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We used preS2-S’-f3-galactosidase, a three-domain fusion protein that aggregates extensively at 43°C in the
cytoplasm of Escherichia coli, to search for multicopy suppressors of protein aggregation and inclusion body
formation and took advantage of the known differential solubility of preS2-S’-B-galactosidase at 37 and 43°C
to develop a selection procedure for the gene products that would prevent its aggregation in vivo at 43°C. First,
we demonstrate that the differential solubility of preS2-S’-B-galactosidase results in a lactose-positive pheno-
type at 37°C as opposed to a lactose-negative phenotype at 43°C. We searched for multicopy suppressors of
preS2-S’-B-galactosidase aggregation by selecting pink lactose-positive colonies on a background of white
lactose-negative colonies at 43°C after transformation of bacteria with an E. coli gene bank. We discovered that
protein isoaspartate methyltransferase (PIMT) is a multicopy suppressor of preS2-S’-3-galactosidase aggre-
gation at 43°C. Overexpression of PIMT reduces the amount of preS2-S’-B-galactosidase found in inclusion
bodies at 43°C and increases its amount in soluble fractions. It reduces the level of isoaspartate formation in
preS2-S’-B-galactosidase and increases its thermal stability in E. coli crude extracts without increasing the
thermostability of a control protein, citrate synthase, in the same extracts. We could not detect any induction
of the heat shock response resulting from PIMT overexpression, as judged from amounts of DnaK and GroEL,
which were similar in the PIMT-overproducing and control strains. These results suggest that PIMT might be
overburdened in some physiological conditions and that its overproduction may be beneficial in conditions in
which protein aggregation occurs, for example, during biotechnological protein overproduction or in protein

aggregation diseases.

Protein misfolding and aggregation are major threats to
living organisms. Protein aggregation can occur as a conse-
quence of unfolding of native proteins during environmental
stress or during de novo folding and is frequently observed
upon synthesis of recombinant proteins in Escherichia coli (28).

Molecular chaperones are ubiquitous proteins that facilitate
the folding of a fraction of newly synthesized polypeptides and
participate in the reactivation or degradation of proteins dam-
aged by heat shock and other types of stress. The major chap-
erone systems are the DnaK/DnaJ/GrpE and GroEL/GroES
teams (12). Additional proteins may participate in cellular
protein folding, the ribosome-associated peptidyl cis/trans
isomerase trigger factor (6), the Clp ATPases (ClpA, ClpB,
ClpX, and ClpY [37]), the Hsp90 homolog HtpG (30), the
small heat shock proteins IbpA and IbpB (1), the redox-regu-
lated chaperone Hsp33 (13), and the recently discovered chap-
erone YedU/Hsp31 (19, 26). Furthermore, the redox state of
cytoplasmic proteins is controlled by the thioredoxin system
(thioredoxin, thioredoxin reductase, and NADPH) and the
glutathione/glutaredoxin system (5). Moreover, several protein
repair processes have been identified, including protein proline
isomerases that convert generally abnormal cis-proline resi-
dues to trans-proline residues (27), methionine sulfoxide re-
ductases that convert oxidatively modified methionine sulfox-
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ide residues to normal methionine residues (11), and protein
isoaspartate methyltransferases that recognize L-isoaspartyl
residues for repair (9). Finally, irreversibly damaged proteins
are degraded by intracellular ATP-dependent proteases such
as the proteasome in eukaryotes and Lon, ClpA/ClpP, ClpX/
ClpP, or HsIU/HslV in bacteria (29).

