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Shneider, Reading Sequene Logos 2Information theory was introdued in the late 1940s by Claude Shannonfor the study of ommuniations systems[1, 2℄. With this mathematial tool,information passing through a telephone or omputer data line an be mea-sured and ompared to the theoretial limit of the line, alled the hannelapaity. The information measure is given in units of bits per seond, whereone bit is the hoie between two equally likely possibilities. Surprisingly,one of Shannon's theorems states that as long as the hannel apaity is notexeeded, the ommuniations may have as few errors as desired[3℄. An ex-ample of the pratial use of this result is the lear musi of ompat diss(CDs) whih are speially oded to protet against noise. Cleaning instru-tions for CDs say that they should be wiped in a radial diretion. If anysrathes are introdued, they will have less e�et on the oding, whih runsin onentri irles and is apable of orreting up to 4000 data bit errors[4℄.Evolutionary onservation indiates the funtional importane of biolog-ial strutures, so a robust and preise measure for onservation is neessaryfor empirial studies. The measurement of onservation in bits is uniquelysuited to this task beause, unlike any other measure, bits are additive andonsistent from one system to the next. Bits provide a universal sale formeasuring biologial onservation not only in DNA and RNA but also forproteins and other maromoleules[5, 6℄.OxyR is a tetrameri protein that binds to the DNA of several promotersin Esherihia oli and ativates transription of genes enoding antioxidantenzymes[7, 8℄. The initial investigation of the DNA-binding sites by Tartagliaet al. showed that OxyR binds to a large region of DNA, but the onsen-sus sequenes obtained were weak and sparse, making the sites diÆult toharaterize.In onjuntion with the information analysis desribed here, reent ex-perimental work on this protein[9℄ lari�ed the way in whih OxyR bindsto DNA sequenes. This would not have been possible using a onsensussequene.Materials and MethodsSequenesWhen possible, wild-type OxyR DNA binding site sequenes[7, 9℄ wereobtained from GenBank 83. The following list inludes the site name, aes-sion number, and oordinate of the entral (zero) base: oxyR, J04553, 163;katG, M21516, 68; ahpC, D13187, 116; dps, X69337, 202; gorA, U00039,60491; Mu mom, V01463, 59; S. typhimurium orf, (not in GenBank) 29.



Shneider, Reading Sequene Logos 3Both wild-type and the random sequenes that bound to OxyR are givenelsewhere[9℄.Programs and DataInformation analysis and the sequene logo tehnique were performedas desribed previously [5, 10, 11℄. A primer on information theory isavailable on the internet at ftp://ftp.nifrf.gov/pub/delila/primer.ps. Pro-grams (written in Pasal[12℄) and data are available by anonymous ftpfrom ftp://ftp.nifrf.gov/pub/delila/ or via the World Wide Web sitehttp://www-lmmb.nifrf.gov/�toms/.The programs for onstruting sequene logos and performing other taskswere used in approximately this order:� dbbk.p: onvert GenBank to Delila (DEoxyribonulei LIbraryLAnguage) format[13℄.� makebk.p: onvert raw sequenes to Delila format.� atal.p: reate a Delila database.� delila.p: extrat binding site sequene fragments from a Deliladatabase.� alist.p: display aligned sequene fragments (Fig. 1).� enode.p: onvert aligned sequene fragments to binary vetors[14℄.� rseq.p: use binary vetors to perform information analysis of a bindingsite[5℄. At eah position l in the binding site, the frequeny of eahbase b is determined. The frequeny, f(b; l), is used to ompute theinformation ontent at eah position aording to:Rsequene(l) = 2� 0�e(n(l))� Xb2fA;C;G;Tgf(b; l) log2 f(b; l)1A (bits per base)(1)where n(l) is the number of bases at l and e(n(l)) is a orretion forsmall sample size[5℄. The total information ontent isRsequene =Xl Rsequene(l) (bits per site): (2)



