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ABSTRACT

The housekeeping gene of the major adenylate
kinase in Saccharomyces cerevisiae (AKY2, ADK1)
is constitutively transcribed at a moderate level. The
promoter has been dissected in order to de®ne
elements that effect constitutive transcription.
Initiation of mRNA synthesis at the AKY2 promoter
is shown to be mediated by a non-canonic core
promoter, (TA)6. Nucleotide sequences 5¢ of this
element only marginally affect transcription sug-
gesting that promoter activation can dispense with
transactivators and essentially involves basal tran-
scription. We show that the core promoter of AKY2
is constitutively kept free of nucleosomes. Analyses
of permutated AKY2 promoter DNA revealed the
presence of bent DNA. DNA structure analysis by
computer and by mutation identi®ed two kinks
¯anking an interstitial stretch of 65 bp of moderately
bent core promoter DNA. Kinked DNA is likely
incompatible with packaging into nucleosomes and
responsible for positioning nucleosomes at the
¯anks allowing unimpeded access of the basal tran-
scription machinery to the core promoter. The data
show that in yeast, constitutive gene expression
can dispense with classical transcriptional activator
proteins, if two prerequisites are met: (i) the core
promoter is kept free of nucleosomes; this can be
due to structural properties of the DNA as an alter-
native to chromatin remodeling factors; and (ii) the
core promoter is pre-bent to allow a high rate of
basal transcription initiation.

INTRODUCTION

Transcription activation of regulated genes is generally
assumed to rely on interactions of speci®c transcriptional
activator proteins with one or more constituents of the
polymerase II holoenzyme complex. The prime role of
transactivators is either to effect remodeling or removal of
nucleosomes repressing the promoter in its inactive state or to
enhance the rate of transcription initiation by recruiting,
directly or indirectly, the basal transcription machinery to the
core promoter (1±7). Some factors may exert both activities.
The ®rst type of transcription factors will induce recruitment
either of additional transactivators or of the basal transcription
machinery to their target sequences without exerting a
signi®cant activation potential of their own (8,9). Under-
lining the repressive role of nucleosomes, histone deprivation
and concomitant depletion of nucleosomes have been shown
to lead toÐat least partialÐactivation of inducible genes even
under conditions of genetic repression. This implies that at
some promoters, speci®c activator proteins may be dispens-
able, once accessibility for the transcription machinery has
been established (7,10). The PHO5 promoter is one example
in which positioned nucleosomes exclude transcription factors
and the polymerase II holoenzyme complex from their binding
sites. Transcription activation of PHO5 requires the binding of
the active transactivator, Pho4p, to a low af®nity motif which
is permanently accessible in a gap on promoter DNA between
two exactly positioned nucleosomes. Upon induction by
phosphate exhaustion, binding to the low af®nity site leads
to removal or excessive remodeling of four accurately
positioned nucleosomes which, in the repressed state, occlude
the high af®nity binding sites of transcription factors that are
essential for gene activation (7,11,12). If, however, nucleo-
some depletion is achieved experimentally in vivo by switch-
ing off expression of histone H4, transcription of PHO5 is
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maximally induced even under repressing conditions and can
dispense with additional transcription activators (7,10).

In constitutive promoters, on the other hand, a static
situation is presumed to keep the promoter permanently in an
activated state to allow transcription (13). These promoters
likely are constitutively kept free of nucleosomes. In the case
of the relatively strong promoter of the ACT1 gene encoding
yeast actin it has been speculated that two binding sites for the
abundant general regulatory factor Reb1p [possibly in com-
bination or synergistically with a poly(dA´dT) element] are
involved in positioning nucleosomes and in keeping the core
promoter accessible (13). In the PFY1 promoter, encoding
the G-actin-sequestering pro®lin, one binding site for the
abundant regulatory factor Reb1p has been found to be
necessary and suf®cient to keep nucleosomes off the DNA
region spanning the core promoter and the transcription
initiation sites (M.Angermayr, unpublished results). However,
the general regulatory factor Reb1p does not have a signi®cant
transcriptional activation potential of its own. Rather, its main
role in promoters appears to rely on its property to keep a
stretch of DNA in the ¯anks of its binding site free of
nucleosomes and to position them at a distance (14,15). The
lack of binding sites for classical transactivators implies that at
these promoters transcription may ensue spontaneously, if
the core promoter is readily accessible to polymerase II
holoenzyme.

