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ABSTRACT

In vitro  experiments that characterize DNA–protein
interactions by artificial selection, such as SELEX,
are often performed with the assumption that the
experimental conditions are equivalent to natural
ones. To test whether SELEX gives natural results, we
compared sequence logos composed from naturally
occurring leucine-responsive regulatory protein (Lrp)
binding sites with those composed from SELEX-
generated binding sites. The sequence logos were
significantly different, indicating that the binding
conditions are disparate. A likely explanation is that
the SELEX experiment selected for a dimeric or
trimeric Lrp complex bound to DNA. In contrast,
natural sites appear to be bound by a monomer. This
discrepancy suggests that in vitro  selections do not
necessarily give binding site sets comparable with the
natural binding sites.

INTRODUCTION

Genetic control is exerted when proteins bind to specific nucleic
acid sequences. Traditionally, these sequences have been collected
from the naturally evolved sites. More recently, protein-binding
motifs have been characterized by using in vitro selection
procedures. It is often assumed that in vitro results accurately
reflect natural binding sites, but a quantitative comparison of the
two approaches has usually been lacking. In this paper we make this
comparison for the leucine-responsive regulatory protein (Lrp).

Lrp is a pleiotropic DNA-binding protein in Escherichia coli
and Salmonella typhimurium that consists of two 18.8 kDa
subunits (1), and that forms a homodimer in solution (2). Lrp
binds to multiple sites in a number of operons, including dad,
fanABC, papBA and ilvIH  (3–5). Leucine can invoke either
positive or negative transcriptional control by Lrp (1,6).

Cui et al. investigated Lrp by using the SELEX (systematic
evolution of ligands by exponential enrichment) procedure (7), an
in vitro method that is used to identify binding motifs. In the
SELEX procedure, a specific protein is used to select binding
sequences from random synthetic sequences (8). Since its

introduction, the SELEX technique has been used to study a
variety of systems (9,10).

Since Lrp has many natural binding sites, a reasonably accurate
model for in vivo binding sequences can be created and compared
with sites produced by SELEX. Based on Claude Shannon’s
information theory (11,12), molecular information theory
(13,14) is a mathematical approach to explaining molecular
interactions. Using information theory, we constructed two separate
models of Lrp binding sequences for comparison. These quantitative
models, called sequence logos (15), graphically represent Lrp
binding in both the natural and synthetic environments. Comparison
of the models allowed us to test whether the sites selected in vitro
had evolved to simulate natural binding sites.

MATERIALS AND METHODS

Twenty-seven Lrp binding sites were aligned for analysis of Lrp
binding patterns (Fig. 1). Only sites with supporting experimental
data (footprint, mutational analysis, deletions) were used. Seventeen
of the 27 sites are on the E.coli chromosome and the remaining
10 are found on four different plasmids. The lrp, gltBDF,
leuABCD, oppA, pnt, sdaA, glyA, livJ, glnALG, fimB, fanABC,
serA and ompF sites, discussed in Fraenkel et al. (16), were not
used because no experimental data supported binding there.

The delila, alist, encode, rseq, dalvec and makelogo programs
were used as described previously to create both natural (Fig. 2)
and SELEX (Fig. 5) sequence logos (15,17). The malign
program was used to adjust and check the alignment of the Lrp
sites, and to maximize the information content (18). The rsim
program was used to determine the standard deviation of
Rsequence (13,19).

The information content of individual genetic sequences (Ri )
can be determined to identify potential binding sites (20–25).The
programs ri , scan, search, live and lister were used to identify
and map the Lrp sites relative to the footprint data, and sites were
displayed by the sequence walker method (20,21). First, we used
ri  to create an Riw (b, l) weight matrix from the aligned set of sites.
Then we scanned each sequence with the natural Lrp weight
matrix using scan. Next, we used the search program to identify
and mark the footprinted regions on the map. The live program
was used to create a spectrum color strip to indicate protein
binding site orientation on B-form DNA (Figs 3 and 4). We then
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Figure 1. Aligned listing of 27 E.coli Lrp binding sites. Columns from left to right indicate gene or operon name; Lrp activation (A), repression (R) or whether its
effect is unknown (?); GenBank accession number; zero coordinate in GenBank entry; the orientation of the sequence relative to the GenBank entry; sequence number;
the binding sequence and Ri  of each site in bits for the range –1 to +12. Twenty-five footprinted sites [ilvIH  (5,27), trxB (36), micF and ompC (37), gcv (38), gltBDF
(33), lysU (39), papBA (4,40,41), faeA (42), daaAB and sfaBA (43)], and two mutated sites that affected binding [dad (3) and tdh (44)] are shown. The alignment is
derived from Fraenkel (16). These sites are summarized as sequence logos in Figure 2.

used the lister program to place the walkers and other features on
the DNA map.

