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ABSTRACT

Genomic SELEX is a method for studying the
network of nucleic acid—protein interactions within
any organism. Here we report the discovery of
several interesting and potentially biologically
important interactions using genomic SELEX. We
have found that bacteriophage MS2 coat protein
binds several Escherichia coli mRNA fragments
more tightly than it binds the natural, well-studied,
phage mRNA site. MS2 coat protein binds mRNA
fragments from rffG (involved in formation of lipopoly-
saccharide in the bacterial outer membrane), ebgR
(lactose utilization repressor), as well as from several
other genes. Genomic SELEX may yield experimentally
induced artifacts, such as molecules in which the
fixed sequences participate in binding. We describe
several methods (annealing of oligonucleotides
complementary to fixed sequences or switching
fixed sequences) to eliminate some, or almost all, of
these artifacts. Such methods may be useful tools for
both randomized sequence SELEX and genomic
SELEX.

INTRODUCTION

As genomic sequences from a variety of organisms are
becoming available, it is important to develop rapid methods
for identifying the regulatory network of interactions between
nucleic acids and proteins. Genomic SELEX is an in vitro
selection—amplification method proposed for identification of
biologically important nucleic acid—protein interactions (1-4).
Like SELEX [systematic evolution of ligands by exponential
enrichment (5,6)] of randomized sequence nucleic acids,
genomic SELEX consists of repeated rounds of binding a
library of nucleic acids to the target protein, separating the

bound nucleic acids from the unbound ones and amplifying the
bound ones for the next round. The starting libraries in
genomic SELEX, unlike in randomized sequence SELEX, are
derived from the genome of the organism of interest. At the
end of the selection, the resulting high affinity nucleic acid
molecules are cloned and sequenced.

Genomic SELEX is conceptually related to other high-
throughput methods of functional analysis of the genomes,
such as the one-hybrid, two-hybrid and three-hybrid systems
(7-10). It can be used to construct nucleic acid—protein linkage
maps, similar to protein—protein linkage maps (11,12).
Genomic SELEX was first tested on Escherichia coli DNA,
with a known double-stranded DNA-binding protein, MetJ.
Many of the reported genomic sites plus some previously
unreported, but biologically plausible, sites were isolated
(Y.Y.He, D.Brown, C.Workman, G.D.Stormo and L.Gold,
personal communication).

In this study, genomic SELEX was tested on RNA, which
because of its structural complexity might yield more unexpected
results than double-stranded DNA. SELEX was performed
with a library made of E.coli genomic DNA that was transcribed
in vitro with T7 RNA polymerase. Because whole genomic DNA
was used for the library, transcribing it probably yields a number
of fragments not normally transcribed in E.coli. The library
was constructed using a novel method (13) and was shown to
contain most of the genomic sequences from E.coli. The RNA
from this library was selected for its ability to bind bacterio-
phage MS2 coat protein (MS2 CP). Advantages of this system
include the known genome of E.coli and the known sequence
requirements for RNA that binds to MS2 CP, which make it
possible to predict binding based on the sequence of the
selected RNAs.

MS2 CP has two known functions. Its first function is to
form the phage coat and its second function is to repress the
translation of the phage replicase gene by binding its mRNA at
the ribosome binding site (14,15). The RNA elements that are
important for this interaction have been determined from the
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comprehensive biochemical analysis of mutants (14-16).
These binding data have been supported both by the crystal
structure of MS2 CP complexed with the RNA (17,18) and by
the randomized sequence SELEX (19) with closely related
phage R17 coat protein. However, it was not known whether
MS2 CP binds any E.coli RNA and what role such interactions
might play. It is possible that MS2 regulates gene expression in
the host cell, as some other viruses do, for example oncogenic
adenovirus (20). The potential MS2/E.coli interactions raise
interesting biological questions and may reveal unknown
aspects of host—parasite interactions.

Thus, the primary goal of this study was to test genomic
SELEX on an RNA library from a well-studied organism and a
protein with a known RNA binding specificity. The secondary
goal was to find out if MS2 CP interacts with E.coli RNA in
any interesting way that may prompt further investigations into
its potential other biological roles.

MATERIALS AND METHODS

Regular SELEX

A non-aggregating MS2 CP variant V75E;A81G with RNA-
binding properties identical to wild-type was purified as
previously described (21). Any endogenous E.coli RNA was
removed in the purification process, as indicated by the
binding stoichiometry and the UV absorbance spectrum (21).

SELEX was carried out essentially as described before
(19,22). Detailed protocols can be obtained from http://
mcdb.colorado.edu/labs/gold_lab/ . SELEX was initiated with
1 nmol of RNA, transcribed from the E.coli genomic DNA
library (13). In each round of selection, 1 nmol of RNA was
denatured in TE at 95°C for 1 min, quickly chilled on ice and
incubated on ice for 10 min. Binding buffer was added to give
a final concentration of 100 mM HEPES-KOH pH 7.5, 80 mM
KCl, 10 mM MgCl,. The mixture was pre-filtered through
nitrocellulose to reduce the fraction of the nitrocellulose-
binding RNA. The volume was adjusted with the binding
buffer to make up for the loss on the filter. MS2 CP was added
to the final concentration of 100 nM of the dimer in a 0.1 ml
reaction. Binding proceeded for 45 min at room temperature
(22-24°C).

