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ABSTRACT: The Escherichia coli micF RNA is a prototype for a class of antisense RNAs encoded by 
genes at different loci from those that code for their target RNAs. RNAs in this class exhibit only partial 
complementarity to their targets. micF RNA binds to and regulates the stability of ompF mRNA in 
response to a variety of environmental stimuli. The secondary structures of micF RNA, ompF-213 mRNA 
(a segment containing the 213 nucleotides at the 5’-terminus of the target message), and the micF RNN 
0mpF-2 13 mRNA duplex were analyzed in vitro by partial digestion with structure-specific ribonucleases 
and chemical modification. Both micF W4A and ompF mRNA have single-stranded 5’-ends and contain 
stable stem-loop structures. Strong phylogenetic support for the proposed secondary structure for E. coli 
micF RNA is provided by a comparison of structural models derived from micF sequences from related 
bacteria. The micF RNNompF-213 mRNA duplex interaction appears to involve only a short segment 
of micF RNA. Unfolding of only one stem-loop of micF RNA and a minor stem-loop of ompF-213 
mRNA appears to be necessary to form the duplex. The probing data suggest that the Shine-Dalgarno 
sequence and AUG start codon of ompF mRNA, found in single-stranded regions in the free message, 
are base-paired to micF RNA in the RNAIRNA duplex. 

Small RNAs have been shown to participate in a wide 
variety of cellular processes, and many of these molecules 
are antisense RNAs which regulate gene expression and other 
physiological functions (Inouye & Delihas, 1988). Antisense 
RNAs affect the function of complementary target RNAs 
by binding to their targets [for a comprehensive review, see 
Simons (1993)l. One group of antisense RNAs are encoded 
by genes that are located in different regions of the 
chromosome from the genes that encode their targets, and 
these regulatory RNAs are only partially complementary to 
their target RNAs (Delihas, 1995). In prokaryotes, two such 
unlinked antisense RNA genes have been characterized, micF 
(Mizuno et al., 1983,1984; Andersen et al., 1987) and dicF 
(Tetart & Bouche, 1992). In eukaryotes, Zin-4 codes for two 
small RNAs that regulate the expression of the cell fate 
determinant, LIN-14 protein (Lee et al., 1993). The regula- 
tory RNAltarget RNA interactions of these trans-encoded 
antisense RNAs pose an interesting and challenging problem 
of duplex formation and structure. 

The micF gene codes for a 93 nucleotide RNA (Andersen 
et al., 1987) that posttranscriptionally regulates the expression 
of outer membrane protein F (OmpF) in Escherichia coli in 
response to temperature increase and a variety of other 
environmental stress conditions (Mizuno et al., 1984; Ander- 
sen et al., 1989; Ramani et al., 1994). The expression of 
micF is under the control of several regulons, and its 
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regulation is part of a global response to various environ- 
mental stimuli (Mizuno et al., 1984; Aiba et al., 1987; Misra 
& Reeves, 1987; Cohen et al., 1988; Coyer et al., 1990; 
Rosner et al., 1991; Chou et al., 1993; Gidrol & Farr, 1993). 
The micF gene has also been identified in several Gram- 
negative bacterial species (Esterling & Delihas, 1994; Hutsul 
& Worobec, 1994). Thus the role of micF RNA in global 
responses of cells to stress factors and its prevalence among 
various bacteria underscore the importance of this RNA in 
regulation. While the mechanism of action of micF RNA 
is unclear, the RNA binds stably to the 5’-end of ompF 
mRNA in vitro (Andersen & Delihas, 1990) and participates 
in the destabilization of the ompF message in vivo (Andersen 
et al., 1989). 

In this study, partial digestion by structure-specific ribo- 
nucleases (RNases)’ and chemical modification by nickel 
complex [2,12-dimethyl-2,7,11,17-tetraazabicyclo[ 11.3.11- 
heptadeca-1(17),2,11,13,15-pentaene]nickel(II) perchlorate 
(NiCR) (Chen et al., 1991, 1992, 1993) were employed to 
model the secondary structures of micF RNA, ompF-213 
mRNA (a 213 nucleotide 5’-end segment of ompF mRNA), 
and the micF RNAlompF-213 mRNA duplex. Both micF 
RNA and ompF mRNA have single-stranded 5’-ends and 
contain stable hairpin structures. The derived RNA/RNA 
duplex structure reveals an interaction between short seg- 
ments of the two RNAs. In addition, while the RNA/RNA 
duplex comprises an imperfectly hybridized region, the 
Shine-Dalgarno sequence and AUG start codon of the ompF 

’ Abbreviations: RNase, ribonuclease; PCR, polymerase chain 
reaction; Tris, tris(hydroxymethy1)aminomethane; DTT, dithiothreitol; 
EDTA, ethylenediaminetetraacetic acid; TBE, 50 mM Tris-borate (pH 
8.3) and 1 mM EDTA; SDS, sodium dodecyl sulfate; TMK buffer, 50 
mM Tris-HC1 (pH 7 3 ,  5 mM MgC12, and 25 mM KC1; NiCR, [2,- 
12-dimethyl-2,7,11,17-tetraazabicyclo[ 1 1.3.llheptadeca-l( 17),2,11,13,- 
15-pentaene]nickel(II) perchlorate. 
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message are base-paired to micF RNA. micF sequences 
from bacteria related to E. coli were compared, and the 
results show that the proposed secondary structure for micF 
RNA is phylogenetically conserved. 

Schmidt et al. 

MATERIALS AND METHODS 

Enzymes, Reagents, and Construction of Plasmid pUCT7- 
micF. Restriction enzymes, T4 polynucleotide kinase, calf 
intestinal alkaline phosphatase, and nucleotides were obtained 
from both Promega and Boehringer Mannheim. T4 RNA 
ligase was obtained from New England Biolabs. All RNases 
were obtained from Pharmacia LKB Biotechnology. NiCR 
was synthesized according to published procedures (Karn 
& Busch, 1966). Acrylamide and other chemicals were 
purchased from Sigma or Fisher. [Y-~~P]ATP was obtained 
from either NEN Research Products or ICN. [5'-32P]pCp 
was obtained from NEN Research Products. 

