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A comparison of in vivo and in vitro DNA-binding
specificities suggests a new model for
homeoprotein DNA binding in Drosophila embryos
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Little is known about the range of DNA sequences
bound by transcription factors in vivo. Using a sensitive
UV cross-linking technique, we show that three classes
of homeoprotein bind at significant levels to the major-
ity of genes in Drosophila embryos. The three classes
bind with specificities different from each other; how-
ever, their levels of binding on any single DNA fragment
differ by no more than 5- to 10-fold. On actively
transcribed genes, there is a good correlation between
the in vivo DNA-binding specificity of each class and
its in vitro DNA-binding specificity. In contrast, no
such correlation is seen on inactive or weakly tran-
scribed genes. These genes are bound poorily vivo,
even though they contain many high affinity homeo-
protein-binding sites. Based on these results, we suggest
how the in vivo pattern of homeoprotein DNA binding
is determined.
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Introduction

Many metazoan transcription factors belong to protein
families that bindin vitro to short, degenerate DNA

In vitro, all of these molecules have nearly identical
DNA-binding specificities, showing similar preferences
for variants of the consensus sequence NNATTA
(Gehring et al, 1994; Biggin and McGinnis, 1997).
Our UV cross-linking experiments suggest that, in
embryos, the selector homeoproteins Eve and Ftz bind
with similar specificities to DNA sites throughout the
length of the majority of genes (Waltext al, 1994).
Most genes are bound at lower levels than the best
characterized genetically defined targets of these proteins,
but only at 2- to 20-fold lower levels. Other experiments
indicate that Eve, Ftz and the other selector homeoprote-
ins have broad regulatory properties in embryos that
are consistent with much of thi vivo DNA binding
being functional (Liang and Biggin, 1998). Over the
genes tested, quantitative differences in DNA binding
correlate with quantitative differences in gene regulation.
Even the most weakly bound genes are affected
detectably by changes imve expression (Liang and
Biggin, 1998).

In this study, we have extended this analysis by examin-
ing DNA binding by two Drosophila homeoproteins,
Bicoid and Paired, which are evolutionarily diverged from
the selector homeoproteins. The amino acid at position
50 of the homeodomain makes specific contacts with the
two bases 5 of the ATTA core recognition sequence
(Gehringet al, 1994; Hirsch and Aggarwal, 1995). All
of the selector homeoproteins have a glutamine at this
position, whereas Bicoid has a lysine and Paired has a
serine. These different residues give Bicoid and Paired
unique preferences for variants of the NNATTA consensus

sequences that occur frequently in the majority of genes sequence (Treismaeat al, 1989; Percival-Smitret al,

(Faisst and Meyer, 1992; Pabo and Sauer, 1992;

Heinemeyeret al,, 1998; http://transfac.gbf.de/transfac).
In addition, members of the same family often show
similar DNA specificitiesin vitro. What are the range of

1990; Wilsonet al, 1993). For example, Bicoid binds

in vitro >10 times more strongly than the selector homeo-
proteins to the sequence GGATTA but binds at least
10 times more weakly than the selector homeoproteins to

genes that these proteins bind in cells? One theory suggestéhe sequence CCATTA (Percival-Smiét al, 1990). In
that these transcription factors must bind much more addition, Paired contains a second DNA-binding domain,

selectivelyin vivo than they dan vitro and that, in cells,
the different members of a family will each bind to a

the paired domain. This domain recognizes an entirely
different 10-14 bp sequence, which is found adjacent to

different set of genes (e.g. Johnson, 1992; Mann and homeodomain recognition sites in Paired target elements
Chan, 1996). However, this theory is based on indirect (Fujiokaet al, 1996; Jun and Desplan, 1996).

evidence. Directly determining the range of genes bound We wished to determine how the distinat vitro

in vivo requires that binding of endogenous proteins be preferences of these three classes of homeoprotein are

measured in living cells. Consequently, we previously
developed afn vivo UV cross-linking method that accur-
ately quantitates DNA binding and used it to compare
binding of two members of the selector homeoprotein
family of transcription factors inDrosophila (Walter
et al, 1994).

The selector homeoproteins are an evolutionarily

related to their DNA bindingn vivo. Our results indicate
that, in embryos, Paired and Bicoid bind most strongly to
known target elements within a promoter and that, like
the selector homeoproteins, they may also bind at signific-
ant levels to the majority of genes. Based on a comparison
of in vitro and in vivo DNA-binding preferences, we
suggest how thdn vivo pattern of binding by these

conserved group of homeoprotein that include the Hox proteins is determined and we propose that DNA binding

(or homeotic) proteins, the Eve- and Engrailed-like
proteins (Burglin, 1994; Biggin and McGinnis, 1997).
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by other families of metazoan transcription factors may
be determined in a similar manner.
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Widespread DNA binding by homeoproteins

Results and discussion embryos, we have first ensured that UV cross-linking
gives an accurate measure of DNA binding for these
proteins. Figure 1 compares the results of a standard
in vitro DNA-binding experiment with those of an vitro

UV cross-linking assay. Paired and Bicoid bind with
different relative affinities to a series of DNA fragments
that each contain a number of Paired and Bicoid recogni-
tion motifs. The levels of UV cross-linking closely follow
these DNA-binding profiles (Figure 1B). Among the DNA
fragments tested, the mean difference between the DNA-
binding and UV cross-linking data i 20%, and the
most extreme difference on any DNA fragment is ~2-
fold. Therefore,in vivo UV cross-linking should be a
good measure of binding by endogenous Paired and Bicoid
at specific DNA sites in embryos.

