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Information theory w as in tro duced in the late 1940s b y Claude Shannon

for the study of comm unications systems[1 , 2]. With this mathematical to ol,

information passing through a telephone or computer data line can b e mea-

sured and compared to the theoretical limit of the line, called the c hannel

capacit y . The information measure is giv en in units of bits p er second, where

one bit is the c hoice b et w een t w o equally lik ely p ossibilities. Surprisingly ,

one of Shannon's theorems states that as long as the c hannel capacit y is not

exceeded, the comm unications ma y ha v e as few errors as desired[3 ]. An ex-

ample of the practical use of this result is the clear m usic of compact discs

(CDs) whic h are sp ecially co ded to protect against noise. Cleaning instruc-

tions for CDs sa y that they should b e wip ed in a radial direction. If an y

scratc hes are in tro duced, they will ha v e less e�ect on the co ding, whic h runs

in concen tric circles and is capable of correcting up to 4000 data bit errors[4].

Ev olutionary conserv ation indicates the functional imp ortance of biolog-

ical structures, so a robust and precise measure for conserv ation is necessary

for empirical studies. The measuremen t of conserv ation in bits is uniquely

suited to this task b ecause, unlik e an y other measure, bits are additiv e and

consisten t from one system to the next. Bits pro vide a univ ersal scale for

measuring biological conserv ation not only in DNA and RNA but also for

proteins and other macromolecules[5 , 6].

OxyR is a tetrameric protein that binds to the DNA of sev eral promoters

in Escherichia c oli and activ ates transcription of genes enco ding an tio xidan t

enzymes[7 , 8]. The initial in v estigation of the DNA-binding sites b y T artaglia

et al. sho w ed that OxyR binds to a large region of DNA, but the consen-

sus sequences obtained w ere w eak and sparse, making the sites di�cult to

c haracterize.

In conjunction with the information analysis describ ed here, recen t ex-

p erimen tal w ork on this protein[9 ] clari�ed the w a y in whic h OxyR binds

to DNA sequences. This w ould not ha v e b een p ossible using a consensus

sequence.

Materials and Metho ds

Se quenc es

When p ossible, wild-t yp e OxyR DNA binding site sequences[7 , 9 ] w ere

obtained from GenBank 83. The follo wing list includes the site name, acces-

sion n um b er, and co ordinate of the cen tral (zero) base: o xyR, J04553, 163;

k atG, M21516, 68; ahpC, D13187, 116; dps, X69337, 202; gorA, U00039,

60491; Mu mom, V01463, 59; S. typhimurium orf, (not in GenBank) 29.
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Both wild-t yp e and the random sequences that b ound to OxyR are giv en

elsewhere[9 ].

Pr o gr ams and Data

Information analysis and the sequence logo tec hnique w ere p erformed

as describ ed previously [5, 10, 11 ]. A primer on information theory is

a v ailable on the in ternet at ftp://ftp.ncifcrf.go v/pub/delila/primer.ps. Pro-

grams (written in P ascal[12]) and data are a v ailable b y anon ymous ftp

from ftp://ftp.ncifcrf.go v/pub/delila/ or via the W orld Wide W eb site

h ttp://www-lmm b.ncifcrf.go v/ � toms/.

The programs for constructing sequence logos and p erforming other tasks

w ere used in appro ximately this order:

� dbbk.p: con v ert GenBank to Delila ( DE o xyrib on ucleic LI brary

LA nguage) format[13 ].

� mak ebk.p: con v ert ra w sequences to Delila format.

� catal.p: create a Delila database.

� delila.p: extract binding site sequence fragmen ts from a Delila

database.

� alist.p: displa y aligned sequence fragmen ts (Fig. 1).

� enco de.p: con v ert aligned sequence fragmen ts to binary v ectors[14 ].

� rseq.p: use binary v ectors to p erform information analysis of a binding

site[5 ]. A t eac h p osition l in the binding site, the frequency of eac h

base b is determined. The frequency , f ( b; l ), is used to compute the

information con ten t at eac h p osition according to:

R

seq uence

( l ) = 2 �

0

@

e ( n ( l )) �

X

b 2f A;C ;G;T g

f ( b; l ) log

2

f ( b; l )

1

A

(bits p er base )

(1)

where n ( l ) is the n um b er of bases at l and e ( n ( l )) is a correction for

small sample size[5]. The total information con ten t is

R

seq uence

=

X

l

R

seq uence

( l ) (bits p er site) : (2)
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� dalv ec.p: con v ert information table to sym b olic v ector format.