We have analyzed the promoter of the yeast major
adenylate kinase (ADK1 or AKY2, called AKY2 hereafter)
which is constitutively expressed at a moderate level (16,17).
The protein is unusually slowly turned over, and translation
rates are low (18). Adenylate kinases are ubiquitous, abundant
enzymes that ful®ll an essential housekeeping function. They
provide the ADP required for oxidative and substrate chain
phosphorylations and, because of the reversibility of the
catalytic reaction, contribute to the maintenance of the
homeostasis of high energy adenine nucleoside phosphate
pools in the cell. We have identi®ed the minimal promoter of
the gene which mainly consists of a non-consensus TATA
sequence and enables expression rates of reporter constructs
that are only slightly lower than the complete HTA1±AKY2-
intergenic region. Since this suggested that promoter acti-
vation of AKY2 dispenses with classical transcription factors,
we have examined the possibility that structural peculiarities
of the promoter DNA create a constitutively open chromatin
conformation. We have found that two kinks in the DNA
structure closely ¯anking the TATA-like element suf®ce to
position nucleosomes at a distance and to allow moderately
high levels of basal transcription without the necessity of
transactivators.

MATERIALS AND METHODS

Strains and plasmids

pBluescript M13 KS(6)-based vectors (Stratagene,
Heidelberg, Germany) were used as templates for promoter
truncations by polymerase chain reactions (PCR), or for site-
directed mutagenesis, base deletions or insertions in vitro
using SOE-PCR (19). Plasmids were maintained and propa-
gated in Escherichia coli strain XL1-Blue or SURE (both from
Stratagene). The AKY2-upstream region together with the nine

N-terminal coding triplets was ampli®ed by PCR as
EcoRI±BamHI fragment and ligated to the respective restric-
tion sites of pBluescript. All constructs were then fused in the
proper orientation to the bacterial lacZ gene of the yeast low
copy plasmid pYLZ7. pYLZ7 was constructed from pYLZ6
(20) by inversion of the bacterial selective marker gene bla,
because with very short test promoter constructs interference
with the bacterial bla gene sequence has been observed.
Analyses of expression from the AKY2 promoter were
performed in the genetic background of yeast strain W303-
1A (21) which had been transformed with the respective
reporter constructs. Yeast were grown on standard media (22).

PCR primers and in vitro mutagenesis

Promoter truncations were produced by PCR using upstream
primers with an EcoRI restriction site and a reverse primer
with a BamHI site for fusion to the lacZ reporter (restriction
sites not shown). The following forward primers were used:
HN, 5¢-ACGGTAACATATGT-3¢; H5B, 5¢-CTTGAACAT-
GATTGAGTAGC-3¢; H5C, 5¢-TTCACTTTGATAGTGT-
GACG-3¢; H4, 5¢-GCTCACGATTGCGCGATCC-3¢; H2, 5¢-
CTGTCCGCAGCAGCCCGCGGC-3¢; H1, 5¢-ATTCGCC-
CATTTTTTTTTGATTTTCGAC-3¢; H0, 5¢-TTCACTCTG-
GCTAGTTTTATTAC-3¢; H6, 5¢-GTATATATATATACG-
CATAAATTTCTC-3¢; H7, 5¢-CGCATAAATT-TCTGAAA-
TGG-3¢. TIsh served as the reverse primer in most constructs,
5¢-ATTAGGACCATTCTAATGGATTCTG-3¢. Promoter
mutations or internal deletions were obtained by site-directed
mutagenesis using the kit and prescriptions from Stratagene.
Permutation analysis was performed with DNA fragment
H2/TIsh.

Tandem cloning and permutation analysis

The cloned PCR-ampli®ed 243 bp DNA fragment H2/TIsh
was consecutively restricted with BamHI (and blunted by
digestion of protruding 5¢ ends) and then with EcoRI (blunted
by a ®ll-in reaction). Tandem ligation generated an EcoRI
restriction site. The tandem DNA construct was digested in
separate incubations using the set of restriction endonucleases
indicated in Figure 2 to yield a set of DNA fragments of equal
lengths permutated with respect to the fragment ends (23).
After PAGE (8% gel, acrylamide:bisacrylamide = 38:2, 4°C),
DNA was visualized by ethidium bromide staining.

