NATURE VOL. 310 5 JULY 1984

the dominant contribution to J, comes from low latitudes, the
region where we have measured v,,.

According to parametrized, post-newtonian theories of gravi-
tation, the predicted advance of the perihelion of Mercury is

®=4295[(2+2y—-B)/3+29%x10%),] arcs per 100yr (6)

where y and B are parameters which are both unity in general
relativity. Combining our value of J, with the planetary data of
Shapiro et al?' and that of Anderson et al??, we have

(2+2y—B)/3 =1.002+0.005 and 1.006 £ 0.005 %)

Our value of J, makes an essentially negligible contribution to
equation (7). In particular, the contribution of the J, term from
equation (6) to equation (7) is a factor of }0 less than the errors
quoted in equation (7), which are due to the planetary data.
Therefore, at the present level of accuracy of the planetary data
our value of J, is not in conflict with general relativity.

As noted above, there is an apparent discrepancy between
observational estimates of the internal rotation. We calculate a
markedly slower internal rotation rate than Hill et al®. The
discrepancies between the two results are much larger than the
measurement uncertainties appear to allow. Unfortunately, there
are no modes common to both data sets, so a direct comparison
of splittings is not possible. The theory by which the interior
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rotation rate is calculated from a set of rotational splittings is
sufficiently well understood that the two different sets of split-
tings should yield comparable rotation rates, at least if v, is a
slowly varying function of r.

It is mathematically possible (see ref. 23) to find a function
v, that is consistent with all of the data, but we find it implaus-
ible that the details of the rapid rotation variation that would
then be required would be such as to impart high rotational
splitting just to the modes that happen to have been identified
in one set of observations. This suggests that there are systematic
errors in at least one set of results. The most likely source of
systematic errors is mode misidentification, that is, either a
feature in a spectrum that is not a mode is wrongly identified
as a mode or a feature is assigned incorrect values of n, [, m.
The relative simplicity and high resolution in I in the spectra
of Duvall and Harvey' compared with Bos and Hill?, plus the
unexpected appearance (Fig. 1 of ref. 9) of zonal modes in the
latter analysis, lends confidence to the present work.
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Sequence of a Drosophila segmentation
gene: protein structure
homology with DNA-binding proteins

Allen Laughon & Matthew P. Scott

Department of Molecular, Cellular and Developmental Biology, University of Colorado at Boulder, Campus Box 347, Boulder, Colorado 80309, USA

Mutations in the fushi tarazu (ftz) locus of Drosophila result in embryos with half the usual number of body segments.
The sequences of the wild-type gene, a temperature-sensitive allele and a dominant mutant allele are presented. A portion
of the conserved protein domain present in ftz and several homoeotic genes resembles the DNA-binding region of prokaryotic
DNA-binding proteins, and is also similar to products of the yeast mating-type locus.

Two well-defined processes in the development of Drosophila
melanogaster are the establishment of a segmented body pattern
and the specification of segmental identity (see ref. | for dis-
cussion). A large number of genes involved in establishing
proper segmentation have been identified>”’. The homoeotic
genes of the bithorax complex (BX-C) are involved in determin-
ing the identity of thoracic and abdominal segments®'°. A
second cluster of genes, the antennapedia complex (ANT-C)'',
functions primarily in head and thoracic development and con-
tains homoeotic loci, for example Antennapedia (Antp), Sex
combs reduced (Scr) and proboscipedia (pb), and a segmentation
gene fushi tarazu (ftz)*. Recessive lethal ftz mutant alleles result
in embryos having half the normal number of segments. This
phenotype has also been interpreted® as having homoeotic
character as the pairwise fused segments appear to have the

identity of the more anterior segment, that is, (T1 +T2)-> TI,
(T3 +Al)-> T3, etc. Temperature shift experiments with a tem-
perature-sensitive allele, fiz/*’*, indicate that ftz expression is
required only during the cellular blastoderm stage between 2
and 4h after fertilization*; this is the time at which ftz tran-
scripts are most abundant'?, long before segments become vis-
ible, suggesting that fiz functions in establishment but not main-
tenance of the pattern.