UV cross-linking accurately reflects relative levels

of DNA binding

UV cross-linking is a well characterized method that only
covalently couples proteins to DNA sequences to which
they are bound directly (Hockensmigt al., 1991; Blatter

et al, 1992; Walter and Biggin, 1997). Contrai vitro
experiments demonstrate that the amounts of Eve protein
UV cross-linked to a series of different affinity DNA
fragments accurately reflect the relative levels of protein
bound to DNA; also, Eve does not UV cross-link to
short restriction fragments that do not contain specific
homeoprotein recognition sequences (Walter and Biggin,
1996). Therefore, because UV cross-linking is a good
measure of relative DNA binding by Evia vitro, this
method should also provide an accurate quantitation of

Eve’s binding to specific DNA sitei vivo. Paired and Bicoid cross-link to known target genes

Before examining cross-linking of Paired and Bicoid in in vivo
1 eXamining eross-Inkng " ICOId N paired and Bicoid directly activate transcription of the
A Total BND  XLINK gene via enhancer elements located in a 7 kb region just
o S upstream of thevemRNA start site (Smalet al., 1992;
5% 5% 100% Fujioka et al, 1996). Bicoid activateshunchbackby

binding to sites just 50f the P2 transcription initiation
site (Driever and Nusslein-Volhard, 1989; Margadisal.,
1995). Since these are some of the best characterized

25e targets of these homeoproteins, we initially determined if
21p our in vivo UV cross-linking assay could detect the
1 6?1.3;3 > interaction of Paired and Bicoid with these elements, first
iee == ool examining binding to thevegene.
13e - paired is transiently expressed in a significant number
of cells from 3.5 to 5 h after fertilization (Kilchhest al,
T S A T 1986; Gutjahret al, 1993). The Paired target element
(PTE) in theevegene lies 5.5 kb upstream of the RNA
start site (Figure 2A; Fujiokat al., 1996). To determine
B whether Paired binds to this regiamvivo, chromatin was
. purified from UV-irradiated 4-5 h embryos (stages 5b-8;
56 Bicoid Campos-Ortega and Hartenstein, 1997), then the DNA
’ ‘ I was restriction digested and immunoprecipitated with
B O DNA Binding
2 040 |
- B UV crosslinking
w
T 030 - Fig. 1. UV cross-linking is a good measure of DNA bindind\)(For
E all experiments, DNA-binding reactions contained 300 ng of purified
o Bicoid protein and 10 fmol of &8gll, BanHI, EcoRl and Xhd
2 | restriction digest of plasmid pEL3. In a standard DNA-binding
; B reaction (lane 2), protein-DNA complexes were purified by
e 0.10 - immunoprecipitation using anti-Bicoid antibodies bound to
— Staphylococcus aureulls; then precipitated complexes were washed
0.00 ...:l - | .El... | (. | briefly in binding buffer, the bound DNA fragments were eluted and
256 2.1p 18p 1.67¢ 1.60e 136 5% of the recovered DNA fragments was analyzed by electrophoresis
on an agarose gel and exposure to an imaging plate. In UV cross-
DNA Fragment linking experiments, DNA-binding reactions were either UV irradiated
Paired for 2 min (lanes 3, 5 and 6) or were not irradiated (lane 4); then
0.10 protein—~DNA complexes were isolated by immunoprecipitation,
' uncross-linked DNA was removed by washing precipitated complexes
a in a buffer containing 1% Triton X-100 and 0.2% Sarkosyl, covalently
x 008 coupled protein-DNA complexes were eluted from ghaureuscells
b and digested with proteinase K, and the recovered DNAs were
'g 0.06 analyzed by electrophoresis. In the UV cross-linking experiment
| shown in lane 5, NaCl was added to reactions at a final concentration
2 o004 of 1 M prior to UV irradiation. In the experiment shown in lane 6,
g NaCl was added to a final concentratioinloM after UV irradiation.
T 0.02 The sizes of the DNA fragments present in reactions, and whether
€5 i they are plasmid (p) oeve(e) sequences, are indicated on the left.
e | (B) Quantitation of the relative levels of DNA binding (open bars) and
0.00 4 y y + 5 + UV cross-linking (dark bars) by Paired and Bicoid proteins to the

25e 2.1p 1.8p 1.67e 1.60e 1.3e DNA fragments shown in (A). The data are expressed as the density
of binding or UV cross-linking per kb of DNA. The data are
DNA Fragment .
normalized to place them on the same scale.

1599



A.Carr and M.D.Biggin

A evel avell
7.2 kb —+ o } — }-03kb

G PTE B sipe2 G

% Total DNA P % Total DNA Zeste IP
[ 1 | | | 1
2-3hr 4-5hr 8-10hr 2-3hr 2-3hr 4-5hr 8-10hr 4-5hr  B-10hr 4-5hr  8-10hr
005 .005 .005.0025 .001.0005.0001 Bed Prd Bed Prd  Bed Prd 005 005

P g Pt . ‘ | o
L ’ — = il awi r W W e 35k Ubx

y""' 4 .+ —33kb ewel ‘ 830 K o
= 2%y vy T +
¢ i*' - g
1 2 3 4 5 6 7 B 9 10 11 12 13 1 2 4
% Total DNA Bed IP % Total DNA Bed IP
| ] | [ Al
2-3hr 2-3hr 2-3hr 2-3hr 8-10hr
005 001 0001 +UV -UV 005 001 0000 W F B W F B
—36kb evell . e T w—s.ﬂkb evell
: ; B —33kb evel

% Total DNA Prd IP

f I 1 '
o o 1 2 3 4 5 6 7 8 9 10 1

005 001 0001 +UV -UV

—33kb evel

Fig. 2. Paired and Bicoid proteins UV cross-link to tegepromoterin vivo. (A) Diagram of theevegene showing two restriction fragments to

which cross-linking has been assayed: a 3.@kgti-BanHI fragment gvell), located between nucleotides —0.3 and —3.9 kb, and a 3Bdib