� mak elogo.p: con v ert sym b olic v ector to a sequence logo[10 ] (Fig. 2).

� malign.p: information theory based m ultiple alignmen t.

A pap er describing this program is at

ftp://ftp.ncifcrf.go v/pub/delila/malign.ps

� rsim.p: compute the standard deviation corresp onding to the mean

R

seq uence

[15].

� ttest.p: p erform Studen t's t test[16 ].

� dnag.p and dops.p: dra w DNA base pairs (just the atoms in Fig. 3).

Detailed do cumen tation on eac h program is giv en at the b eginning

of the source co de. Binaries for Sun4 Sparc computers are in

ftp://ftp.ncifcrf.go v/pub/delila/bin/sun4/. A W orld Wide W eb sequence

logo serv er has b een set up b y Stev en E. Brenner (Univ ersit y of Cam bridge

Sc ho ol of Biological Sciences and MR C Lab oratory of Molecular Biology) at

h ttp://www.bio.cam.ac.uk/seqlogo/.

The aligned listing and sequence logos w ere prin ted on a T ektronix Phaser

140 inkjet prin ter.

Se quenc e L o gos

The sequence logos[10 , 11] in Fig. 2 summarize the data in a set of aligned

sequences suc h as Fig. 1. The heigh t of a stac k of letters is the sequence con-

serv ation measured in bits of information according to equation (1). The

heigh t of eac h letter within a stac k is prop ortional to its frequency at that

p osition in the binding site. The letters are sorted, with the most frequen t on

top. The cosine w a v e represen ts the t wist of B-form DNA. W a v e p eaks are

all on one face of the DNA and represen t the ma jor gro o v e facing the pro-

tein. Error bars indicate the v ariabilit y of a comparable n um b er of random

sequences[5 ].

Results and Discussion

A nalysis of OxyR Se quenc e L o gos for DNA Binding F ac e

Wild-t yp e OxyR binding site sequences w ere aligned (Fig. 1) and infor- ( Fig 1

mation analysis w as used to generate the sequence logo in Fig. 2a. The logo

( Fig 2

sho ws a correlation b et w een the strongest sequence conserv ation, as giv en b y



Sc hneider, Reading Sequence Logos 5

the heigh ts of the stac ks of letters, and the face of B-form DNA, as giv en b y

the cosine w a v e. The same correlation is seen in other proteins ( � cI/cro, �

O, 434 cI/cro, ArgR, CRP , T rpR, FNR and LexA, see �gure 6 of P app et

al. [11 ]). The exten t of DNase I fo otprin ting[7 ] and this correlation suggests

that OxyR binds to one face of B-form DNA in 4 successiv e ma jor gro o v es.

A second line of evidence that can b e read from the sequence logo also

supp orts this mo del. When a protein is in con tact with a ma jor gro o v e, the

t w o base pairs and their t w o orien tations can b e distinguished, as recognized

b y Seeman et al [17 , 11 ], so the protein is capable of \c ho osing" one of the four

p ossibilities: A=T, T=A, C � G, or G � C. This can b e explained with the help

of Fig. 3, whic h depicts the t w o base pairs. The p ossible c hemical con tacts ( Fig 3

for T=A in the ma jor gro o v e are (reading from left to righ t): meth yl group,

h ydrogen acceptor, h ydrogen donor and h ydrogen acceptor, or T:Me-a-d-a:A

for short. This can easily b e distinguished from the complemen tary pattern of

A=T, whic h is A:a-d-a-Me:T. Lik ewise C:(blank)-d-a-a:G is distinguishable

from G:a-a-d-(blank):C. Finally , GC/CG can b e distinguished from A T/T A.

This c hoice of 1 p ossibilit y in 4 can b e made with 2 bits of information.