Shneider, Reading Sequene Logos 4� dalve.p: onvert information table to symboli vetor format.� makelogo.p: onvert symboli vetor to a sequene logo[10℄ (Fig. 2).� malign.p: information theory based multiple alignment.A paper desribing this program is atftp://ftp.nifrf.gov/pub/delila/malign.ps� rsim.p: ompute the standard deviation orresponding to the meanRsequene[15℄.� ttest.p: perform Student's t test[16℄.� dnag.p and dops.p: draw DNA base pairs (just the atoms in Fig. 3).Detailed doumentation on eah program is given at the beginningof the soure ode. Binaries for Sun4 Spar omputers are inftp://ftp.nifrf.gov/pub/delila/bin/sun4/. A World Wide Web sequenelogo server has been set up by Steven E. Brenner (University of CambridgeShool of Biologial Sienes and MRC Laboratory of Moleular Biology) athttp://www.bio.am.a.uk/seqlogo/.The aligned listing and sequene logos were printed on a Tektronix Phaser140 inkjet printer.Sequene LogosThe sequene logos[10, 11℄ in Fig. 2 summarize the data in a set of alignedsequenes suh as Fig. 1. The height of a stak of letters is the sequene on-servation measured in bits of information aording to equation (1). Theheight of eah letter within a stak is proportional to its frequeny at thatposition in the binding site. The letters are sorted, with the most frequent ontop. The osine wave represents the twist of B-form DNA. Wave peaks areall on one fae of the DNA and represent the major groove faing the pro-tein. Error bars indiate the variability of a omparable number of randomsequenes[5℄.Results and DisussionAnalysis of OxyR Sequene Logos for DNA Binding FaeWild-type OxyR binding site sequenes were aligned (Fig. 1) and infor- (Fig 1mation analysis was used to generate the sequene logo in Fig. 2a. The logo (Fig 2shows a orrelation between the strongest sequene onservation, as given by



Shneider, Reading Sequene Logos 5the heights of the staks of letters, and the fae of B-form DNA, as given bythe osine wave. The same orrelation is seen in other proteins (� I/ro, �O, 434 I/ro, ArgR, CRP, TrpR, FNR and LexA, see �gure 6 of Papp etal.[11℄). The extent of DNase I footprinting[7℄ and this orrelation suggeststhat OxyR binds to one fae of B-form DNA in 4 suessive major grooves.A seond line of evidene that an be read from the sequene logo alsosupports this model. When a protein is in ontat with a major groove, thetwo base pairs and their two orientations an be distinguished, as reognizedby Seeman et al[17, 11℄, so the protein is apable of \hoosing" one of the fourpossibilities: A=T, T=A, C�G, or G�C. This an be explained with the helpof Fig. 3, whih depits the two base pairs. The possible hemial ontats (Fig 3for T=A in the major groove are (reading from left to right): methyl group,hydrogen aeptor, hydrogen donor and hydrogen aeptor, or T:Me-a-d-a:Afor short. This an easily be distinguished from the omplementary pattern ofA=T, whih is A:a-d-a-Me:T. Likewise C:(blank)-d-a-a:G is distinguishablefrom G:a-a-d-(blank):C. Finally, GC/CG an be distinguished from AT/TA.This hoie of 1 possibility in 4 an be made with 2 bits of information.(This is alulated as log2 4=1 = 2 bits. For further explanation, see Piere[2℄or the primer on information theory whose loation is given in Materials andMethods.) Completely onserved positions in the major groove are desribedby 2 bits and this is the highest point on the vertial sale of the sequenelogos. It is easiest to think of a bit as a knife slie that dissets the basesin Fig. 3. A horizontal slie is the �rst bit and a vertial slie is the seondone. The �rst bit determines whether the base is above or below the slieand the seond bit determines whether it is to the left or the right. Beausethey are at right angles to one another, the slies provide independent hoiesand no more than 2 bits are needed to speify a single base. For example,\top, left" selets the T. The average number of bits needed to desribe theobserved frequeny of bases is the information ontent or sequene onserva-tion. Beause it is an average it does not need to be an integer and so theheights of the letter staks in the sequene logo are real numbers. Sequeneonservation in the major groove an range anywhere between 0 and 2 bitsdepending on the strength of the ontats involved, as seen in �gure 6 ofPapp et al.[11℄. Just beause it is possible for sequene onservation to beas high as 2 bits from the major groove does not mean that the protein willevolve to that high a value. The important fators are the total sequeneonservation[5℄ and the oding of the binding site that distinguishes it fromother sequenes.



