Cell, Vol. 76, 899-900,

March

11, 1994, Copyright

0 1994 by Cell Press

Copurification of E. coli RNAase E and PNPase:
Evidence for a Specific Association between Two
Enzymes Important in RNA Processing and Degradation
Agamemnon
J. Carpousis,‘t
Griet Van Houwe;
Claude Ehretsmann,‘*
and Henry Y. Krischt
*Department of Molecular Biology
University of Geneva
CH1211 Geneva 4
Switzerland
tLaboratoire de Microbiologic
et Genetique Moleculaire
du Centre National de la Recherche Scientifique
118 Route de Narbonne
31082 Toulouse
France

Summary
Ribonuciease
E (RNAase E) was isolated in a complex
that also contained
poiynucleotide
phosphoryiase
(PNPase). Besides copurification,
evidence for an association of these enzymes comes from sedimentation
and immunoprecipitation
experiments.
Highly purified
RNAase E correctly processed E. coii 5S ribosomai
RNA, bacteriophage
14 gene 32 mRNA and E. coii
ompA mRNA at sites known to depend on the me gene
for cleavage in vivo. The difference between previous
smaller estimates of the size of RNAase E and that
reported here apparently
is due to the sensitivity of
the enzyme to proteoiysis during purification.
The discovery of a specific association
between RNAase E
and PNPase raises the intriguing possibility that these
enzymes act cooperatively
in the processing and degradation of RNA.

nuclease involved in the maturation of 5s ribosomai RNA
(Ghora and Apirion, 1978). At the nonpermissive temperature, the me temperature-sensitive
strain does not produce 5S ribosomal RNA and accumulates its precursor,
9S ribosomal RNA. Experiments on the regulation of bacteriophage T4 gene expression have established that
RNAase E also has an important role in the processing
and degradation of many phage mRNAs (Carpousis et al.,
1989; Mudd et al., 1990a; Loayza et al., 1991). Another
independently
isolated mutation, ems, which has long
been known to affect the chemical decay of E. coli mRNA
(Ono and Kuwano, 1979) has now been shown to map
in the same genetic locus as the me gene (Mudd et al.,
1990b; Babitzke and Kushner, 1991). Thus, RNAase E
also has a general role in the degradation
in E. coli
mRNA.
The rne/ams gene has been cloned and sequenced
(Chauhan et al., 1991; Claverie-Martin et al., 1991; Casaregola et al., 1992). Partially purified RNAase E activity
from the me temperature-sensitive
strain is more thermolabile in vitro than the wild-type enzyme (Misra and Apirion,
1980). This result was accepted as reasonable evidence
that the rne gene encodes the structural gene for RNAase
E. However, this interpretation has been questioned (Melefors and von Gabain, 1991; Georgellis et al., 1992). Since
RNAase E had not been purified to homogeneity, the issue
of whether the me gene product contained the RNAase
E catalytic site remained to be clarified. In this paper, we
describe some unexpected properties of a highly purified
large protein complex that contains the me gene product
and has RNAase E activity.
Results

introduction
The decay of a message is one of the factors that determines its level of expression. Although degradation has
long been recognized as a critical element of gene expression, our understanding
of the details of this process still
remains incomplete. Degradation of mRNA involves the
concerted action of endo- and exonucleases (for recent
reviews see Ehretsmann et al., 1992b; Pedersen, 1992).
The Escherichia coli exonucleases implicated in the turnover of mRNA degrade processively from the 3’ end to
produce mononucleotides
(Donovan and Kushner, 1988).
However, most messages have RNA structures at their 3’
ends that can impede the action of these exonucleases
(McLaren et al., 1991). Endonucleolytic
cleavages are believed to initiate mRNA degradation by the creation of socalled entry sites for 3’ exonucleases but, until recently,
none of the endonucieases
involved in the general degradation of mRNA were clearly identified.
RNAase E originally was identified as an endoribo*Present
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RNAase E Purification
The original purification of RNAase E involved ammonium
sulfate precipitation, ion exchange chromatography,
and
gel filtration (Misra and Apirion, 1979). The enzyme was
not purified to homogeneity, but its native molecular mass
was estimated to be 70 kd by sedimentation. Partially purified enzyme was prepared in this laboratory by a somewhat different procedure (Ehretsmann et al., 1992a). Gel
filtration indicated that the enzyme was larger than expected, with an apparent native molecular mass of at least
300 kd. Efforts to further purify the enzyme were facilitated
by the observation that most of the RNAase E in cell extracts pelleted during low speed centrifugation (Miczak et
al., 1991). We found that the preparation of extracts by
lysozyme-EDTA
treatment followed by the addition of
Triton X-100 and ammonium chloride resulted in a lO-fold
increase in the yield of soluble RNAase E (data not shown).
Nonionic detergent also substantially improved the yield
in subsequent purification steps. In addition, RNAase E
isvery sensitive to proteolysis during purification. The new
lysis procedure, as well as the use of nonionic detergent
and protease inhibitors throughout the purification, are the
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(A) Digestion of the 9Sa substrate.
The wild-type HT fraction was used
in the time course (0.64 ug in a 160 ul reaction). Lanes 1, 2, and 3
show 10 min digests in 10 pl reactions. In lane 1, the reaction contained
0.04 ug of wild-type HT fraction, which was heat treated at 45OC for
IO min prior to addition to the 9Sa substrate.
Lanes 2 and 3 are digestions with 0.10 ug of protein from the temperature-sensitive
HT fraction. In lane 3, the mutant enzyme was heat treated as in lane 1. The
products of the digestion are marked to the left of the panel. Lane M
shows a set of RNA size markers.
(B) Diagram of 9s and 9Sa ribosomal RNA substrates.
The RNAs are
drawn in the 5’to 3’ direction, showing the position of the c, a, and b
RNAase E cleavage sites. The length of each segment, in nucleotides,
is indicated by the numbers above the line. Cleavage of 9S RNA by
RNAase E yields the 128 nt p5 product,
which is 6 nt longer than
mature 5S ribosomal RNA. The 129 nt 9Sa substrate
contains the 5’
portion of the 9s substrate,
including the c and a RNAase E cleavage
sites.

most significant improvements in the protocol (Experimental Procedures).
The substrate used to assay RNAase E activity was also
simplified. During thestudyof RNAase E recognition of the
9S ribosomal RNA substrate, weobserved that a truncated
form, 9Sa, was efficiently processed (Figure 16). The 9Sa
substrate consists of the first 129 nucleotides of the 9s

