iron. Given this, it is likely that ferric citrate addition at these much
greater levels reduces insoluble VHb accumulation by affecting VHb synthesis.
Such a perturbation is possible given the importance of the citric acid cycle in
cellular metabolism.

To determine whether a reduction in heme biosynthesis would lead to
greater VHb insolubiliza.tion, we titrated JM101:pRED2 cultures with levulinic
acid, a competitive inhibitor of ALA dehydratase. Supplementation of levulinic
acid does not effect the growth of JM101:pRED2 as shown in Figure 10. A
monotonic decrease is observed, however, in the level of soluble VHb accumu-
lated when the concentration of levulinic acid exceeds of 10 mM. The level of
insoluble VHb accumulated under these conditions increases in apparent pro-
portion. A concentration of 5 mM levulinic acid is commonly used for ALA
dehydratase inhibition in cell extracts from E. coli (Li et al., 1989b)

If heme biosynthesis in JM101:pRED?2 is limited by the synthesis of ALA.
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supplementing this intermediate should increase flux. ALA supplementation
has previously been shown to increase heme biosynthesis in anaerobically or
aerobically grown E. coli when incubated under aerobic conditions (Ishida and
Hino, 1972). ALA addition has no effect on the growth of JM101:pRED?2 as
shown in Figure 11. At concentrations below 10 mM, ALA addition leads to an
increase in the level of soluble VHb accumulated and an apparent proportional
decrease in the accumulation of insoluble VHb. At concentrations above 10 mM,
however, ALA appears inhibitory to VHb production as the accumulation levels

of both soluble and insoluble VHb decrease.

Genetic Perturbation of Heme Biosynthesis

To further investigate the importance of heme biosynthesis in VHb inclusion
body formation, we have inserted the genes for ALA Synthase and ALA Dehy-
dratase separately into the plasmid pRED2. Expression of the heme biosynthetic
enzymes is controlled by their respective native promoters.

The strain JM101:pVSP1 contains a plasmid derived from pRED2 encoding
both VHb and ALA synthase. This strain produces dramatically greater quan-
tities of insoluble VHb than does JM101:pRED2 as shown in Figure 12. The
level of soluble VHb produced, as indicated by activity measurements, reaches its
maximum within 3 hours. This maximum is approximately 30% of the maximum
reached by JM101:pRED2. Interestingly, the level of soluble VHb produced, as
indicated by electrophoresis, is much greater and falls after 3 hours. Also, in
the electrophoresis results, the increase in insoluble VHb levels occurring after 3

hours appears proportional to the decrease in soluble VHD levels. These results
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suggest that some of the soluble VHb produced in the initial 3 hours following
induction is apo VHb and this protein is either degraded or insolubilized over
subsequent hours.

The strain JM101:pVDP1 contains a plasmid derived from pRED2 which
encodes both VHb and ALA dehydratase. This strain produces dramatically
less soluble and insoluble VHb than JM101:pRED2 as shown in Figure 13. Le-
vulinic acid supplementation does not affect the growth of this strain or its
accumulation of soluble or insoluble VHb as shown in Figure 14. ALA supple-
mentation at concentrations in excess of 10 mM, however, appears to inhibit
VHDb production in this strain as shown in Figure 15. This effect was also seen

with JM101:pRED2.

Genetic Perturbation of Chaperone Protein Levels

The heat shock proteins hsp60 and hsp70, represented in E. colt by GroEL
and DnakK, respectively, have been implicated in the intracellular folding of
proteins (Gatenby et al, 1990). Enhanced expression of GroEL has been shown
to reduce ribulose-bisphosphate carboxylase inclusion bédy formation in E. coli
(Goloubinoff el al., 1989). The intracellular levels of GroEL and DnaK are
increased during heat shock through the action of the protein 032 (Grossman et
al., 1987). Enhanced expression of 632 has been shown to elicit the heat shock
response at low temperature (Grossman et al., 1987). We have enhanced the
levels of the chaperone proteins GroEL and DnaK by inserting a fusion of the
tac promoter and the rpoH gene, which encodes 032, into the plasmid pRED2.

