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ABSTRACT

The leucine zipper is a dimerization domain occurring
mostly in regulatory and thus in many oncogenic
proteins. The leucine repeat in the sequence has been
traditionally used for identification, however with poor
reliability. The coiled coil structure of a leucine zipper is
required for dimerization and can be predicted with
reasonable accuracy by existing algorithms. We exploit
this fact for identification of leucine zippers from
sequence alone. We present a program, 2ZIP, which
combines a standard coiled coil prediction algorithm
with an approximate search for the characteristic leucine
repeat. No further information from homologues is
required for prediction. This approach improves
significantly over existing methods, especially in that the
coiled coil prediction turns out to be highly informative
and avoids large numbers of false positives. Many
problems in predicting zippers or assessing prediction
results stem from wrong sequence annotations in the
database.

INTRODUCTION

sequence would be superimposed in a helical wheel representation.
In contrast to helical bundles, the fit between the two strands can
be described by a ‘knobs into holes’ modgl Residues in the
leucine repeat are denotady, starting withd for the first Leu.
Positionsa andd are mostly occupied by hydrophobic residues.
They establish the helical interface at the core, which is viewed
as the major stabilizing factor. Leu is important because of the
flexible side chain. Positioresandg tend to be charged such that
the ability to form salt bridges may significantly help to specify
orientation and the dimerization partner. Consequently, specificity of
dimerization depends on solvent conditions, such as pH. This is
particularly meaningful for many oncoproteins, such as the
competing pairs Jun—-Jun and Jun-Fesqr Myc—Max and
Max—Max ). Positiond, c andf are solvent exposed and mostly
occupied by rather hydrophilic residues, but poorly conserved.
LZs frequently occur together with DNA binding domains, e.g. in
eukaryotic transcription factors. These proteins are involved in
complex control circuits which govern gene expression during
cell differentiation and tumour development. Proteins in which
the leucine repeat occurs together with a so-called basic region
(BR) as the DNA binding domain are known as basic zippers (or
bZIP proteins). This class comprises well known proteins such as
Fos, Jun, CREB/ATF, ATF2, 3 and 4 and AP1. Interestingly the
co-occurrence of these motifs was found in a sequence alignment

The identification of a particular transcription factor, the retrovi-of Fos proteins alone and has been reported simultaneously with

rally transduced oncoprotein Jun (for a review Bgend the

the LZ (7). A comprehensive review on bZIP sequences and their

characterization of its dimerization interface with a repeat dbiological roles has recently been given by Hutktlh the BR
leucines by Landschuét al (2) in 1988 caused much interest in only a few residues are strictly conserved. It is mostly assumed
this motif. It was termed the ‘leucine zipper’ (LZ) and manythat LZs mediate dimerization. Then DNA binding takes place
sequences with such a leucine repeat were subsequently propcsed transcription is started by allowing the RNA polymerase to
to be LZs. Brendel and Karlir8) argued that, since Leu is the bind both the transcription factor and the DNA. Binding to DNA
most frequent amino acid, such a pattern may be easily found isyinduced by two long-helices, directly extending the LZ region
chance. Consequently, many annotations in current databasesl smoothly dividing to bind to the DNA (scissors grip model;

may be wrong.

8). Other transcription factors, such as Mad, Max and Myc,

Leucine zippers are now commonly described as two-strandedimerize with an abasic helix—loop-helix (bHLH) motif and bind

left-handed helical structures wrapped around each other (int@ DNA by a basic region9]. This region, however, differs
‘superhelix’ or ‘coiled coil’). They have a repetitive pattern wheresignificantly from the BR in bZIP proteins. Their LZs often lack
each leucine is followed by six other residues to form a heptad. strict leucine repeat. Some classes of protein kinases were
Residues between the leucines may, in principle, be any amirgported to contain LZs1(). Since, however, no published
acid. The number of heptads in general assumes a value frexperimental evidence for the coiled coil nature of these domains
three to six, typically four. While coiled coils are known as longexists, we primarily refer to eukaryotic transcription factors in this
2-, 3-, 4- or 5-stranded units in parallel or antiparallel configurationsork.

