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ABSTRACT

The chicken lysozyme locus is gradually activated
during macrophage development exhibiting a specific
chromatin structure with each differentiation state. Its

small size and the extensive characterization of its
cis-regulatory elements allows us to study even subtle
changes in chromatin structure of the entire gene
locus during transcriptional activation. Tissue-specific

and position independent expression of the lysozyme
locus in transgenic mice requires the cooperation of all

cis-regulatory elements. In order to elucidate further
the molecular basis of locus activation, we have
determined nucleosome positions within the complete

5'-regulatory region of the chicken lysozyme locus in
chicken myeloid cell lines and transgenic mice. Each
cis-regulatory element develops its unique nucleo-
somal structure and each one remodels chromatin
differently. The nucleosomal organization of the
endogenous gene in chicken cell lines and the trans-
gene in the mouse turned out to be identical, enabling

us to study the influence of  cis-regulatory deletions on

the development of an active chromatin structure in

transgenic mice. Transgenes with a deletion of an
important cis-regulatory element show an impediment
in nucleosome reorganization as compared with the

complete lysozyme locus. We demonstrate that multi-

copy transgene-clusters in position dependently

expressing mouse lines exhibit a heterogeneous
chromatin organization.

INTRODUCTION

influence the accessibility of transcription factors to their
recognition sequences{L1). Consequently, chromatin structure
has to be altered in order to allow binding and functional assembly
of transcription factor complexes on enhancers and promoters. At
the yeast PHO5 promoter induction of the gene is accompanied
by a rearrangement of a nucleosome specifically positioned over
a transcription factor binding sité)( A classic example is the
MMTYV promoter, where a nucleosome is phased at binding sites
for the glucocorticoid receptor and the transcription factors NFI
and OTF 8,10). However, here it could be shown that after
binding of the transcription factois vivo the nucleosome
remains bound to DNALQ,13). Transcription factors seem to be
bound on the nucleosomal surface, an arrangement which might
be necessary for their precise spacial alignm&it4). A similar
arrangement was suggested for the active albumin enhafcer (
Reorganization of chromatin structure upon transcriptional
activation of gene loci is observed along an extended chromatin
domain (6,17). Using the chicken lysozyme gene as a model, we
demonstrated that a structurally defined chromatin domain also
constitutes the regulatory unit of transcription. High level,
tissue-specific and position independent expression of the
lysozyme gene in transgenic mice requires the presence of the full
set ofcisregulatory elements. Position independence of expression
is lost whenever one essentid-regulatory region is deleted
(18,19), indicating a necessity for cooperation o€atregulatory
elements. The activity of the variatisregulatory elements on the
lysozyme locus is indicated by the presence of DNase | hypersensi-
tive sites (DHSs) in chromatif@-22). We could show that position
independently expressed transgenes form DHSs at the same positior
as in chicken macrophages. In contrast, in position dependently
expressed transgenes with a low expression level per gene copy the
formation of DHSs is suppresse#3), This indicates that at a

The organization of eukaryotic genes into nucleosomal arraysakromosomal position unfavorable for gene expression the reorgan-
not always random, but guided by proteins binding to specifigation of chromatin normally leading to locus activation is

DNA sequences and by the DNA sequence itsel).(It is

disturbed. All mouse lines carry multiple transgene copies. For

assumed that nucleosomes contribute to the efficiency e&ch mouse line the expression level in each cell as measured by
transcription by generating a chromatin structure designed RNA in situhybridization is the same, raising the possibility that
interact with sequence-specific DNA-binding proteins in a highlyhe reduced efficiency of DNase | hypersensitive site formation is
specific fashion. It could be shown that the mutation of histortbe result of a variable ability of single loci within a multi-copy
N-termini obstructs both the induction and repression of specifitansgene cluster to form DHS3). In the experiments described
genes §-5). Specifically positioned (phased) nucleosomesere we addressed this question by analyzing the chromatin of

* To whom correspondence should be addressed



1444 Nucleic Acids Research, 1996, \ol. 24, No. 8

lysozyme transgenes expressed in a position dependent fashiorsfpgrmidine, 15 mM Tris—HCI pH 7.5, 60 mM KCI, 15 mM NacCl,
micrococcus nuclease (MNase) digestion. MNase preferentialymM EDTA, 0.5 mM EGTA and 500 mM sucrose, 1 mM PMSF)
cleaves in nucleosome linker regiori¥)( thus enabling the followed by centrifugation for 5 min at 10@0at 4°C. Nuclei
mapping of phased nucleosomes. We expected nucleosomes locaterk washed once in buffer 2 (buffer 1 plus 0.5% Triton X-100),
aroundcisregulatory elements to rearrange upon transcription&bllowed by a wash in buffer 3 (buffer 1 but with 350 mM sucrose
activation. By comparing nucleosome phasing patterns betweistead of 500 mM). After this wash nuclei were centrifuged for
mouse lines we expected to get an unambiguous answer, becd&usan at 60Q) at 4°C.
nucleosomes specifically phased on one DNA molecule occupy
unambiguous positions. DNase | and MNase digestion