The strain JM101:pVHP1 carries a plasmid similar to pRED2 which encodes
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both VHb and ¢32. This strain produces dramatically greater levels of insoluble
VHbD than does JM101:pRED2 whether or not IPTG is added to the medium
(.Figures 16 and 17). Comparison of VHb activity results and electrophoretic
results again suggests some soluble apoVHD is produced early in the cultivation

which is subsequently degraded or insolubilized.
6.6 Discussion

A number of experimental results agree with trends expected based on the
folding and aggregation model depicted in Figure 1. The strain JM101:pRED2
does produce less insoluble VHb with lower-level expression. This is apparent
through perturbations with glucose and ferric citrate where, in each case, re-
duced inclusion body formation coincided with reduced total VHb accumulation.
The same result was seen with studies using 1 ml culture to increase aeration and,
consequently, reduce VHb expression (data not shown). The level of VHb inclu-
sion body formation in JM101:pRED2 can also be modulated through chemical
perturbation of heme biosynthesis. Titrations with ALA and levulinic acid re-
duced and increased inclusion body formation, respectively, without changing
total VHb accumulation.

Other results do not agree with the model. In particular, total VHb ac-
cumulation in the the strain JM101:pINT2 is comparable to that in the strain
JM101:pRED2 yet JM101:pINT2 does not produce inclusion bodies. This re-
sult suggests that the increased burden placed on the cell for maintenance of
the plasmid pRED2, evidenced by the lower growth rate, is influencing VHb

aggregation.
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The results from chemical perturbations suggest one approach to increas-
ing soluble VHb accumulation under high-expression conditions may be enhance-
ment of heme biosynthesis. There are two mechanisms by which heme amplifica-
tion may act to increase soluble VHb accumulation. First, the root cause of VHb
insolubilization may be a limitation in heme availability. Such a mechanism is
plausible given the observation that inclusion body VHb bears conformational
similarity to apoVHb (Hart and Bailey, 1991a). Additionally, it is not clear
whether the coupling between ALA synthase expression and VHb expression
which exists in Vitreoscilla is present in E. colt. Second, heme may act as a
template for VHb folding in vivo and consequently "rescue” VHb which would
otherwise be insolubilized.

Some comments concerning leghemoglobin biosynthesis are of interest re-
garding the first of these mechanisms. Leghemoglobin has the closest amino acid
sequence homology to VHb of known globins (Wakabayashi et al, 1986). Leghe-
moglobin production is a symbiotic process as globin polypeptide is produced by
legume root nodules, and its heme prosthetic group is produced by the legumes
symbiont Rhizobium (O’Brian et al., 1987). Legume root nodules will synthe-
size apoleghemoglobin in the absence of bacterial heme synthesis (O’Brian et
al., 1987).

Genetic amplification of ALA synthase and ALA dehydratase levels did not
increase soluble VHb accumulation. Genetic modulation of the heme biosyn-
thetic pathway was expected to be difficult as it is not only complex but also
tightly regulated at the protein level.

The finding that overexpression of chaperone proteins may reduce inclusion
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body formation has prompted suggestion that these proteins may be a general
solution to inclusion body formation (Goloubinoff et al., 1989). At this time, it
is unclear whether this approach to reducing inclusion body formation will be
generally effective (Gatenby et al., 1990). We have constructed a plasmid bearing
both rpoH and the gene encoding VHb to investigate the influence of chaperone
protein levels on VHbD insolubilization. The only difference between the resulting
strain and JM101:pRED2 is the increased rpoH gene dosage. This strain shows
enhanced expression of two proteins found only in the soluble fraction. The
molecular weights of these proteins are the same as those of the heat shock
proteins GroEL and DnaK. Comparison of the protein pattern of this strain with
that of JM101 following heat shock supports this assignment. Interestingly, this
strain produces greater amounts of insoluble VHb than JM101:pRED2. The
increased insolubilization of VHb may be due to changes in the regulation of
expression or simply the nature of the plasmid construct. In any case, enhanced
levels of GroEL and DnaK clearly do not reduce VHD insolubilization.