Molecular characterization of the ANT-C has included iden-
tification of the Antp and fiz transcript units'>'*. One important
finding is that the coding regions of the 3’ exons of Antp and
ftz and of the Ultrabithorax (Ubx) gene of the BX-C share an
~180-base pair (bp) (60-codon) region of homology'>~'®. Over
90% of the amino acid sequences in this region are conserved'®.
The amino acid composition of the region is 28-30% lysine and

©1984 Nature Publishing Group



= ARTICLES

Fig. 1 Outline of a method for generating staggered DNA sub-
clones for dideoxynucleotide sequencing. The key to this procedure
is that relatively large DNA inserts (up to 6 kb in our experience)
are stable in pEMBL single-stranded plasmids®®, which has allowed
us to adopt the sequencing strategy of Frischauf et al®® for use
with dideoxynucleotide sequencing. pEMBL plasmids contain the
F1 replication origin and are replicated as single strands and
packaged as phage when FI infection provides replication func-
tions in trans*®. DNA purification and subsequent enzymatic steps
were performed according to standard protocols*®. Preparation of
single-stranded DNA was as described elsewhere®®, DNA to be
sequenced (in this case a 3.5-kb HindIII fragment containing fiz)
is cloned into a site in the pEMBL polylinker as far as possible
from the primer site (in this case, the HindIII site of pEMBL9™).
An average of one random or quasi-random cut per molecule is
made with DNase I in the presence of Mn®* (ref. 41) or with
restriction enzymes. A second cut is introduced with a restriction
enzyme that cleaves as close to the primer site as possible, but
which fails to cleave the insert DNA (Smal in this case). The ends
of the DNA are repaired with the Klenow fragment of DNA
polymerase I followed by ligation of the DNA at concentrations
which favour recircularization (10 g ml™'). Thus a series of dele-
tions is generated, each having one end at the polylinker site. To
eliminate clones deleted in the direction opposite to the insert
DNA, the ligated DNA is cleaved with a second enzyme which
cuts only at a site in the polylinker between the first restriction site
and the insert DNA. DNAs with deletions extending in the wrong
direction are cleaved while those with deletions into the insert
(thus lacking this second restriction site) remain uncut. The DNA
is then used to transform E. coli strain 71-18 (ref. 38), selecting
for ampicillin resistance (Amp”)*. Circular molecules transform
at a much higher frequency than linear ones, eliminating most of
the clones which have deletions extending in the wrong direction.
About 500 amp” colonies are pooled in liquid culture and infected
with F1 strain IRI. Single-stranded F1 and pEMBL-derived DNA is
purified from the resulting phage mixture. This step selects against
deletions which destroy the F1 replication origin of the pEMBL
plasmids. The mixture of single-stranded DNAs are then converted
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to double strands by annealing of the pentadecamer sequencing primer (New England Biolabs) and synthesis of the second strand with Klenow
fragment. 2 ng of primer are annealed to 0.1 ug single-stranded DNA in 15 ul of 20 mM Tris-HC1 pH 8.5, 10 mM MgCl, at 42 °C for 1 h; to
this mixture is then added 2 ul of each 2 mM dXTP, 1 ul of 0.1 M dithiothreitol, 4 ul H,0, 0.5 ul Klenow (5 units wi™'). The reaction is carried
out at 37 °C for 30 min, after which an additional 0.5 ul of Klenow is added, followed by 30 min more at 37 °C. The DNA is then fractionated
in a 0.7% low-melting temperature agarose gel and slices between the sizes of pEMBL (deletion of entire insert) and pEMBL +insert (not
deleted) cut out. Only DNAs which contain the primer site will be converted to double-stranded molecules, again selecting against deletions
extending in the wrong direction. DNA is extracted from the gel slices and used to transform strain 71-18, selecting for ampicillin resistance.
The sizes of deletions in individual amp” clones are determined by agarose gel electrophoresis of double-stranded plasmid DNAs. Dideoxynu-
cleotide sequencing is done using single-stranded DNA from clones with deletion end points 200-300 bp apart (the length of sequence

determined per end being 250-350 bp).

arginine; the region may be involved in DNA or RNA binding.
This region of homology also hybridizes with several other
positions within the ANT-C and BX-C, suggesting that the genes
of the two complexes are functionally and evolutionarily related
and that the region of homology defines a common function or
property of the products encoded by these complexes. In par-
ticular, it suggests a relationship between at least some
homoeotic (Antp and Ubx) and segmentation (ftz) loci.

The fiz gene has been delimited to a 3.2-kilobase (kb) DNA
fragment (3.5kb in some ftz* chromosomes)'?; this fragment
contains both a 1.8-kb transcript and the two molecular lesions
thus far associated with ftz mutations (a 4.9-kb insertion and a
translocation breakpoint). Here we report the DNA sequences
of three fiz alleles (the wild type and two mutations) and discuss
the implications of this sequence information for the function
of ftz and related genes.

