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Abstract ity of the yeast rp genes is mediated by the DNA-binding
Motivation: High-level transcriptional activation of most Protein Raplp, a so-called global regulator involved in mul-
ribosomal proteir(rp) genes irBaccharomyces cerevisiae tiple cellular fL_mctlons. In addition, transcription of a subset
promoted by the global DNA-binding factor RapTjpe ©Of P genes is promoted by the global regulator Abflp
creation of the complete database of yeastene promoter  (Mager and Planta, 1990). T-rich elements have been demon-
sequences enabled us to develop a computational selectifated to serve as auxiliary elements in reaching the high
strategy aimed at acquiring detailed information (:oncerning{f’mscr'pt'onal yields of rp gene promoters (Buchman and
the DNA-binding specificity of Raplp ornberg, 1990; Gongalves al, 1995). The actual mech-
Results:Raplp sites inp gene promoters are often found in @Msm Of transcription activation, however, and the way in
duplicate, exhibiting strong preferences in both spacing an@hich this process is regulated in response to varying growth
orientation. Using these preferencesweight matrix was ~conditions, remain to be elucidated. _
selected that represents timevivo binding requirements of ~ Rap1p, the major factor binding to rp gene promoters, is an
Raplp. The resulting matrix rendettse identification of ~abundant multifunctional protein that is essential for cellular
functional Raplp binding sites more accurate and allowediability. It has strong DNA-bending properties (Vignais and
us to re-evaluate previois vitro data. Tandemly arranged Sentenac, 1989) and it creates a nucleosome-free region by
Raplp binding sites appear to be typical fgr gene binding to its cognate sites (Devm al, 1991_). These data .
promoters and differ in preferred spacing from sites occursuggest that Rap1p plays a role in organizing the chromatin
ring in (sub)telomeric repeats. The preferred spacing that i§tructure in order to allow gene-specific regulatory proteins
found in duplicate Rap1p binding sitespfjene promoters access to their blndlng sites (Plaetal, 1995). In_ addltlon,

is restricted to a small window between 15 and 26 bp. Thi8ap1p can recruit other factors, such as the Sir and Rif pro-
is proposed to reflect the borders within which binding®ins, by protein—protein interactions, resulting in silencing
co-operativity operates. The data presented clearly illustratat the silent mating type loci and telomeres and in telomere
that computational selection strategies provide informatiofength regulation (Conraet al, 1990; Lustiget al, 1990;

that reaches beyond experimental data Aparicioet al, 1991; Hardt al, 1992; Kyrioret al, 1992;
Availability: The rp database is available at the url: Morettietal, 1994; Shore, 1997; Wotton and Shore, 1997).
http:/Aww.chem.vu.nl/BMB/Database.html Raplp has been shown to bind to sequences that vary con-
Contact: mager@chem.vu.nl siderably. Several consensus sequences have been published:

AACATCYRTRCA (Teem et al, 1984), RMAYC-
CRTRCMYY (Mager, 1988; Planta and Raué, 1988), RMAC-
CCANNCAYY (Buchmanet al, 1988) and ACACCCATA-
The genome dbaccharomyces cerevisieentains 137 non- CATTT (Nieuwintet al, 1989). Mutational analysis of the high-
clustered genes coding for ribosomal proteins (rp geneajfinity binding site ACACATACATTT revealed that each
(Mageret al, 1997). Since 59 genes are duplicated, the rpucleotide in this sequence, except for the underlined position,
gene family encodes 78 different ribosomal proteins, 32 afould be replaced by at least one other nucleotide without sig-
the small and 46 of the large ribosomal subunit. The praiificant loss in transcription of a reporter gene (Nieuwiratl,
moters that regulate these genes are highly efficient: recet89). Similar results have been obtained firowitro binding

data from SAGE analysis (Velculesetial, 1997) indicate studies using synthetic oligonucleotides (Vigraisl, 1990;

that rp gene transcripts accountf@0% of the total MRNA Graham and Chambers, 1994). This makes the identification of
content of a rapidly growing yeast cell. Previous promotea functional Raplp binding site troublesome, which is further
analyses indicated that transcription activation of the majoeggravated by the fact that the binding affinity of Raplp for a
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particular sequende vitro does not necessarily reflect its func- exhibits five nucleotide positions, corresponding to 4A, 5C,
tional efficiencyin vivo (Nieuwintet al, 1989). The latter might 6C, 7C and 8A in Figure 1, which have a maximum score of
be due to post-translational modifications (Tsanhgl, 1990), 100%. Since these high scores are not all expected from ex-
the presence of neighbouring binding sites or local chromatperimental data and not consistent with all consensus se-
structure. In order to define the sequence requirements fguences (see Introduction), the RAP_C matrix was only used
Raplp binding more precisely and, thus, be able to identifgr comparison (see Results and discussion).

functional Rap1p binding sites in rp gene promoters, we devel-Defining the threshold at which the rp database should be
oped a computational selection strategy in which non-sequensearched with the MR2 matrix, use was made of a random
related criteria are incorporated (see also Bucher, 1990). Wequence file with the same nucleotide composition as the rp
started by scanning a database of all rp gene promoters with tfegabase, A and T = 31%, G and C = 19%, which was ob-
low-stringency string AYCCRNNCM and subsequently genertained using the Random Sequence Generator (http://co-
ated matrices by incorporating additional parameters evolvggn.cifn.unam.mxiyeast).

