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Poly(A) polymerase I (PAP I) is the enzyme responsible for the addition of poly(A) tails onto RNA molecules
in Escherichia coli. Polyadenylation is believed to facilitate the destruction of such RNAs by the mRNA
degradosome. Recently, it was discovered that the stationary-phase regulatory protein SprE (RssB) has a
second function in the control of polyadenylation that is distinct from its known function in the regulated
proteolysis of RpoS. In the work presented herein, we used a targeted proteomic approach to further investigate
SprE’s involvement in the polyadenylation pathway. Specifically, we used cryogenic cell lysis, immunopurifi-
cations on magnetic beads, and mass spectrometry to identify interacting partners of PAP I-green fluorescent
protein. We provide the first in vivo evidence that PAP I interacts with the mRNA degradosome during both
exponential and stationary phases and find that the degradosome can contain up to 10 different proteins under
certain conditions. Moreover, we demonstrate that the majority of these PAP I interactions are formed via
protein-protein interactions and that SprE plays an important role in the maintenance of the PAP I-degra-
dosome association during stationary phase.

Polyadenylation in Escherichia coli is important for proper
RNA metabolism and, therefore, proper gene expression.
Poly(A) polymerase I (PAP I) catalyzes the addition of
poly(A) tails onto the 3� ends of RNA molecules, which ulti-
mately facilitates their destruction (25, 32, 39). PAP I requires
the RNA chaperone Hfq for efficient recognition of RNA
substrates that contain 3� hairpin structures but not for un-
structured RNA products (35). It was recently shown that
�90% of transcripts are polyadenylated in exponentially grow-
ing cells, demonstrating that polyadenylation is a frequent and
fundamental process (33). A second enzyme involved in the
polyadenylation of RNA species is polynucleotide phosphory-
lase (PNPase) (34). PNPase is a reversible enzyme, as it has a
3� 3 5� exoribonuclease activity and a 5� 3 3� template-
independent poly(A) polymerase activity (19, 34, 47).

Polyadenylation of mRNAs has been shown in vitro to stim-
ulate mRNA degradation (2). RNA degradation in vivo is not
completely understood; however, one of the key players in this
process is the RNA degradosome. The degradosome, a multi-
protein complex involved in RNA degradation, is composed of
four core components—RNase E, PNPase, RhlB, and enolase
(11, 31, 42, 43). The C-terminal domain of RNase E serves as
a scaffold for proteins of the degradosome (8, 9, 48). The
ATP-dependent helicase RhlB unwinds complex secondary
structures, perhaps to facilitate exonucleolytic degradation by
PNPase (10, 16, 43). Other DEAD-box helicases, such as
RhlE, SrmB, and CsdA, have also been reported to interact

with the degradosome, although at a site distinct from the
RhlB docking site (23, 40). The role of the glycolytic enzyme
enolase in the degradosome is not fully understood; however,
it is required for a proper response to phosphosugar stress,
perhaps indicating that it has a regulatory role (37). The loss of
RhlB or enolase contacts with the degradosome results in
reduced degradation activity, and mutations that alter the scaf-
folding properties of RNase E result in a reduced growth rate
(26). Other proteins that copurify with the degradosome are
the chaperones DnaK and GroEL and polyphosphate kinase
(PPK) (3, 31). The physiological significance of these copuri-
fications is unclear.

It has been speculated that the polyadenylation and RNA
degradation processes are functionally related. Indeed, there is
in vitro evidence that PAP I and RNase E interact (44). The
degradosome localizes to the inner membrane, and it is an-
chored there by the N-terminal portion of RNase E (22, 27).
Thus, it has been proposed that RNA degradation may be a
compartmentalized phenomenon. PAP I also localizes to the
inner membrane during exponential growth (7, 21). A common
subcellular localization of both PAP I and the degradosome
supports the idea that these two processes are coordinated.

