Downloaded from on March 5, 2025 - Published by Cold Spring Harbor Laboratory Press

A novel DNA-binding protein
with regulatory and protective roles
in starved Escherichia coli

Marta Almirén, Andrew J. Link,! Deirdre Furlong, and Roberto Kolter”

Department of Microbiology and Molecular Genetics; 'Department of Genetics, Harvard Medical School, Boston,

Massachusetts 02115 USA

A starvation-inducible DNA-binding protein was discovered as a result of the analysis of proteins synthesized
in 3-day-old cultures of Escherichia coli. This 19-kD protein, designated Dps, is abundant in starved cells. In
vitro, Dps forms extremely stable complexes with DNA, without apparent sequence specificity. When
complexed with Dps, DNA is rendered DNase resistant. Mutant cells lacking Dps show dramatic changes in
the pattern of proteins synthesized during starvation. The mutants also fail to develop starvation-induced
resistance to hydrogen peroxide, an agent that can cause oxidative damage to DNA in vivo. These results have
prompted us to postulate that Dps plays an important role both in gene expression and DNA protection during
stationary phase. The existence of similar proteins, heretofore with no known function, in bacterial species
distantly related to Escherichia coli suggests that Dps may define a novel class of widely conserved

DNA-binding proteins.
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The ability to maintain biological integrity during peri-
ods of starvation is essential for the survival of an organ-
ism. Many microbes have evolved sophisticated devel-
opmental pathways that lead to the formation of highly
resistant differentiated cells in response to nutritional
deprivation (Losick and Youngman 1984; Kjelleberg et
al. 1987; Roszak and Colwell 1987; Matin et al. 1989;
Siegele and Kolter 1992). Extensive studies with a variety
of microorganisms have revealed changes in gene expres-
sion that occur during the transition from exponential
growth to stationary phase and result in morphological
and physiological changes (Groat et al. 1986; Spector et
al. 1986; Connell et al. 1987; Losick et al. 1989; Bohan-
non et al. 1991; Lange and Hengge-Aronis 1991a; Matin
1991; Losick and Stragier 1992; Spector and Cubitt
1992).

The starved Escherichia coli cell, in contrast to a dor-
mant spore, remains metabolically active and can
quickly resume growth when the required nutrients are
available (Matin 1991; Siegele and Kolter 1992). It is
therefore not surprising that after the initial starvation-
induced switch in gene expression, these cells maintain
a low level of gene expression even after many days in
stationary phase (Mandelstam 1960; Roszak and Colwell
1987). In this paper we report initial studies on the pat-
terns of gene expression in cells that have remained
starved for several days. As a result of these studies we
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have discovered a new DNA-binding protein, designated
Dps (DNA-binding protein from starved cells). The syn-
thesis of Dps is induced upon the cessation of growth,
continues even after several days of starvation, and de-
pends on o®, a transcription factor that controls the ex-
pression of many starvation-induced genes (Mulvey and
Loewen 1989; Lange and Hengge-Aronis 1991b). Several
of the gene products of the o® regulon have been shown
to be important for the ability of the cell to develop in-
creased resistance to environmental stresses such as
high temperature, oxidative damage, and low pH
{Hengge-Aronis et al. 1991; McCann et al. 1991).

Dps displays many of the properties of other small,
abundant proteins of prokaryotic origin that bind DNA
without sequence specificity (Drlica and Rouviere-Yaniv
1987; Schmid 1990). The phenotype of mutants lacking
Dps suggests that it plays both regulatory and protective
roles during starvation. Dps-like proteins appear to be
present in distantly related eubacteria, suggesting the ex-
istence of a new family of widely conserved, DNA-bind-
ing proteins.

Results

Identification of a protein synthesized
during prolonged starvation

The changes in the pattern of proteins synthesized by E.
coli, Vibrio, and Salmonella during the transition be-
tween exponential growth and stationary phase have
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been documented extensively (Groat et al. 1986, Kjelle-
berg et al. 1987; Spector et al. 1988). The fact that these
organisms remain metabolically active during prolonged
starvation led us to investigate the proteins that they
synthesize not only after a few hours of starvation but
after several days in stationary phase. Newly synthesized
proteins from exponential and early stationary-phase
cultures can be detected, using SDS-PAGE, if the cells
are labeled for 1 min with radioactive methionine. We
discovered that, owing to their much lower metabolic
rates, cells that have been starved for =1 day require
much longer labeling periods to detect protein synthesis.
It was possible to demonstrate that such cells synthe-
sized a distinct set of proteins when labeling periods
were extended to 10 hr (Fig. 1). It became apparent that
the proteins synthesized at these later times not only
differed from those made during exponential growth but
also from those made during the first hours of starvation.
A one-dimensional polyacrylamide gel of samples la-
beled at various times during the first 5 days of incuba-
tion showed continual change in the pattern of proteins
synthesized (Fig. 1).

