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ABSTRACT induced by overexpression of one gene is suppressed by increase
expression of the othet%,16).

The ratio of the FtsZ to FtsA proteins determines the This work reports the characterization of RNase E cleavage

correct initiation of cell division in Escherichia coli .  sites affecting the decayftéAanditsZmRNAs. We propose that

The genes for these proteins are contiguous on the RNase E contributes to the differential expressidtsaiversus

chromosome. Although both genes are transcribed ftsA (and also possiblffsQ).

from common promoters, the presence of  ftsZ-specific

promoters, along with differences in the efficiency of MATERIALS AND METHODS

translation of their respective mRNAs, contribute to , . .
the increased relative expression of  ftsZ. We report ~ Bacterial strains and plasmids

here that the polycistronic  ftsA—ftsZ transcripts are Experiments were carried out with isogenic strains N3431
cleaved by RNase E and that this cleavage affects the (me30719 and N3433rfie*) (17) transformed with pZAQJ),
decay of ftsA and ftsZ mRNA. As a consequence of the a pBR322 plasmid derivative in whifteQ—ftsA—ftsZegion was
cleavage, RNase E also contributes to the differential cloned (Fig1). Without this high copy plasmid, transcription of
expression of the two genes. the chromosomal copy of the operon was too low to obtain a

primer extension signal.
pKC107 is the pGEM2 plasmid (from Promega Corp.) on
INTRODUCTION which thePst—Clal fragment from pZAQ containinigsQ—ftsA—ftsZ
genes has been cloned betweenPteand Sma sites. In this

Cell division inEscherichia colrequires the products of several ¢, ngirction, all three genes can be jointly transcribed from the
essential genes. The data obtained from many laboratories pQJatiqr T7 promoter.

to ftsZas a gene playing a central role in this procBs#t$Z is

the target of all the known endogenous cell division inhibi&ys ( RN

and changing its level of expression affects the position of the

septa, the frequency and the timing of divisierb}. GeneftsZ  Cells were grown at 3Z in Luria broth supplemented with

is located at 2 min on the genome, in a cluster that includes getetsacycline (1g/ml), and shifted to 4% for 10 min to inactivate

involved in both cell division and in peptidoglycan synthesisRNase E. Then, as required, rifampicin was added atd/&t.

Expression oftsZis inversely correlated with growth rate so thatRNA was extracted as described by Sarmiegitat (18). In the

the quantity of the protein is nearly constéit This result lead experiments shown in Figur&and6, samples were further

to the notion that a fixed number of FtsZ molecules is required ftnreated with DNase I, although we found that this treatment does

cell division. However, this idea has been challenged ( not alter the results. Primer extension and quantitative S1
Immediately upstream frorfisZ lie two other cell division protection experiments were performed as described byeCalm

genesftsQ andftsA (Fig. 1). The abundance of the three geng(19) and Theiseret al. (20) respectively. The oligonucleotides

products in the cell 825 molecules of Fts@), 200 of FtsA¢)  used to identify RNase E cleavage sites wef@@EAAGAAT-

and 5000—-20 000 of FtsZE11). Six promoters were reported TCAACACCTTCAATGC (PE1) and 'S55AGTCGCTTGATCC-

(6), which account for 50-80% dfsZ mRNA (12,13). No ACGAGCC (PE2). They are complementary to the beginning of

transcription terminator has been identified in the regiorftsZand the end disArespectively. The two oligomers used in

Mukherjee and Donachie reported tftaZ is translated more the S1 protection experiments were complementary to the coding

efficiently thanftsA which in turn is translated more efficiently region near the'®nd of eitheftsAor ftsZ, except for the 9 and

thanftsQ(14). The difference in the level of transcription of eact8 nt at the 3end respectivelftsAandftsZoligomers were 60 and

gene and in the efficiency of translation of the mRNAs could3 nt long respectively and their sequences alBCECCTAC-

explain the substantial differences observed in the expressionTéfAAGCGGCAACCTTCGCGGTACCAATCTCCAGTCCT-

the three genes. At least for FtsA and FtsZ, the molar ratio ACLTACCTCAAAAGAC (SE2)and 5ATTTGAATCGTCTGT-

important for cell division to occur correctly, since filamentatiolCCAACCGCTGTTTTACGCAGACAAACAC (SEL).