(This is calculated as log

2

4 = 1 = 2 bits. F or further explanation, see Pierce[2 ]

or the primer on information theory whose lo cation is giv en in Materials and

Metho ds.) Completely conserv ed p ositions in the ma jor gro o v e are describ ed

b y 2 bits and this is the highest p oin t on the v ertical scale of the sequence

logos. It is easiest to think of a bit as a knife slice that dissects the bases

in Fig. 3. A horizon tal slice is the �rst bit and a v ertical slice is the second

one. The �rst bit determines whether the base is ab o v e or b elo w the slice

and the second bit determines whether it is to the left or the righ t. Because

they are at righ t angles to one another, the slices pro vide indep enden t c hoices

and no more than 2 bits are needed to sp ecify a single base. F or example,

\top, left" selects the T. The a v erage n um b er of bits needed to describ e the

observ ed frequency of bases is the information con ten t or sequence conserv a-

tion. Because it is an a v erage it do es not need to b e an in teger and so the

heigh ts of the letter stac ks in the sequence logo are real n um b ers. Sequence

conserv ation in the ma jor gro o v e can range an ywhere b et w een 0 and 2 bits

dep ending on the strength of the con tacts in v olv ed, as seen in �gure 6 of

P app et al. [11 ]. Just b ecause it is p ossible for sequence conserv ation to b e

as high as 2 bits from the ma jor gro o v e do es not mean that the protein wil l

ev olv e to that high a v alue. The imp ortan t factors are the total sequence

conserv ation[5] and the co ding of the binding site that distinguishes it from

other sequences.
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In con trast to the ma jor gro o v e, con tacts in the minor gro o v e of B-form

DNA allo w b oth orien tations of eac h kind of base pair so that rotations ab out

the dy ad axis cannot easily b e distinguished. This is b ecause from the minor

gro o v e C � G app ears nearly iden tical to G � C and A=T app ears iden tical to

T=A. Fig. 3 sho ws that C � G in the minor gro o v e has the c hemical moiet y

pattern a-d-a, whic h is, to a go o d �rst appro ximation, iden tical to the pattern

of the complemen tary orien tation. The h ydrogen donor N2 of G is almost

exactly on the dy ad axis (the dashed line) and so its p osition do es not c hange

m uc h in the complemen t. Hydrogen atoms held in a h ydrogen b ond vibrate

vigorously and probably mak e suc h a �ne p ositional distinction di�cult b e-

cause they vibrate almost indep enden tly of the donor and acceptor[18 ]. The

base pair A=T has a-(blank)-a, whic h is iden tical in the other orien tation.

So A=T can b e distinguished from C � G in the minor gro o v e only b y a donor

con tact to the N2 or b y a ph ysical prob e whic h blo c ks the N2 (in the blank

at the blac k dot). Because b oth of these are close to the dy ad axis only the

horizon tal knife slice w orks for the minor gro o v e.

Because only 2 of the 4 p ossibilities can b e distinguished, when a B-

form minor gro o v e is prob ed b y a protein no more than 1 bit of information

(log

2

4 = 2 = 1 bit) can b e obtained. That is, p ositions with more than 1 bit

of information are lik ely to represen t ma jor gro o v es facing the protein or, if

they do represen t minor gro o v e con tacts, then the DNA is probably not B-

form[11 ]. In the OxyR sequence logo, p ositions � 4, � 5 and � 7 are conserv ed

b y more than 1 bit of information, so these p ositions probably represen t

ma jor gro o v es facing the protein. This is consisten t with the correlation

b et w een sequence conserv ation and the face of the DNA discussed earlier.

After this prediction w as made, it w as con�rmed b y h ydro xyl radical

fo otprin ting and missing base exp erimen ts[9].

Pr e diction of Sp e ci�c OxyR DNA Contacts by \R e ading" the Se quenc e L o go

Because p osition 0 in the wild-t yp e sequence logo sho ws equally lik ely A

and T (Fig. 2a), that p osition ma y represen t a con tact from OxyR whic h col-

lides with the minor gro o v e N2 of G (ref.[17 ]), allo wing only A=T and T=A,

and disallo wing C � G en tirely . This prediction w as supp orted b y meth ylation

in terference data whic h indicate that meth ylation at N3 of A blo c ks binding

(Fig. 2a).

The logo also sho ws that p ositions +4, +7 and +13 are predominan tly

either A or G (T or C at the negativ e co ordinates), whic h suggests a con tact

b y OxyR to the ma jor gro o v e N7 group b ecause only the N7 acceptor is con-
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serv ed in an A $ G transition (T:Me-a-d- a :A matc hes C:(blank)-d-a- a :G

only in the last moiet y , see Fig. 3). This is also con�rmed b y meth ylation in-

terference data, but the disprop ortionate frequencies of these bases suggests

that other con tacts or e�ects are also in v olv ed.