(4), natural LZs occur only as short parallel dimers. Since coiling When sequences coding for the same structural motif share a
reduces the repeat unit to 3.5, instead of 3.6 as observed itanmon ancestor, a pattern of residues which is crucial for
normala-helix, each two residues that are separated by six othersfimction and/or structure is likely to be conserved. Depending on
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the degree of conservation, various methods, such as pattennstly by Met, Val or lle. This led us to distinguish a class of strict
searches or alignment-based profile searches, can then be appdied one of relaxed occurrence of the leucine repeat. We call a
to determine family membership of a query sequence. Sudlrict leucine repeat one where there are at least five leucine
methods will fail when an evolutionary relationship is eitherresidues with the prescribed spacing, i.e. four repeats. A relaxed
hardly detectable or even absent, e.g. as a result of converglenicine repeat is one where any of the five positions is mutated
evolution. LZ-containing proteins appear in diverse familiesither to Met, Val or lle. In fact, there are strict leucine repeats
which lack a common evolutionary origin and sequence similaritwhich are even longer. Some relaxed leucine repeats extend over
among the LZs is extremely low. A pattern search in théive repeats with the one mutated position in the middle. Overall,
PROSITE database using the repeated leucines performs wors#81.8 leucine repeat patterns, either strict or relaxed, were found
all patterns, producing hundreds of false positive and many falge 3370 different sequences. Sometimes repeats overlap or a
negative hits11). Profile searches are very unreliable too (dataequence contains more than one repeat.
not shown).

The program TRESPASSERJZ) is reported to predict LZS Other domains
with a high reliability. Starting with all SwissProt entries the o ]
authors first eliminated all non-LZ coiled coils from their data setlt can be helpful to study the DNA binding or other protein—
Two training sets were collected to derive patterns that aRfotein interaction domains residing next to a predicted LZ.
statistically indicative for zippers or non-zippers respectivelyPatterns describing such domains are taken from Prisjtelr{
Assignment was based on the presence of a leucine repeat, a ¥ context we use the following abbreviations: BR stands for a
prediction, evidence of dimer formation and DNA/RNA bindingbasic region of the bZIP-type proteins (102 instances in SwissProt
ab|||ty A coil prediction programl@) was used to a|ign all 34), a pattern which is between 14 anq 16 rES|due.S IOng (Pr03|te
sequences. The authors report 18 false negatives and 36 f&8&y PD00036); bHLH denotes a helix—loop—helix motif (222
positives of COILS in predicting annotated LZs with a leucindnstances), which is characterized by a pattern derived from the
repeat as a coiled coil. From both data sets tuple, frequencies waggond helix (PD0O0038).
collected and re-filtered manually. To predict a query sequence as
zipper or non-zipper, occurrences in both sets are summedQoil prediction
derive a score. Presence of a leucine repeat (three heptads_or . : . .
more) seems to be mandatory for positive identification. WhehV Well-known methods are available for coiled coil prediction
tested on this particular set of ‘potential zippers', TRESPASSERCM sequence information. They are more general in scope
is reported to show a trade-off between false positives (down R5c2usSe coiled coils appear in many different proteins, such as

: : ins, intermediary filaments, keratin, CAP, tRNA synthetase
0%) and false negatives (down to 3%) which can be tuned by tA&/0SINS, INte ’  CAF, ’
ratio of pairs from both sets. This approach, however, leavéaProteins, kinases, eté, (3,15). COILS, described by Lupas

considerable room for improvement, since the underlying" (13) in 1991, and its subsequent version COILS2 are profile

database annotations are not always correct and the leucine reg€afches based on work by David Peti).(Although their
need not be strictly conserved. parameters were derived from fibrous proteins they work fairly

The problems with patter- or profile-based approaches led &'l for most other coiled coils.{). A newer method that works
well, especially for long two-stranded parallel coils, is the

to exploit the coiled coil structure of a LZ for prediction purposes

We show that such a method combining coil prediction with thBrgram PAIRCOIL by Bergest al (1995). It is based on the
search for a leucine repeat works almost perfectly for bZIP aL%arrelated occurrence or non-occurrence of residues throughout

bHLH-LZ proteins, and that a leucine repeat pattern that is tdo€ heptads. . . . .
strict oftenpfails to find known LZs. The Rchillgs’ heel for any Ve use both available programs for coil prediction. COILS is

g ; ferred for several reasons. First, according to Lup&s (
3?1?12,[&23?1?'0” method seems to be judgement by datab ILS tends to slightly over-predict, which is good for