The binding reaction was vacuum manifold-filtered through
nitrocellulose and washed with 5 ml of the binding buffer. The
bound RNA was eluted from the filters, precipitated with
ethanol and amplified for the next round of SELEX. Primer B
(5’-tccegetegtegtetg-3") served for reverse transcription and
primers B and A (5’-gaaattaatacgactcactatagggaggacgatgcgg-3';
T7 promoter underlined) served for PCR. In this PCR, as well as
in all others in this study, the relatively low concentrations of
MgCl, (3 mM) and dNTPs (50 uM each) were used to decrease
the error rate.

SELEX with annealing of the complementary
oligonucleotides

Instead of 1 nmol of RNA, 0.1 nmol of RNA and 0.4 nmol of
each of the two complementary oligonucleotides were used
(primer B and primer cA: 5’-ccgcatcgtectcec-37). An extra
10 min incubation at room temperature was introduced directly
after the addition of the binding buffer to allow oligonucleo-
tides to anneal. The annealed oligonucleotides decreased the
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yield of the full-length reverse transcription product by only
10%. Otherwise, this SELEX was identical to the regular
SELEX.

SELEX with switching the fixed sequences

Step 1. Switching the 3’ fixed sequence: DNA purification and
PCR. Regular SELEX was carried out for three rounds using
the old fixed sequence primers A and B described above. Since
the old fixed sequences did not contain Fokl restriction sites,
the sites had to be introduced by PCR (in future, the sites might
be easier to introduce during library construction). DNA
product from either the reverse transcription reaction or from
PCR after round 3, was purified from primer B. Primer B inter-
feres with the subsequent steps if not completely removed.
Reverse transcription product was purified on a Microcon-30
filter (Amicon, Beverly, MA), by centrifugation three times
with 0.2 ml of TE buffer for 10 min at 16 000 g. PCR product,
since it contains more primer B, had to be purified, instead of
Microcon-30, by native polyacrylamide gel electrophoresis
(PAGE) with ethidium bromide staining, followed by crush-
and-soak elution for 30 min at 37°C.

Purified DNA was amplified by PCR (Fig. 3) using primer A
and primer B+Fokl (5-tcccgetcgtGgATGg-3).  Primer
B+Fokl introduces the Fokl recognition site (GEATG, shown
in boldface) into the old 3’ fixed sequence and differs from
primer B where indicated by the uppercase nucleotides
(G, ATG). The amplified DNA was extracted with chloro-
form/phenol, twice with chloroform, then ethanol-precipitated
and resuspended in water (unpurified PCR product inhibits
subsequent Fokl digestion).

Step 2. Fokl digestion. Purified DNA product of 0.1 ml PCR
was incubated with Fokl (New England Biolabs, Beverly, MA)
at a ratio of >1.5 U/ug PCR product (the ratio was estimated
assuming that <100% of the primers were converted into the
PCR product). This ratio had to be optimized with every new
DNA preparation. Fokl digestion was carried out in 40 pl at
37°C for 1 h in the manufacturer’s buffer with 0.1% of Tween-20
detergent to decrease the exonuclease activity.

Step 3. Klenow extension. ANTPs (final concentration 0.5 mM
each) and the Klenow fragment of E.coli DNA polymerase I
(US Biochemicals, Cleveland, OH; final concentration 370 U/ml)
were added directly to the Fokl digest. Extension proceeded
for 15 min at 37°C. The Fokl-digested and Klenow-extended
library DNA was then purified from the other digestion fragments
by native PAGE as in Step 1. Of the input DNA, 60% was cut
by Fokl as expected, 40% was degraded non-specifically and a
negligible fraction was left uncut.

Step 4. Ligation. The purified library DNA was resuspended in
water and blunt-end ligated to the new fixed sequence. The
new fixed sequence was a duplex of two DNA oligonucleotides: C
(5"-ggtgcggcagttcggt-3") and its complement, cC (5-accgaactgecg-
cacct-3"). The duplex was formed by incubation of the mixture
of 200 pmol of each oligonucleotide in 4 ul of TE at 95°C for
1 min, followed by 60°C for 10 min and room temperature for
10 min. The duplex was added to the purified DNA and incu-
bated with 2 U of T4 DNA ligase (Boehringer Mannheim,
Indianapolis, IN) in the manufacturer’s buffer in 20 pul for 1 h
at 30°C. The ligation yield was 50%, estimated by Molecular
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Dynamics (Sunnyvale, CA) phosphorimager quantification of
32P-labeled DNA separated by PAGE. The overall yield of all
steps was 10% relative to the input DNA at the beginning of
Step 2. The relatively high blunt-end ligation yield was
achieved by keeping all DNAs as concentrated as possible
(more than a few uM), since the K, of ligase for blunt ends is
50 uM (23). To reduce ligation of the library DNA molecules
to each other, an excess of oligonucleotides over the library
DNA was used (>2-fold excess, estimated by assuming that
<100% of the primers was converted into the library PCR
product and that <100% of product was recovered after gel
purification). The length of the ligation products was verified
by PAGE.

Step 5. PCR. One-third of the ligation product was amplified
by PCR with the new 3’ fixed sequence primer C (sequence
shown above) and primer A+Fokl (which introduces the Fokl
site into the old 5’ fixed sequence and relates to primer A as
B+Fokl relates to B). Higher concentrations of the primers
were used in this PCR (10 uM each, instead of 1 uM as in all
other PCRs in this study). This served to provide an excess of
primer C over cC (cC is complementary to C and was carried
over from the ligation in Step 4).

