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In the chromatin domain of the chicken lysozyme gene of myeloid and oviduct cells, which both have the
potential to activate the gene, a developmentally stable DNase I-hypersensitive site is formed around 6.1 kb
upstream of the gene. This implies that this DNA region, which has previously been demonstrated to function
as a transcriptional enhancer element in myeloid cells, is intimately involved in the cell-type-specific activation
of the lysozyme gene locus. Deletion analysis identifies a 157-bp minimal fragment that confers the same
promacrophage-specific enhancer activity as the originally described 562-bp —6.1-kb enhancer fragment. By
introducing specific point mutations, we demonstrate in transient gene transfer experiments that the minimal
fragment consists of at least six adjacent elements, each substantially contributing to enhancer function. The
compact multifactorial enhancer complex includes a nuclear factor I (NF-I)/TGGCA binding site, homologies
to AP1, and octanucleotide or enhancer core consensus motifs. Point mutation of the NF-I binding site results
in the loss of NF-I binding in vitro and enhancer activity in vivo after gene transfer. Surprisingly, four
overlapping oligonucleotides, each consisting of at least two elements of the —6.1-kb enhancer, confer
myeloid-cell-specific enhancer activity. We found several myeloid-cell-specific DNA-binding proteins interact-
ing with the —6.1-kb enhancer, a result consistent with that described above. Therefore, we suggest that more

than a single trans-acting factor mediates the cell type specificity of the —6.1-kb enhancer.

Enhancers are cis-acting DNA elements known to stimu-
late transcription in an orientation- and basically distance-
independent manner (39, 42). Many viral enhancers, such as
the simian virus 40 (SV40) enhancer, activate transcription
in a large variety of cells (16), whereas the activity of most
known cellular enhancers is restricted to particular cell types
(23, 24, 65; for a review, see reference 39).

Detailed mutational analysis of enhancers revealed that
they are composed of multiple short sequence motifs (8 to 20
bp) (30, 67, 69). In addition to transcription factors, which
confer constitutive (15, 58) or inducible (1; for reviews, see
references 14 and 17) activity in almost every cell type
studied, DNA motifs interacting with cell-type-specific fac-
tors have been identified. The B-cell-specific Oct-2 protein is
believed to confer the cell type specificity of the IgH
enhancer (22, 55). Other cell-type-specific factors are, for
example, the erythroid-cell-specific GATA-1 (previously
known as Eryf-1 [45]) and the pituitary-cell-specific Pit-1 (9,
31) proteins. Such findings imply that the cell-type-specific
activity of regulatory elements might be due to the cell-type-
specific expression of a particular ¢rans-acting factor.

The chicken lysozyme gene is an attractive model to study
differential expression of genes in different tissues of the
same organism: its expression is induced by steroid hor-
mones in the tubular gland cells of the oviduct (57), whereas
it is constitutively expressed in macrophages (27, 61). The
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actively transcribed gene is located in the center of a
chromatin domain displaying general DNase I sensitivity
which is approximately 20 kb in size (33) (Fig. 1C). The DNA
regions at the 5’ and the 3’ borders of general DNase I
sensitivity coincide with matrix attachment regions (46).
Recently it has been demonstrated that the 5' domain border
collocates with a novel type of cis element for gene expres-
sion, a so-called A element (Fig. 1D), which together with
the —6.1-kb chicken lysozyme gene enhancer confers high-
level and position-independent expression of a reporter gene
(64). Within the chromatin domain several silencer and
enhancer elements have been identified (3, 29, 63, 65), all
located within the DNase I-sensitive region of the gene. The
position of each regulatory element is demarcated by a
DNase I-hypersensitive site (DHS) in chromatin of cell types
in which the respective element is functional (Fig. 1B).
The DHS located 6.1 kb upstream of the transcriptional
initiation site of the gene is present only in cell types which
actively transcribe the lysozyme gene or have the potential
for transcriptional activation. This region has previously
been demonstrated to harbor an enhancer element which
functions with cell type specificity in the myeloid cell line
HD11 (HD11 HBC1 [65]). By transiently transfecting
hematopoietic and nonhematopoietic chicken cells, we ex-
tended this analysis and demonstrated that the —6.1-kb
lysozyme gene enhancer displays macrophage-specific en-
hancer function. Deletion analysis shows that the —6.1-kb
enhancer can be reduced to a minimal 157-bp DNA fragment
that confers the same level and range of tissue-specific
activity as the originally identified 562-bp enhancer frag-
ment. Mutational analysis reveals that like other enhancers,
the —6.1-kb lysozyme gene enhancer possesses a modular
structure. It consists of at least six elements with a binding
site for nuclear factor I (NF-I)/TGGCA proteins (11, 52), a
putative binding site for a member of the Fos/Jun (AP1)
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FIG. 1. Chromatin domain of the chicken lysozyme gene. The
diagram schematically shows the position of the chicken lysozyme
gene (A) with its four exons (filled bars) and three introns (open
bars) relative to the region of general DNase I sensitivity (stippled
bar; C). The direction of transcription is indicated by an arrow; the
location of nine DHSs (vertical arrows; B), their functional charac-
teristics [E = enhancer, S = silencer, H = hormone responsive
element, P = promoter, T = poly(A) point], and their locations (in
kilobases) relative to the transcriptional start site are given. Matrix
attachment regions and location of A elements at the distal ends of
the DNase I-sensitive domain are marked by hatched bars (D).

protein family (1, 37), and other yet unknown factors.
Surprisingly, the myeloid-cell-specific enhancer activity is
not restricted to a single element; rather, we identified
several distinct subfragments of the —6.1-kb enhancer, each
with the same cell type specificity in hematopoietic cells as
the minimal 157-bp enhancer. DNA-protein interaction stud-
ies identify several myeloid-cell-specific DNA-binding pro-
teins interacting with the minimal enhancer fragment. This
indicates that the lysozyme —6.1-kb enhancer functions as a
multifactorial complex in which more than a single element
and trans-acting factor contribute to the myeloid-cell-spe-
cific enhancer activity.

(The larger part of this work was done in partial fulfillment
of thesis requirements for T. Grewal.)

MATERIALS AND METHODS

Plasmids. All plasmids were constructed and isolated by
standard recombinant DNA techniques (54).

Deletion mutants. Appropriate fragments were isolated
from a 593-bp BamHI-HindIIl —6.1-kb chicken lysozyme
enhancer fragment. All fragments were cloned blunt end into
a unique Xbal restriction site upstream of the lysozyme
promoter (—579 to +14) fused to the chloramphenicol ace-
tyltransferase (CAT) reporter gene of plasmid plysPCAT
(=pLYSCAT2000 [65]).

plysEITKCAT, plysEsTKCAT, plysEs3'BLCAT2. The
original 562-bp BamHI-Sau3A (El) and 157-bp Stul-Bsml
(Es) blunt-end enhancer fragments were cloned into the
unique BamHI restriction site upstream of the thymidine
kinase (TK) promoter (—105 to +52 [12]) or downstream of
the CAT reporter gene into a unique Smal restriction site of
plasmid pBLCAT?2 (38).

plysEISVCAT (=pLE1CAT) carries the 562-bp enhancer
fragment (E/) upstream of the SV40 early promoter from
Sphl (133) to HindIII (5171; BBB system [66]) fused to the
CAT reporter gene and has been published previously (65).

