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Head segments:  Lr Li [T1

FIG. 3 Schematic representation of the segmental defects in the mutants.
The btd gene is required for development of the mandibular, intercalary and
antennal segments, but not for maxillary and pre-antennal regions. The ems
gene is required in intercalary and antennal segments and in a part of the
pre-antennal domain—defined by the en head spot (hs)—but not in more
anterior pre-antennal regions—defined by the wg head biob (hb}—or in the
mandibular segment. The otd gene is required in the antennal segment and
both pre-antennal regions, but not in intercalary or mandibular segments.
The domains in which the genes are required overlap and are out of phase
by one segment at their posterior limits. The anterior limit of the domain
of action of btd ems and otd are also out of phase, occupying progressively
greater portions of the pre-antennal region. Their effects on en and wg
expression anteriorly may reflect cryptic segmentation in the pre-antennal
region of the head. These domains (hs and hb) are indicated with dashed
lines to point out that they may not be true segments. Jirgens et al® and
Struhi® both propose six head segments. None of the genes analysed here
affects the labral segment (Lr).

FIG. 4 The pattern of expression of DIl is altered at the blastoderm stage
in btd mutant embryos. DIl is first expressed during cellularization of the
blastoderm, in two bands that are restricted in their dorsal-ventral extents?°.
Double-labelling with probes that detect DIf and wingless shows that the
more posterior band corresponds to the primordium of the maxillary and
labial limbs (which resolves at a later stage into discrete primordia; data
not shown). Following the development of the mature pattern of DIf
expression suggests that the anterior band corresponds to the presumptive
antennal primordium®, In btd mutant embryos only one broadened stripe
of DIl expression is seen at the blastoderm stage. As the mandibular,
intercalary and antennal segments are absent at later stages in btd mutant
embryos, it seems likely that the broadened Dil band observed reflects a
deletion of the early antennal primordium with a concomitant anterior
expansion of the maxillary-labial stripe. In the absence of hybridization
probes that distinguish these primordia at the blastoderm stage, this
suggestion cannot be directly tested.
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IN the Drosophila embryo, cell fate along the anterior—posterior
axis is determined by maternally expressed genes"Z. The activity
of the bicoid (bcd) gene is required for the development of larval
head and thoracic structures®, and that of maternal torso (tor)'
for the development of the unsegmented region of the head (acron).
In contrast to the case of thoracic and abdominal segmentation®*,
the hierarchy of zygotically expressed genes controlling head
development has not been clearly defined. The bcd protein, which
is expressed in a gradient®, activates zygotic expression of the gap
gene hunchback (hb)™, but hb alome is not sufficient to specify
head development. Driever et al.’ proposed that at least one other
bcd-activated gene controls the development of head regions
anterior to the hb domain. We report here that the homeobox gene
orthodenticle (otd), which is involved in head development, could
be such a gene. We also show that otd expression responds to the
activity of the maternal for gene at the anterior pole of the embryo.

Mutations at the otd locus cause embryonic lethality, head
involution fails to occur properly and several larval cuticular
and sensory head structures are deleted or grossly perturbed'®.
The deleted elements are antennal or pre-antennal in their
segmental origin (Fig. 1). Structures corresponding to the labral,
intercalary and gnathal (mandibular, maxillary, and labial)
segments develop, but are often disrupted, probably as a result
of abnormal head involution. No evidence for homeotic trans-
formation or duplication of head structures is found in otd
embryos. Analysis of the cuticular phenotype of the head, which
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FIG. 1 Head defects in otd embryos. a-e, Phase contrast
micrographs of cuticular preparations of wild-type (a) and
otd mutant embryos (b-e). For abbreviations, see below. For
a detailed description of wild-type head cuticular structures
and sense organs, see ref. 24. Anterior is to the left in all
panels. b and ¢, VA and ppw, which are of mandibular and
intercalary origin respectively, The DBr and VP, additional
elements of the cephalopharyngeal skeleton, are also present.
The DA, which are derived from the pre-antennal region, are
either absent or fragmented. d Derivatives of the maxillary
segment, the cirri and mouth hooks, are present in otd
embryos. e, Absence of the AntSO and the presence of the
MxSQ; the LiSO is also present (not shown). The dorsal-medial
papilla, which is probably pre-antennal in origin (S. Cohen and
G. Jurgens, personal communication) is deleted (not shown).
f, Fate map of the embryonic head at the blastoderm stage
(adapted from Jurgens et al*). Segmental assignment is
based on the defects produced by laser irradiation at this
stage of development. The labral, antennal, intercalary, man-
dibular, maxillary and labial segment boundaries are demar-
cated, and the fate map positions of several head structures
indicated. Abbreviations: antennal sense organ, AntSO; anten-
nal segment, AN; cirri, ci; dorsal arms, DA; dorsal bridge, DBr;
egg length, EL; intercalary segment, IC; Keilin's organ, KO;
labial sense organ, LiSO; labial segment, LI; labral segment,
LR; labrum, Ir; lateralgrate, LG; mandibular segment, MD; maxil-
lary segment, MX; maxillary sense organ, MxSO; mouth hooks,
MH; posterior wall of the pharynx, ppw; ventral arms, VA;
vertical plate, VP.