P osition � 15 is mostly T or G (A or C at +15), suggesting a w eak con tact

to the ma jor gro o v e A-N6 or C-N4 and/or T-O4 and G-O6 groups. These

con tacts could b e conserv ed in T $ G transv ersions b ecause they shift b y

only � 1

�

A. (T:Me- a - d -a:A matc hes G:a- a - d -(blank):C in the middle t w o

moieties, see Fig. 3). This kind of con tact is lik ely to b e at p osition � 6 (and

+7) of CRP sites[11], where the crystal structure sho ws that Arg

180

donates

h ydrogen b onds to O6 and N7 of guanine[19]. The preferred binding order

G > T > A � C is directly visible in the CRP sequence logo[11 ], and is

con�rmed b y m utations[20 , 21 , 19 ]. Apparen tly when G is replaced b y T in

a CRP site, the T-O4 con tact is used instead of G-O6, but the G-N7 con tact

is lost. This accoun ts for the binding order except for the A. Substitution

b y A w ould break the G-O6 con tact but w ould main tain the N7 con tact.

The binding order T > A suggests that the O4 con tact is stronger than the

N7 con tact[20], ev en though when T ! G, the O4/O6 con tact shifts b y � 1

�

A

whereas the N7 con tact do es not mo v e at all.

Other p ositions in the OxyR binding sites sho w meth ylation in terference

that do not ha v e apparen t correlation to the observ ed sequence conserv ation.

This could b e b ecause the sequence conserv ation w as deriv ed from only a few

sequences and so is noisy , as indicated b y the large error bars. Alternativ ely ,

OxyR ma y pass close to the DNA at some p oin ts but not mak e actual con-

tact unless the DNA is abnormally meth ylated. Other e�ects, suc h as DNA

b ending or t wisting, also migh t accoun t for these discrepancies.

A more subtle piece of evidence can b e found in the o v erall shap e of the

sequence logo. Notice ho w the stac k heigh ts at p ositions � 4, � 5, and � 7

follo w along under the cosine w a v e (Fig. 2a). This e�ect can b e observ ed

in other sequence logos, in particular � cI/cro, � O, 434 cI/cro, CRP , FNR

and LexA[11 ]. It can b e explained b y the geometry of a globular protein

approac hing the cylindrical DNA. During the pro cess of �nding the binding

sites the protein mo v es to w ard and a w a y from the DNA[22 ]. Con tacts at

the cen ter of the DNA cylinder are closest to the protein and so should b e

the easiest to ev olv e. Con tacts b ecome progressiv ely more di�cult to mak e

as the approac h is made further o� axis (Fig. 4). If one w ere to rotate a ( Fig 4

DNA molecule on its long axis, a p oin t on its surface w ould cycle b et w een

b eing visible and not visible. This naturally results in a cosine function of
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accessibilit y along a linear DNA molecule. If w e de�ne accessibilit y as a cosine

function that runs from 0 to 1 bit in the minor gro o v e and another cosine

function that runs from 0 to 2 bits in the ma jor gro o v e, then the sum of these

t w o functions is the cosine w a v e dra wn on the logo. The correlation b et w een

sequence conserv ation and accessibilit y is consisten t with the prop osal that

p ositions � 4, � 5, and � 7 are read from the ma jor gro o v e.

T o summarize, there are at least four in terrelated tec hniques that can b e

used to read a sequence logo:

1. correlation of the strongest sequence conserv ation with ma jor gro o v es.

2. stac k heigh ts ab o v e 1.0 bit suggest ma jor gro o v es.

3. stac k comp osition suggesting ma jor or minor gro o v e con tacts.

4. stac k heigh ts follo wing the cosine accessibilit y w a v e.

The v arious observ ations that w e ha v e made for p ositions 0, � 4, � 5, � 7,

� 13 and � 15 all supp ort a mo del in whic h OxyR binds to 4 ma jor gro o v es

in the orien tation sho wn in Fig. 2a.

A nalysis of Synthetic OxyR Binding Sites

A \randomization" exp erimen t[23, 11 , 24] w as p erformed in whic h OxyR

protein w as used to gel shift 30 base pair equi-probable random sequences[9 ].

Unfortunately this ga v e a dismal logo (Fig. 2b), p ossibly b ecause the protein

w as prev en ted from binding prop erly b y the 
anking constan t sequence of the

v ector. The high conserv ation at the ends ( � 14 and � 15) comes more from

one side of the cloning sites and so ma y represen t an artifact.