Some comments regarding the validity of perturbation-response experiment
interpretation are appropriate. The chemical supplements investigated lead to
small changes in the relative levels of soluble and insoluble VHb while not ap-
parently influencing cell growth or protein composition. That is, these agents
constitute a small perturbation and elicit a small response. From an analyt-
ical point of view this is desired as it simplifies the assignment of cause and
effect. Genetic alterations, however, can clearly elicit large perturbations and
make causal assignment vastly more difficult. The VHb accumulation behavior

of the strain JM101:pVDP1, for example, is dramatically different from all other
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strains discussed. Results from test tube cultivations and shake flask cultivations
suggest that this genetic alteration may affect regulation of the VHb promoter.
It is possible that similar effects are manifest with the strains JM101:pVSP1

and JM101:pVHP1.
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6.9 Figures

Figure 1: Model of VHb inclusion body formation process.

Figure 2: JM101:pRED2 grown at 37°C in buffered LB medium. (a)
Biomass-normalized soluble VHb activity accumulation in 3 ml (open) and
5 ml (filled) cultures. (b) Biomass accumulation in 3 ml (open) and 5 ml
(filled) cultures. (c) SDS-PAGE analysis of soluble (lanes 3, 5, 7, 9, 11 and
13) and insoluble (lanes 4, 6, 8, 10, 12 and 14) lysate fractions of 3 ml (lanes
3 - 8) and 5 ml (lanes 9 - 14) cultures collected 3 hours (lanes 3, 4, 9 and
10), 6 hours (lanes 5, 6, 11 and 12) and 12 hours (lanes 7, 8, 13 and 14)
post-induction. Molecular weight markers (lane 1; 94, 67, 43, 30, 20.1 and

14.4 kDa) and purified VHb (lane 2) are shown for internal reference.

Figure 3: JM101:pINT2 grown at 37°C in buffered LB medium. See Figure

2 caption for details.

Figure 4: JM101:pRED2 grown at 42°C in buffered LB medium. See

Figure 2 caption for details.

Figure 5: JM101:pINT2 grown at 42°C in buffered LB medium. See Figure

2 caption for details.

Figure 6: JMI101:pRED2 grown at 37°C for 6 hours in 5 ml buffered
LB medium supplemented with 2% (w/w) sugar. (a) Biomass-normalized
soluble VHb activity accumulated. (b) Biomass accumulated. (c) SDS-
FAGE of soluble (lanes 3, 5, 7, 9 and 11) and insoluble (lanes 4, 6, 8,

10 and 12) lysate fractions of cells grown in buffered LB (lanes 3 and 4)
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supplemented with glucose (lanes 5 and 6), lactose (lanes 7 and 8), glycerol

(lanes 9 and 10) or sucrose (lanes 11 and 12).
Figure 7: Schematic of E. colt heme biosynthetic pathway.

Figure 8: JMI101:pRED2 grown at 37°C for 6 hours in 5 ml buffered
LB medium containing supplemented glutamate. (a) Biomass-normalized
soluble VHb activity accumulated as a function of supplemented glutamate
concentration. (b) Biomass accumulated as a function of supplemented
glutémate concentration. (c) SDS-PAGE of soluble (lanes 3, 5, 7, 9, 11, 13,
15, 17 and 19) and insoluble (lanes 4, 6, 8, 10, 12, 14, 16, 18 and 20) lysate
fractions of cells grown in buffered LB medium (lanes 3 and 4) supplemented
with 2 mM (lanes 5 and 6), 4 mM (lanes 7 and 8), 8 mM (lanes 9 and 10),
10 mM (lanes 11 and 12), 20 mM (lanes 13 and 14), 40 mM (lanes 15 and

16), 80 mM (lanes 17 and 18) and 100 mM (lanes 19 and 20) glutamate.

Figure 9: JM101:pRED2 grown at 37°C for 6 hours in 5 ml of buffered LB
containing supplemented ferric citrate. Details differ from those in Figure

8 caption only in that 10 fold lower concentrations were used.

Figure 10: JM101:pRED2 grown at 37°C for 6 hours in 5 ml of buffered

LB containing supplemented levulinic acid. See Figure 8 caption for details.

Figure 11: JM101:pRED2 grown at 37°C for 6 hours in 5 ml of buffered

LB containing supplemented ALA. See Figure 8 caption for details.