Having determined that many proteins are being syn-
thesized in 3-day-old cultures, we wanted to identify and
characterize some of them. To this end the labeled pro-
teins were separated using two-dimensional electropho-

Figure 1. Protein synthesis in starved cells. Cells grown in
minimal M63 medium-glucose, where growth ceased due to
glucose exhaustion, were labeled with [**S]methionine at vari-
ous times during the growth curve. Samples in lanes 1-3 were
labeled for 1 min. Samples in lanes 46 were labeled for 10 hr.
Total proteins were separated on 15% SDS-PAGE (Laemmli
1970). Size standards are indicated (in kD). (Lane 1) Midexpo-
nential phase cells; (lane 2) late-exponential phase cells; (lane 3)
early stationary phase cells; (lane 4) 1-day-old cells; (lane 5)
3-day-old cells; {lane 6) 5-day-old cells.
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resis and transferred to a solid support (see Materials and
methods). One of the most prominently labeled protein
spots displayed a molecular mass of ~18,000 daltons and
was designated Dps. The spot corresponding to Dps was
cleaved with trypsin, and three HPLC-purified peptides
were sequenced (see Materials and methods). An exact
match for one of the three peptide sequences was found
when the translated GenBank data base was scanned.
The match was found in a region of DNA encoding the
carboxy-terminal end of a partially sequenced open read-
ing frame of unknown function located adjacent to the
gInHPQ operon in the E. coli chromosome [minute 18)
(Nohno et al. 1986). A plasmid containing this region of
the chromosome was kindly provided by Joan Mecsas
and Carol Gross (University of Wisconsin, Madison).
This plasmid pJE106 was used to complete the sequence
of the open reading frame. The gene product was pre-
dicted to contain 167 amino acids (M, 18,712}, matching
the apparent molecular mass of Dps as determined by
SDS-PAGE. From the completed nucleotide sequence a
match for the remaining two peptides was found in the
same open reading frame, further supporting the hypoth-
esis that this region encoded Dps. To verify this and to
determine the phenotype of cells lacking Dps, a null mu-
tation in the dps gene was constructed (see Materials and
methods). The presence of a kanamycin resistance gene
inserted in the middle of the Dps-coding region allowed
for the easy transfer of the null allele (dps::kan) to dif-
ferent genetic backgrounds.

Phenotypes of the dps::kan null mutant

Mutant cells lacking Dps showed a highly pleiotropic
phenotype with respect to the proteins synthesized, but
only during prolonged starvation (Fig. 2}. In the wild-type
cell, the relative amount of Dps synthesis increased dra-
matically in the stationary phase (Fig. 2, cf. A and C).
The pattern of proteins synthesized during exponential
growth in both wild-type and dps::kan strains was vir-
tually identical, with the exception of the absence of the
low level of Dps synthesized in the wild type at that time
(Fig. 2, cf. A and B). In contrast, when the patterns of
proteins synthesized after 3 days of starvation were com-
pared, there were dramatic differences between the wild-
type and dps::kan strains (Fig. 2, c¢f. C and D). The dif-
ferences included both the absence, in the mutant, of
proteins synthesized in the wild type at 3 days as well as
the appearance of new proteins not synthesized in the
wild type. These results indicate that Dps plays a global
regulatory role in controlling gene expression during pro-
longed starvation.