RNA. Figure 1A shows a time course of the digestion of
the 9Sa substrate. The rate of cleavage at the a site is
the same as with the full-length 9S ribosomal RNA (data
not shown). Under the conditions used here, the cleavage
at the c site is partial. Lanes 2 and 3 in Figure 1A demonstrate that heat treatment of RNAase E isolated from the
me” E. coli strain dramatically reduced processing of
the 9Sa substrate. Lane 1 is a control that shows that
the wild-type enzyme is not inactivated by the same heat
treatment. Since it is easy to determine the extent of cleavage at the a site using the 9Sa substrate, this RNA was
used to assay RNAase E activity. Recently published work
has shown that an even smaller 110 nt derivative of the
9S substrate can be efficiently processed by RNAase E
(substrate Al 10, Cormack and Mackie, 1992).
The amount of RNAase E that completely cleaves the
9Sa substrate at the a site in 30 min at 30°C was defined
as 1 U of activity. Our reactions contain competitor yeast
RNA at 0.2 mglml and trace amounts of 32P-labeled substrate (less than 1 uglml). Experiments showed that the
amount of enzyme needed to cleave the radioactive substrate depended on the concentration of the competitor
RNA. Thus, the reproducibility of the assay depends on the
use of a fixed concentration of competitor RNA. RNAase E
activity was assayed at each step in the purification. These
data are shown in Table 1. The specific activity in the
wild-type preparation increased 1200-fold from 34 Ulmg
in the lysate to 41,000 Ulmg in the HT fraction. However,
the total activity increased about g-fold between the lysate
and AP fraction. This increase presumably is due to the
removal of inhibitors during the early steps of the purification. To estimate the purification of RNAase E based on
the increase in specific activity, it is necessary to correct
for this inhibition. Assuming a specific activity in the lysate
of 310 Ulmg (9 x 34 Ulmg), we estimate that the enzyme
has been purified 130-fold (41,000 Ulmg in the HT fraction
versus 310 Ulmg in the lysate). We also estimate that
the final yield of activity in the HT fraction is 5% (using
5600,000 U as the corrected activity in the lysate). The
data in Table 1 indicate that the purification of the temperature-sensitive and wild-type enzymes was comparable, although the specific activity of the temperature-sensitive
enzyme is lower in the SS and HTfractions. This difference
is reproducible
and suggests that the temperaturesensitive enzyme is more easily inactivated during the later
steps of the purification.
Figure 2A shows a Coomassie stained SDS-PAGE of
fractions from the wild-type RNAase E purification. The
180 kd polypeptide, which is marked by an arrow to the
left of the figure, is the product of the me gene. This was
verified by the Western blot shown in Figure 28. This blot
was probed with rabbit antiserum against the me gene
product (anti-hmpl , Casaregola et al., 1992). In Figure 28,
lane L, the 180 kd polypeptide is a prominent antigen,
although several smaller polypeptides react with the antibody. The antiserum employed in this blot was not affinity
purified and the products at about 35 and 14 kd apparently
are due to antibodies against other E. coli proteins (Casaregola et al., 1992). Western blotting with an affinity purified antibody against a truncated form of the me gene
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Fraction’

Unitsb

w

Wild-type
L
S30
s200
AP
SS
HT

16,000
9.600

620,000
470,000

8,ooO
2,300

2,~,~
5,500,ODO
1,5ocmo
290,ooo

66
7.0

Temperature-Sensitive
L
s30
5200
AP
ss
HT

20,000
12,000
6,100
2,300
73
6.0

640,000
490.000

vJ@w@J
5700,000
770,000
140,ooo

Units/mg

Relative

34
46
250

activity

1.0
1.4
7.4
71
650
1200

2,400
22,000
41,000
32
41
250

1.0
1.3
7.6
76
340
500

2,500
11,000
16,000

‘Fractions:
L, lysate; S30,30,000
x g supernatant;
S200,2OO,DDO
x g supernatant;
AP, O-40% ammonium
phy; and HT, hydroxylapatite
chromatography.
bOne unit is the activity required to digest the 9Sa rRNA substrate
in 30 min at 30°C (see text).

product (Mudd and Higgins, 1993) confirmed the identification of the 180 kd polypeptide (data not shown). The
pattern of polypeptides observed in Figure 2A, and the
antigens detected in Figure 2B, were the same when fractions from either the wild-type or the temperature-sensitive
E. coli strain were analyzed.

specific

sulfate;

SS, S-Sepharose

chromatogra-

5s Riboeomal RNA Processing
RNAase E is required for the processing of E. coli 5S ribosomal RNA. In Figure 3, uniformly32P-labeled
9s substrate
was digested with fractions from the RNAase E preparation and analyzed by denaturing gel electrophoresis.
Processing to the p5 product (Ghora and Apirion, 1978), which

A
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-63
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(A) Coomassie-stained
SDS-PAGE
(4.5%-l
3.5% acrylamide gradient) of fractions from the wild-type RNAase E preparation.
The amount of protein
loaded was: L, 92 ug; S30.66 ug; S200,60 ug; AP, 24 Kg; SS. 7 ug; and HT, 6 pg. Lane R, purified E. coli RNA polymerase
(6 ug) and lane M,
molecular
mass markers.
(B) Western blot of the temperature-sensitive
RNAase E preparation.
The amount of protein loaded was as follows: L, 100 pg; S30, 74 ug; S200,
60 ug; AP, 24 pg; SS, 6 pg; and HT, 7 pg. The blot was probed with antiserum
against the me gene product (anti-hmpl)
and developed
using
an Amersham
ECL detection kit (Casaregola
et al., 1992).
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The digestions were for 10 min in a IO ul reaction. Lane B, blank in
which the substrate
was incubated in the absence of enzyme. Fractions from the wild-type RNAase E preparation were assayed and the
amount of protein is as indicated: L, 18 pg; S30, 13 ug; S200, 6 ug;
AP, 1.2 ug; SS, 0.07 ug; and HT, 0.04 ug. In lane 1. the reaction
contained 0.04 pg wild-type enzyme (HT fraction),
which was heat
treated at 45% for 10 min prior to addition to the 9s substrate.
Lanes
2 and 3 are digestions with 0.10 ug of temperature-sensitive
HT fraction In lane 3, the mutant enzyme was heat treated as in lane 1. Lane
M, RNA size markers.
The products
of the digestion are marked to
the left. The asterisk (.) marks a cleavage product that is due to a
nuclease other than RNAase E (see text). The b/3’ product, which
contains a very stable RNA stem-loop
from the t, terminator of the E.
coli rmB operon, runs faster than expected, possibly because it is not
completely
denatured.

