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Abstract ity searches using, for example, FASTA (Pearson and Lipman,

Motivation: Gene regulation often depends on functionall988) or Gapped BLAST (Altschett al, 1997). Regulatory
modules which feature a detectable internal organizatiornits like promoters, enhancers or silencers contain functional
Overall sequence similarity of these modules is often insuffodules, many of which consist of at least two transcription
cient for detection by general search methods like FASTA &ctor (TF) binding sites in conserved order, separated by a
even Gapped BLAST. However, it is of interest to evaluaPacer. Me_thods for the identification of single TF binding sites
whether modules, often known from experimental analysis @féady exist (e.g. Freeti al, 1993, 1997a; Cheet al, 1995;
single sequences, are present in other regulatory sequencéguandtet al, 1995; Prestridge, 1996). Recently, a database of
Results: We developed a new method (FastM) whictpo-called composite elements (COMPELS) of two TF binding
combines a search algorithm for individual transcription Sites was developed (Ked al, 1995; Heinemeyeat al, 1998).
factor binding sites (Matlinspector) with a distance correla-These COMPELs were all shown to exhibit synergistic or an-
tion function. FastM allows fast definition of a model oftagonistic functions. Such combinations might be useful for the
correlated binding sites derived from as little as a singledetection of target genes, as discussed in Lavetgiid1998).
promoter or enhancer. Modellnspector results are suitable Here, we used a new method (FastM) which allows the de-
for evaluation of the significance of the model. We usefinition of models representing such regulatory modules to de-
FastM to define a model for the experimentally verifiedine and analyze an MiB/IRF1 regulatory module described
NFKB/IRF1 regulatory module from the major histocom-for the major histocompatibility complex (MHC) class I HLA-B
patibility complex (MHC) class | HLA-B gene promoter.gene promoter (Johnson and Pober, 1994). This module was
Analysis of a test set of sequences as well as databdaken from the COMPEL database (Heinemeyeal, 1998).
searches with this model showed excellent correlation of tgased on GenBank searches with the model, we were able to
model with the biological function of the module. Thesénd promoter sequences of quite different genes which are
results could not be obtained by searches using FASTA tgulated in a similar way. FASTA or Gapped BLAST failed to
Gapped BLAST, which are based on sequence similarity. i@lect the common function in their search results. FastM can
were also able to demonstrate association of a hypotheticalso be used to define hypothetical modules which lack experi-
GRE-GRE module with viral sequences based on analysis/gntal data about synergistic binding, as demonstrated for a
several GenBank sections with this module GRE pair from the Mouse Mammary Tumor Virus (MMTV)
Ava||ab|||ty The WWW version of FastM is accessible atLTR Therefore, FastM is a useful tool for the deSCfiption and
http://www.gsf.de/cgi-bin/ffastm.pl  and  http://genoma-£valuation of regulatory modules.
tix.gsf.de/cgi-bin/fastm2/fastm.pl

Contact: werner@gsf.de Methods

Introduction FastM

Large-scale genome sequencing projects like the Human GeastM is a new method for the development of simple mo-
nome Project reveal huge amounts of anonymous sequence dkits of transcriptionally regulatory units. These models are
containing regulatory regions. Similarity of these regulatory resomposed from various individual elements, their sequential
gions is often restricted to short discontinuous DNA stretchegder and the distances between them. The parameters of a
and therefore frequently escapes detection by sequence similgastM model are solely defined by the user.
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Experimental data

FastM model

e VENFKB65_01 | i core sim. > 0.82
! [EME Gl lj . (NF-kappa-B binding site) ' * | matrix sim. > 0.91

1
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I
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I Change element 3; ] (interferone regulatoty factor 1) matrix sim. > 0.78

Fig. 1. FastM model of the MHC class | module. Top, a graphical representation of the experimental data used for the modelésoshown. B
a screen shot of the final model is shown as displayed by FastM. The name column indicates the matrix used, strane irditatestiand
orientation, and the quality column identifies the individually set core and matrix similarities. Between the elementsethdisthnce range

is shown (minimum distance 18, maximum distance 21 nucleotides). Distances are calculated from the beginning of ongerbetyixtingy

of the next matrix, not between the end of the first and the beginning of the second matrix as shown for the experiméetalodaghdistance
range used by Modellnspector is 13-26 bp (see Methods for details).