The variougis-regulatory elements of the lysozyme locus and the
transacting factors binding to these elements are well characterizédiquots of 2x 107 to 1 x 1¢ nuclei in [1100—200pl buffer 3
However, neither their nucleosomal organization nor theuclei were centrifuged for 5 min at 6@ at 4°C) and
consequences of transcription factor interaction on nucleosorgsuspended in buffer 4 (0.15 mM spermine, 0.5 mM spermidine,
positioning has up to now been described. The elucidation & MM Tris—=HCI pH 7.5, 60 mM KCI, 15 mM NacCl, 0.2 mM
dynamic nucleosome rearrangements over an extended regulaleBTA, 0.2 mM EGTA). DNase | digestions were performed in
region provides the basis on which to study the molecul®O0pI buffer 4. To 2x 107 nuclei, 20 U (XS.0b) or 24 U (HD11)
mechanism of the cooperative interactiocisfegulatory elements. DNase | (Boehringer) were added. Digestion was started by
In addition, those studies were necessary in order to be ableagding 4 mM MgCland 2 mM CaGl Incubations (15 min,€)
correctly interpret chromatin structure studies in transgenic migéere stopped by adding 100.5 M EDTA. MNase digestions
carrying deletion constructs. Therefore, we examined the nucleoygere performed in 200l of buffer 4. For 2x 107 nuclei, 0, 60,
mal organization of the entiré-®gulatory region of the lysozyme 200 U MNase (Pharmacia) were used. Digestion was started by
locus in retrovirally transformed myeloid cell lines of the chickerdding 10ul CaCh (100 mM). Incubations (5 min, 26) were
representing various stages of macrophage development. We sisé@pped by adding 10 0.5 M EDTA. Digestions of genomic
that the Sregulatory region displays a highly ordered nucleosom&NA with MNase were performed in 1010 mM Tris—HCl pH
organization. We demonstrate that along with each macropha@® with 0.14—-27 U/ml. Incubations (15 min at 2 were started
differentiation step, nucleosomes at the varioissegulatory by adding 154 10 mM CaC} and stopped with 16l 50 mM
elements are rearranged in an element-specific manner. TRHETA. After DNase | or MNase digestion, nuclei were lysed in 500
chromatin structure of lysozyme transgenes in mice carrying tié50 mM Tris—HCI pH 8.0, 2 mM EDTA, 0.2% SDS, 0.5 mg/ml
complete set afistegulatory elements is undistinguishable from théProteinase K and incubated overnight &3RNase (0.2 mg/ml)
endogenous gene in chickens. We were able, therefore, to studywas added, after an incubation for 1 h a@tG7the DNA was
effect of cisregulatory deletions on the formation of activeprecipitated three times with ethanol. Digested DNA was
chromatin in transgenic mice. We demonstrate that multi-copgstricted and at least 20429 of fragmented DNA per slot were
transgene clusters of deletion constructs exhibit a heterogenetded on 10 mm thick vertical 1.5% agarose gels. The DNA was

nucleosomal organization. transferred to Biodyne B membranes and the filter was hybridized
with an appropriate probe for indirect endlabelling. Probe 1 is a

MATERIAL AND METHODS Dral-BarHI fragment (+255 to +600 bp), probe 2 Bp#i-Spé

Cell culture and transgenic mice fragment (—3163 to —2906 bp), probe 3kst-Hindlll fragment
(-1564 to —1429 bp), probe 4 B&ll-SpH fragment (—3424 to

HD50 MEP cells 25) were grown in standard Eagle’s MEM —3163 bp), probe 5 istindlll-Spé fragment (2718 to —2906

containing 8% fetal calf serum (FCS), 2% chicken serum (CS)p), probe 6 is 8ad-BanH| fragment (6492 to —6331 bp).