is 6 nt longer than mature 5-S ribosomal RNA, was easily
detected using the S200, AP, SS, and HT fractions. Using
the 130-fold purified HT fraction, 40 ng of protein completely converted the 9S ribosomal RNA to the p5 product
in 10 min at 30%. Except for the p5 product, which contains the sequences between the a and b cleavages, the
products are named by their 5’ and 3’ ends. The identification of the products in Figure 3 is based on their size as
well as other criteria. RNAase E cleavage at the a site was
mapped to the nucleotide by primer extension (data not
shown). Cleavage at the GA/AUU sequence originally described by Ghora and Apirion (1978) was detected. Digestion of a %P-5’-end labeled 9S substrate confirmed that
the 5’la and 5%~ products contained the 5’ end of the 9S
substrate, and that the p5, c/a and b/3’ products were
either internal or from the 3’end of the substrate (data not
shown). Under the conditions of digestion employed here,
cleavage at the c site is partial. The sequence at the c

site isAG/AUU (data not shown). An RNAase E cleavage at
this site has recently been mapped (Cormack and Mackie,
1992).
In Figure 3, the large product marked with an asterisk
is made by a nuclease other than RNAase E. This nuclease
is not RNAase E because it is removed from the preparation by S-Sepharose chromatography
(Figure 3) and also
because heat inactivation of RNAase E from the temperature-sensitive strain does not affect this activity (data not
shown). Based on its size and the use of %P-5’-end labeled
9S substrate (data not shown), this product extends from
the 5’ end of the 9S substrate to a site a few nucleotides
downstream of the b cleavage (see Figure 1 B). During the
partial purification of RNAase E by Roy et al. (1983) a
similar activity that degraded the stem-loop structure at
the 3’ end of the 9S substrate was detected.
Experiments aimed at optimizing the stability of RNAase
E showed that high salt and nonionic detergent are required (data not shown). When RNAase E is heated in a
buffer containing 0.5 M NaCl and 0.5% Triton X-100, the
sensitivity of the enzyme isolated from the me’” strain to
heat inactivation in vitro is easily demonstrated. In Figure
3, lane 1, wild-type enzyme was heat treated at 45°C for
10 min before addition to the 9S substrate. Comparison
with the HT lane shows that this heat treatment does not
affect the activity of the wild-type enzyme. Lanes 2 and 3
are digestions using the HTfraction of the mutant enzyme.
Lane 2 is the control (no heat treatment) and lane 3 is a
digestion in which this enzyme was heated as described
above. Comparison of lanes 2 and 3 shows that the mutant
enzyme is inactivated by heating. These results clearly
demonstrate that RNAase E purified from the temperaturesensitive mutant strain is more thermolabile than the wildtype enzyme.
Messenger RNA Processing
In E. coli, the stability of the ompA mRNA is growth ratedependent and this regulation has been attributed to
cleavages in its 5’ leader sequence by RNAase K (Lundberg et al., 1990). Nevertheless, it is clear that RNAase
E and RNAase K are somehow related, since 5S ribosomal
RNA and gene 32 mRNA processing, as well as the cleavage of the 5’ leader of the ompA mRNA, depends on the
function of the me gene in vivo. Figure 4 shows the mapping of in vitro RNAase E cleavages in the gene 32 (panel
A) and ompA (panel B) 5’ leaders. In this experiment, unlabeled RNA substrates were partially digested with the HT
fraction, and then analyzed by primer extension. In each
panel, lane B is a control in which the substrate was incubated in the absence of enzyme. Lanes 1 and 2 are digestions with wild-type enzyme, and lanes 3 and 4 are digestions with temperature-sensitive
enzyme. RNAase E
cleavages at the -71 site of the gene 32 mRNA and the
C site of the ompA mRNA are marked by arrows. From
the RNA sequencing reactions to the right of the each
panel, the exact site of cleavage was determined. The
gene 32 cleavage is at the expected GA/AUU sequence
(Ehretsmann et al., 1992a) and the ompA cleavage is at
the GG/AUU sequence previously reported to be cleaved
by RNAase K (Lundberg et al., 1990). In lanes 2 and 4 of

Purification
893

of an RNAase

E-PNPase

Complex

B1234CUAG+

Bl

234CUAG+

C’

GENE 32 mRNA
Figure

4. Processing

of Messenger

RNA by RNAase

ompA mRNA
E

Cleavages
in the 5’ leaders of the bacteriophage
T4 gene 32 (A) and E. coli ompA (8) mRNAs. In each, unlabeled RNA substrate was digested
with the wild-type or temperature-sensitive
HT fraction: 0.04 and 0.10 ug, respectively.
The reactions were stopped after 1 min. The digests were
then analyzed by primer extension.
Lane B is a blank in which the template was incubated in the absence of enzyme; lanes 1 and 2, digestion
with wild-type RNAase E; lanes 3 and 4, digestion with the temperature-sensitive
RNAase E. In lanes 2 and 4, the enzyme was heated for 10 min
at 45% before addition to the substrate.
In the right half of each panel, the RNA substrate
was sequenced.
The plus lane is a control reaction
in which dideoxynucleotides
were omitted.

each panel, the RNAase E was heated before addition to
the substrate. A comparison of lanes 1 and 2 show8 that
heat treatment of the wild-type enzyme does not affect
RNAase E cleavage, whereas acomparison of lanes 3 and
4 show8 that heat inactivation of the temperature-sensitive enzyme markedly reduced cleavage. An additional
weaker RNAase E cleavage was also detected at the D
site (Lundberg et al., 1990) in the leader of the ompA
mRNA (data not shown). Further purification of the HT
fraction by glycerol gradient sedimentation showed that
the activity that cleaves the ompA mRNA could not be
separated from RNAase E (see below).
The observation that RNAase E cleaves the ompA
leader sequence and that in vitro heat inactivation of the
temperature-sensitive
enzyme markedly reduced cleavage is in apparent conflict with the report that extracts from
the me and ams strains, which were deficient in RNAase E
activity, still processed ompA mRNA (Melefors and von
Gabain, 1991). Our experience, however, suggests that
the conditions for the isolation and assay of RNAase E are
critical for demonstrating the thermolability of the mutant
enzyme. Hence, we are inclined to place more faith in the
results reported here, which show that the ompA mRNA
can be processed by RNAase E at the same sites that are
cleaved in an me-dependent
manner in vivo.