In this work, we used the preS2-S’-B-galactosidase fusion
protein as a model to find novel multicopy suppressors (3, 35)
of protein aggregation in vivo. Previous in vitro studies (17, 32)
have shown that this fusion protein, which is soluble at 30 and
37°C, is highly prone to aggregation at 42°C. It has also been
shown that increased levels of DnaK and Dnal and of the heat
shock sigma factor ¢ result in an increase in the recovery of
active preS2-S’-B-galactosidase in crude bacterial extracts (17,
33). We took advantage of this differential solubility of preS2-
S’-B-galactosidase observed in vitro to develop a selection pro-
cedure for gene products that would prevent preS2-S’-B-galac-
tosidase aggregation in vivo. In this study, we show that the
differential solubility of preS2-S’-B-galactosidase results in a
lactose-positive phenotype at 37°C (pink colonies on Mac-
Conkey agar) and a lactose-negative phenotype at 43°C (white
colonies on MacConkey agar). We searched for multicopy
suppressors of preS2-S’-B-galactosidase aggregation by select-
ing pink lactose-positive colonies on a background of white
lactose-negative colonies at 43°C after transformation of bac-
teria with an E. coli gene bank. Surprisingly, we discovered that
protein isoaspartate methyltransferase (PIMT) is a multicopy
suppressor of preS2-S’-B-galactosidase aggregation at 43°C.

Protein isoaspartate methyltransferase (the pcm gene prod-
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uct in E. coli) is an enzyme that recognizes L-isoaspartyl resi-
dues which arise mainly from the spontaneous rearrangement
of aspartyl and asparaginyl residues in proteins (2). In the
best-characterized pathway, a methyl group is transferred from
S-adenosyl-L-methionine to form a methyl ester on the a-car-
boxyl group of an isoaspartyl residue. Subsequent nonenzy-
matic reactions result in the rapid formation of an unstable
succinimide intermediate which can yield a normal L-aspartyl
residue upon hydrolysis, thus ultimately catalyzing net repair of
the damaged site (25). The formation of isoaspartyl residues
can result in heterogeneity or loss of protein function. For
example, isomerization of Asp-101 in lysozyme significantly
reduces its affinity for its chitin substrate (38), and isomeriza-
tion of Asp-11 in human epidermal growth factor reduces its
mitogenic activity to 20% of normal levels (10). In E. coli, a few
proteins, including ribosomal protein S11, are subjected to
isoaspartate formation (4), and disruption of the L-isoaspartyl
methyltransferase pcm gene results in a decreased rate of sur-
vival during stationary phase of bacteria subjected to environ-
mental stress (36). In the present study, we isolated PIMT as a
multicopy suppressor of preS2-S’-B-galactosidase aggregation
at 43°C. We show that preS2-S’-B-galactosidase is a site of
isoaspartate formation and that overexpression of PIMT re-
duces isoaspartate formation in preS2-S’-B-galactosidase, re-
duces the amount of preS2-S’-B-galactosidase found in inclu-
sion bodies at 43°C, and increases its thermal stability in E. coli
crude extracts.

MATERIALS AND METHODS

Strains, plasmids, and media. E. coli strain JC196 (parental strain MG1655)
was used as a host strain in all experiments since it carries the A(lacZ)M15
deletion (absence of residual B-galactosidase activity). Plasmid pTBGH+, which
encodes the fusion preS2-S’-B-galactosidase, has been described previously (17).
We plated strain JC196 carrying plasmid pTBGH+ on MacConkey agar-1%
lactose at 37 and 43°C in order to check the lactose-positive and -negative
phenotypes.

We used an E. coli genomic library as starting material for the selection of
multicopy suppressors. We constructed the library by partially digesting chromo-
somal DNA of strain JC196 with Sau3A and recovered 3- to 6-kb fragments after
electrophoresis through a 1% agarose gel and ligating the fragments with
BamHI-digested pACYC184 (low-copy-number plasmid carrying the origin of
replication of plasmid p15A). We then used the E. coli bank to transform strain
JC196 containing plasmid pTBGH+. Pink transformants at 43°C on a back-
ground of white colonies were picked, and plasmid DNA was extracted from
these transformants and sequenced. We disrupted the pcm and nlpD genes by
inserting a kanamycin cassette in each of the genes. Chloramphenicol, ampicillin,
and kanamycin were added, as required, at 20, 50, and 50 wg/ml, respectively.