combination with another criterion, while PAIRCOIL does not
perform so well, especially for short coiled coils. Next, the
MATERIALS AND METHODS complete source code is available such that the program could be

ieved f ssProtrel 4 havi better adapted to our needs. Also, it is readily implemented in
Sequences were retrieved from Swiss .4’):'(9 ease 34, having -y merous database search programs. We collect frames, i.e. star
59 021 entries. Based on the annotations we distinguished they o positions of coil predictions and their maximum
following three classes of sequences and, where in dou%%

i > > X obabilities, stepped in units of 0.1 from 0.0 to 1.0. Sequences
consulted the literature: (i) annotated zippers, denoting the 1y 4 probabilityP, > 0.5 are considered as ones with a coiled
entries that are annotated as ‘leucine zipper’; (ii) undecidegd

> ; d as ‘leuci ) ike' *. b oil. Calculations for the positional probability are obtained using
comprising 41 entries annotated as ‘leucine zipper like’, "... Dyha newer version COILS2, which gives comparable results but

similarity’, etc., WhiCh instanc;es V‘_’er.? obviously classifi_ed byslightly lower predictions for short coils in general. PAIRCOILS
exactlly the criteria we investigate; (iii) annotated non-zipper 8) was used for comparison with all parameters set to default.
referring to all entries whose annotation makes no mention of a Lg,aictions agreed fairly well with the results from COILS, where

the latter yields slightly more and longer predicted frames.
Leucine repeat pattern

. . . . ..._Pefinition of a LZ and the recognition algorithm (2ZIP
As pointed out in the Introduction, LZs are commonly |dentn‘|edD it gnit gont ( )

by their leucine residues at a fixed spacing of seven residuéss mentioned above, a LZ is not simply a coiled coil but has
Comparing sequences in annotated and undecided zippers, spegeral special features. First, the helices in a LZ form a parallel
finds that one leucine in the repeat has frequently been replacdiner and this orientation is determined by the leucines (for a
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review seé). Also, LZs comprise only four to six heptads, whichmakes it highly likely that our prediction is in fact correct. The
is the minimum number required for a stable dimié€}.(Thisis next one is a transcription factor and possesses a BR domain
essential since, in contrast to coiled coils in fibrous proteins, t{i®DC3_SCHPO). Since coupling of a LZ and a BR domain is
dimer must not be too stable, to allow for reversible dimerizatiofrequently observed it appears that this protein too might indeed
and a flexible choice of dimerization partners. This readily leadsontain a LZ. Two more sequences are nuclear and annotated as
to a working definition of a LZ as a short, parallel, dimeric coiledranscription factors, which again makes the LZ prediction a
coil, generally containing five to seven leucines with a charactefeasible guess (STA4_MOUSE and NEK2_HUMAN). The other
istic repeat of length seven. The precise number of leucirsequences, 17 eukaryotic and 8 prokaryotic proteins, may well be
residues is flexible in as far as it seems to govern stability amdal false positives since, to our knowledge, there is no reason to
orientation of dimerization. This definition can be directlyassume that any of them might have a LZ. It is noteworthy that
translated into a simple algorithm, which is assessed in this papenly two of the false negatives are short fibrous proteins missed
First the coiled coil prediction is computed for a givenby the filtering procedure. Some sequences that would have been
sequence. Assume a sequence contains either a strict or a relaresgt tempting to predict as containing a LZ are not in our false
leucine repeat. We demand a minimal overlap of 21 residugssitive list. An example is DNA topoisomerase 2. It binds DNA
between the region predicted as coiled coil and the leucine repeatd has both a leucine repeat and a coiled coil, but without overlap
We need to exclude long structural coiled coil proteins thatf the two corresponding framessj. Incidentally, this example
happen to have a few leucines with the right spacing. Theas used by Hirst al (12) in the positive list for deriving rules
algorithm rejects sequences where the coiled coil predictido predict LZs. In our data set all four occurrences of DNA
stretches over >90 residues or where there are more than thiggoisomerase 2 are classified as non-zippers.
coiled coil regions predicted. Of course, these instances may well
represen.t aLz 'n a St”c“y blophyS|caI sense, bUt,they do not mel%E)Ie 1. Predicted and non-predicted zippers and their annotations (see text
the functional criteria that ‘define’ a LZ. Depending on whethef,, eypianation)
the basis of the prediction is a strict or a relaxed leucine repeat,
this scheme will produce two classes of predicted LZs.