Polynucleotide
Phosphorylase
Copurlfies
with RNAase E
Remarkably, the AP, SS, and HT fractions from our
RNAase E purification have high levels of a phosphatedependent activity that degrades RNA. This activity is due
to PNPase, which is a phosphorolytic exonuclease that
processively degrades RNA from the 3’ end to produce
mononucleotide
diphosphates.
The PNPase a subunit
(the catalytic subunit) migrates as an 85 kd polypeptide
in SDS-PAGE (Portier, 1975) and our HT fraction contains
a prominent polypeptide of this size (see Figure 2A). The
a subunit is encoded by the E. coli pnp gene, which has
been sequenced (Regnier et al., 1987).
The ability of the PNPase activity in our preparations to
degrade RNA depended on the substrate employed. The
9S and 9Sa ribosomal RNA substrates, which are highly
structured, were resistant to attack, whereas gene 32 and
ompA RNA substrates that have unstructured 3’ends were
degraded readily. The pattern of digestion of gene 32 and
ompA substrates was consistent with processive degradation from the 3’ end to either mononucleotides
or small
oligonucleotides.
Figure 5 shows a time course of digestion of [a32P]UTP-labeled RNA, which corresponds to the
5’ leader and first 188 nt of the gene 32 coding sequence
(L168 = -145 to +168). The product of digestion was
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The L166 substrate,
uniformly labeled with [aYP]UTP, was digested
at 50°C in a 100 ul reaction containing
0.4 ug of the wild-type HT
fraction. The reaction was the same as the RNAase E assay, except
that it included 10 mM sodium phosphate (pH 7.3) and the NaCl concentration was increased to 260 mM. Samples (10 ul) were withdrawn
at thetimesindicatedatthetopof
thefigureand
treatedwithproteinase
K. Part of each sample (4 ul) was spotted on a polyethyleneimine
TLC
plate (Sigma), which was then developed with 0.25 M KH,PO,, dried,
and exposed on X-ray film. In this chromatography
system, RNA and
oligonucleotides
remain at the origin and GDP, ADP, CDP, and UDP
are clearly separated.
The identification
of the radioactive product as
UDP was confirmed by cochromatography
of a mixture of nucleoside
diphosphates
with the radioactive
product. GDP, ADP, CDP, and UDP
were visualized by fluorescence
quenching.
The radioactive
material
migrated in exactly the same spot as the UDP marker (data not shown).

analyzed by thin layer chromatography.
In this system,
RNA and oligonucleotides
remain at the origin, and CDP,
UDP, ADP, and GDP are well separated. The radioactive
product in Figure 5 was unambiguously identified as UDP,
which is the expected product of phosphorolysis of [a”P]
UTP-labeled RNA. The specific activity of the PNPase in
our HT fraction was comparable with that of highly purified
E. coli PNPase obtained from C. Portier (data not shown).
Additional experiments showed that degradation of an
[a3’P]CTP substrate yielded the expected CDP product,
that the addition of phosphate in the range of l-10 mM
strongly stimulated degradation, and that the activity increased with increasing temperature up to 50% (data not
shown). All of the properties mentioned above are consistent with the identification of this activity as PNPase.
Sedimentation
of the RNAase E-PNPase Complex
RNAase E was further purified by centrifugation. The HT
fraction was separated on a lo%-30%
glycerol gradient.
The proteins from the gradient fractions of the wild-type
preparation were analyzed by SDS-PAGE and silver staining (Figure 6A). RNAase E activity, assayed using the 9Sa
substrate, was detected in fractions 6-16. Comparable
results were obtained using the 9S, gene 32, and ompA
substrates and there was no indication that the activity
that processed the 9Sa, 9S, and gene 32 substrates could
be separated from the activity that cleaved the ompA

mRNA (data not shown). PNPase activity also was detected in the same fractions that had RNAase E activity.
Figure 6B shows the quantitation of the relative levels of
activity of RNAase E and PNPase in each fraction. We
estimate that the RNAase E-specific activity in fractions
7-13 is between 50,000 and 100,000 U per milligram of
protein. Analysis of the HT fraction from the me” strain
gave a pattern similar to that in Figure 6A (data not shown).
Four prominent polypeptides of 160, 65, 50, and 46 kd
track with the RNAase E-PNPase activity. Western blot
analysis confirmed that the 160 kd polypeptide is the product of the me gene (data not shown). The 85 and 46 kd
polypeptides are the PNPase a and 6 subunits (next section). The glycerol gradients were calibrated with purified
marker proteins (Experimental Procedures). As expected,
the markers sedimented in discrete peaks. The sedimentation coefficient for the RNAase E-PNPase in fractions
7-13 ranged from 16s to 8S, indicating significant size
heterogeneity. The estimated native molecular mass of
the proteins in this region of the gradient ranged from 460160 kd. Our gradients contained 0.3 M NaCl and 0.5%
nonionic detergent. These conditions are generally considered sufficient for minimizing nonspecific protein-protein interactions and we were not able to disrupt the faster
sedimenting material by increasing the salt and detergent
concentrations. Since PNPase and RNAase E both interact with RNA, we considered the possibility that the size
heterogeneity was due to contaminating RNA that copurified with the enzymes. However, the UV spectra of the
HT fraction indicated that it did not contain significant
amounts of nucleic acid and treatment with pancreatic
RNAase before centrifugation had no effect on the sedimentation of the RNAase E-PNPase (data not shown).
Thus, we believe that the size heterogeneity is not due to
an interaction with RNA.
Figure 6C shows a control in which the wild-type HT
fraction was heated at 39% for 5 min, quenched on ice,
and then analyzed on a glycerol gradient. Under these conditions of heat treatment, the wild-type enzyme is stable.
As might be expected, the pattern of sedimentation of the
RNAase E-PNPase is the same as in Figure 6A. However,
the pattern of polypeptides fractionated on the gradient
is somewhat different. There is the clear loss of a large
polypeptide of about 160 kd that was detected in fractions
8-14 in Figure 6A. Heat treatment caused this protein to
aggregate and pellet during the centrifugation (data not
shown). Thus, the 160 kd polypeptide is not involved in
the RNAase E-PNPase activity. The result of heat treatment of the mutant RNAase E is shown in Figure 6D. The
input RNAase E was more than 950/b inactivated and no
activity was detected on the gradient. A comparison of
Figures 6C and 6D shows that heat inactivation of the
mutant RNAase E has a dramatic affect on the polypeptides separated on the gradient. The 180 kd product of
the me gene was completely removed. In addition, most
of the 85, 50, and 48 kd polypeptides in fractions 7-10
were lost from the gradient, although there was a trace
of these polypeptides from fraction 10 to the bottom of the
gradient. The 180, 85, 50, and 48 kd polypeptides were
detected in a pellet at the bottom of the gradient (data not
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The gradient fractions were analyzed by SDS-PAGE
(4.5%-13.50/b
acrylamide
gradient) and silver staining. In (A), (C), and (D); lanes 4-17 are
fractions from the gradient and lane i is input protein.
(A) Analysis of the wild-type HT fraction. RNAase E and PNPase activity were detected in fractions 7-13. The positions of the 180, 85, 50, and
48 kd polypeptides
that cosedimented
with the RNAase E-PNPase activity are indicated to the right of the panel.
(8) A quantitation of the relative amounts of RNAase E (closed circles) and PNPase (closed triangles) activity in the wild-type gradient. The enzyme
activity was quantitated
as described
(see Experimental
Procedures).
(C) The wild-type HT fraction was heated at 39OC for 5 min prior to loading on the gradient.
(D) The mutant HT fraction was heat treated as in (C). On the gels in (A), (C), and (D), the 50 and 48 kd polypeptides
migrated as a poorly resolved
doublet.