Analyses of chromatin structure

Crude nuclei were prepared as described (24). DNase I or
micrococcal nuclease digestions were performed as described
by Thoma (25). Chromatin or naked DNA was digested
(5 min, 37°C) by different concentrations of DNase I
(Roche, Mannheim, Germany) (chromatin at 10.0, 15.0, 20.0
or 30.0 U/ml; naked DNA at 0.01, 0.05 or 0.1 U/ml) or
micrococcal nuclease (MBI Fermentas, St Leon-Rot,
Germany) (chromatin at 30, 60 or 120 U/ml; naked DNA at
1.5 or 3.0 U/ml). Reactions were stopped by the addition of
0.5% SDS, 4 mM EDTA, 50 mM Tris±HCl pH 8.0 and 200 mg
of Proteinase K (Merck, Darmstadt, Germany) and incubated
at 37°C for 30 min. DNA was extracted twice with phenol/
chloroform and precipitated by ethanol. The pellet was
dissolved in TE buffer (10 mM Tris±HCl, pH 7.5, 1 mM
EDTA) and RNA digested with 400 mg of RNase A
(Boehringer, Mannheim, Germany) at 37°C for 60 min.
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After extraction once with phenol/chloroform and once with
chloroform, DNA was ethanol-precipitated and digested with
EcoRV. Gel electrophoresis was at 100 V in 1.5% agarose
gels. After Southern transfer to nylon membranes (Biodyne A,
Pall, Dreieich, Germany) DNA was detected by a randomly
primed, radiolabeled 527 bp HindIII±EcoRV DNA fragment
which hybridized to the 3¢ region of the AKY2 gene.

DNA structure analysis

DNA structure was calculated using the program BioCad
which was developed in VMS-Fortran working on a DEC
Microvax II GPX-station (26). The algorithm is essentially
based on the wedge angles between nearest neighbor base
pairs listed by Bolshoy et al. (27) and the assumption of
10.6 bp for a helical turn.

Miscellaneous procedures

The yeast expression vector pYLZ7 (above) was used for
determining b-galactosidase activities of the respective pro-
moter/lacZ fusions as described (28). Values give the mean
expression activity of at least four independent clones.

Generally, individual values varied in the range of 5±15%.
Protein concentrations were determined according to the
method described by Bradford (29). Yeast transformations
were performed using the procedure described by Gietz et al.
(30). Other molecular operations were performed according
to standard procedures (31) or as recommended by the
manufacturer.

RESULTS

Dissection of the AKY2 promoter

AKY2 is encoded on chromosome IV in tandem between the
histone H2A-1 (HTA1) and SIR4 genes. The non-translated
intergenic distance to the preceding HTA1 gene amounts to
560 bp, the non-transcribed region spans only 336 bp. The
AKY2 promoter allows constitutive transcription at a moderate
level (17). To de®ne cis-acting elements required for
constitutive promoter activation, we dissected the AKY2-
upstream region. The 5¢ ¯ank of the gene was gradually
truncated (Fig. 1). Despite progressive loss of 5¢-upstream

Figure 1. Schematic drawing of the HTA1±AKY2 intergenic region. (A) Positions of 5¢ ends of primers used in PCR ampli®cation are indicated by arrows and
numbers (adenine residue of the AUG translational start triplet as +1). (TA)6, TATA element. Asterisks denote transcriptional initiation sites. (B) Promoter
truncations. (C) TATA mutations made in pH4. TD12, complete deletion of the TATA element; Tmut, the central part of the element has been interrupted by
site-directed mutagenesis; Tcons, exchange of the (TA)6 element for a canonic TATAAA box. In H4D21, 21 bp have been deleted 5¢ adjacent to the TATA-
like element; in H4D33, 33 bp including the (TA)6 element and the 5¢ kink have been deleted. Right, b-galactosidase activities (nmol/mg´min) of the
respective mutant promoter/lacZ fusion constructs ligated to the low copy expression vector, pYLZ7. Numbers in brackets denote percentage of activity
obtained with construct HN.
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sequences (constructs H5B to H6, Fig. 1B), expression was
maintained at a relatively high, only gradually declining level
as long as the truncated promoter retained sequences upstream
of position ±154 (relative to the adenine of the translational
start triplet as +1) (for activities see Fig. 1, right). The absence
of any abrupt drop of the expression activity allows one to
conclude that no site for a classical transcription activator has
been eliminated by the deletions. In construct pH6, all
sequences upstream of the sequence TATATATATATA
(position ±123) had been eliminated; surprisingly, this
construct still displays a relatively high level of expression
(>50% of the maximum), which evidently is independent of
upstream elements. Expression severely drops with constructs
pH7 and pH18, which have lost the (TA)6 motif, suggesting
that the presumptive TATA element is functional and plays a
decisive role in transcription of AKY2. Deletion of the TATA
motif still allows some residual transcription, as the transcrip-
tional initiation sites are intact, whereas in pH21, where the
promoter deletion includes the transcriptional initiation sites at
around position ±60 (i.e. 51 bp downstream of the TATA
element) promoter activity was completely abolished.