Figure 12: JM101:pVSP1 grown at 37°C in buffered LB medium. See

Figure 2 caption for details.
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Figure 13: JM101:pVDP1 grown at 37°C in buffered LB medium. See

Figure 2 caption for details.

Figure 14: JM101:pVDP1 grown at 37°C for 6 hours in 5 ml of buffered LB
medium containing supplemented levulinic acid. (a) Biomass-normalized
soluble VHb activity accumulated as a function of supplemented levulinic
acid concentration. (b) Biomass accumulated as a function of supplemented
levulinic acid concentration. (¢) SDS-PAGE of soluble (lanes 3, 5, 7, 9 and
11) and insoluble (lanes 4, 6, 8, 10 and 12) lysate fractions of cells grown
in buffered LB medium (lanes 3 and 4) supplemented with 20 mM (lanes 5
and 6), 40 mM (lanes 7 and 8), 80 mM (lanes 9 and 10) and 100 mM (lanes

11 and 12) levulinic acid.

Figure 15: JM101:pVDP1 grown at 37°C for 6 hours in 5 ml of buffered LB

medium containing supplemented ALA. See Figure 14 caption for details.

Figure 16: JM101:pVHP1 grown at 37°C in buffered LB medium. See

Figure 2 caption for details.

Figure 17: JM101:pVHP1 grown at 37°C in buffered LB medium contain-

ing 1 mM IPTG. See Figure 2 caption for details.



- 159 -

Figure 1.

qHA
OLIdWI(]

2[qQn[os

OLISWIOUOJA]

2[qu[os

unfydiodojoid o

vy :.\-

(OO
K 0

GHA <1qnjosuy



- 160 -

Ficure 2.

MLELZL UOL 68 L 9S vE T |

(1y) euny

St ol S 0
............. 0
- 00}
[
g \nw { ooe
u“m { oov
2]
° 2.4€ ‘za3ud
00S
(dy) ewry
Sl ol S
-------------- O
2
14
o 9
® .\“
° . 48
9.4€ ‘za3uyd o

Heiy

NaN/GIY)Y



- 161 -

MELZLILOL6 8L OISV ETI

(1y) suny

S 01 S 0
..............Foo_
002
00e

[ 2

oo |
o\\o\ 00y
0\ 006

0.8 ‘TINI
J 009

(1y) euny
Sl 0t ]

T 0

€
>
8 s 2
o/.l\\»\ . =
0\\ mv.nM.

cl

0,4€ ‘TLNId] o

Hely



(1y) eun)

.:\\\\\\\“Huuno ]
ol.\\\ .

9,2v ‘za3ud

- 162 -

Sl

(1y) ewry
ot S [+]

Ficure 4.

(8

T T T T

.//f.....v,.\_

9.2¢ ‘a3ud

ol

ua/(siyly

Hax



- 163 -

irure 5.

F

netctuoé6e8 L9 sy €ci

(1y) ewr)

2.2v ‘ziNd

(1y) euny
St ol S

9,2¢ ‘ZLNId

4

St

HeM

ne/(siy)v



Figure

3
o
O
)
~
[y
o
(=]
w
(s
Q.
2 ©w < N

ne/siy)v

€80:0ng/

01904j5)/

esopEy

9800N|yY/

- 164

12 3456 78 9 10 1112

850J0nG/
[01094)9)/
00 es0pEY/
~
wm
o~ 9503nfoY
Q
&
a LU

500

300
200
100

0

Ha



- 165 —

11 wdouraiydrodoan

TIg wumejA
/ HOOD HOOD
qJuiay J00H
111 uadourafydiodoado)
ase[AX0qIed3(] 200H
HOOD 111 uadouuiydiodoin
3SEPIXQ Moo aseqiuiso))
111 woSounikydiodosdo) Juiay quiay 111 usSouukydiodoin)
smosiw%%w%a Duiy oua aseururea( usdoutjiqoydioq

X[ unifydaodoloag

OSBIR[OYO0LID h iy

Figure 7.

urifydaiodojoad oy

D00H

(994) uadouriqoydtog Hsm.w
ZHN

HN

quizy ﬁ aseleIpAyeq VIV

[o}

(VIV) PRV duimasoumy-¢ o, §
Q00H

yuay = asepukg ely

:oooL/\looo: .