BanHI fragment evel), which spans nucleotides —3.9 to —7.2 kb. The Paired target element (PTE), the Bicoid responsive stripe 2 element (stripe 2)
and the positions oBgll (G) andBanHI (B) restriction sites are shownB) Chromatin was extracted from UV-irradiated 2—-3, 4-5 and 8-10 h

embryos and purified by CsCl buoyant density ultracentrifugation. Then 3008 this chromatin was digested wiBgll and BanHI and
immunoprecipitated using.aureuscells and either anti-Paired (lanes 9, 11 and 13) or anti-Bicoid (lanes 8, 10 and 12) antibodies. The precipitated
protein—DNA complexes were then eluted from ®@ureuscells and digested with proteinase K. The recovered DNA was electrophoresed on an
agarose gel and then transferred to a nylon membrane for Southern blot analysis. The same Southern blot was probed successively with DNAs that
hybridize with either fragmengvel (lower panel) orevell (upper panel) (Walteet al., 1994). To allow quantitation, the figure shows titrations

from 0.005 to 0.0001% of the total amount of DNA present in an immunoprecipitation reaction (% Total DNA, lanes 1-7). The ages of the embryos
from which chromatin was derived are given above each labeZgéste cross-links to a target DNA with equal efficiency in 4-5 and 8-10 h

embryos. UV-irradiated chromatin from 4-5 or 8-10 h embryos was restriction digested, then precipitated using anti-Zeste antibodies&MValter
1994). Southern blots were probed either with sequences that hybridize to a BdaoRbfragment from theJbx proximal promoter or with

sequences that hybridize to an 8.75KkbtoR| fragment containing the transcription unit of thetin 5Cgene (Walteret al, 1994). On the left is

shown 0.005% of the total DNA present in immunoprecipitation reactions of chromatin from 4-5 (lane 1) or 8-10 h (lane 2) embryos, the DNA
recovered from these immunoprecipitation reactions is shown on the right (lanes 3 and 4). Consistent with earlier resuéts {1\/41894), Zeste
cross-links strongly to th&/bx promoter (upper panel) but not to thetin 5Cgene (lower panel)..Y) Immunoprecipitation obvepromoter DNA is
dependent upon UV irradiation. Chromatin was extracted from 2—-3 or 4-5 h embryos that had been either UV irradiated for 30 min (lane 6) or not
irradiated (lane 7). Chromatin from 2—-3 h embryos was immunoprecipitated using anti-Bicoid antibodies (upper panel), and chromatin from 4-5 h
embryos was immunoprecipitated using anti-Paired antibodies (lower panel). Procedures and conventions are describey AmtiByd(es raised

to different epitopes of Bicoid give similar results. Chromatin from 2-3 and 8-10 h UV-irradiated embryos was precipitated with one of the
following affinity-purified anti-Bicoid antibodies: W, which is directed against amino acids 56-489 (lanes 6 and 9); F, which is directed against
amino acids 56330 (lanes 7 and 10); and B, which is directed against amino acids 330-489 (lanes 8 and 11). Otherwise, methods and conventions
are as described in (B).

affinity-purified anti-Paired antibodies that recognize a 95 antibodies do not detectably precipitate UV cross-linked
amino acid portion of Paired. In these experiments, a chromatin purified from 8-10 h embryos (stages 11 and
3.3 kb restriction fragmentefel) that contains the PTE  12) and only weakly bring down DNA from 2—3 h embryos

is cross-linked to Paired protein vivo (Figure 2B, lane (stage 4) (Figure 2B, lanes 9 and 13). This failure to
11, lower panel). An adjacent 3.6 ldvefragment éve immunoprecipitate chromatin from 8-10 h embryos is
II) is also cross-linked to Paired, but at 10-fold lower not simply because this material is poorly cross-linked.
levels (Figure 2B, lane 11, upper panel). Consistent with Another transcription factor, Zeste, which is expressed at
the temporal pattern of Paired expression, the anti-Pairedequal levels in 4-5 and 8-10 h embryos, is cross-linked

1600



Widespread DNA binding by homeoproteins

specifically at equal levels to a known target element in A
chromatin from embryos of both ages (Figure 2C; Walter
et al, 1994; Laney and Biggin, 1997). B Bicoid
Bicoid is transiently expressed for only the first 3.5 h 120 ‘_ i B raired
|
|

of embryogenesis and activatese transcription via a
cluster of five high affinity binding sites located within
the stripe 2 element (Figure 2A; Driever and Nusslein-
Volhard, 1988; Smalét al., 1992). Anti-Bicoid antibodies
were used to immunoprecipitate chromatin purified from
UV-irradiated 2—3 h embryos. Figure 2B shows that frag-
mentevell, which includes the stripe 2 element, is cross-
linked to Bicoid approximately five times more efficiently
than the adjacent promoter region, fragmesie |
(Figure 2B, lane 8, compare upper and lower panels).
Chromatin prepared from 4-5 or 8-10 h embryos gives 20

weak or undetectable Bicoid cross-linking signals on these

same DNA fragments (Figure 2B, lanes 10 and 12), in 0 | .
agreement with the expression profile of Bicoid. [ I

Chromatin prepared from unirradiated embryos is not
immunoprecipitated detectably by either anti-Paired or bk O
anti-Bicoid antibodies, indicating that the immunoprecipi- 69 kaTE +2.7kb
tation of DNA is dependent upon covalent coupling of eve
proteins to DNAIn vivo (Figure 2D). Separate affinity- B
purified antibodies directed against either the N- or 1409
C-terminal halves of Bicoid both immunoprecipitate five
times more fragmeravell than fragmenevel (Figure 2E).
Likewise, antibodies recognizing either amino acids 355—
450 or 450-613 of Paired give similar results to each
other (data not shown). Non-specific rabbit anti-mouse
antibodies do not precipitate detectably either region of
the evepromoter (data not shown). Therefore, our assays
specifically detect only Paired or Bicoid.