The micF gene was cloned upstream of a T7 promoter 
using the polymerase chain reaction (PCR) and conventional 
cloning techniques (Sambrook et al., 1989). The plasmid 
pKI0041 (Andersen et al., 1989), which contains the micF 
gene, was used as a template for the PCR reaction. PCR 
was performed using the GeneAmp Kit (Perkin Elmer) 
according to the instructions supplied by the manufacturer. 
The primers used were described previously (Andersen & 
Delihas, 1990). The PCR product was electrophoresed on 
a 1% agarose gel, excised from the gel, and recovered by 
electroelution. The fragment was further purified by phenol/ 
chloroform extraction and ethanol precipitation. 

The purified PCR-generated DNA was cloned into the 
Hind111 and EcoRI sites in the multiple cloning region of 
plasmid pUC19 (Yanisch-Perron et al., 1985). The resulting 
plasmid, pUCT7micF, allows runoff in vitro transcription 
of micF RNA after plasmid DNA has been digested with 
restriction enzyme DraI. 

In Vitro Transcription with T7 RNA Polymerase. To 
synthesize ompF-213 mRNA, plasmid pJANO11 (Andersen 
& Delihas, 1990) DNA was digested with BglII restriction 
endonuclease; for micF RNA, plasmid pUCT7micF (see 
above) DNA was digested with DraI restriction endonu- 
clease. The digestions were phenol/chloroform extracted 
twice and ethanol precipitated. In vitro transcription was 
performed for 3 h at 37 "C using digested template DNA, at 
a concentration of 50 nM for pJANO11 and 125 nM for 
pUCT7micF, in a mixture containing 40 mM tris(hydroxy- 
methy1)aminomethane (Tris)-HC1 (pH 8.1), 20 mM MgC12, 
1 mh4 spermidine, 5 mM dithiothreitol (DTT), 0.01% (v/v) 
Triton X-100, 4 mM each of ATP, CTP, GTP, and UTP, 
and 135 ng (40 units)/pL T7 RNA polymerase, which had 
been purified essentially as described previously (Grodberg 
& Dunn, 1988). The reaction volumes were 50pL. 

Transcription was terminated by the addition of 0.1 vol 
of 3 M KOAc, pH 7.5, and 2.25 vol of 95% ethanol. The 
precipitated RNA was denatured by heating at 50 "C for 5 
min in denaturing loading buffer [7 M urea, 5 mM Tris- 
borate (pH 8.3) and 1 mM ethylenediaminetetraacetic acid 
(EDTA)] and purified by gel electrophoresis on a 12% 
polyacrylamide gel containing 7 M urea in [50 mM Tris- 
borate (pH 8.3) and 1 mM EDTA (TBE)]. The RNA bands 
were visualized by UV shadowing and excised from the gel, 
and the RNA was eluted from the gel by vigorous shaking 
at 37 "C overnight in 400 p L  of elution buffer [ O S  M N&- 

OAc (pH 7 3 ,  10 mM Mg(OAc)z, 0.1% sodium dodecyl 
sulfate (SDS), and 1 mM EDTA]. The eluted RNAs were 
then ethanol precipitated, dried, and redissolved in sterile 
double-deionized water. 

32P End Labeling of RNAs. RNA was either 5' labeled 
with [Y-~~PIATP using polynucleotide kinase following 
treatment with alkaline phosphatase (Donis-Keller et al., 
1977) or 3' labeled with [5'-32P]pCp using T4 RNA ligase 
(England & Uhlenbeck, 1978). Labeled RNA was isolated 
by electrophoresis on a 12% polyacrylamide gel containing 
7 M urea in TBE. Labeled RNA was excised from the gel 
using an autoradiogram as a template, and the RNA was 
eluted by shaking the gel slice vigorously overnight at 37 
"C in 400 p L  of elution buffer containing 10 pg of carrier 
RNA (purified 5s RNA from wheat germ). The labeled 
RNA was subsequently ethanol precipitated, dried, and 
resuspended in double deionized water. 

Renaturation of ompF-213 mRNA and micF RNA and 
Formation of the R " A  Duplex. 32P-end-labeled RNAs 
were renatured by heating to 55 "C for 5 min in TMK buffer 

The RNA was then allowed to cool slowly (about 1 "C/min) 
to room temperature before being placed on ice. An 
alternative renaturation method was also used: RNAs were 
incubated in TMK buffer for 30 min at 37 "C and 
subsequently placed on ice. For the nickel reactions, labeled 
RNA was renatured in either 10 mM Tris-HC1 (pH 7.5) and 
0.5 mM MgC12 or 10 mM Tris-HC1 (pH 7.0), 5 mM MgCl2, 
and 25 mM KC1 (the nickel reagent is sensitive to the 
presence of Mg2+ at pH 7.5 and more tolerant of this ion at 
pH 7.0). To form the RNA/RNA duplex, 32P-end-labeled 
ompF-213 mRNA or micF RNA was renatured in the 
presence of a 5-10-fold molar excess of unlabeled RNA of 
the opposite type. Under these conditions, greater than 95% 
of the 32P-end-labeled species was found in the duplexed 
form. 

Partial Ribonuclease Digestions and Reaction with Nickel 
Complex. Renatured RNAs were treated with increasing 
amounts of RNase T2 (0.8-100 milliunits/pg of RNA), 
RNase T1 (1-200 milliunits/pg of RNA), or RNase V1 
(0.07-10 milliunitdpg of RNA) in the presence of 10 pg 
of unlabeled carrier 5s RNA. In the case of digestion by 
RNase V1, NaCl and additional MgC12 were added to a final 
concentration of 175 and 10 mM, respectively, to ensure 
proper enzymatic function. The digestions were performed 
at 23 "C, for either 5-30 min (RNase Tl),  30 min (RNase 
T2), or 15 min (RNase Vl) ,  and the reaction volumes were 
10 pL. The digestions were terminated by the addition of 
10 p L  of 40 mM EDTA and were placed on ice. Each 
reaction was phenoYchloroform extracted, ethanol precipi- 
tated, dried, and resuspended in denaturing loading buffer. 