Shneider, Reading Sequene Logos 6In ontrast to the major groove, ontats in the minor groove of B-formDNA allow both orientations of eah kind of base pair so that rotations aboutthe dyad axis annot easily be distinguished. This is beause from the minorgroove C�G appears nearly idential to G�C and A=T appears idential toT=A. Fig. 3 shows that C�G in the minor groove has the hemial moietypattern a-d-a, whih is, to a good �rst approximation, idential to the patternof the omplementary orientation. The hydrogen donor N2 of G is almostexatly on the dyad axis (the dashed line) and so its position does not hangemuh in the omplement. Hydrogen atoms held in a hydrogen bond vibratevigorously and probably make suh a �ne positional distintion diÆult be-ause they vibrate almost independently of the donor and aeptor[18℄. Thebase pair A=T has a-(blank)-a, whih is idential in the other orientation.So A=T an be distinguished from C�G in the minor groove only by a donorontat to the N2 or by a physial probe whih bloks the N2 (in the blankat the blak dot). Beause both of these are lose to the dyad axis only thehorizontal knife slie works for the minor groove.Beause only 2 of the 4 possibilities an be distinguished, when a B-form minor groove is probed by a protein no more than 1 bit of information(log2 4=2 = 1 bit) an be obtained. That is, positions with more than 1 bitof information are likely to represent major grooves faing the protein or, ifthey do represent minor groove ontats, then the DNA is probably not B-form[11℄. In the OxyR sequene logo, positions �4, �5 and �7 are onservedby more than 1 bit of information, so these positions probably representmajor grooves faing the protein. This is onsistent with the orrelationbetween sequene onservation and the fae of the DNA disussed earlier.After this predition was made, it was on�rmed by hydroxyl radialfootprinting and missing base experiments[9℄.Predition of Spei� OxyR DNA Contats by \Reading" the Sequene LogoBeause position 0 in the wild-type sequene logo shows equally likely Aand T (Fig. 2a), that position may represent a ontat from OxyR whih ol-lides with the minor groove N2 of G (ref.[17℄), allowing only A=T and T=A,and disallowing C�G entirely. This predition was supported by methylationinterferene data whih indiate that methylation at N3 of A bloks binding(Fig. 2a).The logo also shows that positions +4, +7 and +13 are predominantlyeither A or G (T or C at the negative oordinates), whih suggests a ontatby OxyR to the major groove N7 group beause only the N7 aeptor is on-



Shneider, Reading Sequene Logos 7served in an A$G transition (T:Me-a-d- a :A mathes C:(blank)-d-a- a :Gonly in the last moiety, see Fig. 3). This is also on�rmed by methylation in-terferene data, but the disproportionate frequenies of these bases suggeststhat other ontats or e�ets are also involved.Position �15 is mostly T or G (A or C at +15), suggesting a weak ontatto the major groove A-N6 or C-N4 and/or T-O4 and G-O6 groups. Theseontats ould be onserved in T$G transversions beause they shift byonly �1�A. (T:Me- a - d -a:A mathes G:a- a - d -(blank):C in the middle twomoieties, see Fig. 3). This kind of ontat is likely to be at position �6 (and+7) of CRP sites[11℄, where the rystal struture shows that Arg180 donateshydrogen bonds to O6 and N7 of guanine[19℄. The preferred binding orderG > T > A � C is diretly visible in the CRP sequene logo[11℄, and ison�rmed by mutations[20, 21, 19℄. Apparently when G is replaed by T ina CRP site, the T-O4 ontat is used instead of G-O6, but the G-N7 ontatis lost. This aounts for the binding order exept for the A. Substitutionby A would break the G-O6 ontat but would maintain the N7 ontat.The binding order T > A suggests that the O4 ontat is stronger