1

Still, some

correlation with Fig. 2a is visible in the logo, in particular the A preference at

� 4, the T preference at � 5, and the G preference at � 7. But other p ositions

are just as conserv ed and do not re
ect the wild-t yp e sequences.

T o clarify this situation, the randomization exp erimen t w as rep eated with

45 base pair equi-probable random sequences whic h w ere then aligned b y an

information theory tec hnique using the malign.p program (Fig. 2c)[9]. Only

some of the patterns eviden t in Fig. 2a w ere con�rmed b y this exp erimen t,

whereas others b ecame more predominan t. The T or C at p osition � 2 closely

re
ects the wild-t yp e sequences there (7 Cs, 5 Ts, 1 G, 1 A). The conser-

v ation at � 4 and � 5 increased but p ositions 0 and � 7 barely increased.

1

This is not visible in the sequence logo b ecause b oth the sequences and their comple-

men ts w ere used. It is visible when only one orien tation is displa y ed, not sho wn.
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The wild-t yp e cluster at � 13, � 15 and p erhaps � 17 did materialize but not

strongly . The almost insigni�can tly w eak preferences for A at � 6, T at � 9,

and T at � 18 of wild-t yp e app ear ampli�ed. Additional conserv ation not

seen previously app eared at � 8 (?), � 12, � 16, � 19 and � 22. The reason for

these quan titativ e discrepancies b et w een the wild-t yp e sequence logo and the

logo from exp erimen tally selected sites is unkno wn, but migh t b e accoun ted

for b y the small sample sizes.

Another di�cult y with this kind of exp erimen t is that it alw a ys con tains

at least one unkno wn parameter, the stringency of selection. If the concen-

tration of OxyR protein w ere large, then its non-sp eci�c binding should cause

more DNA sequences to shift in the gel. This w ould lead to a sequence logo

with a lo w information con ten t relativ e to the natural sequences. Ho w ev er,

a lo w concen tration of OxyR protein should lead to a m uc h higher measured

information con ten t, p erhaps higher than is naturally found. This is also a

danger in ampli�cation proto cols suc h as SELEX[25 ].

T o coun ter this, the protein concen tration could b e adjusted so that the

total information con ten t from the randomization exp erimen t matc hes that

of the natural sequences. Presumably the t w o logos w ould then lo ok the

same. W ere they the same for the exp erimen t that w as done? The area

under the logo ( R

seq uence

) w as 15 : 4 � 1 : 9 bits for the 7 wild-t yp e sequences

and their complemen ts (Fig. 2A) but w as 17 : 5 � 1 : 2 bits for the 16 sequences

and their complemen ts in the 45mer exp erimen t (Fig. 2C). These can b e

compared b y a t w o-tailed Studen t's t test[16]. Because b oth the sequences

and their complemen ts w ere used, the t w o halv es of the sequence logo are

not indep enden t and the test m ust b e done with half-sites. This reduces eac h

mean b y a factor of 2 and reduces the v ariance b y a factor of 2 so the standard

deviations reduce b y

p

2. The n um b er of samples in the half-site set remains

at 14 and 32 resp ectiv ely . The t test on the half-sites sho ws that the natural

sites are signi�can tly di�eren t in information con ten t from the exp erimen tal

set ( t = 2 : 7 with 44 degrees of freedom, p < 0 : 02). Unfortunately this

criterion for matc hing the wild-t yp e binding sites w as not met.

Ev en so, it is clear that the sequence conserv ation is not uniformly pro-

p ortional across the t w o logos. One p ossibilit y that migh t accoun t for the

observ ed conserv ation at the edges of the exp erimen tally deriv ed sites is that

OxyR is still a�ected b y the constan t 
anking sequences of the cloning v ector

and binds to one or the other side in some cases. The discrepancy ma y also

re
ect di�eren t conditions b et w een in vivo ev olutionary factors and the in

vitr o gel shift exp erimen t. F or example, no sp ermidine w as used in the gel
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shift exp erimen t[9], y et it is w ell kno wn that sp ermidine is imp ortan t for pre-

cise recognition b y other DNA binding proteins[26 , 27 ]. Comparison of the

wild-t yp e sequence logo to a series of random gel shift sequence logos migh t

b e used to determine precisely what the in vivo binding conditions are.

