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Bacteria contain a single multisubunit RNA polymerase that is responsible for the synthesis of all RNA.
Previous studies of the Escherichia coli K-12 laboratory strain identified a group of effector proteins that
interact directly with RNA polymerase to modulate the efficiency of transcription initiation, elongation, or
termination. Here we used a rapid affinity isolation technique to isolate RNA polymerase from the
pathogenic Escherichia coli strain O157:H7 Sakai. We analyzed the RNA polymerase enzyme complex using
mass spectrometry and identified associated proteins. Although E. coli O157:H7 Sakai contains more than
1,600 genes not present in the K-12 strain, many of which are predicted to be involved in transcription
regulation, all of the identified proteins in this study were encoded on the “core” E. coli genome.

In all bacteria, one multisubunit RNA polymerase
(RNAP) is responsible for the synthesis of RNA. In the
widely studied model bacteria Escherichia coli K-12, the
RNAP core enzyme is a complex of five subunits (a,BR'w)
that is competent for DNA-directed RNA synthesis but is
reliant upon the binding of a dissociable sigma factor, which
forms the holoenzyme, for promoter recognition and tran-
scription initiation. The most-abundant sigma factor in the
Escherichia coli K-12 laboratory strain is o’° (the rpoD gene
product), which directs the majority of transcription during
vegetative growth in rich media (4, 22). Six other sigma
factors that are required for growth and survival in certain
growth conditions have been identified (10).

Regulating the activity of RNAP is a key mechanism in
the adaptation of E. coli to environmental stress. It is pri-
marily achieved by more than 300 DNA binding transcrip-
tion factors that modulate the activity of RNAP at specific
promoters (19). In addition, several effector proteins, which
interact directly with RNAP, have been identified. These
effector proteins affect different processes in the transcrip-
tion cycle, from modulating the binding of specific sigma
factors (26) to altering the efficiency of transcription elon-
gation or termination (15).

The genome sequences of several pathogenic E. coli strains
have now been determined, and it is apparent that these strains
differ greatly from the laboratory K-12 strain. For example, in
a comparison of three E. coli strains, MG1655 K-12, CFT073,
and O157:H7 EDL933, only 2,996 proteins out of a total of
7,638 identified proteins were found to be shared among the
strains (27). Moreover, a recent comparison of 31 O157:H7
strains revealed that only 67% of open reading frames were
detected in all the strains (30). Thus, it seems likely that the
genetic composition of any E. coli strain consists of a “core”
genome, common to all strains of the genus Escherichia, a
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subset of genes shared by several strains, and a number of
genes specific to that particular strain. Hence, throughout the
genus Escherichia, it is likely that a significant number of tran-
scription regulatory proteins and RNAP effector proteins re-
main to be been identified.

In the present study, we isolated RNAP from the entero-
hemorrhagic E. coli strain O157:H7 Sakai, whose genome is
859 kb larger than that of K-12 and contains more than
1,600 genes that are not present in K-12 (8). Enterohemor-
rhagic E. coli strains are important human pathogens, capa-
ble of causing severe enteritis and hemolytic uremia syn-
drome (16, 21). For virulence in humans, the infectious dose
of O157:H7 is very low, perhaps as low as 100 viable organ-
isms, indicating that survival of the gastric acid barrier is key
to O157:H7 virulence (13). To determine if any of the ad-
ditional genes in O157:H7 Sakai encode products that are
associated with RNAP, we analyzed the complex at different
phases of growth and during virulence-inducing conditions.
To do this, we fused the B’ subunit of RNAP with a protein
A affinity tag and used a rapid affinity isolation technique to
purify the RNAP enzyme from cells. The proteins were then
identified by mass spectrometry. We identified several pro-
teins previously reported to interact with RNAP and some
unknown proteins. However, all the identified RNAP-asso-
ciated proteins were from the core genome, and none were
specific to the O157:H7 Sakai strain. By utilizing the [-DIRT
(isotopic determination of interactions as random or far-
geted) (24) technique, we also determined which of these
proteins are tightly associated with RNAP during the sta-
tionary and exponential phases of growth.