A preparation and analysis
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Figure 1.Location of RNase E cleavage sites. The top of the figure presents the genetic organizatidiHis#region. The fragment cloned in the pZAQ plasmid

is shown. The twétsQand the fouftsZ promoters tentatively identified by S1 protection experimerddliandftsAgenes respectively are indicated (6), as well as

the probes (PE1, PE2, SE1 and SE2) described in Materials and Methods. The bottom of the figure presents the sequence around the RNase E cleavage sites.
—10 boxes are those proposedff&r1ppromoter sequence (6). Underlinedfts& gene TAA stop codon aridZ gene ATG start codon. Inverted arrows indicate
potential stem—loop structures. E1, E2, E3 shown above the sequence are the cleavage sitan ideatifidte experiment of Figure 2, while E1, E3, E4, E5 shown

below are those identifigd vitro.

Both oligomers were mixed with a molar ratio of 1:1, ther
labeled at their'=end, hybridized overnight at 40 with cellular
RNA and digested with S1 nuclease for 90 min &C3®ignals
in the gels were quantitated with a Phosphor-Imager.

In order to normalize the results of the S1 protectiot
experiment, in the experiment shown in Fighjrthe mixture of
oligomers was also used to protect RNA synthegirétto with
T7 RNA polymerase, using as template pKC107 plasmid linearizt
by BsEIll enzyme, which makes a unique cleavage at'tbad
of ftsZcoding sequence.

In vitro cleavage by RNase E

Reactions with purified RNase E enzyme were performe
according to Carpousig al.(21). Inactivation of mutant RNase E
was achieved by heating the enzyme acAf®r 10 min. Purified
RNA (1pg) synthesizenh vitro from pKC107 as described above
was used as substrate in aull@action. One tenth of this reaction
was analyzed by primer extension.

RESULTS
ftsZ1p mRNA is an RNase E-dependent cleavage product

By S1 mapping analysist), six major 5 ends had been
previously identified in the 3 kb region upstrefisZ (Fig. 1).
Two are located upstream $Q in theddl coding sequence
(ftsQ1p ftsQ2p while four are in thdtsA coding sequence
(ftsZ1p ftsz2p ftsz3p ftsZ4p. However none of thesé &nds
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Figure 2. Identification of RNase E cleavage sitesvivo. Primer extension
analysis was performed on RNA from wild-type amelstrains grown at 32

and shifted at 43 for 10 min. A) Extension reactions using PE2) Extension
reactions using PE1. E1, E2 (A) and E3 (B) indicate the RNase E cleavage sites.
The B8 end generated by thitsZ2p promoter is also shown. The same

were located at an appropriate distance from a sequence Wiliyonucleotides were used to make the pZAQ sequence ladders shown (G, A,

strong homology to the canoniceP promoter sequence, raising

C, T, C+T).
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Figure 3.ldentification of RNase E cleavage sitesitro. Purified wild-type (E+) or thermolabile mutant (Ets) RNase E enzymes were used. The enzymes were addec
directly to the reactions (lanes E+ and Ets), or previously heatetiGf@310 min [lanes E+(43 and Ets(43)]. In one instance no enzyme was added (lane -).
Reactions were done at3D. Primer extension analysis was performed on RNase E digestion products genertitedA) Extension reactions using PE2.

