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ABSTRACT

Recombinant mammalian proteins ex-
pressed in E. coli can be difficult to purify in
high yield in a soluble and functional form.
Various techniques have been described to
prevent proteolysis of expressed proteins
and/or their sequestering as insoluble ag-
gregates within inclusion bodies. We report
conditions for expressing recombinant pro-
teins from E. coli that significantly en-
hanced the yield of soluble and functional
protein. We demonstrate high-yield recov-
ery of a native, high-molecular-weight RNA
binding protein without the aid of fusion
protein sequence. The principle factor that
increased protein yield was the induction of
protein expression in a late log phase cul-
ture, although reduced temperature during
the induction and a low IPTG concentration
also contributed to a higher yield.

INTRODUCTION

The preparation of recombinant
mammalian proteins under native con-
ditions is essential for functional appli-
cations including enzyme assays, the
analysis of macromolecular interac-
tions, and structural analyses. Depend-
ing on the particular protein, recombi-
nant protein may be subjected to
proteolysis within E. coli and/or se-
questered as insoluble aggregates with-
in inclusion bodies (1). Isolation of re-
combinant proteins from inclusion
bodies is possible but typically requires
denaturing conditions (2). Systems
commercially available such as the
yeast Pichia pastoris system (Invitro-
gen, Carlsbad, CA, USA), the Droso-
phila S2 cell system (Invitrogen), and
the rabbit reticulocyte lysate system
(Promega, Madison, WI, USA) may
enable intact protein to be expressed,

but frequently the yield of recombinant
protein is too low for structural studies.
In combination with these alternative
expression systems, the protein of in-
terest may be obtained in higher yields
when it is expressed as a fusion protein
to one of several commercially avail-
able conjugates [e.g., GST (Amersham
Biosciences, Piscataway, NJ, USA) or
NusA (Novagen, Madison, WI, USA)].
Depending on the application, the pro-
tein of interest may have to be prote-
olytically cleaved from the fusion pro-
tein, necessitating the use of expensive
proteolytic enzymes, additional purifi-
cation procedures and time.

Recently, a variety of adaptations for
E. coli expression of proteins have been
developed that allow for a high level of
protein expression and the reduction of
the amount of protein lost to inclusion
bodies. These include the use of E. coli
host strains that overexpress heterolo-
gous tRNAs that better support mam-
malian preferred codon usage (Novagen
and Stratagene, La Jolla, CA, USA) and
modifications aimed at reducing the
level of protein expression, such as low-
ering the concentration of IPTG used
for induction (3), reducing the duration
of induction (4), and lowering tempera-
tures at which induction is performed
(5). Interestingly, all of these procedures
have in common the use of log phase
cultures of E. coli, and when higher cell
densities have been suggested, it is sim-
ply intended to compensate by cell
number for a lower level of protein ex-
pression (1,4). In this regard, we have
evaluated the effect of culture density
on the expression of a recombinant
RNA binding protein, ACF64 (6). The
data suggested that induction of recom-
binant protein expression in late log
phase E. coli contributes significantly to
not only the total amount of protein ex-
pressed but also enhancement of the
yield of soluble protein.

MATERIALS AND METHODS

The ACF64 Expression Vector

acf64 cDNA (GenBank® accession
no. AF290984) (6) comprising amino
acids 1–586 was amplified by PCR to
include EcoRV and XhoI restriction
sites at the 5′ and 3′ ends respectively.

The product was subcloned into a mod-
ified pET28a (Novagen) vector at the
filled NcoI and XhoI sites such that
ACF64 protein was expressed with a C-
terminal HA epitope and hexa-histidine
motif. The sequence verified construct
was transformed into E. coli BL21
(DE3) RIL Codon Plus (Stratagene).

Growth Conditions

An overnight 2-mL culture from a
single colony was grown at 37°C in LB
(1% Bacto-tryptone, 0.5% Bacto yeast
extract, and 0.5% NaCl) and then trans-
ferred to 50 mL LB medium in a 250-
mL flask and incubated at 37°C with
shaking at 250 rpm. After 4 h, the cul-
ture was transferred to 750 mL LB
medium in a 4-L flask and incubated as
before. All cultures contained 20 µg/
mL kanamycin.

Induction of Protein Expression

Growth of cultures was monitored
by their A600. Protein expression was
induced in log phase at A600 = 0.6 or in
late log phase at A600 = 1.7 at either
30°C or 37°C with IPTG at concentra-
tions of 0.1 or 1 mM. For 30°C induc-
tions, cultures were placed in ice water
(without shaking for 5 min) to rapidly
lower the temperature, IPTG was
added, and the cultures were placed at
30°C and shaken at 250 rpm. Control
experiments demonstrated that a slow-
er rate of cooling down (e.g., leaving
the culture at room temperature for 15
min) worked as well. For 37°C induc-
tions, IPTG was simply added to cul-
tures at 37°C and shaking continued.
All inductions were stopped, after 1 h,
by placing flasks on ice.