Recently, it was discovered that the adaptor protein SprE
(RssB) has a second function in the regulation of polyadenyl-
ation (7) that is distinct from its well-characterized function in
the regulation of RpoS stability (20). During exponential
growth, SprE plays a role in the normal maintenance of the
poly(A) levels and, therefore, the stability of mRNAs. In ex-
ponential phase, PAP I is membrane localized; however, upon
entry into stationary phase, PAP I is localized in a few punctate
spots in the cytoplasm (7). Polyadenylation in stationary phase
is poorly understood, but SprE appears to be required for the
change in the intracellular localization of PAP I. This obser-
vation suggests that SprE has a function in the polyadenylation
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pathway during stationary phase that involves PAP I. However,
the exact mechanism by which SprE performs this second func-
tion in either growth phase is unknown. Here, we use a tar-
geted proteomics approach to probe SprE’s function in this
pathway. Specifically, we provide in vivo evidence that PAP I
and the degradosome interact and that SprE is required for the
maintenance of this association during stationary phase.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. All strains are
listed in Table 1. Standard microbial techniques were used for strain construction
(46). Luria broth (LB) was prepared as described previously (46) and was sup-
plemented with appropriate antibiotics as needed. The antibiotic concentrations
used were 125 �g/ml ampicillin and 50 �g/ml kanamycin. Bacteria were grown at
37°C with aeration, and growth was monitored by measuring the optical density
at 600 nm (OD600). The ppcnB-GFP plasmid has been described previously (7).
This plasmid expresses the PAP I-green fluorescent protein (GFP) fusion protein
under the control of the native pcnB promoters. The plasmid pZS*11GFP
contains the GFP protein under the control of the anhydrotetracycline (ATC)-
inducible promoter PLtetO-1 (29). ATC was added at a concentration of 200 ng/ml
for induction of this construct.

Preparation of cells for immunopurifications. A single colony was inoculated
into a 5-ml overnight culture in LB containing the appropriate antibiotic. The
culture was diluted 1:1,000 (vol/vol) in 2 liters fresh medium and grown to an
OD600 of 0.4 to 0.5 for exponential-phase samples or overnight to an OD600 of
4 to 5 for stationary-phase samples. Cells were subjected to centrifugation using
two 10-min steps at 4,000 � g in a Beckman centrifuge (Model J-6B) and two
15-min spins at 3,300 � g in a Sorvall GLC-2B (Dupont Instruments). The pellets
were weighed, and 100 �l of 20 mM HEPES, pH 7.5, 1.2% (wt/vol) polyvinyl-
pyrrolidone (Sigma), 1/100 (vol/vol) protease inhibitor cocktail (Sigma) were
added per gram of cells (wet weight). Cell pellets were frozen in liquid nitrogen
as described previously (18).

Conjugation of magnetic beads. Polyclonal anti-GFP antibody was prepared,
purified, and conjugated to M270 Epoxy Dynabeads (Dynal Invitrogen) using 7
�g of anti-GFP per mg of beads, as described previously (18). Eight to 12 mg of
beads was used for each immunoaffinity purification, depending on the amount
of starting material (3 to 7 g cells, as optimized).

Cell grinding and lysis. Cryogenic cell lysis was carried out as described
previously (18). Briefly, lysis was performed by cryogenic grinding using a Retsch
MM 301 mixer mill (Retsch, Newtown, PA) for 10 cycles of 3 min at 30 Hz inside
25-ml jars (Retch), with one 20-mm stainless steel grinding ball per jar (Mc-
Master, NJ). Following optimization tests, the appropriate lysis buffer in terms of
protein recovery was found to be 20 mM HEPES, pH 7.4, 0.11 M potassium
acetate (KOAc), 2 mM MgCl2, 0.1% Tween 20 (vol/vol), 1 �M ZnCl2, 1 �M
CaCl2, 1% Triton X-100, 0.5% deoxycholate, 150 mM NaCl, 1:100 protease
inhibitor cocktail (Sigma), and 1:200 phenylmethylsulphonyl fluoride (PMSF).
Where applicable, RNase A was added to a final concentration of 0.1 mg/ml and
the mixture incubated for 15 min at room temperature. The efficiency of the
RNase treatment was assessed under the same lysis buffer conditions as those
utilized for the isolation of PAP I (see Fig. S2 in the supplemental material).
Lysis buffer was added to the frozen cell powder (5 ml of buffer/g of cells), and
the mixture was homogenized for 15 s using a PT 10-35 GT Polytron (Kine-
matica). The resulting lysate was centrifuged for 10 min at 4,000 � g at 4°C, and
the soluble fraction was used for the affinity purification experiments.

Immunoaffinity purification. Immunoaffinity purifications were carried out by
incubation of the conjugated magnetic beads with the cell lysate at 4°C for 1 h,

as described previously (18). Since the volume of buffer used was relatively large
(30 to 40 ml), the magnetic beads were collected by passing the lysate over a
magnet (Magcraft) in two steps, to ensure that all of the beads were recovered.
Isolated proteins were eluted from the beads using a freshly prepared solution of
0.5 N NH4OH, 0.5 mM EDTA, as described previously (18), and the supernatant
was frozen on liquid nitrogen and dried by vacuum centrifugation (Speed Vac
Plus SC110A with a GP110 gel pump; Thermo Scientific). The dried samples
were suspended in lithium dodecyl sulfate (LDS)-PAGE sample buffer (Invitro-
gen), alkylated with 100 mM iodoacetamide, and resolved on a 4 to 12%
NuPAGE Novex Bis-Tris gel (Invitrogen) according to the manufacturer’s instruc-
tions. The gels were stained with GelCode Blue stain reagent (Thermo Scien-
tific).