METHODS. Cuticles were prepared as described previously?®.
The cuticular phenotypes shown are similar for two ethyl-
methane sulphonate-induced mutant alleles, otd*®®” and
otd™*3, and one deficiency allele, otd***°* (refs 10, 30).

is difficult in first instar larvae, is supported by the expression
patterns of the segment polarity genes engrailed (en) and wing-
less (wg) in the developing embryo (Fig. 24, ¢). In addition to
the reiterated stripes marking the gnathal, thoracic and
abdominal segments, each of these genes is expressed in a
specific, segmental pattern in more anterior head regions (refs
11-13; S. Cohen, personal communication). In otd mutant
embryos, the expression of en and wg in antennal and pre-
antennal regions is deleted (Fig. 2b, d). Consistent with the
cuticular otd phenotype, expression corresponding to the labral,
intercalary and gnathal segments is present in otd embryos.

FIG. 2 Specific elements of engrailed (en) and wingless (wg)
head expression are deleted in otd mutant embryos. a and
b, Expression pattern of en at the germ band-extended stage
in wild-type and otd embryos, respectively. In wild-type
embryos, en is expressed anterior to the gnathal segments
(Md, Mx and Li) in the intercalary (Ic) and antennal (arrow 2)
segments (ref. 11; S. Cohen, personal communication). In
addition, a pre-antennal spot of expression {arrow 1) is visible.
In otd embryos, the antennal and pre-antennal regions of en
expression are deleted, but expression in the intercalary and
gnathal segments is retained. ¢ and d Expression pattern of
wg in wild-type'>*® and otd embryos, respectively.
Expression in the stomodeal (St), labral (Lr), antennal (arrow
4) and pre-antennal (arrow 3) regions is visible. Expression
in the intercalary segment is present, but cannot be seen in
this focal plane. In an otd embryo (d), the deletion of the
regions of antennal and pre-antennal staining can be seen.
Expression of wg marking the Ic and Lr segments is retained.
In all panels, anterior is to the left and dorsal at the top.

METHODS. Expression of en and wg were monitored using
two /acZ insertion strains that accurately reproduce the
embryonic patterns of protein expression of en (C. Hama and T. Kornberg,
personal communication; ref. 26) and wg (N.P. and J. Kassis, unpublished
observations). Females heterozygous for otd mutations were crossed with
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PROTHORAX

To determine the relationship between the head phenotype
observed in mutant embryos and otd expression, we analysed
the early pattern of otd transcription (Fig. 3). Transcription is
evident before cellularization at stage 4 of embryonic develop-
ment and is restricted to a circumferential anterior region extend-
ing to the pole of the embryo. By the time cellularization is
complete, otd expression has retracted from the pole and is
confined to a broad circumferential stripe extending from 70 to
90% of the egg length, which subsequently diminishes in
intensity ventrally. Expression is also detectable in the yolk
nuclei within the region of the stripe (data not shown). The

males from either /acZ strain. The /acZ expression was detected using an
antibody to B-galactosidase with processing as previously described?®.
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FIG. 3 Early expression of otd during embryogenesis. In all panels,
anterior is to the left and dorsal at the top, except for ¢ which is
a dorsal view. Small arrows indicate the anterior-posterior boun-
daries of the domains of otd transcription. a Expression of otd in
a late stage-4 embryo; transcription can be seen in the anterior
region. b, Cellularized stage-5 embryo; otdexpression has retracted
from the anterior pole, and forms a circumferential stripe extending
from 70 to 90% egg length. Transcription diminishes in the ventral
region of the stripe during subsequent stages. ¢, During early
gastrulation in stage-6 embryos, the cephalic furrow forms just
posterior to the domain of otd transcription. In germ band-extended
embryos (stage 8), otd expression is localized to the procephalic
head region. Staging of embryos was according to Campos-Ortega
and Hartenstein®’. Abbreviations: cephalic furrow, cf; stomodeum,
st; posterior midgut, pm.