MATERIALS AND METHODS

E. coli strains. A derivative of the E. coli strain O157:H7 Sakai with dele-
tions of the Shiga toxin-encoding genes Stx/ and Stx2 was used in this study
(a gift from M. Goldberg). To isolate RNAP, we engineered a version of this
strain in which the C terminus of the rpoC gene was fused to four repeats of
a sequence encoding a protein A affinity tag (4PrA) (2). RNAP from the
resulting strain could then be isolated by immunoprecipitation with immu-
noglobulin G-tethered beads. To tag rpoC, we used the gene-gorging tech-
nique for chromosomal gene tagging (9). A derivative of pET21a containing
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an I-Scel meganuclease site followed by the C-terminal 200 bp of the rpoC
gene fused to the 4PrA affinity tag was constructed. Immediately downstream
was a kanamycin resistance gene, followed by 200 bp containing homology to
the region of the chromosome immediately downstream of the rpoC gene.
This plasmid was used as the donor plasmid for gene gorging. This resulted
in an O157:H7 Sakai strain expressing RNAP tagged at the C terminus of the
B’ subunit with a 4PrA moiety carrying a selectable kanamycin resistance
cassette. We confirmed the presence of the chromosomal rpoC::4PrA fusion
by PCR and the expression of the fused protein by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and by Western blotting
with an antibody specific to protein A.

Growth of strains and sample preparation. Cells from the tagged strain were
grown in either minimal salts media (MSM) supplemented with 0.4% glucose
(20) or in Dulbecco’s modified Eagle media (DMEM) to the mid-exponential
phase (optical density at 650 nm [ODjs], 0.7) of growth. Cells were collected
by centrifugation, frozen as small pellets in liquid nitrogen, and stored at
—80°C. Cells subjected to an acid challenge were grown in MSM plus 0.4%
glucose, and the pH of the culture was lowered with HCI to pH 3.0 30 min
prior to harvesting.

To prepare samples for I-DIRT analysis, the tagged strain was grown in MSM
supplemented with 0.4% glucose. The parent strain was grown in media in which
the (NH,),SO, was replaced with (**NH,),SO, (Cambridge Isotopes). Growth
rates for the two strains were tested and found to be identical. Both strains were
grown at 37°C to mid-log phase (ODgs, 0.7) and stationary phase (ODgs, for
24-h culture, 3.0), and cells were collected by centrifugation, frozen as small
pellets in liquid nitrogen, and stored at —80°C.

Affinity isolation of affinity-tagged RNAP. To attempt to maintain protein
interactions during the isolation of RNAP:4PrA, we used nonstringent con-
ditions and a rapid purification protocol (6, 28), ensuring minimal loss of
interacting proteins while reducing the likelihood of contamination. For
growth in MSM, MSM plus acid, and DMEM, we resuspended 1 g of cell
pellets in 10 ml of extraction buffer (20 mM HEPES [pH 7.4], 150 mM NacCl,
2 mM MgCl,, 0.1% Tween 20, 200 pg/ml phenylmethylsulfonyl fluoride, 4
png/ml pepstatin, protease inhibitor cocktail [1 tablet; Roche]). DNase I (20
wg/ml), RNase A (300 wg/ml), and lysozyme (200 wg/ml) were then added, the
mixture was sonicated three times for 1 min each, and the lysate was cleared
by centrifugation.

To prepare I-DIRT samples, an equal weight of cell pellets from the parent
strain (isotopically heavy) and the tagged strain (isotopically light) were mixed
and cryogenically lysed in a grinding mill (Retsch MM301) maintained at liquid
nitrogen temperature. Two grams of the lysed mixture from the parent and
tagged strains was then resuspended in 20 ml of extraction buffer. DNase I
and RNase A were added, and the lysate was cleared by centrifugation.