PRV eIy



- 166 -

icure 8.

F

0014 ol 3

0Z6L8LLIGLSPIELZLUOLG 8L 9SG VE T | () eveweing

rr v FrTr—r——— 0
<4 001
< 002 =
) o
./.’.,...".lll. - 00 -~
- 00¥
8 d]
J 0..€ ‘za3ud]
(Ww) elewejnin
00!} ol —o
42
1 >
4 \n|.7.-l
1 @
:o\vr.llorollo 1° W;
- 8 -
D .48 ‘2a3yd] o




. & .
0oC 6 w—_‘.‘h‘_‘.‘..,o‘—s.m_. VIELZLILL OL6 B L 9SS $ET 1 (Ww) e1lemo owey

ol 3 b

T —TTTrrr—ry——r 0

- 001
-4 002
4 00
A.NIIIQII.’-.O’.’O ]
-1 00F
¥ . n E
N q 0.8 ‘Zaaud |
O
—i
i
(Nw) ele) ouey
o} [} [
v gy T Trr—yr—p— 0
L
o 12
1 >»
e 1y =
i 3 e ep—e—e {0 =
{2
4 m -
D 0,48 ‘2a3Hd | o

HeIN



- 168 -

Ficure 10.

0Z6LBLLOLSIHEIZLOL6 B8LISY €T

001

(Ww) poy “Ane7
ot

b Y
0 —00—0—9¢

9,4€ ‘2a3ud ]

001

(Ww) proy “Ane7
ol 8

o

T Trre T ror=y—y

.J.l-\l.“. 1

0,48 ‘2a3ud]

g § 8 8§

o]}

Helx

nep/(sivly



- 169 -

Ficure 11.

OZOLO LA GHELZLIOG 8BLI S PET I o0r o) e _
- B - R . 1]

YTy T TIryY v Y—rr T

L
,.
’v."...llll.'. 4

0,48 ‘2?aayd |

(Nw) ey
001 oL 1

.48 ‘zZa3ud

- 002

Hey

[ - oot
- oo¥

00S

nspisIy)y



- 170 -

Ficure 12.

v
F
™M
F
N
P
N
o -
o
F
.
2]
o
0
[Te)
q
o
<N
F
o] =0
0 2
© o e
-4 © o
3} = 3}
] I Q
5 0 E P o, e ]
S | - \\ ¥
R o o A o
O.;L‘;.;;:‘:‘Loo lllllll o
(=]
= : 83828688

nad/siy)v

Time (hr)



Ficure 12.

- 171 -

i 2 34567 891011213 14

15

10

Time (hr)

=0
[T}
[}
o
£
o @ g
~ o8 E ~
- SN
3 * ] & o s
2 | 2, N\
n.'.l.l.l_'fl o 0 olbkemy g,
g w @ = oM © $ 88 8 8 8
napi/sIYIV SR
nely




nis)

-].ié;-

Ficure 14.

ctuoLéesg

c@fs ¢+ 4

e -
g W - s

T g RS R 3

¥ w‘:, e

L 9S vET
Q%Q mw mw

001

(Ww) proy "Ana

< 001
-1 002

- 00t

HalX

2,4¢ ‘1daAd]

0014

009

(Ww) proy “Ane

419

naIN/(SLy)v

-8

9,8 ‘LdaAd]

ot



- 173 -

Ficure 15.

TLUOL68 LIS ¥ET

0

(Nw) "ely

001l . _ o..o
<4 001
-4 002
-1 00¢g
-0 ™ o 1 ooy
- 009
9,¢ ‘LdOAd] 000
(Ww) ey
o_. i . o—o
4
42
Flo L] — @ >
4y =
@
- O w
| =
48 -
0,4¢ ‘LdaAd] o

oy



- 174 -

Ficure 16.

v
1IN
I
)1 e
;
l )
o =0
° ce

o z o \\
S ° E 5 o e
- \ o £ \\ '-
I 0 T - ] 1
2\ 3 N\
° Qual:/(SL;)V S 5§88 27

12345 6789 101121314

15

10

Time (hr)



- 175 -

Figure 17.
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CHAPTER 7

Conclusions



- 177 -

7.1 Summary of Findings

VHbD expressed from its native promoter on high copy number plasmids in
E. coli accumulates in both soluble and insoluble forms. Analysis of the insolu-
ble form demonstrates that VHb is aggregated into inclusion bodies which are
relatively devoid of protein contaminants with the exception of pre-g-lactamase
and a host-cell protein identified as elongation factor Tu. There is considerable
morphological heterogeneity within the aggregate population as determined by
electron microscopy. Additionally, two compositionally distinct fractions can be
isolated by differential centrifugation.