Paired and Bicoid also bind at appreciable levels to a
third region of theeve gene that includes the entire
transcription unit. Figure 3A compares the relative levels
of cross-linking of these two proteins on all threeegene
fragments. This figure illustrates the distinct preferences of 20 -t
Paired and Bicoid for different promoter regions, and
shows that these two proteins bind most strongly to their
known target elements. On thHeunchbackgene, Bicoid
cross-links at similar levels to a 3.4 kb fragment containing
the Bicoid target element as it does to tlee stripe 2 :
element (Figure 3, compateunchbackl with evell). In FES ' PR
addition, just as on theve gene, Bicoid is found at hunchback
significant levels on regions dfunchbackthat flank its Fig. 3. Bicoid binds at similar levels to theveandhunchbaclgenes
known target element (Figure 3B)_ i_n v!vo. (A) The rel.ative levels of Paired (green) and Bicoid (red)_cross—

The fact that Paired and Bicoid cross-link at appreciable 'k']”k('j?\%i‘;] th{ﬁ: Zgé?gegtig]?ﬁm%mfeg tﬁ:ﬁgﬁ”j- ﬁglg?;? are ,\‘l’zrf';’aed
levels to DNA fragments ac_“acem to their Chara_Cterlzed myent by tr?e length ofgthe DNA frggmepntin kb a?]d thus represent tﬁe
target elements is not entirely unexpected. Paired andrejative density of cross-linking per kb of DNA. At the bottom is a
Bicoid recognition motifs are found throughout the length diagram showing the three DNA fragments, the transcription start site
of many genes, and the selector homeoproteins Eve andhorizontal arrows), the mRNA polyadenylation site (vertical arrows),
Ftz cross-link to sites throughout the length of their best ! PTE and ife stripe 2 element The positiorBgt (). Ba) (8),

. . . caRl (E) andXhd (X) restriction sites are also indicatesefragments
Ch"?‘raCte“Zed targ(_et Qe”% vivo (Walter ?t al, 1994)'. l'and Il are described in Figure 2&yefragment Ill is a 2.7 kiXhd—
This broad cross-linking across genes is not an artifact Ecari fragment that encodes the entire transcription uBjRelative
caused by than vivo UV assay misrepresenting the pattern cross-linking per kb of Bicoid (red) to three regions of thenchback

iy

o
|
|

Normalized crosslinking per kb

i —_
[+5] (=] na
o o (=}

[o2]
o
|
|

Normalized crosslinking per kb

of homeoprotein DNA binding In addition to the vitro gene. The methods and conventions are as described in (A) except that
. . ) . - the positions of the Bicoid target element (BTE), ¥igdl (A) restriction
control experiments des_c_rl_bed earlier, the _foIIo_wmg result sites, and the P1 and P2 mRNA start sites are also shown. The three
demonstrates the specificity of the methiodvivo: the DNA fragments to which cross-linking was measured are a 4BddRl
transcription factor Zeste is UV cross-linkéd vivo to fragment including the P1 promoter (1), a 3.4 EboRI-Xba fragment

200-500 bp regions that contain high affinity Zeste sites containing the P2 promoter (If) and a 2.4 Xba fragment containing

and not to adjacent gene fragments that lack Zeste recogni-"€ entire protein coding sequence (lll). The DNA fragments used to

. . ) N . detect these three promoter regions in Southern blots were derived from
tion sites (Walteret al, 1994; Walter and Biggin, 1996; ¢ 12 kb KG fragment described in Margaéisal. (1995).

Laney and Biggin, 1997). Thus, the broad cross-linking
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of homeoproteinsin vivo must be caused by proteins
bound directly to specific sites present throughout genes.

Paired and Bicoid bind to a wide range of genes

A % Total DNA Bcd IP
|

| |
2-3hr 2-3hr 8-10hr

.005 .001 .0005 .0001

in vivo

Previous experiments established that Eve and Ftz cross-
link in embryos to their well characterized targets ftz

and Ubx at only 2- to 20-fold higher levels than they do

to four unexpected targetddh, actin 5C hsp70androsy
(Walter et al, 1994). Subsequently, it was shown that,
contrary to previous claims in the literature, these four
unexpected targets are regulated by Eve and probably by
the other selector homeoproteins as well (Liang and
Biggin, 1998), suggesting that these homeoproteins may
bind and regulate a large percentage of genes. This
widespread DNA binding by Eve and Ftz is consistent
with the relatively high concentrations of these two pro-
teinsin vivo (at least 50 000 molecules per nucleus; Walter
et al, 1994) and, because Paired and Bicoid are expressed 6
at similarly high levels, we wished to determine if they also B % Total. DNA: Prd 1P
bind to a wide array of genes in embryos. Consequently, we ] I |
guantified the mean cross-linking per kb of DNA of Paired —4shr __ 4-Shr 8-10hr
and Bicoid to the same series of DNA fragments used in 0800t D5, 0001

the studies of Eve and Ftz.

actin —8.75kb

fzI - ...‘.’ .ﬂ —3.5kb

Paired and Bicoid cross-link at levels above the limit actin <H75H
of detection of our assay to almost all gene fragments
tested (Figures 4 and 5); only the interactions of Bicoid Rzl — L e s

with Adhand of Paired witlrosy and thehsp70transcrip-
tion unit are too weak to be detected in our assay. Thus,
like Eve and Ftz, Paired and Bicoid may bind at appreciable
levels to most genes iBrosophila Fig. 4. Bicoid and Paired bind to a wide range of genes in embryos.