Only one of the two major ligation products can be amplified
in PCR with primers C and A+Fokl, namely, the product in
which the duplex of oligonucleotides C and cC has been
ligated in one of the two possible orientations with respect to
the Fokl-digested library DNA molecule. A single T was
added to the 3’-end of oligonucleotide cC, as shown above, in
order to create a single base overhang in the C—cC duplex.
Under the experimental conditions, adding a single overhanging T
directs ligation more toward the desired orientation: blunt end
to blunt end, as opposed to the undesired orientation of over-
hanging end to blunt end (data not shown).

Step 6. Switching the 5 fixed sequence. DNA was purified as
in the last paragraph of Step 1 and then Steps 2-5 for 3’ fixed
sequence were essentially repeated for the 5" fixed sequence.
For the PCR in Step 5, primers for the new fixed sequences
were used: C (Step 4) and D (5’-gaaattaatacgactcactatag-
ggaaagcccacgee-3'). The resulting molecules had both fixed
sequences replaced with the new ones, with both tails removed
entirely. One such molecule in its RNA form is shown in
Figure 1D. After switching the fixed sequences, SELEX
proceeded as in ‘Regular SELEX’, with 1 uM RNA and
100 nM MS2 CP. In the SELEX experiment where the new
fixed sequences were chosen without the help of the STOGEN
computer program (see below), the primers that correspond to
C and D were, respectively, 5'-atgtcgggccgecgaa-3” and 5'-
gaaattaatacgactcactatagggcccggegeataa-3’.

Binding analysis

The MS2 replicase fragment (the natural MS2 CP binding site;
Fig. 4) was chemically synthesized, amplified by PCR and
labeled by in vitro transcription. The resulting RNA molecule
contained the fragment of the original MS2 sequence (as
published in GenBank) with the same fixed sequences (for
primers C and D) attached to it as in the real SELEX isolates.
The molecule also matched the SELEX isolates in length
(70 nt, with most isolates being 60-80 nt). The MS2 CP
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Figure 1. MS2 CP binding sites. (A) The consensus binding site of MS2 CP.
NN’ is any base pair, R is either A or G, Y is either U or C. (B) A frequent
selection artifact. The fixed sequence is shown in lowercase, the genomic
insert in uppercase, the tail is underlined. (C) The actual genomic sequence
(from GenBank) that corresponds to the artifact shown in (B). It is shown
‘folded’ only for comparison with (A) and (B) and is not predicted to bind
MS2 CP. (D) The predicted structure of the major isolate (rffG) from SELEX
with switching the fixed sequences. The genomic insert nucleotides are in
uppercase, fixed sequence (starting with ggg at the 5’-end) in lowercase. The
consensus binding site is shown in boldface. (E) The SELEX consensus binding
site of MS2 CP. SS’ is either GC or CG base pair. The first two NN’ base pairs
must have at least one SS”.

binding site was positioned approximately in the middle of the
molecule.

The RNAMOT site nos 8, 12 and 14 (Table 2) were amplified
from E.coli genomic DNA template by PCR. The transcribed
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RNA molecules had the MS2 CP binding sites positioned
approximately in the middle. The molecules also had the same
fixed sequences, and were 70 nt long.

Labeled RNA (~0.1 nM) was bound to MS2 CP in variable
excess concentrations as during SELEX, but without pre-
filtering, at 24-25°C. Each binding reaction was filtered
through nitrocellulose and washed with 0.5 ml of the binding
buffer.

STOGEN: a computer program to choose new fixed
sequences

To reduce the possible influence of the fixed sequences on the
outcome of SELEX, a computer program to design new fixed
sequences was developed. The program (available by anony-
mous ftp from ftp://beagle.colorado.edu/pub/stogen ) takes the
old fixed sequences as input. It generates possible candidates
for the new fixed sequences, using four heuristic rules with
user-adjustable parameters (see below). For computational
efficiency, the program does not generate and test all possible
sequences of a given length, but rather randomly generates a
subset of sequences, tests them and repeats the process again,
until it arrives at sequences that conform to all of the rules
(hence the name of the program, STOGEN: stochastic generator).

The STOGEN rules are that the new fixed sequences should
(1) have approximately the same annealing temperatures to the
primers as the old fixed sequences, in order to facilitate
amplification; (ii) form among themselves as little secondary
structure as possible; (iii) share as little similarity as possible to
the old ones; (iv) have minimal potential to form secondary
structure with the genomic insert.

RESULTS

Binding sites from the regular MS2 CP SELEX agree with
the known consensus structure

A library of genomic DNA was prepared from E.coli B by
random primer extension (13). The library contained ~65 nt
genomic inserts flanked by fixed sequences, which serve as
primer annealing sites for amplification. ‘Insert’ refers to the
genomic sequence located in the library molecule between the
two fixed sequences. In each round of SELEX, the transcribed
library was allowed to bind MS2 CP and then the bound RNA
was amplified. In SELEX experiment 1, the DNA was cloned
and sequenced after five rounds, when the optimal binding was
observed.

Out of 25 isolates sequenced, 12 had the predicted consensus
(15) binding site (Fig. 1A), which could be identified either by
folding by hand, or by computerized Zuker-Turner folding
(24-26). Of the 12 isolates, 10 were found in GenBank, which
included the complete E.coli sequence, by the BLAST search
(27) using the network service at the NCBI (http://
www.ncbi.nlm.nih.gov ). The remaining two isolates did not
have significant similarities to any sequences in GenBank and
might have resulted from contamination of the starting
genomic library DNA.

