The cycle is therefore partly decoupled from
the oxidation of organic matter or the reduc-
tion of electron acceptors.

The thiosulfate shunt can help account for
the large isotopic fractionation of 348 10 328
between sulfate and sulfides in sediments. It
has long been an enigma why the apparent
isotopic fractionation during sulfate reduc-
tion in marine sediments is commonly be-
tween 35 and 60 per mil whereas pure
cultures of sulfate reducing bacteria cause a
fractionation of only 10 to 30 per mil (15).
Recycling via thiosulfate will tend to in-
crease the isotopic difference between sulfate
and reduced S, mostly because the inner
(+6) S atom of thiosulfate is strongly en-
riched in 34S relative to the outer (—2) S
atom (16). When the S$,03>” is dispropor-
tionated, the 3*S-rich inner atoms are con-
verted to SO42~ while the 34S-poor outer
atoms are converted to HS™. The thiosulfate
shunt will thereby tend to recycle lighter S
in the reduced state and convert heavier S to
sulfate.
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Hind Limbs of Eocene Basilosaurus:

Evidence of Feet in Whales

PHiLir D. GINGERICH, B. HoLLYy SMITH, ELWYN L. SIMONS

New specimens of middle Eocene Basilosaurus isis from Egypt include the first
functional pelvic limb and foot bones known in Cetacea. These are important in
corroborating the intermediate evolutionary position of archaeocetes between general-
ized Paleocene land mammals that used hind limbs in locomotion and Oligocene-to-
Recent whales that lack functional pelvic limbs. The foot is paraxonic, consistent with
derivation from mesonychid Condylarthra. Hind limbs of Basilosaurus are interpreted

as copulatory guides.

HALES  ARE  REMARKABLE
among mammals in being fully
aquatic, and their transition from

land to sea is among the most interesting
problems of evolution (1-3). Most mam-
mals use limbs, particularly hind limbs, in
locomotion. Modern cetaceans live in water
and lack hind limbs entirely, retaining only
rod-like vestiges of pelvic bones, femora,
and rarely tibiaec embedded in musculature
of the ventral body wall (4, 5). Limbs are
important for understanding the early evo-
lution of whales. Hind limb buds have long
been known in embryonic cetaceans up to
32-mm crown-rump length (6), and adults
with externally projecting rudiments are also
known (7). We now describe evidence of
functional hind limbs in a cetacean.
Basilosaurus is a large serpentine Eocene
vertebrate discovered early in the 19th cen-
tury when it was described as a reptile and
named “king lizard” (8). Richard Owen
demonstrated the mammalian characteristics
of Basilosaurus and, within mammals, its
cetacean affinides (9). Two species are
known: B. cetoides from the late Eocene of
the southeastern United States and B. isis
from the late middle Eocene of Egypt (10,
11). The most complete Basilosaurus speci-
mens known previously were two partial
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skeletons of B. cetoides collected by C. Schu-
chert in Alabama in 1894 and 1896 for the
U.S. National Museum (USNM). One of
these specimens, USNM 12261, includes
left and right innominate bones of the pelvis
and a partial femur (12, 13); these remains
were considered vestigial and functionless
(14), an interpretation consistent with loss
of functional hind limbs in modern whales.
In 1987 and 1989 we mapped 243 partial
skeletons of B. isis and 77 partial skeletons
of smaller archaeocetes (15) in the desert of
Zeuglodon Valley (ZV), 50 km west of
Fayum oasis in north central Egypt (16). All
occur in a 90-m-thick stratigraphic section
of shallow marine sandstones and shales of
the Gehannam and Birket Qarun formations
of late middle Eocene age (17). Excavations
in 1989 yielded several nearly complete skel-
etons combined in the reconstruction shown
in Fig. 1A. These indicate that B. isis had 7
cervical, 18 thoracic, and 42 lumbar and
caudal vertebrae (Fig. 2), 9 more than the
number of vertebrae shown in reconstruc-
tions of B. cetoides (13, 14). Limb and foot
bones described here were all found in direct
association with articulated skeletons of B.
isis and undoubtedly represent this species.
Specimens are conserved in the Cairo Geo-
logical Museum (CGM) and University of
Michigan Museum of Paleontology (UM).
The innominate (Fig. 1B) is a straplike
coossification of an elongated pubis and a
relatively small ilium and ischium, each con-
tributing to a well-defined acetabulum. The
pubis and ischium surround a small obtura-
tor foramen. Left and right pubes fit togeth-
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er at a robust unfused midline symphysis
(18). The femur has a curved cylindrical
head, a broad and high greater trochanter,
considerable midshaft torsion, two flat fac-
ets for the patella, and distinct posteriorly
directed medial and lateral condyles. The
patella is relatively large, with a single flat
femoral facet. The tibia and fibula are each
only about one-half the length of the femur
and are coossified at each end (Fig. 1B).