from this analysis. The matrix we finally obtained contains more As shown in Table 1, we also tried to define the putative
information and exhibits more detail than can be deduced frohinding sites for Abflp and Reblp, using the consensus se-
experimental data. This approach sheds new light on Rapfjpences RTMRYB()ACG for  Abflp and
binding sequences selected from randomized oligonucleotid€&SGGTARNNR for Reblp (Remacle and Holmberg,
(Graham and Chambers, 1994) and makes the identification1892). For Abflp, we chose not to use previously published
functional Raplp binding site in the yeast genome more acconatrices (Quandit al, 1995), because thegart of the con-

rate. The likely upstream activation sequences in rp gene psensus sequen&el CRYB(N4)ACG has been shown to be
moters are presented and it is concluded that duplicate Rapfiponsistent with the binding sites that have been shown to
stes are typical for these promoters. The spacing between tdnnd Abflpin vivo, viz. sequences containing eith€fAR
demly arranged Raplp sites in rp gene promoters is shown(Bella Setaet al, 1990; Kraakmaret al, 1991) or even

be confined to a small window d12 bp, which differs strongly RGCR(Biswas and Biswas, 1990; Einerhagtdal,, 1995)

from the spacing in multiple Raplp sites found in (sub)telome(M.de Boer, unpublished data from this laboratory). Conse-
ic repeat sequences. guently, it is expected that more Abflp binding sites may be
found in rp gene promoters by computational analysis when
the binding characteristics of Abflp, and also of Reblp, are

Materials and methods investigated more thoroughly.

A total of 137 rp gene sequences, spanning from 600 bp up-

stream to 100 bp downstream from the ATG, were obtaine@ble 1. Computational prediction of the UASs of rp genes. Distances

from theSaccharomyceSenome Database (SGD) to gener_relative from the ATG. An asterisk indicates rp genes containing an intron
in it;eir leader sequence (Magaral, 1997)

ate an rp gene promoter database. For a few rp genes whic

have been shown to contain an intron in the leader sequenge -

(Planta and Mager, 1998) or for which intron-specific se- ., ;o RapRap- (-314-294)

quences were detected in the leader, the promoter was repkgs, ooa Rap (-514)

sented by a sequence from 600 bp upstream to 100 bp dowgp o028 RapRap (-397+73)

stream of the "ssplice site. The sequence of the yeast geRPL03
nome was obtained from SGD by anonymous FTP. RPLO4A
A computational search strategy was designed, based diPL04B
the idea that sequence information about the sequence rBEL05
quirements of a particular DNA-binding protein can be ob-iitggg
tained by selection using sequence-unrelated parameteig, ;-4
From a group of binding sites that show similarity to the congp| g7
sensus hinding site, certain binding sites can be selected thasi osa
can be expected to be biologically functional according to thexpL08B
position with respect to other landmarks in the sequence. RPL0O9A
For matrix analyses, the freeware programs Matind andrPL09B
Matlnspector (Quandit al, 1995) were used. Matind gener- EE&EA
ates, from DNA sequences or matrices, specific nucleotid PL11B
distribution matrices for subsequent use as input file for thg,p, 154
program Matlnspector. The latter program performs thezpLi28
actual matrix search. In the matrix library of Matinspector,rpL13A
a Raplp matrix (RAP_C) is included. However, this matrixRPL13B

Abflp (-232)

Abflp (-181)

Abflp (-189)
RapRap" (-293-190)
RapgRap (-354-335)
Rap (-440)

RapgRap" (—254-236)
Rap (-221)

Rap (-242)

Rap (—287)

Rap (-312)

RapRap (-271-254)

RapRap (-385-368)Reb1(-246)
RapRap'Rap" (—255-240-34)

RapRap (-530-513)

RapRap (-508-491)

RapRap'Rap" (-283-221-201)

4AxRap (-424-408-349-334)Abf1p (-297)
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Table 1.Continued

Table 1.Continued

RPL14A
RPL14B
RPL15A
RPL15B
RPL16A
RPL16B
RPL17A
RPL17B
RPL18A
RPL18B
RPL19A
RPL19B
RPL20A
RPL20B
RPL21A
RPL21B
RPL22A
RPL22B
RPL23A
RPL23B
RPL24A*
RPL24B*
RPL25
RPL26A
RPL26B
RPL28
RPL27A
RPL27B
RPL29*
RPL30
RPL31A
RPL31B
RPL32*
RPL33A
RPL33B
RPL34A
RPL34B
RPL35A
RPL35B
RPL36A
RPL36B
RPL37A
RPL37B
RPL38
RPL39
RPL40A
RPL40B
RPL41A
RPL41B
RPL42A
RPL42B
RPL43A
RPL43B
RPPOO
RPPOH
RPPOP
RPPO2:

Rap'Rap" (—413-394)

Rap (-291)

Abflp (-268)RafRapt (—235-101)
Reb1(-161)

Rap (—407)

RapRap (-407-390)

RapRap" (-367-349)
RapRap'Rap (-540-526—209)
RapRap- (~280-245)