Prediction  Annotation Relaxed Strict No repeat All
- Zipper Annotated zippers 54 67 121
Availability PP PP
Undecided 7 4 11

Programs (which invoke COILS), results (in well-formatted files)

. Annotated 247 29 276
and an on-line server can be found on the web at: non-zippers
http://www.dkfz-heidelberg.de/tbi/services/2zip/2zip

Sum 308 100 408
RESULTS
. . Non-zipper Annotated zippers 7 3 21 31
Predicted and annotated zippers PP PP
) ) o Undecided 7 2 21 30
We searched for sequences matching the mentioned criteria for Annotated 2543 358 2901
leucine repeats and coil prediction. We recorded all frames of coil non-zippers

predictions for all annotated and undecided LZs as well as all
other sequences containing a leucine repeat. First we inspected all Sum 2557 363 42 2962
frames with both a leucine repeat and a coiled coil prediction. In
the following, sequences containing at least one zipper according
to the above-mentioned criteria are termed predicted zippers,For nearly 3000 sequences our method does not predict a LZ.
while all others are called predicted non-zippers. To keep figurédost sequences are rejected by our method, in accordance with
consistent we decided in the statistics below only to count eatie annotation. For these sequences consideration of the coiled
such sequence once, even if more than one frame withcail prediction really helps in rejecting a zipper hypothesis which
prediction was found. is based on a leucine repeat alone. There are 31 sequences wher
In an initial assessment we referred to the database annotatipnadiction failed. Tabl@ gives a compilation of these instances
to verify our results. Tablé summarizes the distribution of that are, according to the annotations, false negatives. Interesting-
annotations among the predicted zippers and non-zippetg, all of them lack a coil prediction. Only three had a strict repeat
Overall 3398 sequences contain a leucine repeat frame, a zippattern; eight had a relaxed one. All others had a repeat that was
annotation or both. From this base set, 408 leucine repeat frange®n more mutated, mostly with the variable residues from the
overlap sufficiently with a coil frame to be predicted as LZs. 12telaxed pattern, Met, lle and Val. Eight have a basic region which
of them are annotated as zippers. Nearly half of these require theggests that they are bZIP proteins and were missed by our
relaxed leucine repeats to be detected. On the other hand 276 (pddcedure. On the other hand, in seven instances the BR does not
+ 29) sequences whose annotations make no mention of a LZ &eve the right spacing such that coincidence or other functions
predicted to contain a LZ. Based on annotation these would be ttennot be excluded. For three of the BR-containing sequences
false positives when one combines predictions based on relaxthat were annotated as containing a LZ, this zipper was shorter
and strict leucine repeats. Most of these false positives (247) stéman four heptads, which is commonly viewed as the minimum
from admitting relaxed leucine repeats. Below we are going toumber for a stable dimer. Four had two of the five leucines
discuss the 29 ‘false positives’ with a strict pattern in detail. Aeplaced by other residues and two had one substitution with
summary is given in Table At the top of the list is a member of non-canonical residues (Ala or Tyr). None had a coil prediction
the Myc family also having a bHLH motif (MYC_AVIMC). This by COILS and only four by PAIRCOILS.
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Table 2. Predicted but not annotated leucine zippers with a strict repeat pattern

D H DOM FRAME SEQ COMM

MYC_AVIMC 4 bHLH 389-417, 422; LKKATEYVLSLQSDEHKLIAEKEQLRRRREQLKHNL  nucl., binds DNA, myc-homology, ETF
YDC3_SCHPO 4 BR 292-320, 330; LERTAKELTEKVAILETRVRELEMENNWL nucl., DNA-binding, ETF
STA4-MOUSE 5 252-280, 749; LHNGLDQLQNCFTLLAESLFQLRQQLEKL nucl., signaltransduction, ETF
NEK2_.HUMAN 4 306-334, 445; LKLKEIQLQERERALKAREERLEQKEQEL nucl., S/T-kinase, cell regulation
APAR_PIG 4 160-188, 202; LMQCLPNLEEIKLALELYKLSLETKLLEL extracellular, apolipoproteins
ASE1_YEAS 5 495-530, 885; LRNSATTLQEDELLLETCENELKRLEEKLTLYKPIL in mitosis