Protein digestion. After being stained, entire gel lanes were cut into approx-
imately 25 slices, diced into small pieces, and destained in 200 �l 50% (vol/vol)
acetonitrile (ACN) and 50 mM ammonium bicarbonate (ABC) for 20 min with
agitation at 4°C. The gel pieces were then dehydrated in 100% ACN and digested
with 12.5 ng/�l sequencing-grade modified trypsin (Promega) or metalloen-
dopeptidase Lys-N (Seikagaku Corp., Tokyo, Japan) in 50 mM ABC overnight at
37°C. Peptides were extracted from the gel slices on reverse-phase resin (Poros
20 R2; Applied Biosystems). The samples were loaded onto ZipTips with C18

resin (Millipore), washed twice with 20 �l 0.1% (vol/vol) trifluoroacetic acid
(TFA), and eluted with 20 mg/ml DHB (2,5-dihydroxybenzoic acid) in 50%
(vol/vol) methanol, 20% (vol/vol) ACN, and 0.1% (vol/vol) TFA directly onto a
matrix-assisted laser desorption ionization (MALDI) target.

Relative quantification of isolated proteins using guanidination. Guanidina-
tion was carried out as described previously (5, 49), with minor modifications.
After in-gel digestion, the reaction was stopped by adding TFA to 0.1% final
concentration. The liquid component was transferred to a clean tube, and the
remaining gel pieces were incubated with 70% ACN, 0.1% TFA in two steps (10
and 5 min) with shaking at room temperature. The resulting soluble fraction was
combined with the previous liquid and dried for 1 h by vacuum centrifugation.
The dried pellets were suspended in 20 �l of 7N NH4OH and 1.5 �l of either
[14N]O-methylisourea or [15N]O-methylisourea (prepared as described below)
and allowed to incubate overnight at room temperature with shaking. The reac-
tion was stopped by adding an equal volume (20 �l) of 1% (vol/vol) TFA, and
then the suspension was dried by vacuum centrifugation. The pellets were sus-
pended in 25 �l of reverse-phase solution (as described above) as a 1:1 mixture
of Poros beads in 5% formic acid, 0.2% TFA with 50 mM ABC and were agitated
overnight at 4°C. The corresponding gel slices from the wild-type and �sprE
lanes were loaded onto the same ZipTip and processed as described above. This
enabled the relative levels of the peptides from the two lanes to be directly
compared from the intensities of the peaks in the mass spectra, as the heavy-
isotope labeled �sprE peptides were shifted by �2 Thomson (Th) compared to
the wild-type samples. The overall shift from guanidination was 42 and 44 Th.
The �2-Th-shifted peaks following the guanidination with [15N]O-methylisourea
represent a mixture of the monoisotopic peak of the �sprE peptides and the
third isotopic peak from the wild-type sample. Therefore, this was corrected
by subtracting the theoretical isotopic peak abundance generated by the
program Isotopident (http://education.expasy.org/student_projects/isotopident
/htdocs/). The reverse experiment, in which the �sprE peptides were derivatized
with [14N]O-methylisourea and the wild-type peptides with [15N]O-methyli-
sourea, was performed to confirm the findings. The samples from each strain
were normalized by OD600 prior to the immunopurifications, and the peptides
from PAP I-GFP served as an internal calibrator to adjust for differences in input
amounts. At least 4 tandem mass spectrometry (MS/MS)-confirmed peptides
were used for the relative quantification of each protein.

Preparation of [14N]O-methylisourea and [15N]O-methylisourea. The [14N]O-
methylisourea and [15N]O-methylisourea were prepared as described previously
(49). Briefly, 60 mg of [14N]urea or [15N]urea (Sigma Aldrich) was dissolved in
95 �l of dimethyl sulfate and incubated at 50°C for 5 h with agitation. An amount
of 250 �l of acetone was added, and the solution was mixed for 1 h at room
temperature. One milliliter of diethyl ether was added, the mixture was inverted
a few times, and the top layer was discarded. This step was repeated twice, and
the remaining �100 �l was dissolved into 900 �l of high-pressure liquid chro-
matography-grade water to make an approximately 0.5 M solution of N-O-
methylisourea hemisulfate.