Shake flask cultures and cell fractionation. We used cultures grown overnight
at 37°C in Luria-Bertani (LB) medium to inoculate flasks containing 25 ml of LB
medium. The cells were grown at 37°C to mid-exponential phase (optical density
of 0.4), induced with 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside), and
returned to 37°C or transferred to 43°C. Cells were pelleted at 8,000 X g for 10
min, resuspended in 1 ml of 50 mM potassium phosphate (pH 6.5), and disrupted
by sonication three times for 30 s. The crude extract was centrifuged for 15 min
at 15,000 X g, leading to the soluble supernatant and inclusion bodies containing
pellet. B-Galactosidase in fractionated extracts was quantified by enzymatic ac-
tivity or immunodetection.

Enzymatic assays. We performed B-galactosidase assays in triplicate on clar-
ified soluble extract by using the chromogenic substrate o-nitrophenyl-p-p-gal-
actoside as described previously by Miller (20). Citrate synthase assays were
performed as described previously (14).

Methylesterification of proteins in intact cells. E. coli was grown in exponen-
tial phase in 63 minimal medium (20) with 0.4% glycerol as the carbon source,
1 nmol of L-[methyl *H]methionine (15 pCi) was added, and the mixture was
incubated at 37°C for 30 min. Cells were lysed by sonication, and the proteins
were immediately trichloroacetic acid precipitated for autoradiography after
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electrophoresis on polyacrylamide gels. Electrophoresis was carried at pH 2.4 as
described previously by Fairbanks and Avruch (8). Gels were incubated for 30
min with the fluorographic reagent Amplify (Amersham Pharmacia Biotech) and
dried before autoradiography.

Immunoblots, radiolabeling, and immunoprecipitation. Immunoblots of
DnaK, GroEL, and preS2-S’'-B-galactosidase were done as described previously
(7), and detection was made by using the chemiluminescent substrate SuperSig-
nal West Pico from Pierce. Anti-DnaK and anti-GroEL antibodies were pre-
pared as described previously (7). Anti-B-galactosidase antibodies were obtained
from ICN. Radiolabeling and immunoprecipitation were done as described pre-
viously (7). Cells growing exponentially in glycerol medium at 30°C and then
transferred to 43°C were pulse-labeled for 2 min with [**S]methionine (1,000
Ci/mmol; Amersham) at the indicated times, chased with nonradioactive methi-
onine for 1 min, and kept on ice before lysis and immunoprecipitation of the
crude extract with anti-DnaK antibodies. Proteins were resolved by electrophore-
sis, detected, and quantified by using a Molecular Dynamics PhosphorImager.

RESULTS

Bacteria producing the recombinant preS2-S’-B-galactosi-
dase display a lactose-positive phenotype at 37°C and a lactose-
negative phenotype at 43°C. Plasmid pTBGH+ encodes
preS2-S’-B-galactosidase, a tripartite fusion protein consisting
of the 55-residue preS2 domain and the 30-residue hydropho-
bic S" domain of the hepatitis B surface antigen followed by E.
coli B-galactosidase (17). In this construct, the B-galactosidase
gene is under the control of the IPTG-inducible tac promoter.
The B-galactosidase activity present in E. coli cells harboring
pTBGH+ (measured in vitro after lysis of the cells) has been
shown to decrease with increasing growth temperature due to
the formation of preS2-S’-B-galactosidase inclusion bodies
(17). This relationship between enzymatic activity and aggre-
gation makes this fusion protein a useful model for the study of
chaperone-assisted folding pathways in E. coli. As a conse-
quence of preS2-S’-B-galactosidase inactivation at 43°C, the E.
coli strain JC196 harboring pTBGH+ displays pink colonies at
37°C (lactose-positive phenotype) and white colonies at 43°C
(lactose-negative phenotype) (data not shown). Thus, the in-
crease in preS2-S’-B-galactosidase aggregation with increasing
growth temperature observed in vitro by Thomas and Baneyx
(32) corresponds to a lactose-positive phenotype at 37°C com-
pared to a lactose-negative phenotype at 43°C.