RapRap' (~434-418)
Rap (~389)

Rap (-372)

RapRap' (-355+61)

4xRap (—266—250—-150-146)
RapgRap (-250-230)
RapRap" (-247-224)
RapRap" (-351-191)

RapRap' (-391-373)

Rap (-837)

RapRap" (-997-763)

Rap (-396)

RapRap (-314-272)

RapRap (—420-403)

RapRap" (-282-267)
RapRap" (—-419-405)
RapRap+ (-353-338)
RapRap" (-633-615)

Rap (-333)

Rap (-428)

5xRap (-558-533-525-517—509)Abf1p(+83)
RapRap (—809—790)

RapRap" (-373-357)

Rap (—473)

RapRap (-353-314)

RapRap (-483-455)

Rap (—295)

RapRap'Rap (—287-182+5)
Rap (-165)

Rap (-317)

RapRap" (—-386-361)
RapRap" (-243-219)
RapRap" (-290-272)
RapRapRap (-573-415-373)
RapRap (-359-340)

Rap (-245)

RapRap" (-594-278)

Rap (-347)Reb1(-213)
RapRap" (-373-353)
RapRap'Rap" (-380-363-342)
Rap (—226)

RapRap'Rap (—417-310-292)Abflp (-192)
Abflp (-599) RdRap+ (-381-265)
Abflp (-232)

RaptRap" (-277-253)
Rap'Rap (-351-319)

RPPO2®
RPSO01A
RPS01B
RPS00A
RPS00B
RPS02
RPS03
RPS04A
RPS04B
RPS05
RPS06A
RPS06B
RPSO7A
RPS07B
RPS08A*
RPS08B*
RPS09A
RPS09B
RPS10A
RPS10B
RPS11A
RPS11B
RPS12
RPS13
RPS14A
RPS14B
RPS15
RPS16A
RPS16B
RPS17A
RPS17B
RPS18A
RPS18B
RPS19A
RPS19B
RPS20
RPS21A
RPS21B
RPS22A
RPS22B*
RPS23A
RPS23B
RPS24A
RPS24B
RPS25A*
RPS25B*
RPS26A*
RPS26B*
RPS27A
RPS27B
RPS28A
RPS28B
RPS29A*
RPS29B
RPS30A
RPS30B
RPS31

Abflp (-232)

Rap (—248)

Rap (=399)

RapRap” (-504—486)

RapRap" (—426-405)

Abflp (-465)RaRapt (-412—391)Abflp (-295)
Rap (—260)

RapRapt (-396-367)Abf1p (-303)
RapRap’ (-483-470)

Abflp (-522)Rap(-455)

RapRap' (—-458-433)

Abflp (-568)RdRap" (~324—307)
RapRap (-501-476)Abflp (—217)
RapRapt (-319-303)

RapRap (-689-669)

RapRap" (-774-751)Reb1(-608)
Rap (-245)

RapRapt (—224—-208)Abf1p (+10)
Abflp (-560)RdRap (—-361-342)
RapRap™ (-209-192)

Rap (-385)

Abflp (-597)RdRap" (-307-291)
RapRap* (-295-269)

Rap (—233)

Rap (—269)

RapRap" (-555-206)
RapRapRap" (—414-382-63)

RapRapRap" (—447-427-365)
RapRap" (-358-345)

RapRapt (-323-299)

RapRap (-328-313)

RapRap* (-400-375)

RapRap (—275-249)

RapRap (—388+59)

RapRrapt (—260-243)Reb1(~187)
Rap (-226)Abflp (—141)
RapRap' (-345-328)
RapRap'Rap (-271-229-71)
Abflp (-737)

RapRap" (—388—371)

RapRap" (-329-311)

Rap (-339)

Rap (-483)

Rap (-559)

RapRap'Rap" (-743-735-731)
Rap (-681)
Rap (-193)

Rap (—495)Abflp (-163)
Abflp (~181)

RapRap’ (—465-239)
RapRap” (-317-227)
Rap (—230)
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Scan database
Select for sites with
15-26 bp spacing and >> orientation
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Scan database
Select for sites with
15-26 bp spacing and >> orientation
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Fig. 1. The computational selection strategy which has been followed. Each panel represents a matrix. Starting with the AYCCRNINCM strin
the 14 bp MR1 matrix was created by selecting for a distance and orientation that was found to be preferred in dupliséés Raptder

to decrease the influence of the first string search (100% scores at the MR1), seven MR1-derived matrices were crealieddaatitbgua
respective positions. After scanning the rp database, 129 matches to these matrices were obtained and used to gen&2até/ahadsxalké
percentages. Sequence preferences with strong conservation are indicated in bold.