Structure of the fiz gene

Clones for dideoxynucleotide sequencing of fiz were construc-
ted as described in Fig. 1 legend. The regions sequenced are
summarized in Fig.2 and the nucleotide sequences of fiz
genomic and cDNA clones and of fiz™*"* and f1zR?! mutations
are given in Fig. 3. The ftz genomic clone contains a 1,239-bp
open reading frame in the direction of transcription which is
split by a 150-bp intron containing stop codons in all three
frames. The cDNA clone does not contain this intron. Transcrip-
tion starts at position —191 as determined from primer extension
experiments (data not shown). The —191 start point is also

consistent with the structure of the cDNA (see below). Two
‘TATA’ boxes occur 21 and 31 bp upstream from the transcrip-
tional start; the latter is the more conventional spacing. A series
of ‘AATAAA’ poly(A) addition site sequences occur immedi-
ately downstream from the 3’ end of the ¢cDNA, but no data
are available to determine which of these is used. A transcript
ending within the series of polyadenylation sites, with the intron
spliced out, would be approximately 1.8 kb in size, in agreement
with the size of the previously reported ftz RNA'2

Structure of the fiz cDNA clone

The first 91 bp at the 5’ end of the cDNA sequence do not
correspond to the genomic sequence (Fig. 3). The structure of
the 5’ end of the cDNA clone could have arisen if, during cDNA
synthesis, an inverted repeat complementary to the 5’ end of
the transcript (Fig. 3) formed a hairpin structure in the first
¢DNA strand (Fig. 4). The hairpin could then serve to prime
second strand synthesis. S, nuclease was used to remove the
foldback loop during preparation of the library and the observed
c¢DNA 5’ end would have been created by S, nuclease cleavage
at the site indicate in Fig. 4. The cloning of the cDNA was
completed by ligation of EcoRI linkers, transformation into
Escherichia coli, and apparent subsequent resolution of the
heteroduplex in favour of the bold-lettered strand in Fig. 4. As
synthesis of cDNA libraries commonly relies on self-primed
synthesis of the second cDNA strand, it is likely that many
cDNAs will contain such anomalous sequences at their 5’ ends.
Another example has been observed in a Ubx cDNA clone from
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Fig. 2 Summary of dideoxynucleotide sequencing of wild-type and mutant ftz genomic clones and a fiz cDNA clone. Deleted clones for
sequencing were derived as described in Fig. 1 legend, except for the sequences of ftz/*”* and ftz®P" in which deletions were made from
specific restriction sites. The genomic clone is a 3.5-kb HindIII fragment from a fiz* P¥ chromosome'% The fiz/*”* mutation was induced
on this same chromosome. The fiz cDNA clone was isolated as a 1.7-kb EcoRI fragment from the Oregon R, 0-5-h embryonic cDNA library
of Goldschmidt-Clermont, Saint and Hogness (personal communication). Genomic and ¢cDNA sequencing runs are shown above and below
the maps of these clones respectively. Open bar, coding region; solid bar, intron. The positions of TATA and AATAAA boxes are shown;

arrow, start of transcription. The region of homology with Antp and Ubx'® is shown expanded, as are the positions of the fiz

J471s point

mutation and the f1z®?' (refs 2,3) reciprocal translocation breakpoint: material to the right (distal) of the f1z®"! breakpoint is from chromosome

2, or may be a small insertion of unknown origin'?. B, BamHI; Bg, BglIl; E, EcoRI; H, HindlIII; P, PstI; S, Sall; X, Xhol. Single-stranded

DNA was prepared for sequencing as described by Biggin e al*? except that reactions were done in the wells of microtitre plates (D. Peattie,
personal communication).

the same library (M. Goldschmidt-Clermont, R. Saint and D.
S. Hogness, personal communication). The secondary structure
at the 5’ end of the ftz mRNA could have a function relating
to the translation, processing, localization or stability of the
RNA.