To compare binding energy with individual information
(Fig. 6), we plotted the relative binding strength from Cui et al.
(7) against the strongest Ri  found by scanning the SELEX sites
with a natural weight matrix. The reported binding site strength
was also compared with the Ri  predicted from the SELEX
sequences themselves. The xyplo program was used to generate
the graph.

Further information on programs is available at http://www-lecb.
ncifcrf.gov/∼toms/

RESULTS

Natural Lrp sites

The Lrp sequence logo (Fig. 2A) shows well conserved bases at
positions –1 to +3 and low conservation up to position +12.
Positions –1 to +3 have heights >1 bit, suggesting major groove
binding in that region or minor groove binding with distortion of
the helix (26). The cosine wave represents B-form DNA. The
sequence logo follows the wave fairly well, a common attribute
of many logos in which the peaks correspond to major groove
binding (17). However, methylation protection is observed
outside of positions –1 to +3, which is inconsistent with this
suggested major groove binding. DMS modifies the N7 position
of guanine, but these are rare in the region –1 to +3 and none were
in the experimental DNA (27), so the DMS protection experiments
did not address the question of whether contacts are made in this

region. It is possible that Lrp binds to the major groove in the
protected regions –5, –4 and +4 to +7 and that the sequence
conservation in –1 to +3 is through the minor groove. To account
for the sequence conservation exceeding 1 bit in the minor
groove, the DNA would have to be heavily distorted, as with
TATA binding sites (28–30). The sites contained a total information
content of Rsequence = 10.8 ± 0.9 bits, for the range –1 to +12.

Lrp is known to both activate and repress transcription (6), so
sequence logos for both Lrp activation and repression sites were
made (Fig. 2B and C). There are no major differences observed
between the sequence characteristics of activation and repression
sites, except for more strongly conserved bases at the –10, –9, –2,
–1 and +6 positions in the activation logo and a more strongly
conserved A at the +2 position and T at the –4 and +12 positions
in the repression logo. Activation sites occur about twice as
frequently as repression sites.

To see if activation sites can be distinguished from repression
sites, activation and repression Riw (b, l) weight matrices were
assembled for individual informational analysis of all footprinted
Lrp sites. Activation sites were given higher Ri  evaluation by the
activation model and the repression sites were favored by the
repression model. To test the predictive capability of these matrices,
we repeated this analysis but excluded each site from its own matrix.
We found that we could not predict repression versus activation. The
failure of this bootstrap test, for all sites, suggests that either the
activation and repression sites are essentially identical or that more
examples are needed to distinguish between them.
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Figure 2. Sequence logos of natural Lrp sites. (A) Sequence logo of the 27
wild-type Lrp binding sites shown in Figure 1. Sequence conservation,
measured in bits of information, is depicted by the height of a stack of letters
for each position in the binding sites. The relative heights of the letters within
a stack are proportional to their frequencies. Circles were placed below
guanines protected from DMS attacks by Lrp (27). Open circles (�) are
guanines protected on the top strand, and filled circles (● ) are guanines
protected on the bottom strand. Triangles (▲) denote DNase I hypersensitive
sites (43). (B) Sequence logo of 17 Lrp-activation binding sites (A in Fig. 1).
(C) sequence logo of nine Lrp-repression binding sites (R in Fig. 1). The cosine
wave represents the 10.6 base twist of B-form DNA (17,26).

Evidence of model accuracy

To test our model’s accuracy, we scanned the complete 27 site
individual information weight matrix across the six in vivo
footprinted ilvIH  sites (5) and displayed the results using sequence
walkers (Fig. 3). The walkers coincided with the six protected areas,
confirming the model. The Lrp Riw (b, l) weight matrix was scanned
across the other sites of Figure 1 and similar results were seen (data
not shown). Interestingly, the sites all have the same asymmetric
orientation and fall on two opposite faces of the DNA.

