
Evolution of Escherichia coli for Growth at High
Temperatures*

Received for publication, January 12, 2010, and in revised form, April 1, 2010 Published, JBC Papers in Press, April 20, 2010, DOI 10.1074/jbc.M110.103374

Birgit Rudolph, Katharina M. Gebendorfer, Johannes Buchner, and Jeannette Winter1

From the Center for Integrated Protein Science Munich, Department Chemie, Technische Universität München,
85747 Garching, Germany

Evolution depends on the acquisition of genomic mutations
that increase cellular fitness. Here, we evolved Escherichia coli
MG1655 cells to grow at extreme temperatures. We obtained a
maximum growth temperature of 48.5 °C, which was not
increased further upon continuous cultivation at this tempera-
ture for >600 generations. Despite a permanently induced heat
shock response in thermoresistant cells, only exquisitely high
GroEL/GroES levels are essential for growth at 48.5 °C. They
depend on the presence of lysyl-tRNA-synthetase, LysU,
because deletionof lysU rendered thermoresistant cells thermo-
sensitive. Our data suggest that GroEL/GroES are especially
required for the folding of mutated proteins generated during
evolution. GroEL/GroES therefore appear as mediators of evo-
lution of extremely heat-resistant E. coli cells.

Extended stress favors mutations that fuel evolution of resis-
tancemechanisms (1–3). Bacteria have evolved to grow under a
habitat-defined temperature regime. Yet, specific stress re-
sponses, genome instability, and cellular adaptability to envi-
ronmental challengesmay expand their biotope. For instance, a
sudden increase in cultivation temperature induces the evolu-
tionary highly conserved heat shock response upon which heat
shock proteins (Hsps)2 are increasingly synthesized (for review,
see Ref. 4). Hsps include chaperones, which assist the folding of
newly synthesized proteins, prevent stress-induced unfolding
and irreversible aggregation of proteins, as well as proteases,
which degrade cellular proteins that are damaged beyond
repair (5–8). Both mechanisms, degradation and prevention of
aggregation, ensure protein homeostasis that is essential for the
viability of cells. The importance of chaperones is most intrigu-
ingly demonstrated for GroE, which is the only indispensable
chaperone system in Escherichia coli because it assists the fold-
ing of several essential E. coli proteins (9).
Growth of laboratoryE. coli strains is, depending on the respec-

tive strain and cultivation medium, inhibited above 44 °C–46 °C
(10–12). This is due to limitations ofmembrane permeability (13)
and protein stability (12, 14). The synthesis of Hsps following
exposure to elevated temperatures confers thermotolerance

beyond the duration of stress. However, simple overexpression of
heat shock genes is not sufficient (15), suggesting that additional
factors are required for thermotolerance. Here, we cultivated
E. coli MG1655 cells for several hundreds of generations and
evolved them for growth at 48.5 °C. This temperature represents
the absolute maximum at which growth of this E. coli strain is
possible and exceeds the maximum growth temperature of
MG1655 in LBmedium by 3 °C.We show that adaptation to high
temperatures is accompanied by an increase in steady-state levels
of Hsps and lysyl-tRNA-synthetase, LysU. However, only high
GroEL/GroES levels,whichexceed thenonstress level inwild-type
cells by 16-fold, in combination with the presence of LysU are
required for thermoresistance.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—E. coli MG1655 zba::kan
(10) was used for evolution. BM3 lysU::cam and BM28
lysU::cam were generated by P1 transduction with MC4100
lysU::cam as donor. BM3 cells were transformed with pBB541
(16); GroESL levels similar to BM28were obtained upon induc-
tion with 25 �M isopropyl 1-thio-�-D-galactopyranoside con-
tained in the overnight culture.
Generation of Heat-adapted Strains—Three lines of E. coli