(B) Extension reactions using PE1. E1 (A) and E3, E4, E5 (B) indicate the RNase E cleavage sites. The same oligonucleotides were used to generate the pZAQ se

ladders shown (G, A, T, C).

the possibility that some of the RNA species detected by the $42,23). It is worth noting that a significant stem—loop structure
protection experiment might be products of endonucleolyti@AG = —12.7 kcal) is found downstream from that sequencelfFig.
cleavages. Examination of the sequence suggested a potential

RNase E cleavage site at the RNAeBd attributed to promoter In vitro cleavage by RNase E

ftsZ1p(Fig. 1). Such cleavage sites occur within an A-U-rich ) -

sequence that is frequently followed by a stem—loop structul%\‘order to confirm that the cuts obserwedivoare caused by
(22-24) ase E, and not by another endonucleolytic activigy, (

To détermine whethétsZ1pmRNA is a product of RNase E ftsA—ftsZRNA synthesizedn vitro W|th_T7 RNA polymerase
cleavage, RNA was extracted from isogenic wild-typeraegs) oM PKC107 template (see Materials and Methods) was
strains carryingftsQAZ plasmid pZAQ (see Materials and incubated with pu_r|f|ed_ wild-type or temperature-sensitive
Methods), and then analyzed by primer extension with prim&as€ E41). The digestion products were analyzed by primer
PE2. In the wild-type background (FRA), two closely spaced extension. As shown in FiguBethe E1 and E3 sites were cleaved
5 eﬁds were detegted Elgand E2 In.rtiu{ts) back )r/oupnd at in vitro by RNase E, but not by the thermolabile enzyme that was
43°C neither of these, RNA speciés was observ%d oAy heat-inactivated. This result confirms tli@Z mRNA is pro-
indicating that thesé Bnds are generated by RNase E—dependef‘rir;f';f]z?%nz \éli\t/g V?/ggﬁ'g?i%g\/g&/ﬁ:gssﬁl 22;?”5;"'1;? tﬁgntrrgghctthe
cleavages and not by transcription initiatinfysat1p In contrast, observedn Vivo is not directl dué toglgNasegE but topanother
RNA species attributed to the activitiedteQ1p ftsQ2p ftsZ4p | h | y his si o -
ftsZ3p ftsZ2ppromoters were detected in both backgrounds (dafi' eaﬁe Whose ¢ ealvage at this site fqu'“?s R&\labse E activity.
not shown, except fdtsZ2p Fig. 2A). The more efficiently cut inW\?iv%t ergglt?\/s;ylzrsiﬁgy%%(; Sgis I\?(/airfugt 3?5\{[?e§m L:)tfr;ﬁte E3
E1 cleavage site GAUUA resembles most RNase E sited)Fig. .. " . P ; ;
whereas weaker E2 site diverges from these sites with the GUE, " [ISA coding sequence and a strong site, ES, is at the
occurring between G and C nucleotides (see below). SuchP§dinning oftsZcoding sequence. Itis conceivable that efficient
situation with a minor RNase E-dependent cleavage site next'?oV'VOtranSIat'on oft_sZ|nh|b Its cleav_age at EdQ). Alternative-

a major site, has been reported for T4 phage trans@ipts (> he differences in cleavage efficiency may result from the
' digestion conditions employed for the purified enzyme.

ftsA—ftsZintergenic sequence is also cleaved by RNase E  The ratio of ftsA to ftsZ mMRNA is affected by RNase E

Analysis offtsZ mRNA with primer PE1 complementary to the In primer extension experiments, accumulation of high molecular
ftsZcoding sequence revealed another RNase E-dependent RRNA species in thene(ts)strain at non-permissive temperature
species whos€ &nd, E3, is 1 nt downstream from fle\stop was observed, suggesting that RNase E cleavage affects the
codon (Fig2B). The sequence AAU/UU where cleavage occurintegrity of ftsQ—-ftsSAMRNA (data not shown). To confirm this
conforms to the RNase E five-base A—U-rich consensus sequentservation, the abundancdtsAanditsZmRNAs was analyzed
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Figure 4.Quantitation of relativiisA/ftsZnRNA level by S1 protection. RNAs

were prepared from wild-type antk strains grown at 3Z, or after a shift at
43°C for 10 minftsAandftsZprobes SE1 and SE2 were labeled at theinds

in the same reaction. T7pol.RNA lane: probe mixture annealed with T7
polymerase RNA mada vitro and digested with S1 nuclease. ? '

=33 figF
by S1 protection analysis in tlee" and rne(ts) strains (see ‘ | “ ' '. ' ".. ‘ £