Mass spectrometry. For all experiments performed, the proteins isolated were
analyzed by MALDI MS and MS/MS analyses using a MALDI LTQ Orbitrap XL
mass spectrometer (Thermo Electronics, Bremen, Germany), as previously de-
scribed (28). MS spectra were acquired using both manual and automated modes
of acquisition and detection at the Orbitrap level. MALDI linear trap quadru-
pole (LTQ) MS/MS analyses were carried out by collision-induced dissociation
(CID). For automatic MS/MS acquisition, the mass spectrometer was operated

TABLE 1. Strains used in this study

Name Genotype Source

MC4100 F� araD139 �(argF-lac)U169
rpsL150 relA1 flbB5301 deoC1
ptsF25 rbsR

12

VC36 MC4100/pZS*11GFP This study
VC239 MC4100/ppcnB-GFP 7
VC244 MC4100 sprE::tet/ppcnB-GFP 7
VC252 MC4100 rpoS::Tn10/ppcnB-GFP 7
VC253 MC4100 rssA2/ppcnB-GFP 7
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in a data-dependent mode, and the 50 most prominent ions were selected for
CID fragmentation. The mass spectra were visualized and processed in Qual
Browser (version 2.0.7; Thermo Fisher Scientific). Proteins were identified by
database searching for Escherichia coli (52,568 sequences) in the most recent
NCBI nonredundant protein database, using the computer algorithm XProteo
(http://www.xproteo.com). For hypothesis-driven MS and MS/MS analyses, pro-
teins of interest were theoretically digested into monoisotopic masses using the
computer program PROWL (http://prowl.rockefeller.edu/prowl-cgi/sequence
.exe) and the mass spectra were manually examined for matching masses. Only
candidates indicated by XProteo with significant scores and confirmed by MS/MS
analyses for at least 2 peptides were considered to be present in the isolations.
The reproducibility of the protein isolation in at least triplicate experiments and
the absence of the protein in control immunopurifications were conditions im-
posed for a candidate to be considered associated with the isolated protein.

RESULTS

Strategy for isolating PAP I-GFP complexes. We wish to
understand the mechanism by which SprE participates in the
mRNA polyadenylation pathway. Since SprE and PAP I ap-
pear to be functionally linked (7), we thought it possible that
SprE may affect this pathway through protein-protein interac-
tions with either PAP I or an interacting partner. To this end,
we sought to characterize PAP I’s interactions in the presence
and absence of SprE.

To identify the interacting partners of PAP I, we followed
the strategy outlined in Fig. 1. A plasmid producing a func-
tional PAP I-GFP hybrid protein (7) was transformed into
wild-type E. coli. This plasmid, ppcnB-GFP, contains a func-
tional pcnB-GFP fusion under the control of the pcnB native
promoters (7). The endogenous levels of PAP I are relatively
low (2), and it has been shown that this enzyme is the limiting
factor for polyadenylation (32). Thus, increasing the levels of
PAP I increases polyadenylation in a dose-dependent manner.
Continually increasing the PAP I levels eventually causes a
growth defect and even cell death (32). Therefore, the assess-
ment of the functionality of the overproduced PAP I-GFP is
critical. We previously demonstrated that the overproduced
PAP I-GFP leads to a 6-fold increase in poly(A) levels in the
cell and does not confer a growth defect (7). Therefore, the
PAP I-GFP is functional and provides an opportunity to study
PAP I interacting partners by enrichment via the GFP tag.
Cells expressing PAP I-GFP were harvested, rapidly frozen in
liquid nitrogen, and cryogenically lysed as described in Mate-
rials and Methods. Following the cryogenic lysis, a limited
number of cells remained intact, but the majority of cells
(�95%) were lysed and had a ghost-like appearance (Fig. 1).
This procedure was previously shown to help maintain and
isolate protein complexes close to their native form (18). The
lysis conditions were optimized for efficient recovery of PAP
I-GFP. Following immunopurification on magnetic beads
coated with high-affinity polyclonal anti-GFP antibodies and
separation by SDS-PAGE, the isolated proteins were identified
by mass spectrometry using a MALDI LTQ Orbitrap (28).

PAP I interacts with the degradosome. Following the strat-
egy outlined above, we immunopurified PAP I from wild-type
cells (sprE�) in both growth phases. Only the proteins repro-
ducibly isolated in triplicate experiments are indicated (Fig. 2).
A list of the proteins isolated is provided in Table S1 in the
supplemental material. As shown in Fig. 2, PAP I-GFP is
present as the main Coomassie blue-stained band in these
isolations. Moreover, the RNA chaperone Hfq, which is a

