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Mutations in the rpoH gene, encoding o2, an alternative factor requured for transcription of the heat shock genes, result in the extensive aggregation
of virtually all cellular proteins and formation of mclusion bodies both under stress and non-stress conditions Inhibitors of protein synthesis
suppress this aggregation, suggesting that newly synthesized protetns preferentially aggregate in rpoH mutants These data suggest that the heat
shock protemns are involved n acquisition of the soluble state (1 e correct conformation) of the bulk of intracellular protens after their translation
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1. INTRODUCTION

The folding of protemns within hiving cells has been
considered for many years as a spontaneous process [1]
Current studies recogmzed auxibary proteins called
chaperones which are needed for protemn folding, as-
sembly and transport [2-4]. These proteins belong to the
heat shock proteins (hsps) and constitute at least two
protein folding systems' hsp70, represented in E. coli by
Dnak, and hsp60, represented by GroEL [4] These
systems have been already implicated 1n acquisition of
active conformation of certain protems [5-9], in promo-
ting folding and assembly of proteins inserted into mrto-
chondria [10-12], and 1n binding of newly synthesized
polypeptide chains [13,14] However, 1t remains unclear
how general their role 1s are they involved n the folding
of the majority or only certain proteins? We address
these questions using E. coli mutant n 1poH gene co-
ding for RNA polymerase ¢*? subunit responsible for
the heat shock promoter recognition [15-18]. These cells
were defective in the induction of hsps We find that
virtually all proteins aggregate extensively and form
inclusion bodies in rpoH mutant cells,

2, MATERIALS AND METHODS

21 Strains and plasuds

We used strains SC122, F-, lacfam), trp(am ), pho(am), supC(ts).
strd, malfam), and K165 SC122, rpoH165 [19] Plasmid pRpoH 1s
pDS2 [20]

22 Media and grow th conditiony
Strains were grown in L-broth at 30°C to the mid-logarithmic
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phase The cells were then mncubated at 42°C or at 30°C for 1 h For
plasmid-contamming cells ampicilin (100 gg/ml) was added to the
medium Viability of the cells after heat treatment was evaluated by
plating at 30°C

23 Preparation and fractionation of cell lysates

Cells were clnlled on ice, collected by centrifugation, and disrupted
by sonication (45 10-s bursts) on ice in Laemmh loading buffer [21]
without SDS, contaiming PMSF at the concentration 200 zg/ml The
extent of cell disruption was monitored by phase contiast microscopy
Usually less than 0 1% of cells remaincd mtact after sonication The
cell lysates were centrifuged in Microfuge 11 (Beckman)at 13 500 rpm
for 2 min SD$§ was added to the supernatant The pellet was rinsed
once with excess of the buffer, centrifuged and resuspended in SDS-
containing loading buffer Before electrophoresis the samples were
heated mn a boiling water bath for 1-2 min Equal volume of soluble
(8) and nsoluble (I) protein fractions were separated on 10% SDS-
PAGE [21]} and Coomassie stained

24 Microscopic techniques

Celis were fixed for 30 min in 1% glutaraldehyde, 0 1 M Na-cacody-
late, pH 7 3, at ambient temperature Fixation in 2% osmium tetro-
xide, 0 2 M Na-cacodylate, pH 7 3 was for 12 h at 4°C Fixed cells
were treated with 0 5% uranyl acetate in maleate buffer, pH 52 for
90 min at 4°C The bacteria were then embedded in Epon Thin
sections (less than 500 A) were stained with lead citrate [22.23)

3 RESULTS

E coli strain K165 [19] carries an amber mutation 1n
the 1poH gene, which encodes the heat shock sigma
factor {16-18] and a temperature-sensitive amber sup-
pressor. At 30°C K165 grows normally despite the re-
duced amount of hsps [24, 25], but has limited ability
to induce hsps synthests. At 42°C the mutant cells are
unable to form colonies, presumably due to cessation of
hsrs synthests However, they continuc to grow for at
ieast 1 h (as judged by culture turbidity) and retain
100% wviability during thts time period, but fail to divide
(data not shown) We incubated cells at 30°C or 42°C,

Published by Livevier Scichee Publishers 8 V



Volume 291, number 2

Strain rpoH wt
Plasmid o — pRpoH —
Temperature 30° 42° 30° 42"