CD72_.HUMAN 4 86-114, 359; LPCRTTCLRYLLLGLLLTCLLLGVTAICL cell., S-S linked homodimer
CD72.MOUSE 4 143-171, 354; LREKISQLGQKEVELQESQKELISSQDTL cell., S-S linked homodimer
DPOI.THETH 4 458-486, 834; LQALSLELAEEIRRLEEEVFRLAGHPFNL prok., DNA - polymerase
EF1D_ARTSA 5 58- 93, 237; LSNKVEALSSENKELKKCIDGLQGLLLGLRQRIETL nuclear, elongation factor
EF1D_HUMAN 5 80-115, 281; LVVRIASLEVENQSLRGVVQELQQAISKLEARLNVL nuclear, elongation factor
EF1D_RABIT 5 80-115, 280; LAVRIASLEVENQNLRGVVQDLQRAVSKLEARLSAL nucl., elongation factor

EF1D_XENLA 5 58- 93, 265; LAARVANLEQENQSLHKVVKDLQSAISKLESRLSTL nucl., elongation factor

GVPJ_APHFL 4 79-107, 248; LSTKAQRLVEENQQLQHRLESLEAKLNSL prok.

HLYD_PASHA 5 253-288, 478; LLAQENKLIEAQNELAVYRSKLNELENDLLNVKEE prok.

IL11_.MOUSE 4 119-147, 199; LKTLEPELGALQARLERLLRRLQLLMSR cytokine, low prob., no PAIRCOIL-frame
K1C3_XENLA 4 192-220, 280; LRRVLDELTLARGDLEMQIESLTEELAYL fibrous protein (IF, keratin)
LECH_RAT 5 107-142, 283; LEKHQEDLREDHSRLLLHVKQLVSDVRSLSCQMAAL  memb., mediates endocytosis
MMGL.MOUSE 4 135-163, 304; LKTDLSDLTDHVQQLRKDLKALTCQLANL memb., involved in tumorgenesis, ETF
OMPA_THEMA 5 79-114, 400; LAGASGDLAQVVGNLSDKYMALEEKVNGLTGILDTL  memb., fibrous

PAC1_YEAST 4 95-123, 494; LQKKIIELEQNTETLVSQIKDLNTQVSEL transducin

PDP_BACSU 4 269-297, 434; LHELVLTLGSQMVVLAKKADTLDEARAKL prok., phosphorylase

PRE_BACSP 5 300-335, 415; LKKEVKELRSTNKSLSEENGRLKSTVEHLTNEIESL prok., DNA-binding

RPOD_SORBI 4 272-300, 435; LEDEYRTLE DEYETLEDEY GILEDEYRTL prok., chloroplast, RNA-polase subunit
SUML.YEAST 5 114-142, 1062; LLSKDTSLTDSVQDLFNSLKVLSHNQSVL —

SYA_HAEIN 5 ZnF 706-734, 874; LHNQQRILTQSADLLKSDVNTLAEKIQQL prok., homotetramer, A-tRNA-synthetase
VIRB_SHIFL 4 HTH 196-224, 309; LFNYYKGLEKANESLSSTLPILKEEIKDL prok., DNA-binding, trc. regulation
YA65_MOUSE 4 296-324, 472; LQMEKERLRLKQQELFRQELALRSQLPTL binds to yes-kinase

YWFN_BACSU 4 180-208, 258; LKMENERLKKENQELQNKTEQLEAEVQKL prok.

Explanation of abbreviations: ID, SwissProt ID number; H, whether a 4-heptad or 5-heptad was present in the annotatefrarmetH2©
another domain, indicative of a eukaryotic transcription factor is present (BR, basic region; HLH, helix—loop-helix; HFtdrheliglix; ZnF,
zinc finger); Frame, start and end position of LZ frame, overall length of the protein; SEQ, sequence in the frame; CQidivhehtsén the
database, as far they were helpful: cellular location (nucl., nuclear; memb., membrane; prok., prokaryotic), moleculanfiioetlatar function
(trc., transcription) as well as additional information (ETF, eukaryotic transcription factor).