Preparation of Protein Extracts

After induction, cells were collected
(10 000× g for 10 min at 4°C–7°C), and
the cell pellet was resuspended in the
equivalent of eight cell pellet volumes
with lysis buffer consisting of 0.1×
PBS (15 mM NaCl, 0.6 mM K2HPO4,
0.2 mM KH2PO4, pH 7.3), 3 mM β-
mercaptoethanol, 0.1 mM PMSF, 0.5
µg/mL aprotinin (Sigma, St. Louis,
MO, USA), leupeptin , pepstatin (Sig-
ma), 0.6 mM benzamidine, and 1
mg/mL lysozyme (Sigma) and incubat-
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ed for 15 min at 37°C. The lysate was
shell-frozen in liquid nitrogen (by
rapidly swirling it along the side of the
centrifuge bottle while submerged in
liquid nitrogen) followed by thawing
completely at 37°C. This was repeated
three times. At this point, the initial
lysate viscosity was diminished. The
lysate was adjusted to 5 mM MgSO4
and 2 mM ATP and digested with 10 µg
DNase I (Sigma) and 50 µg RNase A
(Sigma)/mL at 37°C for 20 min. The
lysate was adjusted to 1 M NaCl and
0.4% Triton X-100® and incubated on
ice for 5 min before preparing a cleared
lysate supernatant by centrifugation at
16 000× g for 10 min at 4°C–7°C. For
comparative analysis to the super-
natant, the resultant pellet was resus-
pended to the same volume as the ex-
tract supernatant using lysis buffer
containing 1 M NaCl and 0.4% Triton
X-100. The distribution of ACF64 as
soluble (supernatant) and insoluble (re-
suspended pellet) was evaluated by

resolving an equal aliquot of each
fraction by 10.5% SDS-PAGE and
Coomassie Blue® staining.

Nickel Affinity Purification

The supernatant (typically 40 mL)
was bound to Ni-NTA resin (Qiagen,
Valencia, CA, USA) (2 mL packed
resin) in the presence of 10 mM imida-
zole at 4°C for 2 h while tumbling. The
resin was then poured into a 15-mL dis-
posable column (Bio-Rad Laboratories,
Hercules, CA, USA), and the flow
through lysate (unbound fraction) was
collected. The resin was washed consec-
utively with 50 mL wash buffer 1 (lysis
buffer containing 1 M NaCl but lacking
reducing agent and protease inhibitors)
and 50 mL wash buffer 2 (wash buffer 1
containing 150 mM NaCl) and then elut-
ed in wash buffer 2 containing 300 mM
imidazole as 0.7-mL fractions. Aliquots
of the eluted fractions (8 µL) were ana-
lyzed by SDS-PAGE. The total yield of

soluble ACF64 was estimat-
ed by comparing the density
of a fraction of the total puri-
fied ACF64 against a known
mass of BSA from Coo-
massie Blue-stained gels.

Assembly of RNA-Protein 
Complexes and UV Light-
Induced Cross-Linking

RNA-protein interactions
were evaluated by UV light
cross-linking as described
previously (7,8). Briefly, 40
fmol of a α-[32P] ATP uni-
formly labeled 498-nu-
cleotide apoB RNA [tran-
scribed and 5′-capped with
T7 RNA polymerase using
mMessage Machine (Am-
bion, Austin, TX, USA)]
were incubated with varying
amounts of Ni2+ affinity-pu-
rified APOBEC-1 Comple-
mentation Factor (ACF64)
under editosome assembly
conditions (100-µL reactions
containing 10 mM HEPES,
pH 7.9, 50 mM KCl, 30 mM
EDTA, 0.25 mM DTT, at
30°C for 1 h). The number of
picomoles of ACF64 added
to each reaction was calcu-

lated from the concentration of ACF64
in each fraction and the molecular
weight of ACF64. The reactions were
exposed to 254 nm UV light in 0.5 cm
width quartz cuvettes on ice for 5 min
and subsequently digested with 20 U
each RNase A and RNase T1 (Sigma)
for 30 min at 37°C. Protein was precipi-
tated with 5 volumes of acetone, and the
dried pellets were resuspended in SDS-
PAGE sample treatment buffer and re-
solved on 10.5% SDS-PAGE, and the
radiolabeled proteins were visualized
by autoradiography.

