The cellular anatomy of the BAc is that
of a typical tympanal chordotonal organ (6,
15). Its sensory units are multicellular scol-
opidia, each consisting of a bipolar sensory
neuron and several accessory cells, includ-
ing the diagnostic scolopale cell. A defining
feature of scolopale cells is a hexagonal
arrangement of scolopale rods, which con-
tribute to the cell’s fusiform shape and
which fuse and terminate distally to meet a
bullet-shaped scolopale cap. We found that
each BAc of O. ochracea contains between
60 and 70 scolopidia. The scolopale cells in
the ear of the tachinid fly, like those of
orthopteroid insect ears, show the classical
scolopale anatomy, including hexagons of
scolopale rods (Fig. 2C) and unmistakable
scolopale caps (Fig. 2D). The BAc is inner-
vated by an anterior branch of thoracic
nerve II (frontal nerve).

Because the PTM apparently functions
as an “eardrum” in the auditory apparatus of
ormiine flies, it is of interest that it is
sexually dimorphic and enlarged in females
relative to males. Our conclusion that the
PTM is an ormiine adaptation for hearing is
supported by the results of an examination
of a nonormiine (presumably nonhearing)
tachinid fly, Myiopharus doryphorae, in
which the prosternum and the prosternal
membranes in both sexes are much smaller
than in O. ochracea.

Earlier workers reported that larviparous
female, but not male, tachinids are attract-
ed to singing crickets or to loudspeakers
playing tape-recorded songs (1). Our field
experiments with captive flies indicate that
intact tympanal membranes are crucial for
hearing cricket songs. When 17 intact and
sham-operated flies were released in a flight
cage (2 by 2 by 2 m), 11 were attracted to
a loudspeaker broadcasting a cricket song.
None of ten flies with punctured tympanal
membranes and broken auditory apodemes
were attracted to the loudspeaker, although
they could fly. The behavior of the two
groups is significantly different (Fisher’s ex-
act test, P < 0.001) (16). Moreover, we
have physiological evidence for the audito-
ry function of the prosternal membranes;
puncturing both PTMs and associated audi-
tory apodemes eliminated the neural re-
sponse described above.

From evolutionary as well as mechanis-
tic points of view, both female crickets and
female parasitoid flies are under similar
selective pressures on the design character-
istics of their ears. Their sense of hearing
must serve the same ends: completion of
reproduction depends on hearing and locat-
ing a singing male cricket over great dis-
tances. In insects, long-distance, high-fre-
quency hearing is subserved by scolopopho-
rous tympanal organs, as in moths, praying
mantises, cicadas, locusts, katydids, and
crickets. To this list we now add these

tachinid flies (17), and we propose that this
dipteran tympanal organ evolved through
convergent evolution due to similar selec-
tive pressures: for a fly to act like a cricket,
it must hear like one.
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The Complete Skull and Skeleton of
an Early Dinosaur

Paul C. Sereno* and Fernando E. Novas

The unearthing of a complete skull and skeleton of the early dinosaur Herrerasaurus
ischigualastensis sheds light on the early evolution of dinosaurs. Discovered in the Upper
Triassic Ischigualasto Formation of Argentina, the fossils show that Herrerasaurus, a
primitive theropod, was an agile, bipedal predator with a short forelimb specialized for
grasping and raking. The fossils clarify anatomical features of the common ancestor of all
dinosaurs. Herrerasaurus and younger dinosaurs from Upper Triassic beds in Argentina
suggest that the dinosaurian radiation was well under way before dinosaurs dominated
terrestrial vertebrate communities in taxonomic diversity and abundance.

Fragmentary skeletons of the earliest and
most primitive dinosaurs were discovered
more than 30 years ago in Upper Triassic
rocks in South America and include Stau-
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rikosaurus pricei from the Santa Maria For-
mation of southern Brazil (1) and Pisano-
saurus mertii and Herrerasaurus ischigualas-
tensis from the Ischigualasto Formation of
northwestern Argentina (2-5). These for-
mations, deposited approximately 225 mil-
lion years ago, record the initial phase of
dinosaur evolution before their domination
of terrestrial vertebrate communities (6).
The remains of these early dinosaurs, how-
ever, are too fragmentary to provide a
coherent view of the origin and early radi-
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ation of dinosaurs. Recent work in the
Ischigualasto Formation resulted in the dis-
covery of several skeletons of Herrerasaurus
(7) that provide the first complete picture
of an early dinosaur and clarify the se-
quence of anatomical changes that occurred
during early dinosaur evolution.