Element T2 mutants. T2/C and T2/P mutants were in-
troduced into the enhancer sequences by substituting an
HgiAl-Hinfl fragment (positions —6014 to —5981) with dou-
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ble-stranded oligonucleotides corresponding to wild-type
sequences, except from positions —6000 to —6003 (CTA to
AGC) in mutant T2/C and positions —6005 and —5695 (G to
C; T to A) in mutant T2/P. Both mutations were introduced
into the 157-bp Stul-Bsml (Es) and 410-bp BamHI-Bsml
(Em) enhancer fragments and cloned into the Xbal restric-
tion site of plysPCAT.

Element C mutants. Mutants C/UP1, C/UP2, C/DOWNI1,
and C/DOWN2 were constructed according to the oligonu-
cleotide-directed in vitro mutagenesis system of Amersham.
Double-stranded DNA from M13 phages carrying mutations
C/UP1 at position —5976 (T to A), C/UP2 at positions —5983
and —5976 (G to C; T to A), C/DOWN!1 at position —5982 (T
to G), and C/DOWN?2 at position —5983 (G to T) within the
157-bp Stul-Bsml enhancer fragment and a wild-type 157-bp
fragment were cloned into a unique HindIII restriction site
upstream of the lysozyme promoter (—579 to +14) fused to
the luciferase reporter gene of plasmid pCL2001 (28).

Element D mutants. To construct the D/DOWN3 mutant,
chicken lysozyme enhancer sequences from positions —5981
(Hinfl) to —5921 (Bsml) were substituted with double-
stranded oligonucleotides corresponding to wild-type se-
quences, except at position —5956 (A to C) and position
-5960 (G to T). A 410-bp BamHI-Bsml and a 157-bp
Stul-Bsml enhancer fragment carrying the double point
mutations were cloned blunt end into the unique Xbal
restriction site of plysPCAT. Mutants D/DOWN1 (5'-CTT
TGGAACTGACAG-3'), D/DOWN?2 (5'-CTTTTGAAATGA
CAG-3'), D/OCT (5'-CTATGCAAATTACAG-3'), D/CORE
(5'-CTGTGGAAAGGACAG-3'), and D/NF-I (5'-CTTTGG
CAATGACAG-3') were introduced into the enhancer se-
quences by substituting wild-type sequences from positions
—5964 to —5950 with 15-bp double-stranded oligonucleotides
(which are listed above in parentheses) representing wild-
type sequences, except for the nucleotides underlined. All
mutations were introduced in the 157-bp (Es) Stul-Bsml
fragment and cloned blunt end in the restriction site Xbal of
plysPCAT.

Element E mutant. In mutation E/1, the wild-type se-
quences from positions —5981 (Hinfl) to —5921 (BsmlI) were
substituted with double-stranded oligonucleotides corre-
sponding to the wild type, except positions —5944 (G to A),
—5942 and —-5941 (TG to AT), and —5939 (C to T). The
mutation was introduced in the 157-bp Stul-Bsml enhancer
fragment and was then cloned blunt end into the Xbal
recognition site of plysPCAT.

Oligonucleotides of 60, 58, 46, and 68 bp. Double-stranded
oligonucleotides containing wild-type enhancer sequences
from positions —6075 to —6015, —6047 to —5989, —6014 to
—5968, and —5989 to —5921 were cloned as monomers and
dimers into the unique Smal restriction site downstream of
the CAT reporter gene fused to the TK promoter (—105 to
+52) of plasmid pBLCAT?2 (38). The dimers were cloned in
a head-to-tail orientation according to a protocol described
previously by Rosenfeld and Kelly (49).

Cell growth and transfection. Primary macrophage cultures
were obtained as described previously (65). Cell lines HD11
(=HBC1 [7]), DU249 (36), and MSB1 (5) and primary
chicken embryo fibroblasts and E26-transformed myelo-
blasts (4) were grown in 150-cm? tissue culture flasks (Co-
star) in Iscove’s modified Dulbecco’s medium (GIBCO)
supplemented with 8% fetal calf serum and 2% chicken
serum at 37°C and 5% CO,. BM2 (40) cells were grown in
RPMI 1640 (GIBCO) supplemented with 10% tryptose phos-
phate broth, 5% fetal calf serum, and 5% chicken serum at
37°C and 5% CO,. } 3 (6) cells were grown in RPMI 1640
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containing 10% fetal calf serum and 2% chicken serum at
37°C and 5% CO,.

DNA was introduced into HD11 and DU249 cells, primary
macrophages, and chicken embryo fibroblasts by the cal-
cium phosphate coprecipitation method (65), with the fol-
lowing modifications: 24 h before transfection, 3 x 10° HD11
and DU249 cells, 2 x 10° primary macrophages, and 1.5 X
10° chicken embryo fibroblasts were plated on a 10-cm tissue
culture dish (Falcon). Four hours before transfection, the
cells were fed with 5 ml of fresh medium. Twenty-five
micrograms of the test plasmid and 2 pg of pRSVIacZII (a
gift from W. Ankenbauer) as an internal control for trans-
fection efficiency were suspended in 500 pl of 10 mM
Tris-HCI (pH 7.6)-250 mM CaCl,. After mixing, the DNA-
CaCl, suspension was added dropwise to 500 pl of 2x HBS
(280 mM NaCl; 1.5 mM Na,HPO,; 50 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid [HEPES], pH 7.13).
Thirty minutes later, the DNA-calcium phosphate suspen-
sion was added to the cells. Cells were incubated for 8 to 10
h at 37°C and 5% CO,. After being washed three times with
phosphate-buffered saline (PBS), transfected cells were fed
with 10 ml of fresh medium and incubated for 48 h at 37°C
and 5% CO,. Cells were harvested as described previously
(65).

BM2 cells were transfected by the DEAE-dextran method
(2). Cells (5 x 10°% were harvested in a Minifuge GL
(Heraeus) at 1,200 rpm for 5 min. Cells were washed twice
with 10 ml of TBS, pH 7.5 (0.5 mM MgCl,; 0.7 mM CaCl,;
137 mM NaCl; 5 mM KCI; 0.6 mM Na,HPO,; 25 mM Tris,
pH 7.5). The final cell pellet was resuspended in 600 pnl of
TBS containing 10 pg of DNA and 0.5 mg of DEAE-dextran
(Pharmacia) per ml and incubated for 30 min at room
temperature. Cells were collected, washed with TBS, resus-
pended in 5 ml of medium containing 0.1 mM chloroquine-
diphosphate (Sigma) and transferred into 10-cm tissue cul-
ture dishes (Falcon). After incubation for 2 to 3 h at 37°C and
5% CO, cells were again collected, washed, resuspended in
fresh medium, and incubated at 37°C and 5% CO,. Cells
were harvested as described previously (65).

HD?3 and MSBI cells were electroporated according to the
method of Chu et al. (13), with the following modifications:
107 cells were once washed with PBS, and the cell pellet was
resuspended in 1 ml of HeBS buffer (20 mM HEPES, pH
7.05; 137 mM NaCl; 5 mM KCl; 0.7 mM Na,HPO,; 6 mM
glucose) containing 50 pg of test plasmid DNA per ml (25
wg/ml for MSB1) and 4 pg of RSVIacZII as an internal
control. After a 380-V, 960-uF pulse with a Genepulser
(Bio-Rad), cells were incubated at room temperature for 10
min, fed with 10 ml of fresh medium, and incubated for 24 h
at 37°C and 5% CO,. Cells were harvested as previously
described (65).