Another five belong to the Myb class of eukaryotic transcriptiofAs mentioned above, LZs frequently occur together with a DNA
factors, where two of the five leucines are substituted. Seriotnding basic region or a HLH domain. Therefore, we combined
concerns must be raised about the zipper nature of their annotaten criteria with the use of regular expressions to search for these
regions. The proposed zipper region is far from the DNA bindingegions adjacent to or in the N-terminus of transcription factors.
domain and thus does not resemble the known architecture\When order and spacings of the motifs (i.e. BR or bHLH +
other zipper-containing transcription factors. Finally, even morpredicted zipper) are correct we can be sure that these instances
strikingly, it was experimentally shown that under physiologicahre indeed zippers. We refer to such zippers that co-occur with a
conditions the domain does not formaahelix, not to mention  basic region or a bHLH domain as confirmed zippers. LZs may
a dimer 0). also be associated with homeodomains in some homeobox

Interestingly, for eight of the 31 sequences the correspondirfigmilies £1). Since, however, these cases seem to be restricted to
references do not mention a LZ. For some putative instancesplants (e.gArabidopsis thalliana hatl-thal, hat2-.) and the
appears unlikely they are LZs because of their biological functiostructural role of the associated LZ is somewhat unclear, we do
or their sequences, or both. Some have strong helix breakers (@bt refer to such motifs.
or Pro) in the proposed-helical regions. Others are either Table4 shows the distribution of sequences with a co-occurrence
membrane proteins or their leucine repeat is at the venf both domains among the predicted zippers and predicted
N-terminus, which is never observed for generally accepted LZgon-zippers. With one exception, all predictions of LZs in
Some are definitely annotated as not binding to DNA. This afonfirmed zippers were correct when the BR motif was used for
course does not exclude the existence of a LZ. evaluation. Slightly less reliable results are achieved when the
bHLH motif is used, such that we find an overall accuracy of at most
3% false negatives. These results constitute further confirmation of
our prediction method and strengthen the view that combining a
Due to the problems with database annotations, we searchedrelaxed leucine repeat and a coiled coil prediction are a good
other criteria to recognize whether a sequence might contain a Lsfrategy to identify LZs.

Association with other domains
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Table 3. Predicted non-zippers which are annotated

1D P DOM ETF FRAME PATT SEQ COMMENTS

ATF6_HUMAN n BR ATF 33 - 61, 68; LALLV LEARLKAALSENEQLKKENGRLKRQLDEV nucl., binds DNA(CRE) as a dimer
BBF2_.DROME n BR 468 - 503, 515; LLYLLL LERRVEILVTENHDYKKRLEGLEETNANLLSQLHKL nucl,, trc. activator, binds enhancers
CAD1.YEAST n BR 71 - 99, 409; LLNLL LQERVELLEQKDAQNKTTTDFLLCSLKSL nucl. (7)

CBL_HUMAN n 857 - 892, 906; LLYLIL  LSSEIENLMSQGYSYQDIQKALVIAQNNIEMAKNIL dito

CBL_MOUSE n 847 - 882, 896; LLYLIL LSSEIERLMSQGYSYQDIQKALVIAHNNIEMAKNIL nucl.

CNC_DROME n BR 387 - 408, 533; LLIL LNQDRDHLESERKRISNKFAML morphogenesis control, DB
CPR2_PETCR n BR 218 - 253, 393; LLLIAL LETQVSQLRVENSSLLKRLTDISQRYNDAAVDNRVL  nucl, binds DNA as a dimer
CPR3_PETCR n BR 224 - 259, 296; LLLIVL LQERLDNLSKENRILRKNLQRISEACAEVTSENHSI dito

CSE2.YEAST n  (BR) 126 - 147, 149; ILLL IHQREQELQIKRDVLDDLYRKL nuck.

GCF_HUMAN  n 359 - 380, 784; LMLL LKQAMTFMKRRQDELKHESTYL nucl., DNA binding, represses trc., DB
GIAN_DROME n BR 412 - 433, 448; ILLL TAIRAAYLERQNIELLCQIDAL nucl., gene regulation in morphogenesis
IN35_HUMAN s 5-26,282; LLLLL LDAALHALQEEQARLKMRLWDL

MT28_YEAST r 140 - 161, 187; LLLW LNTQINKLRDRIEQLNKENEFW nucl.(?), binds promoter, no trc. activation
MYB_HUMAN n MYB 376 - 397, 640; MILL MIVHQGTILDNVKNLLEFAETL nucl., DNA-binding, trc. activator
MYB-MOUSE n MYB 375 - 396, 636; MILL MIVHQGTILDNVKNLLEFAETL dito