were founded from one common ancestor (MG1655 zba::kan).
All cultivations during adaptation were performed in 10-ml test
tubes filledwith 7ml of LBmedium.Ten serial transfers into fresh
LB medium were done at 37 °C to allow regeneration from freez-
ing. The ancestor was continued to propagate for a total of 2,937
generations at 37 °C for comparative experiments (BM3). The
three replicate lines were adapted to high temperature in a step-
wise manner. First, cultures were gradually shifted to 45 °C; cells
were propagated for 104 generations at 42 °C and 104 generations
at 45 °C. After all periods of adaptation, samples of each culture
were stored as glycerol stocks at�80 °C thereby conservingdiffer-
ent stages of adaptation. Cells were then directly shifted to 47 °C.
After 24 generations the three lines stoppedgrowing andhad tobe
propagated for 15 generations again at lower temperature (46 °C).
Then, cells were transferred for 45 generations at 47 °C, 126 gen-
erations at 47.5 °C, and 84 generations at 48 °C. It took a total of
620 generations and about 2 years to reach the actual highest
growth temperature of 48.5 °C. In total, cells were propagated for
1,256 generations at high temperature. Some cultures stopped
growing andwere lost at high temperatures andhad tobe restored
from existing lines or glycerol stocks. During the process of adap-
tation tohigh temperature the cellswere always incubated for 48h
to reach late stationary phase. This is a growth phase with a high
deleterious genomic mutation rate (17) promoting evolution and
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adaptation to new growth conditions. At temperatures above
45 °C, cells cultivated in test tubes were not able to reach high
densities (maximum OD600 2.0) or to grow after high dilutions
(optimal dilution factor 1:8). The strains BM3 (2,937 generations
at 37 °C), BM15 (evolved at 42 °C), BM16 (45 °C), BM25 (48 °C),
and BM28 (48.5 °C) were used for further characterization.
Culture Conditions andHeat Stress Treatment—Strainswere

cultivated in 10–20 ml of LB medium containing kanamycin
(50 �g/ml) at the indicated temperature in 125-ml flasks with
baffles until stationary phase (total of 16 h). For growth curves,
cultures were diluted to OD600 0.2 and further incubated at
their specific growth temperature or at 37 °C. Relative fitness
was calculated from the doubling times of heat-evolved strains
at the given temperature compared with that of the control
strain BM3 at the same temperature. For the analysis of viability
at 49 °C, 300 �l of overnight cultures were transferred into
1.5-ml tubes and incubated for 3 h at 1,000 rpm. Samples were
removed, serially diluted, and spotted onto LB plates, and col-
ony-forming units were counted after 24 h at 37 °C.
Analysis of Proteins on Two-dimensional Gels—Strains were

cultivated in LB medium at the indicated temperature in flasks
with baffles until stationary phase (16 h). Cells were harvested
(5 min, 5,000 rpm, 8 °C) and washed once with ice-cold water.
Cell pellets corresponding toOD600 2were resuspended in 1ml
of two-dimensional sample buffer (7 M urea, 2 M thiourea, 1%
(w/v) Serdolit MB-1, 1% (w/v) dithiothreitol, 4% (w/v) Chaps,
and 0.5% (v/v) Pharmalyte 3–10), incubated at 20 °C, 1,000 rpm
for 1 h and then lysed by repeated freeze-thawing (four times).
Sampleswere centrifuged (13,300 rpm, 45min, 4 °C), the superna-
tantwas transferred to anewtubeand the centrifugation repeated.
For the first dimension (i.e. isoelectric focusing), identical protein
amounts (450-�l samples corresponding to 0.9 � OD) were
applied onto 24-cm IPG strips (pH 4–7; GE Healthcare). Two-
dimensional gel electrophoresis was performed exactly as
described previously (18, 19). Two-dimensional gels were stained
with Coomassie Blue and destained with 10% acetic acid and sub-
sequently scanned. The spot intensity of elongation factor TU
(TufA) was very similar in all cell samples and was used as an
internal loading control. Protein spots of interest were excised
from the two-dimensional gels, subjected to trypsin digestion
(according to Ref. 20), and afterward analyzed using an Ultraflex I
ToF/ToFmass spectrometer (Bruker Daltonik). Data analysis was
performed using the BioTools (Bruker Daltonik) and Mascot
(Matrix Science) software packages.
Sequencing of Heat Shock Genes—Chromosomal DNA was

extracted from BM3, BM15, BM16, BM25, and BM28 cells
(GenEluteTM Bacterial Genomic DNA kit, Sigma-Aldrich), and
the heat shock genes were amplified using primers annealing
200 bp downstream and upstream of the respective gene. DNA
sequencing was performed using the purified PCR products as
template and the mentioned primers.
Quantitative Western Blot Analysis—The amount of GroEL

and GroES in heat-adapted cells (BM28) and control cells
(BM3) was analyzed using cell extracts of overnight cultures
grown for 16 h at 37 °C in LB medium. Six different concentra-
tions of cell extracts (BM3: OD 0.001–0.004/lane (for GroEL)
and OD 0.0015–0.025/lane (for GroES); BM28: OD 0.00005–
0.00025/lane (for GroEL) and OD 0.0001–0.0025/lane (for