RESULTS

RNA binding proteins play important
roles in cellular structure and function;
consequently, it is of interest to isolate
and characterize these proteins (9,11).
The 64-kDa ACF64 is an essential com-
ponent of the complex known as the
C→U editosome involved in carrying
out hydrolytic deamination of cytidine to
form uridine at nucleotide position 6666
in apolipoprotein B mRNA (6,12,13).
ACF64 contains three RNA recognition
motifs involved in site-specific binding
to apoB mRNA and interacts with the
editing deaminase, APOBEC-1.

To isolate ACF64 for functional stud-
ies, recombinant protein containing a
6×His tag was expressed and affinity pu-
rified by Ni2+ affinity chromatography
as described in the Materials and Meth-
ods section. Soluble recombinant
ACF64 was recovered in low yields
(50–100 µg/3 L culture) when expressed
under standard conditions in E. coli.
Yields in an E. coli-based coupled in vit-
ro transcription-translation system
(Roche Applied Science, Indianapolis,
IN, USA) were 100 to 500 times lower,
making this approach for scale-up cost
prohibitive. Modifications of the condi-
tions for E. coli expression were evaluat-
ed including lower IPTG concentration
for induction, reduced temperature, and
shorter periods of induction. All three
conditions together enhanced the yields
of soluble ACF64 (see below), but the
most significant factor that contributed
to increased soluble ACF was induction
of protein expression at late log phase.

IPTG induction at a culture density
of A600 = 0.6 is a typical recommenda-
tion of most protocols. An evaluation
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Figure 1. Enhanced expression of soluble recombinant ACF.
(A) The induction of protein expression. E. coli strain BL21
(DE3) RIL Codon Plus transformed with pET28a-ACF64 were
grown at 37°C to the indicated A600, and heterologous protein
expression was induced with 0.1 mM IPTG for 1 h at either 30°C
or 37°C as described in the Materials and Methods section. Pro-
tein expression from an equal aliquot of cells before (“B”) and af-
ter (“A”) induction were resolved by 10.5% SDS-PAGE. (B) The
distribution of expressed protein as soluble and insoluble frac-
tions. Cultures grown to the indicated A600 and induced with 0.1
mM IPTG at the indicated temperatures were lysed and extracted
to obtain soluble (“S”) and insoluble (“I”) fractions as described
in the Materials and Methods section. The insoluble material was
resuspended to the original extract volume, and an equal aliquot
of insoluble and soluble protein was resolved by SDS-PAGE.
The migration of molecular weight standard proteins and of
ACF64 are indicated as Mr and ACF64, respectively.
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of the amount of ACF64 that could be
induced at various culture densities re-
vealed protein expression levels in-
creased with increasing culture density
regardless of whether induction was
carried out at 30°C or 37°C (Figure
1A). Following lysis and extraction of
cells as soluble and insoluble fractions
as described in the Materials and Meth-
ods section, the yield of soluble ACF64
in cells grown to mid log phase and in-
duced at 30°C was found to be higher
than that obtained from cells grown to
mid log phase and induced at 37°C
(Figure 1B). The highest yield of solu-
ble ACF64 was obtained from cells
grown to late log phase at 37°C regard-
less of whether induction was carried
out at 30°C or 37°C. In other experi-
ments (not shown), the recovery of sol-
uble ACF64 was not enhanced further
by growth to late log phase at tempera-
tures below 30°C before induction.

To evaluate the functional integrity
of soluble ACF64 obtained from cul-
tures induced during late log phase, ex-
tracts were affinity-purified and ACF64
was eluted with imidazole as described
in the Materials and Methods section.
The elution profile demonstrated that
the highest yield of ACF64 was in frac-
tions 3 and 4 (Figure 2). This yield was
calculated to be equivalent to 4–6 mg
total soluble ACF64 from 3 L (4 × 750
mL) culture.

UV light-induced cross-linking of
radiolabeled RNA to ACF64 has been
used to identify and characterize this
protein as an apoB mRNA binding pro-
tein in crude liver extracts and as re-

combinant protein (7,12). Using this
assay, the ability of ACF64 to interact
with apoB RNA was shown to be pro-
portional to the amount of protein input
over the 10-fold difference in concen-
tration tested (Figure 3).

DISCUSSION

The expression of soluble and func-
tional recombinant protein in sufficient
quantities for analytical studies is fre-
quently limited by low yields because
of cellular toxicity and/or sequestering
of recombinant protein as insoluble in-
clusion bodies. Various methods for ex-
pressing protein in different organism or
cellular backgrounds, or through in vit-
ro translation, have been described that
enable the production of soluble func-
tional proteins (3–5,12). In this regard,
the data reported here demonstrated that
the expression of soluble ACF64 was
markedly enhanced by reducing the
temperature of induction from 37°C to
30°C. Consistent with literature reports,
we observed that induction with 0.1
mM IPTG for 1 h maximized the yield
of soluble recombinant protein at both
30°C and 37°C. Higher IPTG concen-
trations and/or longer times of induction
were observed to decrease the recovery
of soluble ACF64 (data not shown).