B-Galactosidase assay. As an internal control for transfec-
tion efficiency, the cells were cotransfected with the plasmid
pRSVlacZII, which contains the Rous sarcoma virus long
terminal repeat fused to the B-galactosidase reporter gene.
Ten to forty microliters of extract of transfected cells was
incubated in a total volume of 300 pl of 100 mM sodium
phosphate (pH 7.0)-10 mM KCl4 mg of ortho-nitrophenyl-
B-D-galactopyranoside per ml-1 mM MgSO,-50 mM B-mer-
captoethanol at 37°C. The reaction was stopped by adding
600 pl of 1 M Na,CO;. The optical density at 420 nm was
determined by using a spectrophotometer, and the absolute
values of the CAT and luciferase assays were corrected
according to their B-galactosidase values.

CAT assay. The activity of CAT was determined as
described previously (65). The values given represent the
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average of at least three independent transfections with a
deviation of less than 10% and were corrected according
their B-galactosidase values (standard deviations are given
for the deletion analysis in Fig. 2, as no internal control was
performed).

Luciferase assay. Cells were harvested as described previ-
ously (65) and resuspended in 150 pl of extraction buffer (100
mM potassium buffer, pH 7.8; 1 mM dithiothreitol). Ten to
thirty microliters of extract was mixed with reaction buffer
(25 mM glycylglycine, pH 7.8; 2 mM ATP; 10 mM MgSO,,) to
a total volume of 350 pl, and the luciferase activity was
determined by using the Biolumat LB 9500 T (Berthold) after
automatic injection of 100 ul of injection buffer (20 mM
glycylglycine, pH 7.8; 0.2 mM luciferin). The luciferase
activity of each cell extract was measured several times, and
average values were determined.

Preparation of RNA and S1 mapping. Total cellular RNA
was prepared and lysozyme mRNA levels were determined
by S1 mapping analysis as described previously (65).

Preparation of nuclear extracts. Nuclear extracts were
prepared according to the method described by Shapiro et al.
(59). The crude nuclear extract of 10° cells was precipitated
with 0.33 g of ammonium sulfate per ml and resuspended
after centrifugation for 20 min at 85,000 x g in 1 ml of extract
buffer (20 mM HEPES, pH 8.0; 40 mM KCI; 0.2 mM EDTA;
0.2 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid [EGTA]; 2 mM dithiothreitol; 20% glycer-
ine). Extracts were dialyzed twice against the same buffer
and finally cleared by centrifugation for 5 min at 10,000 x g.

DNase I footprinting. DNA fragments were selectively end
labeled by filling in with DNA polymerase I (Klenow).
Four-microliter nuclear extracts (approximately 30 pg of
protein) or serial dilutions of a phosphocellulose fraction of
purified NF-I/TGGCA protein (53) were incubated in 20 ul of
10 mM HEPES (pH 8.0)-30 mM NaCl-0.1 mM EDTA-5 mM
dithiothreitol-100 pg of bovine serum per ml-1,000 ng of
poly(dI-dC) (Pharmacia) with end-labeled DNA (1 to 2 fmol)
for 15 min at room temperature. After addition of 50 to 150
ng of DNase I (Cooper) in 10 mM HEPES (pH 8.0)-25 mM
CaCl,-50 mM MgCl,, DNA was digested for 3 min on ice.
Reactions were terminated by the addition of 80 pl of 20 mM
Tris-HCI (pH 8.0)-20 mM EDTA-250 mM NaCl-10 pg of
glycogen per ml-0.5% sodium dodecyl sulfate-125 pg of
proteinase K per ml, and samples were extracted with
phenol and precipitated. DNA fragments were analyzed on
denaturing 8% polyacrylamide-urea gels as described previ-
ously (11).

RESULTS

A 157-bp DNA fragment comprises the —6.1-kb enhancer
function. We have previously reported the identification of a
562-bp enhancer fragment (E/; E = enhancer, / = large)
located 6.1 kb upstream of the transcriptional start site of the
chicken lysozyme gene, which is active in the lysozyme-
producing myeloid cell line HD11 (65). To identify DNA
sequence elements which are important for enhancer func-
tion within the El/ fragment, we constructed a series of
deletion mutants (Fig. 2A). The resulting E!/ subfragments
were cloned 5’ of the 579-bp lysozyme promoter fused to the
CAT gene in the plasmid plysPCAT (65). The results shown
in Fig. 2B document the enhancer activity of each fragment
relative to the 562-bp E! enhancer fragment after gene
transfer in HD11 monocytes (7). Deletions at the 3’ end of
the El enhancer to position —5889 or —5918 (Em; m =
medium) retain full enhancer activity. Deletions to position
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FIG. 2. Relative activity of —6.1-kb chicken lysozyme enhancer
deletion mutants. (A) Restriction map of the 562-bp E! fragment and
the deletion mutants. The positions relative to the transcriptional
start site and the size of fragments are shown. Recognition sites for
restriction endonucleases are BamHI (Ba), Alul (A), Stul (S),
Haelll (Ha), Hinfl (Hf), Dralll (D), Bsml (B), Mael (M), Sau3A
(Sa), and HindIII (H). The locations of the NF-I/TGGCA protein
binding sites T1 and T2 are shown. (B) Deletion mutants of the
562-bp BamHI-Sau3A enhancer fragment were cloned into the
unique Xbal restriction site of plysPCAT that contains chicken
lysozyme promoter sequences from —579 to +14 fused to the CAT
gene (65). HD11 cells (3 x 10° were transfected with 25 pg of
plasmid DNA. Cells were harvested after 48 h, and the activity of
CAT was determined as described previously (65). The indicated
values are relative to the CAT activity of cells transfected with
plysE/PCAT (1.0) and represent the average of at least three
independent transfections. The standard deviations are given, and
the El, Em, and Es enhancer fragments are pointed out. The
absolute value for the enhancerless construct plysPCAT is 7.7 pmol
converted per hour per 10° cells, that for the enhancer construct
plysE/PCAT is 114.2 pmol converted per hour per 10° cells, and that
for plysEsPCAT is 112.5 pmol converted per hour per 10° cells.

—5981 and farther (—6075 or —6092) resulted in constructs
that show no or only minimal stimulation of the CAT
reporter gene expression. 5’ deletions of the E/ enhancer
element to position —6092 or —6075 have no influence on
enhancer activity in HD11 cells. But further deletion of
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sequences to position —5889 results in the complete loss of
enhancer activity. This suggests that the —6.1-kb chicken
lysozyme gene enhancer is located within the region from
positions —6075 to —5889. To test this possibility, we
analyzed several El subfragments covering the DNA region
from positions —6092 to —5881 with respect to their en-
hancer properties. Fragments from positions —6092 to
—5889 or —6075 to —5881 mediate the full activity of the E/
enhancer. Deleting the fragment from —6075 to —5881 at its
5’ end to position —6031 or at its 3’ end to position —5948
results in a 95 or a 99% loss of enhancer activity, respec-
tively, whereas a 157-bp fragment from positions —6075 to
—5918 has the same stimulatory capacity as the E! fragment.
Therefore, the —6.1-kb lysozyme gene enhancer can be
reduced to a 157-bp minimal enhancer (Es; s = small) that is
sufficient to confer enhancer activity in the myeloid cell line
HD11. This is surprising since in vitro DNA footprinting
experiments with nuclear protein extracts and purified tran-
scription factor NF-I (11) (see also Fig. 5 and 7) suggest that
the cis-active region for enhancer activity would extend
farther upstream.