Renatured RNAs were incubated with NiCR (30 pM) and 
KHSOS (200 pM) in the presence of 2 pg of unlabeled carrier 
5 s  RNA. The incubations were performed at 23 "C for 30 
min, and the reaction volumes were 20 pL. The reactions 
were terminated by the addition of 180 pL of stop solution 
[ l o  mM Tris-HC1 (pH 7 .9 ,  0.3 M NaOAc, 10 mM EDTA 
(pH 8.0), and 0.5% SDS] containing 3 pg of 5s RNA. Each 
reaction was phenoVchloroform extracted, ethanol precipi- 
tated, dried, and incubated with 20 pL of 1 M aniline acetate 
(pH 4.6) at 60 "C for 20 min; the samples were then 
lyophilized and washed with water. 

[50 mh4 Tris-HC1 (PH 7.5),5 mM MgCl2, and 25 mM KCl]. 
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FIGURE I :  Sequencing gels showing the cleavage pattern of ompF-213 mRNA after partial digestion with RNases VI  and T2, positions 
45-105. (A) Free ompF-213 mRNA. 5'-labeled sample on 12% polyacrylamide gel: lanes 1-6 are digestinns with RNase VI  at concentrations 
of 2, I ,  0.6,0.3.0. I .  and 0.07 milliunits(ug RNA. respectively: lane 7 is a nondigested. renatured control sample: lanes 8- 13 are digestions 
with RNase T 2  at concentrations of 20. IO. 6 3 . 2 .  and 0.8 milliunitslpg RNA, respectively. Sequencing lanes marked TI and U2 are partial 
digestions with RNases TI and U2. respectively. under denaturing conditions: the lane marked L is an alkaline hydrolysis ladder; the lane 
marked C (far left) is undigested contrnl under denaturing conditions. (6) omnpf-213 mRNA in the RNAlRNA duplex. 5'-labeled sample 
on 12% polyacrylamide gel: lanes 14-18 are digestions with RNase V I  at concentrations of 2, 1. 0.6. 0.3. and 0.1 milliunitslpg RNA, 
respectively; lane 19 is a nondigested. renatured control sample; lanes 20-25 are digestions with RNase T2 at concentrations of 20, IO. 6, 
3. 2. and 0.8 milliunitsl~rg RNA. respectively. Lanes marked TI. U2. L. and C (far left) are as described for panel A. Gels A and B were 
run at the same time with the same R N A  batch: two gels were used because of the large number of samples. 

Gel Electrophoresis and Ana1vsi.s of Cleavage Products. 
The digested RNA was heated at 50 "C for 5 min to ensure 
denaturation and loaded onto a sequencing gel containing 
6, 8, or 12% polyacrylamide, 7 M urea, and TBE. Gel 
electrophoresis was performed at 1500-2000 V until marker 
dyes reached predetermined positions. The gels were 
subsequently autoradiographed at -70 "C on Fuji X-ray film 
using an intensifier screen if necessary. 

Cleavage positions were assigned by comparison of 
cleavage products to enzymatic RNA sequencing lanes and 
an alkaline hydrolysis ladder. End-labeled RNAs were 
subjected to partial digestion by RNase TI (which cleaves 
after G residues) or RNase U2 (which cleaves after A 
residues) at 55 "C for 12 min in the presence of 7 M urea at 
pH 5 (RNase TI) or pH 3.5 (RNase U2) to obtain sequencing 
lanes. Alkaline hydrolysis ladders were generated by 
incubating end-labeled RNA at 90 "C for 5 min at pH 9.4. 
Band intensities were determined by visual inspection of 
autoradiograms. 

Cleavage of RNA with RNase VI results in fragments 
containing 5'-phosphates whereas alkaline hydrolysis and 
cleavage by RNases TI and T2 yield fragments with 
3'-phosphates. Assignment of RNase V 1 cleavage positions 
on polyacrylamide gel patterns were made on the basis of 
differences between charge and mass of the resulting VI  
digestion fragments and those generated by alkaline hydmly- 
sis (Auron et al., 1982). 

Computer Modeling. Computer modeling was performed 
utilizing the mfold package (Zuker, 1989; Jaeger et al., 1989, 
1990 Zuker, 1994) with energy rules developed by Turner 
and colleagues (Freier et al.. 1986; Turner et 81.. 1987, 1988). 
We used the "N best" mode with p = 10% except in the 
case of micF RNA, where we used p = 20% due to its small 
size. 

Plq~logeneric Comparison of HetemloRous micF Se- 
quences. Alignment of heterologous sequences and inter- 
pretation of phylogenetic data was performed according to 
previously published guidelines (Pace et al., 1989). Homol- 
ogy values were determined according to Sogin et al. (1986) 
using the formula H = ml(m + u i- ~ 1 2 ) .  where m refers to 
matching nucleotides, u to unmatching nucleotides, and g 
to gaps in the nucleotide sequence. 