FIG. 1. Strategy to isolate PAP I-GFP complexes. An E. coli strain
that expressed a GFP-tagged PAP I was constructed as described in
Materials and Methods. PAP I-GFP was visualized by fluorescence
microscopy to determine intracellular localization. Cells were frozen
and subjected to cryogenic cell lysis, which allowed for efficient lysis of
�95% of cells, as determined by light microscopy. Proteins were iso-
lated on magnetic beads coated with high-purity anti-GFP antibodies,
resolved by SDS-PAGE, and identified by MS and MS/MS analyses
using a MALDI LTQ Orbitrap mass spectrometer.
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known interacting partner of PAP I, was also clearly present,
thus serving as an internal positive control (35). In a control
experiment, cells in which only GFP was expressed from a
plasmid were subjected to the same immunopurification pro-
cedure (see Fig. S1 in the supplemental material). Comparison
of the results of the experiments with PAP I-GFP and only
GFP allowed us to distinguish the proteins obtained through
nonspecific associations with the anti-GFP antibodies or the
magnetic beads (see Table S2 and Fig. S1 in the supplemental
material). The prominent bands visible in Fig. 2 and marked
with asterisks represent such nonspecific associations (see Ta-
ble S2 in the supplemental material).

Interestingly, our isolations demonstrated that PAP I asso-
ciates with the RNA degradosome, as all of the major degra-
dosome components were isolated from cells in both growth
phases (Fig. 2; also see Table S1 in the supplemental material)
and were absent in our control experiments. The core compo-
nents of the degradosome included the scaffold protein RNase
E, the exonuclease PNPase, the RNA helicase RhlB, and eno-
lase (Eno) (9, 10). In addition, SrmB, a DEAD-box helicase
reported to associate with the degradosome (23) and PAP I
(44), was present as well. In a separate experiment, the cells
were inadvertently left to incubate at 4°C for an extended
period of time, in which case the DEAD-box helicase CsdA
was additionally isolated (data not shown; see Table S1 in the
supplemental material). CsdA is a helicase that has been pre-
viously reported to associate with the degradosome during cold

shock (40). RNase E was previously reported to interact with
several of the degradosome-associated proteins that we ob-
served in the PAP I isolation, and the in vivo interaction of
PAP I and PNPase had been reported as well. However, these
interactions were typically only detected as pairwise connec-
tions. This is the first report demonstrating that all of these
proteins may be part of the same macromolecular assembly.

The majority of the proteins isolated with PAP I were
present in both exponential and stationary phases. The
DEAH-box helicase HrpA and the riboexonuclease RNase R,
two putative members of the PAP I-degradosome complex,
seemed enriched during stationary phase (as judged by their
observed protein sequence coverage and scores from database
searching; see Table S1 in the supplemental material). In
agreement with these observations, RNase R expression is
known to be induced during stationary phase (1).

Since PAP I and many of the other degradosome proteins
have RNA binding activity, we next asked if the interactions
detected were formed through RNA bridges and not protein-
protein interactions. To address this possibility, the PAP I-
GFP immunopurifications from wild-type cells were performed
in the presence of RNase A in the lysis buffer. Under these
conditions, the same interacting partners of PAP I-GFP were
identified (see Fig. S2 and Table S3 in the supplemental ma-
terial). The interaction with HrpA may have been reduced by
this treatment, as judged by protein sequence coverage and
database scores. However, its presence was still confirmed by

FIG. 2. PAP I-GFP interactions in the presence and absence of SprE. Representative immunopurifications of VC239 (MC4100/ppcnB-GFP),
or VC244 (�sprE/ppcnB-GFP), where cells were grown to either exponential or stationary phase, are shown. Interacting partners that were not
detected in control immunopurifications (see Fig. S1 and Table S2 in the supplemental material) and were reproducibly isolated in triplicate
experiments are labeled. Prominent bands marked with asterisks represent nonspecific associations as determined from control experiments; these
proteins are listed in Table S2 in the supplemental material. The left inset illustrates examples of MS (top left) and MS/MS (bottom left) analyses
for the identification of PAP I from wild-type cells. Selected singly charged PAP I peptides derived from trypsin digestion are indicated (T�

n, where
n is the peptide number).
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MS/MS analysis. Our data suggest that the majority of proteins
that are immunopurified with PAP I-GFP associate via pro-
tein-protein interactions and not via RNA bridges.

In summary, these results provide strong evidence that PAP
I-GFP associates in vivo with the RNA degradosome in cells in
both growth phases and that, under certain conditions, the
degradosome may contain at least 10 different proteins.