Surprisingly, the genomic sequences obtained from
GenBank that corresponded to 9 out of the 10 isolates with the
consensus binding site, did not contain this site. Thus, they
were not predicted to bind MS2 CP. In other words, 9 out of the
10 isolates were experimentally-induced artifacts.
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Figure 2. Outline of the genomic SELEX experiments 1-5, with the number of
isolates sequenced at the end of each SELEX and (for isolates found in GenBank)
percentage of the isolates in which the MS2 CP binding site was present in the
genomic sequence.

One of the frequent artifacts is shown in Figure 1B and C. In
this isolate, the fixed sequence participates in forming the
binding site. This isolate also has several mutations in the
insert that participate in forming the binding site. All of the
mutations are at the junction between the insert and the fixed
sequence. This junction is much more prone to mutations than
the rest of the genomic insert because of the random sequence
introduced when the randomized primer misannealed during
the construction of the library (13). The mutated region of the
genomic insert at its junction with the fixed sequence is termed
the ‘tail’.

In the isolate shown in Figure 1B and C, as well as in most
other isolates, the tail and the fixed sequence both participate
in forming the binding site. The corresponding genomic
sequences from GenBank were very different from the tails
and, obviously, from the fixed sequences and thus were unable
to form the binding site.

Annealing of oligonucleotides complementary to the fixed
sequences reduces the fraction of SELEX artifacts

The first method to solve the problem of artifacts was designed
to reduce the participation in binding of only the fixed
sequences, but not the tails. The genomic SELEX described
above (termed regular genomic SELEX) was carried out for
three rounds. In the three subsequent rounds, two DNA oligo-
nucleotides complementary to the two fixed sequences were
annealed to RNA prior to its binding to MS2 CP. SELEX with
annealing was carried out for three rounds (Fig. 2, SELEX
experiment 2). Switching from ‘no annealing’ to ‘annealing’,
rather than doing all six rounds ‘annealing’, should reduce the
fraction of isolates that require annealing for binding to MS2
CP.

Out of 35 sequenced isolates from ‘annealing” SELEX, 25
had the consensus binding site and 16 of those 25 were found
in GenBank. Of these 16 isolates, 7 (40%) had a consensus
binding site present in the corresponding genomic sequence
from GenBank and the rest were artifacts as described above.
The fraction of artifacts in which fixed sequences, but not tails,
participated in binding, decreased only ~2-fold.
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Table 1. Isolates with the consensus binding site from SELEXes with switching fixed sequences

iso sequence of the isolate's insert
la
te

location in E.coli genome # copies

3+4] 5

1 GGCACGCGUAUUCA CUG A GC AUCA GC CAG ACUGUGU

sense of rffG (dTDP-D-glucose 4,6 56| 42
dehydratase; participates in formation of
lipopolysaccharide in the bacterial outer
membrane), 210 nt from start codon

2 CUUCGCUUCAGUACCGUCG AGC A GC ACCA GC GUU UcGee

antisense of pheT (phenylalanyl-tRNA 5 -
synthetase), 250 nt from start codon

3 AAUGU UCC A CC AGCA GG GGA AAUGAUGUUGUUCUGGCU

antisense of 0356 (similarity to IpfD from| 6 7
the Salmonella typhimurium fimbrial
operon), 140 nt from stop codon;

antisense upstream of 0180 (similarity to
fiml from S. typhimurium, which is a
fimbriae-related, fimbrin-like protein),
150 nt from start codon

4 UAGGAGAGCGUUAAC AAC A GC AUCA GC GUU GAAGUGACGGAGGU

antisense of ygjl (hypothetical
transmembrane protein), 470 nt from
start _codon

5 UGAUU UGC A GC AACA GC GCA AUGAGGAAAGAGAGCCAGAUUACCC

antisense of mreD (responsible for 1 1
formation of the rod shape of E. coli cells,
integral membrane protein), 50 nt from
start _codon

6 UGACUG GAC A UC AUCA GA GUU UGCACUUGAGC

antisense of secY (membrane protein 1 -
essential for protein export), 60 nt from
stop codon

7 AGUAAUUAC GCC A UG AACA CA GGC AUAAAGAAGUACAUAUGGU

not in GenBank 1 -

8 | UAUUCUGGCUAUCUACA GCU A CC AGCA GG AGC UGGAGAUCAACGAUCCU |sense of ebgR (ebg (beta-galactosidase) 1 -

repressor), 210 nt from start codon

9 UGAGUGCCGAAGAUCGUGAG CAG A GG AACA CC CUG AUUAUCC

not in GenBank - 1

The consensus binding site elements (Fig. 1A) are separated by spaces. The RNYA loop is in bold, the bulged A is outlined, the 2 nt stem
is double-underlined and the 3 nt stem is underlined. Isolate No. 1 is shown folded in Figure 1D. ‘# copies’ indicates in how many copies
a particular isolate was found, out of the total 101 isolates sequenced in SELEX experiments 3 and 4 and out of 72 isolates in SELEX

experiment 5 (Fig. 2).

Switching fixed sequences eliminates most of the SELEX
artifacts

The second, and more efficient, method of reducing the artifacts
consists of switching the fixed sequences halfway through the
course of SELEX, replacing them with entirely new fixed
sequences and at the same time eliminating the ‘tails’ altogether
(Fig. 3).