RESULTS 

Secondan, Structural Probe ofthe 5'-End of ompF mRNA. 
ompF-213 mRNA was synthesized and radioactively end- 
labeled in vitro, purified by polyacrylamide gel electmphore- 
sis, renatured, and probed by partial nuclease digestion with 
RNase T2, RNase TI ,  and RNase VI  (Ehresmann et al., 
1987). RNase T2 recognizes and cleaves single-stranded 
regions of an RNA with little sequence specificity. while 
RNase TI cleaves after single-stranded G residues. RNase 
VI  recognizes helically oriented nucleotides, whether they 
are base-paired or  not (Lowman & Draper, 1986). Because 
nuclease probes are sensitive to steric hindrance, chemical 
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modifications were performed using the NiCR reagent to gain 
additional information. This and other nickel complexes 
have been shown to be useful in probing the structures of 
RNA and DNA (Chen et al., 1991. 1992, 1993). as their 
reaction correlates to the solvent exposure of the N7 position 
of guanine residues. We also note the positions of basal 
cleavages, which occur in the absence of added nucleases 
and may be due to self-cleavage in single-stranded regions 
(see Discussion). Representative autoradiograms of poly- 
acrylamide gel separations of nuclease digestion and NiCR 
modification products are shown in Figures IA and 2A. The 
nuclease cleavage and nickel modification sites are graphi- 
cally displayed on a modified computer-generated secondary 
structural model obtained using the method of Zuker (1994) 
(Figure 3). Computer-predicted pairings not supported by 
the probing data (Figures IA and 2A) are not depicted in 
Figure 3. The cleavage sites shown in Figure 3 represent a 
consensus of three or more probing determinations. 

Nuclease and chemical modification probing data are 
consistent with one of the suboptimal computer generated 
secondary structural models for ompF-213 mRNA consisting 
of two major and one minor stem loop structures (Figure 
3). Given the regulatory antisense nature of micF RNA, the 
structure encompassing the region which contains the ribo- 
some-binding site and AUG start codon is particularly 
important. Strong RNase TI and T2 cleavages were obtained 
in the proposed loop of helix IA, along with nickel 
modification at position G97, consistent with the existence 
of this stem-loop, although no RNase VI  cleavages were 
obtained in the stem of this helix. Since RNase V I  needs a 
stretch of at least four nucleotides to recognize a helix 
(Lowman & Draper, 1986). VI cleavages would not be 
expected to occur in helix IA. Moderate cleavages by RNase 
TI are sometimes observed at positions 99, 100, and 101, 
along with nickel modifications; this may indicate that helix 
IA is unstable or that subpopulations of molecules exist, some 
containing helix I A  and some more loosely structured in this 
region. In any event, the ribosome binding site GAGGIOO 
(underlined, Figure 3) and the AUGl13 initiation codon 
(indicated in Figure 3) appear to be accessible to single- 
strand-specific nucleases, and the presence of T2. TI, and 
basal cleavages supports the single-stranded character of 
positions 83-91 and 103-126. Additionally, guanine 
residues 113, 116, 119, and 121 are all reactive with NiCR. 

Helix I is defined by the following cleavages. There are 
I O  RNase VI  sites on the 5’side of helix I starting at position 
14, one at position 71, and three on the 3’ side of the base 
of this helix, at positions 78,79, and 81. All guanine residues 
proposed to be in double-stranded regions of helix I do not 
react with NiCR, as expected. Strong RNase T2 cleavages 
were obtained in the proposed loop of helix I at positions 
44-46. Additional RNase T2 cleavages seen at positions 
41 -43 indicate that either this loop encompasses positions 
42-49 or that there is extensive breathing at the A-U base 
pairs that close the loop. The internal loop close to the base 
of helix I is partially defined by RNase T2 and/or TI 
cleavages at positions 73 and 74: G74 is also the site of a 
strong nickel modification. The fact that G73 is only weakly 
modified by the nickel reagent implies that it may be able 
to pair with A19, making its N7 position less accessible. 
Continuous RNase VI  cleavages occur from positions U34 
to A40. Since RNase V I  will cleave at a stacked base 
whether it is base-paired or not (Lowman & Draper, 1986). 

Schmidt et al. 
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FIGURE 2: Sequencing gels showing the cleavage pattern of oinpF- 
213 mRNA after panial digestion with RNase TI or chemical 
modification with NiCR. positions 53-213. (A) Free ompf-’-213 
mRNA. 5’-labeled sample on 8% polyacrylamide gel: lane I is a 
digestion with RNase TI (5 milliunitdpg RNA): lane 2 is a chemical 
modification with NiCR (30 pM) followed by aniline treatment: 
lane 3 is a nondigested. renatured control sample. (B) ompf-213 
mRNA in the R N A R N A  duplex. 5‘-labeled sample on 8% 
polyacrylamide gel: lane 4 is a nondigested. renatured control 
sample; lane 5 is a chemical modification with NiCR (30 /rM) 
followed by aniline treatment; lane 6 is a digestion with RNase TI 
( 5  milliunitdpg RNA). Sequencing lanes marked TI  and U2 are 
partial digestions with RNases TI and U2. respectively. under 
denaturing conditions: the lane marked L is an alkaline hydrolysis 
ladder. 

the observed cleavages imply that the bulged positions C37 
and A40 are stacked within the helix (the same reasoning 
may also apply to position C23). While either nucleotides 
U59 or U60 could be paired with A32. the presence of a 
basal cleavage at U60 implies that it is the unpaired 
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FIGURE 3: Proposed secondary structure for ompF-213 mRNA. Arrows mark the primary ribonuclease cleavage and chemical modification 
sites. The following symbols at the end of arrows represent the respective ribonuclease: T1, RNase T1; T2, RNase T2; 0, RNase V1. The 
symbol Ni at the end of an arrow represents a nickel complex modification. The symbol B at the end of an arrow represents a basal 
cleavage (see text). In the case of arrows representing TI, T2, and B cleavages, the boldness of the arrow corresponds to the intensity of 
the cleavage; in the case of arrows representing VI cleavages, the size of the circle corresponds to the intensity of the cleavage; in the case 
of arrows representing nickel complex modifications, the boldness of the symbol Ni corresponds to the intensity of the modification. The 
symbol S-D indicates the Shine-Dalgarno sequence. The AUG translation start codon is also indicated. 

nucleotide in this region; another interpretation would be that 
both pairings exist in equilibrium, and cleavage is more likely 
when U60 is unpaired due to its U/A context. 

With the exception of the basal cleavages, no significant 
enzymatic cleavages were obtained in the 5’ tail region 
comprising positions 1 - 11. The presence of these basal 
cleavages, however, is consistent with the predicted single- 
stranded character of this region. 