than theN7 ontat[20℄, even though when T!G, the O4/O6 ontat shifts by �1�Awhereas the N7 ontat does not move at all.Other positions in the OxyR binding sites show methylation interferenethat do not have apparent orrelation to the observed sequene onservation.This ould be beause the sequene onservation was derived from only a fewsequenes and so is noisy, as indiated by the large error bars. Alternatively,OxyR may pass lose to the DNA at some points but not make atual on-tat unless the DNA is abnormally methylated. Other e�ets, suh as DNAbending or twisting, also might aount for these disrepanies.A more subtle piee of evidene an be found in the overall shape of thesequene logo. Notie how the stak heights at positions �4, �5, and �7follow along under the osine wave (Fig. 2a). This e�et an be observedin other sequene logos, in partiular � I/ro, � O, 434 I/ro, CRP, FNRand LexA[11℄. It an be explained by the geometry of a globular proteinapproahing the ylindrial DNA. During the proess of �nding the bindingsites the protein moves toward and away from the DNA[22℄. Contats atthe enter of the DNA ylinder are losest to the protein and so should bethe easiest to evolve. Contats beome progressively more diÆult to makeas the approah is made further o� axis (Fig. 4). If one were to rotate a (Fig 4DNA moleule on its long axis, a point on its surfae would yle betweenbeing visible and not visible. This naturally results in a osine funtion of



Shneider, Reading Sequene Logos 8aessibility along a linear DNAmoleule. If we de�ne aessibility as a osinefuntion that runs from 0 to 1 bit in the minor groove and another osinefuntion that runs from 0 to 2 bits in the major groove, then the sum of thesetwo funtions is the osine wave drawn on the logo. The orrelation betweensequene onservation and aessibility is onsistent with the proposal thatpositions �4, �5, and �7 are read from the major groove.To summarize, there are at least four interrelated tehniques that an beused to read a sequene logo:1. orrelation of the strongest sequene onservation with major grooves.2. stak heights above 1.0 bit suggest major grooves.3. stak omposition suggesting major or minor groove ontats.4. stak heights following the osine aessibility wave.The various observations that we have made for positions 0, �4, �5, �7,�13 and �15 all support a model in whih OxyR binds to 4 major groovesin the orientation shown in Fig. 2a.Analysis of Syntheti OxyR Binding SitesA \randomization" experiment[23, 11, 24℄ was performed in whih OxyRprotein was used to gel shift 30 base pair equi-probable random sequenes[9℄.Unfortunately this gave a dismal logo (Fig. 2b), possibly beause the proteinwas prevented from binding properly by the anking onstant sequene of thevetor. The high onservation at the ends (�14 and �15) omes more fromone side of the loning sites and so may represent an artifat.1 Still, someorrelation with Fig. 2a is visible in the logo, in partiular the A preferene at�4, the T preferene at �5, and the G preferene at �7. But other positionsare just as onserved and do not reet the wild-type sequenes.To larify this situation, the randomization experiment was repeated with45 base pair equi-probable random sequenes whih were then aligned by aninformation theory tehnique using the malign.p program (Fig. 2)[9℄. Onlysome of the patterns evident in Fig. 2a were on�rmed by this experiment,whereas others beame more predominant. The T or C at position �2 loselyreets the wild-type sequenes there (7 Cs, 5 Ts, 1 G, 1 A). The onser-vation at �4 and �5 inreased but positions 0 and �7 barely inreased.1This is not visible in the sequene logo beause both the sequenes and their omple-ments were used. It is visible when only one orientation is displayed, not shown.