The transfected —6.1-kb chicken lysozyme enhancer is
active only in cells that transcribe the endogenous lysozyme
gene. The —6.1-kb chicken lysozyme enhancer stimulates
transcription of a transiently transfected CAT reporter gene
fused to the lysozyme promoter from the correct transcrip-
tional start site in the lysozyme-expressing myeloid cell line
HDI11 but not in fibroblasts (65). To further elucidate the
cell-type-specific function of the —6.1-kb enhancer, we
analyzed the stimulatory effect of the 562-bp E! and the
157-bp Es enhancer fragments in primary macrophages,
primary chicken embryo fibroblasts, and several cell lines
representing different hematopoietic lineages and nonhe-
matopoietic cell types of chickens (Table 1). To exclude
possible cell-type-specific promoter effects by the homolo-
gous lysozyme promoter, we also studied the E/ and Es
enhancers for the ability to activate the heterologous herpes
simplex virus TK gene promoter from positions —105 to +52
and the SV40 early promoter from Sphl (133) to HindIII
(5171; BBB system [66]).

After transfection into primary macrophages or the my-
eloid cell lines HD11 and BM2 (40), both fragments E/ and
Es are able to stimulate expression of the lysozyme promot-
er-CAT construct. The plysE/PCAT construct stimulates

TABLE 1. Cell-type-specific activation of homologous and heterologous promoters by the —6.1-kb enhancer in transient transfections®

Relative activity per cell type

Enhancer and/or

promoter” BM2 HD11 Primary HD3 MSB1 DU249 Chicken embryo
myeloblasts monocytes macrophages erythroblasts T lymphocytes hepatocytes fibroblasts
lys P 1.0 1.0 1.0 1.0 1.0 1.0 1.0
lys El + lys P 14.3 15.0 5.3 1.3 0.9 0.8 0.9
lys Es + lys P ND¢ 14.5 ND 1.0 1.0 1.1 0.9
TK P ND 1.0 ND 1.0 1.0 1.0 1.0
lys El + TK P ND 2.3 ND 1.5 0.8 1.2 0.3
lys Es + TK P ND 3.1 ND 1.1 1.7 0.8 0.9
lys Es3' + TK P ND 7.4 ND 1.0 1.0 0.8 1.1
SvVP ND 1.0 ND ND ND 1.0 1.0
lys El + SV P ND 6.0 ND ND ND 1.3 0.9

“ Numbers of endogenous lysozyme transcripts per cell were as follows: 150, 150, 300, <5, <5, <5, and <5 for BM2 and HD11 cells; primary macrophages;
HD3, MSB1, and DU249 cells; and chicken embryo fibroblasts, respectively. Values were determined by quantitative S1 mapping (see also Fig. 3).

# Abbreviations: lys P, lysozyme promoter (=579 to +14); lys El, 562-bp BamHI-Sau3A lysozyme enhancer fragment; lys Es, 157-bp Stul-Bsml lysozyme
enhancer fragment; TK P, TK promoter (—105 to +52); lys Es3’, 157-bp Es enhancer fragment cloned 3’ the TK promoter fused to the CAT reporter gene; SV
P, SV40 early promoter from Sphl (133) to HindIlI (5171; BBB system [see reference 66]).

< ND, not determined.
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CAT activity 15.0-fold in HD11 cells, 14.3-fold in BM2 cells,
and 5.3-fold in primary macrophages relative to the en-
hancerless control plysPCAT. The construct plysEsPCAT
as well shows a 14.5-fold stimulation in HD11 cells. No
stimulation of CAT gene activity by the E! or Es enhancer
element is detected in avian erythroblastosis virus-trans-
formed erythroblasts (HD3 [6]) and the lymphoid cell line
MSBL1 (5). In addition, the E! and Es enhancers fail to
activate the lysozyme promoter in the nonhematopoietic
MC29-transformed hepatic cell line DU249 (36) and primary
chicken embryo fibroblasts.

Furthermore, the E/ enhancer stimulates the heterologous
herpes simplex virus TK promoter 2.3-fold and stimulates
the SV40 promoter 6.0-fold in myeloid HD11 cells (Table 1).
The minimal enhancer also activates the TK promoter inde-
pendently of orientation and distance in the constructs
plysESTKCAT and plysEs3'BLCAT2. Again, no stimulation
of reporter gene activity by the Es element fused to the
herpes simplex virus TK promoter compared with the en-
hancerless TK promoter constructs is observed in any other
cell line transfected. These results demonstrate that the
enhancer activity of the —6.1-kb enhancer is restricted to the
myeloid lineage of the hematopoietic system of the chicken.
Furthermore, the 157-bp Es enhancer fragment has the same
stimulatory potential and range of cell type specificity as the
562-bp E! element.

The cell-type-specific stimulation of the lysozyme, TK,
and SV40 promoters by the —6.1-kb enhancer in transient
transfection experiments correlates with the cell-type-spe-
cific activity of the endogenous lysozyme gene. Figure 3
shows a quantitative S1 mapping analysis of lysozyme
transcripts with total RNA from different hematopoietic and
nonhematopoietic cells and tissues of chickens. In addition
to oviduct tissue (lane 2) and terminally differentiated mac-
rophages (lane 3), lysozyme-specific transcripts can also be
found in monocytes (HD11, lane 7), myeloblasts (BM2, lane
6) and E26-transformed early myeloblasts (lane 5) (9). The
concentration of lysozyme mRNA increases from 15 to 20
molecules per cell in E26-transformed early myeloblasts to
150 molecules per cell in HD11 and BM2 cells and 300
molecules per cell in unstimulated primary macrophages (see
also Table 1, footnote a). No lysozyme transcripts could be
detected in erythroid or lymphoid cells (HD3, lane 8; MSB1,
lane 9) or in nonhematopoietic tissues such as laying-hen
liver (lane 4), hepatocytes (DU249; lane 10), and chicken
embryo fibroblasts (lane 11). These results imply that the
—6.1-kb enhancer is intimately involved in the activation of
the cell-type-specific transcription of the chicken lysozyme
gene in the myeloid lineage of the hematopoietic system.

The chicken lysozyme enhancer consists of multiple ele-
ments that contribute to its stimulatory function. The analysis
of DNA-protein ihteraction in vitro and in vivo (60) (see also
Fig. 7) and sequence comparison suggest a modular struc-
ture of the —6.1-kb lysozyme gene enhancer. The putative
modules of the Es enhancer and the DNA sequence from
positions —6014 to —5929 are shown in Fig. 4.