Results and discussion 51% of the sites identified are part of a duplicate set separated
- i . by an arbitrarily chosen distance of <50 bp between the up-
The _blndlng s_peCIfIC|ty of Raplp as determined by stream ends of the two members. Surprisingly, the duplicate
matrix analysis sites that obey this criterion show a strong bias in their spac-
In order to define the sequence requirements of a functionag: in 85% of the cases, the separation is 15-26 bp. More-
Raplp binding site more precisely, we constructed a dataver, there also is a preferred orientation of the two sites: in
base of rp gene promoter regions, using the complete sé% of the cases, the two sites are orientén . Although
guence of theS.cerevisiaegenome. This database, en-at present the biological significance of these preferences is
compassing 137 sequences, was then scanned using the lomknown, it is obvious that they can be used as additional
stringency consensus string AYCCRNNCM for a Raplselection criteria in a computational analysis aimed at a more
site. A total of 204 matches was found. These potentigirecise definition of functional Rap1p binding sites. In order
Raplp binding sites predominantly occur within a distanct® generate a nucleotide distribution matrix that may better
of 200-500 bp upstream from the translational start codarflect the nucleotide requirements of Raplp, we followed
ATG. Furthermore, a large portion is arranged in tandenthe strategy that is depicted in Figure 1. First, 62 sites from
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the above-mentioned string search, that fulfil the criteria afaptures compensating specificities at other nucleotide posi-
spacing and orientation, were selected. From these sites, aibhs.

bp matrix was constructed, denoted as MR1, which repre-

sents the strongest preferences having an extra nucleotide _y o

position on either side. In order to decrease the influence e _spe.C|f|C|ty (.)f th_e MR2 matrix is in agreement

the first string search, seven additional matrices were gen&¥ith in Vivo andin vitro data

ated, in which the nucleotide distribution at each of the sevep .

. . general, the sequence preferences shown by matrix MR2
positions b'?‘sed by the AYCCR'\!NCM string, was randor_nére in agreement with vivo data from previous analysis in
ized (see Figure 1). All MR1-derived matrices and MR1 tour laboratory (Nieuwinét al, 1989) showing that each of
self were used to scan the rp database (threshold = 0.85) gl nucleotides of the Rap1p binding sequence ACACCCA-

129 matches were selected using the additional criteria ¢ CATTT can be replaced by one or more other nucleotides

5-3 tandem orientation and a distance of 15-26 bp. Frofi, the exception of 6C. Of the five substitutions that were
these sequences, the final matrix, MR2, shown in Figure ¢, 4 1o abolish transcription of the reporter gene, four do

was generated. As can be seen, the MR2 matrix shows o ¥t, or only marginally, occur in the matrix (4A=>T 1%,
minor deviations from MR1 at the positions where the latteg~— 0%, 6C=>G 0%, 7C=>G 1%), whereas substitution
has a 100% score (4A, 6C, 7C and 11C). This indicates thag > a is found in 3% of the sites used to generate the MR2
the AYCCRNNCM string, on which the original search wasyatrix. We do not know whether the latter sites do indeed
based, already exhibits a high specificity for Raplp binding,tion as Raplp binding sités vivo or whether they
sites. Nevertheless, the mismatches that seem to be allo uld be considered as false positives. On the other hand,
at these positions are mainly confined to particula_r nuclegpe majority of nucleotide replacements that still support
tides (4A=>C 5%, 7C=>T 9% and 11C=>A 5%), which haveyi4-type transcription levels are also found in (a minority
been shown to be allowed accordingiriovivo analysis g the sites that were used to create the MR2 matrix (4A=>G
(Nieuwintet al, 1989; see hereafter). These observations nQly, 4a=>C 5%, 5C=>T 50%, 7C=>T 9%, 8R=>C 1%,
only underline that the MR2 matrix better reflects the nucleot1c=>a 5%, 11C=>T 2%, 12A=>T 2% and 12A=>C 9%).
tide requirements of Rap1p than MR1, but also indicate thaiys, the MR2 matrix indicates a higher sequence specificity
the number of false-positive sites that are incorporated in thgan was deduced from mutational analysis. Probably, this is
matrix is small. In fact, 6C, which has been shown expetjye to the fact that individual Rap1p sites in rp gene pro-
imentally to be the only position at which no mismatch isnoters generally have more than one deviation from the con-
allowed (Nieuwinet al, 1989; Vignaiet al, 1990), is pres-  sensus sequence, and hence require more ‘preferred nucleo-
entin 98% of the binding sites that were used to generate #iges’ at the stringent threshold used, than the high-affinity
MR2 matrix. (Vignaiset al, 1990) Rap1p binding sequence ACACCCA-