75 pg/ml conalbumin (Sigma), 0.03 i.U/ml insulin and4.®

B-mercaptoethanol. HD50 myl cells, HD37 celi§)(and HD11 RESULTS

cells £6) were grown in either Iscove’'s medium or DMEM ) ) )

containing 8% FCS and 2% CS. When indicated, the cells wef&€ chromatin structure of the chicken lysozyme gene is

stimulated with Sug/ml LPS (Sigma) for 24 h. Transgenic mice"€@rranged during macrophage differentiation

carrying chicken lysozyme domain construétj (vere keptas the chicken lysozyme locus is regulated by a set of well

homozygous lines in our own mouse colony. Primary macrQyaracterizedisregulatory elements each responsible for a distinct

phages were prepared from the peritoneal cavity of transgenyGnaspect of tissue specificity of expressiai-§3). Using

mice as described.§). For each assay, cells from 15-20 mic&erovirally transformed myeloid cell lines of the chicken represent-

cultured in Iscove’s medium supplemented with 10% FCS angy various stages of macrophage differentiatie26,34) we

10% L-cell conditioned medium for 1618]. Macrophages were  eviously determined the DHS pattern of the endogenous lysozyme

LPS stimulated as described above. Embryonic flbroblasts W&EBne B5). E26 transformed multipotent myeloid progenitor cells

prepared from day 12 mouse embryos by removing head ajideps) are transcriptionally inactive and exhibit the DHS pattern of

internal organs. The remaining tissue was digested with 0.2 inactive gene locus as found in the erythroid cell line HD37 or

collagenase (Sigma), 20% FCS in PBS for 1.5 h, single cells Welgmary cells which do not transcribe the get@. (The only DHS

cultured in standard Iscove's medium, 10% FCS and left in thgmed in the region analyzed is located at the silencer element 2.4

incubator for 16 h. kb upstream of the transcriptional start site. While this work was in

Nuclei preparation progress, a new DHS at —3.9 kb was qliscové)ﬁ):l IPreIiminary. .
experiments indicate that this region displays enhancer activity in

Nuclei were prepared by homogenizing cultured cells on ice witiyeloid cells (C. Bonifer, unpublished results). Along with the onset

a Dounce homogenizer in buffer 1 (0.15 mM spermine, 0.5 midf transcription at the myeloblast stage represented by HD50 myl
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Figure 1.MNase analysis of the promoter regi@X). Lanes 2-5, MNase digestion pattern of naked genomic DNA; lanes 6—20, analysis of chicken cell lines. Genomic
DNA isolated from MNase digested nuclei as well as control genomic DNA was analyzed after digesHpH (lathes 6—13) oBpH andSad (lanes 15-20). The
deduced nucleosomal organization in transcriptionally inactive cells is indicated at the left, that of fully active cells at B)d_eght 2—7, MNase analysis of
embryonic fibroblast (lanes 2—4) and macrophage nuclei (lanes 5-7) from transgenic mice XS.0b (Fig. 5); lane 8, the DHS (symbolized by small open circles) of I-
nuclei in the analyzed region. Genomic DNA was restricted$ythand Sad. Probe 1 was used for indirect endlabelling in (A) and (B); its position is indicated

by a stippled box. The maps depicted in (A) are also applicable for (B). The immediate promoter region harboring the three transcriptional start sites and the enf
is symbolized by a striped box. The positions of specific MNase cuts not present in genomic DNA (closed circles) are indicated on the map (black arrows). Large |
arrows mark the positions of strong MNase cleavage sites in chromatin. Cleavage site positions indicated on the map are mean values of at least three exper
Distances between MNase cleavage sites of 150-200 bp were taken as indication for phased nucleosomes (symbolized by open circles). M: Size marker.

cells, DHSs are formed at the promoter, at —3.3Kband at the  observed with the endogenous gene of the chicken is formed in the
upstream enhancer located at —6.1 kb. The transcriptional levehisuse.

increased in subsequent differentiation steps, rep_resented by the

pr_omacrophage cell line HDll. Expressmn is highest in LP ucleosomal structure of the lysozyme promoter

stimulated HD11 cells, which represent activated macrophages.
Simultaneously, the DHS at the —2.4 kb silencer disappears afge |ysozyme promoter drives transcription in oviduct and
a new DHS at the —2.7 kb enhancer appears. LPS stimulaiedcrophages, thereby interacting with differeistregulatory
HD11 cells display an additional DHS at the hormone responsi¥gements. Three different mRNA initiation sites at +1/~2, —24 and

element (HRE) located at —1.9 kb. —58 bp are used with the same relative frequency in both lysozyme
expressing tissue8%,37). A myelomonocytic-specific enhancer