When compared with growing cells, stationary-phase
E. coli cells are significantly more resistant to several
types of environmental assaults, including exposure to
oxidative agents (Jenkins et al. 1988). Both the wild-type
and the dps::kan mutant strains rapidly lost viability
when exponential-phase cells, growing in minimal me-
dium M63 glucose, were treated with 15 mm H,0,.
Treatment of 3-day-old cultures with 45 mm H, O, for 40
min did not affect the viability of wild-type cells,
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Figure 2. Pleiotropic effects of the dps::kan insertion mutation on protein synthesis in starved cells. Wild-type and dps::kan mutant
cells were labeled with [**Sjmethionine, and labeled proteins were separated using two-dimensional PAGE. (The molecular weight of
proteins decrease from top to bottom, and pH decreases from left to right.] {4} Wild-type cells in midexponential phase, labeled for 1
min. (B) dps::kan mutant cells in midexponential phase, labeled for 1 min. {C) Wild-type cells after 3 days of starvation, labeled for 10
hr. (D) dps::kan mutant cells after 3 days of starvation, labeled for 10 hr. The four arrows point to the position of Dps. To facilitate
the recognition of some of the changes between wild-type and mutant cells seen at 3 days, some of the protein spots have been marked
as follows: (O) proteins that are present in wild-type cells but not in dps::kan mutant cells; {A) proteins missing in wild-type cells but
present in the mutant; (O} proteins that have similar intensity in both types of cells. Note that the marked spots were chosen only by
comparing C and D. No consideration was given as to whether they were present or absent in exponential phase {A and B). Some of
the marked spots were present in growing cells while others were not.

whereas cells lacking Dps were killed (Fig. 3). It has been
shown previously that the increased resistance to hydro-
gen peroxide is due in part to the induction, during the
onset of starvation, of hydrogen peroxidase Il (HPH) (Loew-
en et al. 1985). However, dps::kan mutants did express
normal levels of HPII, as judged by the phenotypes of
colonies treated with hydrogen peroxide (Lange and
Hengge-Aronis 1991b). These results suggest that in ad-
dition to its regulatory role, Dps plays a protective role
directly or indirectly during starvation. Apparently the
protection afforded by Dps, detected under oxidative
stress, is not essential for the viability of the culture
because the dps null mutants remained viable during
prolonged incubation in standard laboratory media.
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Two lines of evidence indicate that the observed phe-
notypes are due to the lack of Dps and not due to polar
effects on the expression of downstream genes. First, a
dps::kan mutant harboring a plasmid containing dps and
no downstream genes was resistant to killing by 45 mm
H,0,. Second, dps::kan mutants grew in minimal me-
dium containing L-glutamine as the sole carbon source.
This indicates that the expression of the downstream
operon, ginHPQ, was not affected by the dps::kan inser-
tion mutation {Nohno et al. 1986).

Purification of Dps and properties of the protein

To obtain more insights regarding the biochemical func-


http://www.cshlpress.com

Downloaded from on March 5, 2025 - Published by Cold Spring Harbor Laboratory Press

Wild-type

CFU/mI|
)
o
L

dps::kan

102 . r >
0 20 40 60
Time (min)

Figure 3. Hydrogen peroxide sensitivity of dps::kan mutant
cells. Cells were starved for 3 days and then treated with 45 mm
H,0, for the indicated amounts of time. Viable counts were
determined by the ability of cells to form colonies on minimal
M63 medium—glucose plates.

tion of Dps, it was necessary to purify the protein. The
rationale for the purification protocol was derived from
two observations: (1) the apparent regulatory role of Dps
in starved cells, and (2} a small but provocative region of
amino acid sequence similarity with a DNA-binding pro-
tein (UL42) from herpes simplex virus {McGeoch et al.
1988; Gottlieb et al. 1990). These observations led us to
hypothesize that Dps was a DNA-binding protein. This
hypothesis was supported by the finding that Dps binds
to DNA—cellulose and elutes at relatively high salt (0.2 m
NaCl). The detailed protocol for the purification of Dps
to homogeneity is presented in Materials and methods.
Briefly, crude lysates were fractionated using ammo-
nium sulfate and two steps of gel filtration. After the
initial lysis of the cells, performed in 0.5 m NaCl, Dps
was found to be associated with DNA. Once Dps was
separated from endogenous DNA and dialyzed to remove
salts, it bound to DNA—cellulose. After DNA—cellulose
chromatography, preparations of Dps appeared homoge-
neous as judged by Coomasie brilliant blue staining in
SDS-PAGE (Fig. 4A). Purified Dps was subjected to
amino-terminal sequence analysis, confirming the start
site of translation of the dps gene. In different prepara-
tions of Dps, we detected varying amounts of a minor
degradation product resulting from the loss of the first 6
residues at the amino terminus.