The AKY2 core promoter consists of six TA repetitions. A
(TA)3 motif has been shown (32,33) to exert core promoter
activity. To examine whether the (TA)6 motif is essential for
transcription, we constructed a set of mutants all derived from
pH4 (Fig. 1C). In pTD12, the 12 bp TATA-like motif has been
deleted, and in pTmut the motif has been interrupted,
TATAGCGATAT. In both TATA mutant promoters, tran-
scription is severely impaired. The residual expression is
considered basal transcription, a rate comparable to pH7 or
pH18, which demonstrates that the (TA)6 motif directs
transcription initiation. In pTcons it was replaced with a
TATA box obeying the consensus, TATAAA (32,33). The
canonic TATA element (pTcons) was slightly less ef®cient
than the longer (TA)6 motif (construct pH4). In pT1/2 the
length of the presumptive promoter was reduced to (TA)3

which, in fact, displays promoter activity (which is >50% of
pH4).

The DNA structure of the AKY2 promoter

The above results strongly suggest that transcription activation
of AKY2 can dispense with sequences 5¢ of the TATA motif
demonstrating that it is independent of upstream binding

transactivators. This view is supported by the failure to detect
presumptive binding sites for any general regulatory factor or
other known transactivator by computer analysis or electro-
phoretic mobility shift assays either upstream of the TATA-
like motif or downstream to nucleotide position ±65 (data not
shown). Therefore, we considered the possibility that the
AKY2 promoter is activated by cis-acting elements distinct
from sites of direct protein binding to DNA, and examined
whether the DNA structure per se was unusual in a way that
could favor assembly of the basal transcription machinery, i.e.
whether the promoter region was bent. Many transcription
factors including TBP have been found to bend DNA, and in
some cases, among others with TBP, it has been observed that
intrinsic DNA bending facilitates protein binding (34±37).
Bent DNA can be identi®ed by its retarded migration rate in
acrylamide gels relative to straight DNA containing random
nucleotide sequences of the same molecular mass and base
composition (23). This effect is due to a lower ¯exibility
resulting in loss of degrees of freedom in bent DNA and, thus,
in an increase of the effective Stoke's radius of the DNA
fragment. The magnitude of the relative retardation is larger
the closer the ends of the fragment are to one another, i.e. the
larger the bend angle and the more central the bending motif
are in the fragment (23,38,39). In order to test whether the
AKY2 promoter is intrinisically bent, permutation analysis was
performed (see Materials and Methods). Two identical 243 bp
DNA fragments, H2/TIsh, containing the promoter were
ligated in a tandem orientation. After restriction digestion, the
relative mobilities of the set of promoter fragments (which all
had the same length; Fig. 2A) were analyzed in dependence of
the position of the presumed bending center with respect to the
ends of the fragments (Fig. 2A and B). The resulting bend
angle was determined to be 70° and the bending center to be
around position ±62 (Fig. 2C). The scarcity of natural
restriction sites, in particular in the immediate vicinity of the
core promoter, hampered correct evaluation of bending
centers and bend angles. The deviation of the experimental
points from a cosine function argues that more than one
bending center could be present in the promoter region of the
AKY2 gene.