GroES)) along with five different concentrations of GroEL
(1.3–5 ng/lane) and GroES (2.5–12.5 ng/lane) were separated
onNeutral gradient gels (Serva). Proteinswere transferred onto
nitrocellulose membrane, and GroEL/GroES was detected
using antibodies raised against GroES and GroEL, respectively.
The amount of GroEL/GroES in BM3 and BM28 cell extracts
was quantified by comparison with the signals in the linear
range obtained for the reference proteins. Average values were
determined based on five independently repeated analyses.
Analysis of theMaximumGrowth Temperature—BM3, BM3

pBB541, and BM28 cells grown on LB plates containing kana-
mycin (50 �g/ml) at 37 °C were used to inoculate aerobic or
anaerobic LB medium or M9 minimal medium. Anerobic
media were obtained by adding Oxyrase for broth (Oxyrase).
Freshly inoculated media were either transferred into 125-ml
flasks with baffles (5–10-ml volume, aerobic growth) or into
1.5-ml reaction tubes (filled with 1.5 ml, anaerobic growth) and
incubated at 44 °C–49 °C with (aerobic) or without (anaerobic)
shaking. After 24 h, growth was analyzed by measuring OD600.
The temperature at which growth was barely detectable is con-
sidered the maximum growth temperature. It should be men-
tioned that anaerobic media incubated at high temperatures
form a slight precipitate, which results in an OD600 of 0.06
(44 °C) to 0.12 (47 °C) and should be regarded.
Analysis of the Heat Shock Response—Overnight cultures

grown in LB medium at 37 °C for 16 h were diluted 1:40 into
fresh LB medium and cultivated further until an OD600 of 1.5
was reached. Then, 700 �l of cells was transferred to 1.5-ml
tubes and cultivated at 37 °C or 45 °C (1,000 rpm). After 20min
the complete cultures were harvested (5min, 13,300 rpm, 4 °C),
resuspended in two-dimensional sample buffer, and analyzed
on two-dimensional gels as described above.

RESULTS AND DISCUSSION

Adaptation of E. coliMG1655Cells toHeat—Nonphysiologi-
cal conditions induce survival mechanisms, e.g. altered tran-
scription or expression patterns or mutations that can result in
an increased ability to cope with this stress (2). To study the
process and mechanism of evolutionary adaptation of bacteria
to heat, we used the E. coli strain MG1655. E. coli cells were
cultivated in LBmedium in which genes involved in amino acid
biosynthesis, such as of themet operon required formethionine
biosynthesis, are neither induced nor required and should
therefore not limit growth (11). We determined the maximum
growth temperature of MG1655 cells in liquid LB medium to
45.5 °C, which is about 1 °C less than on agar plates (10).
MG1655 cells were eithermaintained at 37 °C (BM3) or succes-
sively shifted to higher temperatures, i.e. 42 °C (BM15), 45 °C
(BM16), 48 °C (BM25), and 48.5 °C (BM28). The maximum
growth temperature of 48.5 °C (BM28)was reached after a step-
wise increase in temperature for 620 generations. Continuous
cultivation at 48.5 °C for about 600 generations did not result in
a further increase in thermoresistance. For comparison, the
maximum growth temperature of BM3 cells, which were culti-
vated at 37 °C for almost 3,000 generations, was identical to that
of the ancestral strain (45.5 °C). The relative fitness at 37 °C (i.e.
the growth rate of the evolved strain at 37 °C compared with
that of the ancestor at 37 °C) increased for cells adapted to 42 °C

GroE as Mediator of Evolution of Heat Resistance

19030 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 25 • JUNE 18, 2010



(BM15) but decreased for cells continuously cultivated at 45 °C-
48.5 °C (BM16, BM25, BM28) (Fig. 1A). This indicates stress-
inducedmutations and suggests that adaptation to higher tem-
peratures occurs on the expense of generation times.