Shneider, Reading Sequene Logos 9The wild-type luster at �13, �15 and perhaps �17 did materialize but notstrongly. The almost insigni�antly weak preferenes for A at �6, T at �9,and T at �18 of wild-type appear ampli�ed. Additional onservation notseen previously appeared at �8 (?), �12, �16, �19 and �22. The reason forthese quantitative disrepanies between the wild-type sequene logo and thelogo from experimentally seleted sites is unknown, but might be aountedfor by the small sample sizes.Another diÆulty with this kind of experiment is that it always ontainsat least one unknown parameter, the stringeny of seletion. If the onen-tration of OxyR protein were large, then its non-spei� binding should ausemore DNA sequenes to shift in the gel. This would lead to a sequene logowith a low information ontent relative to the natural sequenes. However,a low onentration of OxyR protein should lead to a muh higher measuredinformation ontent, perhaps higher than is naturally found. This is also adanger in ampli�ation protools suh as SELEX[25℄.To ounter this, the protein onentration ould be adjusted so that thetotal information ontent from the randomization experiment mathes thatof the natural sequenes. Presumably the two logos would then look thesame. Were they the same for the experiment that was done? The areaunder the logo (Rsequene) was 15:4 � 1:9 bits for the 7 wild-type sequenesand their omplements (Fig. 2A) but was 17:5�1:2 bits for the 16 sequenesand their omplements in the 45mer experiment (Fig. 2C). These an beompared by a two-tailed Student's t test[16℄. Beause both the sequenesand their omplements were used, the two halves of the sequene logo arenot independent and the test must be done with half-sites. This redues eahmean by a fator of 2 and redues the variane by a fator of 2 so the standarddeviations redue by p2. The number of samples in the half-site set remainsat 14 and 32 respetively. The t test on the half-sites shows that the naturalsites are signi�antly di�erent in information ontent from the experimentalset (t = 2:7 with 44 degrees of freedom, p < 0:02). Unfortunately thisriterion for mathing the wild-type binding sites was not met.Even so, it is lear that the sequene onservation is not uniformly pro-portional aross the two logos. One possibility that might aount for theobserved onservation at the edges of the experimentally derived sites is thatOxyR is still a�eted by the onstant anking sequenes of the loning vetorand binds to one or the other side in some ases. The disrepany may alsoreet di�erent onditions between in vivo evolutionary fators and the invitro gel shift experiment. For example, no spermidine was used in the gel



Shneider, Reading Sequene Logos 10shift experiment[9℄, yet it is well known that spermidine is important for pre-ise reognition by other DNA binding proteins[26, 27℄. Comparison of thewild-type sequene logo to a series of random gel shift sequene logos mightbe used to determine preisely what the in vivo binding onditions are.Usefulness of Sequene Logos Versus Consensus SequenesThe ase of OxyR demonstrates the usefulness of sequene logos as areplaement for onsensus sequenes. The pattern bound by the protein isdiÆult to detet by eye (Fig. 1), and no agreement ould be found for aonsensus sequene. In ontrast, the sequene logos are reated automati-ally and without any ambiguity. They show lear and easily interpretablepatterns. Beause information theory is quantitative, statistial tests an beapplied to olletions of binding site sequenes.A onsensus replaes the natural frequenies of bases with arbitrarilyhosen ones [28℄. For example, in our data set[11℄, CRP position �6 has2 As, 2 Cs, 44 Gs and 10 Ts. Taking the onsensus alters this to 100% Gand 0% of the other bases. When the onsensus sequene G was hosen bythis method, a subtle pattern of sequene onservation was lost[29, 30, 31,32, 20, 33, 21, 19℄. That the T ontat ours naturally apparently wentunreognized until the present work, although the mehanism of the ontatwas already understood from mutations[20℄.The art of prediting spei� base ontats is well known[17℄ but thepervasive use of onsensus sequenes in the modern moleular biology liter-ature has prevented full use of the available sequene data. In the ase ofCRP disussed earlier, the subtle G to T swith, whih probably destroysone hydrogen bond while keeping the other, was missed beause only the Gwas retained in the onsensus model. In ontrast, beause it visually dis-plays the relevant information in a ompat, quantitative form, the sequenelogo allows diret interpretation of the data and leads to spei� predi-tions that an guide experimentation. Further, when anomalies appear, thelogo displays them so blatantly that new phenomena are revealed[11℄. Evenorrelations between positions in a binding site[15℄ ould be presented in athree-dimensional sequene logo, but software to generate this display hasnot been written yet.As seen by the sequene logo, OxyR does not have a speial kind ofbinding site as has been suggested[7℄. OxyR merely happens to have a longbinding site with low overall information ontent, so it tends to have lowsequene onservation per position. As a onsequene of the Seond Law of