In retrospect, the MR2 matrix was compared with the eXFACATTT in which the nucleotide substitutions have been
isting Rap1p matrix RAP_C (Quareital.,1995), whichwe made.
decided not to use (see Materials and methods). In this mapata fromin vitro binding of Rap1p (Vignaist al, 1990)
trix, a core region is present in which five nucleotide posiare also in agreement with the nucleotide distribution (data not
tions (4A, 5C, 6C, 7C and 8A) have a maximum score &dhown), although we believe timevivo function of Rapip at
100%. The MR2 matrix displays a higher variability at thesgromoter regions to be more reliable for this analysis.
nucleotide positions (Figure 1). Although the nucleotide The sequences WACAYC and TACATY in thedhd 3
positions in MR2 are ‘weaker’, the matrix is more specifiqart of the consensus sequence established by the MR2 ma-
for Raplp binding, as can be observed from experimentgix (Figure 1), respectively, show a strong similarity. This is
data (see hereafter). Further, in almost all other nucleotid®nsistent with the finding that the DNA-binding domain of
positions, 5and 3 of the mentioned region, the MR2 matrix Raplp contains two structurally similar and tandemly
is actually ‘stronger’, exhibiting higher scores (2Aoriented subdomains, i.e. subdomain 1 and 2, which recog-
59=>74%; 3C 46=>69%, 9T 62=>70%, 10A 80=>90%nize the same sequence in telomeric repeats (Kdirdd,
12A 77=>89% and 13T 48=>74%) and better conservatiori998). It could be speculated that the linker between subdo-
[higher Ci value (Quandet al, 1995), not shown] than the main 1 and 2 allows a larger spacing between the two protein
RAP_C matrix. This finding indicates that Rap1p sites whiclsubdomains, which would result in binding of Rap1lp when
are incorporated in the MR2 matrix compensate for mist bp is inserted between the recognition sequences of the
matches in the core region (position 4—-8) by increased spgabdomains. In this respect, it would be expected that more
cificity at the flanking regions. This is, in fact, the advantag&®aplp sites can be found when an equally distributed nu-
of our approach, since the strategy not only results in incocleotide position is inserted between position 8R and 9T of
poration of information in the matrix concerning the tolerthe MR2 matrix. However, scanning the rp gene promoter
ance for mismatches at certain nucleotide positions, but aldatabase with this MR2-derived matrix at a threshold of 0.85,
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only a small number of 11 matches were found, of which thia telomeric repeat sequences. Group 3 has the lowest score
vast majority correlate to sites that are found with the MR a search using the MR2 matrix (0.71). SinceBapHI-
matrix itself. Similar results are obtained by deleting nucledinked consensus RCCCA of this group also corresponds to
tide position 8R, corresponding to a gap between the sthe core sequence AYCCR of the MR2 matrix, it is suggested
guence repeats. Thus, these data again suggest that the MiR2 two low-affinity binding sites in the same orientation,
matrix represents the binding requirements of Raplp, which are overlapping and therefore mutually exclusive,
which no gap or bulge is allowed. could result in an overall high-affinity binding sequence.
We believe that the MR2 matrix representsithévose-  This latter insight is supported by recent data from Stormo
guence requirements for binding of Raplp, on the basis @ind Fields (1998). Group 4 consists of 10 oligonucleotides
(i) the large number of sequences in rp gene promoters thaithout an homologous region adjacent toBheHl site. In
show a strong similarity to the consensus established by thigese oligonucleotides, however, an ACCC core is present.
matrix; (ii) the fact that the sites have been selected f@&ince in six of the 10 oligonucleotides this core corresponds
Raplp-specific parameters not related to DNA-sequencet@a match with the MR2 matrix (threshold = 0.75), these
preferred tandem orientation and a preferred 1526 bp spametifs are thought to be responsible for Rap1p binding. Fi-
ing; (iii) the finding that the preferences represented by thaally, in five oligonucleotides, no match to the MR2 matrix
MR2 matrix are consistent with vivo andin vitro muta-  could be found, not even at a low threshold of 0.65. Since two
tional analyses; (iv) the fact that we do not find any indicationf these oligonucleotides could not bind Rajlyitro (Gra-
that the matrix should allow for a gap or a bulge between tHeam and Chambers, 1994), all five nucleotides are con-
subsequences recognized by subdomain 1 and 2. sidered as non-binders.
In summary, it seems that the selection procedure used by
Grahamet al in fact reflects an optimization of th&rgc-
ognition sequence for Raplp binding. This new insight
Redefining Raplp binding sites in oligonucleotides  strongly suggests that Raplp binding requires a higher spe-
selected from a randomized oligonucleotide pool for cificity than could be deduced from the alignment made by
their ability to bind Rap1n vitro the respective authors.

The prime data that can be used to validate the obtained ma-

trix come from a study in which 47 sequences have beﬁ? fining Raplp sites i ters b
selected from a pool of random oligonucleotides by thei €lining ~app SItes In rp gene promoters by a
ability to bind Rap1jn vitro (Graham and Chambers, 1994).search with the MR2 matrix
In order to fit the sequences to the consensus sequence

RMACCCANNCAYY, 1-5 mismatches had to be allowedUsing matrix MR2, which represents the sequence require-
and gaps and bulges needed to be introduced. When thents for Raplp binding, we wished to define all putative
Raplp-interacting oligonucleotides were subjected to MaRaplp binding sites in the rp database. Since at a threshold
trix analysis using the MR2 matrix, to our surprise a numbenaf 0.82 the increase in matches in the rp database is still
of matches were found, the core of which corresponds to thégher than the increase in the random sequence file (see Ma-
ATCC sequence of tganHlI site flanking the oligonucleo- terials and methods), it indicates that at least up to this thresh-
tides. When the oligonucleotides were aligned with respectd the MR2 matrix recognizes Rapl1p binding sites specifi-
to theBanHlI site (Figure 2), they could be subdivided intocally. Therefore, the database was scanned using the MR2
four groups, three of which show a strong homology at theatrix at a threshold of 0.82.