Fokl endonuclease was used to cut the 3" fixed sequence and
the tail of the library DNA after round 3 of regular SELEX.
Fokl cuts at a specific distance (9—13 nt, regardless of their
sequence) away from its recognition site, which was intro-
duced in the fixed sequence near its junction with the genomic
insert. After digestion with FokI, the overhang at the cut end of
the library DNA was extended with the Klenow fragment of
E.coli DNA polymerase, and blunt-end ligated to the new 3’
fixed sequence, which was a duplex of synthetic oligonucleo-
tides. The ligation product was amplified by PCR and the
whole procedure was repeated—this time to switch the 5 fixed
sequence. The new fixed sequences were chosen using a
specially developed computer program, STOGEN, but may
also be chosen manually, with careful consideration of all the
important factors involved (see Materials and Methods).

After switching the 5" and 3’ fixed sequences, SELEX was
performed in two different ways in parallel: (i) with annealing

of the DNA oligonucleotides complementary to the new fixed
sequences and (ii) without any oligonucleotides, as in regular
SELEX (Fig. 2, SELEX experiments 3 and 4). Both SELEX
experiments gave virtually identical results. After two and
three rounds of SELEX with the new fixed sequences, 101
isolates were sequenced. Out of 101 isolates, 77 had the
consensus binding site and 76 out of these 77 were found in
GenBank.

The fixed sequences never made up any part of the
consensus binding site. In a few cases we believe that the Fokl
treatment did not completely remove the tails. One character-
istic of the tails is their higher mutation frequency and their
proximity to the fixed sequences. Nineteen out of 76 molecules
had this characteristic and, out of these, one had a mutation that
made a part of the consensus binding site. Internal, rather than
tail, mutations caused four artifacts.

All of the SELEX isolates with the MS2 CP consensus
binding site (Table 1) had higher-affinity RNCA tetraloop
instead of the lower-affinity RNUA tetraloop of the natural
MS2 CP binding site on MS2 mRNA (28,29). As expected,
these SELEX isolates bound better than the natural binding
site, as measured by the nitrocellulose filter-binding assay
(Fig. 4). Twenty-four of 101 sequenced isolates did not contain
the consensus binding site and the negligible binding of one of
them is shown in Figure 4. None of the F6-like, 3 nt loop variants,



€93 Nucleic Acids Research, 2000, Vol. 28, No. 21

single stranded library DNA molecule

genomic
fixed insert fixed
sequence | ] sequence

A tail tail B

5 &

site into fixed sequence B

introduce Fokl recognition
by PCR

Fokl
recognition
site

phosphorylated
strand

fill-in with Klenow;
purify by PAGE

blunt-end ligate the new

new fixed l:—
fixed sequence /- sequonce | MR

only the phosphorylated
strand is ligated

no
tails

repeat all steps for fixed
sequence A (introduce
Fokl site, ... , ligate the
new fixed sequence)

new fixed
sequence
C

new fixed genomic
sequence insert
D

Figure 3. Outline of the strategy of switching the fixed sequences (see Materials
and Methods).

which bind more weakly than the RNCA tetraloop site (30),
have been found in the genomic SELEXes.

The consensus of the isolates in Table 1, with consideration
of their frequencies in the selected pool, is shown in Figure 1E.
Most of the differences between this SELEX consensus site
and the consensus site in Figure 1A, should make the binding
tighter or the binding structure more stable (14,15). This SELEX
consensus also agrees with the data from the randomized
sequence SELEX (19).

Fifty-six isolates were from the sense strand of mRNA of the
rffG gene (Fig. 1D). These molecules were not only the most
frequent, but also the tightest binders among the SELEX
isolates. The corresponding genomic fragment (without the
fixed sequences) also bound MS2 CP well (Fig. 4). The rffG
open reading frame, 0355, was mistakenly labeled rffE in the
GenBank version 90.0 (31). The enzyme dTDP-D-glucose-4,6-
dehydratase is encoded by rffG. This enzyme participates in
formation of O-specific polysaccharide or O antigen, which,
joined together with lipid A via core oligosaccharide, forms
lipopolysaccharide in the bacterial outer membrane (32). The
enzyme also participates in formation of the polysaccharide
part of the enterobacterial common antigen, a cell surface

PAGE 6 OF 10

—e— a typical isolate without the consensus binding site
—a— ebgR

—a— rffG

—e— rffG minus fixed sequences

—a— bacteriophage MS2 replicase fragment

60
50
8 40-|
2
O\O
5 30
c
=1
o
o
< 20
zZ
o
10
0_
— ; ‘ ‘ : ——
1 10 100 1000 10000

[coat protein] (nM)

Figure 4. Binding of RNA to MS2 CP. SELEX isolates with the consensus
binding site, rffG and ebgR, bind well. To test whether the fixed sequences
contribute to binding of the rffG isolate, the RNA fragment that corresponds
exactly to its insert was obtained from E.coli genomic DNA using PCR and
in vitro transcription. This RNA fragment (rffG minus fixed sequences) binds
only marginally worse than the original r{fG SELEX isolate. For comparison,
the natural MS2 CP binding site (bacteriophage MS?2 replicase fragment)
binds more weakly than all of the SELEX isolates with the consensus binding
site (Table 1), except the secY isolate (data not shown). A typical SELEX isolate
without the consensus binding site does not appreciably bind MS2 CP and
neither does the starting library (data not shown).

glycolipid (33). Other isolates that bind MS2 CP were located
in six distinct genomic sites.