The binding of Dps to DNA was analyzed by studying
the formation of complexes in vitro. Stable Dps—DNA
complexes were detected when purified Dps was added
to supercoiled plasmid DNA or linear DNA in buffer
containing 10 mm Tris (pH 8.0) and 1 mm EDTA (Fig. 4B).
These complexes did not enter standard Tris—acetate 1%
agarose gels during electrophoresis. This feature of the
complexes was used as an assay to characterize the prop-
erties of Dps~-DNA complexes. These properties can be
summarized as follows: (1) Complex formation was im-
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mediate when the NaCl concentration was 0.2 M or
lower. (2) The complex could be dissociated with 30%
formamide or 2% SDS but not with 5% Triton X-100 or
5% Brij-58. (3) Complexes were extremely stable. No
DNA exchange was detected even after 16 hr of incuba-
tion at 65°C. {4) Binding to DNA dramatically stabilized
Dps structure. When Dps was heated at 65°C before com-
plex formation, it irreversibly lost its DNA-binding ca-
pacity. However, Dps remained bound to DNA even af-
ter incubation at 100°C. {5) Dps binds DNA without any
apparent sequence specificity. No apparent ‘‘footprint”
was detected after DNase I digestion. (6) Binding by Dps
did not require any specific DNA size or topology. The
complexes formed with similar stoichiometries, regard-
less of whether it was circular DNA (from 2.5 to 100 kb)
or linear DNA (from 0.07 to 1.3 kb).

Dps and Dps—-DNA complexes were analyzed further
by means of electron microscopy. When Dps prepara-
tions were spread in the absence of DNA, rings of ~9 nm
in diameter were observed (Fig. 5A). In contrast to the
discrete rings observed from Dps alone, the Dps-DNA
complexes formed large and highly ordered two-dimen-
sional arrays (Fig. 5B). This could be the result of a struc-
tural change that Dps undergoes when bound to DNA
that allows for tighter interactions between rings, or
DNA may link rings. The honeycomb arrangement of
the rings in the presence of DNA and the appearance of
the free rings when analyzed at higher magnification
(Fig. 5A, inset) suggested a hexameric structure. Mole-
cules lying sideways displayed a double-layered configu-
ration (Fig. 5A, inset). The mass of the rings was
~205,000 daltons, as determined by scanning transmis-
sion electron microscopy {Wall and Hainfeld 1986). All
of these observations strongly suggest that the structure
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Figure 4. Purified Dps forms complexes with DNA. (4) 15%
SDS-PAGE of purified Dps, stained with Coomasie brilliant
blue. ({Lane 1) Molecular mass standards, in ascending size (kD):
14, 18, 29, 43, 68, 97. (Lane 2) Pooled fractions containing Dps
after chromatography through DNA~cellulose. {B) Tris-acetate
1.0% agarose gel, DNA and DNA-Dps complexes stained with
ethidium bromide. (Lane 1) $X174 Haelll fragments alone; (lane
2) ¢X174 Haelll fragments with Dps; (lane 3) pUC19 DNA
alone; (lane 4) pUC19 DNA with Dps; {lane 5) Dps alone.
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Figure 5. Electron microscopic analysis
of Dps and Dps—DNA complexes. A and B
are at the same magnification; the inset in
A is magnified 2.5x more. {4) Dps alone.
(B} Dps-DNA complex; inset in A repre-
sents a higher magnification of Dps alone,
showing the hexameric ring-like structure
and the double-layered structure of a ring
lying sideways.

of native Dps consists of 12 subunits arranged in two
hexameric rings.

Expression of dps and regulation by ¢°

The expression of dps was analyzed by immunological
techniques. Polyclonal antibodies were raised against
Dps, using purified Dps as an antigen in rabbits. Samples
containing equal numbers of cells from different growth
phases were subjected to SDS-PAGE and Western blot
analysis (Fig. 6). In both minimal Mé63 glucose and in LB
media, little or no Dps was detectable during exponen-
tial phase. Induction of Dps started during early station-
ary phase, and accumulation continued in a 1-day-old
culture. On the basis of quantitative comparisons with
the signal generated by known amounts of Dps, we es-
timated that there were ~20,000 Dps monomers in a
stationary-phase cell after only 1 day, making this a very
abundant DNA-binding protein in starved cells. Finally,
there was little or no detectable Dps in a strain lacking
the stationary phase-specific transcription factor, ¢®, in-
dicating that the expression of dps is regulated, directly
or indirectly, by this positive regulatory molecule.