shown). The simplest interpretation of this result is that
the polypeptides that cosediment in fractions 7-10 are
part of a complex that aggregates upon denaturation of
the me gene product. In Figure 6D, fractions 11-13 have
PNPase activity and contain significant residual amounts
of the 85, 50, and 48 kd polypeptides. Thus, some of the
slower sedimenting PNPase is not affected by the heat
inactivation of the RNAase E. A control gradient in which
highly purified PNPase was analyzed showed that this
enzyme also migrated in fractions 1 l-l 3 (data not shown).
The sedimentation coefficient for the protein in these fractions is between 10s and 8S, which is consistent with
the previous measurement of 9.8s for form 6 PNPase (a3
trimer of the 85 kd catalytic subunit associated with the 48
kd 6 subunit; Portier, 1975). Taken together, these results
suggest that the residual PNPase is a form of the enzyme
that is not associated with the RNAase E and thus not
perturbed by the denaturation of the me gene product.

The interpretation of the data from the glycerol gradients
is complicated by the size heterogeneity. Nevertheless,
these data suggest that the RNAase E-PNPase in fractions 7-10 is part of a large protein complex. The slower
sedimenting RNAase E and PNPase in fractions 11-13
are apparently free forms of the enzymes that cosediment.
Two possible interpretations of the heterogeneity are either RNAase E and PNPase normally exist as a mixture
of free and complexed forms, or the free forms are an
artifact due to the partial disruption of the protein complex
during purification.
Immunoprecipitatlon
and Identification
of the 85
and 48 kd Proteins
To test further the notion that RNAase E and PNPase
are associated, we immunoprecipitated
protein from the
wild-type AP fraction using antibody against the me gene
product (anti-hmpl, Casaregola et al., 1992). In this ex-
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(A) lmmunoprecipitation
using antibody against the me gene product (anti-hmpl).
The antigen-antibody
complexes
were collected using protein
A beads, and then analyzed by SDS-PAGE
(4.5%-9%
acrylamide
gradient) and silver staining. Lane B (blank) is a control reaction containing
antibody alone. Lanes 1 and 2 show the immunoprecipitation
of highly purified PNPase and the wild-type AP fraction, respectively.
Lanes 3 and
4 show the input PNPase and AP fraction. The wild-type HT fraction is shown in the last lane and the positions of the 180, 85, 50, and 48 kd
polypeptides
are indicated to the right. In lanes B, 1, and 2, the position of the IgG and the RSA are indicated to the left. The material loaded in
lanes 8, 1, and 2 is 50% of the immunoprecipitate;
and in lanes 3 and 4, 1% of the input protein.
(B) Limited proteolysis.
The 85 kd proteins from our wild-type HT fraction and from E. coli PNPase were purified by SDS-PAGE
and eluted from
the gel (Hager and Burgess, 1980). The proteins then were partially digested with protease V8 (Cleveland et al., 1977). separated by SDS-PAGE
(12.5% gel), and silver stained. Lanes 1 (HT) and 2 (PNPase),
undigested
protein; lanes 3 (HT), 4 (PNPase),
and 5 (equal parts mixture of HT
and PNPase), partial digest; and lane 8, control with protease V8 alone.
(C) Limited proteolysis
of the 48 kd proteins from our wild-type HT fraction and E. coli PNPase with protease V8. Lanes 1 to 8 are as described
in (B).
(0) lmmunoprecipitation
using partially purified RNAase E that was labeled in vivo with [“Sjmethionine.
The immunoprecipitates
were analyzed
by SDS-PAGE
(5%-18%
gradient gel). Lane 1, control precipitation
using normal rabbit serum; lane 2, precipitation
using anti-hmpl
serum; and
lane 3, input protein. The material loaded in lanes 1 and 2 is 33% of the immunoprecipitate
and the material in lane 3 is 13% of the input protein.
Fluorography
was performed at -7OW
using Amplify (Amersham)
and preflashed film. The E. coli PNPase used for the experiments
in (A), (B),
and (C) was obtained from C. Portier.

the immunoprecipitate
was analyzed
by SDSPAGE and silver staining. In Figure 7A, lane 6 is a control
in which the antigen was omitted. The prominent protein,
the immunoglobulin
heavy chain, is marked IgG and a
trace of rabbit serum albumin that comes through the
washes of the protein A beads is marked RSA. There is
also a background of higher molecular mass proteins,
which are from the rabbit serum. Figure 7A, lanes 1 and
2 show the immunoprecipitation
of highly purified PNPase
(obtained from C. Pot-tier) and the wild-type AP fraction
from our RNAase E preparation, respectively. Lanes 3 and
4 show the input PNPase and AP fraction. The HT lane
serves as a marker and the position of the 180, 85, 50,
and 48 kd proteins is shown to the right of the figure.
The migration of the 85 and 48 kd polypeptides from the
PNPase preparation in lane 3 is exactly the same as that
of the 85 and 48 kd polypeptides in the HT fraction. A
comparison of lanes 2 and 4 shows that the anti-hmpl
antibody selectively precipitated the 180 kd product of the
me gene and the 85 kd PNPase catalytic subunit. It was
also clear in the original gel that the 48 kd polypeptide
was immunoprecipitated.
Lane 1 is an important control
that shows that the anti-hmpl antibody does not precipitate the 85 and 48 kd polypeptides in the highly purified
PNPase preparation. Thus, the coprecipitation of the 180,
85, and 48 kd polypeptides in lane 2 must be due to a
periment,