MYB_AVIMB n MYB 305 - 326, 382; MILL MIVHQSNILDNVKNLLEFAETL dito , DB

MYB_CHICK n MYB 376 - 397, 641; MILL MIVHQSNILDNVKNLLEFAETL dito , DB

MYB_BOVIN n MYB 375 - 396, 640; MILL MIFHQSTILDNVKNLLEFAETL dito , DB

NAPT_HUMAN s 348 - 369, 639; LLLLL LAVGLILLAGSLVLLCTCLILL memb., L-rich, 2 Gly, 20 annotations, DB
NAPT RAT s 346 - 367, 637; LLLLL LAVGLILLAGSLVVLCTCLILL dito , DB

OCT2.HUMAN r 388 - 409, 478; LLLL LSQASSSLSTTVTTLSSAVGTL TF in B-cells

OPI1_.YEAST T 139 - 60, 404; LLLL LVTCLHLLKLANKQLSDKISCL anabolic gene regulation

PCR1_SCHPO n BR 42 - 66, 171; ASLLL ANAAFEQSKRLQLLLSQLQQEAFRL nucl. (?), regulatory

RELB_MOUSE n 22 - 50, 558; LVLIL LSSLSLTVSRTTDELEIIDEYIKENGFGL nucl., stimulates promoter, not DNA binding
RELB_HUMAN n 40 - 68, 579; LVLIL LSSLSLAVSRSTDELEIIDEYIKENGFGL dito

RNBP_RAT n 185 - 206, 419; LLML LLNLVEQLGEEDEEMTDKYAEL renin binding, homo-dimer
RNBP_HUMAN r 185 - 206, 417; LLLL LLNLVEQLGEADEELAGKYAEL renin binding, forms homo-dimers
RPC3_.YEAST r 581 - 602, 654; LLLL LEWNMANLLFKKEKLKQENSTL nucl., RNA-polymerase III subunit
SRS2.YEAST r 222 - 243, 1175; LLLL LLMYTFRLLTRVRVLSNIKHVL ATP-dependent DNA helicase SRS2, DB
TGAB.TOBAC n 211 - 232, 242; LMLI LEDKVRIMHSTIQDLNAKVAYI nucl., DNA binding

VP2_.ROTBR r

665 - 686, 880;

LLLL

LRDRLRLLPVEVRRLDIFNLIL

core of bovine rotavirus, binds NAs, DB

Explanation of abbreviations (where different from Table 2): P, pattern in the annotated frame; r, relaxed; s, stridETt,Hamaly of eukaryotic transcription
factor as which the sequence is annotated; PATT, leucine repeat pattern; DB, the corresponding LZ annotation cannotthe fmigidanhliterature.

Table 4. Confirmed and predicted zippers: occurrences of sequences with implications because it was reported that the basic region of bZIP

additional domains, indicative of eukaryotic transcription factors (bZIP,
bHLH-LZ) with the correct spacing (another eight annotated zippers had a
BR but not with the correct spacing)

proteins shows a slight coiled coil probabilitl.(Likewise, the
bHLH region of bHLH-LZ proteins has twehelices adjacent to
the LZ region. This suggests that at least the hydrophobic interface

would be similar in a bundle and a zipper and the border between

Prediction Annotation bzIP bHLH-LZ  Other A . . i .
. : the domains difficult to detect. Finally, several zipper motifs were
Zipper Annotated zippers 57 17 44 reported to be relatively unstable. For the case of Myc—Myc dimers,
Undecided 4 1 6 neither the complete dimer nor the zipper fragments alone are stable
Annotated non-zippers 1 1 277 and also the dimer of the Myc—Max LZs alone is less stable than the
Sum 62 19 397 LZ dimer of bZIP proteins aloné ). This appears reasonable when
one considers that bHLH-LZ proteins have two motifs to specify
dimerization, the bHLH and the LZ domain. Most probably the LZ
Non-zipper Annotated zippers 0 0 31 motif serves primarily for recognition and not so much as a
Undecided 0 5 o5 stabilizing domain ). In Figurel we report the coil prediction
Annotated non-zippers 0 1 2028 strength a't.each position separately for the members of the bZIP
class families Jun, Fos and ATF, as well as for Myc from the
Sum 0 2984

bHLH-LZ class. ATF and Fos show the expected behaviour with

Strength of coil prediction in confirmed LZs

100% coil probability in the zipper frame and a sharp drop-off at
the border of the adjacent regions. There are, however, significant
deviations for Jun and Myc. The BR of Jun shows a very high coll

