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To eliminate unavoidable contamination of purified recombinant proteins by DnaK, we present a unique
approach employing a BL21(DE3) AdnaK strain of Escherichia coli. Selected representative purified proteins
remained soluble, correctly assembled, and active. This finding establishes DnaK dispensability for protein
production in BL21(DE3), which is void of Lon protease, key to eliminating unfolded proteins.

Obtaining substantial amounts of pure protein is essential in
innumerable biological studies and indispensable to the bio-
chemical characterization of proteins. The ease of growth,
well-characterized genetics, and the large number of tools for
gene expression have long made Escherichia coli the organism
of choice for protein overproduction. The BL21(DE3) strain is
widely used for recombinant protein production because of its
engineered capacity to produce T7 polymerase and its defi-
ciency in Lon and OmpT proteases.

DnaK is an abundant protein (about 1% of the total protein
of E. coli) (17) that interacts with a wide range of newly syn-
thesized polypeptides (28) and assists their proper folding and
assembly into oligomers by preventing protein aggregation.
Dnak, together with ClpB ATPase, is also required to disag-
gregate preformed protein aggregates (12, 20), and it partici-
pates in the degradation of damaged proteins by Lon and ClpP
(26, 27).

The inactivation of dnaK has been shown previously to in-
crease the insoluble fractions of certain aggregation-prone re-
combinant proteins (7), and DnaK alleviates the aggregation
of certain heterologous proteins when coproduced with the
protein of interest (8). However, fruitful coproduction of re-
combinant proteins with chaperones has been challenged by
recent findings demonstrating that chaperones increase the
solubility but not necessarily the quality of proteins (13, 15).

The DnaK binding site, a five-residue hydrophobic core
flanked by two basic residue-enriched regions, occurs on aver-
age every 36 residues in protein sequences (25). One con-
sequence is unwanted DnaK contamination of recombinant
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proteins during purification in E. coli, even after several chro-
matographic steps (1, 3, 11, 14, 16, 21, 23).

One challenge in protein purification is to obtain the highest
level of purity in the fewest steps. Biologically active impurities
can jeopardize research or therapeutic applications even if
present in trace amounts. One approach developed to circum-
vent DnaK contamination is extensive washing of columns with
ATP since DnaK in its ATP-bound state has low affinity for
protein (3). However, this strategy lengthens the purification
procedure, is expensive, and is of inconsistent effectiveness
(1, 14).

In an attempt to eliminate DnaK contamination, we have
investigated whether recombinant proteins could be produced
in the absence of DnaK. Toward that end, we constructed a
AdnaK derivative of the extensively employed E. coli B host
strain BL21(DE3). The consequences of the absence of DnaK
for the production, solubilities, correct assembly, and activities
of several recombinant proteins in BL21(DE3) have been stud-
ied. Obtaining a BL21(DE3) AdnaK strain has allowed us to
elucidate to what extent such a major E. coli chaperone is
indispensable to protein overproduction in the particular ge-
netic context of an E. coli strain that lacks Lon, an ATP-
dependent protease responsible for degrading unfolded pro-
teins (10).

dnaK in BL21(DE3) was inactivated by the introduction of a
null allele, AdnaK::Kan, from the E. coli PopC4617 strain by P1
transduction (see Table S1 in the supplemental material).
Transductants were selected at 30°C in Luria-Bertani medium
complemented with kanamycin. The absence of dnaK was ver-
ified by colony PCR using the specific primers dnaK-Nter (5'-
GGTAAAATAATTGGTATCGACCTGG-3") and dnaK-Cter
(5'-GTCTTTGACTTCTTCAAATTCAGCG-3') (see Fig. S1
in the supplemental material). Immunoblotting using an anti-
DnaK antibody showed that the obtained transductant (EN2)
did not produce DnaK (see Fig. S1 in the supplemental mate-
rial). The EN2 strain has been deposited at the Collection
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Nationale de Culture de Microorganismes at the Institut Pas-
teur (with identification number CNCM 1-3863).