Discussion

Growing cells have the capacity to respond rapidly to
changing environments by differentially expressing sets
of genes. Thus, a growing cell can cope with stresses that
generate cellular damage by inducing the expression of a
variety of repair genes. When a microorganism finds it-
self in nutritionally limiting conditions, which in nature
must be most of the time, it must still be able to protect
itself from environmental damage to assure its survival.
A starved microorganism must prepare in advance for
the possibility that it may encounter environmental as-
saults, as its capacity for rapid response is severely com-
promised. Many of the E. coli genes that are induced in
response to starvation and whose expression depends on
¢°, play important roles in protecting the organism
{Hengge-Aronis et al. 1991; Lange and Hengge-Aronis
1991b; McCann et al. 1991).

Clearly, protection of the cellular DNA is cardinal to
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the maintenance of viability and the preservation of ge-
netic continuity. As part of the process of generating a
dormant endospore, Bacillus subtilis synthesizes small
acid-soluble DNA-binding proteins that protect the
DNA from a variety of damaging agents (Setlow 1992).
For non-sporulating organisms, such as E. coli, there is
an additional need; they must protect their DNA, but
they must also maintain a low level of gene expression
during starvation. The results presented in this paper
suggest that Dps plays roles connected with both of
these needs, protecting the DNA from oxidative damage
and affecting the global pattern of gene expression.
How does Dps protect the cell from hydrogen peroxide
damage? The lethality of oxidative agents, such as hy-
drogen peroxide, is most likely the result of their ability
to damage DNA (Storz et al. 1990). Thus, DNA repair
enzymes as well as catalases, which breakdown hydro-
gen peroxide, play an important role in protecting the
cell. One possibility is that the protective role of Dps is
indirect and results from its role in regulating gene ex-
pression. For example, Dps may regulate the expression
of certain DNA repair enzymes and catalases. Alterna-
tively, Dps may protect the DNA directly. The ability of

12 3 4 5 6 7 8

Figure 6. Western blot analysis of Dps production. An equal
number of cells (5 x 107) were loaded in each lane. (Lane 1)
M63—glucose-grown wild-type cells, midexponential phase;
{lane 2) M63—glucose-grown wild-type cells, at the onset of sta-
tionary phase; (lane 3) M63—glucose-grown wild-type cells,
1-day-old culture; {lane 4) LB-grown wild-type cells, midexpo-
nential phase; {lane 5) LB-grown wild-type cells, at the onset of
stationary phase; (lane 6] LB-grown wild-type cells, 1-day-old
culture; (lane 7) M63—glucose-grown rpoS mutant cells, 1-day-
old culture; (lane 8) M63—glucose-grown dps::kan mutant cells,
1-day-old culture.
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Dps to bind DNA and the fact that cells without Dps
express the stationary phase-inducible catalase, HPII, are
consistent with the possibility that protection is afforded
directly by Dps. Dps may physically protect the DNA by
covering some exposed regions and rendering them less
accessible to oxidative agents. The ring structures of Dps
are well suited to mask and thus protect the DNA (Fig.
5). Intriguingly, another ring-shaped protein, which has
also been proposed to function by masking a macromol-
ecule, is the GroEL chaperonin {Nilsson and Anderson
1991).

It is not yet known how Dps binds DNA. The two-
dimensional nature of the Dps—-DNA arrays supports the
hypothesis that the rings act as spools, with the DNA
wound around them. Alternatively, DNA may pass
through the Dps rings, in a manner analogous to what
has been proposed for the interaction between the DNA
polymerase III processivity factor g and DNA (Kong et al.
1992). Studies are under way to localize the DNA within
the two-dimensional arrays of Dps.

Dps is a small, abundant protein that binds DNA with-
out apparent sequence specificity. These are properties
of histone-like proteins, such as HU and H-NS (Drlica
and Rouviere-Yaniv 1987; Schmid 1990). The global ef-
fects on gene expression in mutants lacking Dps are also
reminiscent of the known roles of histone-like proteins,
which can act both as positive or negative effectors in
different systems (Drlica and Rouviere-Yaniv 1987;
Schmid 1990). The concentration of H-NS increases
slightly during stationary phase (Spassky et al. 1984} and
mutants lacking H-NS show pleiotropic effects on gene
expression during stationary phase, whereas viability
was not affected {Higgins et al. 1988). However, Dps does
not share amino acid sequence or structural similarities
with either HU, H-NS, or any of the histone-like pro-
teins (Kano et al. 1985, 1987; Pon et al. 1988). As such,
Dps appears to define a new class of DNA-binding pro-
tein with perhaps a novel motif for non-sequence-spe-
cific DNA binding.