Comparison of the MS2 CP binding sites predicted by the
computer search with the sites found by SELEX

Other sites in the E.coli genome that bind to MS2 CP were
much less frequent than rffG, in these (Table 1) and prior
rounds of SELEX (data not shown). This raised the question
about the efficiency of finding all potentially biologically
important binding sites. To check if any other binding sites
were missed by SELEX, a search was performed for the MS2
CP consensus binding site (Fig. 1A) in the complete E.coli
genome, using the RNAMOT program (34). The search
revealed 412 matches to the consensus binding site, each of
which theoretically binds the coat protein as well as, or better
than, the wild-type MS2 mRNA. Only 280 sites were expected
by chance.

To narrow this list to only the tightest binding sites, the
SELEX consensus binding site (Fig. 1E) was searched for. It is
based on the genomic SELEX isolates and is more restrictive
than the consensus binding site, which is based on the studies
of mutants. RNAMOT found 21 such SELEX consensus
binding sites (Table 2). Only three sites were expected to be
found at random.

Three binding sites were found both by SELEX and by the
RNAMOT program, including the major (rffG) SELEX
isolate. Most of the minor SELEX isolates were not found by
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Table 2. Matches found in the E.coli genome to the structure of SELEX consensus MS2 CP binding site, using the RNAMOT program

No. binding site

location in E. coli genome

—_
(]
(9]
G2

|

A CG ACCA CG CGG
codon;

antisense of ybdH (some similarity to glycerol dehydrogenases), 20 nt from start

sense upstream of 0386 (similarity to YJGO_YEAST, which is a hypothetical
aminotrasferase), 130 nt from start codon

CC AUCA GG CGU

)
B
(0]
»
I}
Is}

antisense of gltJ (glutamate/aspartate transport system (membrane-bound)
permease protein GltJ), 90 nt from start codon;

antisense _downstream of ybeJ, 60 nt from stop codon

3] CUG A CG AGCA CG CAG |antisense of ORF 486 (similarity to YC39_CYAPA), 400 nt from start codon
ACC A GC ACCA GC GGU |antisense of bglX (periplasmic beta-glucosidase precursor), 660 nt from stop codon
5| GCC A GC AACA GC GGC |antisense of nuoN (putative membrane protein, chain N of NADH dehydrogenase 1

(multisubunit membrane protein)), 740 nt from stop codon

6| UGC A GC AGCA GC GCA |antisense of nuoK (putative membrane protein, chain K of NADH dehydrogenase 1
(multisubunit _membrane protein)), 60 nt from stop codon, 230 nt from start codon
7| CCC A GC AACA GC GGG |antisense of yfcA (potential integral membrane protein), 30 nt from start codon
8| CAC A GC AUCA GC GUG |antisense of ORF f848 (similarity to PBPA_HAEIN, which is penicillin-binding protein
1A, potential inner membrane protein), 220 nt from stop codon
9| UGC A GC AACA GC GCA |antisense of mreD (responsible for formation of the rod shape of E.coli cells, integral
membrane protein), 50 nt from start codon
10| CUG A GC AUCA GC CAG |sense of rffG (dTDP-D-glucose 4,6 dehydratase; participates in formation of

lipopolysaccharide in the bacterial outer membrane), 210 nt from start codon

B2 —

GCC A GC AACA GC GGC |antisense of yjgR, 350 nt from start codon
GUG A CC AACA GG CAC |sense of yhiN, 250 nt from stop codon
13| GCC A GC AGCA GC GGC |sense of fic (involved in cell division; filamentation and induction of a membrane

protein in presence of cyclic AMP in mutant), 80 nt from start codon;

sense downstream of yhfG, 70 nt from stop codon

14| UGC A CC AUCA GG GC.

Q
b

antisense of dacB (penicillin-binding protein 4, DD-carboxypeptidase 1B, cytoplasmic
membrane protein), 110 nt from stop codon

15| Ucc A GC ACCA GC

5
3

antisense of agaZ (putative tagatose 6-phosphate kinase), 80 nt from stop codon;

sense upstream of agaR (putative transcriptional repressor of aga operon for N-
acetylgalactosamine transport and metabolism), 330 nt from start codon

@
C

16| acc A cc avea ac

antisense of ygj7T (probable integral membrane protein), 340 nt from stop codon

2
(]
3
a
@
10
1

GGC A GG AACA

from start codon

antisense of 01025 (similarity to acrF, which is an integral membrane protein
involved in cell division, cell envelope formation and multidrug resistance), 1330 nt

18] uce A cc acea

8
3

CGA
nt from start codon

antisense of ropA (alternate name supX, DNA topoisomerase I, omega protein I), 600

-
o
]

ucc

9]
£
Q
I}

CC AGCA GG

)
>

GGA

nt from stop codon;

antisense of 0356 (similarity to [pfD from the S. typhimurium fimbrial operon), 140

antisense upstream of 0180 (similarity to fiml from S. typhimurium, which is a
fimbriae-related fimbrin-like protein), 150 nt from start codon

GC AUCA GC GGC

o
o
o}
s}
's}
Ed
[]
le}

from stop codon;

sense of tesA (alternate gene name apeA, acyl-CoA thioesterase I, periplasmic
enzyme, involved in membrane lipid biosynthesis), 200 nt from start codon, 420 nt

antisense _upstream of ybbA (hypothetical ABC transporter), 160 nt from start codon

(9]

21| eac A cc auca cc GC

GCC |sense of yagX (similarity to c¢faC, which is colonization factor antigen I fimbrial
subunit C precursor, may serve as anchor for the fimbriae in the outer membrane),
1170 nt from stop codon

The sites shown double-underlined and in bold (9, 10 and 19) correspond to SELEX isolates 5, 1 and 3 in Table 1. The consensus
binding site elements (Fig. 1E) are separated by spaces. The ANCA loop is in bold, the bulged A is outlined, the 2 nt stem is

double-underlined and the 3 nt stem is underlined.