Individual elements may be TF binding sites detected bigttp://genomatix.gsf.de/cgi-bin/fastm2/fastm.pl). This
Matlnspector (Quandit al, 1995) or user-defined IUPAC WWW version is restricted to models of two TF binding sites
sequences. Additional elements like hairpins, direct repeatshich can be selected from the Matlinspector library or pro-
short multiple repeats and terminal repeats are supportedliged by the user as IUPAC strings. A strand-specific
a commercial version (FastM professional, Genomatix Softrientation of individual elements is possible, but not manda-
ware GmbH). A more detailed description of these individtory. The combination with Modellnspector allows immedi-
ual elements is presented in Frethl (1997b). Parameters ate scanning of user sequences or GenBank/EMBL sections
for each element are the individual cut-off values (in the caseith the defined FastM model. The user is notified about
of weight matrices, these are the core similarity and the maempletion of the analysis by e-mail.
trix similarity; in the case of IUPAC sequences, the maxi-
mum number of mismatches allowed) and the strand orienta-
tion (+ strand, — strand, or both strands). Further features
a model are the allowed distance ranges (e.g. 10—20 bp) or delinspector

adjacent individual elements. Distances are given from the

beginning of an element to the beginning of the next elemerftter @ model is defined by FastM, Modelinspector can be
The complete model for the MHC class | module describegS€d to scan sequences of unlimited length or database sec-
in this paper is shown in Figuleas it appears on screen of tions for matches to the model. Modellnspector first scans

the World Wide Web (WWW) version of FastM. the sequences for individual elements which are present in
the distance range defined by the model. Modellnspector

automatically extends the distance range by (maxdist. —
mindist.)/2, at least by five nucleotides in each direction.
Then, the score of a model match is calculated as the sum of
An on-line FastM with an easy-to-use interface is availablthe individual element scores. The program was described in
on the WWW (http://www.gsf.de/cgi-bin/fastm.pl or detail in Frectet al (1997b).

Availability
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Table 1. Search results of different representations of the MHC class | COMPEL in the primate section of GenBank (Release 107)

Test sets Positive Negative Database
HLA-A HLA-B B-2-micro- B-IFN HLA-C additional
globulin matches
No. of sequences 16 42 1 5 24 83 853
Modellnspector 15 42 1 5 1 189
FASTA 0 42 0 0 24 1
Gapped Blast 0 25 0 0 17 7

Total of 227 066 571 nucleotides in 83 941 sequences.

FASTA analysis ible based on the distance of the matches to the transcription start
. . site (TSS) known from experimental data. The results of this

Thg FAtST'tAr‘] ?t?aléscl:sG(Pear_son a_nd IErllpman, %?Z%BIE/IV;E?_ Cazgl'nalysis were used to optimize the parameters for strand orienta-
ried ou W]L th eHL A BverS|ontusm)?82§195xaé:7 120 .thseu'on, distance and the matrix thresholds, ensuring that the model
quence of the -b promoter ( , 87-120) wi aexactly fitted the regulatory module in the training sequence
word size of two, a gap creation penalty of 16, a gap exteﬂ:

sion penalty of four and an E () value of <5. igure1).

, Analysis of GenBank primate sections with the
Gapped BLAST analysis HLA-B model

Gapped BLAST (Altschudt al, 1997) was carried out on the This model was used in a Modellnspector search in the Gen-
NCBI Blast Server (http://www.ncbi.nml.nih.gov/cgi-bin/ Bank primates section. We found 15 matches to HLA-A and
BLAST/nph-newblast?Jform=0}) with the COMPEL se- 42 matches to HLA-B sequences, as well as one promoter of
quence. We used the Basic BLAST search which does n@B-2-microglobulin gene and &-IFN promoter sequences

have parameters to be set by the user. (Table1). Only one HLA-C sequence was found, although
several such sequences are present in the database. We found
Results 189 further matches to the FastM model, 138 of which were

) . located in large anonymous genomic sequences and could
Tumor necrosis factor (TNF) and interferofdkN, v-IFN) ot pe evaluated further. The remaining matches were not
synergistically induce expression of the human MHC clasgna\yzed further and were considered false positives.
| gene HLA-B. The synergism is mediated by binding of the

TFs NFB and IRF1 to their respective binding sites whichcomparison with FASTA and Gapped BLAST
comprise a regulatory module of 34 bp (MHC class | COM-

PEL) located 198 bp upstream of the transcription start sité~A promoter sequences are known to share considerable se-
of the HLA-B gene (Johnson and Pober, 1994). quence similarity, raising the question whether the results from
our FastM model could be achieved as well with a conventional

similarity search. Therefore, we carried out FASTA (Pearson
and Lipman, 1988) and Gapped BLAST (Altsattuhl, 1997)