first five positions of the randomized oligonucleotides. The In the rp database, 222 Raplp sites were found with the MR2
3' consensus sequences found are either RBACA, GTGQOAatrix at this threshold: 17 rp genes, no Raplp site; 37 rp genes,
or RCCCA. Apparently, the fourth and fifth nucleotides inone site; 68 rp genes, two sites; 12 rp genes, three sites; two rp
these three groups are in nearly all cases C and A, whigenes, four sites; one rp gene, five sites. These Raplp sites with
corresponds to the strong preferences revealed by the ribeir orientation and distance from the translational start ATG
cleotide position 11C (94%) and 12A (89%) in the MR2 maare listed in Table 1. A number of the obtained sites have been
trix, respectively (see Figure 1). Group 1 and 2 not only shoexperimentally shown to bind Rapitpvitro [Raué and Planta
considerable homology to the preferences (positions 8—12)991) and references therein].

of the MR2 matrix, but in addition display preferences for Cs As is shown in Table 1, we also tried to define the putative
downstream to the homologous sequences. Although thasieding sites for Abflp and Reblp, using the consensus
preferred nucleotides show a moderate bias in the MR2 msequences RTMRYB(NACG for Abflp and

trix (13C 19% and 14C 26%)), this observation is nevertheGGGTARNNR for Reblp (Remacle and Holmberg,
less not surprising, since Cs at these positions are also fout@P2), respectively.
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WACAYCCRTACATY (MR2 consensus) Table 2. Duplicate Rapl1p binding sites (15-26 bp) found by scanning the
croup 1: BamHl BglIl genome using the MR2 matrix with a threshold of 0.82. The distance from
N13.02  gggatccAGACACCCTAGCTagatcttt the translation initiation codon is calculated from thsi@e of the Raplp

N13.15 gggatccGTACACCGCATGTagatcttt
N13.16 gggatccGTACACCCAACCCagatettt
N13.26 gggatccACACACCACGCCAagatcttt
N13.28 gggatccATACACCACGCCagatcttt

site which is most close to the ATG

N13.29  gggatccGGACACCACCTACagatottt ORF Name Orientation Distance from ATG CAIP

N13.32 tccGTACCCCCGCCTAagatettt

N13.37  9o9atccAGACATCTTACCGagatottt YMR242c RPL20A  >> 805 0.66

N13.40 gggatccAGACACCACTACCagatcttt

N13.41 gggatccATACATACGACCagatcttt — + YBR118w TEF2 >> 456 0.88

N13.44  gggatccGGACACCTACGGagatcttt

Comsensus RBACA 0.80 mean YGL008c PMA1 p 762 0.73
YNRO17w TIM2ZF >< 422 0.12

Group 2:

N13.06 gggatccGTGCATCCTCCagatcttt YNRO16c ACCIC 1094 0.33
N13.13 gggatccGTGCACCACCCTGagatcttt

N13.14 gggatccGTGCACCAGACTGagatcettt

Iﬁg &g gggagccgggg%gicgagatcttt 4n coding region of YGLOO7w (MIPS ID: questionable ORF).

N13 22 gggjtggGTGCACCCTGCST:gZEEEEE * bCodon Adaptation Index, reflects the expression level of the gene.

N13.23  gggatccGTGCACCCCGCGAagatcttt — + CGenes with head-to-head orientation.

N13.27  gggatccGIGCACCCGTACCagatcttt 0.78

N13.34 gggatccGTGCACCATGTTagatcttt +

N13.39 gggatccGIGCACCCATAAAagatcttt 0.76

consensus GTGCA 0.73 mean

Group 3 Seventeen rp genes were found to have no match to MR2
N13.07  gggatccACCCAGAACATTTagatcttt (threshold = 0.82). Inspection of these sequences revealed

N13.08 gggatccGCCCAGACCGCCTagatettt

N13.17 gggatccACCCAGGCACCCGagatcttt +  0.76 five rp genes that contain missed single or duplicate Raplp
N3 7 e g . o sites which are expected to be biologically functional (see
N13.35  gggatccGCCCATACATTCCagatcttt 0.84 Figure 3). Hence, 11 rp genes are presumed to be not regu-
s s gttt 0.7 lated by Rap1p. Of these genes, eight were found to contain
Ny e S A e 07 a single Abflp binding site. Generally, all these sites contain
consensus RCCCA 0.71 mean an ACGCA motif of yet unknown function, in addition to a
Group 4: T-rich region with which Abflp has been shown to function
s 47 e, 1 0™ synergistically (Gongalvest al, 1995). Further, one gene
NI3.03  gagatccCOTACACOCACCagatcttt s was found to harbour a single Reblp binding site, whereas
N13.20  gggatccGTGACACCCAGATagatcttt 0.75 for four rp genes we could not define the UAS according to
NI3.11  gggatccGCTAACCACCCAGagatcttt 0.78 the criteria used, but which might be regulated by non-con-
N13.30  gggatccACCATACACCCAGagatcttt 0.83 sensus Reblp, Raplp or Abflp binding sites (see Figure 3).
N13.04  gggatecCATCACTACACCCagatcttt 0.76 0.75 We propose that the listed sites in Table 1 and Figure 3
N30y gosarcccoomaamcitCasatetty reflect the UASs of rp gene promoters.
N13.43 QggatccCAACGAIAQéEEEaga;g;;c 0.75
§§I§;gimg;f'g’::zgg:zgzgggzg:gzzz5;“ . Duplicate Rap1lp sites in the yeast genon”.ne |
N13.09  ggatceceecsaCTaCAGCagatet Because th'e presence of duplicate Raplp sites in the rp gene
N13.46  gggatccATGCTCTATGGCAgatcttt promoters is very pronounced, and since many genes other
than rp genes are regulated by Raplp, viz. glycolytic genes
NOT DETERMINED: . o (Chambergt al, 1990; Scott and Baker, 1993), itis interest-