To examine this possibility and to obtain an overview of the
magnitude and extension of the bend in the DNA of the AKY2
promoter, the algorithm developed for the DNA structure

Figure 2. Permutation analysis of AKY2 promoter DNA. (A) The DNA fragment was ligated in tandem, thereby generating an EcoRI restriction site at the junc-
tion. The construct was digested with the restriction enzymes indicated: E, EcoRI; Sa, SacII; T, TaqI; Bs, BstNI; H, HphI; M, MaeIII; S, SfaNI; D, DdeI;
B, BamHI. (TA), TATA element. (B) Gel electrophoresis of the plasmid after digestion with the restriction enzymes indicated in (A). DNA was visualized by
ethidium bromide staining. The set of permutated DNA fragments is marked by arrowheads. (C) Evaluation of the gel according to Thompson and Landy (39).
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calculation (26) was applied to fragment H4/TIsh. The
computer-derived model suggests that the complete core
promoter region is slightly bent and that this structure is
bordered by two kinks centered at positions ±65 and ±130,
respectively (relative to the adenine residue of the AUG
translational initiation codon as +1) (Fig. 3). The ¯anking
kinks are not in the same plane. They form an angle of +90°
between the DNA sides entering and exiting the promoter.
Therefore, two different informative projections are shown,
each displaying one of the kinks in the projection plane. The
stronger downstream kink (Fig. 3C, ~45°) is close to position
±65 and nearly coincides with the major transcriptional
initiation sites which are at positions ±49 and ±60. The
upstream kink (Fig. 3A, ~40°) shortly precedes the TATA
element (positions ±111 to ±122). The third projection
(Fig. 3B) reveals the intrinsic promoter bend. The computer
model suggests that the promoter contains several non-straight
stretches of DNA bent towards each other at different angles.
Thus, the evaluation of the permutation data of Figure 2 yields
the resultant overall angle.

Importance of the DNA structure for transcription

To test whether the computer-derived abnormal DNA struc-
ture has a bearing on the transcription rate, the ¯anking kinks
and the distance between them were altered by mutation. In
the ®rst set of mutants the angle between the two kinks was
altered systematically, and simultaneously the rotational
orientation of the TATA motif relative to the initiation sites.
The angle was varied in steps of 72° by deleting 0, 2, 4, 6, 8 or
10 bp on the 3¢ side of the TATA sequence (13±23 bp
downstream of the TATA element) (Fig. 4A and C). The effect
of the deletions on the overall angle between the two ends of

H4/TIsh was examined by gel electrophoresis (Fig. 4A and B).
Simultaneously, the effect of the mutations on expression was
examined by testing b-galactosidase activities expressed from
the respective reporter constructs (data not shown). Figure 4A
and B reveals that the electrophoretic mobility of the DNA
fragments is phase-dependent: the exact phasing of the DNA
(40) at the site of the deletions proves that the DNA on either
side of this site is bent. The DNA fragment is retarded most,
i.e. the two DNA ends lie in the same plane pointing in the
same direction, when two base pairs have been deleted. This is
consistent with the angle close to +90° between the ends in the
wild type predicted by the computer model. Accordingly, the
fragment in which 6 bp have been deleted displays the highest
mobility indicating that in this mutant the two kinks are
oriented in opposite directions. Although the alteration of the
orientation of the TATA element relative to the downstream
kink and to the initiation sites signi®cantly changes intrinsic
promoter bending, it does not affect the intrinsic bend in the
core promoter and, therefore, has little in¯uence on transcrip-
tion initiation measured as b-galactosidase activity (data not
shown). In line with this observation, two additional mutants,
which were designed to straighten the gently curved DNA
between the two kinks without altering the TATA-like motif
(core promoter) or one of the ¯anking kinks, did not affect
expression signi®cantly (data not shown).

In addition, we tested the possibility that the distance
between the two kinks plays a role in the transcription of
AKY2 eventually, by excluding a nucleosome from the core
promoter. In the wild type, the distance is shorter than
required for accommodation of one nucleosome. Insertion
close to the center of the DNA stretch between the two kinks
(position ±93) of a number of short DNA fragments varying in
length from 17 to 150 bp increasingly eliminates promoter
activity (Fig. 5). This manipulation enlarged the distance

Figure 3. Model of the DNA structure at the core promoter of AKY2 (calcu-
lated as described in Materials and Methods). AT pairs are presented as
open circles, GC pairs as ®lled circles. The bends are not in the same plane.
(A) A projection to display the upstream kink; (B) the intrinsic curvature;
and (C) the kink at the 3¢ end of the core promoter. (TA)6, TATA element.