PAP I-degradosome association is SprE dependent during
stationary phase. Since SprE is involved in the regulation of
polyadenylation, we wondered if a possible mechanism by
which it participates in this pathway is by affecting or altering,
directly or indirectly, the interactions of PAP I. The PAP
I-GFP interacting partners in wild-type and �sprE cells in
exponential phase were nearly identical (Fig. 2; also see Table
S4 in the supplemental material). Only the DEAD-box heli-
case SrmB was not isolated from the �sprE cells. However,
significant differences were observed in the PAP I-GFP isola-
tions from �sprE and wild-type cells during stationary phase
(Fig. 2). PAP I-GFP interactions with PNPase, RhlB, and
enolase, which were all identified in exponential phase in both
strains, were absent in stationary phase in the �sprE cells. In
addition, the interaction with RNase R, which was enriched
during stationary phase in wild-type cells, was not identified in
�sprE cells during stationary phase (Fig. 2). While still isolated
with PAP I-GFP in �sprE cells, RNase E was present at lower
levels than in wild-type cells, as judged by comparing the mass
spectrometry data from wild-type and �sprE cells. RNase E
was detected with a lower protein sequence coverage of 17% in
�sprE cells in stationary phase (versus approximately 40%
sequence coverage in �sprE cells in exponential phase and
wild-type cells in both stationary and exponential cells) and,
therefore, had a dramatically reduced score from database
searching (see Tables S1 and S4 in the supplemental material).
The only association that seemed to remain constant was that
with Hfq. All of the degradosome proteins were easily con-
firmed by mass spectrometry in the flowthrough from both the
wild-type and �sprE immunoprecipitations, being detected on
the one-dimensional SDS-PAGE at the correct molecular
masses (see Table S5 in the supplemental material). This is in
agreement with our previous findings that PAP I and PNPase
levels are not affected by the absence of SprE (7). These results
indicated that the degradosome proteins were absent not be-
cause of degradation but because of loss of association with
PAP I-GFP.

Relative quantification of SprE-dependent PAP I associa-
tions. We next sought to quantify the SprE dependence of the
PAP I associations and confirm the decreased levels of degra-
dosome proteins in �sprE cells. We used guanidination (5, 49)
in conjunction with differential isotopic labeling to relatively
quantify the amounts of proteins isolated with PAP I from
wild-type or �sprE cells. Guanidination, which converts lysine
residues into homoarginines, increasing gas-phase basicity and
the sensitivity of detection in MALDI MS analyses, was previ-
ously shown to be an efficient and economical mean for protein
relative quantification when using [14N]O-methylisourea and
[15N]O-methylisourea (5, 49). The samples from wild-type and
�sprE cells were derivatized with the differentially labeled re-
agents at the peptide level, after enzymatic digestion (Fig. 3A).

The results of these relative quantification studies confirmed
our previous findings, showing that the absence of SprE during

stationary phase led to a dramatic decrease in the PAP I-GFP
interacting partners, with the exception of Hfq (Fig. 3C and
D). RNase E (Rne) was the most abundant degradosome pro-
tein in the PAP I immunopurifications from �sprE cells in
stationary phase, even though it was reduced by 65% com-
pared to the level in the wild type. All other interactions were
reduced even more significantly, with SrmB reduced by 80%
and the other proteins reduced by 85% or more. Examples of
the MS and MS/MS relative quantifications of PAP I and
HrpA are shown in Fig. 3B. For each peptide present in the
isolation from �sprE cells, the levels were adjusted to take into
account that the �2-Th shift is a mixture of the monoisotopic
peak from the �sprE peptides and the third isotopic peak from
the wild-type peptides (see Fig. S3 in the supplemental mate-
rial). It should be noted that even before the corrections were
performed, drastic reductions (RNase E by 50% and all others
by �70%) in the relative amounts of the degradosome proteins
were observed. To correct for starting sample amounts be-
tween the two strains, all values were then normalized to the
levels of PAP I in the immunopurifications. To further confirm
these observations, the reverse experiments were performed,
where the �sprE peptides were derivatized with [14N]O-methyl-
isourea and the wild-type peptides with [15N]O-methylisourea,
thus eliminating the need for the isotopic correction (Fig. 3D).
Furthermore, this reverse derivatization experiment was re-
peated in conjunction with incorporating enzymatic digestion
with Lys-N (4, 6), which was shown to improve peptide frag-
mentation by MALDI ion trap CID. The data from these three
separate experiments are consistent (Fig. 3C and D; also see
Fig. S5 in the supplemental material), thus confirming the
reduced interactions of PAP I and the degradosome proteins.
Altogether, our results indicate that SprE is required to main-
tain the PAP I-degradosome association during stationary
phase.

SprE’s effect on PAP I associations is distinct from its RpoS
degradation function. The striking difference in PAP I associ-
ations in wild-type and �sprE cells during stationary phase
(Fig. 3) led us to question why SprE was not observed in our
initial PAP I isolations (Fig. 2). To ask if SprE was present at
low levels and below the initial threshold of detection in our
PAP I purification, we utilized a hypothesis-driven MS/MS
approach (13) to probe for the presence of SprE peptides in
the PAP I immunopurifications. Using this manual approach
for sequence verification by MS/MS, one SprE peptide was
reproducibly (in all six experiments) detected only in stationary
phase (see Fig. S5 in the supplemental material). The presence
of this peptide indicates that SprE is present at low levels in
these immunopurifications.