RNAMOT. Some of these did not fit the SELEX consensus
used for searching the database. For example, had G:U pairs
been allowed in the consensus, these sites would have been
found, too. Others, like isolate nos 7 and 9 from Table 1, were
not in the database.

Most of the RNAMOT sites were not found by SELEX. It is
possible that some of them were under-represented in the starting
library, that they were poorly amplifiable in SELEX or that they
bound MS2 CP weakly because RNA folds into alternate, non-
binding structures within the context of a larger molecule.

An interesting feature of the major 7ffG isolate, relative to
other SELEX isolates, was a fairly long stem that supported the
binding site (Fig. 1D). Perhaps a longer stem provides extra
stability to the correct binding site structure and thus reduces
the fraction of molecules folded into other, non-binding, struc-
tures. In the randomized sequence SELEX for R17 coat protein
binders, Schneider et al. also found mostly long (7 bp) and
stable (mostly G:C or C:G base pairs) stems (19). Also, in the
regular MS2 CP genomic SELEX (without switching the fixed
sequences or annealing of oligonucleotides; Fig. 2, experiment
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1) many isolates used fixed sequences not only to form the
consensus binding site, but also to extend its stem past the
minimum 5 bp. In SELEX experiments 3 and 4 the fixed
sequences, while not forming the consensus binding site,
sometimes extended the stem to longer than the minimal 5 bp.
In SELEX experiment 5, the new fixed sequences were chosen
without STOGEN and their potential to base-pair to each other
and to the insert was accidentally overlooked. In most of the
isolates from this SELEX, the fixed sequences extended the
minimal stem by an additional 12 bp.

However, some RNAMOT sites (nos 8, 12 and 14, Table 2)
are also predicted to have long stems, just like the most
frequent genomic SELEX isolates (nos 1, 2 and 3, Table 1) and
yet they were not found in SELEX. They fit the randomized
sequence SELEX consensus (19) as well or better than the
most frequent genomic SELEX isolates. They also bind MS2
CP rather well. Sites nos 8 and 14 bind MS2 CP with affinities
between those of SELEX isolate nos 1 and 2 (data not shown).
Thus, these sites were not isolated in SELEX for reasons other
than their affinity to MS2 CP. Site No. 12 binds MS2 CP with
affinity only slightly weaker than SELEX isolate No. 6.

DISCUSSION

Genomic SELEX: libraries and selection methods

Genomic SELEX for E.coli RNA that binds to phage MS2 CP
showed that fixed sequences and tails of the library molecules
can influence the outcome of SELEX, with the result that most
of the isolates turn out to be artifacts (Fig. 1). The fraction of
artifacts can be decreased ~2-fold by annealing of DNA oligo-
nucleotides complementary to the fixed sequences. If the fixed
sequences are switched halfway through the SELEX rounds
and tails are eliminated (Figs 2 and 3), the fraction of artifacts
becomes only a few percent of the total isolates. The new fixed
sequences must be chosen with consideration of several
important factors, which was done using a specially designed
computer program, STOGEN.

The genomic sites isolated by SELEX have markedly
different frequencies in the final pool (Tables 1 and 2), which
may be influenced by several factors, such as affinity to MS2
CP, frequency in the starting library and ability to be amplified
in SELEX. To identify potentially interesting, but less frequent
isolates, one can deplete the pool from the major isolates, for
instance by using complementary biotinylated oligonucleo-
tides and immobilized streptavidin.

It is possible that the starting libraries constructed using
other methods will have a more uniform distribution of
genomic fragments. Libraries made by mechanical fragmentation
and blunt-end ligation (35) are good candidates to test in future
experiments. Perhaps a mixture of several libraries, each
constructed independently by a different method, would be
more uniform than any of the individual libraries alone.

Proteins other than MS2 CP may have significantly longer
binding sites and thus may require longer library inserts. It
would also be interesting to test whether genomic SELEX with
longer inserts yields fewer artifacts, as the fixed sequences and
tails become smaller relative to the insert.

Like other methods of investigating nucleic acid—protein
interactions, genomic SELEX has its limitations. Genomic SELEX
is biased toward strong interactions. Some RNA molecules may be

PAGE 8 OF 10

bound weakly but, because they are abundant, engage in
significant interactions. It is also expected that a sizeable
fraction of interactions identified in genomic SELEX may be
biologically irrelevant, due to competition for binding to
multiple proteins, folding of RNA into alternate structures, the
absence of RNA expression and other factors. Because of the
inherent complexity of the problem and the fact that the
strengths of different methods often complement each other,
genomic SELEX is best used in combination with other
methods (both computational and experimental) of studying
nucleic acid—protein interactions.

Locations of MS2 CP binding sites

The observed binding site locations within the genes do not
follow any obvious pattern. In particular, the sites are not
located close to the predicted ribosome binding sites. This was
determined by comparing the GenBank sequences with the
translation initiation site consensus (36) using GCG fitcon-
sensus program (26).