The skull, previously undiscovered,
lacks nearly all of the specializations of later
dinosaurs. Narrow from side to side and low
in profile (Fig. 1), the skull has small
external nares and a narrow antorbital fossa
without diverticulae (8). The most signifi-
cant cranial specialization is a well-devel-
oped sliding joint within each lower jaw.
As in theropods, this intramandibular joint
allowed the lower jaws to flex, with the
anterior toothed half capable of rotating
approximately 15° against the posterior half
in Herrerasaurus. Extant anguimorphine liz-
ards have evolved an analogous intraman-
dibular joint and a flexible, grasping bite,
which may be adaptations to subdue live
prey (9).

The neck, pectoral girdle, and forelimb
are also represented among the new fossils
and show that Herrerasaurus was an obliga-
tory biped with a slender, flexible neck (Fig.
2) (8, 10). The forelimb, which is less than
half the length of the hind limb, has short
proximal segments (humerus and radius-ul-
na) and an elongate manus (Figs. 3 and 4A).
Manual digits IV and V are reduced and
would not have extended as free digits be-
yond the palm of the hand (phalangeal
formula 2-3-4-1-0). The elongate penulti-
mate ‘phalanges and large recurved unguals
on digits I through III indicate that the
manus is specialized for grasping (8).

This material of Herrerasaurus clarifies
anatomical features that arose in the com-
mon dinosaurian ancestor and revises our
understanding of the structure and timing
of the early dinosaurian radiation. In addi-
tion, the depositional setting in which
these fossils were found and the associated
fauna and flora provide insight into the
paleoecology of an important Late Triassic
community.

The monophyly of dinosaurs (that is,
their descent from a single common ances-
tor) has gained wide acceptance after it was
first explicitly proposed (11). The mono-
phyly of a particular group is based on novel
anatomical traits (synapomorphies), which
are inferred to have been inherited from a
common ancestor. Numerous dinosaurian
synapomorphies have been listed in discus-
sions of early dinosaur phylogeny (4, 11-
14). The material of Herrerasaurus presents
an opportunity to test these characters,
with appropriate outgroup comparisons (La-
gosuchus, Lagerpeton, Pterosauria, Cruro-
tarsi) (15).

Of the nine cranial characters earlier
proposed as dinosaurian synapomorphies
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(4, 13), only the absence of the postfrontal
bone appears to be valid (8). The postfron-
tal is absent in Herrerasaurus and other
dinosaurs and is present in dinosaurian out-
groups (Pterosauria and Crurotarsi) (15).
Additional dinosaurian cranial synapomor-
phies that are present in the skull of Herre-
rasaurus include the extension of adductor
musculature onto the frontal, lateral expo-
sure of the quadrate head (Fig. 1) and a
reduction of the posttemporal opening to a
foramen (8).

Of the approximately 50 postcranial syn-
apomorphies listed earlier in support of Di-
nosauria (4, 13), only seven are supported by
the new material of Herrerasaurus. These
include the addition of a dorsal vertebra to
the sacrum, an elongate deltopectoral crest
on the humerus, loss of the ungual on the
fourth digit of the hand, a brevis fossa on the
ilium, a subrectangular femoral head, a cne-
mial crest on the tibia, and an ascending

Fig. 1. Skull of Herrera- A
saurus ischigualasten-
sis. (A) Stereopair of
skull (PVSJ 407) in right
lateral view. Scale bar
= 10 cm. (B) Recon-
struction of skull in left
lateral view. PVSJ, Mu-
seo de Ciencias Natu-
rales, Universidad Na-
cional de San Juan.
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process on the astragalus (16). The new
fossils provide evidence of additional dino-
saurian synapomorphies, including an anti-
trochanter within the acetabulum that is
divided by a notch, reduction of the medial
process of the calcaneum, and reduction of
the heel on distal tarsal 4.

The early dinosaurs Herrerasaurus and
Staurikosaurus were originally described and
classified as saurischians (I-5, 11), al-
though their precise phylogenetic relations
were not specified (17, 18). A more recent
view, stimulated by the application of cla-
distic methodology, is that Herrerasaurus
and Staurikosaurus are basal dinosaurs that
lie outside true ornithischians and sau-
rischians (12-14). Indeed, several features
in the original partial skeletons of Herrera-
saurus and Staurikosaurus supported this
view, such as the absence of a third, fully
incorporated sacral vertebra and the narrow
distal end of the tibia.