METHODS. /n situ hybridization to whole-mount embryos was
performed according to Tautz and Pfeifle®®. The probe used for
digoxygenin-tabelling was a 3.8-kilobase otd complementary DNA
(ref. 30).

a

formation of the cephalic furrow occurs just posterior to the
domain of otd expression. By the extended germ-band stage,
otd transcription is localized within the head region.

We have previously characterized the otd gene and shown
that it encodes a predicted homeodomain protein®*’. Homeo-
domains can be classified according to the amino acid at position
9 of the putative recognition helix, which has been shown to
confer binding specificity'*'®. The otd and bed gene prod-
ucts'®!” are the only known proteins with a lysine residue at
this position of the homeodomain.

The expression of otd is positively regulated by bed in a
concentration-dependent fashion (Fig. 4a-g). In embryos lack-
ing maternal bed product, otd transcription is absent. As the
number of copies of bed increases, the domain of otd transcrip-
tion extends progressively towards the posterior end of the
embryo. The expression of otd is negatively regulated by tor;

FIG. 4 Expression of otd is regulated positively by bed and
negatively by tor. a-f, In situ hybridization to embryos of
various maternal genotypes. Anterior, left; all views are dorsal
except b, which is lateral. g b, d e and f, Embryos derived
from mothers carrying 0, 1, 2, 4, and 6 copies, respectively,
of the wild-type bcd gene. The posterior extent of otd tran-
scription is progressively extended as bcd dosage increases;
g depicts this shift graphically. The otd points (@) indicate
the position of the posterior limit of otd expression as a
function of maternal bed dosage. in all cases, measurements
were made using dorsal views. In addition, the effect of
maternal bed dosage on bed protein expression is shown.
The bed points () indicate the egg length position at which
the same level of bcd protein is found for embryos derived
from females with varying bcd dosages. The 65% value of
bed immunostaining intensity was chosen arbitrarily. Data is
derived from ref. 29. ¢, Expression of otd in an embryo lacking
maternal for product; otd expression fails to retract from
the anterior pole at the cellular blastoderm stage. Arrowheads
in all panels show the anterior and posterior position of the
domain of otd expression.

METHODS. /n situ hybridization was as in Fig. 3. The genotypes
of the females that produced embryos with 0, 1,2, 4 and 6
copies of bed* were respectively: bed®/bed™, bed™t/+, +/+,
BB9 +BB16/+ and BB9+BB16/BB9 +BB16. The BB9 +
BB16 chromosome contains three copies of a wild-type bed
gene (G. Struhl, personal communication). The tor mutant
embryos were derived from tor***4/tor**** homozygous
females®.

Number of bcd copies
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in the absence of maternal ror activity, otd transcription fails
to retract from the anterior 10% of the embryo (Fig. 4¢). A
similar effect has been observed for zygotic hb expression’.

As the effect of hb mutations on head development'® does
not account for the absence of all head structures in bcd embryos
the existence of an additional bcd-regulated gene(s) has been
proposed’. Driever et al® postulated the existence of a gene(s)
which would be activated by higher bcd concentrations than is
hb and specify all or part of the anterior head region. The
predicted domain of expression of such a gene would therefore
be localized within the anterior region of the hb domain of
transcription. The otd gene, which is required for the develop-
ment of structures from the antennal and pre-antennal head
segments, fulfills these criteria. In addition to otd, the gene empty
spiracles (ems)'?, which is also required for head development,
is expressed in a circumferential stripe in the anterior region of
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the embryo®. Both the otd and ems genes encode predicted
homeodomain proteins and are dependent on the level of mater-
nal bed gene product for the establishment of their domains of
expression. Mutations at each of these loci cause the deletion
of subsets of adjacent head segments and show no evidence for
the homeotic transformation of structural elements. If these
genes are indeed directly transcriptionally activated by bed (as
suggested by the early appearance of their expression), then the
regulation of Drosophila embryonic head development may be
different from that of the thoracic and abdominal regions. In
those regions, the earliest zygotic regulation is provided by the
gap genes, several of which encode zinc-finger-containing pro-
teins*'"2 required for the sequential activation of the down-
stream pair-rule and segment polarity genes. In the head,
however, homeobox genes such as otd and ems may function
as direct intermediaries between the bcd morphogen and the
segment polarity genes. O
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PROTEIN engineering is being developed for mapping the ener-
getics and pathway of protein folding. From kinetic studies on
wild-type and mutant proteins, the sequence and energetics of
formation of tertiary interactions of side chains can be mapped
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and the formation of secondary structure inferred'. Here we
cross-check and complement results from this approach by using
a recently developed procedure that traps and characterizes secon-
dary structure in intermediate states using '"H NMR>*. The refold-
ing of barnase is shown to be a multiphasic process in which the
secondary structure in a-helices and B-sheets and some turns is
formed more rapidly than is the overall folding.