For each of the lysis methods, the supernatant was removed and incubated
with 20 mg of Dynabeads (M270-epoxy; Dynal) coated with rabbit immuno-
globulin G for 3 min. The beads were collected with a magnet and washed
with buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 0.1% Tween 20). The
proteins were then eluted from the beads by incubation for 5 min with elution
buffer (0.5 M NH,OH-0.5 mM EDTA). Coeluted proteins were vacuum
dried and reduced and alkylated by resuspension in SDS-PAGE loading
buffer containing 10 mM tris(2-carboxyethyl)phosphine-HCI (Sigma) and 50
mM iodoacetamide (Sigma). The proteins were resolved by SDS-PAGE in
4% to 12% gradient gels (Invitrogen) and visualized with Coomassie blue
staining. The entire lane was sliced, and the proteins in each slice were
digested with trypsin for 8 h at 37°C. The peptides from each gel slice were
purified and analyzed by mass spectrometry.

Mass spectrometry and I-DIRT analyses. The samples derived from exponen-
tial-phase cells grown in DMEM were analyzed using an LTQ FT Ultra hybrid
mass spectrometer (Thermo Scientific), and the data were analyzed using Bio-
Works and the SEQUEST algorithm (Thermo Scientific). The samples derived
from MSM plus acid were analyzed using a MALDI QqTOF mass spectrometer
(12) and then subjected to MALDI ion trap tandem mass spectrometry (11). The
data were analyzed using the programs ProFound (29) and XProteo.

The I-DIRT samples were analyzed using a MALDI QqTOF mass spectrom-
eter, and ion peak masses were assigned using the program MoverZ. A list of
peptide masses was obtained for each gel slice and searched for proteins by using
ProFound and XProteo. For each protein identified, the assigned peptides were
validated by searching for each assigned peptide in a mass spectrum derived from
an affinity isolate from tagged, isotopically light cells. Next, the number of
nitrogen atoms in each peptide was calculated, and the mass spectrum for the
light/heavy mix was searched for the presence of the heavy peptides. Heavy
peptides were validated by their absence in a mass spectrum derived solely from
affinity isolates from tagged, isotopically light cells. All detected ion peaks cor-
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responding to light and heavy peptides were then subjected to MALDI ion trap
tandem mass spectrometry, the resulting fragmentation masses were searched
for proteins, using XProteo, and each peptide was validated, using the program
ProteinProspector (prospector.ucsf.edu). The nature of the interaction was in-
vestigated by analyzing the isotopic ratio of the identified peptides (I-DIRT
analysis). For each peptide identified, peak areas were assigned for the light and
heavy species, using the program MoverZ, and light/heavy ratios were deter-
mined as previously described (24).

RESULTS

RNAP-associated proteins. To identify proteins from the
O157:H7 Sakai strain that interact with RNAP, we affinity
isolated RNAP, using a chromosomally tagged B’:4PrA sub-
unit. The 4PrA tag (2) was located at the C terminus of the B’
subunit; a previous report showed that tagging at this location
had no detrimental effects on the function of RNAP (17). To
confirm the presence of tagged B’, we analyzed a whole-cell
lysate by SDS-PAGE and visualized B':4PrA by Western blot-
ting, which was probed with antibodies specific for protein A
(Fig. 1A). Figure 1B shows that the presence of the 4PrA tag
had little or no effect on cell growth compared to the growth of
the parent strain.

RNAP was affinity isolated from cells grown to mid-expo-
nential phase in three different media: minimal salts supple-
mented with 0.4% glucose; minimal salts supplemented with
0.4% glucose and subjected to an acid shock to mimic the
human gastric acid barrier; and DMEM, which contains
sodium bicarbonate, a key compound in the lower intestinal
tract known to promote O157:H7 Sakai colonization (1). We
also examined whether the growth phase affected the bind-
ing of proteins to RNAP by affinity isolating RNAP from
cells grown to stationary phase in minimal salts supple-
mented with 0.4% glucose. Importantly, prior to being af-
finity isolated, the samples were incubated with DNase I and
RNase A to prevent DNA binding proteins (e.g., transcrip-
tion factors) and RNA-associated proteins (e.g., ribosomes)
from being coisolated with RNAP. Protein complexes iso-
lated in each growth condition were analyzed by SDS-
PAGE. Figure 1C shows a typical gel lane with the locations
of the major RNAP subunits. The entire gel lane for each
affinity isolation was sliced, and the proteins were analyzed
after being digested with trypsin.