‘7

Fig. 2. Skeletal reconstruction of Herrerasaurus ischigualastensis based on fossils MCZ 7064, PVL
2566, and PVSJ 53, 373, and 407. Adult skeletal length range is 3 to 6 m. MCZ, Museum of
Comparative Zoology, Harvard University; PVL, Fundacién Miguel Lillo, Universidad Nacional de
Tucuman, San Miguel de Tucuman; PVSJ, as in Fig. 1.
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Fig. 3. Stereopair of the
left carpus and manus
of Herrerasaurus is-
chigualastensis (PVSJ
373) in ventrolateral
view.  Cross-hatching
indicates missing frag-
ments; scale bar = 5
cm. | through V indicate
manual digits | through
V; PVSJ, as in Fig. 1.

The material of Herrerasaurus, however,
casts doubt on this initial cladistic assess-
ment of early dinosaur phylogeny. The
skull, neck, and forelimb, in particular,
show several characters that occur only in
saurischian dinosaurs, such as a subnarial
foramen between the premaxilla and max-
illa (Fig. 1), hyposphene-hypantrum artic-
ulations in the dorsal vertebrae (11, 14),
epipophyses on mid- and posterior cervical
vertebrae, and an elongate manus that ap-
proaches, or exceeds, half of the length of
the more proximal part of the forelimb (Fig.
4A) (14). Furthermore, other features of
Herrerasaurus provide evidence of theropod
affinity, such as the pubic foot and elongate
prezygapophyses in the distal caudal verte-
brae. In light of this evidence, the presence
of only two fully incorporated sacral verte-
brae in Herrerasaurus and Staurikosaurus
now suggests that full incorporation into

Fig. 4. Comparison of (A) the left
pectoral girdle and forelimb in lat-
eral view, (B) the ilia and sacrum
in dorsal view, and (C) the left
tibia in distal view in Herrerasau-
rus ischigualastensis (10), Coelo-
physis bauri (25), Plateosaurus
englehardti (26), and Lesotho-
saurus diagnosticus (27), re-
spectively. Fractional numbers in
(A) indicate the length of the
manus (digit Ill) as a proportion of
the remainder of the forelimb (hu-
merus + radius). In (B), 1 and 2
indicate the first and second pri-
mordial sacral vertebrae, respec-
tively; in (C), pf indicates the pos-
teromedial flange.

Herrerasaurus

the sacrum of at least one additional dorsal
vertebra must have occurred independently
in ornithischians and saurischians. This is
not surprising, given that dorsal and caudal
vertebrae have been incorporated into the
sacrum many times in subsequent dinosaur
phylogeny (Fig. 4B). Likewise, the narrow
distal end of the tibia in Herrerasaurus,
Staurikosaurus, and the basal ornithischian
Pisanosaurus also suggests independent
broadening of the tibia and astragalus in
omithischians and saurischians (Fig. 4C).

If Herrerasaurus and Staurikosaurus rep-
resent early theropods, then several branch
points at the base of the phylogenetic tree
of Dinosauria must have occurred earlier
than previous phylogenies have implied.
The split between saurischians and orni-
thischians must have occurred before the
middle Carnian, when the Ischigualasto
Formation was deposited (6). The presence

Coelophysis Plat us Lesoth us
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of herrerasaurid theropods in the Is-
chigualasto Formation and more specialized
saurischians [prosauropods and tetanurian
theropods (19)] in the overlying Los Colo-
rados Formation suggests that Saurischia
had already split into at least four morpho-
logically disparate lineages by the Norian.
Three of these lineages (prosauropods and
ceratosaurian and tetanurian theropods) are
documented by fossils. A sauropod lineage
must also have been present in the Late
Triassic even though the earliest sauropods
are known from Jurassic strata (20).

Despite the early appearance of several
major clades of dinosaurs, dinosaur species
do not dominate the vertebrate faunas in
either the Ischigualasto or Los Colorados
formations but rather co-exist with a variety
of crurotarsal archosaurs and synapsids (6,
21). In the Ischigualasto Formation, for
example, dinosaurs (Herrerasaurus and the
herbivore Pisanosaurus) constitute a minor-
ity of the recorded vertebrate species and
are much less abundant than rhynchosau-
rian (Scaphonyx) and traversodontid (Ex-
aeretodon) herbivores (22). If these terres-
trial vertebrate faunas typify Late Triassic
communities, the early dinosaurian radia-
tion may be characterized by a high degree
of morphologic innovation with low species
diversity and abundance, an evolutionary
pattern that has been linked with open
ecologic space (23).