The first step to build a FastM model for the HLA-B regulatonysearches using the parameters detailed in the Methods for each
module was to assess detection of the binding sites by weigitbgram. To assess the quality of the results and to provide a
matrices. Therefore, the initial model consisted of aBF basis for comparison of the different methods, a test set of 64
matrix followed by an IRF1 matrix (weight matrices from thetrue-positive and 24 true-negative sequences was collected. Six-
MatInspector matrix library; Quandt al, 1995) in a distance teen HLA-A, 42 HLA-B, 13-2-microglobulin and B-IFN pro-

of (110 nucleotides. This information was taken from Johnsomoter sequences that are annotated in the primate sections of
and Pober (1994). The HLA-B sequence (Ac: X82915) servedenBank Release 107 and contain at least 200 bp upstream of
as a training sequence. We set the thresholds for the core simithe TSS were taken as a positive test set. The 24 annotated
ity (CS) and the matrix similarity (MS) to 0.7 to account for theHLA-C promoter sequences containing this region comprised
possibility of one weak binding site which might occur due tdhe negative training set because they are known not to contain
cooperative binding of the two TFs (Perkatal, 1993; Leest  the functional MHC class | module. The results obtained by
al., 1994). Any strand combination of two matrix matches waslodelinspector, FASTA and Gapped BLAST are shown in
allowed provided the matches occurred within the defined diFable1l. Modellnspector using the FastM model correctly pre-
tance range. If more than one match to this initial FastM moddicted all except one of the sequences in the positive test set.
would have been found in the training sequence (which was TASTA and Gapped BLAST each correctly predicted signifi-
the case), selection of the correct match would have been posantly fewer sequences.

Definition of the FastM model
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Table 2. Results of GenBank search for GRE-GRE modules

GenBank Number of Number of Number of

section base pairs GRE sites GRE-GRE modules
(Release 107) in 1 million bp (abs.) in 1 million bp (abs.)
Primates 227 066 571 410 (93 041) 0.36 (82)
Other mammalian 14 270 603 405 (5773) 0.56 (8)
Other vertebrates 20 805 593 410 (8536) 0.43 9)
Rodents 53 548 991 473 (25 339) 0.65 (35)
Viral 51 446 291 460 (23 665) 245 (126)

Table 3. GRE-GRE module matches in viral section

Virus Classification Number of matches
Mouse mammary tumor virus Type B retrovirus 28
Thymotropic retrovirus Type B retrovirus 4

Gibbon leukemia virus

Type C retrovirus

2

Murine leukemia virus Type C retrovirus 31
Murine sarcoma virus Type C retrovirus 21
Other type C retroviruses Type C retrovirus 8
HIV-1 Lentivirus 23

Other viruses 7

To elucidate these large differences obtained by FastNUMTV is known to contain three glucocorticoid responsive el-
Modellnspector and sequence homology searches widments (GRE; Tanala al, 1993). We chose two of these with
FASTA or Gapped BLAST, we carried out a multiple align-a distance of 10-90 bp to define a hypothetical module with
ment of sequences comprising20 bp upstream of the TSS FastM. The question whether this putative module occurs only
of HLA-A (X55710), HLA-B, HLA-C (U03044), in MMTYV, is specific for viral promoters or also occurs in cellu-
B-2-microglobulin (M17986) an@-IFN (J00218), all of lar promoters can easily be answered using this FastM model
which were taken from GenBank Release 107. The aligrand Modellnspector. First, we scanned GenBank Release 107
ment of the sequences with the GCG program PileUp {sections primates, rodents, other mammalian, other vertebrates,
shown in Figur@. The three MHC class | sequences (HLA-viral) for matches to individual GRE sites. The frequency of
A, HLA-B and HLA-C) show strong conservation over theGRE sites found by Matlnspector is about the same in all sec-
complete length of the promoter sequence with a remarkallens (440/1 million bp; see Tab®. Then, the same GenBank
exception in the region where the IRF1 binding site is losections were analyzed with Modellnspector and the GRE-GRE
cated. The3-2-microglobulin and th@-IFN promoter se- model generated by FastM. The results show that the module is
guences exhibit no significant sequence similarity to any apparently virus associated as it is clearly overrepresented in
the other sequences. Comparison of the HLA-B and HLA-@iral sequences compared to all other sections analyzed
sequence showed that two point mutations in the potenti@able2). A classification of the 126 matches detected in the
NFkB site are correlated with loss of responsiveness of théaral section is presented in TaBleThis analysis shows that the
HLA-C promoter to TNF. The single HLA-C sequenceGRE-GRE module does not only occur in MMTYV, but also in
found by Modellnspector was a revertant in which theBIF other viruses, mostly retroviruses.
binding site was restored.