When the existing data bases were searched for se-
quence similarities with Dps, two strikingly similar pro-
teins of heretofore unknown function were found {Fig. 7).
One is an antigen from Treponema pallidum {Noord-
hoek et al. 1989) and the other is a protein from Ana-
baena variabilis (Sato 1991). Dps and these two proteins
are all about the same length and the amino acid simi-
larities are found along the entire length of the protein,
although they are most similar in the central region. In
addition, a partial open reading frame, coding for a hy-
pothetical protein of <150 residues located adjacent to a
bromoperoxidase structural gene in Streptomyces aure-
ofaciens (Pelletier et al. 1992), also predicts a protein of
similar sequence. In pairwise comparisons these proteins
contain homologous regions of 115-152 residues that
range from 23% to 30% identical and from 62% to 78%
similar when conservative changes are taken into ac-
count. The central region of the four proteins contains a
57-residue stretch, where 12 residues are identical.
These proteins come from bacteria distantly related to E.
coli (Woese 1987, suggesting that Dps-like proteins are
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Figure 7. Alignment of the amino acid sequence of Dps with
similar proteins found in the data base. The boxed residues rep-
resent identities in at least two members of the group.

highly conserved among eubacteria. The possible func-
tion of the other three proteins has not been studied.
Nonetheless, there is an indication that they may not
just be similar at the level of the amino acid sequence
but may be functionally related to Dps because the pro-
tein from Treponema has been shown to form rings sim-
ilar in size to those found for Dps (Fehniger et al. 1986).
A deeper understanding of the roles of these various pro-
teins will be revealed with continued analysis of their
properties and the phenotypes of mutants unable to syn-
thesize them.

Materials and methods
Bacterial strains, plasmids, and media

Our ““wild-type” E. coli strain is ZK126 (W3110 tna-2 AlacU169)
(Connell et al. 1987). JC7623 (arg ara his leu pro recB21 recC22
sbcB15 thr) was used to recombine the dps::kan mutation into
the chromosome (Winans et al. 1985). Competent cells 71-18,
ZK 126, and ZK126 dps::kan were used for transformation (Ma-
niatis et al. 1989). ZK1000 is ZK126 rpoS::kan (rpoS was for-
merly called katF)(Bohannon et al. 1991).

Plasmids pJE100 and pJE106 (kindly provided by J. Mecsas and
C. Gross, University of Wisconsin, Madison) are pBR322 deriv-
atives that carry E. coli chromosomal DNA fragments of 3.8 and
1.5 kb, respectively, and contain the entire dps gene. Plasmid
pUCI19 (Yanisch-Perron et al. 1985) and $X174 {Sanger et al.
1977a) Haelll digests were tested for in vitro DNA binding.

Minimal M63 (0.2 % glucose), LB, and MOPS (0.5% glu-
tamine) media were prepared as described {Miller 1972; Nei-
dhardt et al. 1974). When necessary, kanamycin (50 pg/ml) or
ampicillin (150 wg/ml) was added. All cultures were incubated
at 37°C with aeration. Cultures of ZK126 grown to saturation in
minimal M63 (0.2% glucose) medium, where growth ceases as
a result of starvation for carbon, reach a density of ~2 x 10°
colony-forming units per ml (CFU/ml). Under the conditions
used, there is no appreciable drop in the number of viable cells
during the first 2 weeks of incubation.

Total proteins were labeled by adding 15 nCi/ml of [**S|me-
thionine {[Amersham, SJ.1515; 1200 Ci/mmole). A one-minute
pulse was used for exponential-phase cells and a 10-hr pulse was
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used for cells under prolonged starvation. The rate of [33Sme-
thionine incorporation into protein during the exponential
phase remains linear for ~3 min, whereas the incorporation
remains linear for =1 day in cells under prolonged starvation.
Thus, pulse lengths were chosen to ensure that [3°S)methionine
incorporation was linear throughout the labeling period and
that the relative extent of label incorporation was roughly com-
parable in the different samples.