The chromatin fine structure of the 5 regulatory region element is located between —66 and —2083p Wacrophage-

of the chicken lysozyme locus is conserved between the specific in vivo protein-DNA interactions have been mapped

endogenous gene in chicken cells and transgenic mice around —200 bp, whereas protein—DNA contacts shared by oviduct

and macrophages are located between —60 and —120 bp, most likely
One way to investigate the influence of chromatin structure atue to binding of Spl13@). One functional binding site for
transcription factor binding and locus activation is to manipulat€ CAAT/enhancer binding protein (C/EBRR] has been located
and to reintroduce the respective DNA-sequences as a transgdretween —193 and —208 bp0). We mapped the position of
However, this requires that the chromatin structure observed at iiblase cleavage sites in the chromatin of the promoter region in
endogenous gene of the donor species reforms in the new hostHRE0-MEP-, HD37-, HD50 myl-, HD11-cells and LPS stimulated
this end, we compared the pattern generated by micrococé#d1l-cells (Fig.1A) as well as in cells derived from transgenic
nuclease (MNase) digestion of chromatin of thee§ulatory mice (Fig.1B). Purified genomic DNA digested to the same extent
region of a position independently expressed lysozyme transgesarved as control. In transcriptionally inactive cells, three chroma-
(XS.0b; Fig5) in non-expressing embryonic fibroblasts as well atin-specific MNase cuts were found around the transcriptional start
in macrophages to the pattern observed in chicken cell linsgte (Fig.1A, lanes 6-8 and 15-17; FitB, lanes 2—4) which are
(Figs 2B-5B). The comparison demonstrates that the chromatindicative for the presence of two specifically positioned nucleo-
structure in non-expressing and expressing cells is highly consergaaines in this region. FiguiB, lane 8 shows a DNase | digest of
between chicken and mouse. Only at the region around the —3.9HI11 chromatin in order to compare the positions of DHS and
DHS differences in the MNase pattern are observed@@nd B). MNase cleavage sites. The DHS consists of three sub-bands
A series of bands is observed, indicating a mixed pattern derivedtween —145 and —300 bpl). The MNase cleavage pattern is
from differently organized loci within the multi-copy transgenechanged upon transcriptional activation of the gene in HD50 myl
cluster. The DHS is located at the same position in chicken cells aamatl HD11 cells (FiglA, lanes 9—-14 and 18-20; FitB, lanes
mouse macrophages, but appears to be weake3Blgnes 7 and 5-7). A MNase hypersensitive site develops downstream of the
8). At all othercis-regulatory elements the same chromatin structul®@HS at position —145 bp, simultaneously the bands at —25, +120
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Figure 2. MNase analysis of the medial enhancer reginLénes 2-5, MNase digestion pattern of naked genomic DNA,; lanes 6—20, analysis of chicken cell lines.
DNA of MNase digested nuclei as well as genomic DNA was restricte&plithThe deduced nucleosomal organization of transcriptionally inactive cells is indicated

at the left, that of fully active cells at the right. The positions of enhancer and silencer elements are indicated by strifgyd_boge2{7, MNase analysis of
embryonic fibroblast (lanes 2—4) and macrophage nuclei (lanes 5-7) from transgenic mice XS.0b (Fig. 5); lane 8, a DHS analysis of HD11 nuclei of the same re
Isolated genomic DNA was restricted w8pH andSad. Probe 2 was used for indirect endlabelling in (A) and (B); its position is indicated by a stippled box. The
maps depicted in (A) are also applicable for (B).NINase digestion analysis of chicken (lanes 5-10) and transgenic mouse cell chromatin (lanes 11 and 12) at lowe
resolution. Isolated genomic DNA was restricted Witidl1l. Probe 3 was used for indirect endlabelling. The map on the right shows the deduced nucleosomal patterr
of transcriptionally active cells. All other symbols: see legend of Figure 1.

and +270 bp disappear, indicating remodelling of nucleosomegmbmoter {4,45). The MNase cleavage pattern at the medial

these positions. enhancer region in chicken and mouse cells is depicted in Efgure

B and C. Indirect endlabelling with a probe hybridizing
The active —2.4 kb silencer and the active —2.7 kb downstream of the HRE (Fig@C) revealed several chromatin
enhancer are localized within an extended array of specific MNase cuts indicative for the presence of phased
phased nucleosomes nucleosomes. Three MNase generated bands at —2090, —2280 an

—2480 bp respectively, are observed in all cells. No differences in

elements, the HRE at—1.9 kb, the —2.4 kb silencerelementandlfflllélase accessibility are observed around the HRE in LPS

—2.7 kb enhancer. The silencer element extends from —2410 ulated HD11 cells as compared with unstimulated cells. A