We also used the FastM model of the MHC class | COMPiscussion
PEL to search other GenBank sections (rodents, other mam-

malian, viral). The most remarkable finding was that 19 of e described a new method for the definition of regulatory

the 22 matches in the viral section belonged to retroviral s€lments that has been implemented in the program FastM.
quences (probably all within LTRs). The WWW version of FastM is very easy to use and is com-

bined with Modellnspector, allowing immediate evaluation
of the defined models. A single sequence or even a hypo-
thetical combination of individual elements taken from the
However, for many sequences, synergy of binding sites has titgrature is sufficient for definition of a model and subse-
been verified experimentally. For example, the promoter ajuent database scanning to identify similarly organized se-

Analysis of a hypothetical module
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Fig. 2. Alignment of three HLA, ong-2-microglobulin 3-2-m) and ong-interferon (3-IFN) promoter sequences. The RB-binding sites
are indicated by gray boxes and the IRF1 binding sites are indicated by boxes hatched in gray. Encircled plus signsdtioicity fof the
regulatory module consisting of the K- and the IRF1 site. The KB site in HLA-C is rendered non-functional by two point mutations
(indicated by a dotted box).

guences. FastM/Modellnspector can find organizationalrganization of the module is conserved, suggesting that
similarities among sequences which do not show significafiinctional selection worked at the level of the module rather
sequence similarity, as has been demonstrated for the motteln at the sequence level.
of the MHC class | COMPEL which was based on a single FASTA (Pearson and Lipman, 1988) and Gapped BLAST
HLA-B sequence. The database search with this model (Fi¢Altschul et al, 1997), which also require only a single se-
urel) also detects the HLA-A promoter sequences which aguence for database searches, are restricted to finding se-
regulated in the same synergistic way (Johnson and Pobguences with a high overall sequence similarity. A search
1994), although the nucleotide sequences of the IRF1 bindith the MHC class | COMPEL sequence from the HLA-B
ing sites differ in a few positions (Hakeet al, 1991). promoter neither finds the overall highly similar HLA-A
-2-Microglobulin is expressed at the cell surface as a hepromoter sequences due to local mismatches, nor the less
erodimer with MHC class | antigens (David-Watieteal,  conserved 3-2-microglobulin and 3-IFN promoter se-
1990) and shows a similar developmental regulation and tiguences (Tablé&). In contrast, the HLA-C sequences were
sue specificity (Chamberlaiet al, 1988). In the similar found which do not contain a functional MHC class | COM-
regulated3-IFN promoters (Leblanet al, 1990; Lonergan PEL despite the two mismatches in thekBsite. Therefore,
et al, 1993), which are also found by the FastM model foFASTA and Gapped BLAST are insensitive to the few, but
the MHC class | COMPEL, the sequences of the regulatogrucial, mismatches of the HLA-C promoter to the regula-
modules show even less sequence homology. IB-tR&l  tory module of the HLA-B promoter. Using the test set (Table
promoter. the binding sites are separated by only 1 bp corh), FastM/Modellnspector correctly predicted 98% of the
pared to 9 bp in the HLA-B promoter (Fig@eThe flexible  positive test sequences. FASTA and Gapped BLAST pre-
spacing introduced by Modellnspector allows us to accounlicted 66 and 39% of the positive test sequences.
even for such large variation. Furthermore, FastM/Modelln- The more elaborative methods capable of detecting dis-
spector is able to distinguish between sequences that shoantinuous organizational patterns, like Genomelnspector
high sequence similarity but differ in function because théQuandiet al, 1996a,b), FunSiteP (Kondraklahal, 1995)
functional module (e.g. TF binding sites) is not conservedr ModelGenerator (Fredt al, 1997b), require either very
This could be shown for the HLA-B and HLA-C promoterslong or multiple preselected sequences and/or extensive a
which share an almost identical sequence in the region of thaori knowledge, which limits their applicability. Since
MHC class | COMPEL (Figurg). However, due to the two FastM models are suitable for automatic analysis by
point mutations in the N&B site, the HLA-C promoter does Modellnspector, new models can be immediately verified by
not respond to TNF and is therefore not synergistically indatabase searches. Thus, FastM is a useful addition to the
ducible (Johnson and Pober, 1994). other existing methods.