Informational predictions of possible sites

To test our Lrp binding site model, we excluded the fimA
regulatory region from our data set (Fig. 1). (OP)2Cu2+ footprinting

Figure 3. Lrp sequence walkers compared to in vivo DMS footprinting data. Six
in vivo DMS footprinted ilvIH  sites are marked by dashed lines (5). Beneath
these sites are sequence walkers along with the Ri  of each site given in bits. The
height of each letter in a walker is the sequence conservation that that base
contributes to the average sequence conservation shown in the sequence logo
(Fig. 2A). The green rectangles mark the zero coordinate of each walker and
provide a scale from –3 to +2 bits. All letters of the walkers are rotated 90�

counter-clockwise, indicating that all Lrp ilvIH  sites have the same orientation.
Walker location was determined by the scan program for Ri  > 4 bits, which
includes all known natural sites in Figure 1. The asterisks and numbers above
the sequence indicate the position on the E.coli genome, GenBank entry
U00096 (45). The color strip above the sequence has a 10.6 base cycle,
representing the helical structure of B-form DNA. Sites 1, 2 and 4 are on the
same face because their zero coordinates fall under the same color. Sites 3, 5 and
6 are on the opposite face.

data along with two-stage methidiumpropyl-EDTA footprinting
analysis indicates that Lrp binds to over 60 bp in fimA (31,32), and
based on a pre-existing consensus sequence, two Lrp binding sites
had been predicted at the ends of the protected region (31). As
shown by the map of Figure 4, both sites appear to be correctly
placed since there is a 10.1 bit walker beneath the first and a 3.3 bit
walker partially beneath the second. In addition, the map suggests
multiple Lrp binding sites (22) in the fimA regulatory region, all in
the same asymmetric orientation and on approximately two
opposite faces of the DNA.

SELEX-generated sites

Cui et al. used the SELEX procedure (8) to obtain sequences that
bind Lrp (7). Two SELEX experiments that had been performed
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Figure 4. Predicted Lrp sites in the fimA regulatory region. Two Lrp binding sites previously predicted (31) are marked with dashes, while (OP)2Cu2+ and two-stage
methidiumpropyl-EDTA footprinting data shows extended protection (31,32), that corresponds to a series of Lrp walkers. To include the 3.3 bit site predicted by Gally
et al. (31), all sequence walkers with Ri  > 3 bits are shown. The black rectangle indicates a base not observed in the original data set (Fig. 1). If this site were included
in the model, it would become 7.2 bits (20). All predicted Lrp sites have the same orientation and the four sites having 10.1, 5.1, 4.8 and 5.5 bits would be on the same
face of the DNA since their zero positions are at nearly the same color on the spectrum, while the 4.0, 4.6 and 7.5 bit sites are approximately on the opposite face.
The sequence is from GenBank accession U00096 (45).

in the absence of leucine are represented by sequence logos in
Figure 5A and B and combined in Figure 5C. A third experiment
that had been performed in the presence of leucine has a similar
logo (Fig. 5D). Cui et al. noticed that the sequences from all three
experiments were similar, so they combined all of the sites to
generate their consensus sequence. We therefore also made a
sequence logo that combined all of the SELEX sequences
(Fig. 5E). These sites contained an Rsequence of 13.9 ± 0.6 bits, for
the range –7 to +8. Various sized symmetric and asymmetric
SELEX models were used to predict binding in the natural
sequences (Fig. 1) and, unlike the predictions by the natural
model, the sites were not consistently identified (data not shown).
Finally, we plotted each reported relative binding strength against
the corresponding natural Ri  values (Fig. 6A), and we plotted the
binding strength against Ri  values from a weight matrix created
from all 67 SELEX sequences (Fig. 6B).

DISCUSSION

Experimentally characterized natural Lrp binding sites (Fig. 1)
have typical sequence logos that show moderate variation
between activation and repression sites (Fig. 2). However, we
were unable to use separated activation and repression models to
predict activation and repression. Because they are asymmetric,
all natural sequence logos are consistent with a monomer of Lrp
binding the DNA, even though experimental evidence suggests
homodimer formation in solution (2). While the sinusoidal shape
of the logo and sequence conservation in excess of 1 bit suggest
major groove binding (17), protection of major groove N7
moieties is outside the region of conservation, suggesting the
alternative possibility of minor groove binding in conjunction
with large distortions of the DNA helix (26,28,29). In any case,
individual information analysis shows that Lrp sites are easily
identified in footprinted regions (Figs 3 and 4). As with Fis
binding sites (22), predicted Lrp binding sites appear to have
specific patterns of binding to opposite faces of the DNA helix.

In addition, the sites are all oriented in the same direction. The
physiological implications of these structures are unknown.

Surprisingly, the sequence logos for natural Lrp binding sites
determined by footprints or mutations (Fig. 2A) do not closely
resemble the sequence logos obtained by SELEX (Fig. 5E). The
SELEX information content is 13.9 ± 0.6 bits whereas the natural
is 10.8 ± 0.9 bits, and these differ significantly (P < 0.005 by
Student’s t-test for 92 degrees of freedom). Although the central
regions from –1 to +3 resemble each other, the SELEX logo has
two additional regions, –7 to –5 and +5 to +7, that are
complementary to each other (7) and which account for 54% of
the SELEX information. A residue of this is visible in the natural
logo but only comprises 13% of the natural information. Finally,
a lack of correlation between the measured relative binding
strength and the Ri  found using the natural Riw (b, l) weight matrix
(Fig. 6A), demonstrates the incongruity of the two models.
Unexpectedly, there was also a poor correlation between the
binding strength and an Riw (b, l) weight matrix created from the
SELEX sequences themselves (Fig. 6B).