Multicopy suppressors of the lactose-negative phenotype at
43°C. A mixture of recombinant plasmids randomly carrying
chromosomal E. coli fragments (cloned in the low-copy-num-
ber plasmid pACYC184) was introduced into strain JC196
harboring pTBGH+. Lactose-positive transformants (pink)
were selected on MacConkey plates at 43°C (on a background
of white colonies). Plasmid DNAs were extracted from these
transformants and reintroduced into JC196 harboring pTBGH+
in order to confirm the lactose-positive phenotype. We ob-
tained 24 clones from 80,000 transformants. We extracted and
then sequenced plasmid DNA from the lactose-positive clones.
Sixteen clones contained the chbB and chbC genes, two genes
that belong to the N,N’-diacetylchitobiose phosphotransferase
transport system (unpublished data) (see Discussion), and six
clones contained a 2.5-kb DNA fragment (Fig. 1) harboring
both the pcm gene (which codes for protein isoaspartate meth-
yltransferase) and the nlpD gene (which codes for an outer
membrane protein possibly involved in peptidoglycan remod-
eling) (16).

PIMT is a multicopy suppressor of the lactose-negative phe-
notype at 43°C. In order to determine whether pcm or nipD
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FIG. 1. Gene organization around the pcm gene. The genes are
rpoS (RNA polymerase, o® subunit, stationary phase), nipD (may func-
tion in cell wall formation), pcm (L-isoaspartyl protein carboxylmeth-
yltransferase; repair of isoaspartyl residues), and surE (required for
stationary-phase survival). The multicopy suppressor fragment is de-
limited by the two arrows, and numbers indicate the location (bases) of
its extremities on the E. coli chromosome.

overproduction leads to the lactose-positive phenotype, we
interrupted the pcm gene of the pACYC184 plasmid with a
kanamycin cassette and determined the lactose phenotype of
the JC196(pTBGH+) strain transformed with the pcm-inter-
rupted plasmid. Bacteria transformed with the pcm-inter-
rupted plasmid displayed white colonies at 43°C, suggesting
that it is the pcm gene product that suppresses the lactose-
negative phenotype at 43°C (data not shown). We interrupted
the nlpD gene in parallel, which resulted in pink colonies on
MacConkey agar at 43°C, suggesting that it is not involved in
the suppression activity. These results strongly suggest that it is
the overproduction of the pcm gene which leads to the lactose-
positive phenotype at 43°C. The results also suggest that nei-
ther the small 5" fragment of the rpoS gene (276 nucleotides)
nor the small 3’ fragment of the surE gene (180 nucleotides) is
responsible for the lactose-positive phenotype (moreover, nei-
ther of these two genes was selected as a multicopy suppressor
of the lactose-negative phenotype at 43°C).

Effect of PIMT overexpression on the cellular localization of
preS2-S’-B-galactosidase. We investigated the effect of protein
isoaspartate methyltransferase overproduction on the cellular
localization of preS2-S’'-B-galactosidase by using enzymatic as-
says after fractionation of extracts. Control cells and bacteria
overproducing protein isoaspartate methyltransferase were
grown in LB medium at 37°C in the presence of 1 mM IPTG
and shifted to 43°C. Extracts were prepared from cells before
and several hours after heat shock. Soluble protein and inclu-
sion bodies were separated by centrifugation at 15,000 X g
after bacterial lysis, and B-galactosidase was measured in sol-
uble and aggregated fractions. As shown in Fig. 2, 10% of
B-galactosidase precipitates as inclusion bodies in both strains
at 37°C. In control cells at 43°C, this amount increased to 25%
1.5 to 8 h after heat shock and up to 50% 16 h after heat shock.
In contrast, in the protein isoaspartate methyltransferase-over-
producing strain, this amount increased only slightly, to 10 to
13% 1.5 to 8 h after heat shock and 17% 16 h after heat shock.
Thus, overexpression of protein isoaspartate methyltransferase
efficiently reduces (two- to threefold) the amount of overpro-
duced preS2-S’-B-galactosidase in inclusion bodies. Con-
versely, the amount of B-galactosidase found in soluble frac-
tion decreased as a function of time at 43°C in the control
strain (down to 19% of its value at 37°C), whereas it remained
more or less constant (around 80% of its value at 37°C) in the
protein isoaspartate methyltransferase-overproducing strain
(data not shown). These results concerning preS2-S’-B-galac-
tosidase localization in control and PIMT-overproducing cells
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FIG. 2. Effect of overproduction of PIMT on the recovery of sol-
uble preS2-S’-B-galactosidase. Insoluble fractions corresponding to
identical amounts of PIMT-overproducing (open bars) or control
(filled bars) bacteria were collected at indicated times after transfer
from 37 to 43°C, and B-galactosidase was quantified by immunoblot
(the results are expressed as a percentage of total B-galactosidase);
100% represents 1,100 and 960 Miller units (20) for the control and
PIMT-overproducing strains, respectively.