specific interaction between the 180 kd polypeptide and
the 85 and 48 kd polypeptides.
Figure 78 shows a comparison of the limited proteolysis
of the 85 kd proteins from our HT fraction and PNPase.
These proteins were purified by SDS-PAGE and eluted
from the gel. Lanes 1 and 2 are controls showing the purified proteins, lanes 3 and 4 show the limited proteolysis
of the individual proteins with protease V8, lane 5 is the
proteolysis of an equal parts mixture of each protein, and
lane 6 is a control showing the protease alone. In lanes
3-5, the pattern of products is essentially the same with
only minor differences in the intensity of some bands. This
is probably due to small variations in the extent of digestion. This experiment shows that the 85 kd protein in our
preparation is apparently identical to the PNPase catalytic
subunit @npa). This result was confirmed using papain
(data not shown). Figure 7C shows the partial digestion
with protease V8 of the 48 kd proteins from our HT fraction
and PNPase. This experiments shows that 48 kd protein
in our preparation is apparently identical to the PNPase
6 subunit @np/3). This conclusion was confirmed using
subtilisin (data not shown).
Additional evidence that our 85 kd protein is the PNPase
catalytic subunit came from a protein refolding experiment. SDS-PAGE-purified
65 kd proteins from both
sources, in a gel elution buffer that contained 0.1% SDS,
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were diluted 50-fold into enzyme buffer containing 0.5%
Triton X-100 and 0.5 mglml bovine serum albumin, incubated at room temperature overnight, and then assayed
for PNPase activity. Equivalent amounts of protein were
refolded and similar levels of PNPase activity were obtained (data not shown). The activity recovered was about
20% of the expected yield based on the input. This result
provides additional strong support for the identification of
our 85 kd protein as the PNPase catalytic subunit.
Figure 7D is an autoradiogram showing the immunoprecipitation of partially purified RNAase E that was radiolabeled in vivo with [36S]methionine. This protein was purified through the S-Sepharose chromatography
step. Lane
1 is a control precipitation using normal rabbit serum, lane
2 a precipitation with the anti-hmpl serum, and lane 3 the
input radioactive protein. Lane 1 shows that there is no
significant precipitation of the input proteins using the control serum, whereas lane 2 shows that the pnpa, pnpfi,
and 50 kd protein coprecipitate with the me gene product.
Lane 2 of the autoradiogram was scanned with adensitometer. The only other protein detected at significant levels
ran at about 75 kd (lane 2, faint band below pnpa). It is
present in about 10% the amount of the pnpa subunit. A
minor protein of about this size was also detected in fractions 9-l 1 of the glycerol gradients shown in Figures 8A
and 8C. Assuming equivalent methionine content (the sequences of the pnpP and 50 kd proteins are not known) and
correcting for molecular mass, the molar ratioof proteins in
the immunoprecipitate
was: me, 2.0; pnpa, 3.0; 50 kd,
1.3; and pnpp, 3.4. Visual inspection of the ratio of the
me protein to the other proteins is somewhat misleading
because the band is less sharp. The identity of the 50
kd polypeptide remains to be determined. An attempt to
identify it by protein microsequencing
failed, possibly because its amino terminus was blocked.
Characterization
of a Proteollzed
Form
of RNAase E
Our experience with purifying RNAase E has shown that
it is very sensitive to proteolysis. Nevertheless, degraded
forms of the enzyme often have high levels of endonucleas8 activity. Figure 8 shows a glycerol gradient analysis
of a preparation of degraded RNAase E (RNAase E”). We
prepared this enzyme using a protocol different from that
in the Experimental Procedures. The purification was in
the absence of the leupeptin and pepstatin protease inhibitors. A 00/b-40% ammonium sulfate fraction was dialyzed
exhaustively and the RNAase E activity was purified by
chromatography
on S-Sepharose,
hydroxylapatite,
and
heparin agarose. The RNAase E apparently wasdegraded
during the dialysis step. It is noteworthy that the heparin
agarose fraction has a specific activity that is about 1 O-fold
higher than the HTfraction from the RNAase E preparation
described above, and that RNAase E* correctly processed
the 9S, 9Sa, gene 32, and ompA substrates (data not
shown). Analysis of the heparin agarose fraction by Western blotting showed that the 73 and 89 kd polypeptides
(marked on the right of Figure 8) are degradation products
of the 180 kd polypeptide and that intact 180 kd polypeptide could not be detected in this preparation (Mudd and
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Figure 6. Sedimentation
of a Degraded Form of RNAaae E on a Glycerol Gradient
A preparation of enzyme from the wild-type strain that was degraded
during purification
(see text) was analyzed as in Figure 6. Lanes
4-17, gradient fractions, and lane i, input protein. RNAaae E activity
(RNAase E’) was detected in a sharp peak in fractions 12-15. Two
polypeptides
of 73 and 69 kd, which are degradation products of the
160 kd me polypeptide,
are marked to the right.

Higgins, 1993). It is not clear whether these fragments are
derived from one region of the me gene product and have
slightly heterogeneous ends, or whether they are from different regions. RNAase E’ sedimented as a sharp peak in
fractions 12-15 and the 73 and 89 kd polypeptides tracked
with the activity. The sedimentation coefficient of RNAase
E’ was about 7.5s and the apparent native molecular
mass was about 150 kd. The 85,50, and 48 kd polypeptides that copurified with the intact RNAase E-PNPase
complex were not detected and there was no PNPase
activity. These results show that proteolysis of the me
gene product during purification can disrupt the RNAase
E-PNPase protein complex.
Discussion
E. coli RNAase E initially was purified about 130-fold by
chromatography
and subsequently to near homogeneity
by centrifugation on glycerol gradients. PNPase copurifies
and cosediments with RNAase E, suggesting that these
enzymes are part of a protein complex. RNAase E was also
purified from the me temperature-sensitive
strain. Heat
treatment of the mutant enzyme inactivates RNAase E
and leads to the aggregation of the RNAase E-PNPase
complex. A comparable treatment of the wild-type enzyme
had no effect on RNAase E activity or the protein complex.
The highly purified RNAase E-PNPase complex contains
four polypeptides of 180, 85, 50, and 48 kd. The 180 kd
polypeptide was shown to be encoded by the E. coli me
gene by Western blotting. Limited proteolysis experiments
showed that the 85 kd polypeptide is the PNPase a (catalytic) subunit and the 48 kd polypeptide is the PNPase p
subunit.
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PNPase are specifically associated was further supported
by an immunoprecipitation
experiment in which antibodies
against the me gene product coprecipitated the 180, 85,
50, and 48 kd polypeptides.
RNAase E is very sensitive to proteolysis during purification. We prepared and analyzed a degraded form of the
enzyme (RNAase E l ) that contained 73 and 89 kd polypeptides. Both polypeptides are proteolytic fragments of the
180 kd me gene product. Glycerol gradient sedimentation
revealed that RNAase E* was significantly smaller than
the RNAase E-PNPase protein complex and showed that
RNAase E’ was not associated with PNPase. These results show that proteolysis of the me gene product can
disrupt the RNAase E-PNPase complex and suggest that
the RNAase E catalytic site is located in a domain of the
me protein. It is important to note that RNAase E* is a
very active endonuclease that has the same specificity as
intact RNAase E.
Recently, a temperature-sensitive
mutation in GroEL,
which encodes the E. coli Hsp60 chaperonin, was shown
to affect RNAase E activity in vivo and an RNAase E-like
activity, which was associated with GroEL, was purified
(Sohlberg et al., 1993). The 180 kd product of themegene
was not detected, although minor polypeptides of various
sizes were present in the preparation. While the results
presented here are not pertinent to the possibility that
RNAase E and GroEL interact in vivo (e.g., folding of
RNAase E to its active form), it is clear that our highly
purified RNAase E does not contain GroEL. Processing
of the E. coli ompA mRNA leader in vivo previously was
shown to depend on me gene function (Lundberg et al.,
1990; Melefors and von Gabain, 1991). These cleavages
were attributed to RNAase K. During our purification, there
was no indication that the activity that correctly processes
5s ribosomal RNA and gene 32 mRNA could be separated
from the activity that cleaves the 5’ leader of the ompA
mRNA. We believe that RNAase K, which had an apparent
molecular mass of about 80 kd, is a proteolysis product
of RNAase E.
The me gene encodes a large protein of 1025 amino
acids (CasarBgola et al. 1992). The protein has a potential
membrane-spanning
sequence near its amino terminus.
The fact that detergent and high salt is required for eff icient
solubilization of RNAase E, as well as for maintenance of
its stability during purification, also suggests that RNAase
E could be membrane associated. Our analysis of a degraded form of RNAase E suggests that proteolysis can
liberate a domain of the me gene product that contains
the RNAase E catalytic site. What is the function of the
rest of the protein? The possibilities include the regulation
of RNAase E activity and the interaction of RNAase E with
PNPase or other nucleases. In the future, it should be
possible to address this question either by dissecting the
me gene product using in vitro proteolysis or by constructing plasmids that express different portions of the
gene.
The observation that RNAase E and PNPase specifically
associate to form a protein complex is intriguing. In E. coli
extracts, PNPase accounts for about 10% of the activity
that degrades RNA to mononucleotides
(Deutscher and