Cultivation of cells at 49 °C resulted in a decreased viability,
with a decline specific to each culture (Fig. 1B, 3 h). BM3 cells
completely lost viability whereas that of BM15 and BM16 cells
was reduced to about 0.0006%. BM25 and BM28 cells, in con-
trast, showed only a small decrease in the number of surviving
cells, which corresponded to an at least 2 � 105-fold increased
viability at 49 °C compared with the control cells.
All cells grown at their specific growth temperature showed a

similar morphology. Cells were analyzed by scanning electron
microscopy and showed the typical rod-like shapewith a length of
�1.3–1.5�mandawidthof�0.5–0.7�m(comparewithRef. 21).
Wild-type-like dimensions suggest that heat adaptation is inde-
pendent of elevated �S levels, which would render cells signifi-
cantly shorter (22). To testwhether heat adaptation confers cross-
protection against other stresses, we tested the viability of BM3
and BM28 cells upon exposure to hydrogen peroxide (0–8 mM,
37 °C, 3 h). Both strains showed a similar viability during the oxi-
dative stress treatment, suggesting that BM28 cells are only
adapted to extreme growth temperatures. This is in line with ear-
lier observations byCullumand co-workers (23)who showed that
adaptation of E. coli cells to 42 °C does not confer any cross-protec-
tion or preadaptation to other, not yet encountered, stress types.

Heat-adaptedCells Show Increased
Hsp Levels—The decreased fitness of
BM28 cells at 37 °C suggests that they
acquired mutations during adapta-
tion to high temperatures. It has been
demonstrated earlier that the level of
the Hsp GroEL is increased in
mutatedbacterial lineages (24,25).To
analyze potential changes in the pro-
teome, we analyzed the control cells
(BM3) and heat-adapted cells (BM15,
BM16, BM25, BM28) on two-dimen-
sional gels. The most significant dif-
ferences between BM3 and heat-
adapted cells were an increase in
steady-state levels of Hsps (i.e. ClpB,
DnaK, GroEL, GroES, HtpG, YedU)
andLysU(Fig. 2). Incontrast, the level
of the chaperone trigger factor, Tig
(Fig. 2A) was reduced. Tig assists the
folding of newly synthesized pro-
teins and has been shown to
increase the viability of E. coli cells
at low temperatures (26) but is
apparently not required for survival
at high temperatures. Also, other
proteins with functions unrelated to
protein folding show significantly
altered steady-state levels. They
include the metabolic enzymes tryp-
tophanase, thymidine phosphorylase,
deoxyribose-phosphate aldolase, and
purine nucleoside phosphorylase
with decreased levels and asparagi-
nase II and cysteine synthase A with
increased levels (not indicated in the

FIGURE 1. Fitness of heat-evolved E. coli strains. A, overnight cultures of
BM3, BM15, BM16, BM25, and BM28 grown at 37 °C, 42 °C, 45 °C, 48 °C, and
48.5 °C, respectively, were diluted and growth further followed at 37 °C.
B, 300-�l cultures from A were shifted to 49 °C and the number of viable cells
determined after 3 h. Relative fitness/viability was calculated by determining
the doubling times/viability of the evolved strain relative to that of BM3,
which was set to 1.

FIGURE 2. High Hsp levels in heat-evolved E. coli cells. Overnight cultures of BM3, BM15, BM16, BM25, and
BM28 grown at their specific growth temperature were analyzed on two-dimensional gels. A and B, two-
dimensional gels of BM3 and BM28 with the regions comprising Hsps marked with boxes, respectively. Sepa-
rated proteins show an isoelectric point of 3–10 (left to right) and a molecular mass from 150 to 10 kDa (upper
to lower part). C–F, selected regions of two-dimensional gels showing changes in the spot intensities of Hsps
(labeled by an arrow).
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two-dimensional gels). Because Hsps are vital for survival at high
temperatures and are therefore likely to support heat adaptation,
we focused only on the cellular levels of the chaperones.
Of note, GroEL/GroES levels in BM15 and BM16 are ele-