—2310 bp28) and carries binding sites for two different proteins.StrUCt“ral difference between transcriptionally active and inactive

the B-site is recognized by an abundant nuclear protein, NeP1; the/lS: an additional band at —2685 bp, can be observed only in
3'-site is a recognition sequence for thyroid hormone receptdfd@useé macrophages, possibly due to a stronger hybridization
(27,28,42). The —2.7 kb enhancer element extends from —2690 §9nal as a consequence of high transgene copy number.
—2540 bp $1,43) and carries an AP1 binding motif as well asHowever, a probe hybridizing at closer distance and thus
binding sites for PU.1 (ets-family)§43) and C/EBP44; Faust, €Xxamining this area at higher res.olutlon. rgvealed _S|gn|_f|cant
N., Bonifer, C. and Sippel, A.E., submitteld) vivofootprinting ~ chromatin changes upon cellular differentiation also in chicken
experiments revealed only one DNA—protein contact at the PUGElls (Fig.2A and B). MNase shows only a weak preference to
binding site at —2643 bB®). The role of the —1.9 kb HRE in certain sequence motifs in genomic DNA as compared with
myeloid cells remains hereto unclear. No LPS responsive elemehromatin. In transcriptionally inactive cells the dominant MNase
has been identified at this position. LPS responsiveness of ttleavage site seen at lower resolution (B@). is composed of
chicken lysozyme gene rather seems to be mediated by C/EB® closely spaced sites around —2480 bp. Two additional
and NKB binding sites located at the two enhancers and at tipeeferential cleavage sites are present at —2685 and —2830 bp. The

The medial enhancer region consists of three rogioegulatory
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Figure 3.MNase analysis of the —3.9 kb enhanéerL@anes 2-5, MNase digestion pattern of naked genomic DNA,; lanes 6—17, analysis of chicken cell line chromatin.
Isolated DNA was restricted withpH. The deduced nucleosomal organization of transcriptionally inactive cells is indicated at the left, that of fully active cells is
indicated at the rightB) Analysis of mouse embryonic fibroblasts (lanes 2—4) and macrophages (lanes 5-7) from mouse line XS.0b. Lanes 8 and 9 show a DHS ana
of HD11 and mouse macrophage nuclei. MNase and DNase | digested DNA was restri@pH aiiitiSad and hybridized with Probe 4 [in (A) and (B)]. The maps
depicted in (A) are also applicable for (B}) MNase digestion analysis of chicken cell line nuclei performed at lower resolution. DNA was isolated and restricted
with Hindlll and analyzed by indirect endlabelling with probe 5. The map on the right shows the deduced nucleosomal pattern of transcriptionally active cells.
other symbols: see legend of Figure 1.

distances between the cleavage sites indicate the presence @)attwo of which are placed precisely over tieregulatory

least three phased nucleosomes (@g. Upon cellular differ-  elements. In transcriptionally active cells the nucleosome located
entiation of MEPs into myeloblasts chromatin between —268aetween —2685 and —2830 bp is destabilized. The nucleosomes
and —2830 bp reorganizes at least in some cells, as indicatedcbyering the —2.4 kb silencer- and the —2.7 kb enhancer-elements
the appearance of several new MNase generated cuts, suggestiegiot relocated after onset of transcription, the dominant MNase
a combination of the pattern found in transcriptionally active andeavage sites at —2280, —2480 and —2685 bp still persist, even
inactive cells (Fig2A, lanes 12-14). The formation of a visible after LPS stimulation.

DHS in HD11 cells at —2.7 kb is accompanied by an increasing

accessibility of these cleavage sites and a simultaneously decreag; _ RS

accessibility of the cleavage sites at —2480 and —283td24\, ﬁxgg:]etraigctizt?gnh:}n;(iir\,lgtlijglleosome phasing is induced

lanes 15-17). Upon LPS stimulation of HD11 cells, two strong

MNase generated cuts appear upstream of the —2.7 kb enhanides —3.9 kb region contains an enhancer element, however, its
at —2765 and —-2800 bp (FigA, lanes 18-20). The same character and role in lysozyme gene regulation has not yet been
chromatin structure is found in transgenic mouse macrophagsearly investigatedn vitro, binding of nuclear factor | (NFI) at
(Fig. 2B, lanes 5-7). For comparison, a DNase | digest of the3880 bp has been demonstratd).(The chromatin analysis of
chromatin of HD11 cells is shown (F&B, lane 8). Surprisingly, transcriptionally inactive cells at low resolution revealed no
the DNase | cleavage sites at the —2.7 kb enhancer did not coindiglgularly spaced MNase pattern, however, nucleosomes are phasec
with the cis-acting element mapped by transfection analysisipon transcriptional activation of the lysozyme locus (&).