To test whether we could increase this association, we next
performed a similar experiment in the presence of an rssA2
allele. This allele leads to the overproduction of chromosomal
SprE to levels that are 4-fold higher than endogenous levels
and does not cause a growth defect (7). This elevated level of
SprE did not enhance the association with PAP I, as SprE was
still only present at trace levels. The PAP I associations with
the degradosome were still present (see Fig. S6 and Table S6
in the supplemental material). Altogether, these data indicate
that SprE is present at low levels in the PAP I isolations from
stationary phase cells, which may reflect a weak or transient
association with PAP I or one of its interacting partners.
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FIG. 3. Relative quantification of PAP I’s interacting partners using guanidination. (A) Workflow of the guanidination procedure, described in detail
in Materials and Methods. After in-gel digestion with trypsin, the guanidination reaction was carried out using differentially labeled N-O-methylisourea.
The wild-type peptides were labeled with 14N, which shifts the mass of lysine-containing peptides by �42 Th, and the �sprE peptides were labeled with
15N, for a shift of �44 Th. After the samples were mixed, relative quantification was performed by comparing the intensities of the light and heavy
monoisotopic peaks. A parallel experiment was performed using reverse labeling. IP, immunopurification. (B) Sample spectra of guanidinated PAP I and
HrpA at the MS and MS/MS level. On the MS panels, representative arginine-containing peptides are labeled. The T*� designation represents the tryptic
fragments containing modified lysine residues. The enlarged regions show the peptide of interest, with the �2-Th shift between heavy and light peaks.
The insets in the MS/MS spectra illustrate the �2-Th shift between y ions. K* refers to homoarginine. (C) The relative quantification of PAP I interacting
partners in the �sprE background. Since the �2-Th-shifted peak represents a mixture of the monoisotopic �sprE peptides and the third isotope of the
wild-type peaks, all intensities of the heavy peptides were adjusted using the formula (�sprEobs � ISOexp) � [PAP IWT

obs � (PAP I�SprE
obs � ISOexp)],

where �sprEobs is the intensity of any peptide from the �sprE samples (obs, observed) and ISOexp is the predicted isotopic peak intensity (exp, expected).
All intensities were adjusted to that of PAP I to correct for differences in starting material (see Fig. S3 in the supplemental material). (D) Results of the
reverse labeling experiment, where wild-type peptides were derivatized with [15N]O-methylisourea and �sprE peptides with [14N]O-methylisourea. The
isotopic correction described in Fig. S3 in the supplemental material was therefore not necessary. The intensities of the peaks from the wild-type peptides
were set at 100%, and the intensities of the �sprE peptides are reported relative to that. All intensities were adjusted to that of PAP I to correct for
differences in starting material. Error bars show standard deviations. WT, wild type.
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SprE directly controls the stability of RpoS, the stationary-
phase master regulator, which controls a large regulon of
stress-response proteins (20). One possibility is that any phe-
notype observed to be associated with the deletion of SprE is
a consequence of the stabilization of RpoS. Previously, we
demonstrated that SprE’s function in the regulation of PAP
I-dependent polyadenylation and mRNA stability during ex-
ponential phase was independent of the RpoS degradation
pathway. We further showed that the observed change in in-
tracellular localization during stationary phase was also inde-
pendent of RpoS (7). Therefore, to rule out an indirect effect
from increased levels of RpoS, we performed PAP I-GFP
immunopurifications in the absence of RpoS. All of the PAP
I-GFP interacting partners were identified in this experiment,
including the degradosome members and the previously ob-
served SprE peptide (Fig. 4; also see Table S7 in the supple-
mental material). These results indicate that SprE’s involve-
ment in the polyadenylation pathway is separate and distinct
from its RpoS degradation function.

DISCUSSION

Polyadenylation is known to enhance RNA degradation, and
this has led to the prediction that PAP I and Hfq may be
associated with the RNA degradosome. We have confirmed
and extended this prediction. We have shown that PAP I and
Hfq are associated with the RNA degradosome in vivo in both
exponential and stationary phase (Fig. 5). Our results further
show that, besides PAP I and Hfq (35), the degradosome
contains not only the four core components RNase E, PNPase,
RhlB, and enolase but also three additional proteins, the RNA
helicases SrmB (23), HrpA (24, 38), and RNase R (1, 14, 15,
41). Indeed, under certain conditions, such as cold shock, the

RNA degradosome may contain as many as 10 different pro-
teins. While previous reports have provided insights into var-
ious components and features of the degradosome (9, 30, 31),
our results provide, to our knowledge, the most comprehensive
characterization of the in vivo degradosome to date.