Encoded proteins

The first AUG in the ftz transcript is 24 bp in from the 5’ end
at position —97 in Fig. 3; translation starting at this AUG would
result in a 22-amino acid peptide ending at a UAG triplet. This
reading frame is out of register with the main 1,239-bp f#z open
frame. The context of adjacent nucleotides at the —97 AUG has
been observed only once in initiator AUGs but is found 14 times
in ‘nonfunctional’ upstream AUGs'’. However, the codon usage
of this short open reading frame is biased correctly for D.
melanogaster coding regions (P. O’Connell and M. Rosbash,
personal communication), suggesting that it may be functional.
As the 22-codon open reading frame is within a hairpin loop
of the RNA (Fig. 4), its translation might influence RNA secon-
dary structure. It will be necessary to generate mutations within
the 22-codon region to determine whether it is functional. The
second AUG in the fiz transcript is the beginning of the 1,239-bp
open reading frame (position 1). The second AUG may also be
involved in base pairing if the secondary structure shown in
Fig. 4 exists in the mRNA. The third AUG at position 46 is also
in the correct frame and is not included in the inverted repeat
at the 5’ end of the fiz transcript. Translation starting at position
1 would yield a 413-amino acid protein of molecular weight
(MW) 45,000 while initiation at position 46 would yield a
398-amino acid protein of MW 43,500.

By several criteria the fiz protein seems to be divided into
three domains. The 189-bp Antp, ftz and Ubx homology region
begins 8 bp downstream from the 150-bp intron in ftz and the
break in homology at the 3’ end is abrupt. Of the residues
encoded by the homology region, 30.6% are basic while the two
remaining portions of the protein at the amino and carboxyl
ends are 9.9% and 10.4% basic, respectively. Thus, the protein
seems to be divided into relatively neutral amino-terminal and
carboxy-terminal domains with a very basic homology region
domain in between. In addition, the amino and carboxyl
domains each comprise more than 10% proline and 10%

tyrosine and the carboxyl domain comprises almost 15%
glutamine. The homology domain is not rich in any of these
amino acids.

Comparison of the ftz genomic DNA sequence with that of
the cDNA clone (isolated from the Oregon R ¢cDNA library of
Goldschmidt-Clermont, Saint and Hogness) reveals six
sequence polymorphisms (Fig. 3): four of these are in the third
base of a codon and do not change the amino acid sequence.
Another third-position difference at nucleotide 1,344 places a
histidine, rather than a glutamine, in the ¢cDNA. The sixth
polymorphism is the deletion of 9 bp in the cDNA clone encod-
ing Tyr-His-Ser at nucleotides 139-147 in the genomic clone.

Structure of mutant fiz alleles

The ftz locus was first mapped by using chromosome rearrange-
ments associated with ftz mutations'?. One of the mutations,
ftz®P! originally found by I. Duncan, is associated with a
translocation of parts of chromosomes 2 and 3. The fiz®P’ allele
is of particular interest because it has both a recessive lethal fiz
phenotype and a dominant postbithorax-like phenotype. The
postbithorax (pbx) phenotype, in which posterior third thoracic
structures are transformed into posterior second thoracic struc-
tures, is normally a recessive phenotype resulting from mutations
in the pbx locus of the bithorax complex. Flies that are pbx/ pbx
and flies that are ftz®%’/ + both have posterior halteres trans-
formed into posterior wings (that is, posterior T3 - posterior
T2). The dominant effect of fiz®"' cannot be due to loss of fiz
function, as flies with a deletion of fiz heterozygous with a
wild-type ftz allele develop normally. Therefore, the dominance
of ftz®"! is due to abnormal activity of frz—this is consistent
Witzlzl Ithe partial loss of function recessive lethal phenotype of
ftz®P,

A restriction map of the fiz"7' allele showed the breakpoint
within the ftz gene to be near the 3’ end'?. The relevant part of
the mutant gene was sequenced (Fig. 3) and reveals that f1z®/
encodes a truncated protein in which the C-terminal 100 amino
acids of the normal protein have been replaced by 10 novel
amino acids. The breakpoint of the chromosome rearrangement
is within the sequence that is similar to the other homoeotic
loci. The homology region is largely but not completely intact
in the ftz®P! protein product. It seems likely that the shortened

Rpti
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Fig. 3 DNA sequences of ftz. The genomic sequence is numbered from —1,020 to +2,534. The amino acid sequence of the encoded protein
is shown above the DNA sequences. The cDNA sequence appears below the genomic sequence starting at —65 and ending at the EcoRI site
at 1,818. Dashes are shown where the cDNA sequence is the same as the genomic sequence. The region of homology with Antp and Ubx is
boxed, as are putative initiator ATGs, TATA and AATAAA boxes. A large imperfect inverted repeat at the 5 end of the transcription unit is
denoted by arrows running in opposite directions. ftz™*”* and ftz??' mutations are shown together with the resulting change in amino acid
sequence. The cDNA clone ends at the genomic EcoRI site, presumably due to incomplete EcoRI methylation during cDNA cloning.

protein is responsible for the ftz®?! dominant phenotype. It is

also possible that the mutation affects RNA structure or pro-
cessing.