at 43°C are consistent with the ability of protein isoaspartate
methyltransferase overproduction to reverse the lactose-nega-
tive phenotype at 43°C.

In contrast with the overproduced recombinant preS2-S’-B-
galactosidase, other proteins (found in the pellet at 15,000 X g
at 43°C) were not significantly solubilized upon PIMT overex-
pression (data not shown), suggesting that PIMT overexpres-
sion did not exert a global effect on protein localization and
aggregation in E. coli.

Methylesterification of E. coli proteins in the protein isosas-
partate methyltransferase-overproducing strain and in the
control strain. Protein methylation can be used as a marker of
aspartate damage in cells (4). We determined whether over-
produced preS2-S’'-B-galactosidase contained isoaspartate in
control and PIMT-overproducing cells. Bacteria at the end of
exponential phase (grown at 37°C) were incubated for 30 min
with methyl-labeled methionine, the in vivo precursor of S-
adenosylmethionine. After sonication, whole-cell extracts were
subjected to electrophoresis on sodium dodecyl sulfate-poly-
acrylamide gel (at acidic pH to preserve the stability of the
methyl ester group), followed by autoradiography. Interest-
ingly, control cells displayed methyl incorporation, as a broad
band (possibly a result of partial proteolytic degradation), in a
protein whose molecular weight corresponds to that of the
B-galactosidase fusion protein (Fig. 3, lane 1), whereas PIMT-
overproducing cells do not display such a methyl incorporation
(Fig. 3, lane 2). Methyl incorporation in the band around 125
kDa was absent in extracts from bacteria which do not over-
produce the B-galactosidase fusion protein (Fig. 3, lane 3).
This result suggests that the overproduced B-galactosidase fu-
sion protein is subjected to isoaspartate formation and that
isoaspartate formation is prevented by protein isoaspartate
methyltransferase overproduction.

Increased thermal stability of preS2-S’-f3-galactosidase in
extracts from the protein isoaspartate methyltransferase-over-
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FIG. 3. Methylesterification of E. coli proteins in PIMT-overpro-
ducing and control strains. The methyl-accepting activity of E. coli
extracts was determined after incubation of intact bacteria (lane 1,
strain JC196(pTBGH+); lane 2, strain JC196(pTBGH +), overproduc-
ing PIMT; lane 3, strain JC196) at the end of exponential phase with
3H-labeled methionine for 30 min, ultrasonic lysis of bacteria, and
autoradiography of polyacrylamide gels after electrophoresis at pH
2.4, as described in Materials and Methods. The arrow indicates the
position of preS2-S’-B-galactosidase.