Perhaps the most unexpected finding

was the observation that expression of
ACF64 in late log phase cultures yield-
ed higher recovery of soluble recombi-
nant protein than that obtained from mid
log phase cultures. Most protocols for
expressing recombinant protein recom-
mend inducing protein expression when
the E. coli culture is in mid log phase
[i.e., A600 = 0.6 (3–5)]. This is presum-
ably because the cultures are growing
rapidly and protein translation is maxi-
mal. Expression in late log phase cul-
tures is generally not discussed. Late log
phase culture induction has been de-
scribed as a means for boosting the yield
of protein when the expression level
was low (i.e., more cells so more pro-
tein) (1,4). Importantly, the data present-
ed here demonstrated that the increased
yield of soluble ACF64 from late log
phase culture induction was not merely
due to the greater number of cells. Late
log phase cells sequestered relatively
less of the total expressed protein in in-
clusion bodies. This is most evident in
the comparison of the relative recovery
of ACF64 as insoluble and soluble ma-
terial from cultures induced at 37°C at
A600 = 0.6 or 1.7 (Figure 1B). We do not
know why late log phase cultures are
more permissive for expressing soluble
proteins. The late log phase cells have
undergone a metabolic and growth shift
that may attenuate the response to for-
eign and potentially toxic proteins. Al-
ternatively, reduced growth rates may be
associated with a reduced rate of protein
synthesis; hence, less aggregation with-
in inclusion bodies occurred.

The data demonstrated the recovery
of milligram quantities of soluble
ACF64 from 3 L culture that was active
in RNA binding, as indicated by the
UV cross-linking assay. Although the
utility of this protocol for different pro-
teins should be evaluated on a case-by-
case basis, we have had success with
other RNA binding proteins and en-
zymes. Therefore, the protocol may be
generally applicable and lends itself
easily to the adaptation of existing E.
coli protein expression protocols.
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ABSTRACT

Chromosome painting is a widely used
technique, and the two principal means of
generating probes for such experiments in-
volve DNA isolation by chromosome flow
sorting and by chromosome microdissec-
tion. Frequently, chromosome paints are
bright and specific; however, on occasion,
signals can be weak and nonspecific, par-
ticularly for microdissected probes. Rea-
sons for this have been attributed to co-am-
plification of non-target DNA and the
formation of primer concatamers during
degenerate oligonucleotide primed (DOP)-
PCR. Here we describe a technique of cir-
cumventing this problem by sequence en-
richment. It involves co-hybridization of
DOP-PCR biotinylated microdissected ma-
terial and linkered genomic DNA. Biotiny-
lated DNA fragments captured on strepta-

vidin-coated paramagnetic beads are eluted
and amplified by PCR using a single primer
complementary to the linker arm.

INTRODUCTION

Chromosome painting has a wide
range of applications including clinical
cytogenetics, genome organization
studies, hybrid characterization, and
comparative genomics. Chromosome
microdissection and flow cytometry are
both well-established means of generat-
ing chromosome painting probes (1,2).
Following isolation by either of these
approaches, chromatin can be amplified
and labeled by degenerate oligonu-
cleotide primed (DOP)-PCR to produce
a paint (1,3). Flow cytometry is the pre-
ferred approach for isolating whole
chromosome paints, while microdissec-
tion is the method of choice for generat-
ing sub-regional paints and whole-chro-
mosome paints when individual
chromosomes cannot be resolved in a
flow karyotype; both have found specif-
ic utility in developing chromosome
paints for nonhuman species (2,4,5).
With the near completion of the human
genome project, paints can often be
generated by selecting a library of
clones from the region of interest (6);
however, such a strategy is less practi-
cable in nonhuman species, as fewer
clones are available. In our own labora-
tory, we have found both flow cytome-
try and microdissection to be invaluable
for generating chromosome-specific
paints from chicken chromosomes (2).

Frequently, both approaches produce
bright specific paints; however, on occa-
sion, experiments result in nonspecific,
weak signals. Reasons for this have been
attributed to co-amplification of non-tar-
get DNA and the formation of primer
concatamers during DOP-PCR amplifi-
cation of the template DNA. This is like-
ly to be more common in paints generat-
ed by microdissection, but, even for
flow cytometry, if conditions are subop-
timal (e.g., a slow-growing cell line
from which the chromosomes are pre-
pared or excess debris in the chromo-
some suspension), this can lead to chro-
mosome paints that are not always as
bright and specific as expected. Indeed,
these problems tend to be more evident
when smaller templates are used (e.g.,


