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enteric organisms, primarily in stationary phase. Be-
Carotenoid synthesis in Escherichia coli, when cause of the wide diversity of phenotypes noted in

transformed with plasmid containing a carotenoid sigma-38 minus cells, it has been given many names
gene cluster from Erwinia herbicola (pPL376), is regu- (nur, katF and rpoS). When the gene was eventually
lated by RpoS. When the plasmid was transformed into identified, cloned and expressed, the rpoS protein prod-E. coli mutants that were oxyR minus, the intracellular uct was given the name sigma-38 for its size as a sigmacarotenoid concentration dramatically increased from

factor. RpoS is responsible for effecting a multitude ofthat observed in an oxyR plus allele. The higher carot-
cellular proteins (4). Its expression and half life areenoid concentration in these mutants correlated with
highly regulated at the transcriptional level and byan increase in rpoS transcription as indicated by b-
protein stabilization factors (reviewed in ref. 4, 5). Ingalactosidase activity from a rpoS::lacZ promoter fu-
addition, Sandmann et al (6) showed that E. coli RpoSsion. This indication of a higher concentration of ca-
can regulate foreign genes as well. They noted thatrotenoids correlated with an increased resistance to
when the carotenoid genes in plasmid pPL376, derivedhydrogen peroxide and near-ultraviolet radiation
from Erwinia herbicola (a closely related plant patho-(310–400 nm; near-UV). q 1997 Academic Press

gen) was transformed into E. coli devoid of RpoS, the
expression of the carotenoids decreased. The identity
of the carotenoid genes on the pPL376 have been estab-
lished (7) and their affect on cells exposed to UV radia-Bacteria have evolved complex mechanism by which
tion has also been discussed (6, 8, 9).they respond to a myriad of stresses that they may

We have used the pPL376 plasmid to identify a keyencounter. In Escherichia coli, oxidative stress caused
change in the expression of wildtype E. coli in whichby metabolic processes, near-UV, exogenous toxins or
oxyR is absent. The lack of oxyR resulted changes inmutagens is dealt with both at transcriptional and
rpoS transcription and, presumably, protein levels aspost-transcriptional levels. Many studies have shown
indicated by higher concentrations of carotenoids andthe importance of OxyR as a sensor of oxidative stress
greater resistance to near-UV.and its role as a transcriptional activator of stress re-

sponse genes such as katG, ahp, gor and dps (1). The
protein is active under oxidizing conditions as a tetra- MATERIALS AND METHODS
mer that binds to four ATAGxt motifs in the major
groove of the DNA helix in log phase upon OxyR sens- Strains and plasmids are noted in Table 1. Cells were grown in
ing of oxidative stress (2). Specific genes of rapid tran- LB broth supplemented with the appropriate antibiotics at 307C for

Erwinia cultures and 377C for E. coli cultures. Media were purchasedscription proceed via sigma-70 form of RNA polymerase
from Difco Laboratories (Detroit, MI), and all reagents from Sigmaholoenzyme through conformational changes in the
Chemicals (St. Louis, MO).promoter (3). The b-galactosidase assays were performed as described by Iva-

RpoS is known as a stress response protein in various nova et al (10).
Carotenoid content was determined by growing 100 mL of cells

containing plasmid for 24 hours in LB broth with 20 mg/ml ampicillin
at 307C with constant agitation. The growth flasks were placed in1 Present address: Howard Hughes Medical Research Institute,

Washington University, Department of Pathology/Molecular Oncol- an ice water bath for 15 min. and then the cells were collected by
centrifugation at 4,000 X g for 20 min. Pellet fraction was weighed,ogy, 660 S. Euclid, Box 8022, St. Louis, MO 63110.

2 To whom correspondence should be addressed. (Fax: 573-443- suspended in 2:1 (v/v) chloroform:methanol (8) and vortexed for two
min. The suspension was separated by centrifugation at 16,000 1 g1202; E-mail: abe@biosci.mbp.missouri.edu).
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FIG. 1. The carotenoid spectra of wild type E. coli with pPL376 diluted 5 fold (MB1351), and the katF : :tn10 mutant, undiluted, with
pPL376 (MB1353). The oxyR mutant (MB1352) and parent (MB1354) with pPL376 were diluted three fold. The spectra were completed in
2:1 (v/v) chloroform:methanol. The absorbance maxima for the crude carotenoids was 460 nm.