vated, and BM25 and BM28 cells show GroEL/GroES levels
that largely exceeded the respective amount produced upon
heat shock in wild-type cells (27) (compare also Figs. 2D and
5A) and observed inmutated lineages (24, 25). In fact, according
to quantitative Western blot analysis, GroEL and GroES levels in
BM28cells are increased16 times comparedwithBM3cells (aver-
age of five independent analyses; representative data shown in Fig.
3). Although BM3 cells contained about 1.2 �g of GroEL and
GroES/OD unit, BM28 cells contained about 20 �g of GroEL and
19�gofGroES/ODunit,whichcorresponds roughly to20%of the
total cellular protein. High GroE (i.e.GroEL/GroES) levels during
heat adaptation suggest a requirement for a significantly increased
protein folding capacity for thermolabile proteins. GroE is a pro-
miscuous,ATP-dependentchaperonesystemin theE. colicytosol,
which entraps proteins during the functional cycle and promotes
their folding to the native state (6, 28–31). Upon heat shock con-
ditions, GroE is required to shift the equilibrium of folding inter-
mediates toward a productive folding pathway, whereby it facili-
tates the native state of thermolabile proteins under usually
nonpermissive folding conditions (32).
High Levels of GroEL/GroES Are Maintained at 37 °C—Ele-

vated levels of Hsps usually result from increased gene expres-
sion in response to stress,mediated by the heat shock transcrip-
tion factor, �32 (RpoH). To analyze whether mutations caused
the high steady-state levels of Hsps in heat-evolved cells, we
sequenced the rpoH, dnaK, groEL, groES, htpG, and yedU genes,
including their promoter regions. Neither in cells that weremain-
tained at 37 °C nor in any heat-adapted cells didwe identifymuta-

tions in these genes/promoters. This excludes the possibility of a
direct mutation-derived cause for altered transcription/expres-
sion of heat shock genes or increased stability/activity of the
respective Hsp that could be derived by amino acid substitution.
However, we cannot exclude that an unknown factor is responsi-
ble for altered transcription, translation, or stability of Hsps.
We reasoned that the high Hsp levels are only induced upon

high temperatures and should resume wild-type levels upon
return to non–heat shock temperatures. However, GroE levels
in BM28 cells remained uniquely high upon cultivation at 37 °C
whereas the levels of all other Hsps, Tig, and the metabolic
enzymes that showed drastically altered levels returned towild-
type levels (see Fig. 5A and data not shown). Surprisingly, the
viability of BM28 cells that were either shifted from 37 °C to
49 °C or from 48.5 °C to 49 °C was very similar (0.5% versus
2.2%), indicating that high GroE levels are sufficient for ther-
moresistance. Therefore, we analyzed the maximum growth
temperature and the viability at 49 °C of BM3 cells that
expressed groELS from a plasmid (BM3 pBB541) to the levels
observed in BM28 cells (Table 1 and Fig. 4). High plasmid-
derived GroE levels (see Fig. 4, inset) increased the maximum
growth temperature of BM3 cells from 46 °C to 47.5 °C (Table
1), and their viability at 49 °C compared with BM3 cells by at
least 1,000-fold (Fig. 4). Of note, BM3 cells that overexpressed
groELS to even higher levels showed a viability at 49 °C similar
to the abovementioned groELS overexpressor (Fig. 4).We con-
clude that high GroE levels contribute to heat resistance but
that additional factors are required for the extreme heat resis-
tance of BM28 cells during aerobic growth in LB medium.
To test whether high GroE levels confer general thermore-

sistance, we tested the maximum growth temperature of the
BM3, BM3 pBB541, and BM28 strains also in M9 minimal
medium as well as under anaerobic conditions (Table 1). The
maximum growth temperature of the BM3 and BM3 pBB541
strains was 46 °C and 47.5 °C, respectively, with the exception of
aerobic growth in M9 medium, which was only possible until
45.5 °C (BM3) and 46 °C (BM3 pBB541). Surprisingly, BM28 cells
showed a highmaximum growth temperature of 48.5 °C (LB) and
47.5 °C (M9) during aerobic growth, but their growth during
anaerobic conditions was very similar to that of the BM3 strain
(46 °C). These data indicate that BM28 cells are only evolved for
high temperature tolerance during aerobic growth. Supposedly,
certain mutations arose in BM28 cells during the time course of
heat adaptation that limit anaerobic growth to 46 °C despite very
high GroE levels. Given that high GroE levels as observed in BM3
pBB541 enable growth at 47.5 °C during aerobic and anaerobic
growth in LB medium, we conclude that high cellular GroE con-
centrations confer significant thermotolerance to E. coli cells.