In the following, we evaluate the positional coil probability forprobability. This is interesting considering that Jun, unlike Fos,
some of the confirmed LZs. This has important structuratan form homodimers and thus the coil region may be extended
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Figure 1.Coil probabilities at each position of bZIP and bHLH-Z proteins calculated with COILS2. All frames are aligned sucleti@nhtheepeats within a family
overlap. The leucine repeat starts at position 30 for the bZIP proteins ATF (top left), Fos (top right) and Jun (botidratieftsdion 60 for the bHLH family Myc
(bottom right). Averages are given as thick dashed lines.

in the absence of DNA. This complies well with the fact that th& will prove useful to decide whether the protein may dimerize
BR was shown to ‘zip up’ when an adequate dimerization partnéirough a LZ or not.
with an extended LZ region is provide?ly. Further, it can be  Secondly, in order to describe all annotated zippers in
clearly seen that the LZs of Jun and Fos are in fact six heptads I@\gissProt it appears to be important to use different, ‘relaxed’
(instead of four as is mostly annotated). In both cases the motifiatterns, which of course increases the number of ‘false
characterized by a His instead of the sixth Leu. With Fos thgositives’. Hirstet al (12) circumvent this problem by confining
drop-off sharpens because of a Pro at the very end of the #ieir search to sequences with a strict leucine repeat. We show that
heptads. Myc sequences indeed show widely varying cailich a criterion is a major source of false negatives.
probabilities. This may be due to a smaller contribution to dimer Finally, it is interesting to observe that the biological needs for
formation and strengthens the view that the LZ in bHLH-LAlexibility or alternative dimerization are well reflected by
proteins mediates specificity rather than stability. different coil probabilities. This is concluded from the coll
probabilities of the basic region in bZIP proteins and the reduced
coil probabilities of bHLH-LZ proteins. This is an intriguing
observation because there are no thermodynamic or other
We have presented a simple computational approach for identifiiophysical considerations directly included in the coil prediction
cation of LZs by combining a standard coiled coil predictiorheuristics. Thus a ‘false negative’ from a coil prediction need not
algorithm with an approximate search for the characteristibe a failure of the program, but may well reflect biophysical
leucine repeat. Another goal of our study was a systematignctionality.
investigation of the co-occurrence of leucine repeats and aOur work also pinpoints some basic problems in the fields of
detectable coiled coil in LZs, in particular for eukaryoticstructure prediction and motif recognition. The need for flexibil-
transcription factors. To avoid the pitfalls of wrong annotationdty in biological activity frequently results in marginal stability,
we use additional biological signals, such as DNA binding motifsyhich in turn leads to fuzzy rules of recognition. This undermines
for verification. In summary, we find the following conclusionsefforts at clear and precise definitions and sharp discrimination,
of both practical relevance and general interest. e.g. between coiled coil and non-coiled coil or between LZ and
First of all we designed a fast and easily applicable strategy toiled coil. Because ‘LZs’ with a three heptad and three of four
predict LZs. Specifically, for eukaryotic transcription factors thdeucine positions substituted by other residues have been
method has excellent accuracy. 2ZIP should be particularly usefubstulated?), classification of a LZ becomes basically a question
to obtain a first guess about the presence of a LZ in a giverdefinition. Thus one may also conclude that there is no specific
sequence. Also, for sequences with no or few known homologuesde for a LZ, but LZs are simply short parallel dimeric coiled

DISCUSSION



2746 Nucleic Acids Research, 1998, Vol. 26, No. 11

coils with as much additional regularity as needed for propef
function, such as orientation and flexibility. We conclude that
since a coiled coil prediction seems to be a more reliable indicat
for a LZ, the hallmark of a LZ is rather the coiled coil than the

leucine repeat. A prediction strategy making use of both features
has a surprisingly high success rate, yet an ultimate classificatiéh
of such proteins can only be achieved by homology comparison
and structural information. H
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