The nuclease digestion and chemical modification patterns 
in helix I1 are consistent with the model for this stem-loop 
shown in Figure 3. The remainder of the molecule, 3’ to 
helix 11, exhibits strong cleavages by RNases T1 and T2, as 
well as nickel modifications at positions G195 and G198, 
indicating that this region appears to be single-stranded. 

Secondary Structural Probe of micF RNA. micF RNA 
was synthesized and end-labeled in vitro, purified by gel 
electrophoresis, renatured, and probed with ribonucleases. 
A representative autoradiogram is shown in Figure 4A. In 
Figure 5 the nuclease cleavage sites are superimposed on a 

computer-generated secondary structural model obtained 
using the method of Zuker (1994) for micF RNA. Partial 
nuclease cleavage data are highly consistent with this 
secondary structural model, which predicts two stem-loop 
structures and a long, single-stranded 27-nucleotide sequence 
at the 5’-end. V1 cleavages from positions 30-34 and at 
position 44, along with T2 cleavages at positions 37-39, 
define stem-loop I. The RNase V1 cleavages at positions 
U49 and G50 support the inclusion of base pairs C-G(28/ 
50) and G-U(29/49) in this helix. In addition, the RNase 
V1 cleavages at the base of stem I at positions U47 and C48 
and at position U30 suggest that these bases are stacked. 
The V1 cleavage at U51 (a position found outside the stem) 
may indicate that this position is also stacked. Stem 11, which 
is followed by six unpaired uridine residues, forms a classic 
Rho-independent transcriptional termination structure. V1 
cleavages at positions 68, 69, 71, 81, 83, and 84, along with 
T2 cleavages at positions 75 and 88-92, support the 
existence of this predicted structure. The proposed single- 
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Fl(;mt: 4: Sequencing gels showin? the cleavage p;ittul-n 0 1  WKF RNA after I p x t i i i l  d L y \ t i o n  with RNase, V I .  .I?. and TI. O i l  Free ,nicF 
RNA. S-laheled rample on 12% polyacrylamide gel: lanes 1-6 are digestion% \\ il l1 RNase VI at co~icentrittioi~s of IO. S, 2. I .  0.6. and 0.3 
milliunits/pg RNA. respectively; lanes 1-9 are digestions with RNase T2 at concenlr;itionr of I(K). SO. and 20 iiiilliunits//rg RNA, respectively: 
lanes IO-IS are digestions with RNase TI at concentralions of 200,  100. 10. 5.  ?. :md I milliunits//ig of RNA, respectively: lane 16 is a 
nondigested, renatured control sample. Sequencing lanes marked TI and UZ are panial digestions with RNises TI and U2, respectively. 
under denaturing conditions: the lane marked L is an alkaline hydrolysis ladder: the lane marked C (far left) is undigested control under 
denaturing conditions. (B) micF R N A  in the RNAlRNA duplex. S-labeled sample on 12% polyacrylamide gel: lanes 11-22 are digestions 
with RNase VI at concentrations of IO, 5.  2, I .  0.6. and 0.3  milliunitdpg RNA, respectively: lanes 23-2X are digestions with RNase T2 
at concentrations of 100. SO, 20, IO. 6.  and 3 milliunits//ig RNA, respectively: lanes 30-35 are digestions with RNase TI at concentrations 
of 200. 103. IO, 5.  2. and I milliunits//cg of RNA, respectively: lanes 29 and 36 are nondigested, renatured control samples. Lanes marked 
TI, U2. L. and C (far left) are as descrihed for panel A. Gels A and B were run at the same time with the same R N A  hatch: two gels were 
used because of the large number of samples. 

stranded character of positions 1-27 and 52-64 is supported 
by the presence of T2 and basal cleavages in these regions. 
The current micF RNA structural model is consistent with a 
theoretical model presented previously for micF RNA 
(Andersen et al., 1987). but there are minor exceptions. 
Notably, the previous model showed helix I ending with the 
base pair C-G (positions 31/46) whereas in the current model 
this helix extends to a C-G pair at positions 2815 1 ,  

ompF-213 mRNA/micF RNA Duplex Structure. To de- 
termine the secondary structure of the RNAlRNA duplex, 
probing was carried out in two ways. Either "P-end-labeled 
ompF-213 mRNA was incubated with a IO-fold molar excess 
of unlabeled micF RNA or  "P-end-labeled micF RNA was 
incubated with an excess of unlabeled ompF-213 mRNA. 
Under these conditions, greater than 95% of the labeled 
species was found in the duplexed form. Incubation mixtures 
were partially digested with ribonucleases or subjected to 
NiCR modification and electrophoresed on denaturing poly- 
acrylamide gels (see Figures I B and 2 8  for analysis of ompF- 
213 mRNA and Figure 48 for analysis of micF RNA). In 
addition, some duplex probing experiments were done in the 
following fashion: the RNA/RNA hybrid was formed and 
digested as above, but then the digested material was 

separated on a nondenaturing polyacrylamide gel, the band 
representing the duplex was excised and eluted, and this RNA 
was analyzed on a sequencing gel. Results did not differ 
depending upon which method was used. Figure 6 shows 
the proposed model for the ompF-213 mRNAlmicF RNA 
interaction along with the nuclease cleavage and nickel 
modification sites. The model is a modified computer- 
generated secondary structure obtained using the method of 
Zuker (1994). Predicted pairings not supported by the data 
are not depicted. 