MS2 CP binding may affect, for example, mRNA stability,
as is the case with many protein—RNA interactions (37-40).
MS2 is known to specifically repress the synthesis of some
E.coli proteins (41). Since bacterial mRNA synthesis at the
same time is affected relatively little (42,43), repression of the
protein synthesis must be post-transcriptional, for example, at
the RNA level, as suggested by the genomic SELEX results.

Some binding sites isolated by SELEX are located on the
antisense RNA strand. They may still have a biological role.
There are many known cases in which the antisense RNA
negatively regulates the sense strand gene expression (44).
Often, the mechanism involves RNaselll cleavage of the
sense—antisense RNA duplex. It is possible that MS2 CP
binding prevents the antisense strand from hybridizing to the
sense strand and thus positively regulates the sense strand gene
expression. Indeed, there are several known examples of
proteins that bind to the antisense strand RNA and thus affect
the sense strand gene expression (39,40,45,46).

All of the antisense sites listed in Table 1 are close (within a
few hundred nucleotides) to promoter-like sequences. This
was determined using computerized promoter search (47). Of
course, the antisense molecules can also be transcribed by
read-through from the upstream genes on the antisense strand.

The functions of the genes that contain MS2 CP binding sites

Most of the E.coli genes containing MS2 CP binding sites have
something to do with the cell surface (Table 1). It is possible
that the phage changes the cell surface through the interaction
of the coat protein with the E.coli RNA. MS2 CP-RNA inter-
actions may play several possible roles:

(i) MS2 CP-RNA interactions may benefit the phage, e.g. by
facilitating its budding [a non-lytic mode of MS2 replication
(48-51)] or by changing the E.coli adhesion properties so that
the infected cell could wander away to infect more cells.

(ii) Escherichia coli may use the same MS2 CP-RNA inter-
actions to reverse these processes—to the benefit of itself or
other, uninfected cells.

(iii) Both phage and bacteria may benefit from the inter-
actions, if it prevents other phages from entering the cell or if
bacterial virulence is positively affected.

The examples below illustrate these possible scenarios. They
do not in any way prove that the MS2 CP-RNA interactions
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identified by genomic SELEX have a specific biological role
(most of them probably do not). The examples serve only to
point out some of the many possible mechanisms in which
these interactions can be utilized by the phage and the bacteria.

The potential interaction between MS2 CP and rffG RNA
(isolate No. 1, Table 1) may affect the cell surface by changing
the O antigen, whose synthesis is rffG-dependent. Phages are
well-known to cause changes in the O antigen (52-54). In
some cases, these changes protect both the bacteria and the
resident phage from subsequent infection by other phages
(55,56), the process in which lipopolysaccharide and its O
antigen part play an active role (57,58).

The potential interaction between MS2 CP and 0356 or 0180
genes (isolate No. 3, Table 1), which display similarities to
fimbriae-related genes IpfD and fiml, may also change the
bacterial surface to make the cell resistant to other phages.
Indeed, there are known examples of phages that require
another fimbrial gene (fimU) for infection (59).

The potential binding of MS2 CP to secY (isolate No. 6) may
affect budding of the phage, since SecY is known to interact
with phage coat proteins (60). The binding may also make the
cell resistant to other phages, because secY is necessary for
export of many surface proteins, such as phage A receptor (61).

In addition to affecting bacterial gene expression, MS2 CP-RNA
interactions may be used by the phage to assess the physiological
state of the cell and thus to adjust the phage life cycle accord-
ingly. The E.coli RNAs may compete with MS2 replicase site
for binding to MS2 CP, decreasing the translational repression
of the replicase and thus influencing the number of phage
particles produced. The concentrations of the E.coli RNAs will
vary depending on the state of the bacterial cell. For example,
the level of rffG mRNA, through its binding to MS2 CP, may
indicate to the phage the state of the cell surface. Having MS2
CP bound to many different RNAs encoding functionally-
related proteins would be a good way to produce more phage
replicase when needed. The fact that RNA fragments from
related genes were isolated in genomic SELEX supports this
hypothesis.

Many bacteriophages are known to adapt their life cycle to
variations in the physiological state of the bacterial cell. For
example, MS2 lysis is dependent on the availability of nutri-
ents (51), temperature (48), bacterial growth phase (49,50), pH
of the media and the state of the cell surface (62). Lysis of cells
infected by phage $X174 is dependent on the media composi-
tion and the function of a number of bacterial genes related to
the cell surface, including envC and dacB (62).

If desired, the presence and the effects of the interactions
between the E.coli genes and MS2 CP in vivo can be tested in
a separate study using well-established methods. The results of
the present study merely point to an interesting connection
between bacteriophage MS2 and the cell surface of the bacteria
that it infects. Genomic SELEX appears capable of uncovering
surprising interactions even in a relatively simple and well-
studied system. One can expect that for other proteins, or
mixtures of proteins, this method will also frequently reveal
previously unrecognized biological regulatory loops (1-3).

MS2 CP genomic SELEX results suggest that to reduce the
fraction of experimentally-induced artifacts among the isolates,
selection should be carried out with replacement of the fixed
sequences. Annealing of oligonucleotides complementary to the

Nucleic Acids Research, 2000, Vol. 28, No. 21 e93

fixed sequences is not as effective by itself and, when coupled
with replacement of the fixed sequences, has no additional
effect. The improvements in genomic SELEX methodology
resulting from the present study can be useful for the future
genomic and randomized sequence SELEX applications.
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