Electrophoresis

One-dimensional polyacrylamide gels SDS-polyacrylamide
gels (15%]) (30 : 0.8 acrylamide/bisacrylamide) were prepared for
separation of total proteins as described by Laemmli (1970). All
samples were centrifuged, and pellets were resuspended in
Laemmli sample buffer. Samples were boiled for 10 min before
loading onto the gel. Gels were fixed, dried, and used to expose
Kodak XAR film.

Preparation of protein extracts for two-dimensional electro-
phoresis ZK126 cultures were grown for the desired times in
minimal M63 medium-glucose. A portion {800 wl) of the cul-
ture was centrifuged and washed with 10 mm MgCl,, and 1 mm
Tris-HCI (pH 7.4). The cells were lysed with 10 yl of lysis buffer
[50 mm Tris-HCI (pH 6.8), 2% SDS, 5% {vol/vol) glycerol, 5%
(vol/vol} B-mercaptoethanol| and heated to 95°C for 4 min. The
lysate was quickly placed on ice, and 1 ul of 10 mg/ml DNase
I/RNase was added and incubated for 20 min. The lysate was
mixed with 90 pl of solubilizer solution [9 M urea, 4% NP-40,
2% Servalyt (pH 8-10) carrier ampholytes, 1% DTT] and stored
at —70°C.

Two-dimensional electrophoresis of E. coli extracts Two-
dimensional electrophoresis was performed using the method
described previously {Tempst et al. 1990), with the following
modifications. First-dimensional isoelectric focusing (IEF) was
in 150 X 1.5-mm tube gels containing 3.3% polyacrylamide,
2% NP-40, 9 M urea, and 2% (wt/vol) blend of carrier am-
pholytes [50% Resolyte (pH 4-8) and 50% Servalyt (pH 5-7]].
Second-dimensional SDS-PAGE was in 160 X 150 x 1.5-mm
slab gels containing 20% acrylamide, 0.71 m Tris-HCI {pH 8.8),
and 0.1% SDS. The electrode buffer was 0.05 m Tris, 0.394 M
glycine, and 0.1% SDS. The gels were run at a constant current
of 60 mA per gel until the tracking dye had run off the lower
edge of the gel.

For detection of DNA, 1% of agarose gels were run in TAE
buffer and stained with ethidium bromide (Maniatis et al. 1989).
When DNA-Dps complexes were prepared, DNA in the range
of 25-100 ng was mixed with 0.5-2.5 ug of protein in 10 mm
Tris-HCI {pH 8.0}, 1 mm EDTA buffer.

Amino acid sequence determination

Thirty-five microliters of the E. coli protein extract was loaded
onto the first-dimensional IEF and purified by two-dimensional
electrophoresis. The second-dimension SDS-PAGE was electro-
transferred to nitrocellulose, and the proteins were detected by
staining with Ponceau S as described previously {Tempst et al.
1990). The identical spot from four membranes was excised and
pooled. In situ digestion with 1 pg of trypsin was performed on
the proteins, and released tryptic peptides were purified by re-
verse-phase HPLC using a 2.1 x 20-mm Aquapore RP-300 col-
umn {Applied Biosystems) exactly as described previously {Ae-
bersold et al. 1987; Tempst et al. 1990). Purified peptides were
sequenced using an Applied Biosystems model 477A Sequena-
tor, and liberated PTH amino acids were detected using an on-
line 120A HPLC system optimized for subpicomole PTH anal-
ysis (Tempst and Riviere 1989).
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Purification of Dps

A 1-liter culture of ZK126 carrying the plasmid pJE106, which
had been incubated for 4 days in M63 glucose, was centrifuged
for 10 min at 5000g. The pellet was resuspended in buffer A [50
mM Tris (pH 8}, 500 mM NaCl, 0.1 mm EDTA]. Cells were lysed
using a French press and centrifuged for 15 min at 30,000g; the
supernatant was centrifuged again for 20 min at 100,000g.

Proteins found in the 100,000g supernatant were precipitated
using 30%, 60%, and 90% saturated ammonium sulfate solu-
tion (SAS) cuts. Dps precipitated in the 60~90% SAS cut. The
precipitate was resuspended in 1 ml of buffer A and loaded onto
a 30 x 1.5-cm Sephadex G-100 column equilibrated with the
same buffer. Dps—DNA complexes eluted in the void volume
(Vo). The fractions containing Dps were brought to 90% SAS,
and the pellet was then resuspended in buffer B {50 mM Tris (pH
8), 2 M NaCl, 0.1 mm EDTA], to dissociate Dps from the DNA.
Dps was separated from DNA by chromatography through a
Sepharose 6B column {30 x 1.5 cm) with buffer B. Fractions
containing Dps were pooled and dialyzed against buffer C [50
mM Tris (pH 8), 50 mm NaCl, 0.1 mm EDTA].