A comparison of probing data from free and duplexed 
ompF-213 mRNA reveals a nearly identical pattern of 
nuclease cleavages and NiCR modifications in the 5'-end of 
the UNA up to position A82. The pattern of both nuclease 
digestion and chemical modification markedly differs, how- 
ever, in the segment proposed to interact with micF RNA, 
positions A95-C I20 (compare Figures 3 and 6). The strong 
RNase T2 and TI cleavages at positions 95-99, 103, and 
104. and other TI and T2 cleavages at positions 107, 108, 
113, 116, 119, and 121 in free ompF-213 mRNA are not 
present in the duplexed message (Figures I and 2). Instead. 
RNase V I  cleavage occurs at positions GlOl-A104. Ad- 
ditionally. all guanine residues in this region (97, 99-101, 
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FIGURE 5: Proposed secondary structure for micF RNA. Arrows mark the primary ribonuclease cleavage sites. The following symbols at 
the end of arrows represent the respective ribonuclease: T1, RNase T1; T2, RNase T2; 0, RNase V1. The symbol B at the end of an arrow 
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113, 116, and 119), which are reactive with NiCR when 
ompF-213 mRNA is in its free form, become unreactive in 
the duplexed form, indicating base pairing with micF RNA 
in this region. The assignment of bulged positions G99 and 
A108 of ompF mRNA as opposed to adjacent nucleotides 
is arbitrary, since alternate pairings are acceptable. The 3' 
region of the RNA from positions 121-213 shows nearly 
the same nuclease cleavages and NiCR modifications in free 
and duplexed ompF mRNA. Thus, helices I and I1 and 
positions adjacent to them do not show significant alteration 
in partial digestion patterns from free and duplexed forms 
and are probably not involved in the interaction with micF 
RNA. 

A comparison of nuclease probe data of free and duplexed 
micF RNA shows that the 5'-end up to position 50 shows a 
markedly different partial nuclease digestion pattern (com- 
pare Figures 5 and 6). There is no evidence for the presence 
of stem loop I of micF RNA in the proposed duplex structure, 
and the RNase T2 cleavages in the 5' single-stranded region 
of free micF RNA are absent in duplexed micF RNA. In 
addition, duplexed micF RNA has a very strong basal 
cleavage at position C35 that is not present in free micF 
RNA, and RNase V1 cleavage sites at positions 7, 9- 11, 
and 29 are found only in duplexed micF RNA (Figure 4). 
These V1 cleavage sites support the proposed base pairing 
shown in Figure 6, and the RNase T2 cleavages at positions 
13 and 14 are consistent with the proposed looped-out region 
of duplexed micF RNA. Bulged positions A4 and G29 of 
micF RNA show no nuclease susceptibility, but their 
assignment as bulged nucleotides maintains the continuity 
of adjacent base pairs. 

The RNase T1 cleavages at positions 42, 46, and 50 of 
micF RNA in the duplexed form suggest that this region is 
single-stranded; however, the region comprising positions 
U34-C58 appears to be relatively opaque to RNase T2. In 
addition, the lack of RNase V1 cleavages is consistent with 
the proposed single-stranded character of this region. The 
pattern of RNase cleavages in stem loop I1 and adjacent 
single-stranded sequences of free and duplexed micF RNA 

are almost identical, and thus this region does not appear to 
interact with ompF-213 mRNA. The sum total of the 
nuclease probing results of duplexed micF RNNompF-213 
mRNA indicates a high consistency with the proposed model 
predicting the interaction of the segment 1-33 of micF RNA 
with the segment 95-120 of ompF mRNA. 

All of the data shown are from partial nuclease digestion 
experiments utilizing RNA labeled at its 5'-end; however, 
probing was also carried out using 3'-labeled RNA (data not 
shown). Data from experiments using 3'-labeled RNA were 
in agreement with that obtained utilizing 5'-labeled material. 

DISCUSSION 

On the basis of experimental probing data and computer 
analyses, we propose secondary structural models for micF 
RNA, the 5'-end of the target ompF mRNA, and the RNA/ 
RNA duplex. The structure-specific nuclease cleavage sites 
in free micF RNA appear to be in good agreement with the 
domains predicted by the computer folding program to be 
single-stranded and double-stranded (Figure 5). The nuclease 
cleavage sites in the regions forming the RNA/RNA duplex, 
positions 1-33 of micF RNA and 95-120 of ompF mRNA, 
along with NiCR modification data are entirely consistent 
with the optimal computer-predicted structure (Figure 6). The 
majority of nuclease cleavages and NiCR modifications 
support the model for ompF-213 mRNA, although there are 
exceptions. For example, there are RNase T2 cleavages of 
moderate intensity at proposed stem I of ompF mRNA at 
positions 13, 32, and 41-43 (Figure 3). The cleavage at 
A13 may represent breathing at the base of the stem. RNase 
T2 cleavages at positions 41 -43 may indicate either breath- 
ing at the loop closure or that the loop encompasses eight 
nucleotides. The RNase T2 cleavage at A32 may indicate 
breathing in this area or the presence of a minor alternate 
conformer. This region of helix I consists predominantly 
of A-U base pairs and has a bulged nucleotide at position 
60. In helix 11, the presence of T1 and/or T2 cleavages at 
positions 136, 137, 141, and 142, along with minor nickel 
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FIGURE 6:  Proposed secondary structure for the om@-213 mRNNmicF RNA duplex. Arrows mark the primary ribonuclease cleavage and 
chemical modification sites. The following symbols at the end of arrows represent the respective ribonuclease: T1, RNase T1; T2, RNase 
T2; 0, RNase V1. The symbol Ni at the end of an arrow represents a nickel complex modification. The symbol B at the end of an arrow 
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cleavage; in the case of arrows representing nickel complex modifications, the boldness of the symbol Ni corresponds to the intensity of 
the modification. The symbol S-D indicates the Shine-Dalgarno sequence. The AUG translation initiation codon is also indicated. 

modification at G141, shows that breathing probably occurs 
at the closure of the internal loop on this side of the helix, 
possibly due to the asymmetry of this internal loop. 

It is of interest that the optimal and several suboptimal 
computer-generated secondary structures for the micF RNA/ 
ompF-213 mRNA duplex predict base pairing between 
positions 1-5 of ompF-213 mRNA and positions 49-45 of 
micF RNA. This pairing is not included in our proposed 
structure due to incomplete support from the probing data 
(see Figure 6). An RNase T1 cleavage occurs at position 
G47, while an RNase V1 cleavage site exists at position 46. 
Additionally, basal cleavages at positions 4 and 5 in free 
ompF-213 mRNA seem to disappear in the duplexed form. 