producing strain. In order to understand the increased solu-
bility and activity of preS2-S’-p-galactosidase in the PIMT-
overproducing strain at 43°C, we measured its thermal stability
in extracts from control and PIMT-overproducing cells. The
velocity of preS2-S’-B-galactosidase inactivation at 56°C fol-
lowed biphasic kinetics, as observed previously by others (23)
(Fig. 4A). The first phase of thermodenaturation was similar
for extracts from control and PIMT-overproducing strains, but
the second phase was much slower for extracts from the PIMT-
overproducing strain than for those from the control strain
(half-life of 55 min instead of 30 min) (Fig. 4A). Similar results
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FIG. 4. Effect of overproduction of PIMT on the thermal stability
of preS2-S’-B-galactosidase in vitro. A) Crude extracts from strain
JC196(pTBGH+) (producing preS2-S’-B-galactosidase and overpro-
ducing PIMT) (filled circles), strain JC196(pTBGH+) (producing the
preS2-S’'-B-galactosidase strain but not overproducing PIMT) (filled
squares), and parental strain MG1655 (producing wild-type B-galac-
tosidase and overproducing PIMT [open circles)] and producing wild-
type B-galactosidase but not overproducing PIMT [open squares])
were incubated at 56°C. Samples were removed at intervals and
cooled, and B-galactosidase activity was subsequently determined at
25°C as described in Materials and Methods. B) Crude extracts from
strain JC196(pTBGH+) overproducing PIMT (circles) or strain
JC196(pTBGH +) not overproducing PIMT (squares) were incubated
at 56°C. Samples were removed at intervals and cooled, and citrate
synthase activity was subsequently determined at 25°C as described in
Materials and Methods.
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were obtained with extracts from bacteria grown at 37°C or
after transfer at 43°C (data not shown). Thus, the stability of
preS2-S’-B-galactosidase in crude extracts from PIMT-over-
producing bacteria is increased. The thermal stability of wild-
type B-galactosidase in crude extracts from control and PIMT-
overproducing strains was also measured (these extracts were
prepared from wild-type strain MG1655 transformed with ei-
ther pACYC184 or the PIMT-overproducing plasmid). The
velocity of wild-type B-galactosidase inactivation at 56°C was
similar in both extracts, and it was much slower than the inac-
tivation of preS2-S’'-B-galactosidase. This results suggests that
there is no enhanced chaperone activity in the crude extract
from the PIMT-overproducing strain, and the lower thermal
stability of preS2-S’-p-galactosidase, compared with that of
normal B-galactosidase, is consistent with the lactose-negative
phenotype at 43°C of the preS2-S’-B-galactosidase producing
strain.

The thermal stability of a control protein, citrate synthase,
was not increased in PIMT-overproducing extracts compared
with control extracts (Fig. 4B). This result suggests that the
improved thermal stability of preS2-S’'-B-galactosidase in the
PIMT-overproducing strain probably results from a specific
action of protein isoaspartate methyltransferase on the recom-
binant protein.

Absence of induction of DnaK and GroEL in the PIMT-
overproducing strain. DnaK has been shown to be the main
chaperone involved in protection against thermal stress and
protein aggregation (21), and we suspected that the effects of
PIMT overproduction might be mediated by a consequent
overproduction of DnaK. Recently, Kindrachuk et al. (15)
found that massive PIMT overproduction (under the control of
the highly efficient T7 promoter) induces overexpression of
DnaK and triggers the heat shock response. In our study, we
took care to use the low-copy-number pACYC184 plasmid in
order to avoid important physiological perturbations resulting
from a massive expression of cloned genes. We measured
steady-state DnaK levels in the PIMT-overproducing and con-
trol strains. As shown in Fig. 5A, there was no significant
increase in steady-state DnaK levels in the PIMT-overproduc-
ing strain at 37°C (lane 1, control; lane 2, PIMT overproducer)
or 43°C (lanes 3 and 4, 2 and 4 pg, respectively, of control
extract; lanes 5 and 6, 2 and 4 pg, respectively, of PIMT
overproducer extract). In similar conditions, Kindrachuk et al.
found a two- to threefold increase in the steady-state level of
DnaK upon massive PIMT overproduction. The steady-state
GroEL level was also tested and found to be similar in both
strains (data not shown). Since the determination of steady-
state levels is not very sensitive, we measured DnaK synthesis
in the PIMT-overproducing and control strains at 30 and 43°C.
DnaK synthesis is similar for both strains at 30°C, and a five-
fold stimulation of DnaK synthesis is observed for both strains
during their transfer from 30 to 43°C (Fig. 5B). Similarly, the
synthesis of GroEL at 30 and 43°C is not affected by PIMT
overexpression (data not shown). This result suggests that
DnaK (the main chaperone involved in thermoprotection [21])
and GroEL are not responsible for the solubilizing effects of
PIMT overproduction described in this work. The increased
stability and solubility of preS2-S’-B-galactosidase in the
PIMT-overproducing strain therefore does not appear to result
from an indirect induction of the heat shock system. This result
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FIG. 5. Absence of effect of PIMT overexpression on synthesis and
levels of DnaK. A) Steady-state DnaK levels. The amount of DnaK in
crude extracts from PIMT-overproducing and control strains was mea-
sured after electrophoresis on 11% polyacrylamide gels and immuno-
blotting with anti-DnaK antibodies. Lanes 1 and 2 were loaded with 2
pg of crude extracts from control and PIMT-overproducing cells
grown at 37°C; lanes 3 and 4 were loaded with 2 and 4 pg, respectively,
of crude extracts from control cells grown at 37°C and transferred to
43°C for 2 h; lanes 5 and 6 were loaded with 2 and 4 ng, respectively,
of crude extracts from PIMT-overproducing cells grown at 37°C and
transferred to 43°C for 2 h. B) DnaK synthesis. Cells (PIMT overpro-
ducing [squares] or control [circles]) growing exponentially in glycerol
medium at 30°C and then transferred to 43°C were pulse-labeled for 2
min with [**S]methionine at the indicated times, chased with nonra-
dioactive methionine for 1 min, and kept on ice before lysis and
immunoprecipitation of the crude extract with anti-DnaK antibodies.
Proteins were resolved by electrophoresis, detected, and quantified by
using a Molecular Dynamics PhosphorImager.