Reuven, 1991). The physical association of RNAase E,
an endonuclease, with PNPase, a phosphorolytic 3’ exonuclease, suggests that the two activities may act in a
concerted fashion during the processing and degradation
of an RNA. One possibility, based on the distribution of
the enzymes in our glycerol gradient analysis, is that
RNAase E and PNPase cycle between free and associated
states. RNA degradation could be initiated by the binding
of a RNAase E-PNPase complex to the substrate. Then
RNAase E makes an endocleavage and the newly formed
RNA S’end is directly attacked by PNPase. Thus, the RNAase E-PNPase association would eliminate a slow step
in which a free PNPase molecule would have to find the
3’end. During the exonuclease step, it is conceivable that
RNAase E could be released from the complex. This would
allow the RNAase E to associate with a free PNPase molecule and start the next cycle. It is also plausible that the
enzymes remain associated throughout the process. In
the future, it will be interesting to test various models of
how RNAase E and PNPase interact in the processing
and degradation of messenger RNA.
Experimental

Procedures

ANAaee E Purification
Wild-type
and me-3071
strains
were constructed
by phage Plmediated transduction
using the zce728::TNlO
marker (Mudd et al..
1990b). Several lab strains
were transduced.
Pilot experiments
showed that derivatives
of E. coli MC1061 grew well in large cultures
and yielded acceptable
starting material for the RNAase E purification.
The wild-type (AC21) and me-3071 (AC22) derivatives
of MC1 061 used
in this work are isogenic with the previously
constructed
strains,
CHlS26 and CH1827 (Mudd et al., 1990b). Cultures (22 I) were grown
at 30°C with vigorous aeration to an OfI,
of about 7 (late log). The
medium was 5 g/l yeast extract, 6 @I byptone,
17.4 g/l )<2HPO,, 6.6
g/l KHzPO,, 8 g/l glucose, 1 mM MgSO,, 0.1 mM CaC12, and several
drops of antifoam 289 (Sigma). The cells were collected in a Sharples
centrifuge and washed as described
(Misra and Apirion, 1979). The
cell paste was frozen, in thin sheets, at -7OOC.
The following buffers were prepared immediately before use. Lysozyme-EDTA
buffer: 50 mM Tris-HCI
(pH 7.5). 100 mM NaCI, 5% glycerol, 3 mM EDTA, 1 mM DlT, 1.5 mg/ml lysozyme
(Sigma), 1 mM
PMSF. DNAase-Triton
buffer: 50mM Tris-HCl(pH
7.5), 1OOmM NaCI,
5% glycerol, 1 mM DlT, 30 mM magnesium acetate, 3% Triton X-t 00,
1 mM PMSF, 20 pg/ml DNAase I (Fluka). Buffer A: 10 mM Tris-HCI
(pH 7.5), 5% glycerol, 0.5% Genapol X@O (Fluka), 1 mM EDTA, 0.1
mM DlT, 0.1 mM PMSF. Each of the above buffers also contained
2 uglml aprotinin, 0.8 @ml leupeptin, and 0.8 pg/ml pepstatin A.
Concentrated
stocks of protease inhibitors (Fluka) were prepared as
follows: aprotinin, 2 mglml in water; leupeptin, 0.8 mg/ml in water;
pepstatin A, 0.8 mg/ml in methanol; and PMSF, 0.1 M in propanol.
All steps in the purification
were performed
between O°C to 8OC.
Frozen cell paste (160 g) was broken into small pieces and added to
160 ml of room temperature
lysozyme-EDTA
buffer. A suspension
was prepared in a Waring blender by two 1 min pulses at low speed,
and then 1 min at high speed. The suspension
was placed in an ice
bath and blended at high speed for 1 min after 10 and 20 min of
incubation.
After 40 min of incubation,
80 ml of room temperature
DNAase-Triton
buffer was added and the suspension
was blended
at low speed for 1 min. The lysate was incubated for another 30 min,
and then 60 ml of 5 M NH&I was added slowly with stirring. The lysate
was stirred for another 30 min then clarified in a Sorvall GSA rotor for
60 min at 13,000 rpm. A high speed supernatant
was prepared by
centrifugation
in a Beckman Ti60 rotor at 46,000 rpm for 2 hr. The
supernatant
was precipitated with ammonium sulfate (40% saturation)
and the pellets were suspended
in 160 ml of buffer A containing
50
mM NaCI, 1 mM DTT, and 1 mM PMSF (AP fraction).
A 16 x 100 mm S-Sepharose
column was equilibrated
with buffer
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A containing
50 mM NaCI. The AP fraction was applied at 54 ml/hr,
and then the column was washed with the equilibration
buffer. The
column was washed further with buffer A containing
300 mM NaCI.
The flow rate was then reduced to 27 ml/hr and the RNAase E was
eluted with buffer A containing 1 M NaCl and 1% Genapol X-060. The
peak fractions
from this step were pooled based on the A, profile
(SS fraction). A 10 x 25 mm hydroxyfapatite
column was equilibrated
with buffer A containing
1 M NaCl and 1% Genapol X-060. The SS
fraction was applied at 11 mllhr, and then the column was washed
with the equilibration
buffer. The flow rate was reduced to 2.7 mllhr
and the RNAase E was eluted with a 30 ml linear phosphate
gradient:
buffer A containing
1 M NaCl and 1% Genapol X-060 versus buffer
A containing
250 mM sodium phosphate
(pH 7.3) and 1% Genapol
X-060. RNAase E eluted at about 106 mM sodium phosphate. Samples
from each fraction of the preparation
were stored at -7OOC. These
stocks could be thawed and frozen repeatedly with no apparent loss
of RNAase E activity.
RNAaw
E Assey
DNA templates for RNA synthesis
by T7 RNA polymerase
were made
by PCR as described
(Ehretsmann
et al., 1992a). pKK233-2
(Amann
and Brosius, 1965) was used to make the 9S and 9Sa substrates;
pRD87 (Freud1 et al., 1965) to make the ompA substrate and bacteriophage T4D+ DNA to make the gene 32 substrate.
The ompA substrate,
OA161, extends from the natural 5’end of the transcript to nucleotide
161 in the coding sequence.
The gene 32 substrate,
L166, extends
from the natural 6’ end of the late transcript
to nucleotide
166 in the
coding sequence.
Uniformly
labeled RNA was synthesized
using
[~I~P]UTP diluted to a specific activity of 2 Cilmmole. 5’ end-labeled
RNAs were synthesized
in two steps. Transcripts
were made using
an ApG primer, and then labeled with [ySP]ATP and T4 polynucleotide
kinase. The RNA substrates
were purified by denaturing
gel electrophoresis. The bands were excised from the gel and crushed in 0.4 ml
of an extraction
buffer that contained 50 mM Tris-HCI
(pH 7.5) 0.5%
SDS, 5 mM EDTA, and 40 ug of carrier yeast RNA. The substrates
were eluted at 42OC, filtered to remove the acrylamidefragments,
twice
phenol extracted,
twice ethanol precipitated,
and then suspended
in
100 pl of 10 mM Tris-HCI
(pH 7.5). 1 mM EDTA. and 10 mM NaCI.
Ethanol (70 ul) was added and the RNA was stored as a suspension
at -2OOC. Unlabeled L166 and OA161 substrates
for primer extension
experiments
also were gel purified. A parallel lane containing radioactive substrate
was included to locate the unlabeled substrate.
Radioactive
substrate
(10.000 to 25,000 dpm) and 2 ug of carrier
yeast RNA were dried, and then suspended
in 6 pl of 10 mM TrisHCI (pH 7.5) 5 mM MgC12. RNAase E was diluted in a buffer containing
10 mM Tris-HCI
(pH 7.5) 500 mM NaCI, 5% glycerol, 0.5% Triton
X-l 00, 1 mM EDTA, and 1 mM DlT. Enzyme (2 ul) was added to the
substrate and the reaction was incubated at 30°C. The reaction was
stopped by the addition of 10 pl of 10 mM Tris-HCI
(pH 7.5) 10 mM
EDTA. 0.2% SDS, and 0.1 mg/ml proteinase
K, and then incubated
for 10 min at 50°C. Twenty microliters of 72% formamide,
4 M urea,
20 mM EDTA, 0.1% xylene cyanol, and 0.1% bromophenol
blue was
added and the samples were heated at 65OC for 5 min. The RNA was
separated by electrophoresis
on denaturing
acrytamide
gels (9%. 30:
0.6; 7 M urea; 1 x TEE). For time courses, the reaction volume was
scaled up and, at various intervals, 10 pl of the reaction was removed
and treated as described
above.
RNAase E cleavages
in the L166 and OAl61 substrates
were
mapped by primer extension.
Unlabeled substrate (0.1 ug) was incubated with RNAase E in a 10 ul reaction as described above, and then
30 pl of cold water containing 50 ug of carrier yeast RNA was added
and the reaction was quenched
on ice. The samples were heated at
50°C to inactivate the RNAase E and 4 pl was analyzed essentially
as described
(Ehretsmann
et al., 1992a).