for 10 min. The organic layer containing the carotenoids was diluted stress mechanisms, we noted that when E. coli cells
in the chloroform:methanol solvent and compared to a b-carotene that were oxyR deficient and transformed with the ca-
standard. The wavelength maximum for b-carotene in the chloro- rotenoid genes on plasmid pPL376, colonies were aform:methanol solvent was 461 nm and the extinction coefficient was

much deeper orange than the allelic oxyR/ parent0.0616 (mg/ml)01 (cm)01.
The hydrogen peroxide disk sensitivity assay was performed as strain. Visible spectrographic analysis showed that the

described by Greenberg and Demple (11). absorbance profile of the carotenoids in the oxyR mu-
Near-UV radiation studies were completed as described pre- tant did not change. However, quantitative changes in

viously (12).
expression levels were obvious (Fig. 1). These changes
were assayed by comparison to a b-carotene standardRESULTS AND DISCUSSION
which produced similar spectra to those expressed from

Elevated carotenoid levels in oxyR mutant E. coli. the pPL376 plasmid (Table 1). When an rpoS : :Tn10
was transduced into this strain, 98% of the carotenoidDuring the course of our investigation of oxidative

TABLE 1

Bacteria and Plasmids Used in This Study

Strain or plasmid Description Source

AE 908 MC4100 (F0 araD139 D(lacIOPZYA)U169 rpsL thi A Our stock
AE1393 RK4936 (araD139, (arg-lac)205, flb5301, non-9 gyrA219, relA, rpsL150, metE70, btuB::tn10
AE1195 Erwinia herbicola (EH106W) A. Chatterjee
CM1276 AE908 katF::tn10 Our stock
MB1353 AE908 katF::tn10 with pPL376 This study
MB1351 AE908 with pPL376 This study
MB1354 AE1393 with pPL376 This study
AE1262 TA4112(oxyRD3) G. Storz
MB1352 AE1262 with pPL376 This study
MB1390 AE1393 with pRSkatF5 This study
MB1391 AE1262 with pRSkatF5 This study
pPL376 carotenoid cluster from E. herbicola in pHC79 R. Tuveson
pRSkatF5 rpoS::lacZ promotor P. Loewen

306

AID BBRC 7469 / 693a$$$942 09-22-97 09:30:33 bbrcg AP: BBRC



Vol. 239, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 2 carotenoid expressing organisms could have a sigma-
38 homologue.Carotenoid Content of E. coli Strains with and

without the Carotenoid Plasmid The gram positive organism Staphylococcus aureus
which also produces carotenoids (14) was examined in

Carotenoid content a similar fashion. No decrease in S. aureus carotenoid
(mg per gram) expression occurred in when carotenoid genes wereStrain Relative Genotype wet cell paste

transformed into various rpoS E. coli mutants (data
not shown). To date, no rpoS homologues have beenAE908 MC4100 (wild type) not detected

MB1351 AE908 / pPL376 230 { 4 229.20 { 3.90 reported in other carotenoid expressing organisms.
MB1353 AE908 katF::Tn10 / pPL376 4.15 { 0.06
MB1354 RK4936 (WT) / pPL376 160 { 20 160.10 { 16.10 rpoS promoter activity increases in oxyR mutant cells.
MB1352 RK4936 D oxyR / pPL376 420 40 415.50 { 44.10 Because of the known rpoS dependent expression of

the carotenoid genes in E. coli pPL376, we examinedNote. The carotenoid contents are the averages of six independent
whether the increase could be due to an increase indeterminations.
rpoS transcription. To determine this, a rpoS::lacZ op-
eron fusion was transformed into the oxyR mutant
(AE1262) and its parent (AE1393). Fig. 2 shows a con-content was lost. The enhancement of color noted in
sistently lower promoter activity in early (4 hr), mid (6the oxyR mutant strain corresponded to a 2.6 fold in-
hr) and early stationary (8 hr) log phases, but a 1.5crease in total carotenoid content over its allelic parent.
fold increase in promoter activity in late stationaryThere was also a two fold change in the amount of
phase, of the oxyR mutant. Subsequent to this observa-carotenoids being expressed between the two parent
tion of increased carotenoid synthesis, in similar exper-strains of E. coli. At this point in our study, it was
iments in our laboratory, Ivanova et al (10) also notedunclear why this occurred (Table 2).
increased rpoS transcription in stationary phase cellsThe low level of carotenoid expression that remained
that lacked OxyR. The reason for low rpoS transcrip-in rpoS mutants could be due to weak recognition of
tional activity in log phase is not clear. However, thethe promoter by sigma-70 or selective involvement of
result obtained in stationary phase cells implied thatsigma-38 in a portion of carotenoid biosynthetic path-
the increased transcription of rpoS probably led toway leading to the accumulation of one of the major
higher concentrations of RpoS protein in the cell, andcarotenoids synthesized in Erwinia, or perhaps the sta-
was the reason for the higher concentration of carot-bility of any of these products. The only known regula-
enoids in this cell type. Although the increase was nottory requirement for the synthesis of the carotenoids
as profound as would be expected by the carotenoidfrom the pPL376 plasmid is cAMP (7). The implications
quantitation data, it is known that RpoS quantities inof this requirement are not clear but it is known that
E. coli are regulated by two post-transcriptional mecha-cAMP is a negative regulator of sigma-38 synthesis (4,