ing to analyse whether more genes or classes of genes may
Fig. 2. Sequences as published by Graham and Chambers (1994)e regulated by a duplicate Raplp site. The whole genome
aligned relative to thBanmHI restriction site. The sequences represent was searched for putative functional duplicate Raplp sites by
47 clones that were obtained from a pool of double-strandedselecting for matches to the MR2 matrix (threshold = 0.82)
oligonucleotides which were randomized over a region of 13 nucleo-having a distance of 15-26 bp.

tides and were selected for the ability to bind Rapijiro using the In addition to (sub)telomeric sequences and the 56 dupli-
SAAB procedure. Th&arHI and Bglll restriction sites were added cate Raplp sites with a distance of 15-26 bp that can be as-

according to the sequences published (the restriction sites in N13.3].:
could not be deduced). For groups 1-3, which contain homologous% igned to 57 rp genes (see Table 1), only four other promoters

sequences’ 3o theBanHI core atcc, the first five nucleotides of the were found to contain a duplicate Raplp site. In fact, one of

randomized nucleotides are displayed beneath each group together Wimese genes was found to be an rp gene which was missed in

a mean matrix similarity score. Additional matches to the MR2 matrix tN€ Previous analysis because it is likely to contain an intron
having a matrix similarity score of >0.75 are underlined with the in its leader (an intron-specific TACTAAC motif at —26 from
respective scores displayed at the right side. (+) indicates sequences ti ATG). Two other genes that have been found in this
have been shown to bind Rapaitro and (-) indicates sequences not search ar@ EF2, encoding translation elongation factor 2,
able to bind Rapljn vitro. andPMAY, encoding the major isoform of the proton-trans-
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17 RP-gene promoters without any match to MR2 (threshold>8.2)

from ATG
Mi Raplp-si :
1 RPLO1A -177 GEGTGCACGGATTTTAGCAGTCTTTTTCTTTCTTGGCTTTTGCGA
rapl 0.80
2 RPL09B -248 GGTGCACTGGTGTTGTTTCCAAGACTGCACTATTAACTGGGAAT ] 1
rapl 0.75
3 RPL20A duplicate Raplp-site: putative intron in leader (see genome search)
4 RPS27B -439,-425 TTAGCCCATACATTTTCACCCATGCACCATTGGATTATAAAGAY
0.80 0.80
Single Abflp-binding sites:
5 RPLO3 -232 ATCGTTTTGTACGTTTTTCAAGAAGCGACGCACAACTGTTTTCCAT 1 g8
6 RPLO4A -181 ATCACGTCACACGACGCACAGTGAGAAGTGAAAAATTTTTTTTCAATCTGA
7 RPL04B -189 ATAATTATTTACGAAAGCATCGCGCAGACGCAATTTTTTTAACAT 12
8 RPPOlalpha -232 ATCGTGAGGTACGAATATCGTAAGATGATACCACGCAACTTTGTAATGAT 12CATg
9 RPP02BR -232 CGTGTAAAGTTACCAAGCAGAAAAATTGTAATAATTTTCTTTTTCCAAATTTT
10 RPS22B -173* CGTCAAAAATGACGGACGCAACTTTTCTCAGAAATTTTTTTTTTCATTTCTC
11 RPS28B -181 CGTACAAAATGATCACGCAACTTTTGACAATTTTTTTTTTTTCATCTGTTTT
RPS28A# -163 CGTCTAGAGTGACCACGCACTTTTTTGATAAATTTTTTTTTCTTGGTCGTTG
12 RPS16A -228 GTAAATGAGTA C GCATAGTGTATTTATCCAAAGGAAAGAATTGTTATTTTTA
RPLO8BA# -157 ATAATAACCGA CGCAAACAAATTGGAAAAACCAACGCAAAAAAANAAA
RPLO8B# -176 ATCATACTATACGATAGAACGCATTGAAACTTTTCCCATCTCAAAAT
RPS02" -256 TTAGTATTGCA C GCAGCTTCCCAGGACGCCTAGCTATTTTTT
Single Reblp-binding sites:
13 RPL15B -161 TCGTTACCCGGAAAACATCTTTCTTGTTCCTTTCGATACTTTT
14 RPL18B -176 ACGTTACCCGACCTCGTTATTTTACGACAACTATGATAAAATT
Reblp?
15 RPS29A -297*  AACACCTGTACCTCCAAAAAACCCATTTCTTTTCTGTTTTT
Raplp? 0.80
16 RPS25B -168 GACCACCATACAGT TTAGTCTGCAGGCCATTTTGCTTTTGCTTTGACT 8
Raplp? 0.77
17 RPS31 -110 CGTTATA TCAGAAACTTCCTTACTTCTATCTTTTATTCCAATACAAAGAAG
Abflp?