The final step of the purification was developed as a test of the
ability of Dps to bind DNA. A 10 X 1-cm column of DNA-
cellulose (Sigma) was equilibrated in buffer C. Pooled and dia-
lyzed fractions from the Sepharose 6B column were loaded. Af-
ter washing with three column volumes, elution was performed
with a gradient from 50 mm to 1 M NaCl; Dps eluted at ~200
mm NaCl. The fractions containing Dps did not contain any
other proteins, as judged by Coomasie brilliant blue staining of
SDS-PAGE.

Western blotting

Polyclonal rabbit antibodies were raised against purified Dps by
contract with Eastacres Biologicals (Southbridge, MA). The
crude serum was cleaned by preadsorbing with acetone powder
prepared from the dps::kan strain (Harlow and Lane 1988). After
electrophoresis of total proteins in one dimension, proteins
were electroblotted to nitrocellulose membrane. Immunochem-
ical detection was made by the peroxidase reaction using the
Vectastain ABC kit and 4-chloro-1-naphthol as substrate, ac-
cording to the manufacturer’s protocol.

DNA sequencing

Plasmid pJE100 was purified using QIAGEN columns (Qiagen,
Inc., Chatsworth, CA} and used as template for the sequencing
method of Sanger (Sanger et al. 1977b). Three 25-mer oligonu-
cleotides were used as primers to sequence both strands. The
first primer was derived from the sequence of the gene that had
already been determined {Nohno et al. 1986). The second and
third primers were designed to extend the new nucleotide se-
quence to the 5’ end of the gene and to sequence the comple-
mentary strand. The dps gene appears to be transcribed as a
monocistronic mRNA. The complete nucleotide sequence of
dps, including the regulatory region upstream of the translation
start site, has been submitted to GenBank under accession num-
ber X69337 and to the E. coli data base (Kenn Rudd, National
Institutes of Health, Bethesda, MD).

Mutant construction

A kanamycin-resistant cassette (kan), obtained by digestion of
mini-Tn10-kan (Way et al. 1984} with BamHI, was introduced
into the plasmid-borne dps gene as follows: pJE106 was linear-
ized with Ncol, a restriction enzyme that cuts the plasmid only
once, in the middle of dps. Both DNAs were filled-in with the
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Klenow fragment of DNA polymerase I, before ligation (Mani-
atis et al. 1989), to obtain blunt ends. Strain 71-18 was trans-
formed with the recombinant plasmid. The plasmid carrying
the kan cassette was linearized with EcoRI (an enzyme that has
only one restriction site in the vector) and used to transform
JC7623 (Winans et al. 1985). Kanamycin-resistant, ampicillin-
sensitive recombinants, with the mutation integrated in the
chromosome were isolated. Plvir was grown on one of these
strains, and the lysate was used to transduce the mutation into
ZK126.

Sensitivity to hydrogen peroxide

One milliliter of culture was washed once with M63 buffer and
resuspended in 1 ml of the same buffer, and H,0, was added to
a final concentration of 15-45 mM. This point was taken as t,.
The cells were kept at room temperature and the viability was
determined by sampling and plating the culture every 10 min
for 1 hr.

Electron microscopy

Negative staining was done by a miniaturization of a method
described previously (Valentine and Green 1967); 50-p] samples
were used. The rings and the arrays have been observed both in
ammonium molybdate at pH 7 (not shown) and uranyl acetate
at pH 4 {shown in Fig, 5). The photographs were taken at
50,000x magnification on a JOEL 100B electron microscope op-
erated at 80 kV with 50 um condensor and objective apertures.

Computer searches

Matches for the peptide sequences obtained from Dps were
searched against the translated GenBank using the Molecular
Biology Computer Research Resource Facility at the Dana-Far-
ber Cancer Center. DNA and protein sequences were investi-
gated for patterns and similarities using the AUTOSEARCH
(Altschul et al. 1990) and FASTP (Lipman and Pearson 1985)
programs.
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