It is desirable to corroborate the results of the novel procedure
of detecting and characterizing an intermediate in the refolding
of barnase by protein engineering methods®, with a second
technique. The method of choice is the NMR-hydrogen-
exchange procedure of Udgaonkar and Baldwin® and Roder et
al* because it can detect individual interactions as well as gross
structure. Their procedure is based on the observation that
protons that are in NH---O=C hydrogen bonds are protected
to varying extents against exchange with solvent®*. Samples are
taken from a reaction mixture in which a deuterated protein is
being refolded in D,0 and NMR is used to examine which of
the ND groups are in rapid exchange and which are protected.
By this means, it was shown that the repeating secondary struc-
ture in regions of B-sheet in RNase A (ref. 3) and a-helices in
cytochrome ¢ (ref. 4) are formed faster than is the final folded
structure.

The refolding of barnase was first monitored by the change
in the fluorescence of its three tryptophan residues under iden-
tical conditions to those used in the NMR experiments (Fig. 1,
1.3 M (deuterated) urea, 99.8% D,O, pD 6.3 at 25 °C). There is
a fast phase accounting for 80% of the reaction, which has a
half life of about 140 ms, and a slow phase of 20%, which is 50
times slower with a half life of 8.5 s. The latter phase corresponds
to the interconversion from cis to trans of the fraction of proline
residues that equilibrate in the unfolded enzyme—the native
enzyme has three proline residues that are all trans'?. There is
some hint that the fast phase could be resolved into two phases
of rate constant 11-16s™' and 4.6 s™* (Fig. 1).

NMR experiments were made possible by assigning more
than 99% of the proton resonances in the '"H NMR spectrum
of barnase to their amino-acid residues®. Some 45 of the back-
bone NH protons in the folded protein undergo slow exchange
with solvent because they are involved in hydrogen bonds in
secondary and tertiary structure. Barnase was denatured and all
exchangeable NH groups deuterated (>90% exchange) by
incubating in 6.5 M (deuterated) urea and 99.8% D,O at pD 6.3.
The denatured and deuterated protein was allowed to refold by
diluting fivefold into D,O at 25 °C. Samples were taken during
the refolding process and exposed for 5-15 s to a labelling pulse
of H,O buffered at pH 8.5 where there is fast exchange of
unprotected ND deuterons (¢,,,~ 5 ms; refs 3,4). The pH was
lowered to 3.5, where exchange is very slow, and the fraction
of H-exchange measured by two-dimensional (2-D) NMR.

It is found (Fig.2) that 29 of the positions are sufficiently
protected under the experimental conditions that the change in
protection with time may be followed. Three of the positions,
ND(H)s of Ile 25, Asn 77 and Ser 50, are protected according
to a time course that is essentially identical to that of the overall
refolding process (Fig. 3). Defining the fraction of protons in
rapid exchange at zero time as 1.0, compared with 0 when
protected in the fully folded protein, the amplitude of the kinetic
changes is 0.74-0.76. The theoretical maximum amplitude for
the fast phase is 0.8, as 20% of the protein folds slowly, limited
by the proline isomerization. Significantly, Ile 25, Asn 77 and
Ser 50 make tertiary hydrogen bonds that are not within regular
secondary structure but are a consequence of the overall fold
of the molecule. It is found, however, that several of the
deuterons in the regular secondary structure become protected
much faster (Fig. 3 and Table 1). The time courses for many of
these are at least biphasic, the slower phase varying from 10-
28 s7', with an amplitude of 50-80% of the maximum. The fastest
phase(s) is generally complete by 5 ms and has a smaller ampli-
tude of 10-50%. Multiphasic exponential curves are notoriously
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