Strikingly, we have discovered that the adaptor protein SprE
is required to maintain the association of PAP I and Hfq with
the degradosome during stationary but not exponential growth
phase (Fig. 5). Previously, we had shown that SprE was re-
quired for the change in the intracellular localization of PAP I
that occurs during stationary phase (7). We suspect that these
two observations are functionally related and likely reflect an
important role for SprE in stationary-phase physiology through
its effects on polyadenylation and mRNA stability.

In stationary phase, in the absence of SprE, PAP I remains
membrane associated (7) and, as we have shown here, in a tight
complex with Hfq, but the association of PAP I and Hfq with
the degradosome is lost. Although it is clear that the core
degradosome members are not degraded, we do not know if
they remain associated with each other in a �sprE background,
nor do we know their cellular localization during stationary
phase. Performing immunopurifications and localization stud-
ies with a GFP-tagged variant of another complex member
would address these issues. In addition, we do not yet under-
stand the phenotypic consequences of these changes in degra-
dosome membership. Microarray analysis might reveal SprE-
dependent changes in the stability of important mRNAs during
stationary phase.

FIG. 4. Results of PAP I-GFP immunopurification (IP) from
�rpoS cells. A control PAP I-GFP immunopurification was performed
from VC252 (�rpoS/ppcnB-GFP) during stationary phase. Interacting
partners are labeled, and a complete list of proteins is given in Table
S7 in the supplemental material.

FIG. 5. Summary of PAP I-GFP interacting partners. A summary
of the results of the four immunopurifications illustrated in Fig. 2
represented as a Venn diagram. During stationary phase, in the ab-
sence of SprE, the only interacting partners of PAP I-GFP isolated
were RNase E and Hfq. During exponential phase, the rest of the
degradosome components were isolated, with the exception of SrmB.
In a wild-type background, SrmB could be isolated in exponential
phase, along with the other degradosome components. HrpA and
RNase R were additionally isolated during stationary phase in the
wild-type case.
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We showed that the PAP I-degradosome association is in-
dependent of the alternate sigma factor RpoS and, therefore,
is distinct from SprE’s known function in the regulated prote-
olysis of RpoS. So, how does SprE regulate the PAP I-degra-
dosome association in stationary phase? The simplest explana-
tion is that SprE is the glue that holds the complex together
under these conditions. If this were true, then we should have
detected SprE in the complex during stationary phase. While
the evidence supporting its presence in this complex is weak
(only one SprE peptide confirmed by MS/MS analyses), we
think this is real because it was reproducibly detected (in all six
experiments) only during stationary phase. The fact that the
PAP I-degradosome association was still maintained in expo-
nential phase in the absence of SprE indicates that SprE is not
the main scaffold for this interaction. Thus, we think that SprE
may interact with the degradosome, but probably it is not the
glue holding it together. It seems more likely that its interac-
tion is weak or transient.

It is important to note that the PAP I isolations were per-
formed under particularly stringent lysis buffer conditions (i.e.,
incorporating high concentrations of both Triton X-100 and
deoxycholate detergents and salt). Our previous experience
has indicated that the lysis buffer conditions are critical for
obtaining a balance between the efficient isolation of a tagged
protein and the maintenance of interactions (18). During our
optimizations of the PAP I isolation, we noticed that the effi-
cient purification of PAP I required stringent conditions, likely
due to the necessity to penetrate the E. coli cell wall and obtain
access to the cytoplasmic PAP I-GFP. As a comparison, this
lysis condition was more stringent than those we utilized for
isolating members of the nuclear pore complex in yeast (18),
postsynaptic densities from mice cerebella (45), or cytomega-
lovirus virion assemblies in human cells (36), all known to
present special challenges. We have previously utilized these
harsh lysis conditions only when accessing virally induced ves-
icles in mammalian cells (17). While these stringent conditions
demonstrate that the observed interactions between PAP I and
the degradosome members are strong, it is likely that they have
also led to the disruption of weak-affinity or transient interac-
tions. Other approaches incorporating reversible cross-linking
and reciprocal isolations could be implemented to stabilize
such interactions, potentially revealing the presence of SprE.

In summary, our targeted proteomic approach incorporating
a GFP-tagged PAP I, cryogenic cell lysis, affinity purification,
and mass spectrometry has allowed us to capture a more com-
plete picture of the RNA degradation machinery. Our results
provide the first evidence for the in vivo association of PAP I
and Hfq with the degradosome and uncover a role for SprE in
maintaining this important complex during stationary phase.
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