These results may indicate a weakly stable pairing of the 
RNAs in these regions such that both forms are present under 
our probing conditions. 

The data obtained with NiCR are consistent with the 
nuclease cleavage data; because of the small size of the nickel 
reagent, it can also provide insight into some aspects of the 
structures that the nucleases cannot because of their sensitiv- 
ity to steric hindrance. In ompF-213 mRNA, for example, 
the fact that both G131 and G132 exhibit strong, equal 
reactivity with NiCR implies that either residue may be 
paired with C178. The reduced activity of the loop residue 
G156 with NiCR (compared with G152) implies that its N7 
position is relatively inaccessible. A possible explanation 
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for this may be the existence of a hydrogen bond involving 
G156 and C150, leaving U157 bulged out. 

In the RNA/RNA duplex, the lack of reaction with NiCR 
at any of the ompF-213 mRNA guanine residues 99-101 
implies that the N7 positions of these nucleotides are 
inaccessible to the solvent and may mean that none of them 
are actually bulged out from the helix. One explanation for 
this observation could be the existence of a non-Watson- 
Crick base pair involving position G99 of ompF-213 mFWA 
and position G29 of micF RNA, with the two nucleotides 
stacked within the helix. 

Basal cleavages (B) are shown in line drawing figures in 
the text; they appear in the absence of added ribonuclease 
during incubation of RNAs under conditions used for 
probing, predominantly in micF RNA (see lanes 16,29, and 
36, Figure 4). Similar cleavages have been observed by 
others in nuclease probing experiments [e.g., Romby et al. 
(1985)l. Such cleavages largely occur at Y/A sequence 
junctions in regions of an RNA that are not base-paired or 
stacked and are thought to represent self-cleavage (Dock- 
Bregeon & Moras, 1987). Although it is difficult to rule 
out trace ribonuclease contamination to explain the cleavages 
observed in this study, several experiments were carried out 
to test this possibility. Multiple controls using autoclaved 
and/or double-deionized water with different combinations 
and preparations of buffers were performed and the cleavages 
always appeared, and at the same positions. In addition, we 
found that added divalent magnesium ion is not required for 
hydrolysis, which helps to rule out cleavage by a ribonu- 
clease. Basal cleavages are ancillary to the nuclease probing 
and chemical modification data but are listed because they 
are clearly visible on gels and aid in defining single-stranded 
regions of RNA. 

Basal cleavages seen in micF and ompF RNAs are useful 
in analysis of secondary structures. For example, no basal 
cleavage is observed in free micF RNA at the C/Ajunction 
at positions 35/36 where these positions are found base-paired 
in helix I (Figure 5). A strong basal cleavage is observed at 
this same junction, however, when micF RNA is in the RNA/ 
RNA duplex where helix I appears to be disrupted (Figure 
6). The lack of a basal cleavage at position C94 of free 
ompF-213 mRNA, presumably because this nucleotide is 
stacked in helix IA, is another example. This basal cleavage 
is readily observable in the R N M A  duplex, where this 
position now finds itself in a single-stranded environment. 

Also, several basal cleavages at Y/A junctions are found in 
the 5’-end of free micF RNA. These basal cleavages are 
not seen in duplexed micF RNA (Figure 4). 

An important method of corroborating secondary structure 
models derived from structure probing data involves the 
phylogenetic comparison of gene sequences from related 
species (Fox & Woese, 1975; Delihas et al., 1984; Pace et 
al., 1989). The micF gene and its transcript have been 
identified in several species of Gram-negative bacteria, and 
the sequences of heterologous micF genes are known 
(Esterling & Delihas, 1994; Hutsul & Woroboc, 1994). micF 
sequences from Klebsiella pneumoniae and two species of 
Salmonella are highly homologous to E. coli micF. Base 
changes in these heterologous sequences are seen only in 
the proposed loop nucleotides of hairpin structures and the 
oligouridine tail at the 3’ end of E. coli micF RNA. On the 
other hand, the micF sequence from Serratia marcescens has 
diverged .appreciably from that of E. coli (only 66% similarity 
exists). Values of 60-80% are considered optimal for 
phylogenetic analyses of secondary structures (Pace et al., 
1989). A putative helix is considered nominally proven 
when two or more independent nucleotide covariations occur 
such that their canonical base pairing potential is maintained 
(Pace et al., 1989). At least two such covariations occur in 
both proposed helices I and I1 of our micF RNA secondary 
structure model when the E. coli and S. marcescens 
sequences are aligned and analyzed, providing corroborating 
evidence for their existence. 

With this in mind, using computer folding and visual 
inspection, we generated a secondary structural model for 
S. marcescens micF RNA (Figure 7). There are several 
interesting similarities and differences between the E. coli 
and S. marcescens models. Both models have in common 
the presence of helices I and I1 separated by a single-stranded 
region, and each contains a 5’-single-stranded sequence and 
a 3’-single-stranded tail. It is of major interest that the 
positions of the two helices relative to each other are 
conserved exactly; there are 14 nucleotides separating 
hairpins I and I1 in both species. This could be important 
in recognition of another factor (e.g., the micF RNA-binding 
protein) or the conservation of an RNase E cleavage site. A 
UAY sequence (at position 59-61 of E. coli micF RNA) is 
phylogenetically conserved between helices I and I1 in S. 
marcescens. This sequence is part of an RNase E cleavage 
site in E. coli micF RNA (Schmidt, Mackie, and Delihas, 
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unpublished data). Other interesting similarities between the 
models include the conservation of short sequences flanking 
the stem-loop structures. On the other hand, the loops of 
the helices contain different nucleotide sequences in both 
species, and the stems of both hairpins I and I1 are shorter 
in S. marcescens; this is due to the deletion of S. marcescens 
sequences, most notably the region corresponding to E. coli 
micF positions 46-51. 