They overlap the position of the PU.1 binding site at—2643 bp alktigher resolution analysis of transcriptionally inactive cells
are mostly located upstream of the enhancer element. Our resdigealed a pattern of closely spaced MNase sites from —3460 to
indicate that in transcriptionally inactive cells the —2.4 kb-4200 bp in HD37 cells (FiA, lanes 6-9; Fig3B, lanes 2—-4).
silencer/—2.7 kb enhancer region is organized in a nucleosonfdlis pattern is radically changed in transcriptionally active cells
array of at least four phased nucleosomes (see alseBragnd  (Fig. 3A, lanes 10-17; Fig3B, lanes 5-7). Strong regularly
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Figure 4. MNase analysis of the —6.1 kb enhancer regionLénes 2—4, MNase digestion pattern of naked genomic DNA, lanes 5-19, analysis of chicken cell line
chromatin. The deduced nucleosomal organization of transcriptionally inactive cells is indicated at the left, that of fully active cells &)thamigh2-(7, MNase
analysis of embryonic fibroblast (lanes 2—4) and macrophage nuclei (lanes 5-7) from transgenic mice XS.0b. Lane 8 shows a DHS analysis of HD11 nuclei. Ger
DNA was digested witBad (A) or Sad andSpH (B) and analyzed by indirect endlabelling with probe 6. The maps depicted in (A) are also applicable for (B). The
position of the —6.1 kb enhancer is indicated by the striped box, which is subdivided into the minimal enhancer (narrow stripes) and upstream regions carryin
second NFI binding site. All other symbols: see legend of Figure 1.
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Figure 5.Mouse lines carrying deletion mutants of the chicken lysozyme gene domain used for chromatin AhMgsi©f(the lysozyme locus showing the coding
region indicated by the stippled box with the exon sequences drawn as black bars and the transcriptional start site as horizontal arrow. The positions of the DHSs n
in macrophages are shown as vertical arrows, constitutive DHSs are indicated as smaller arrows. The position of the upstream and the medial enhancer reg
indicated as striped boxes. Ttieregulatory elements and their position are shown in the uppermost panel. E: enhancer element; S: silencer element; P: promc
elements. Constructs used to generate transgenic mice are depicted below the gend®)iblamaes (Of the five different mouse lines, their transgene copy number
and expression levels per gene copy in macrophages. Construct XS is expressed in a position independent manner, all other constructs are expressed at variab

spaced chromatin specific MNase cuts appear at —3810, —3748¢ upstream enhancer reorganizes chromatin differently

—3600 and —3460 bp in chicken cells. The DHS analysis3jg. than the —2.7 kb enhancer upon activation

lane 9) reveals several bands, the main cleavage site overlaps the

NFI binding site. These results indicate the presence of an arrfiye —6.1 kb enhance8?) is the best characterized regulatory
of at least three phased nucleosomes forming between —4000 af@nent on the chicken lysozyme locus. Transfection analysis
—3460 bp, suggesting that a large DNA—protein complex blockscated enhancing activity on a minimal fragment (-6075 to
random nucleosome localization on this element. —5918 bp) 29) comprised of five binding sites for sequence-
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Figure 6. MNase analysis of lysozyme transgene chromatin in position dependently expressing mouse lines. Nuclei from macrophages of the indicated mouse
were digested with MNase and DNA was analyzed as described. The maps [(A)—(D) at the right] display all chromatin specific MNase cuts detectable in macropt
of the various transgenic mouse linég.Promoter region. Genomic DNA was digested ®jth andSad, probe 1 was used for indirect endlabelli®). pstream
enhancer region. Genomic DNA was restricted §fiH andSad and analyzed as described in Figures} +3.9 kb DHS region. DNA was restricted wihH and

analyzed as described in Figure 3. The position of the deletion in dXK mice is indicated by a triangle in pMejalenhancer region. Genomic DNA was
restricted withSpH andSad and analyzed as described in Figure 2. For explanation of all other symbols: see legend of Figure 1.

specific DNAbinding proteinsin vitro binding assays showed The chromatin structure of position dependently
binding of NFI at -6000 bp and of C/EBP to two sites at —-5908xpressed transgene-clusters is heterogeneous
and —5943 bp20,4648). 5 of the minimal enhancer fragment

a second NFI binding site at -6192 bp is present, whose roletfe majority of transgenes generated by direct transfer of DNA
transcriptional activation has not been examifredivoG(N7) - intg cells are inserted as multiple copies at random positions into
protein contacts in HD11 cells have been mapped at each of {3 genome. With position dependently expressed transgenes in
two NFI sites and the downstream C/EBP si).( The different mouse lines variable expression levels per gene copy are
chromatin of the —6.1 kb enhancer region in inactive cells exhibighserved with the same construct. The various lysozyme locus
a regular pattern of MNase cleavage sites @#Aglanes 5-10;  constructs and their expression levels per gene copy in transgenic
Fig. 4B, lanes 2-4), indicating the presence of at least one phasfige are depicted in Figue Our previous experiments had
nucleosome which is precisely located over the enhancer elemgginted to a structural difference within multiple transgene loci
as indicated by two prominent MNase cuts at 5945 and —6130 Ippo,23). However, another possibility was a distortion of nucleo-
Upon transcriptional activation the nucleosome positioned ovepme positioning in mouse lines carryaigregulatory deletions

the enhancer element is rearranged. Instead of a sharp band ag#fteexpressing the gene at a low level per gene copy, thus inhibiting
3 border of the enhancer around —5945 bp, two new MNass¥HS formation.