Table 1 lists the proteins that were identified from each of
the four growth conditions. In total, 29 proteins were identi-
fied. As expected, these include the B":4PrA fusion protein
(RpoC) along with the other three components of the core
RNAP enzyme complex, 8 (RpoB), a (RpoA), and w (RpoZ).
Four of the seven sigma factors (14) were identified: o’°
(RpoD), the most-abundant sigma factor; o* (RpoS), the sta-
tionary-phase sigma factor, >* (RpoN), the sigma factor that
controls expression of nitrogen-related genes, and 6** (RpoE),
a sigma factor that drives transcription of genes required under
heat shock conditions. All four sigma factors were identified in
each of the exponential-phase affinity isolates, whereas only
¢’% and o>® were coisolated in stationary-phase isolates. Two
proteins, RapA, which is involved in the recycling of RNAP
(23), and NusG (15), which is involved in transcription anti-
termination, were coisolated in all growth conditions. Of the
remaining proteins, nine have previously been reported to as-
sociate with RNAP in E. coli K-12 (3, 5, 7). DnaK, NusA,
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FIG. 1. Experiments with E. coli O157:H7 Sakai carrying an affinity-tagged RNAP B’ subunit. E. coli O157:H7 Sakai and a derivative carrying
a chromosomal rpoC::PrA fusion were grown in MSM. (A) SDS-PAGE analysis of total cell extracts. Only the segment of the gel with the B’ subunit
is shown. Lanes 1 and 3 show the tagged strain and lanes 2 and 4 show the wild-type strain. The proteins in lanes 1 and 2 were stained with
Coomassie blue. Lanes 3 and 4 are from a Western blot probed with antibody specific for protein A. (B) Growth curve experiment comparing
wild-type growth (dashed line) with the tagged strain (solid line). (C) SDS-PAGE analysis of proteins coisolated with RNAP:4PrA. Proteins were

stained with Coomassie blue. Core RNAP subunits are indicated.

YegD, TufA, DnaJ, GreB, YacL, and CedA were coisolated in
one or more of the growth conditions, whereas Crl was isolated
only in DMEM. The other 10 proteins that coisolated with
RNAP are GadB, AtpD, OmpC, OmpA, RfaD, YgfB, OmpX,
Dps, YgaU, and ElaB. None of these identified proteins were
found to be as abundant as the core RNAP subunits when
viewed on the SDS-PAGE gel (Fig. 1C), suggesting that none
of the proteins are associated with all of the RNAP enzymes
within the cell.

I-DIRT analysis of the RNAP complex from exponential-
and stationary-phase cultures. In order to distinguish RNAP
binding proteins that bind tightly to the complex within the
cell from those that are nonspecific contaminants, we uti-
lized the I-DIRT technique, which is outlined in Fig. 2 (24).
Cells expressing the 4PrA-tagged RNAP were grown in
light-isotope media, whereas the parent strain was grown in
heavy-isotope media. Cells from each were mixed and lysed,
and after affinity isolation of the RNAP enzyme complex,
copurified proteins were separated by SDS-PAGE and an-
alyzed by mass spectrometry. Specifically bound proteins
that remained tightly associated with the RNAP complex
(i.e., those having a slow exchange rate) consisted of 100%
light-isotope proteins, whereas proteins that interacted with
RNAP only after cell lysis and during the affinity isolation
procedure had an equal chance of being represented by
light- and heavy-isotope proteins. There is an intermediate
possibility for specific but relatively fast-exchanging pro-
teins; these would contain somewhere between 50% light

(for fast-exchanging proteins) and 100% light (for slow-
exchanging proteins) isotopes.