E. coli K-12 dnaK mutants usually have a narrow range of
permissive temperatures for growth (around 30°C) and exhibit
multiple cellular defects, such as impaired cell division and the
inhibition of DNA and RNA synthesis (4, 6, 18, 22). Inactivat-
ing dnaK in the genetic background of BL21(DE3), an E. coli
B strain which is already deficient in OmpT and Lon proteases,
did not lead to a dramatic difference in the exponential growth
rate at 30°C, but at stationary phase, EN2 cells exhibited
slightly reduced ability to form colonies on plates (data not
shown). As expected for dnaK mutants, EN2 cells demon-
strated impaired growth at 42°C (data not shown). Inactivating
dnaK in BL21(DE3) did not induce major morphological de-
fects, and EN2 cells were never found to form long filaments,
as dnaK mutants with other genetic backgrounds have previ-
ously been reported to do (5) (data not shown). Therefore, the
EN2 strain can easily be cultivated at 30°C.

We next investigated whether inactivating dnaK in
BL21(DE3) would impair the production and solubilities of
different recombinant proteins (whose features are summa-
rized in Table S2 in the supplemental material). These proteins
belong to organisms of different kingdoms, and their molecular
masses range from 19 to 51 kDa; therefore, they potentially
correspond to DnaK substrates since the masses of polypep-
tides interacting with DnaK range from 14 to 90 kDa (28).
Many of them exist as oligomers and may require the assis-
tance of DnaK for proper assembly. These proteins were also
chosen for their different levels of production and solubility in
E. coli. Four of them (CpxP, ClpP1, PA28«, and proteasome-
activating nucleotidase [PAN]) are totally soluble, and two of
them (ClpP2 and green fluorescent protein [GFP]) are aggre-
gation prone and may require the presence of DnaK to prevent
their aggregation. Importantly, all these proteins were contam-
inated by DnaK when purified from E. coli (see Fig. 3).

The production of recombinant proteins in exponentially
growing BL21(DE3) and EN2 cells in Luria-Bertani medium
at 30°C was induced with 1 mM isopropyl-B-D-thiogalactopyr-
anoside (IPTG) for 2 h. The same biomasses of BL21(DE3)
and EN2 cells were sonicated in 1 ml of lysis buffer (50 mM
Tris, pH 7.5, 100 mM KCl, 1 mM dithiothreitol). Soluble pro-
teins were separated from aggregated proteins and cellular
debris by 30 min of centrifugation at 14,000 X g and 4°C.
Pellets containing protein aggregates were resuspended in 1 ml
of Tris, pH 7.5, containing 1% sodium dodecyl sulfate (SDS).
Total extracts and soluble and insoluble fractions were an-
alyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
(Fig. 1).

The levels of production of all tested proteins in EN2 and
BL21(DE3) cells were similar, as demonstrated by the protein
amounts in total extracts (Fig. 1, lanes T). Moreover, dnaK
inactivation did not affect the solubilities of recombinant pro-
teins, even those such as CpxP (Fig. 1A), ClpP1 (Fig. 1B), and
PA28a (Fig. 1C) produced in high amounts or those such as
ClpP2 (Fig. 1D) and GFP (Fig. 1E) prone to aggregation.
These findings were surprising since the function of the DnaK
chaperone is to prevent protein aggregation during synthesis
and to cooperate with DnalJ, GrpE, and ClpB in the disaggre-
gation of aggregates. It seems that, even for aggregation-prone
recombinant proteins, solubility may not necessarily be depen-

APPL. ENVIRON. MICROBIOL.

dent on endogenous DnaK. This finding may reflect the dif-
ferent folding requirements of specific proteins. Another ex-
planation may be the presence of another chaperone with an
overlapping conjoint function. In fact, a consequence of the
absence of DnaK in cells is higher levels of production of heat
shock proteins such as GroEL/GroES (29). Consistent with
these data, EN2 cells produced higher amounts of GroEL than
BL21(DE3) cells (data not shown), and these higher amounts
may compensate for the absence of DnaK in preventing pro-
tein aggregation, as was shown previously for endogenous E.
coli proteins and other recombinant proteins (8, 28). An abun-
dance of different chaperones playing nonspecialized roles in
recombinant protein folding in E. coli cells may permit toler-
ation of the loss of DnaK, without impairing cell capacity as a
protein production factory.