We have also determined the DNA sequence of a temperature-
sensitive fiz allele, frz/*’. This mutation has been used pre-
viously to determine the developmental stages during which ftz
function is important®. The entire coding region of the tem-
perature-sensitive allele was sequenced. The wild-type genomic
sequence in Fig. 3 is from the chromosome in which the fiz/*7*
mutation was induced, and was chosen to prevent confusion
resulting from sequence differences between strains. Only one
change in the DNA sequence was found in the ftz/*’* coding
region: a transition of C to T (Fig. 3) which results in the
substitution of a valine for the normal alanine, a fairly conserva-

tive amino acid change. The temperature sensitivity of fiz/*’* is
probably due to the production of a slightly modified,
thermolabile protein. The protein encoded by ftz/*7* is altered
within the region of homology with other Drosophila homoeotic

gene products.

Possible DNA-binding domain

Crystallographic structures determined for the cro and repressor
proteins of bacteriophage A and the CAP protein of E. coli have
revealed the existence of conserved a-helical structures which
computer-modelling studies suggest are the DNA-binding sites
for these proteins'®-2*. The model is supported by studies of
protection from chemical modification by binding of these pro-
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Fig.4 Formation of the ftz cDNA. The
figure shows a hypothetical secondary
structure of a cDONA strand complemen- . ¢

tary to the 5 end of the fiz transcript. A° CA CGC GAGTT  GA&
y 5 IR POV ur ]| Qe

Nucleotides shown in bold letters corres- “g o BeQ __—
pond to the observed sequence of the AT IcT
cDNA clone. The 3’ end of the hairpin

N S1 cleavage
structure presumably serves as primer

ARTICLES 2

c
s G TC A G T 3’  Synthesis of second
A ca Nic? AT TA %M?CAG"‘G"‘EEE T = CDNA strand
T &t 1A éCTAT_}; At 'éT”TTT(H'(ETéT SGATGTCGATGCGGCTGTTGTAC
TTG c GG G G-G T 8’
T c
GatcaT

for the synthesis of the second cDNA strand. S, nuclease cleavage at the indicated site followed by ligation of EcoRI linkers would give rise
to the observed cDNA sequence if the mismatched sequences were resolved by copying the bold-lettered strand. The underlined codon triplets
are complementary to the ‘upstream’ AUG which would begin a 22-amino acid leader peptide, the UAG ending this open reading frame, and

the two possible initiator AUGs for the major ftz open reading frame.

teins to their operator DNAs®* and by extensive genetic analy-
sis*>?¢, The DNA-binding structure (reviewed in ref. 24) com-
prises two a-helices: ‘helix 3’ fits into the major groove of DNA
and ‘helix 2’ lies across helix 3, holding it in position. The two
helices are connected by a B-turn. The amino acids which are
important for the conformation of this structure are conserved
in these proteins and in homologous proteins from other
lambdoid phages as summarized in Fig. 5. Alanine is usually
found in position 7, isoleucine or valine in position 17, and
hydrophobic residues are found in positions 6, 10, 12 and 20.
The side chains at positions 10-12 are small to permit a tight
turn between the helices. Amino acids in positions 13-16, 18,
19, 21 and 22 are involved in determining DNA sequence speci-
ficity (other parts of the protein can have some influence also).
Similar patterns of conserved amino acids have been found in
several bacterial regulatory proteins and in the MATal gene of
yeast (Fig. 5)2!-2427, The position of the DNA-binding domain
within the bacterial proteins varies (Fig. 5).

The conserved pattern of amino acids found in bacterial
DNA-binding proteins is also present near one end of the
conserved amino acid sequence common to fiz, Antp and Ubx
(Fig. 5). The ftz, Antp and Ubx sequences are also similar to
the putative DNA-binding regions encoded by the yeast MATal
and MATa2 genes (19/29 amino acids are homologous to
MATal, 13/29 amino acids are homologous to MATa2). Simi-
larity between MATa2 and the ftz, Antp and Ubx homology
regions was originally noted by Shepard et al.?®. The homologous
Drosophila and yeast sequences shown in Fig. 5 are flanked by
very basic regions that are unlikely to form «-helices. The
conserved glycine residue following helix 2 is replaced by serine
in ftz and by cysteine in Antp and Ubx; this glycine is thought
to be important for formation of the tight turn necessary for the
two helices to come into close contact. However, a glutamic
acid residue can be accommodated at this position in a func-
tional A repressor?. In addition, serine and cysteine are the
only substitutions for glycine at this position in putative DNA-
binding structures from other bacterial proteins (Fig. 5).