Glycerol
Gradient
Centrffugetlon
The HT fraction was diluted 4-fold into buffer A and 206 ul was layered
on a 10%~30%
glycerol gradient containing
buffer A and 300 mM
NaCI. Centrifugation
was in a Beckman SW60 rotor at 50,000 rpm at
4OC for 6 hr. The gradients were wllected
from the bottom (16 fractions). A parallel gradient was calibrated
with ovalbumin
(3.6S, 45
kd), bovine serum albumin (4.3s. 67 kd), aldolase (7.4S, 156 kd), and
catalase (11.3.B 240 kd). In Figure 6B, the RNAase E and PNPase

activity was quantitated
by scanning
autoradiograms
that were exposed without screen (Shimadzu Dual-Wavelength
Flying-Spot Scanner CS-9000). The 5’la product of the 9Sa substrate
and the UDP
product of the L166 substrate
were used to determine
the level of
RNAase E and PNPase activity. The integrated peak areas were normalized and plotted as arbitrary units of activity. In these assays, the
substrate
was only partially digested. Thus, the peak areas are expected to give a reasonable
estimate of the relative activity in each
fraction.

Immunoprsclpltetion
RNAase E was immunoprecipitated
using 2 ul of anti-hmpl
serum
(Casaregola
et al., 1992). Buffer A containing 300 mM NaCl was used
throughout
and the temperature
was 4OC. In Figure 7A, the wild-type
AP fraction was diluted to 1.2 mglml and PNPase to 0.4 mglml. The
antiserum
was then added to 0.4 ml of protein and incubated for 2
hr. Protein A beads (Pharmacia)
were added and the reaction was
incubated
for another hour with agitation. The beads were washed
three times, and then boiled for 2 min in SDS-PAGE
sample buffer.
In Figure 7D, S6S-labeled protein was immunoprecipitated.
In brief, the
radiolabeled
protein was prepared by a modification of the large scale
RNAase E preparation.
A 100 ml culture of E. wli BE in M9 medium
was labeled with 1 mCi of P?S]methionine
for 15 min. The cells were
washed, and then lysed by suspension
in lysozyme-EDTA
(3 pl per
mg cell) and one or two freeze-thaw
steps. The lysate was treated
with DNAase I and Triton X-100 (1.5 ul per mg cell; DNAase-Triton
buffer wntaining
30 &ml
DNAase I and 0.6% Triton X-100); then
ammonium chloride (1 .125 ul of 5 M per mg cell). A 30,000 x g supernatant was prepared by centrifugation
in a Beckman TlA-100.2
for
30 min at 26,ooO rpm then a 200,006 x g supernatant
in the same
rotor for 30 min at 66,000 rpm. The 200,000
x g supernatant
was
ammonium sulfate precipitated
(40%) and RNAase E was further purified on a 0.4 ml SP-Sepharose
column. The immunoprecipitation
of
the “S-fabeled
protein was the same as described
above, except that
1 x l@ cpm from the SP-Sepharose
fraction was diluted into buffer
containing
1 mg/ml bovine serum albumin. The control serum (obtained from Y. Adachi) was from a rabbit that had not been immunized.
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