Element T1, which is located just upstream of the 5’
border of the Es enhancer, and element T2 both contain
binding sites for the NF-I/TGGCA proteins (11, 53). Module
C shares a sequence homology with the Fos/Jun (AP1)
consensus sequence (37), and element D contains a homol-
ogy to the enhancer core (67) as well as to the octa-/
decanucleotide consensus sequence (18) and to one half of
the palindromic recognition sequence for the NF-I/TGGCA
proteins (11), which is sufficient to bind NF-I/TGGCA in
vitro (51). The NF-I/TGGCA protein binding site in T2 and a
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FIG. 3. Analysis of cell-type-specific expression of the chicken
lysozyme gene by S1 mapping. (A) Total cellular RNA was hybrid-
ized against an at least 40-fold molar excess of 5’-end-labeled BstNI
promoter fragment (panel B). After S1 digestion, S1-resistant DNA
fragments were separated on an 8% polyacrylamide-urea gel (62).
The radioactive probe was hybridized against no RNA (lane 1), 0.1
ng of RNA from laying-hen oviduct (lane 2), 20 pg of RNA from
primary blood-derived macrophages (lane 3), 150 pg of RNA from
laying-hen liver (lane 4), 100 pg of RNA from E26-transformed
myeloblasts (lane 5), 60 ng of RNA from myeloblasts (BM2; lane 6),
60 pg of RNA from monocytes (HD11; lane 7), 150 ug of RNA from
erythroblasts (HD3; lane 8), 150 pg of RNA from T lymphocytes
(MSBI; lane 9), 150 pg of RNA from hepatocytes (DU249; lane 10),
and 150 pg of RNA from primary chicken embryo fibroblasts (lane
11). The numbers on the left indicate the positions of the start sites
of lysozyme transcripts (65). The lengths of size marker DNA
fragments (in base pairs) are indicated on the right. (B) The diagram
shows the chicken lysozyme promoter region. The solid box indi-
cates the first exon. The arrows point to the multiple start sites of
transcription at —24, —2, and +1. The radioactive probe (stippled
box) and the positions of the BszNI restriction sites (Bn) relative to
the transcriptional start site are shown. The positions and lengths of
the protected fragments are given at the bottom of the diagram.

palindrome that spans D and E are indicated by arrows. The
Fos/Jun binding site and enhancer core/octanucleotide ho-
mologies in C and D are underlined. No obvious homologies
to any yet known DNA recognition sequence exists for the
putative elements A, B, and E.

In order to elucidate the functional relevance of the
presumptive lysozyme enhancer modules, we introduced
sequence-specific mutations and tested their influence on the
activity in the 157-bp minimal enhancer (Es) or in a 410-bp
enhancer fragment (Em) after gene transfer into HDI11
monocytes (Fig. 4).

Element C. Element C contains the sequence 5'-GTGAC
TCT-3' (Fig. 4), which has homology to the AP1 consensus
(C/G)TGACT(C/A)A (1) in 7 of 8 bp. We constructed the
mutations C/UP1 (5'-GTGACTCA-3') and C/UP2 (5'-CT
GACTCA-3') by altering the wild-type sequence into a full
homology to the Fos/Jun (AP1) consensus sequence (‘‘up
mutation approach’’). Furthermore, we modified the wild-
type sequence from 5'-GTGACTCT-3' to 5'-GGGACTCT-3'
in the construct C/DOWNI and to 5'-TTGACTCT-3' in the
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FIG. 4. Functional identification of elements and relative activity of the —6.1-kb lysozyme enhancer mutants. A part of the wild-type (WT)
sequence of the 157-bp Es enhancer (—6075 to —5918) from positions —6014 to —5929 is shown. Modules T2, C, D, and E of the Es enhancer
are indicated above the sequence. The Es enhancer is part of the Em enhancer from positions —6331 to —5918, as indicated in the top line.
Recognition sites for restriction endonucleases are BamHI (Bam), Stul (Stu), and BsmI (Bsm). The locations of T1 and T2 within the Em
enhancer are shown. The mutations and the modified nucleotides of each mutation introduced in the various elements are listed. Arrows
indicate the palindromic NF-I/TGGCA motif and a palindromic sequence spanning D and E. The AP1 consensus homology in module C, the
overlapping homologies to the octa-/decanucleotide DNA motif, and the enhancer core consensus sequence in D are underlined. Functional
analysis of mutants was performed by transfecting 3 X 10® HD11 cells with 25 ug of test DNA and 4 pg of pRSVlacZII as an internal control.
Cells were harvested after 48 h (24 h for the luciferase reporter gene constructs used for the C mutants), and the activity of CAT (luciferase
activity for C mutants) was determined (see Materials and Methods). The absolute values of the CAT and luciferase assays were corrected
according their B-galactosidase values. The indicated values, relative to the fully active Em and Es enhancers, represent an average of at least

four independent transfections. The absolute value for the Es enhancer construct is given in the legend to Fig. 2.

mutant C/DOWN2 (‘““down mutation approach’’). These
mutations would interfere with the binding of factors belong-
ing to the Fos/Jun family (for a review, see reference 14).
Whereas the mutations C/DOWN1 and C/DOWN2 lead to a
75% loss of enhancer activity, the mutations C/UP1 and
C/UP2 show residual stimulations of approximately 65 and
95% compared with the wild-type enhancer (Fig. 4). The loss
of enhancer function by introducing the mutations
C/DOWN1 and C/DOWN?2 and the ability to replace the
wild-type sequence with a perfect AP1 homology without a
significant loss of enhancer activity imply that a member of
the Fos/Jun DNA-binding protein family can interact with
module C of the Es enhancer.

Element D. For the down mutation approach, the trans-
versions A to C in the construct D/DOWNI1 (5'-TGCTTTG
GAACTGA-3') and G to T in D/DOWN2 (5'-TGCTTT
TGAAATGA-3’) as well as both point mutations together in
the plasmid D/DOWN3 were introduced into the sequence of
the Es enhancer. These mutations were chosen since they
inhibit binding of the Oct-1 protein in vitro (47). Mutating
either of the two nucleotides leads to a partial loss of
enhancer activity in HD11 cells, namely, 60% activity for the

D/DOWNI and 40% activity for the D/DOWN2 mutations
relative to the activity of the wild-type enhancer (Fig. 4). The
double mutation D/DOWN3 results in a enhancer activity
complete loss of Es and an 85 to 90% loss of Em enhancer
activity and points out that module D is essential for en-
hancer function (Fig. 4).

To find out which type of factor most likely binds to
element D, we again used the up mutation approach and
mutated the wild-type sequence into perfect octa-/decanu-
cleotide (D/OCT; 5'-TGCTATGCAAATTA-3'), enhancer
core (D/CORE; 5'-TGCTGTGGAAAGAG-3'), and NF-I/
TGGCA (D/NF-1; 5'-TGCTTTGGCAATGA-3') consensus
motifs. As shown in Fig. 4, all three mutations retain an
enhancer activity of only 20 to 40% of that of the wild-type
element. Even though none of the three up mutations can
replace the wild-type sequence, the experiments point out
that region D plays a critical role in lysozyme enhancer
function. However, they do not help to determine whether
one of the factors mentioned above interacts with module D.

Element E. The deletion of 27 bp in element E (positions
—5921 to —5948) of the 157-bp Es enhancer inactivates the
minimal enhancer element (Fig. 2). This deletion was con-
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structed by introducing an artificial Bg/II restriction site into
the wild-type enhancer sequence. To test whether the 4-bp
mutation from 5'-GGTGCA-3' to 5'-AGATCT-3’ (E/1 in Fig.
4) within the palindromic sequence spanning D and E by
itself has an effect on the activity of the minimal enhancer,
we introduced the mutation E/1 within the 157-bp DNA
fragment. In the transient transfection experiments per-
formed with the myeloid HD11 cells, the E/1 mutation shows
a complete loss of enhancer activity. This supports the result
of the deletion mutation from positions —6075 to —5948 (Fig.
2) and underlines the importance of module E for the activity
of the entire enhancer element.