Further evidence that the possible DNA-binding region of fiz
is in fact important for the function of the protein comes from
the temperature-sensitive mutation described above. The ftz/#"*
mutation changes the highly conserved alanine in helix 2 to a
valine. The alanine normally comes in close contact with the
conserved isoleucine/valine in helix 3 (ref. 24). Although the
Ala- Val change is fairly conservative, the added bulk of the
valine side chain would be predicted to increase the distance
between the two helices, perhaps destabilizing the protein in
this region. It would be instructive to know the phenotype of a
mutation affecting this alanine in A repressor, cro or lac repressor
(in which many mutations have been sequenced?>263%), but
unfortunately no mutations at this position have been reported.
The ftz®P! translocation breakpoint occurs exactly at one end
of the homology with MATal and MATa2 and probably results
in an abnormally functioning protein.

According to the model outlined above, the specificity of
DNA binding would be determined by the side groups protrud-
ing from the a-helix which lies in the DNA major groove (helix
3 in Fig. 5). The sequences of fiz, Antp and Ubx are identical
in this region, suggesting that they might recognize and bind to
the same DNA sequence.

Conclusions

The extraordinary size and complexity of some of the Drosophila
homoeotic genes, for example the 73-kb Ubx unit?' and the
103-kb Anip unit'>'*, contrasts with the relative simplicity of
the fiz gene'’. Yet fiz shares a sequence encoding a protein
domain of ~6,500 MW with Antp and Ubx'®. The ftzRr! allele
provides another indication of related function. This fiz allele
results in a phenotype characteristic of a class of mutations in
the bithorax complex. The recessive ftz phenotype (pairwise
segmental fusions) sets fiz apart from the classical homoeotic
genes, in which mutations generally cause dramatic transforma-
tions of only one to a few body segments. The function of fiz*
seems to be to determine the formation of alternate segments;
presumably other homoeotic genes further specify the identities
of the segments. The location of ftz only 30kb from the
homology domain of Antp suggests an evolutionary relationship
between the Antp 3’ exon and the fiz 3’ exon'®,

It has been clear from genetic experiments, and has been
confirmed by in situ hybridization to sectioned tissues**-%%, that
there is specific expression of Drosophila regulatory genes in
particular regions of the embryo. The in situ hybridization
experiments demonstrate that expression is controlled at the
level of RNA synthesis or stability, which leads to the question:
how is spatial regulation of RNA accumulation attained? A
second question is how the regulatory genes direct the develop-
ment of particular structures in lieu of the alternative structures
that develop when the genes are mutated. The structure of the
protein encoded by ftz, and of structurally related proteins
including products of Antp and Ubx, indicate that DNA binding
may be an important aspect of the function of genes that control
segmentation.

The data presented above suggest that the protein structure
common to ftz, Antp and Ubx products includes a DNA-binding
region of the type observed in some bacterial proteins. The
primary (but not the only) part of the bacterial proteins involved
in DNA sequence recognition is the helix 3 domain. Note that
the amino acid sequences of Antp, Ubx and ftz products are
identical in the region of the homoeotic homologue of helix 3,
and in flanking regions. The one exception is a serine residue
in ftz, just N-terminal to helix 3, in the position occupied by
threonine in Antp, Ubx, MATal and Fnr (Fig. 5). The near
identity of the homoeotic gene products in this critical region
suggests that they may bind to similar or identical DNA sequen-
ces, and may in fact compete with each other during early
embryogenesis. Such competition suggests a mechanism behind
mutations such as fiz®f!, in which a BX-C recessive loss of
function phenotype (pbx) results from a dominant fz mutation.
The truncated frz®"’' protein product may compete with or
otherwise influence the DNA binding of BX-C products. The
binding affinities could also be dependent on cooperative or
competitive interactions with other proteins. It is also possible
that fiz regulates expression of ANT-C or BX-C genes.