is in accordance with the similar thermal stability of citrate
synthase in extracts from the PIMT-overproducing strain and
from the control strain; since citrate synthase is a client protein
of DnakK, overproduction of the chaperone should have in-
creased the thermal protection of citrate synthase.

DISCUSSION

In this study, we report that PIMT is a multicopy suppressor
of preS2-S’'-B-galactosidase aggregation in E. coli at 43°C.
PIMT overexpression increases the amount of soluble preS2-
S’-B-galactosidase, decreases its aggregation at 43°C, decreases
the amount of isoaspartate found in this recombinant protein,
and increases its thermal stability in crude extracts, without
affecting the synthesis and levels of the DnaK and GroEL
chaperones.

It is noteworthy that only two DNA fragments from our E.
coli gene bank, one of which codes for protein isoaspartate
methyltransferase, can reverse the lactose-negative phenotype
of the preS2-S’-B-galactosidase-overproducing strain at 43°C.
The other multicopy suppressor found codes for the chbB and
chbC genes, two membrane components of the phosphotrans-
ferase transport system for N,N’-diacetylchitobiose (this sup-
pressor activity appears to result from a specific interaction
between preS2-S’'-B-galactosidase and the membrane in the
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chbBC-overproducing strain, leading to preS2-S’-p-galactosi-
dase solubilization [unpublished data]). We did not find rpoH
(whose gene product, o2, increases the solubility of preS2-S'-
B-galactosidase in vitro by two- to threefold [33]) as a multi-
copy suppressor of preS2-S’'-B-galactosidase aggregation, al-
though our bank contains 7poH (unpublished results). Nor did
we find dnaK/dnalJ (whose products increase the solubility of
preS2-S’-B-galactosidase in vitro by four- to sixfold [33]) as a
multicopy suppressor of preS2-S’-B-galactosidase aggregation.
These results are possibly due to an insufficient effect of these
gene products on preS2-S’-B-galactosidase solubility in vivo,
and the negative result concerning dnaK/dnaJ might also be
explained by the necessity for concomitant overexpression of
the grpE gene product (located in another part of the chromo-
some) for optimal efficiency of the DnaK/DnaJ/GrpE chaper-
one machine. This requirement for all three dnaK/dnal/grpE
gene products for protein solubilization has already been re-
ported (33).