The alignment in Figur@ shows clearly that neither the We tested the matrix family option of FastM professional
location nor the orientation of the COMPEL module is conwith the same COMPEL. A matrix family contains several
served among those five sequences. However, the intermaight matrices for the same factor and reports the best
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match only. The results obtained by this analysis revealed“hen,Q.K., Hertz,G.Z. and Stormo,G.D. (1995) MATRIX SEARCH
potential molecular basis for a so far unexplained phenom-1.0: A computer program that scans DNA sequences for transcrip-
enon. JC virus is known to replicate in brain in astrocytes andtional elements using a database of weight mat@msput. Applic.
oligodendrocytes (Majoet al, 1992). MHC class | genes  Biosci, 11, 563-566.
(HLA-A, HLA-B and HLA-C) and B-2-microglobulin, David-Watine,B., Israel,A. and Kourilsky,P. (1990) The regulation and
which are normally expressed at very low levels in the brain, €XPression of MHC class | genésimunol. Todayll, 286-292.
are induced due to viral infection and cytokines (Achim an§éch-K.. Herrmann,G. and Wemer,T. (1993) Computer-assisted
Wiley, 1992; Mavriaet al, 1998). The virus-induced ex- prediction, classification and delimitation of protein binding sites in
’ . ' - leic acidsNucleic Acids Res21, 1655-1664.

ression of MHC class | genes is also known to depend qn/“''¢ &¢ ’

PFN (Njengeet al, 1997). V?/e found JC viruses to contgin the%';lech,K., Dietze,P. and Werner,T. (1997a) ConslInspector 3.0: New

. . . lib d enh d functionali t. Applic. Biosgi13
MHC module, although in a slightly relaxed form. This iogzl?)n enhanced functionalig-omput. Applic. Biosai 13,

SqueTSts that J(.: Vlr_us re_pllcatlon a_ls W(_a” as MHC class | eI‘—(Fech,K., Danescu-Mayer,J. and Werner,T. (1997b) A novel method to
pression after viral infection in brain might be regulated by develop highly specific models for regulatory units detects a new
this common NKB/IRF1 module. LTR in GenBank which contains a functional promoferMol.

We have so far developed a libraryl&0 models, each  gijq|, 27 674-687.
representing an experimentally verified regulatory modulyakem R., Le Bouteiller,P., Jezo-Bremond,A., Harper,K., Campese,D.
Apart from a few exceptions, the models show a high spe-and Lemonnier,F.A. (1991) Differential regulation of HLA-A3 and
cificity, revealing <1 match/10 000 bp. HLA-B7 MHC class | genes by IFN is due to nucleotide differences

As shown for the putative GRE-GRE module from in their IFN response sequencésimmunal, 147, 2384-2390.
MMTYV, FastM models can be used to generate and verifyleinemeyer, Tet al (1998) Databases on transcriptional regulation:
hypotheses in the absence of experimental data. The findinglTRANSFAC, TRRD and COMPELNucleic Acids Res 26,
that this module is indeed a viral, more precisely, a retroviral 362—-367.
module would have been hard to achieve without a methd@hnson,D.R. and Pober,J.S. (1994) HLA Class | heavy-chain gene
like FastM. The results from a search with a FastM model canpromoter elements mediating synergy between tumor necrosis
also be used to select a training set of sequences suitable fdactor and interferondol. Cell. Biol, 14, 1322-1332.
more detailed analysis by ModelGenerator (Frettal, Kel,0.V,, Romaschenko,A._G.,_ Kel, A.E., Win_gender,E. and Kolcha-
1997b) or other higher level methods revealing additional "oV:N-A. (1995) A compilation of composite regulatory elements
common features to expand the models (e.g. to develop Affecting gene transcription in vertebratiisicleic Acids Res23,
more extensive promoter model). 4097-4103.

FastM should be a very useful tool for initial analysis of<°ndrakhin,Y.V., Kel.A.E,, Kolchanov,N.A., Romashchenko,A.G.
regulatory regions for which experimental data are limited, and Milanesi,L. (1995) Eukaryotic promoter recognition by binding

like putafive requlatory regions in new genomic sequence sites for transcription factor€omput. Applic. Biosgill, 477—488.
P 9 yreg 9 q Eévorgna,G.,Bonicelli,E.,Wagner,A. and Werner,T. (1998) Detection

of potential target genes in silicd®nds Genet14, 375-376.
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