There are many other genes that are not obviously homoeotic
in which mutations alter the number or pattern of segments that
develop™™”. DNA hybridization experiments suggest that the
region of homology common to ftz, Antp and Ubx cannot be
present at most of the other segmentation loci (ref. 15 and
unpublished results). However, it is possible that a similar
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61n Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Arg Thr
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Phe Ile Asn Lys Arg Met Arg Ser Lys C-term
Ser Asn Arg Arg Arg Lys &lu Lys Thr Ile Thr Ile Ala
Asn
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Fig. 5 Putative DNA-binding domain within the homoeotic homology region. f1z, Antp and Ubx sequences at the 3’ end of their shared
homology are aligned with prokaryotic and potential yeast DNA-binding domains2*. The sequence of the yeast MATal protein past the
tryptophan at position 118 is different from that reported previously due to previously undiscovered MATal introns (K. Nasmyth, personal
communication). Sequence changes due to ftz mutations are shown at the top. The positions of the two a-helices of the DNA-binding domain
(numbered 2 and 3 according to convention for the A cro protein) are shown at the bottom. Conserved residues within the domain, important
for close alignment of the two helices, are boxed. Amino acids that are structurally homologous to ftz, Antp or Ubx residues are underlined.
The number to the left of each sequence is the position of the first amino acid shown within the complete protein. The positions of the amino
acids are arbitrarily numbered at the top (1-34). The collection of bacterial sequences shown is from a review by Pabo and Sauer (ref. 24 and
references therein). Yeast sequences are from ref. 43 and K. Nasmyth (personal communication); Drosophila sequences are from ref. 16.

domain is encoded by some of the other loci but is sufficiently
divergent in sequence to be recognizable only when the gene,
or its protein, has been sequenced.

If part of the homology region of the homoeotic genes encodes
a DNA-binding domain, what could be the function of the rest
of the homology region? The most striking aspect of the remain-
ing sequence is its basicity: arginine and lysine comprise about
30% of the amino acids in the homology domain'® Very basic
sequences are also present in the C-terminal parts of Antp and
Ubx, just downstream from the homology region (M.P.S.,
unpublished data). Such a basic protein sequence is suggestive
of nonspecific DNA or RNA binding; domains known to be
involved in specific DNA binding are not especially basic.

There are important limitations to the correlations we have
made between the structure of the homoeotic gene products and
the bacterial DNA-binding proteins: (1) Only three of the bac-
terial proteins have been crystallized'®-?°, so the full range of
possible variations in the structure of the DNA-binding helix-
turn-helix structure is unknown. (2) It is unknown whether the
parts of the two yeast mating-type protein products that are
homologous with the bacterial proteins are in fact used for DNA
binding. (3) Some known DNA-binding proteins apparently
lack this type of binding sequence®®*’. However, the similarity
of the Drosophila sequences to the bacterial sequences is striking,
and the type of helix-turn-helix structure found in these DNA-
binding proteins has not been observed in proteins which are
not DNA-binding proteins. It has also been shown that the
MATa2 product is a sequence-specific DNA-binding protein
(A. Johnson and I. Herskowitz, personal communication). Thus,
we believe that the structural homology between the homoeotic
gene products and known DNA-binding proteins is strong
enough to suggest that the homoeotic genes may, at least in
part, function through DNA-binding mechanisms.
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Nature of blue galaxies
in the cluster C11447 +2619
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Photometric studies of distant clusters of galaxies provide evidence
for significant evolution of the member galaxies during the rela-
tively recent cosmological past'~®, Here, spectroscopy is presented
that confirms a previous photometric result that the distant (z =
0.38) cluster C11447 42619 contains the largest excess of blue
galaxies yet encountered. The galaxy surface density profile of
the cluster shows it to be open and irregular, making it the first
such cluster to be studied at high redshift. The spectra indicate that
the blue colours are predominantly the result of recent star forma-
tion. We speculate that vigorous star formation in galaxies,
independently of their environments, was much more common
several Gyr ago than it is in the Universe today.

We have discussed elsewhere® broad-band photometric data
on 33 nearby and distant (to z = 0.54) clusters of galaxies and
the nearby field. That sample was chosen from the literature to
include as many large redshift clusters as were known to be very
rich and to have at least one redshift measurement. Analysis of
the radial profiles of galaxy surface density showed that most
clusters were of the compact, regular type, indicative of
advanced dynamical age. After taking into account selection
effects due to k-corrections, the colour-magnitude relation for
E and SO galaxies, and accidental errors, and after careful
treatment for foreground and background contamination, a
trend of increasing fraction of blue galaxies with redshift was
found for these compact clusters. It was suggested that this is
evidence for a general depletion of gas in the Universe during
recent epochs, and that exceptions to the trend indicate superim-
posed phenomena related to the particular evolution of each
cluster.