To explain these major discrepancies between the natural and
the SELEX sites, we suggest that three proteins are binding in the
SELEX experiment, since there are three bulges of sequence
conservation that rise above the 1 bit mark in the SELEX logo
(Fig. 5E). Two of these are the complementary regions separated
by 10 bp at –7 to –5 and +5 to +7, which Cui et al. suggested could
be bound by a homodimer (7). The correlation between these
conserved regions and the 10.6 base cosine wave (Fig. 5E)
(17,26), suggests that the homodimer binds in two major grooves
on one DNA face. The sequence in between these two conserved
regions is asymmetric and vaguely resembles the natural logo
(Fig. 2) because of the prominent Ts, suggesting a monomer
binding in the major groove of the opposite DNA face.

A possible explanation for differences between the in vivo and
in vitro results is that Lrp naturally forms a trimer with only the
central molecule specifically binding to the DNA. A homodimer
flanking a central monomer would not only be consistent with
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Figure 5. Sequence logos of SELEX-generated Lrp binding sites. (A) Sequence logo of 30 sites that made up SELEX experiment 1 of Cui et al. (7), in which there
was no leucine added. (B) Sequence logo of 25 sites that made up experiment 2, without leucine. (C) Sequence logo for experiments 1 and 2 combined, without leucine.
(D) Sequence logo of 12 sites that made up experiment 3, with leucine. (E) Sequence logo for experiments 1, 2 and 3 combined. (E) has two cosine waves to show
possible major groove binding on two different faces. The SELEX and natural coordinate systems were chosen to facilitate comparison with each other.

sequence conservation in the center of both natural and SELEX
logos (–1 to +3 in Figs 2A and 5E) but also explains the
methylation protection observed outside the center region in the
natural sites and the outer conservation observed in the SELEX
sites. Others have suggested that Lrp forms a dimer but that only
one of the monomers binds to the DNA (33).

When in vitro selections for OxyR and TrpR were analyzed by
information theory, they were also found to give results that differ
from those obtained from naturally selected sites (17,34). The
differences between the in vivo and in vitro Lrp logos might be
attributed to unnatural experimental conditions. Inappropriate
salt levels or temperatures, the absence of spermidine (35), or
selection of band-shifted DNA with the highest molecular weight
(i.e., a triplet complex), among many other possibilities, might be
reasons for these results. Sequence logos could be used to
quantitatively investigate the effects of such varying conditions (17).

In vitro selection procedures do not always mimic natural
evolution (10). The strongest sites, such as those found by
SELEX, are not ‘optimal’ when viewed on an information theory
scale (20). Instead, natural sites are observed to have a Gaussian
distribution that peters out at the high end. From this viewpoint,
the strongest possible sites are seen as abnormal. When SELEX

is pushed to obtain the strongest possible binding sites, the
resulting sequence logo should show more sequence conservation
than the natural sites, and as shown in this paper may be radically
different from the natural logo. When the in vitro selections are
more mild, the logos may resemble each other if the conditions
are comparable. If one’s goal is to obtain the strongest binder, as
has been the emphasis for most of the work with SELEX (10),
then strong selection is appropriate and sequence logos can be
used to characterize the strong sites. If, instead, the goal is to learn
more about the binding pattern of natural ligands, then weaker
selection under various conditions could be guided by using
sequence logos.
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Figure 6. Comparing the relative binding strength of Cui et al. with Ri. (A) Using
the Riw  (b, l) weight matrix from the natural sites (Fig. 1), we scanned the
SELEX-generated sequences in Cui et al. (7). The highest Ri  for each
SELEX-generated site was chosen for the 62 sites reported; no correlation was
observed between binding strength and Ri  (r = 0.15). Also, the sum of all
positive Ri  values in each sequence was compared with the reported binding
energy, but no correlation was found by this second approach (r = 0.06). (B) An
Riw  (b, l) matrix was made from the SELEX sequences and used to evaluate the
same sequences. The single outlier, referred to as 7 in Figure 3 of Cui et al. (7),
contains a T at +2 that is not observed in any other SELEX sequence and is
therefore rated with a low value (20) (r = 0.43 without the outlier).
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