Since the examined proteins could fold and assemble inde-
pendently of DnaK, we next tested whether a protein known to
interact with DnaK could be produced in the absence of this
chaperone. Nemo, the IkB kinase complex regulatory compo-
nent of the NF-kB signaling pathway in eukaryotes, was shown
previously to tightly bind and be contaminated by DnaK when
produced in E. coli (1). When recombinant His-tagged Nemo
was produced in BL21(DE3) under our conditions, it was
barely detectable on electrophoresis gel (Fig. 2A and B). How-
ever, immunodetection using an anti-His, antibody (Roche) at
a 1:2,000 dilution showed that the absence of DnaK resulted in
an increase in Nemo production (Fig. 2D). When Nemo was
produced in higher amounts, most of the protein was found in
the soluble fraction, indicating that it could be produced as a
soluble species in the absence of DnaK (Fig. 2D, lane 5).
Increased production of Nemo in the absence of DnaK could
be explained by a role of this chaperone in Nemo degradation.
Producing Nemo in a BL21(DE23) strain that is deficient in the
protease ClpP did not increase its cellular amount (data not
shown), indicating that if Nemo was degraded in a DnaK-
dependent manner in BL21(DE3) (which already lacks Lon
protease), ClpP was not responsible for this proteolysis or the
absence of ClpP was compensated for by another protease.

We next tested whether recombinant proteins produced in
the absence of DnaK would remain soluble and active during
their purification. Samples of 200 ml of cells overproducing
CpxP, ClpP1, ClpP2, or GFP or 500 ml of PAN-overproducing
cells were sonicated in 2 ml of lysis buffer (50 mM NaH,PO,,
pH 8.0, 300 mM NaCl, 10 mM imidazole). The soluble fraction
obtained after 30 min of centrifugation at 38,000 X g and 4°C
was loaded onto 400 wl of nickel-nitrilotriacetic acid resin, and
His-tagged proteins were purified according to the recommen-
dations of the resin manufacturer (Qiagen). After elution, His-
tagged proteins were dialyzed against 50 mM Tris, pH 7.5,
concentrated, and analyzed by electrophoresis.

By this procedure, recombinant proteins were purified to the
levels of homogeneity indicated in Fig. 3A. Samples of 10 pg of
purified proteins were used for the immunodetection of con-
tamination by DnaK (using an anti-DnaK antibody from
Stressgen at a 1:2,000 dilution). We found that DnaK in
BL21(DE3) cells contaminated all preparations of purified
recombinant proteins, albeit to different extents (Fig. 3B, lanes
1, 3, 5,7, and 9). As expected, dnaK inactivation prevented
such contamination (Fig. 3B, lanes 2, 4, 6, 8, and 10). It is
noteworthy that most of the proteins purified from BL21(DE3)
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FIG. 1. Levels of production and solubility of recombinant proteins in the absence of DnaK. Aliquots of 10 pg of total extracts (T-un and T)
and soluble (S) and insoluble (P) fractions from uninduced (T-un) and IPTG-induced (T, S, and P) BL21(DE3) and EN2 cells overexpressing CpxP
(A), ClpP1 (B), PA28a (C), ClpP2 (D), GFP (E), or PAN (F) were analyzed by SDS-12% PAGE on gels stained by Coomassie blue. Sizes of
molecular mass markers (lanes MW) are given in kilodaltons and indicated to the left of each gel. Arrowheads indicate the positions of
recombinant proteins. The gels shown are representative of results from at least three independent experiments.

were also contaminated by GroEL, although this contamina-
tion was minor. In EN2 cells, where GroEL expression is
increased, we did not systematically observe greater contami-
nation by GroEL (Fig. 3C). Moreover, CpxP and GFP, the
proteins that exhibited the greatest DnaK contamination, were
not the most contaminated by GroEL, and GroEL did not
copurify with PAN in the absence of DnaK. Thus, the absence
of DnaK did not necessarily lead to a higher level of contam-
ination by GroEL.

Despite the absence of Dnak, all purified recombinant pro-
teins remained soluble even after being concentrated. Since
some aggregates are soluble and solubility does not always
guarrantee a native active conformation (15, 19), the activities
(when readily measurable) or native conformations of some of
the purified proteins were examined. One microgram of puri-
fied PAN was used to measure ATP hydrolysis at 55°C as