=== fisd

Materials and Methods). Figufeshows that the ratio dfsA
MRNA toftsZmRNA increases in thee(ts)strain at non-permiss-
ive temperature. This data had to be corrected for differential N _
hybrid stability since a label ratio of 3.2 was obtained when thé'gdure 5£Mf%SL)"etm¢”t deAa”dfiSSZ{C“RNA St?]*?f':'té?t 4:% V‘A"f'td'tyl%e oy

: - P N and mutantrgie) strains grown a were shifted to 4. After 10 min,
same pmb e m.IXture was hyb”dlzed withianvitro ftsA fts.Z rifampicin (150ug/ml) was added and samples were taken for RNA extraction
mMRNA synthesized from a T7 promoter (Mgmd_see Materials  4t0, 2, 4, 8 and 16 min. The samples were analyzed by S1 protédtishe(
and Methods). After this normalization, the ratiofisAto ftsZ amount of protection products relative to the 0 min time sample is plotted as a
were 1.25 in therne strain at non permissive temperature functiqn of the time after rifampicin addition. The values are the average of two
compared with 0.25 in wild-type background. At permissiveeXpet:'Te”éSB Values fd‘ZA a”dﬁszlpmd“ds_'”lth?”ﬁ baﬁggrour‘g o und

. . mbolized by a cross and a rectangle respectively; in the wild-type backgroun

temperature, these ratios were 0.4 versus 0.2 respective a dash and a triangle respectiveB). Raw data from one experiment is
Therefore RNase E decreases the relative abundarnit®Aof presented. Lane P contains the undigested probes mixture.

MRNA toftsZmRNA by a factor of b.

RNase E activity affects the stability oftsA and ftsZ previous one. A similar increase was observeas(ts)strain for
transcripts ftsSAmRNA. But, in contrast, no accumulatiorftsZoccurred in