generated bands at —-6005 and —6030 bp appear. AtttbedlBr We compared the nucleosomal organization of the various
of the enhancer element upstream of the NFI site at -6130 bgis-acting elements in macrophages of different position
previously weak band increases in strength (B#y. lanes dependently expressing mouse lines (Bl)g.No fundamental
11-19). Unlike at the —2.7 kb enhancer, the DHS analysis performethnge in chromatin structure is observed as compared with the
for comparison (Fig4B, lane 8) indicates the co-localization of position independently expressing mouse lines. At the promoter
DHS and enhancer element. (Fig. 6A) all position dependently expressing mouse lines show a
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Figure 7.Nucleosomal organization of the chicken lysozyme loctsghilatory region. Exons are indicated as striped boxes. The positigegiilatory elements

are depicted as light grey boxes. The —3.9 kb enhancer has up to now only been identified by testing a 1.6 kb fragment (indicated with stippled lines) in tran
transfection assays. DHSs are indicated as black bars. The positions of chromatin specific MNase cuts are indicated as black arrows, MNase hypersensitive si
shown as large black arrows. Black circles represent phased nucleosomes as indicated by a regular 150-200 bp distance of MNase cuts; light grey circles ir
nucleosomes most likely phased, but flanked by weak MNase sites; grey circles indicate specific MNase cuts indicating alternative nucleosomal positions; white ¢
indicate areas with no prominent MNase cleavage sites where nucleosomes are placed randomly or have been destabilized. The upper panel shows the posi
phased nucleosomes in non-expressing cells, the lower panel shows the nucleosomal pattern found in fully transcriptionally active cells.

mixed MNase pattern. Both, the MNase cleavage site at —145 lyth respect to chromatin reorganization. A molecular explanation
which is indicative for an activated promoter as well as théor this result might be provided by the recent finding, that the
cleavage sites at —25 bp and +120 bp indicative for an inactittgyroid hormone receptor, one of the proteins binding to the —2.4 kb
promoter structure are present (compare with FAgand B).  silencer, exhibits constitutive binding to chromatin in the absence of
Chromatin analysis was carried out with nuclei of mouségand and reorganizes chromatin upon ligand bindirig. (n
macrophages from the same differentiation stage, hence, a migethmary, our results confirm the hypothesis that chromosomal
MNase cleavage pattern is an indication of a structural heterogengitsition effects result in a structural heterogeneity of gene loci within
between transgene copies. The comparison of MNase cleavagmulti-copy transgene cluster.
patterns at the —6.1 kb enhancer region revealed more pronounced
differences (compare FigB with Fig.4B, lanes 2—7). Mouse lines
XSdSS.26 and 28 carry a deletion of the medial enhancer regi@iSCUSSION
Macrophages of the low expressing mouse line XSdSS.26 exhibit
the MNase cleavage pattern observed in transcriptionally inactiVée various cis-regulatory elements of the chicken
cells (compare FigB, lanes 2—4 with FigiB, lanes 2—4), the high lysozyme locus remodel chromatin differently
expressing mouse line XSdSS.28 shows a mixed pattern with a
significant number of gene copies in the active structural configuThe chromatin of the'Begulatory region of the chicken lysozyme
ation of thecis-element (compare FigB, lanes 5—7 with FiglB,  locus is highly structured and is gradually rearranged during cellular
lanes 5-7). A similar observation was made when the —3.9 kb regifferentiation (Fig7). In transcriptionally inactive cells the —6.1 kb
was analyzed (compare F& with Fig.3B, lanes 5-7). The low enhancer is covered by a phased nucleosome. The —2.4 kb
expressing mouse line (dXK.25) andghleir expressing mouse line silencer/~2.7 kb enhancer region is covered by an array of four
(dXK.2) carry a transgene with a deletion of the —6.1 kb enhangessitioned nucleosomes which occupy almost 1 kb of DNA. At the
region (Fig.6C, lanes 8-13). In this experiment the —3.9 kb regiopromoter nucleosomes are placed upstream and downstream of the
exhibits a mostly inactive (XSdSS.26) or a mixed (XSdSS.28nain transcriptional start site. In contrast, the area around the —3.9
dXK.25; dXK.2) configuration. kb enhancer does not show a distinct nucleosomal phasing pattern.
The medial enhancer region was analyzed in mouse lines dXK.2lranscriptional activation results in significant rearrangements of
and dXK.25 (Fig6D). In both cases a mixed pattern is observecthromatin structure, which, however, are of different nature,
The MNase cleavage site upstream of the silencer elementdapending on theisregulatory element (Fid). At the promoter a
—2480 bp is less accessible than in transcriptionally inactive celBHS is formed in a region where transcription factors ipinil/a
resembling the pattern found in transcriptionally active cellsSThe phased nucleosome at the transcriptional start site is
Upstream of the enhancer element staggered MNase cleavage sigatabilized. The formation of a MNase hypersensitive site at
are visible reminiscent of the mixed pattern seen in myeloblagissition —145 bp downstream of the DHS is therefore an indication
(Fig. 2A) and indicating the presence of very few gene copies in tiier the presence of a large DNA—protein complex around —200 bp,
active configuration of the enhancer. Here, no strict correlationith the nuclease cleaving at itd®rder. DNase |, whose action is
between transcriptional activity and transgene organization is fourelss affected by protein—DNA interactionSO), recognizes
implicating some extent of autonomy of the medial enhancer registructural changes in chromatin around the factor-binding sites.
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Transcription factor binding to the —3.9 kb stimulatory element leadsy on the chromatin environment a variable number of genes within
to phasing of nucleosomes around the DHS. each multi-copy gene cluster develop an active chromatin structure.