Overexpression of the pcm gene results in a threefold de-
crease in the amount of preS2-S’-B-galactosidase found in in-
clusion bodies (from 25 to 50% [depending on the length of the
incubation time at 43°C] to 10 to 17%) and a two- to fourfold
increase in the amount of soluble preS2-S’-B-galactosidase.
The amounts of soluble preS2-S’-B-galactosidase in the control
and PIMT-overproducing strains 20 h after transfer to 43°C are
220 and 700 Miller units, respectively (these two values are
lower and higher than the white-pink colony limit, in the range
of 200 to 300 Miller units [20]), and it is possible that the
amount of soluble preS2-S’-B-galactosidase at 43°C in the con-
trol strain is even lower in solid medium than in liquid medium
(resulting in white lactose-negative colonies on MacConkey
agar plates). Furthermore, it cannot be excluded that preS2-
S’-B-galactosidase aggregation exerts an inhibitory action on a
metabolic pathway required for lactose metabolism (lactose
transport, for instance); in several protein aggregation dis-
eases, an inhibitory interaction between protein aggregates
(the polyglutamine aggregates of Huntington disease, for in-
stance) and cellular factors (such as transcription factors) has
been observed (24), leading to the concept of toxic protein
aggregates.

PIMT overexpression reduces the degree of isoaspartate
formation in preS2-S’-B-galactosidase. The control strain in-
corporates radioactive methionine in the recombinant protein,
whereas the PIMT-overproducing strain does not. This finding
suggests that some degree of isoaspartate formation occurs in
the overproduced preS2-S’-B-galactosidase, which can be pre-
vented by PIMT overproduction. The stoichiometry of isoas-
partate formation in preS2-S’-B-galactosidase could not be
determined from our in vivo labeling experiment. Our results
suggest that overproducing a protein triggers a risk of isoas-
partate formation in the overexpressed protein. This is possibly
due to either increased molecular aging of the recombinant
protein resulting from folding defects or an increase in the
number of translational errors leading to isoaspartate misin-
corporation during protein synthesis.

PIMT overexpression increases the thermal stability of
preS2-S’-B-galactosidase in crude extracts, whereas the ther-
mal stabilities of wild-type B-galactosidase and of the control
protein citrate synthase remain unchanged. This result sug-
gests that PIMT overexpression specifically affects the over-
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produced protein. Furthermore, we did not detect a global
effect of PIMT overexpression on protein localization and ag-
gregation.

Neither preS2-S’-B-galactosidase solubilization nor thermo-
protection appears to result from an induction of the heat
shock response triggered by PIMT overexpression. If they did,
one would expect a thermoprotection of citrate synthase
(which is a good substrate of several chaperones, including
DnaK [14, 19]) and an increase in the amount of DnaK and
GroEL in PIMT-overproducing strains. Recently, Kindrachuk
et al. (15) found that massive PIMT overproduction (under the
control of the highly efficient T7 promoter) induces overex-
pression of DnaK and triggers the heat shock response. In our
study, we took care to use the low-copy-number pACYC184
plasmid in order to avoid important physiological perturba-
tions resulting from a massive expression of cloned genes.
Although we did not observe any detectable increase in the
steady-state level or in the synthesis of DnaK or GroEL in the
PIMT-overproducing strain, we cannot exclude the possibility
of an interaction between preS2-S’-B-galactosidase and a
chaperone or chaperone-like protein, perhaps PIMT itself. No
chaperone activity has ever been reported for PIMT, and the
active isoaspartate-binding site does not display any preferen-
tial affinity for hydrophobic peptides (18). One cannot, how-
ever, exclude the presence of a distinct binding site which
might display chaperone properties, such as those found in
protein oxidoreductases (14, 34) and protein prolyl isomerases
(a hypothetical chaperone activity of PIMT has not been tested
in the present work) (31). However, our results strongly favor
the hypothesis that the increased solubility and stability of the
recombinant protein in the PIMT-overproducing strain results
from a decrease in its isoaspartate content.

For the first time, to our knowledge, PIMT is described as a
suppressor of protein aggregation, without any apparent im-
plication of the heat shock chaperones. This effect could be
used to improve the efficiency of protein overproduction in
biotechnology. It is possible that certain folding problems en-
countered by overproduced proteins increase their rate of
spontaneous isoaspartyl formation or that stalling at rare
codons during translation of recombinant proteins increases
the mischarging of an aspartyl-tRNA with L-aspartate as its
B-carboxyl group (22).
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