Figure 3 shows an example of the mass spectrum of two
identified peptides from YacL and two from ElaB. Figure 3A
shows the spectrum of a singly protonated YacL peptide with
a mass-to-charge ratio (m/z) of 973 Da. The mass of the cor-
responding heavy-isotope peptide is dependent on the number
of nitrogen (**N) atoms within the peptide. The calculated m/z
for this peptide, which contains 10 nitrogen atoms, is 983
Da—i.e., 10 Da heavier than the light-isotope-containing pep-
tide. No peak at this mass is discernible above the chemical
noise in the mass spectrum, indicating that YacL represents a
tight, specific interaction. This is also the case for the YacL
peptide, with a m/z of 2,023 Da, confirming that YacL is a tight
binding RNAP-associated protein. In contrast, the peptides
corresponding to ElaB are present in both the light- and heavy-
isotope forms, with a light/heavy ratio of approximately 1:1.
Hence, ElaB is either a contaminant or involved in rapid ex-
change (Fig. 3B).

The isotopic ratios of at least three peptides for each of
the proteins that were identified in the exponential phase or
stationary phase were calculated, and the mean values for
these ratios are shown in Fig. 4. Taking into account the
statistical variance of the results, a cutoff of 60% light was
applied, whereby those proteins consisting of >60% light
isotopes were deemed to be bona fide interactors with var-
ious degrees of rates of exchange, whereas those under 60%
were deemed to be either very rapidly exchanging proteins
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TABLE 1. Proteins coisolated with O157:H7 Sakai RNAP under different growth conditions

Molecular mass

Exponential phase

Stationary-phase

Protein (kDa) Role Minimal Acid DMEM minimal media
media challenge

RpoC 155.16 RNAP B’ subunit X X X X

RpoB 150.63 RNAP B subunit X X X X

RapA 109.77 RNAP recycling X X X X

RpoD 70.26 Primary o factor X X X X

DnaK 69.12 Chaperone X X X X

NusA 54.87 Transcription antitermination X X

RpoN 53.99 Nitrogen regulating o factor X X X

GadB 52.66 Glutamate decarboxylase B X

AtpD 50.33 ATP synthase 8 subunit X

YegD 49.37 DnaK homologue X X X

TufA 43.28 Elongation factor Tu X X X

Dnal 41.10 Chaperone with DnaK X X

OmpC 40.37 Outer membrane porin C X

RpoS 37.97 Stationary-phase o factor X X X X

OmpA 37.20 Outer membrane porin A X

RpoA 36.51 RNAP « subunit X X X X

RfaD 34.89 L-Glycero-D-mannoheptose epimerase X X

RpoE 21.70 Heat shock o factor X X X

NusG 21.53 Transcription antitermination X X X X

YgfB 21.23 Unknown X X X

OmpX 18.60 Outer membrane porin X X

GreB 18.53 Transcription elongation factor X X X

Dps 18.70 Iron binding DNA binding protein X X

YgaU 16.06 Unknown X

Crl 15.66 Holoenzyme formation X

YacL 13.94 RNAP association X X

ElaB 11.31 Unknown X

RpoZ 10.24 RNAP o subunit X X

CedA 10.20 Cell division modulator X X X X

Wild-Type

Light-Isotopce Heavy-Isotopce
growth Media growth Media

T

Mix cell pellets 1:1

Lyse and Immuno-isolate

I

Analyze by Mass Spectrometry

L L H

Intensity
Intensity

m/z m/z
Tight Binding Rapid exchange

FIG. 2. I-DIRT procedure for analysis of a protein complex. Cells
from a strain containing an affinity-tagged protein were grown in light-
isotope media, whereas wild-type cells were grown in heavy-isotope
media [(**"NH,),SO,]. Equal amounts of the cells were mixed, and the
tagged protein complex was affinity isolated. Proteins within the com-
plex were identified by mass spectrometry. Tight binding proteins were
identified as mostly isotopically light, and rapidly exchanging proteins
were identified as an equal mixture of light and heavy isotopes.

or contaminants. As expected, the composition of identified
peptides for the four subunits of the RNAP core enzyme, '
(RpoC), B (RpoB), a (RpoA), and o (RpoZ), was almost
100% light isotope. All of the identified sigma subunits,
RpoE, RpoS, RpoN, and RpoD, were identified as tightly
associated proteins, along with the two transcription anti-
termination proteins NusA and NusG and the transcription
elongation factor GreB. The chaperone complex DnaK/
Dnal and the predicted DnaK homologue, YegD, were also
in this group, along with CedA and YacL. The remaining 12
proteins that were coisolated with RNAP all consist of
heavy- and light-isotope peptides with a ratio approaching
1:1, indicating that these proteins are either very rapidly
exchanging proteins or contaminants.