Fig. 3. Summary of the UASs (underlined) of 17 rp genes that do not contain a match to the MR2 matrix at a threshold of 0.82pfifrem 5
site. # additional match to MR2. RPS02” contains a duplicate Raplp site and two matches to an Abflp site. Mismatctatedne iiadics.

porting P-type ATPases. Both genes have indeed shown tojtected from DNase | is in agreement with its lower degree
regulated by Raplp (Huet and Sentenac, 1987; Vighals  of similarity to the MR2 matrix (score = 0.78).
1990; Racet al, 1993). Finally, one other promoter contains Using a threshold of 0.82 and excluding the incomplete
a duplicate Rap1p site. Whether this duplicate set is involvdgub)telomeric sequences in the database, we found a total of
in the regulation of these genes is, to our knowledge, n8569 Raplp sites in the yeast genome. The number of Raplp
known. In conclusion, duplicate Raplp sites apparently amolecules per haploid cell has been estimated at
typical for rp gene promoters. [4000-5500 (Buchmaet al, 1988; Gilsoret al, 1993) and

The MR2 search on genomic DNA (threshold = 0.82) retelomeric sequences have been estimated to bind a minimum
vealed telomeric and subtelomeric stretches of Raplp siteg 600 molecules (Gilsoet al, 1993). These estimations
of which the vast majority match the sequence CACACIndicate that the vast majority of Raplp molecules may be
CCACACACCI/A (score = 0.89). This supports the con-DNA bound or that the Rap1p sites found are not occupied
clusion of Gilsoret al (1993), who have shown that sites thagcontinuously.
are both reactive to KMng and protected from DNase |

coincide strongly with the mentioned telomeric Rap1p bindrhe distance constraint of multiple Rap1p sites in rp

ing site. This suggests that this is the main Rapl1p binding S%ﬁ%ne promoters and (sub)telomeric sequences
in (sub)telomeric tracts. In the same study, an additional site
having the sequence CACACCCACACCAC was identifiedFigure 4A shows the distances of duplicate Raplp sites

The fact that this site has a lower affinity for Rap1p and is legs50 bp) found in the rp gene database search using the MR2
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matrix (threshold = 0.82). As has been discussed for the matchesa
found with the AYCCRNNCM string, such duplicate sites show

a strong preference for a tandem3sorientation and a 15-26 rp-gene promoters
bp spacing. Thus, when Raplp binding sites are found in dupli- g ..
cate, they are in close proximity to each other. From Figure £ 7 2
however, it is evident that the distances are not distributed even- LR

ly. The distribution seems to be phased, with maxima at 17 ar'f;gi'0
25 bp, and a minimum at 22 bp. Both the close distance betwegn
binding sites and the apparent phasing are notably similar to tRe
action of Raplp and Gerlp binding sites in glycolytic genesg
Drazinic et al (1996) have shown that a Gerlp binding site, °
should be in close proximity to a Rap1p binding site in order t@
sustain high transcriptional yields of a reporter gene and to aé-
certain thén vivooccupancy of the Gerlp binding site. Further-
more, a strong effect of the phasing between a Raplp and a°-
Gcerlp binding site was reported. From these observations, it has
been proposed that Raplp facilitates binding of Gerlp by either
protein—protein interactions between Raplp and Gcrlp or by
increasing the affinity of the Gerlp binding site for Gerlp due ™
to Raplp-induced bending of DNA (Drazieical, 1996). The

same mechanism could explain the distance and phasing de-
pendency between duplicate Raplp sites in rp gene promotegs.
The former model would imply that Rap1p interacts with itself,, >
but to our knowledge, this has never been shown. Neverthelegs,
the distance distribution in Figure 4A is likely to reflect co-op-g
erativity in binding, which is further supported by the observa-+
tion that two Raplp binding sites activate transcription synerg -
gistically (Woudtet al, 1986). It has been shown that binding
co-operativity is of minor importance in telomeric DNA (Gilson
etal, 1993). This is consistent with the finding that the distance
distribution of Raplp sites in telomeric DNA is remarkably dif- |

qqqqqqqqq

spacing (bp)

(sub)t elomeric repeats
IS
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ferent from the distribution in rp gene promoters (see Figure =~ TTFEEREERERR RENRINRNRRABEHR
4B). The preferred spacing of 13 bp in (sub)telomeric sequences spacing  (bp)

may result from competition between telomere length in- . .
crease—by telomerase activity—and telomere degradation. K9- 4 Distances between the maiches fo the MR2 matrix
distance of 13 bp therefore probably reflects the minimal dis({hreshold = 0.82) as were found in multiple Rap1p sites)mg
tance which stably binds an additional Rap1p molecule, increas < promOteLS 0] telomeric sequences o obtained from the o
ing the protection of newly formed DNA against degradation.genoIme search. In 1 gene promoters, two triplicate Rap1p sites wit

. . P istances of 8 + 8 and 8 + 4 were counted as duplicate Raplp sites
In conclusion, we propose that the distance distribution o ith distances of 16 and 12 bp, respectively. In (sub)telomeric

dUp"C'at? Raplp s!tes: inrp gene promoters reflects the bordaquences, 8 and 10 bp distances were isolated and could therefore
ers within which binding co-operativity operates. not be added.
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