The soluble form of VHb was purified and characterized. Purified solu-
ble VHD has the correct amino acid content, is dimeric, contains stoichiometric
heme, and is spectroscopically indistinguishable from native VHb. The two
heme centers in purified VHb are magnetically inequivalent as determined by
EPR spectroscopy. The high field thombicity of one heme center is 5.6% which is
similar to the high field rhombicity of leghemoglobin (4.6%). Of known globins,
leghemoglobin has the closest amino acid sequence homology to VHb (Wak-
abayashi, 1986).

The insoluble form of VHD uniformly lacks heme. Some insoluble VHb
appears competent for heme binding as determined by spectroscopic titrations.
Dissolution analysis with denaturants containing heme suggests heme binding to
insoluble VHb makes solubilization of VHb more difficult. Some inclusion body
VHb can be solubilized by incubation in buffer lacking denaturant. Of this solu-

bilized protein approximately 25% can be regenerated by heme addition to yield
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holoVHb having the same carbon monoxide minus reduced difference absorption
spectrum as native VHb. Inclusion body VHb can be partially solubilized by
iﬁcubation in buffers containing urea at concentrations which are low relative to
those usually employed for inclusion body dissolution. The dissolution midpoint
of inclusion body apoVHD (3.2 M urea) is similar to the denaturation midpoint
of soluble apoVHD (2.9 M urea).

The factors influencing VHD insolubilization tn vtvo were investigated. The
extent of VHb insolubilization is dependent on accumulation rate and plasmid
vector construction but less so on temperature. Effectors of heme biosynthesis
can be used to modulate the extent of VHb insolubilization but these effectors
do not eliminate VHb inclusion body formation. Increased levels of the chaper-
one proteins DnaK and GroEL do not reduce the extent of VHb insolubilized.
Attempts to genetically increase heme biosynthesis by cloning ALA synthase

and ALA dehydratase did not reduce the extent of VHb insolubilized.
7.2 Properties of Inclusion Bodies

Two different models for inclusion body formation have been proposed. One
model states that ”aggregation occurs as the nascent polypeptides come off the
transcription-translation complex” (Kane and Hartley, 1988). With this mecha-
nism, ribosomal proteins, rRNA, plasmid, and other protein synthetic machinery
can be insolubilized with the recombinant protein in inclusion bodies (Kane and
Hartley, 1988). This mechanism also implies that recombinant protein is aggre-

gated before it can fold significantly. The other model states that ”aggregates
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derive from specific partially folded intermediates and not from mature, or fully
unfolded proteins” (Mitraki and King, 1989).

Our results suggest that both models are correct to some degree. The pres-
ence of pre-f-lactamase and elongation factor TU, a host-cell protein involved in
translation, in VHb inclusion bodies supports the first model of inclusion body
formation. Results also suggest that some inclusion body VHb bears structural
similarity to apoVHD in support of the second model. The correctness of both
both models is also indicated by observations from tn vivo experiments. In par-
ticular, amplifying heme biosynthesis with ALA reduces VHb aggregation but
does not eliminate inclusion body formation entirely. This suggests that some
VHD is insolubilized before it attains a conformation which is competent for
heme binding and, hence, cannot be influenced by increased heme availability.

Results in general suggest that VHb inclusion bodies are composed of a
population of conformationally heterogeneous VHb molecules. This heterogene-
ity may provide many possible intermolecular association patterns. With this
network of associations, it is possible that some protein remains insoluble pri-
marily from entanglement of unfolded or partially folded molecules. Disruption
of this network, however, may generally require treatment with denaturing levels

of chaotropic agents.
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