Eve and Ftz cross-link with very similar specificity to ISA) CrOStS-linking of engogegous _%icgi_d r::r_otein t20 aguvmg of gene

H H H ragments wi I In Flgur n
all DNA. fragments tested, wher_eas_ Paired and Bicoid (16:9994; Tshe aDsNaAs?raa?(j:]%eErﬁs Ersocss-l?nked t(?léiioidaare an 8.r75 kb
show different patterns of cross-linking, bOth,from each genomic fragment that includes thetin 5Ctranscription unit, a
other and from Eve and Ftz (Waltet al, 1994; Figure 5). 3.5 kbEcoRI genomic fragmentftz Ill) that contains theftz
For example, Paired binds more weakly than the other transcription unit, thre®anHI-Xhd genomic restriction fragments
Romeoproteins fo hlspTOtranscripion uni, yet Palfed 1SS, PEars S Iwosieion s T ISR
binds more strongly than these other proteinsete 'gI]'itrations of the total DNA uged in immunoprecipitation reagtigons of
fragment |. Our data also show, however, that although >_3, chromatin are shown in lanes 14, and the DNA recovered after
the DNA-binding specificities of these proteins differ, immunoprecipitation is shown in lane 5. The DNA recovered from
these differences represent no more than a 5- to 10-foldimmunoprecipitation of 8-10 h chromatin is shown in lane). vV
variations in cross-linking to any given DNA fragment cross-linking of endogenous Palred protein to the sagt: 5_Cand

. . ftz Ill gene fragments shown in (A). Methods and conventions are as
and, on some fragments, all four proteins cross-link at jescribed earlier.
comparable levels (Figure 5).

The density of cross-linking for each homeoprotein is
highest on alkveandftz gene fragments and is generally Bicoid and Eve. We divided the upstream regionesk
lowest onrosy and Adh (Figure 5). Later, we argue that into four similarly sized restriction fragments, each of
this pattern of binding may be due to chromatin structure ~1.5 kb (Figure 6B). Figure 6A shows the results of an
varying from gene to gene: homeoprotein recognition sites in vitro immunoprecipitation assay demonstrating the
at weakly bound genes could be less accessible than thoselifferent affinities of Eve, Paired and Bicoid for some of
at strongly bound genes. these DNA fragments.

Eve binds at roughly similar levels to all four promoter
fragments botlin vitro andin vivo (Figure 6; Walteret al.,,
1994; Walter and Biggin, 1996)n vitro, Eve has been
eve gene shown to recognize most variants of the NNATTA con-
The preceding experiments establish thevivo pattern sensus sequence with similar affinity (TenHarmesteal,,
of DNA binding by Paired and Bicoid in comparison with  1993; D.Dalma-Weiszhausz and M.D.Biggin, unpublished
that of Eve and Ftz. We are interested in the relationship data). Figure 6B shows that these sites are found at
between thisin vivo binding and the intrinsidn vitro comparable frequencies in each of the four upstream
DNA-binding specificities of these three classes of homeo- regions: between 10 and 14 sites are found per kb of DNA.
protein. To examine this question, we first compared Bicoid binds most strongly bottn vitro andin vivo to
in vitro andin vivo DNA binding on theevegene as this  a fragment containing the stripe 2 element (Figure 6B).
gene contains well characterized target elements for Paired Only fragmentevell o shows a large difference between

1 2 3 4 5 6

The in vitro and in vivo DNA-binding specificities
of homeoproteins are broadly similar across the

1602



Widespread DNA binding by homeoproteins

140, -——— -
= 188
B rared
120 o _ N
| ] FzaEve ¢
Bicoid
@ 100 L]
@ =
o
(=]
£ 80 SE—
=
8
o
G 60
3
N
3
E 40
Q
s
.o J —
0 * *- 4 J* |.ﬂ.} Bee. " : i H
rosy Adh actin hsp70 hsp70 Ubx | 1l 1 1l [ v
anl P . R L
G B GX E E E E E
-6.9kb +27kb  -4.7kb +5.5kb

eve fiz

Fig. 5. Paired and Bicoid bind to a wide range of gemmewivo but with different specificities from each other and from Eve and Ftz. Cross-linking

of Paired (green), Bicoid (red), Ftz (blue, left) and Eve (blue, right) to DNA fragments from a number of genes. All data are expressed as the
relative density of cross-linking per kb of DNA. The DNA fragments for which data is presented include those described in Figures 2, 3 and 4,
together with a 4.7 kiiEcoR| fragment containing th&dh gene a 7 kbgenomic fragment including the scs region from the proximal side of the
hsp7087A locus, a 3.2 klEcoRI upstream fragment containing tfftz autoregulatory elementtg Il) and a 3.5 kbEcoRI fragment containing

sequences downstream of thietranscription unit {z IVV). Schematic representations of tegeandftz genes show the positions of several DNA

fragments to which cross-linking was assayed using the conventions and symbols described in Figure 3. The data for the Eve and Ftz proteins were
collected previously and are shown here for comparison (Wattet, 1994).

the in vitro andin vivo data, being bound 35-fold more several clusters of high affinity Bicoid-binding sites than
weakly in vitro thanin vivo. Bicoid only binds strongly it does to the transcription unit, which contains only low
in vitro to the sequences GGATTA, GCATTA, AGATTA affinity sites (Figure 2B, comparkunchbackfragments
and CGATTA (Driever and Nusslein-Volhard, 1989; Perci- 1l and Ill; Driever and Nusslein-Volhard, 1989). Across
val-Smith, 1990; Smallet al, 1992). Importantly, the the ftz gene, each promoter region is bound at roughly
frequency of these sites in each promoter region correlatessimilar levelsin vitro andin vivo by all four homeoproteins
with the relative affinity of Bicoid for these regions examined (Figure 5; Walter and Biggin, 1996; unpublished
(Figure 6B). Thus, the distinct preferences of Eve and data), the only exception being th&r fragment Il is
Bicoid for high affinity DNA sites appear to be the major bound significantly more weaklin vitro by Paired and
determinant of their preferences for fragments across theBicoid than it isin vivo. A close correspondence between
evegene. in vitro and in vivo DNA-binding specificity is also