Shneider, Reading Sequene Logos 11Thermodynamis, DNA-protein ontats tend to spread out over the avail-able surfae on an evolutionary time sale. With at least 4 major grooves andthree minor grooves to make ontats in, OxyR an \a�ord" to have manysmall ontats. Paradoxially, a mathematially rigorous theorem shows thathaving many small ontats like those used by OxyR an improve sequenedisrimination[34℄. Furthermore, many binding sites are like OxyR in thatthey have variations in their information ontent at di�erent positions. Thisis immediately apparent upon inspetion of splie juntion sequene logos[15℄and the \gallery" of DNA reognition sequene logos[11℄.The arbitrary and arti�ial distintions between strong and weak bind-ing sites, between the \ore" and the periphery of a site and between theinside and outside of binding site \boxes" that have been fostered by theuse of onsensus sequenes are eliminated when one adopts the onept thatsequene onservation is a real number that an be measured preisely in bitsof information.SummaryDNA sequenes to whih the OxyR protein binds under oxidizing on-ditions were analyzed by the sequene logo method, a quantitative graphitehnique based on information theory. A sequene logo shows both thesequene onservation and the frequenies of bases at eah position in asite. Unlike the onsensus sequene, the sequene logo analysis revealed thatOxyR should bind to four major grooves of DNA. This was later on�rmedby experiments. Detailed interpretation of the sequene logo also allowed thepredition of likely major and minor groove OxyR-DNA base ontats, on-sistent with available experimental results. Beause the sequene logo showsthe original base frequenies in a lear, easily interpreted graphi that doesnot distort the data, highly re�ned analysis of binding site ontats beomeseasy. Not only an these methods be applied to any DNA sequene bindingsite, they an also be applied to sites on RNA and proteins.AknowledgmentsI thank Paul N. Hengen, Denise Rubens, Paul A. Smith, R. MihaelStephens, and R. E. Wolf for useful omments on the manusript.
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                 -----------------                   +++++++++++++++++
                 22222221111111111--------- +++++++++11111111112222222
                 65432109876543210987654321012345678901234567890123456
                 .....................................................
J04553    163  1 tagggataatcgttcattgctattctacctatcgccatgaactatcgtggcga
J04553    163  2 tcgccacgatagttcatggcgataggtagaatagcaatgaacgattatcccta
M21516     68  3 acaatatgtaagatctcaactatcgcatccgtggattaattcaattataactt
M21516     68  4 aagttataattgaattaatccacggatgcgatagttgagatcttacatattgt
D13187    116  5 gaaggttgtaaggtaaaacttatcgatttgataatggaaacgcattaccggaa
D13187    116  6 ttccggtaatgcgtttccattatcaaatcgataagttttaccttacaaccttc
X69337    202  7 tttttcacgcttgttaccactattagtgtgataggaacagccagaatagcgga
X69337    202  8 tccgctattctggctgttcctatcacactaatagtggtaacaagcgtgaaaaa
U00039  60491  9 aagctggatcgtgccggagtaattgcagccattgctggcacctattacgtctc
U00039  60491 10 gagacgtaataggtgccagcaatggctgcaattactccggcacgatccagctt
V01463     68 11 tagaaaacgacgatcgaatcaattaaatcgatcggtaatacagatcgattatg
V01463     68 12 cataatcgatctgtattaccgatcgatttaattgattcgatcgtcgttttcta
sal.orf    29 13 ctggcacgccagctcttacctatgtctgtgataggcatcatcattaatactct
sal.orf    29 14 agagtattaatgatgatgcctatcacagacataggtaagagctggcgtgccagFigure 1: Aligned list of OxyR binding sequenes.7 OxyR wild-type binding sites (odd numbers) and their omplementarysequenes (even numbers) were listed by the alist program. The numbers inthe bar on the top are read vertially and give the position in the binding site,running from �26 to +26. The GenBank aession number, the oordinateof the zero base, and the number of eah sequene are given on the left-handside of the �gure.



Shneider, Reading Sequene Logos 13
A 14 wild-type OxyR binding sites
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B 76 random 30mer OxyR binding sites
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