Usefulness of Se quenc e L o gos V ersus Consensus Se quenc es

The case of OxyR demonstrates the usefulness of sequence logos as a

replacemen t for consensus sequences. The pattern b ound b y the protein is

di�cult to detect b y ey e (Fig. 1), and no agreemen t could b e found for a

consensus sequence. In con trast, the sequence logos are created automati-

cally and without an y am biguit y . They sho w clear and easily in terpretable

patterns. Because information theory is quan titativ e, statistical tests can b e

applied to collections of binding site sequences.

A consensus replaces the natural frequencies of bases with arbitrarily

c hosen ones [28 ]. F or example, in our data set[11], CRP p osition � 6 has

2 As, 2 Cs, 44 Gs and 10 Ts. T aking the consensus alters this to 100% G

and 0% of the other bases. When the consensus sequence G w as c hosen b y

this metho d, a subtle pattern of sequence conserv ation w as lost[29 , 30 , 31,

32 , 20, 33 , 21, 19]. That the T con tact o ccurs naturally apparen tly w en t

unrecognized un til the presen t w ork, although the mec hanism of the con tact

w as already understo o d from m utations[20 ].

The art of predicting sp eci�c base con tacts is w ell kno wn[17 ] but the

p erv asiv e use of consensus sequences in the mo dern molecular biology liter-

ature has prev en ted full use of the a v ailable sequence data. In the case of

CRP discussed earlier, the subtle G to T switc h, whic h probably destro ys

one h ydrogen b ond while k eeping the other, w as missed b ecause only the G

w as retained in the consensus mo del. In con trast, b ecause it visually dis-

pla ys the relev an t information in a compact, quan titativ e form, the sequence

logo allo ws direct in terpretation of the data and leads to sp eci�c predic-

tions that can guide exp erimen tation. F urther, when anomalies app ear, the

logo displa ys them so blatan tly that new phenomena are rev ealed[11]. Ev en

correlations b et w een p ositions in a binding site[15 ] could b e presen ted in a

three-dimensional sequence logo, but soft w are to generate this displa y has

not b een written y et.

As seen b y the sequence logo, OxyR do es not ha v e a sp ecial kind of

binding site as has b een suggested[7 ]. OxyR merely happ ens to ha v e a long

binding site with lo w o v erall information con ten t, so it tends to ha v e lo w

sequence conserv ation p er p osition. As a consequence of the Second La w of
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Thermo dynamics, DNA-protein con tacts tend to spread out o v er the a v ail-

able surface on an ev olutionary time scale. With at least 4 ma jor gro o v es and

three minor gro o v es to mak e con tacts in, OxyR can \a�ord" to ha v e man y

small con tacts. P arado xically , a mathematically rigorous theorem sho ws that

ha ving man y small con tacts lik e those used b y OxyR can impr ove sequence

discrimination[34 ]. F urthermore, man y binding sites are lik e OxyR in that

they ha v e v ariations in their information con ten t at di�eren t p ositions. This

is immediately apparen t up on insp ection of splice junction sequence logos[15 ]

and the \gallery" of DNA recognition sequence logos[11 ].

The arbitrary and arti�cial distinctions b et w een strong and w eak bind-

ing sites, b et w een the \core" and the p eriphery of a site and b et w een the

inside and outside of binding site \b o xes" that ha v e b een fostered b y the

use of consensus sequences are eliminated when one adopts the concept that

sequence conserv ation is a real n um b er that can b e measured precisely in bits

of information.

Summary

DNA sequences to whic h the OxyR protein binds under o xidizing con-

ditions w ere analyzed b y the sequence logo metho d, a quan titativ e graphic

tec hnique based on information theory . A sequence logo sho ws b oth the

sequence conserv ation and the frequencies of bases at eac h p osition in a

site. Unlik e the consensus sequence, the sequence logo analysis rev ealed that

OxyR should bind to four ma jor gro o v es of DNA. This w as later con�rmed

b y exp erimen ts. Detailed in terpretation of the sequence logo also allo w ed the

prediction of lik ely ma jor and minor gro o v e OxyR-DNA base con tacts, con-

sisten t with a v ailable exp erimen tal results. Because the sequence logo sho ws