Element T2. The 562-bp El enhancer contains two NF-I
binding sites within regions T1 and T2. While deletion of T1
from positions —6082 to —6016 has no influence on wild-type
enhancer activity (Fig. 2) in transient transfection experi-
ments, element T2 is located within the Es element. We
generated mutations T2/C (C = central) and T2/P (P =
peripheral) to examine the influence of NF-I/TGGCA protein
binding to T2 on the chicken lysozyme enhancer. In muta-
tion T2/C, the three central nucleotides of the palindromic
NF-I motif 5'-CTGGCACTATGCCAC-3' were modified
from CTA to AGC. This mutation does not interfere with the
recognition sequence of NF-I. By altering the wild-type
sequence into 5'-CTIGCACTATGCAAC-3' and thereby
eliminating two essential GN7 contacts for NF-I, mutation
T2/P was generated (53).

Figure 5 shows a DNase I footprint analysis of the
NF-I/TGGCA protein binding to DNA of the 410-bp Em
enhancer fragment containing wild-type sequences (lanes 1
to 7), mutation T2/P (lanes 8 to 14), and mutation T2/C (lanes
15 to 21). T1 harbors an NF-I binding site which serves as an
internal control for the binding of NF-I to Em DNA with the
mutated element T2. The modification of three central base
pairs in T2/C has no effect on protein binding to T2, as
expected. However, mutation T2/P destroys the NF-I/TG
GCA recognition sequence and consequently no binding to
T2 is detectable.

Both mutations were functionally analyzed in the context
of the Es and Em enhancer fragments (Fig. 4). Results from
transient transfections correlate with results from the NF-I/
TGGCA in vitro binding experiments. Mutating the central 3
bp in T2/C leaves fully active Em and Es enhancer frag-
ments, which is consistent with the fact that NF-I can still
interact with this sequence in vitro. Destruction of the NF-I
protein binding site in the element T2 in mutation T2/P
reduces the activity of the minimal enhancer to 7 to 15%
compared with that of the wild type. Interestingly, the
negative effect of this mutation is less severe in the 410-bp
Em enhancer, as it still retains 40% of the wild-type activity.

The functional analysis of point mutations introduced in
the predicted DNA-binding motifs of elements T2, C, D, and
E confirm assumptions from in vivo and in vitro DNA-
protein interaction studies (see also Fig. 7) and demonstrate
that like the viral SV40 enhancer (44, 56), the —6.1-kb
lysozyme gene enhancer possesses a highly condensed mod-
ular structure.

The enhancer contains several subfragments acting in a
cell-type-specific manner. Several cell-type-specific trans-
acting factors are known to confer tissue-specific activity by
interacting with cis-regulatory elements (39). Studies of the
SV40 enhancer revealed that it is composed of multiple short
elements that have intrinsic enhancer properties (44, 56).
Some of these elements display unique patterns of cell-type-
specific enhancer activities and can act on their own, while
others need to interact functionally with different elements in
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FIG. 5. DNase I footprint of NF-I/TGGCA protein binding to T1
and T2 of the —6.1-kb enhancer. The wild-type 410-bp (Em)
BamHI-Bsml enhancer fragment (lanes 1 to 7; WT) and the Em
enhancer fragments containing the mutations T2/P (lanes 8 to 14)
and T2/C (lanes 15 to 21) were radioactively labeled at the 3’ end of
the noncoding strand. Two femtomoles of DNA was used in
sequencing reactions (lanes 1, 8, and 15, T+C; lanes 2, 9, and 16,
A+G) or digested with DNase I after incubation with bovine serum
albumin (lanes 3, 7, 10, 14, 17, and 21) or 4 pl (lanes 4, 11, and 18),
1 pl (lanes 5, 12, and 19) or 0.125 pl (lanes 6, 13, and 20) of purified
NF-1/TGGCA protein (53). The NF-I/TGGCA binding sites T1 and
T2 are indicated on the right. The 5’ border of the Es enhancer is
shown on the left.

order to activate transcription (21, 43). To identify elements
of the —6.1-kb Es enhancer that confer macrophage speci-
ficity, we divided the —6.1-kb Es enhancer into four over-
lapping subfragments, each containing at least two modules
of the minimal enhancer (Fig. 6A). A 60-bp oligonucleotide
consists of A and B; the 58-bp oligonucleotide harbors B, T2,
and a part of A; the 46-bp DNA fragment encompasses T2
and C; and the 68-bp oligonucleotide contains C, D, and E.
We tested these synthetic oligonucleotides as monomers and
head-to-tail dimers in a 3’ position relative to the CAT
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FIG. 6. Cell-type-specific activation of the TK promoter. (A)
Map of the elements of the Es enhancer and oligonucleotides. The
diagram shows the 157-bp Stul (Stu)-Bsml (Bsm) Es enhancer with
elements A, B, T2, C, D, and E. The Es enhancer fragment as well
as the 60-, 58-, 46-, and 68-bp oligonucleotides were cloned into the
unique Smal recognition site downstream of the CAT reporter gene
fused to the TK promoter (—105 to +52) of plasmid pBLCAT2 (41).
In addition, the oligonucleotides were cloned as dimers in a head-
to-tail orientation according to a protocol previously published by
Rosenfeld and Kelly (49). (B) HD11 cells (3 x 10°) and HD3 and
MSBI cells (1 x 107 each) were transfected with 25 pg (50 pg for
HD?3) of test DNA and 4 pg of pRSVlacZII as an internal control.
Cells were harvested after 48 h, and the activity of CAT and
B-galactosidase was determined (see Materials and Methods). The
values given, relative to the enhancerless TK promoter construct
pBLCAT2, represent the average of at least three independent
transfections for each cell line and were corrected according to their
B-galactosidase values. Absolute activities of pPBLCAT2 are as
follows: 941.8 pmol/h/10° cells in the HD11 line, 3.4 pmol/h/10° cells
in the HD3 line, and 12.75 pmol/h/10° cells in the MSBL line.

reporter gene. The 3’ position was chosen to ensure a test for
the long-distance action of enhancer elements. Since in our
deletion analysis the lysozyme promoter did not respond to
subfragments of the Es enhancer (Fig. 2), in this series of
experiments we used the TK promoter (—105 to +52), which
can be activated by protoenhancers even when these are
positioned downstream of the reporter gene (1, 32).