DISCUSSION

Using the I-DIRT technique, we identified 12 proteins that
are tightly associated with the RNAP enzyme from E. coli
O157:H7 Sakai during different stages of growth. These are
RpoD, DnaK, NusA, RpoN, YegD, Dnal, RpoS, RpoE,
NusG, GreB, YacL, and CedA. These proteins also coisolated
with RNAP purified from cells grown in virulence-inducing
DMEM, and all but two (NusA and Dnal) of these proteins
were coisolated with RNAP in acid-shocked cells. We also
identified 12 proteins that were categorized by I-DIRT as weak
associates or contaminants: RapA, GadB, AtpD, TufA,
OmpC, OmpA, RfaD, YgfB, Dps, OmpX, YgaU, and ElaB. It
is important to note that some low-abundance proteins, or
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FIG. 3. Examples of mass spectra for I-DIRT analysis. The figure
shows single-stage mass spectra for the RNAP tightly associated pro-
tein YacL (A) and the contaminant ElaB (B). The peaks correspond-
ing to the masses of the light-isotope peptides are indicated by black
arrows and to those of the heavy-isotope peptides by light-gray arrows.
The amino acid sequences of the light-isotope peptides are shown, and
the masses of the light- and heavy-isotope peptides are indicated.

proteins that interact weakly with RNAP, may not have been
detected in this study.

A key conclusion from this work is that none of the RNAP
binding proteins are Sakai specific, despite the fact that the
genome of O157:H7 Sakai codes for more than 1,600 pro-
teins not present in the K-12 laboratory strain. This is sur-
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prising, given that around 40 of these proteins are predicted
transcription regulatory proteins and more than 750 are of
unknown function. Instead, every protein that we deter-
mined to tightly associate with RNAP has previously been
shown to interact with RNAP in the E. coli K-12 laboratory
strain (3, 5). Our results suggest that RNAP from O157:H7
Sakai is not tightly associated with any Sakai-specific pro-
teins.

In addition to tightly associated proteins, we identified sev-
eral proteins associated with RNAP that are categorized as
contaminants or weak specifically associated proteins. Al-
though most of these are likely to be true contaminants, two,
RapA and TuFA, are known to form bona fide interactions
with RNAP (18, 25). Presumably these proteins bind specifi-
cally, but weakly, to RNAP, with fast exchange rates. Note,
however, that our observation of the association of these pro-
teins with RNAP means that the rate of exchange is sufficiently
slow or that the proteins are sufficiently abundant so as not to
lose the protein during the affinity isolation procedure. There
is also the possibility that the interaction is inhibited within the
cell and forms only upon cell lysis, when RNAP is released
from the DNA binding and is no longer involved in transcrip-
tion.

Finally, the known RNAP-associated protein, Crl, was
coisolated with RNAP only from cells grown in DMEM
medium. Crl is involved in assisting sigma factor binding to
core enzyme, particularly alternate sigma factors such as ¢°°
(7, 26). The DMEM medium contains sodium bicarbonate,
which is an abundant compound in the lower intestine where
the bacteria colonize. Since the environment in the gut is
hostile, transcription directed by other sigma factors may
play a role in its survival, suggesting a possible role for Crl
in the programming of RNAP to express particular genes
during colonization.

<8282 5998%25%25%%
gagéggisaéaaﬁaa

FIG. 4. I-DIRT analysis of RNAP-associated proteins. The figure illustrates the percentage of light isotopes in each component of the RNAP
affinity isolate. Results for the tight binding proteins, consisting of more than 60% light-isotope peptides, are shown as black bars. Results for the
rapidly exchanging or contaminating proteins are shown as light gray bars.
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