Figure 4. Phasing analysis of the kinked promoter DNA. 0 (wt), 2, 4, 6, 8
or 10 bp have been deleted 3¢ adjacent to the TATA element using DNA
fragment H4/TIsh. (A) Ethidium bromide-stained gel. (B) Evaluation of the
phasing gel showing maximum and minimum of retardation. (C) Schematic
drawing of the deletion-dependent rotation of the ends. Delta denotes the
point of the deletion (swivel).
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between the kinks from 65 bp in the wild type to a maximum
of 215 bp. It appears noteworthy that expression decreased
close to zero at a kink distance of ~155 bp (insertion of
90 bp) which strikingly equals the minimum stretch of DNA
occupied by a single nucleosome.

Two insertions were made in order to straighten the
downstream kink at position ±65. This site was chosen in
order not to disturb the context of the adjacent initiation sites.
Six base pairs were inserted by mutation Alu6 (sequence
AATTCG) and 10 bp by Alu10 (GGGAATTCGC), thereby
changing the helical phase of the DNA by close to one half
turn or one full turn, respectively. The phase dependence of
the effects of these mutations on the electrophoretic mobilities
of the respective wild-type and mutant pH4/TIsh fragments
(Fig. 6A) con®rm the presence of a kink close to 3¢ of position
±65, the site of insertion. In these mutants, b-galactosidase
reporter activities were reduced from 37 U/mg in the wild type
to 23 U/mg in Alu6 and to 13 U/mg in mutant Alu10
(Fig. 6B) suggesting that the downstream kink plays a role in
transcription activation.

The 5¢ kink plays no decisive role in the activation of the
AKY2 promoter as deletion of 21 bp immediately 5¢ of the
TATA motif (construct pH4D21 in Fig. 1C) had little in¯uence
on b-galactosidase activity. The activity is similar to pH4
suggesting that the core promoter activity is barely affected by
the deletion and endorsing the conclusion that sequences 5¢ of
the core promoter have no signi®cant importance for tran-
scription. The bend extends into the phased AT-rich sequence
in the 5¢ ¯ank of the kink so that it is, nevertheless, possible
that both elements cooperate in positioning a nucleosome in
the 5¢ ¯ank of the core promoter in the wild type.
Simultaneous deletion of the core promoter and the upstream
kink in pH4D33 (Fig. 1C) leads to a residual activity which
compares to pH7 or pH18.

Chromatin structure at the AKY2 promoter

Since AKY2 is constitutively transcribed, we supposed that its
promoter is permanently kept free of nucleosomes. To
investigate the chromatin structure of the promoter and coding
sequence of the AKY2 gene (in the genomic context), we
performed in vivo footprint analyses, once by digesting
chromatin with DNase I (Fig. 7, left) and once with
micrococcal nuclease (Fig. 7, right). Although the two
procedures yield minor differences due to the different
cleavage speci®cities of the two nucleases, they are mutually
complementary. Digestion of naked DNA served as an internal
control. Consistently, we found a nucleosome-free gap in the
AKY2 promoter which extends ~100±130 bp (100 bp with
micrococcus nuclease and 110±130 bp with DNase I).
Calibration of the footprint signal with a DNA standard
reveals that the nuclease hypersensitive site starts within the 5¢
kink of the AKY2 promoter, spans the (TA)6 sequence, the
downstream kink and the immediately adjacent transcriptional
initiation sites. The upstream region of the AKY2 promoter is
bound by two positioned nucleosomes (protected stretch
300 bp including linker) which are ¯anked on the 5¢ side by
another hypersensitive site shortly preceding the termination
signal of the HTA1 gene (W.Bandlow and U.HaÈcker, unpub-
lished results). On the 3¢ side of the AKY2 promoter, the ®rst
and the fourth nucleosomes appear to be positioned (protected
DNA 140 bp in either case), whereas the central part of the
AKY2-coding region is occupied by two non-positioned
nucleosomes, as expected for a moderately highly transcribed
gene. In the immediate 3¢ vicinity of the supposed two
termination signals of AKY2 transcription (17) two strong
hypersensitive regions are observed which are separated by a
short protected stretch of DNA together spanning ~90 bp,
comprising the presumed (tandem) transcription terminator of
the AKY2 tanscript. A schematic drawing of the averaged
nucleosome positions at the AKY2 promoter is presented in the
center of Figure 7.