Transcription factor binding at the —6.1 kb enhancer leads to itsThe structural consequences of the chromosomal position effects
increased accessibility towards MNase digestion. DNasewe describe differ from what is found with classical position effect
recognizes the very same area. Therefore, our results indicatgadiegation (PEV) phenomen&1(52). Also here transgene
remodelling of the nucleosomal structure, rendering a short regiohromatin structure is altered as compared with non-variegating
of (70 bp of DNA accessible to the action of both enzymedransgeness@), whereby transgenes are silenced by the spreading
Upstream of the minimal enhancer element, at —6130 bp, a MNasfe juxtaposed heterochromatib456). Each cell exhibits a
hypersensitive site develops, indicating that nucleosomdifferent level of expression, indicating that in each of them
remodelling might render the linker region morecessible. heterochromatin has spread over variable distances. In the mouse
Alternatively, a large non-nucleosomal DNA—protein complexsimilarly heterogenous transgene expression levels in cells of one
might form, changing chromatin structure between the two NFhouse strain have been obsengd58). A reason for this result
sites located on either side of the MNase hypersensitive site. could be interactions between multiple transgene copies. An

At the medial enhancer region the silencer complex forms a DHfpparent position independence of expression was observed with
on the surface of a phased nucleosome, probably weakeningnislti-copy transgenes containing only a few transcription factor
interaction with DNA and thus generating a MNase hypersensiti@nding sites, suggesting compensatory interactions between
site at its Sborder. The distance between factor binding sites of thaifferent loci within the same transgene clusts).(Once the
silencer and the enhancer indicate that both are facing the sameitestructs are severely crippled, position independence of
on the surface of each nucleosome. The protein complex bindiagpression is lost, but interactions may still proceed with variable
to the silencer might thus interfere with binding of traption  efficiencies in different cells. It was suggested that somatic pairing
factors at the enhancer. Transcriptional activation does not resodtween multiple transgenes can induce heterochromatiz&djon (
in a displacement of the nucleosome located at the —2.7 Kowever, with lysozyme transgenes position independence of
enhancer element. Instead, MNase- and DNase I-hypersensitaxpression is lost whenever arieregulatory element is deleted.
sites at the silencer disappear, indicating the loss of bindifidhe degree of suppression of expression is not correlated to
factors. As a result enhancer specific factors may be free to bitmdnsgene copy number9). An explanation for our finding might
thus rendering chromatin accessible to DNase | at'ther8er  be that the —6.1 kb enhancer, the —3.9 kb enhancer and the —2.7 kt
of the underlying nucleosome and in the neighboring linkeznhancer are not equivalent and their lack on one gene copy can no
region. We suggest that a protein—~DNA complex consisting dfe compensated by the presence of the same element on &
both histones and transcription factors restricts MNase as well@sighboring gene copy. Our results support this idea, each
DNase | action. MNase cleaves at the outer borders of this large-regulatory element reorganizes chromatin in its unique fashion.
complex, whereas DNase | recognizes sequences closer to Ateach element transcription factors might be uniquely aligned, thus
transcription factors binding sites. Our results point towards alowing only cooperative, but hot compensatory interactions. Our
highly complex chromatin structure of this region which undergoetata show that once interactions are excluded, transgenes in
extensive changes during development. From our results it is liketyulti-copy clusters act as isolated individual units, their activation
that the correct function of the —2.4 kb/-2.7 kb silencer/enhandaging solely influenced by the equilibrium between silencing factors
region requires the interaction and precise alignment of phasefithe surrounding chromatin and activating factors bound to the
nucleosomes and transcription factors. transgene.

Our experiments implicate a pronounced influence of chromatin
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