described earlier (2). PAN proteins purified from BL21(DE3)
and EN2 cells had comparable ATPase activities, with means =
standard errors of 762.33 * 145.51 and 968.32 + 198.85 nmol
mg ' h™' (n = 3), respectively. The fluorescence emission spec-
trum (at an excitation wavelength of 400 nm) of GFP purified
from EN2 cells was indistinguishable from that of GFP purified
from BL21(DE3) cells (Fig. 4A), indicating that GFP re-
mained correctly folded when produced in the absence of
DnaK. CpxP, a component of the Cpx signal transduction
pathway, was the protein that exhibited the greatest DnaK
contamination (11). It self-associates into dimers (M. Miot and
J.-M. Betton, unpublished data), and to test its correct assem-
bly, 100 wl of purified CpxP at 1 mg/ml in a buffer of 25 mM
Tris, pH 7.5, and 150 mM NaCl was loaded onto a size exclu-
sion chromatography column (Superdex 200 HR10/30; GE
Healthcare) and eluted with the same buffer at a flow rate of
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FIG. 2. Levels of production and solubility of recombinant Nemo
in the absence of DnaK. Aliquots of 10 pg (A and C) or 20 pg (B and
D) of total extracts (T) and soluble (S) and insoluble (P) fractions from
uninduced and IPTG-induced BL21(DE3) and EN2 cells overexpress-
ing Nemo were loaded onto an SDS-10% PAGE gel. Proteins were
detected by Coomassie blue staining (A and C), and His-tagged Nemo
was detected by Western blotting (B and D). Sizes of molecular mass
markers (lanes MW) are given in kilodaltons and indicated to the left
of each gel. The gels shown are representative of results from at least
three independent experiments.

0.5 ml/min. Recombinant CpxP purified from BL21(DE3)
eluted at a volume of 14.98 ml (Fig. 4B), corresponding to a
species with an apparent molecular mass of 39.85 kDa (a dimer
of Cpx). Recombinant CpxP purified from EN2 eluted at a
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FIG. 3. Purification of recombinant proteins in the absence of
DnaK. Aliquots of 10 pg of CpxP, ClpP1, ClpP2, GFP, and PAN
purified from BL21(DE3) cells (lanes 1, 3, 5, 7, and 9) or EN2 cells
(lanes 2, 4, 6, 8, and 10) were loaded onto an SDS-12% PAGE gel.
(A) Proteins were revealed by Coomassie blue staining. (B and C)
DnaK (B) and GroEL (C) were detected by Western blotting. Sizes of
molecular mass markers (lanes MW) are given in kilodaltons and
indicated to the left of the gel. The asterisk indicates the position of
DnaK on the gel. The two major bands in the purified PAN sample
correspond to full-length 50-kDa His-PAN and the 40-kDa PAN frag-
ment resulting from the internal initiation of translation, which copu-
rify as oligomeric complexes (30). The gels shown are representative of
results from at least three independent experiments.
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FIG. 4. Folding and assembly of proteins in the absence of DnaK.
(A) Fluorescence emission spectra of 8-ug/ml GFP preparations pu-
rified from BL21(DE3) and EN2 cells, recorded with an FP-6200
spectrofluorimeter (Jasco) at a scan rate of 250 nm min ' using a
bandwidth of 5 nm for both excitation and emission beams. The spec-
tra shown are representative of results from at least two independent
experiments. (B) Size exclusion chromatograms for CpxP proteins
purified from BL21(DE3) and EN2 cells. Arrowheads indicate the
elution volumes of the standards, and their masses are given in kilo-
daltons. The chromatograms shown are representative of results from
at least three independent experiments.

nearly identical volume of 14.97 ml (Fig. 4B). Thus, the ab-
sence of DnaK did not alter CpxP dimeric assembly and did
not produce any soluble higher-molecular-mass aggregate
species.

Altogether, these findings indicate that high levels of cor-
rectly folded, assembled, and active soluble recombinant pro-
teins can be produced in the absence of endogenous DnaK
chaperone in BL21(DE3). Surprisingly, our study showed that
the inactivation of dnaK in BL21(DE3), which does not con-
tain Lon, did not result in an increase in the aggregation of
recombinant proteins, as was seen previously in E. coli K-12
(24). It seems that in BL21(DES3) cells, and in E. coli B cells in
general, factors other than DnaK and Lon may be fundamental
in managing the accumulation of aggregated proteins. Through
the detailed characterization of a BL21(DE3) AdnaK strain
and testing of the production of proteins of different natures,
origins, and sizes, including aggregation-prone proteins, our
study demonstrates that this EN2 strain offers a strategy that
can be generally and extensively used to avoid unwanted con-
tamination by DnaK. In addition, since DnaK has ATPase
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activity, the EN2 strain is particularly well suited for the pro-
duction and purification of recombinant ATPases, eliminating
the undifferentiable ATPase contamination. Given that GroEL,
another major chaperone in E. coli, has also been found to con-
taminate purified recombinant proteins (9), it would be of addi-
tional interest to find conditions under which both dnaK and
groEL could be eliminated in the BL21(DE3) strain without im-
pairing its survival and its remarkable protein factory capacities.
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