No heterologous ompF mRNAs have yet been sequenced, 
so this type of phylogenetic analysis cannot be performed 
with ompF mRNA or the RNA/RNA duplex. It is of 
importance to note, however, that the micF RNA nucleotide 
sequence corresponding to the proposed micF RNAlompF 
RNA interaction region (positions 1-33 in E. coli micF 
RNA) exhibits a very high degree of homology between E. 
coli and S. marcescens compared with the rest of the micF 
sequence. This region is 87% homologous (actually, posi- 
tions 1-13 are 100% conserved), while positions 34-93, 
which are not proposed to interact with ompF mRNA, show 
only 53% homology. In fact, there is a marked discontinuity 
of homology in sequences immediately following the pro- 
posed binding region (Figure 6); micF RNA positions 34- 
50, for example, show only 32% homology between E. coli 
and S. marcescens. While the S. marcescens ompF sequence 
is not known, the high level of homology in the region 
proposed to interact with ompF mRNA would lend indirect 
support to the duplex model, since regions of intermolecular 
R N M A  pairing may be more constrained than other 
regions. 

A micF RNAlompF mRNA duplex has not been found to 
form to a significant extent with incubation at 0 “C; the 
duplex forms at 37 “C (Andersen & Delihas, 1990). Forma- 
tion of the duplex structure involves the interaction of the 
unstructured 27 nucleotides at the 5’-end and 6 nucleotides 
of stem I of micF RNA with the largely unstructured region 
of ompF mRNA consisting of positions 95-120 (compare 
Figures 3, 5, and 6). Therefore, it appears that only stem I 
of micF RNA and the minor stem IA of ompF mRNA need 
to unfold to allow formation of the duplex structure. The 
lack of duplex formation at 0 “C may predominantly reflect 
the need for helix I of micF RNA to unfold. Information of 
this nature may be important in the design of synthetic 
antisense RNAs; it appears in this case that the interactions 
between the two RNAs occur largely in initially unstructured 
regions. 

The duplex model presented in Figure 6 shows a hybrid- 
ized region essentially comprised of two turns of a helix. 
The duplex may form by initial interaction of the unstructured 
13 nucleotides at the 5’-end of micF RNA with positions 
120-109 of ompF-213 mRNA (forming one turn of a helix) 
which may facilitate the completion of the second turn of 
the proposed duplex. Alternatively, it is interesting to note 
that initial interaction of the RNAs could occur through 
transient base pairs involving positions 37-39 (UUU) in the 
loop of micF RNA helix I and three unpaired adenine 
residues (in the stretch of As located at positions 92-85 of 
ompF-213 mRNA) or positions 75-77 (CUC) in the loop 
of helix I1 of micF RNA and positions 99-97 (GAG) in the 
loop of ompF-213 mRNA helix IA. Similar “kissing 
interactions” are known to facilitate the hybridization of other 
antisense RNAs with their targets (Tomizawa, 1984). 

A micF RNAlompF mRNA duplex structure has been 
previously proposed (Mizuno et al., 1984; Andersen et al., 
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1987). Of major interest is that the interaction of the 5’-end 
segment of micF RNA (positions 1-33) with ompF mRNA 
originally proposed is confirmed by the present study; 
however, we find little support for extended pairing involving 
positions 37-58 of micF RNA with positions 67-87 of 
ompF mRNA as originally proposed. 

While the mechanism of ompF regulation by micF RNA 
remains unclear, it is known that micF RNA binds to and 
contributes to the chemical destabilization of the ompF 
mRNA. The present study shows that the Shine-Dalgarno 
sequence and initiator AUG of ompF mRNA, found in 
single-stranded regions in the uncomplexed form of the 
message, are base-paired to micF RNA in the R N M A  
duplex. This observation is consistent with the idea that 
micF RNA binds to the ompF message in vivo and blocks 
translation of OmpF protein. Data from experiments using 
micF RNA expressed from a multicopy plasmid (Andersen 
et al., 1989) imply that another limiting factor is necessary 
in order for the ompF message to be destabilized. Thus, 
the mechanism by which micF RNA regulates ompF mRNA 
can be viewed as a two-step process. Binding of micF RNA 
to ompF mRNA blocks translation (functional inactivation), 
and then chemical destabilization of the mRNA occurs with 
the aid of another factor(s). The other necessary factor(s) 
has not yet been identified, although a protein which 
specifically binds micF RNA, the micF RNA-binding protein 
(Andersen & Delihas, 1990), is a strong candidate. Prelimi- 
nary data (C. DeLoughery and N. Delihas, unpublished 
results) suggest that this protein may bind to helix I1 of micF 
RNA, a region which appears to be structurally similar 
whether the RNA is free or in the duplex (compare Figures 
5 and 6). It is possible that while the hybridized region of 
the RNA/RNA duplex is responsible for blocking translation 
of the message, both the loop at micF RNA positions 14- 
20 and hairpin I1 of micF RNA may represent sites of 
interaction of the complex with this protein or another 
limiting and necessary factor. 

The presence of a stretch of 11 unpaired nucleotides 
followed by a long stable hairpin at the 5’-end of ompF 
mRNA may be important in regulation of the stability of 
this RNA. Prokaryotic RNAs without such a 5’-terminal 
single-stranded region have longer half-lives than those that 
contain them, and this may be related to the preference of 
RNase E for a structure containing an unpaired 5‘-end 
(Bouvet & Belasco, 1992). The half-life of ompF mRNA 
has been measured and found to be 4.3 min in the absence 
of micF RNA (unpublished data), while the half-life of ompA 
mRNA (which has no 5’-single-stranded end) is 21 min 
(Chen et al., 1991). Furthermore, ompF mRNA contains 
several A-U rich regions which resemble sequences known 
to be recognized by RNase E (Mackie, 1992; McDowall et 
al., 1994) and seems to be susceptible to degradation by 
RNase E in vitro (unpublished data). While micF RNA 
appears to be the rate-limiting determinant of ompF mRNA 
stability, the above factors imply that the decay of ompF 
mRNA may be at least partially controlled by RNase E. 
Current work is addressing this possibility. 
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