DISCUSSION

Prerequisites for constitutive expression of AKY2

To understand transcription initiation, efforts have mainly
concentrated on regulated promoters. Therefore, much is

Figure 5. Effect of DNA insertion between the kinks on b-galactosidase
expression from the respective AKY2 promoter±reporter fusion constructs.
Zero to 150 bp of DNA have been inserted at position ±93, i.e. 19 bp down-
stream of the TATA element, leaving the intrinsic curvature of the TATA
element (Fig. 3B) unaffected. Intervening DNA between the kinks is thereby
extended from 65 to 215 bp.

Figure 6. Phasing analysis of the Alu6 and Alu10 mutations. Zero, 6 or
10 bp of DNA were inserted at position ±65 immediately adjacent to the
calculated 3¢ kink. (A) Ethidium bromide-stained phasing gel. (B) The
b-galactosidase expression from the respective AKY2 promoter/lacZ fusion
constructs.
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known about the inducible removal of nucleosomes and the
control of access of the transcription apparatus to the core
promoters of regulated genes (1±4). In contrast, knowledge of
the principles governing creation of a relaxed chromatin
structure and/or maintenance of nucleosome-free gaps in
promoters of constitutively expressed, e.g. housekeeping,
genes is rather limited andÐapart from the architectural
protein Reb1pÐlittle is known about transcription factors that
affect the array of nucleosomes and contribute to constitutive
transcription.

To investigate whether transcriptional activators are
required for the transcription of AKY2 and to identify possible
cis-acting sites in the upstream ¯ank of the AKY2 promoter,
the intergenic region was gradually truncated starting from
close to the site where the transcripts of the upstream-encoded
HTA1 gene terminated. Expression from the shortened AKY2
promoter declined only gradually as long as the deletion did
not touch the TATA-like motif. A sudden loss of expression,
indicative of the loss of the binding site for an upstream
transcription factor or architectural protein effecting exclusion
of nucleosomes as soon as the respective binding site had been
deleted, was not observed. The failure to obtain a bandshift
signal in an electrophoretic mobility shift assay of AKY2
promoter DNA or to detect the binding motif for any general
or speci®c transcription factor in the databases strengthens the
conclusion that trancription of AKY2 dispenses with classical
transactivators or chromatin remodeling factors, such as
Reb1p.

This led us to consider alternative mechanisms of
constitutive gene expression. As a fundamental principle in
constitutive promoter activation, a static situation is expected
to set the stage for free access of the transcriptional machinery.
As one scenario, the architectural protein Reb1p has been
described to organize a nucleosome-free gap (3,13,14)

andÐin the case of the constitutive pro®lin or actin pro-
motersÐhas been found to be essential for transcription
despite the lack of a signi®cant activation potential. However,
a binding site for the abundant Reb1 protein was clearly
absent.

As an alternative to a protein-mediated structural distortion
of the promoter-upstream region, we examined whether a
peculiar architecture of the DNA involving structural distor-
tion can substitute for the absence of binding sites for
transactivators or general transcription factors. Remarkably,
Mizuno and Itoh (41) have isolated AKY2 promotor DNA in a
search for intrinsically bent DNA from random yeast genomic
DNA fragments, and our permutation analysis of the core
promoter of AKY2 con®rmed the presence of bent DNA.
Moreover, we have detected that, in the AKY2 promoter, two
DNA kinks placed at the edges of the core promoter can have
the same effect as, e.g. Reb1p: nucleosomes are excluded from
the central region between the kinks and positioned at the
¯anks. We also show that the particular structural deformation
of the core promoter is a prerequisite to transcription
initiation.