the original base frequencies in a clear, easily in terpreted graphic that do es

not distort the data, highly re�ned analysis of binding site con tacts b ecomes

easy . Not only can these metho ds b e applied to an y DNA sequence binding

site, they can also b e applied to sites on RNA and proteins.
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                 -----------------                   +++++++++++++++++
                 22222221111111111--------- +++++++++11111111112222222
                 65432109876543210987654321012345678901234567890123456
                 .....................................................
J04553    163  1 t agggat aat cgtt catt gct att ct acc t at cgcc at gaact at cgt ggcga
J04553    163  2 t cgcc acgat agtt cat ggcgat aggt agaat agcaat gaacgatt at ccc t a
M21516     68  3 acaat at gt aagat ct caact at cgcat cc gt ggatt aatt caatt at aactt
M21516     68  4 aagtt at aatt gaatt aat cc acggat gcgat agtt gagat ctt acat att gt
D13187    116  5 gaaggtt gt aaggt aaaa ctt at cgattt gat aat ggaaacgcatt acc ggaa
D13187    116  6 tt cc ggt aat gcgttt cc att at caaa t cgat aagtttt acc tt acaacc tt c
X69337    202  7 ttttt cacgctt gtt acc act att agt gt gat aggaacagcc agaat agcgga
X69337    202  8 t cc gct att ct ggct gtt cc t at cacact aat agt ggt aacaagcgt gaaaaa
U00039  60491  9 aagct ggat cgt gcc ggagt aatt gcagcc att gct ggcacc t att acgt ct c
U00039  60491 10 gagacgt aat aggt gcc agcaat ggct gcaatt act cc ggcacgat cc agctt
V01463     68 11 t agaaaa cgacgat cgaat caatt aaa t cgat cggt aat acagat cgatt at g
V01463     68 12 cat aat cgat ct gt att acc gat cgattt aatt gatt cgat cgt cgtttt ct a
sal.orf    29 13 ct ggcacgcc agct ctt acc t at gt ct gt gat aggcat cat catt aat act ct
sal.orf    29 14 agagt att aat gat gat gcc t at cacagacat aggt aagagct ggcgt gcc ag

Figure 1: Aligned list of OxyR binding sequences.

7 OxyR wild-t yp e binding sites (o dd n um b ers) and their complemen tary

sequences (ev en n um b ers) w ere listed b y the alist program. The n um b ers in

the bar on the top are read v ertically and giv e the p osition in the binding site,

running from � 26 to +26. The GenBank accession n um b er, the co ordinate

of the zero base, and the n um b er of eac h sequence are giv en on the left-hand

side of the �gure.
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Figure 2: Sequence logos for OxyR binding sequences.

(A) 7 OxyR wild-t yp e binding sites and their complemen tary sequences. The

total sequence conserv ation, obtained b y adding together the stac k heigh ts

to determine the \area" under the logo (equation (2)), is 15 : 4 � 1 : 9 bits

p er site for the range � 22 to +22 with error calculated b y program rsim

according to [15]. Meth ylation of guanines at N7 whic h in terfere with OxyR

binding are indicated b y op en circles ( � ) and meth ylation of adenines at

N3 whic h in terfere with OxyR binding are indicated b y �lled triangles (

) [35 , 7 ]. DNase I protected regions for the sites in T artaglia et al. [7 ] are

sho wn b y arro ws dra wn 5

0

! 3

0

. (B) 38 randomly syn thesized sequences

selected b y OxyR protein, 30 bases wide and their complemen tary sequences.

R

seq uence

= 11 : 6 � 0 : 6 bits p er site. in the range � 15 to +15. (C) 16 randomly

syn thesized sequences selected b y OxyR protein, 45 bases wide and their

complemen ts. R

seq uence

= 17 : 5 � 1 : 2 bits p er site in the range � 22 to +22.
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Figure 3: DNA base pairs

DNA base pairs dra wn b y the dnag program using co ordinates for B-DNA [36]

with atomic radii [37 ]. Short line segmen ts indicate h ydrogen b onds b et w een

the bases. a: acceptor of h ydrogen b ond; d: donor of h ydrogen b ond. The

scale is sho wn b y a 1

�

A diameter dashed circle placed on the helical axis. The

t w o-fold dy ad axis is indicated b y a dashed line. Rotation b y 180

�

on this

axis brings the bac kb one sugars and phosphates in to register again. The next

base pair is 3.38

�

A ab o v e the page and is rotated 36

�

coun terclo c kwise.



Sc hneider, Reading Sequence Logos 15

more difficult

most difficult
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Figure 4: DNA accessibilit y .
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