therne(ts)strain shifted to 43C. Since this difference is specific
The simplest explanation for the decrease oft$id¢o ftsZratio  for therne(ts)strain, we conclude that RNase E affects the mRNA
when RNase E is active is that cleavage at E1 and E3 sites mafke4 to ftsZ ratio by another mechanism, independent from its
ftsA mRNA preferentially susceptible to degradation by3  effect on transcript stability. After the correction is made for
exonucleases. To test this hypothesis, the chemical half-livestgforid differential stability these results indicate that imniés)
ftsAandftsZ5' regions were measured. As shown in Figutee  background at 4%, the absolute amounts fi6Z and ftsA
half-life for both mRNA species at 2@ was 4 min imne* strain  transcripts become nearly identical.
and >16 min in the RNase E-deficient strain. Thus RNase E
cleavage equivalently affects the stability of both the upstreafyscyssion
and downstream transcripts. Thus, the variation in the relative
abundance ditsAandftsZ mRNA is not the mere consequenceln many bacterial species, includifthemophilus influenzae
of their differential mMRNA stability. Nevertheless, 10 min afteBacillus subtiliandE.coli, the genefisAandftsZare contiguous
the shift to 43C, the amount disZmRNA in therne strain was  within a cell division operon, witfisZ just downstream dfsA
two to four times lower than ime* strain (Figs4 and5),  Aratio of FtsZ to FtsA between 50 and 100 is necessary for correct
indicating that an event takes place between 0 and 10 min whiodll division to occur irE.coli (15,16). Various mechanisms have
leads to decrease the amounfts mRNA. In order to analyze been proposed to account for this protein ratio: greater transcription
this phenomenon further, the amourft@handitsZmRNA were  of ftsZ due toftsZspecific promoters6(12) or more efficient
determined immediately after the shift t6®@3 Figure6 shows translation oftsZversudtsA (14). In this study, we report that a
the variations of the amounts of transcripts relative to thoghird mechanism also contributes to the different levels of
present at the time of the temperature shift. In the wild-type straiexpression disAto ftsZ.We have identified two RNase E cleavage
the levels oftsAandftsZmRNA increased after the temperaturesitesin vivo andin vitro, one inftsAcoding region, E1, and one
shift and reached a steady-state level three times higher thaniththeftsA—ftsZintergenic region, E3. The site witHisAcoding
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QmRNA to be complex and indirect. We observed that wheneirstrain
. is shifted to 43C, the relative amount iEAandftsZtranscripts
increases within 20 min by a factor of approximately threeJig.
This increase cannot be explained by a change in the copy number
of the ftsQAZplasmid used in our experiments since pBR322
derivatives are insensitive to a temperature shift from 35°0 43
(30). Our preliminary results indicate that some promoters
contributing toftsAZ expression are involved. When ran(ts)
LT strain is shifted to the non-permissive temperature, the amount of
ftsz (wt) ftsSAMRNA (relative to total RNA) increases approximately three
times within 20 min (Fig6). Such an increase can be entirely
accounted for by a changeftd AmMRNA half-life from 4 to
>16 min, suggesting that no transcriptional activatiorfitszf
occurs in the RNase E-defective context. The situation is different
for ftsZtranscripts, whose level does not increase despite greater
stability, suggesting decreased transcription. This decrease does
S - L . ftsZ3p or ftsZ4p located withinftsA since primer extension
experiments have indicated that the activity of these promoters is
N e e e e e, unaffected when RNase E is inactivated (data not shown)_ The
same experiments suggest that transcripts initiating from these
promoters are not exceptionally unstable. Yet our results indicate
0.1 ! : ! : ; that the relative level disA/ftsZ5' region transcripts become
0 5 10 15 20 25 30 close to 1 in thene mutant at 43C (Fig.6, corrected for probe
efficiency). Therefore our current hypothesis is that lack of
RNase E processing creates a situation, that brings about
premature transcriptional termination before transcription from
Figure 6. Accumulation offtsAandftsZmRNA at 43 C. Wild-type v) and ftsZ2p, ftsZ3pr ftsZ4preachestsZ.
mutant (ne) strains grown at 3T were shifted to £, then samples were Our results indicating that the ratioftfAto ftsZ mRNA in a
taken for RNA preparation at 0, 3, 6, 9, 18 and 25 min. The RNA samples weryild-type strain grown at 3Z is [0.25 concern exclusively
Sgﬂgztﬁ(iﬁgti% E:T?éezcgfon;;h:a%fQi"\",teensgf\}’fstggcrg's‘? of the signal atd'ﬁere'?stelectgd segments located at therfils of the genes, and cannot
be easily extrapolated to functional transcripts. The protein ratio is
determined by the ratio of the full-lengtsA transcripts to the
full-length ftsZ transcripts ratio and this ratio may be much more
than 0.25.

ftsA {wt}

fisZ {rne)

min

region is located at the position where a proméistlp was

reviously thought to be preseri).(SinceftsZ1lp had been
gharacter%zed s?)lely on thpe basig (of s1 mapging imnah There is no direct evidence that the cleavages at E1 and E3 or

context, no evidence now persists for its existence. other RNase E-dependent processes affedtsdy or fisZ

As a result of RNase E cleavafieARNA is destabilized in the expression are important for the control of cell division. However
cell. The current model of MRNA degradation (seex@for a ~ Goldblum and Apirion7) reported that upon shifting ame(ts)

review) is that endonucleases generate a freed3vhich allows Mutant to the non-permissive temperature, cell division stops

RNA t0 be attacked by 3 5' exonuclease(s). In some instancedMmediately whereas mass increase slows down but does not halt
cleavages remove stem—loop structures which otherwise Woi 3 h. The arrest of cell division might be an indirect consequence
have impeded exonuclease action, a situation which might ap@ the mutation, or alternatively it might be a direct effect of
to ftsA mMRNA. Reports that RNase E is associated witld/ering the ratio oftsZto ftsAexpression.

polynucleotide phosphorylase (PNPase) suggests that PNPase

might be responsible of the degradation of the RNA after tifCKNOWLEDGEMENTS
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In any event, RNase E has a similar effect on the stability on both
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