A close correspondence betweén vivo UV cross- seen for the non-homeodomain transcription factor Zeste
linking andin vitro DNA binding is also seen for Paired (Walter and Biggin, 1996; Laney and Biggin, 1997). Thus,
on all four DNA fragments (Figure 6B). Unfortunately, for all interactions measured, the intrinsic DNA-binding
there is not sufficient information available to predict specificities of transcription factors is a good but not
accurately the DNA sequences bound by Paired. However,precise guide to the distribution of these proteins across
from the available data, it is likely that all four promoter their best characterized target gelresivo.
regions contain a number of high and moderate affinity Interestingly, the few interactions that show a significant
sites (Hoey and Levine, 1988; Fujiolat al., 1996; Jun discrepancy betweein vitro andin vivo binding all occur
and Desplan, 1996). on DNA fragments that are bound more weaklyvitro

In vitro andin vivo specificities have also been compared than they aren vivo. Later, we argue that in these cases,
across other genes. On thenchbaclgene, Bicoid cross- and only in these cases, cooperative interactions with
links in vivo more strongly to a promoter region containing other transcription factors may play a major role in
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Fig. 6. In vitro andin vivo DNA binding across thevepromoter are
broadly similar for Paired, Bicoid and EveA) DNA binding to eve
promoter fragment@ vitro. Protein purifications anth vitro DNA-
binding assays were performed as described in Figure 1, except that
binding conditions were slightly more stringent to accentuate the
different binding preferences of each protein. The amounts of Paired,
Bicoid or Eve protein included in DNA reactions are indicated above
each lane in ng. A titration of 1.25—-20% of the total DNA present in
the reactions is shown on the lefB)(Comparison of relativén vivo

UV cross-linking (yellow), relativen vitro DNA binding (blue) or
frequency of DNA recognition sequence occurrence (gray) per kb of
DNA. Data for four regions of thevegene are shown: a 1675 bp
Bgll-EcaRI fragment (h), a 1602 bpEcoRI-BanHI fragment (i), a
1222 bpXhd fragment (lly) and a 1733 bpxhd fragment (Ik). At

the bottom is a diagram indicating the positions of these four DNA
fragments. In addition, the Paired target element (PTE), the minimal
autoregulatory element activated by Eve (MAE) (Jetaal, 1991), the
Bicoid responsive stripe 2 element (stripe 2) and the RNA start site
are shown. For Bicoid, the frequency of the sequences GGATTA,
GCATTA, CGATTA and AGATTA in each restriction fragment was
calculated. For Eve, the frequency of ATTA sequences in each
promoter region was calculated. Thevitro DNA-binding data and
frequency of binding site data were adjusted to present them on the
same scale as tha vivo UV cross-linking data. Thén vivo cross-
linking data for Eve were collected earlier (Waltral., 1994); the
remaining data are from this study.

determining the level of occupandy vivo by increasing
the level of DNA binding.

Comparison of in vivo cross-linking and in vitro
binding to different loci

B
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cross-linkingin vivo to a range of genes. There is no
simple relationship between the two sets of data. For
example, a fragment containing thesy gene is one of
the most strongly bound by Bicoieh vitro but is one of
the most weakly bounéh vivo. Similarly, Paired cross-

The genes for which there is a good correlation between links most stronglyin vivo to the 6.9 kbeve upstream

in vitro andin vivo DNA-binding preferences, such ase
andftz, are all bound strongly in embryos. However, when
genes bound weaklin vivo are also included in such an
analysis, no correlation is seen betw@ewitro andin vivo
DNA-binding specificities (Walter and Biggin, 1996;
Figure 7).

Figure 7A showsin vitro binding of Eve, Paired and
Bicoid to some of the gene fragments to which binding
was tested in thén vivo studies. Each protein shows a

region but binds this fragment more wealyvitro than
it binds theUbx or Adh promoter fragments.

A model for homeoprotein DNA binding in vivo

The above discrepancies between homeoprotein DNA
binding in vitro and in vivo indicate that conditions in
the embryo affect the preferences of homeoproteins for
different genes. For the reasons described below, we
suggest that the major factor affecting DNA binding

different preference for these genes. Figure 7B comparesin vivo is the inhibition of binding at some gene loci by

relative levels of bindingn vitro to relative levels of UV
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Fig. 7. In vitro andin vivo DNA-binding preferences differ when
compared on a range of gene8) Binding of Eve, Paired and Bicoid
in vitro. DNA-binding reactions were performed as described in
Figure 6 and contained a cocktail of the following DNA fragments: an
8.75 kbEcadRlI actin 5Cfragment, a 7.3 kitHindlll rosy fragment, a

4.7 kb EcaRIl Adhfragment, a 3.5 kliEcoRl Ubx proximal promoter
fragment, 1.45 and 1.1 kb fragments fronBanHI-Xhd digest of a

2.6 kb BarrHI hsp70fragment, and pUC plasmid DNA (Walter and
Biggin, 1996). Purified proteins were added at the amount indicated in
ng; 10% of the DNA used in the DNA-binding reactions is shown on
the left. 8) Comparison ofn vitro DNA binding (blue) andn vivo

UV cross-linking (yellow) per kb of DNA for four homeoproteins. In
the panel showing data for Eve and Ftz, bars on the left of each pair
show binding or cross-linking of Ftz and bars on the right show data
for Eve. The DNA fragments for which data are presented are
described in Figures 4, 5 and 7A, except for thegene, for which
data is presented for a 6.9 Byll fragment spanning nucleotides —7.2
to —0.3 kb. Thein vitro data are normalized to give a percentage of
binding to a 3.5 kllUbx proximal promoter fragment: Paired, Eve and
Ftz binding to theUbx DNA is set at 100; Bicoid binding is set at 25.
Data for Paired and Bicoid were collected in this study; data for Eve
and Ftz were collected earlier (Walter al., 1996).

actions with other transcription factors (cofactors) play
only a minor role by increasing DNA binding at a limited
number of lower affinity sites within genes.