Only one distant, rich cluster of the open or irregular type
has been identified and studied so far, namely C11447 +2619
(incorrectly called C11446 +2619 in our previous work) at z =
0.38. Such systems are thought to be unrelaxed, and therefore
to be of intermediate or young dynamical age. Nearby clusters
of this type contain a galaxy-population mix intermediate
between those of compact clusters and the field. C11447 +2619
and the three nearby open systems were found to exhibit higher
blue galaxy contents than the compact clusters, suggesting that
characteristic population differences between cluster types
obtain at all redshifts (at least to z=0.5). In addition, the
distribution of galaxy colours in Cl11447 +2619 appears to be
skewed more to the blue than is the case in any nearby popula-
tion, even including the field sample. One is tempted, by con-
tinuity arguments, to speculate that the field population at high
redshift will also be found to show signs of strong evolution.

Nearby open clusters contain elliptical, SO, and spiral galaxies
roughly in the proportion E/SO/Sp=1:2:3 (ref. 6). The frac-
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tional blue galaxy content, fg, as defined in ref. 3, for nearby
open systems is fz=0.15. Thus, nearby open clusters have a
ratio of spiral galaxy fraction, f;,, to blue galaxy fraction of
Jsof fa=3.3. For Cl1447 +2619, f3=10.36+0.05; if the ratio to
spiral fraction is similar to that nearby, one would predict that
all galaxies in the cluster must be spirals! The cluster is likely,
therefore, to be an ideal testing ground for theories of morpho-
logical evolution between galaxy (Hubble) types, as well as an
excellent site for the study of the photometric evolution of
galaxies such as our own.

The photometric technique used to determine f relies on the
statistical subtraction of foreground and background contamina-
tion across the field of the cluster. The fact that galaxies are not
distributed randomly across the sky, but tend to clump in groups,
clusters, clouds and superclusters, causes some uncertainty as
to whether the decontamination has been correctly accomplished
in any individual case and an accurate value for fz determined.
The only recourse is to obtain spectroscopy for as many galaxies
as possible in the most interesting clusters identified photometri-
cally. C11447 +2619 is clearly one such cluster, and so we have
tried to verify by spectroscopy its exceedingly large blue galaxy
content.

The instrumental apparatus used for this work has been
described in detail previously’. Briefly, it consists of a large
format, low-noise charge-coupled device (CCD) detector in a
low resolution, optically efficient spectrometer on the 4-m
Mayall telescope at Kitt Peak. Masks having patterns of 2 arcs
diameter apertures, configured to correspond to the locations
of objects on the sky, are inserted at the entrance to the spec-
trometer, enabling simultaneous observation of many objects
across a 5arcmin field of view. Round apertures have been
used in preference to short slits because they permit work on
larger numbers of galaxies in the rather crowded cluster field;
they have the disadvantage of an increased susceptibility to the
effects of atmospheric dispersion. For the present study, a resol-
ution of 17 A and a wavelength coverage of roughly 4,500-
7,500 A were used.

Two aperture plate masks were prepared for the Ci11447 +2619
field, yielding spectra of 21 galaxies in the field of the cluster.
None of the observations could be made near meridian passage,
and no atmospheric dispersion compensation prisms were avail-
able. Therefore, the total integration was divided into 1-h seg-
ments, and these were distributed between the two aperture
plates and over two nights of observation. Even so, the effects
of atmospheric dispersion are evident among the data, and some
data for outlying objects in some integration segments have been
discarded. The resulting integration times for the 21 galaxies
range from 2 to 5h. Seeing during both nights was 2 arcs
FWHM. Examples of the final spectra are shown in Fig. 1.

The results for the 21 galaxies are given in Table 1. The first
16 objects are from ref. 5, and include all blue galaxy candidates
brighter than red magnitude 20.2, except one (no. 15). An addi-
tional five objects were observed, which lie outside the field
having photometric data, but which seemed to be in the right
magnitude range to be cluster members.

Of the total sample, two galaxies are seen clearly to be non-
cluster members (nos 1 and a), and five (including no. 9) have
spectra of too low a quality to yield a reliable redshift. Of the
remaining 11 objects with photometry, seven are blue (according
to the definition in ref. 3) and four are red. If we suppose that
the uncertain objects among the first 16 are all unrelated to the
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