Herrerasaurus ranges through approxi-
mately 40 m of section in the lower third of
the Ischigualasto Formation, which is char-
acterized by coarse-grained, lenticular sand-
stones deposited in narrow channels and
overbank deposits represented by variegated
silty mudstones with evidence of soil devel-
opment (22). These facies, along with lo-
cally abundant fossil plants [sphenopsids,
ferns, seed ferns, and conifers (21)], suggest
that the early dinosaur Herrerasaurus inhab-
ited an upland, riparian forest with a sea-
sonal climate (24).
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Cooperativity Induced by a Single Mutation at the
Subunit Interface of a Dimeric Enzyme:
Glutathione Reductase

Nigel S. Scrutton, Mahendra P. Deonarain, Alan Berry,
Richard N. Perham*

When glycine*'® of Escherichia coli glutathione reductase, which is in a closely packed
region of the dimer interface, is replaced with a bulky tryptophan residue, the enzyme
becomes highly cooperative (Hill coefficient 1.76) for glutathione binding. The cooperativity
is lost when the mutant subunit is hybridized with a wild-type subunit to create a het-
erodimer. The mutation appears to disrupt atomic packing at the dimer interface, which
induces a change of kinetic mechanism. A single mutation in a region of the protein remote
from the active site can thus act as a molecular switch to confer cooperativity on an enzyme.

Many enzymes are oligomeric; of these,
some exhibit standard Michaelis-Menten
kinetics and others display homotropic or
heterotropic cooperativity in ligand binding
and a characteristically sigmoidal depen-
dence of reaction velocity on substrate con-
centration. The two principal models ad-
vanced to explain cooperative behavior (I,
2) rely on ligand-induced conformational
changes in the protein, the effects of which
are transmitted across a domain or subunit
interface. Some of these ideas have recently
been tested by directed mutagenesis (3, 4).
Cooperativity can be eliminated: For exam-
ple, replacement of key residues involved in
the binding of fructose 6-phosphate in the
active site of Escherichia coli phosphofruc-
tokinase leads to loss in cooperative behav-
ior in the enzyme tetramer (5). Similarly,
the elimination of certain interactions be-
tween the aspartate and carbamoyl phos-
phate domains of the catalytic subunit of E.
coli aspartate transcarbamoylase causes it to
lose both catalytic activity and cooperativ-
ity in binding aspartate (6).

Conferral of cooperative behavior on an
enzyme has also been reported. Replace-
ment of an active-site Arg residue with Gly
in E. coli ornithine transcarbamoylase cre-
ates an enzyme of reduced catalytic efficien-
cy but one that exhibits cooperative re-
sponses to both substrates (7). Likewise,
replacement of an active-site Arg residue
with Gly in the noncooperative aspartate
transcarbamoylase of Bacillus subtilis con-
verts it into a cooperative enzyme (8).

We have been able to confer cooperativ-
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ity on an enzyme, E. coli glutathione reduc-
tase (E.C. 1.6.4.2), by manipulation of the
subunit interface away from the active site.
This dimeric enzyme is a member of the
important family of flavoprotein disulfide
oxidoreductases (9, 10). Glutathione re-
ductase catalyzes the following reaction:

H* + NADPH + GSSG =
NADP* + 2GSH (1)

where NADPH is the reduced form of
nicotinamide adenosine dinucleotide phos-
phate (NADP*) and GSH and GSSG are
the reduced and oxidized forms of glu-
tathione, respectively. The crystal structure
of the human enzyme at 1.5 A resolution
(11) serves as the reference point for the
rest of the family (12-15). The primary
(16) and three-dimensional (17) structures
of E. coli glutathione reductase are similar
to those of the human enzyme, enabling the
cloned gene (gor) for E. coli glutathione
reductase to be used for protein engineering
experiments, notable among them the in-
sertion of an intersubunit disulfide bridge
(18), investigation of residues critical to the
catalytic mechanism (19-21), and switches
of the coenzyme specificity from NADPH
to NADH (22) and the substrate specificity
from glutathione toward trypanothione
(23).

The enzyme normally exhibits a ping-
pong kinetic mechanism (9, 24, 25), but
replacement of a single residue (Tyr'??) in
the NADPH binding site changes it to
ordered sequential (19). No homotropic or
heterotropic cooperativity has been ob-
served in the binding of NADPH or glu-
tathione. The binding sites for NADPH
and glutathione are physically distinct and
are separated by the isoalloxazine ring of
the enzyme-bound flavin-adenine dinucle-