All constructs together with the wild-type control
plysEs3'BLCAT?2 and the enhancerless plasmid pBLCAT?2
(38) were transiently transfected in the hematopoietic cell
lines HD11, HD3, and MSBI1 (Fig. 6B). None of the oligo-
nucleotides show a stimulatory effect on the TK promoter in
the erythroid cell line HD3 and the lymphoid cell line MSB1.
Unexpectedly, all four fragments are able to activate the
promoter in the myeloid cell line HD11 compared with the
enhancerless control. The 60-, 58-, and 46-bp oligonucleo-
tides with the elements A and B; B, T2, and part of A; and
T2 and C, respectively, stimulate the TK promoter two- to
sixfold in monocytes (Fig. 6B). No significant difference in
the ability to enhance transcription is seen between the
monomers and dimers tested. In contrast, the 68-bp oligo-
nucleotide, containing C, D, and E, shows a stimulation of
the TK promoter that depends on the copy number of the
enhancer subfragment. Enhancer activity of the CDE sub-
fragment is increased from 2.3-fold when tested as a mono-
mer to 11.5-fold when tested as a dimer. This indicates that
C, D, and E are able to act cooperatively when tested as a
multimer. Furthermore, the results show that each of the
four different subfragments of the —6.1-kb lysozyme en-
hancer contains sufficient information to independently di-
rect myeloid-cell-specific enhancer function.
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Several cell-type-specific factors interact with the Es en-
hancer. In order to independently confirm our finding that all
subfragments of the Es enhancer contain macrophage-spe-
cific elements, we performed DNase I footprinting experi-
ments with nuclear extracts from the same three cell lines
that were used for transient gene transfer experiments (Fig.
7). The upper and the lower strands of a 300-bp Ddel-Bsml
enhancer fragment were selectively 3’ end labeled and were
incubated with nuclear extracts from HD11, HD3, and
MSBI cells.

As expected, elements T1 and T2 are both bound by
members of the ubiquitous NF-I protein family in all three
nuclear extracts (lanes 3, 4, 6, 7, 9, and 10 in Fig. 7A and B)
and the protected regions are similar to purified NF-I (lanes
12 and 13 in 7A and B). Interestingly, the NF-I'TGGCA
protein family members in the different nuclear extracts form
different complexes at T1 and T2. In HD11 and MSBI cells,
two different sites of increased DNase I sensitivity appear
upstream of T2 (Fig. 7A, lanes 3, 4, 9, and 10). HD3 cells
form a characteristic hypersensitive site downstream of T1
(Fig. 7A, lanes 6 and 7). This seems to indicate a possible
participation of different NF-I protein family members (35,
52) with the Es enhancer or an interaction with different
cell-type-specific coactivators.

Only with nuclear extracts from HD11 monocytes are
additional regions protected from nuclease digestion detect-
able, and these coincide with enhancer elements A, D, and
E. No DNA binding signals to elements B and C are visible
in these experiments. The first region protected in a cell-
type-specific manner, around position —6050 (approximately
—6055 to —6040 on the upper strand and —6068 to —6045 on
the lower strand), corresponds to module A. A second
region protected in a cell-type-specific manner, from approx-
imately positions —6070 to —5920, covers elements D and E.
The 3’ border of this protected region, not visible in Fig. 7,
was determined by DNase I footprinting experiments with
an appropriate DNA fragment covering additional DNA
sequences downstream of the Es enhancer (25). Similar
analysis of the mutants D/DOWN3 and E/1 allows the
separation of footprint boxes D and E and reveals its
junction around position —5951 (25).

DISCUSSION

The cell-type-specific function of the chicken lysozyme
—6.1-kb enhancer. We have shown in transient transfection
experiments that the chicken lysozyme gene enhancer lo-
cated approximately 6.1 kb upstream of the transcriptional
initiation site which was originally identified as a 562-bp
DNA fragment (E/ [65]) can be narrowed down to a 157-bp
minimal enhancer element (Es). All further deletions tested
result in a dramatic loss of enhancer activity. This 157-bp
enhancer fragment displays the same cell-type-specific ac-
tivity as the 562-bp E! fragment. Both enhancer fragments
stimulate the lysozyme promoter in myeloid cell lines,
whereas no stimulation is seen in lymphoid and erythroid
cell lines, a chicken hepatoma cell line, or primary chicken
embryo fibroblasts. The E/ and Es enhancer fragments also
stimulate the heterologous TK and SV40 promoters with the
same cell type specificity, indicating that a possible contri-
bution by the lysozyme promoter is not relevant for the
observed restriction of enhancer activity to myeloid cells.
Although the minimal enhancer reveals the same cell-type-
specific activation potential as the E/ enhancer, sequences
upstream of the minimal element conditionally are involved
in enhancer function in macrophages (discussed later).



VoL. 12, 1992

ELEMENTS OF THE -6.1-kb CHICKEN LYSOZYME ENHANCER

2347

Dde

Podme Wi

PR OAF NN

s 0

*I Bsm

- ———

id

- -

% Dde

FIG. 7. DNase I footprint of nuclear extract proteins on the —6.1-kb enhancer. The upper (A) or the lower (B) strand of a 300-bp
Ddel-Bsml enhancer fragment was radioactively end labeled as indicated (asterisks). After incubation with extract buffer (lanes 2, 5, 8, 11,
and 14); nuclear extracts from HD11 cells (lanes 3 and 4), HD3 cells (lanes 6 and 7), or MSBI1 cells (lanes 9 and 10); or 0.125 ul of purified
NF-I/TGGCA protein (53) (lanes 12 and 13), which was followed by DNase I digestion and purification, DNA samples were separated by
denaturing gel electrophoresis and analyzed by autoradiography. Binding sites T1 and T2 and the regions of the enhancer protected by nuclear
extracts from HD11 cells are indicated by open bars. The borders of elements A, B, C, D, and E are shown. Hypersensitive sites are marked
by arrows. The 5’ end of the Es enhancer is shown on the left. G- and A-specific sequencing reactions are shown in lanes 1.

The cell type specificity of the enhancer correlates well
with the activity of the endogenous lysozyme gene in
chicken cells. Lysozyme gene transcripts are detected only
in myelocytes (E26-transformed myeloblasts and BM2
cells), monocytes (HD11 cells), and primary macrophages of
the hematopoietic system and in oviduct tissue. No tran-
scripts of the chicken lysozyme gene are found in erythro-
blasts (HD3 cells) and lymphocytes (MSBI1 cells) or in any
nonhematopoietic cell line or tissue analyzed. The —6.1-kb
lysozyme gene enhancer coincides with a DHS in uninduced
and induced oviduct and in all myeloid cell types transcrib-
ing the lysozyme gene (19, 20, 62). In contrast, another
macrophage-specific enhancer located 2.7 kb upstream of
the gene (41, 63) is present as a DHS only in chromatin of
nuclei from more mature myeloid cells. The appearance of
the DHS at —2.7 kb in turn correlates with an increase in
lysozyme mRNA level during monocyte differentiation.
Thus, the —6.1-kb enhancer might function as the general
enhancer for chicken lysozyme transcription in the two only

tissues which are known to express the lysozyme gene,
oviduct and macrophages (61). Therefore, we suggest that
the —6.1-kb lysozyme gene enhancer plays a central role in
the developmental and cell-type-specific activation of the
gene and may have the general function of determining the
potentially active state of the gene. According to this model,
the —6.1-kb enhancer, coinciding with a DHS detectable
throughout the development of myeloid cells, would corre-
spond functionally to the locus control region of the human
B-globin gene locus (26).