At the stage of embryogenesis examined in the UV
cross-linking experiments, thdh gene is not transcribed
and therosy gene is inactive in most cells (Liang and

Widespread DNA binding by homeoproteins
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their chromatin structure may be fully permissive to

homeoprotein binding, and this could explain why they

are the most highly bound genes. [The transcriptional state
of the actin 5C gene at cellular blastoderm has not been
determined because high levels of perduring maternal
transcripts obscure any zygotictin 5C transcription

Biggin, 1998). These two genes are bound most weakly (Liang and Biggin, 1998).]

in vivo by Eve, Ftz, Bicoid and Paired, even though these
two genes are bound relatively wéfl vitro (Figure 7B).
The chromatin structure of transcriptionally inactive genes
is thought to inhibit DNA binding by certain classes of
transcription factor (Wallrathet al, 1994; Beato and

Eisfeld, 1997; Kadonaga, 1998). Therefore, closed chro-

matin structure could explain the reduced bindingAtth
and rosy. The Ubx gene is only weakly transcribed at
cellular blastoderm, and thhsp70fragment shown in
Figure 7 is only open to transcription factor binding over
part of its lengthin vivo (Wu, 1984; Akam and Martinez-
Arias, 1985; O'Brienet al, 1995). Thus, partially open

Our model readily explains the similarity between
in vitro and in vivo DNA binding acrosseve ftz and
hunchback If homeoproteins can bind to most sites on
actively transcribed genes without the help of cooperative
interactions with cofactors, then homeoproteins would be
distributed across these genes in the same manngéro
andin vivo, as we see. In contrast, if homeoproteins could
only bind DNA via cooperative associations with cofactors,
as others have proposed (e.g. Johnson, 1992; Mann and
Chan, 1996), then thim vitro andin vivo homeoprotein
DNA-binding profiles across actively transcribed genes
would probably differ; homeoproteins would be distributed

chromatin structure may explain the intermediate levels in vivo in a manner dependent upon the DNA-binding

of UV cross-linking toUbx and hsp70 in vivo The eve
ftz andhunchbackgenes are all highly transcribed. Thus,

specificities of their cofactors.
Transgenic promoter constructs containing only high
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affinity Bicoid recognition sequences are activated by et al, 1995; Boydet al,, 1998). In contrast, Zeste cross-
Bicoid in embryos (Hanegt al, 1994; Simpson-Brose links in vivo to short regions of thé&Jbx promoter at at
et al, 1994). Thus it seems unlikely that endogenous least 100-fold higher levels than it does to other genes
Bicoid needs to form heteromeric complexes with cofac- (Walteret al,, 1994; Laney and Biggin, 1997). Studies of
tors in order to bind to Bicoid recognition sité@s vivo. proteins bound to polytene chromosomes also suggest that
By extension, it is not unreasonable to propose that other some transcription factors bind selectively to only a small
homeoproteins that are expressed at levels similar to number of genes (Urness and Thummel, 1990; &&al.,
Bicoid and that bind DNA with comparable efficiency 1993). We suggest that metazoan transcription factors will
may also bind accessible recognition sites without the aid show a spectrum of DNA binding, from factors that bind
of cofactors. very selectively to those that bind as broadly as Bicoid,
The activities of homeoproteins such as Ubx, Eve and Paired, Eve and Ftz.
Ftz are significantly affected by combinatorial interactions ~ The majority of transcription factor molecules in prokar-
with other transcription factors. However, the available yotes are predicted to be bound to DNA. Most molecules
data suggest that these cofactors do not act by substantiallyare thought to be bound in a sequence-independent manner
increasing homeoprotein DNA binding in embryos through at very low levels throughout the genome because
cooperative interactions (Biggin and McGinnis, 1997). sequence-specific DNA-binding proteins can bind any
Instead, these cofactors probably act in alternative ways. DNA sequence weakly via electrostatic interactions and
For example, our data indicate that conditions in the because the concentration of DNA in cells is very high
embryo modify the DNA-binding preferences of Eve and (von Hippelet al, 1974; Lin and Riggs, 1975; Ptashne,
Ftz in essentially the same way (Figure 7B); yet a cofactor 1992; Yang and Nash, 1995). We suggest that there are
important for Ftz activityin vivo, Ftz-F1, has no affect several key differences between these predictions and the
on evefunction (Guichetet al,, 1997; Yuet al, 1997). If widespread DNA binding of homeoproteinsimosophila
the in vivo distribution of Eve and Ftz was determined First, in contrast to the poor discrimination between most
primarily by cooperative DNA binding with cofactors, then genes shown by homeoproteins, prokaryotic regulators are
another cofactor with the same DNA-binding specificity as predicted to bind to their target genes at levels at least
Ftz-F1 would be required to position Eve in the same 100-1000 times higher than they bind to any other region
manner as Ftz. We suggest that it is simplest to assumeof the genome (Lin and Riggs, 1975; Biggin, 1998).
that cooperative interactions with Ftz-F1 do not influence Secondly, many prokaryotic transcription factors bind with
DNA binding by Ftz at most sites and that Ftz-F1 acts high affinity to 14-20 bp specific sequences that occur
by some other mechanism. Combinatorial interactions rarely in the genome, whereas homeoproteins bind to
between other transcription factors have been shown todegenerate 6 bp sequences that are found in most
occur by synergistic interactions with different components Drosophila genes at a density of 5-10 sites per kb of
of the general transcriptional machinery (Sawral, DNA (Walter and Biggin, 1996; D.Dalma-Weiszhausz and
1995; Ptashne and Gann, 1997). Such a mechanismM.D.Biggin, unpublished data). Thus, unlike prokaryotic
could therefore explain how cofactors might influence regulators, the majority of homeoprotein molecules in a

homeoprotein activity without affecting their DNA
binding.

cell may be bound at specific high affinity sites. Thirdly,
the low levels of prokaryotic regulators bound to most

Inyeast, homeoproteins do appear to require heteromericgenes do not affect transcription, whereas the widespread

association with cofactors in order to bind DNA at
functionally significant levels (Johnson, 1992). Differential

binding of homeoproteins may play a direct role in
regulating the expression of a large proportion of genes

interactions with cofactors are thought to cause these (Liang and Biggin, 1998). Understanding how homeoprot-
yeast homeoproteins to bind much more selectively and eins control development will require a detailed analysis

differently from each othein vivo than they dain vitro,

allowing each to bind and regulate different target genes

of how this widespread DNA binding affects transcription.