" frr—— rm——
Fraction S 1 S 1 S 1 S |

Fig | Protemn aggregation m rpeH 165 mutant at 42°C Cells were

grown at 30°C and portions of the cultures were transferred to 42°

for 1 h Soluble (S} and msoluble (I) fractions were obtained as de-

scribed n Materials and Methods and separated on 10% SDS-PAGE

Note that nsoluble fractions were loaded on gel in twice the amount

of the corresponding soluble fraction 1poH= K165 strain, wt = 8C122
strain

disrupted them by sonication, and fractionated the son-
cate mto soluble and insoluble fractions by brief cen-
trifugation. Both fractions were analyzed by SDS- po-
lyacrylamide electrophoresis (Fig. 1) We found that
rpoH 165 cells had much more protems n the msoluble
fraction than did the wild-type cells. During incubation
at 42°C the amount of protemn n the pellet fraction of
rpoH cells increased and reached 20-25% of total pro-
temn content after 1 h, Introduction of a plasmid carry-
ing a wild-type rpoH gene prevented protein aggrega-
tion in the rpoH mutant stramn (Fig. 1)

Phase contrast light microscopy revealed the ap-
pearance of refractive particles in rpoHI165 cells after
heating (data not shown) Electron microscopic ex-
amination of thin sections of rpoHI65 heat-treated cells
showed that aggregated proteins formed typical mclu-
sion bodies (Fig 2), previously described for cells over-
producing certan individual proteins [26] and for cells
producing abnotmal proteins 1n the presence of puro-
mycin or amino acid analogues [27] Thus our data
show that normal proteins behave like abnormal
proteins under conditions of hsps shortage

No protein aggregation was observed when rpoHI65
cells were incubated at 42°C 1n the presence of antibio-
tic inhibitors of protein or RNA synthesis, while an
antibiotic inhibiting DNA synthesis did not prevent ag-
gregation (Fig. 3). These data indicate that aggregates
are foimed predominantly by newly synthesized pro-
teins. Pulse labeling showed that protemn synthesis did
occur 1n rpoH 165 cells at 42°C at normal rates for at
least 1 h, A substantial portion of the pulse-labeled
proteins was mnsoluble (data not shown).

4 DISCUSSION

We observed extensive aggiegation of protens lead-
ing to inclusion body formation i 1pol mutant cells
defective 1in hsps synthesis Previously inclusion body
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Fig 2 Electron micrographs of thin sections of rpoH 165 and wild-type

cells Cells were incubated for 1 h at 42°C and thin sections were

prepared as described in Matenals and Methods Selected inclusion

bodies are marked by arrows Wild-type = SC122 top, rpoH 165 =
K165, bottom

formation was described only for overproduced [26] or
abnormal proteins synthesized n the presence of puro-
mycin or amino acid analogues [27] The most probable
explanation of protemn aggregation 1n the rpoH mutant
1s that some hsp(s) ate nccessary for correct folding
and/or assembly of the bulk of newly synthesized poly-
peptides Conclusion that these ate newly synthesized
protemns that predomnantly aggregate in rpoH mutant
was based on the observation that inhibition of protein
synthesis completely nhibited protein aggregation at
the elevated temperature This suggests that most ma-
ture proteins are not damaged at 42°C in»poH mutants,
Since n certain well-studied cases folding intermediates
were shown to be much more temperature-sensitive and
prone to aggregation than mature proteins [28,29], one
can speculate that these are folding intermediates of
newly synthesized proteins which dre forming aggrega-
tes n rpoH cells.

Protein aggregation m rpoH mutants was most pro-
nounced at the elevated temperatuie of 42°C, but was
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Fig 3 Effect of mnlubitors on the protemn aggregation at 42°C 1n the

rpoH 165 mutant Cells were grown at 30°C and then shifted to 42°C

as described 1in Materials and Methods with or without addition of

antibiotics Nv = novobiocin (50 seg/ml), Sp = spectinomycin (50

Hg/ml), Cm = chloramphenicol (20 zg/ml), Rf = nfampicin (50 gg/ml),
Tc = tetracychine (20 yg/ml)

also readily detected at the non-stress temperature of
30°C It s known that some protemns retamn solubility
when overptoduced 1 the wild-type cells, 1t appears,
however, that these protemns (e g. f-galactosidase) be-
came significantly aggregated 1n #poH mutants even at
30°C (our unpublished data and [30]) This shows that
the proposed general function of hsps 1s required not
only under stress, but also under normal conditions,
which is consistent with the indispensability of at least
some hsps [31-34]

Which particular hsps protect proteins from aggrega-
tion i E coli” The obvious candidates are GroE and
DnaR proteins (see Introduction) To test this we are
performing experiments with rpofd mutants carrymng
plasnuds with groF or dnaK operon
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