5, 13). These data pointed to the possibility that other nisms involving clpX (15) and rssB (16). The approxi-

FIG. 2. b-galactosidase activity assay in E. coli with pRSkatF5 (MB1390) and E. coli DoxyR with pRSkatF5 (MB1391). The results
shown are the average of three independent determinations completed in duplicate.
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without the plasmid. The rpoS mutant was highly sen-
sitive to near-UV and was partially protected by the
low level of carotenoid being expressed from the plas-
mid. As expected, wildtype E. coli containing the plas-
mid showed no sensitivity during the exposure.

This study provides additional evidence of the close
association of RpoS and OxyR in dealing with oxidative
stress insults. Past reports have shown these sigma
factors regulate dps (3), katG (10) and gor (17) dually.
When oxyR is missing, RpoS is probably recruited to
take its place in inducing the critical genes required
to defend against oxidative stress and to prolong the
organism’s ability to survive under adverse conditions.

OxyS is a small, stable RNA induced by oxidative
stress; its gene is linked to oxyR. As described in a
recent report (18), its role in regulation of rpoS gives
us a clearer understanding of the mechanism whereby
OxyR-OxyS alters transcription upon environmental

FIG. 3. Hydrogen peroxide sensitivity of log phase cells with or
without the carotenoid plasmid pPL376. E. coli-MC4100 (AE908), E.
coli katF : :tn10 (CM1276), E. coli-RK4936 (AE1393), E. coli DoxyR
(AE1262) and E. herbicola (AE1195). Assays were completed as de-
scribed by Greenberg and Demple (11) except the zone of sensitivity
was measured and the disk width was subtracted from the measured
zone. The results shown are the average of two independent determi-
nations each completed in triplicate.

mate three fold increase in carotenoid content may be
due to the lack proteolysis of RpoS by these factors.

Carotenoids protection against H2O2 and near-UV.
The challenge of E. coli mutants with H2O2 showed
that the carotenoids did protect against this oxidative
insult in all cases except the oxyR mutant (Fig. 3). The
protection was small but approximately five percent
consistently. The E. herbicola carotenoid positive con-
trol also showed approximately the same sensitivity to
H2O2 as was observed in the strains containing
pPL376, demonstrating that the carotenoids do have
a protective effect. Because the disk diffusion assay
performed is one that challenges cells primarily in log
phase of growth, the protection would be expected to
be low since it is known that maximal carotenoid ex-
pression occurs in stationary phase. The oxyR mutant
strain was most sensitive to H2O2, but contrary to the
above results, the carotenoids did not protect against FIG. 4. The effect of near-UV radiation on the survival of strains
H2O2 to the extent that might have been anticipated. with and without the carotenoid plasmid: Panel A. MC4100-WT
This was consistent with the lower level of transcrip- (AE908), MC4100/pPL376 (MB1351), MC4100 katF::tn10 (CM1276),

MC4100 katF : :tn10/pPL376 (MB1353). Panel B. RK4936-WTtion than the parent in log phase of growth of the oxyR
(AE1393), RK4936/pPL376 (MB1354), RK4936 D oxyR (AE1262),mutant.
RK4936 D oxyR/pPL376 (MB1352). The assays were completed asWhen the various mutants were stressed with near- described by Knowles and Eisenstark (12). Each minute of exposure

UV, all strains carrying the pPL376 plasmid (Fig. 4) was equivalent to 1.04 kJ/m2. The relative standard deviation of the
data is below 15%.were more resistant to near-UV lethality than those
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