Chromatin structure at the AKY2 core promoter

In vivo footprinting of the region of the AKY2 promoter reveals
a gap between positioned nucleosomes that spans ~110 bp. It
comprises the core promoter element and extends into the
transcriptional initiation sites. In principle, pre-bending of
DNA, e.g. by phased AT pairs, alleviates wrapping around
nucleosomes and leads to nucleosome binding to preferred
positions (5±7,42±44). In contrast to nucleosome-compatible
bent DNA, the kinked DNA at the 3¢ edge of the AKY2
promotor (45° close to position ±65) likely causes in¯exibility
of the DNA at this site and, hence, incompatibility with
wrapping around a nucleosome (43).

Figure 7. Chromatin structure at promoter and coding regions of AKY2. Native chromatin was digested with increasing concentrations (Materials and
Methods) of DNase I (left) or of micrococcal nuclease (right). Naked DNA, treated with DNase I or micrococcal nuclease, served as internal controls. The
results are illustrated by the schematic drawing in the center. Thick bars, coding regions; thin bars, non-coding regions; short black boxes, the kinks ¯anking
the TATA element (T) of AKY2. Ellipses symbolize nucleosome protected DNA, the lens denotes a short protected stretch in the terminator (t) region.
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On the 5¢ side of the core promoter, a candidate for a
sequence capable of positioning the upstream-¯anking
nucleosome is constituted by the 5¢ kink, possibly in
combination with a stretch of nearly pure, slightly phased
poly(dA´dT) (42) between position ±133 and ±176. The
compatibility of poly(dA´dT) stretches with packaging into
nucleosomes is controversially discussed (45±47) suggesting
that it depends on the ¯exibility of each individual dA´dT
sequence, on possible phase-dependent sequence changes, and
on the proper orientation of its curvature (43,48). If these
prerequisites are ful®lled, a dA´dT stretch may preferentially
bind and, thereby, position (a) nucleosome(s) (42±44). Since
the downstream nucleosome on the 3¢ side of the core
promoter appears to be positioned as well, the gap between the
two nucleosomes bounding the TATA element is too short
(~110 bp) to accommodate an additional nucleosome and,
thereby, excludes nucleosomes from the core promoter.
Elongation of the distance to >150 bp eliminates transcription
completely, in accordance with this assumption. Deletion of
the upstream kink has surprisingly little in¯uence on tran-
scription. Presumably, this mutation leads to a random array of
nucleosomes leaving access to the core promoter largely
unimpaired. Similar observations, that randomly arrayed
nucleosomes on a core promoter barely impede transcription,
have been made with the pro®lin and GCY1 promoters in
which nucleosome positioning elements had been removed
(M.Angermayr, unpublished results). Alternatively, the (TA)6

element (possibly in combination with the rest of the T-rich
upstream element) is rigid and excludes nucleosomes on its
own.

The core promoter of the AKY2 gene is remarkable in
several respects. (i) Comprising six repetitions of a TA
dinucleotide, the TATA-like element is relatively long as
compared with a canonic TATA box. Shortening to (TA)3

leads to decreased promoter activity. (ii) The motif is
embedded into a context of intrinsically bent DNA. Both
features may alleviate binding of the basal transcription
machinery in the absence of transactivators. The core TATA
binding protein, TBP, as well as the basal transcription factor,
TFIID, have been demonstrated to bind to the major groove of
the DNA and to cause its extension resulting in bending
(34±36,49). Moreover, it has been observed that pre-bending
of the TATA box region facilitates assembly of the basal
transcription machinery with the binding of TFIID as the key
event (36). Analogously, it has been found in bacterial systems
that bent DNA can relieve the dependence of a promoter on a
gene activator (e.g. Crp) or even make it dispensable in order
to achieve transcription (50±54). The ®ndings that deletion of
2±10 bp or point mutations that affect the orientation or the
extent of curvature of the intrinsic bend between the two kinks
does not affect transcription initiation rates is not in con¯ict
with this statement, as the immediate context of the TATA-
like element is not affected by these mutations and, thus, is
still bent. Our experimental data allow us to conclude that
<12 bp of bent DNA on the 3¢ side of the TATA element
suf®ce to enable ef®cient assembly of the polymerase II
holoenzyme complex. Thus, the particular sequence and
structure of the core promoter in combination with the
structure-dependent exclusion of nucleosomes from this site
appear to favor binding of the basal transcription machinery

and to allow moderately high rates of transcription despite the
absence of transactivators.
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