(Johnson, 1992). We suggest that the reason whyMaterials and methods

Drosophila homeoproteins may not bind in this way is

because their biological functions are different from those Antibodies

of the yeast homeoproteins. Drosophila homeoproteins

control diverse processes such as cell size, cell prolifera-

tion, cell shape, cell movement and differentiation (Biggin

Crude serum and affinity-purified rabbit antibodies raised against a
truncated Paired protein containing amino acids 355-613 but lacking
the paired repeat (amino acids 552-572) were provided by C.Desplan.
This C-terminal portion of Paired does not include either the homeo-

and McGinnis, 1997). These global functions may require domain or the Paired domain. Two additional preparations of anti-Paired

Drosophilahomeoproteins to bind broadly and to regulate

the expression of a large percentage of genes (Liang an

Biggin, 1998).

Transcription factor DNA binding in vivo

It is difficult to assess what fraction of transcription factors
will show widespread DNA bindingn vivo. We strongly
suspect that other classes of homeoproteiri3rosophila

as well as homeoproteins in other animals will bind to a
very broad range of genes vivo. Cross-linking studies
suggest that th®rosophilaGAGA factor and the human
c-Myc factor also bind very widely in cells (O'Brien
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antibodies directed against non-overlapping regions of Paired protein
amino acids 355-450 and 450-613) were purified from the above crude
erum using standard techniques. The majority ofithévo andin vitro
UV cross-linking and DNA-binding data for Paired were collected using
antibodies affinity purified against amino acids 355-450. Antibodies
directed against non-overlapping regions of Bicoid (amino acids 56—-330
and 330-489) were affinity purified from a crude anti-Bicoid rabbit
serum directed against amino acids 56—489 (G.Struhl, personal commun-
ication). A third set of antibodies was purified with a Bicoid protein
containing amino acids 56—489. This set was used to collect nearly all
of the Bicoidin vivo andin vitro cross-linking and DNA-binding data.

In vivo UV cross-linking
Embryos aged 2-3 h (primarily stage 4; Campos-Ortega and Hartenstein,
1997), 4-5 h (primarily stages 5b-8) and 8-10 h (stages 11 and 12)
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were collected from standard size population cages. Embryos were UV MacDonald, Jim Posakony and Michael Weir for plasmids and DNA
irradiated and chromatin was purified as described previously (Walter sequence information. We thank Janet Carr, Bill McGinnis, Johannes
et al, 1994; Walter and Biggin, 1997; Biggin, 1999; Carr and Biggin, Walter and Trevor Williams for helpful comments on this manuscript.
1999). After digestion with the specified restriction enzyme(s), chromatin This work was funded in part by a grant from the National Institutes of

was immunoprecipitated and the recovered DNA detected by Southern Health to M.D.B.

blot. Immunoprecipitations of chromatin from 8-10 h embryos with

anti-Bicoid antibodies gave background signals that were on average

~0.00003% of total DNA. In contrast, the signal obtained from immuno-
precipitation of fragmenevell , from 2—3 h chromatin using the same

antibody was 0.0046%. Thus, the highest signals obtained are Akam,M.E.

>100-fold above the background in the assay. A slightly higher back-
ground of ~0.00005% of total DNA was found in Paired immunoprecipi-
tations of chromatin from 8-10 h embryos.

All DNA fragments for which cross-linking values are given were
consistently immunoprecipitated more efficiently than chromatin from
8-10 h embryos. Additionally, similar data are obtained when two
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This suspension was centrifuged at 4°C for 15 min at 12 000 r.p.m. in
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In vitro DNA binding and in vitro UV cross-linking

In vitro protein—-DNA binding andn vitro UV cross-linking assays were
carried out as described earlier (Walter and Biggin, 1996, 1997) with the
following modifications. DNA-binding reactions contained the following
amounts of protein: 75-300 ng of Paired, 19-150 ng of Bicoid or 12—
50 ng of Eve protein. Each binding reaction also containedugnl
sonicated calf thymus DNA. To immunoprecipitate DNA fragments,
0.5 pg of either anti-Paired, anti-Bicoid or anti-Eve affinity-purified
antibody was addedtaphyloccus aureusells were prepared without a

boiling step: they were resuspended from a lyophilized state, washed

once in IX PBS and once in 50 mM Tris (pH 8.0) 2 mM EDTA, then
stored frozen in 50 mM Tris (pH 8.0), 2 mM EDTA and 0.2% Sarkosyl.
After immunoprecipitation of protein-DNA complexeS,aureuscell

immune complexes were washed twice quickly with H06f 1 X binding

buffer prior to elution of the DNA. In the UV cross-linking assay shown
in Figure 1, DNA-binding reactions were irradiated for 2 min. The
in vitro DNA-binding data for Eve, Paired and Bicoid shown in Figure 6B

were collected from separate reactions containing either the DNA digest

shown in Figure 6A or arXhd digest of pEL3. Binding to fragments
Ia and g was determined from the former digest whereas binding to
fragments |5 and llg was measured from the latter.
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