The structural organization of the —6.1-kb enhancer. Ele-
ments A, B, T2, C, D, and E have been deduced by binding
studies in vitro and in vivo (11, 60) (see also Fig. 7) as well
as by sequence analysis. By gene transfer analysis of point
mutations, we demonstrate the functional relevance of T2,
C, D, and E. Module C has been analyzed by several point
mutations altering the homology to the AP1 recognition
sequence (1, 37). The mutations C/DOWN1 and C/DOWN?2
clearly show that element C is important for Es enhancer
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function. As these two point mutations were chosen to
interfere with binding of members of the Fos/Jun family, it
seems likely that members of this family act upon this
element. Surprisingly, mutations C/UP1 and C/UP2 (Fig. 4),
which convert the wild-type sequence into a complete ho-
mology to the APl consensus, result in 65 and 95% of
wild-type enhancer activity. One could assume that also
various members of the chicken AP1 protein family slightly
differ in their DNA-binding preferences, as has been previ-
ously demonstrated for the basic helix-loop-helix proteins
(8). Although in the DNase I footprinting experiments with
nuclear extracts of monocytes (Fig. 7) no protein binding
signals to motif C were detectable, it is tempting to speculate
that element C of the —6.1-kb enhancer, by interacting with
Fos/Jun family members, influences the level of transcrip-
tion of the lysozyme gene in response to external growth
stimuli or differentiation signals during myeloid cell devel-
opment.

Mutations D/DOWN1 to D/DOWNS3 (Fig. 4) were de-
signed according to the result of Pruijn et al. (47) to prevent
the possible binding of Oct-like factors. The double mutant
D/DOWN3, with two transversions within the consensus
sequence, leads to a complete loss of activity and therefore
demonstrates the relevance of the wild-type D sequence.
The mutations D/DOWN1 and D/DOWN?2, both carrying
only one transversion within the consensus sequence, are
still partially active, indicating that weak binding of a nuclear
factor may still be possible to confer enhancer activity.
Interestingly, the alteration of the wild-type sequence into a
perfect octa-/decanucleotide (D/OCT), enhancer core (D/
CORE), or NF-I (D/NF-I) consensus motif leads to a loss of
enhancer activity. This implies that factors binding to the
wild-type sequence are different from the Oct proteins and
factors such as C/EBP (34), AP3, and NF-I, which are
known to recognize the DNA motifs mentioned above.
Therefore, the replacement of the functional module D
within the enhancer with the well-defined recognition se-
quences for other transcriptional activators cannot restore
the activity of the wild-type sequence and strongly argues for
a different type of transactivator that acts upon element D.

Mutation E/1 of the Es enhancer and the deletion of this
DNA region lead to a complete loss of activity. Besides
D/DOWN3, the point mutation E/1 is the only sequence
modification found that completely inactivates the Es en-
hancer, underlining the importance of module E for the Es
enhancer. As both the D/DOWN3 and the E/1 mutations
disrupt a palindromic sequence spanning elements D and E
and having individually the same drastic effect on the en-
hancer activity, we assume that the same factor complex
interacts cooperatively with the two elements (see also Fig.
7.
The best-understood interaction of regulatory proteins
with the —6.1-kb enhancer is the binding of the NF-I/
TGGCA proteins to elements T1 and T2. T1 is bound by
NF-I/TGGCA in vitro but can be deleted in transient trans-
fection experiments without losing enhancer activity. In
contrast, there is a correlation between the binding of NF-I
to element T2 in vitro and Es enhancer function. Eliminating
two GN7 contacts essential for NF-I binding in vivo in
mutation T2/P results in the inability of NF-I to bind in vitro
(Fig. 5) and leads to a concomitant drop of enhancer function
after gene transfer in HD11 cells. Therefore, the binding of
NF-I to module T2 is important for full lysozyme enhancer
activity.

No point mutations were introduced in modules A and B.
However, the deletion of sequences from positions —6075 to
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—6031 (Fig. 2), corresponding to module A, results in a
dramatic loss of enhancer activity. Oligonucleotides contain-
ing A and B are able to activate the TK promoter, which also
shows that element A and possibly also module B are
important for Es enhancer function. Furthermore, we iden-
tified a cell-type-specific factor interacting with module A
(Fig. 7). Dimethyl sulfate protection experiments in vivo
indicate the monocyte-specific binding of a trans-acting
factor to element B (10). Therefore, we propose that the
—6.1-kb lysozyme gene enhancer consists of at least six
elements: A, B, T2, C, D, and E.

A striking feature of the Es enhancer is its compact
structure. All elements necessary for maximal activity of the
—6.1-kb enhancer are concentrated on a 157-bp DNA frag-
ment. Nevertheless, in certain circumstances sequences
upstream of the Es enhancer modulate the —6.1-kb enhancer
function. These sequences interact with nuclear DNA-bind-
ing proteins in vitro (11) (see also Fig. 5 and 7) and influence
the activity of specific mutations within the Es enhancer
(Fig. 4; compare the activities of the D/DOWN3 and T2/P
mutations in the 157- and 410-bp fragments). As the muta-
tions introduced in T2 and D almost completely inactivate
the Es enhancer but are less severe in the context of the
larger Em enhancer, we assume that sequences upstream of
the Es enhancer interact with frans-acting factors and thus
can partially compensate for the effect of the mutations
introduced in modules T2 and D. This could indicate a
function of immediate upstream motifs of the wild-type
—6.1-kb regulatory region not readily visible in transient
gene expression tests, which could however be essential for
putative locus control region function of the —6.1-kb en-
hancer when in a chromosomal location.

Multiple myeloid-cell-specific elements. It has been pro-
posed that the transcription factor Oct-2 is responsible for
the lymphoid-cell-specific activity of the IgH enhancer (55),
and factors such as Pit-1 and GATA-1 are believed to confer
the cell type specificity of pituitary and erythroid-cell-spe-
cific regulatory elements (references 9, 31, and 68 and
references therein). In order to identify an element which
confers the macrophage specificity of the chicken lysozyme
—6.1-kb enhancer, we tested the four different overlapping
subfragments of the Es enhancer in cell lines representing
different lineages of the hematopoietic system. Surprisingly,
none of the oligonucleotides, irrespective their copy num-
ber, is able to activate the TK promoter in the erythroid and
lymphoid cell lines HD3 and MSBI1. Instead, all oligonucle-
otides show an activation of the herpes simplex virus TK
promoter specifically in the lysozyme-producing HD11
monocytes.

The DNA-protein interaction studies with nuclear extracts
support the finding that all four tested enhancer subfrag-
ments act in a myeloid-cell-specific manner. Monocyte
HD11-specific DNA-binding activities to modules A, D, and
E could be detected. Further footprint analyses of the
D/DOWN3 and E/1 mutant enhancer DNAs now demon-
strate the binding of two separable cell-type-specific binding
activities to D and E (25). Interestingly, the NF-I/TGGCA
protein family members derived from cells of myeloid,
erythroid, and lymphoid origin also form distinguishable
patterns of DNase I-hypersensitive cutting sites at the bor-
ders of elements T1 and T2 (Fig. 7), indicating cell-type-
specific differences in the NF-I protein family or a possible
interaction with different cell-type-specific coactivators, as
has been described for other ubiquitous proteins (48). As we
have found that NF-I proteins are encoded by four different
genes, at least three of which produce several alternatively
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spliced mRNAs (35, 52), it is possible that certain subspecies
of this protein family function as cell-type-specific activa-
tors, reminiscent of the action of individual members of
other transactivator families, such as Oct proteins or retinoic
acid receptors (reference 50 and references therein). In
summary, the model of a single cell-type-specific DNA-
binding protein in concert with constitutive factors determin-
ing the cell-type-specific function of a multifactorial en-
hancer does not hold true for the macrophage-specific
enhancer complex. Clearly, multiple elements contribute to
the myeloid-cell-specific function of the —6.1-kb enhancer of
the chicken lysozyme gene.
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