FIGURE 3. Quantitative Western blot analysis of GroE levels in BM3 and
BM28 cells. Lysates of overnight cultures were analyzed by immunoblotting
using GroEL- and GroES-specific antibodies. Purified GroEL (1.3- 5 ng) or
GroES (2.5–12.5 ng) was loaded along with lysates of BM3 (OD 0.0005/�l) and
BM28 (0.00005/�l), respectively. GroEL and GroES signals in lysates were com-
pared with those of the reference proteins and quantified to 1.2 �g/OD (BM3,
GroEL, and GroES), 20 �g/OD (BM28, GroEL), and 19 �g/OD (BM28, GroES).

TABLE 1
Maximum growth temperatures of E. coli strains during aerobic and
anaerobic growth in LB medium and M9 medium

Strain

Maximum growth temperature

Aerobic growth Anaerobic growth

LB medium M9medium LB medium M9medium

°C °C °C °C
BM3 46 45.5 46 46
BM3 pBB541 47.5 46 47.5 47.5
BM28 48.5 47.5 46 46
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Role of LysU in the Heat Resistance of Evolved Cells—We
analyzed the relationship between LysU and GroE to under-
stand the reason for high GroE levels in heat-adapted cells.
Neither GroEL nor GroES carries any post-translational mod-
ifications that could account for a decreased turnover (data not

shown). We can also exclude the specific induction of groESL
because the entire heat shock genes are induced in response to
heat shock or accumulating unfolded proteins (33). A gene
duplication event as described by Riehle and co-workers in
E. coli cells evolved at 41.5 °C for 2,000 generations (34) seems
an unlikely cause for high GroE levels in our heat-adapted cells
as it could not account for the massively increased GroE levels.
High GroE levels at high temperatures may result indirectly
from increased LysU levels (Fig. 2B). LysU is heat-inducible; it
synthesizes a number of adenyl dinucleotides, such as AppppA
(Ap4A), which accumulate upon heat shock (35) and were
shown to bind to GroEL and other Hsps (36, 37). Ap4A may be
involved in the expression of groELS; it could affect the tran-
scriptional or translational efficiency of groELS; however, noth-
ing is known about the effect of Ap4A on tRNAs associatedwith
GroE translation. LysU/Ap4A could also be involved in control-
ling the expression of other thermotolerance genes that in turn
affect the expression of groELS. Although this may apply to
48.5 °C, the situation is different at 37 °C. GroE levels appar-
ently did not directly correlate with LysU levels because GroE
levels were identical when BM28 cells were cultivated at 48.5 °C
or 37 °C (see above), and LysU levels were elevated at 48.5 °C
but wild-type like at 37 °C. We tested whether GroE was LysU-
dependently stabilized in cell extracts. For this we tested the tryp-
sin sensitivity of GroES and GroEL in heat-resistant BM28 cells
that were either cultivated at 48.5 °C or 37 °C and BM28 �lysU
cells expressing plasmid-encoded groELS. However, GroEL/
GroES were similarly degraded by trypsin in both strains at both

temperatures (data not shown), indi-
cating that LysU/Ap4A did not or not
significantly affect GroE stability.
Dinucleotides, including Ap4A,

have been proposed to act as modu-
lators of the heat shock response
(38); yet, their direct involvement
has not been tested so far. There-
fore, we analyzed the heat shock
response in exponentially growing
BM3 lysU�/� and BM28 lysU�/�

cells. All strains produced similarly
increased amounts of Hsps upon
heat shock in a LysU-independent
manner (Fig. 5A). The only excep-
tion was GroE, whose high levels
in BM28 cells were not further
increased during the heat shock
treatment. Therefore, LysU is nei-
ther required for nor does it appar-
ently modulate the heat shock
response in E. coli. In this line, if
LysU is required for theproductionof
other thermotolerance proteins, their
influence on the heat shock response
and heat shock survival is only mar-
ginal. Strikingly, BM28 lysU� cells
lack the permanently increased GroE
levels (Fig. 5A). We tested whether
LysU isalso responsible for thermore-

FIGURE 4. High GroE levels confer heat resistance. 300-�l overnight cul-
tures of BM3 (circles), BM3 pBB541 (diamonds), and BM28 (squares) were
shifted to 49 °C, and viability was determined at the indicated time points.
The viability of nonstressed cells was set to 100%. Given are the averages �
S.D. (error bars) of three to four independent experiments. Inset, Western blot
analysis of GroEL levels in BM3, BM3 pBB541, and BM28 cells. 10, 20, and 40 ng
of GroEL (lanes 1-3) were loaded along with 5 �l of lysates of BM3 (lane 4, OD
0.0005/�l), BM3 pBB541 (lane 5, OD 0.00005/�l), and BM28 (lane 6, OD
0.00005/�l). GroEL signals in lysates were quantified to 1.2 �g/OD (BM3), 15
�g/OD (BM3 pBB541), and 20 �g/OD (BM28).

FIGURE 5. LysU is required for thermoresistance and high GroEL/GroES levels but not the heat shock
response. A, exponentially growing BM3, BM3 �lysU, BM28, and BM28 �lysU cells were either maintained at
37 °C or shifted to 45 °C for 20 min and analyzed on two-dimensional gels. Selected regions of two-dimensional
gels are presented to show changes in the Hsps upon heat shock. B, 300 �l of cells as in A were grown to
stationary phase and shifted to 49 °C, and viability was determined after 3 h. The viability of nonstressed cells
was set to 100%. Given are the averages � S.D. (error bars) of three independent experiments.
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sistance by analyzing the viability of BM3 lysU�/� and BM28
lysU�/� cells at 49 °C. Deletion of lysU only slightly reduced the
viability ofBM3cells at 49 °C (Fig. 5B). In contrast, deletionof lysU
in BM28 cells decreased the viability at 49 °C by more than
100,000-fold to a BM3-like viability (Fig. 5B). Therefore, LysU is
indispensable for the thermoresistance of BM28 cells. This links
the thermoresistance of BM28 cells to both the presence of LysU
and permanently increased GroE levels, but, interestingly, not to
the permanent heat shock response in general.
What could be the benefit of high GroE levels in heat-evolved

cells? Heat-evolved cells (BM16, BM25, BM28 but not BM15)
showed a fitness decline at 37 °C (see Fig. 1A), which either could
be indicative for the acquisition ofmutations or for the prolonged
interaction of GroE with cellular proteins. We can exclude the
latter possibility because the GroE levels in BM15 and BM16 cells
are similarly high, but their relative fitness at 37 °C is largely differ-
ent. We thus speculate that high GroE levels in heat-evolved cells
are primarily required to buffermutations and stabilize (mutated)
cellular proteins at high temperatures. This is in linewith previous
work by Todd et al. who suggested GroE could ameliorate the
effects ofmutations (39). Besides GroE, the chaperoneHsp90was
also shown to promote evolutionary change. Hsp90 keeps genetic
determinants silent in eukaryotes; however, when Hsp90 is
mutant or impaired, then genetic variation occurs (40). Tanner et
al. (37) showed that Ap4A binds to GroEL, thereby enhancing its
chaperone activity at high temperatures, resulting in a higher fold-
ing capacity during stress. This likely applies also to our heat-
evolvedE. coli cells, at least when theywere cultivated at 48.5 °C at
which a large number of thermolabile cellular proteins require
assistance tomaintain their active structure. The fact that from all
Hsps onlyGroE is required for heat resistance indicates that some,
supposedly mutated, proteins are especially aggregation-prone
and now depend on GroE for folding. This is supported by the
observation that GroE-dependent substrates (9) show a high pro-
pensity to aggregate (41). Further support for the hypothesis that
highGroE levels are especially required for the folding ofmutated
proteins is derived from previous reports showing that GroEL is
up-regulated in bacteria encountering a high mutation rate and
mitigates the consequences of deleteriousmutations (24, 25). Vice
versa, elevatedGroE levels allow for an increased number of accu-
mulatingmutations in proteins and assist their folding even if they
carrymutations in the core ormutations that lead to a large desta-
bilization (42, 43). Therefore, the primary role of GroE in heat-
evolved cells is to specifically keep thermolabile or mutated pro-
teins active. Taken together, our results imply that the extreme
up-regulation of GroEL/GroES is central to the evolution of ther-
moresistance in E. coli.
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