Tarsal bones exhibit a variable pattern of
fusion at articulations that were probably
immobile in life. Specimen UM 93231 has
the astragalus, calcaneum, cuboid, and na-
vicular coossified as one rigid bone (Fig.
1B), whereas CGM 42176 has the astraga-
lus, navicular, ectocuneiform, and mesocu-
neiform fused (Fig. 3). Each specimen has a
cuneiform articulating with the navicular
and cuboid in the normal ectocuneiform
position. A second cuneiform is much small-
er and fused to the ectocuneciform as a
mesocuneiform.

Basilosaurus lacks pedal digit I (hallux)

entirely, and a beadlike mesocuneiform is
the only remnant of digit II. Three metatar-
sals are known: one articulates with the
distal surface of the ectocuneiform, identify-
ing it as metatarsal III, and two articulate
directly with the cuboid, identifying them as
metatarsals IV and V. Metatarsal V is re-
duced relative to III and IV. The distal end
of metatarsal III has a smooth flat surface for
a proximal phalanx. The distal ends of meta-
tarsals IV and V have more spherical sur-
faces for their proximal phalanges, suggest-
ing a wider range of motion at these joints.
Only one proximal phalanx is known. This
fits onto metatarsal IV and has a small
terminal second phalanx fused to it.

Metatarsals III and IV are the largest and
longest metatarsals, making the foot parax-
onic. A paraxonic pes in Cetacea is consist-
ent with serological evidence of relationship
to Artiodactyla (21) and dental evidence of
derivation from mesonychid Condylarthra
(22). Artiodactyla and mesonychid Condy-
larthra both have a paraxonic pes (23).

The inferred posture and range of motion
of the hind limb of Basilosaurus are unusual
for a mammal. On each side the innominate
lay in the ventral body wall with the acetab-
ulum opening downward. The femur has
two distinct patellar surfaces lying at right
angles to each other, one on the distal end
and the other on the anterior surface. These
surfaces are flat, and indicate two distinct
stable positions of the patella relative to the
femur. The two surfaces join along a convex
narrowly rounded edge, indicating that a
transition between stable positions of the
patella was possible but that intermediate
positions were unstable.

Articular surfaces on the femoral condyles

13 JULY 1990

=R Phalanges
II' Metatarsals
Patella 3 Navicular
Astragalus
B Pubic symphysis 0 5cm

Fig. 1. Skeleton and hind limb of B. isis from the Birket Qarun Formation of Zeuglodon Valley, Egypt.
(A) Skeleton in left lateral view showing body proportions and position of hind limb (arrow).
Silhouette modified from Gidley (13) to reflect total of 67 vertebrae in B. isis and a total length of 16
meters. Serpentine body form suggests anguilliform locomotion, possibly in a shallow mangrove or
seagrass habitat (for which there is some independent faunal evidence). (B) Left hind limb in normal
resting posture, left ventrolateral view. Note the broad greater trochanter of femur, large patella, fusion
of tibia and fibula, broad articulation of fibula and calcaneum, large projecting tuber of calcaneum,
fusion of astragalus-calcaneum-cuboid-navicular, fusion of ectocuneiform-metatarsal III (and beadlike
mesocuneiform remnant of pedal digit II), loss of pedal digit I (hallux) and great reduction of digit II,
and reduction of distal phalanges on digit IV (phalanges of digits III and V are not yet known). Dotted
outline shows alternate anterior position of patella. This reconstruction is a composite based on CGM
42176 (ZV-154), with fused tarsals and other foot bones from UM 93231 (ZV-132; also ZV-30). (C
and D) Pelvic girdle and left hind limb in resting posture (solid drawing) and functional extension (open
outline), lateral and anterior views. Dashed line in anterior view shows approximate position of ventral
body wall. Drawings in (B), (C), and (D) are based on an articulated full-sized model, but limb
elements come from several specimens, making it difficult to measure excursion angles accurately.
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Fig. 2. Length-of-vertebrae profiles for three species of middle and late Eocene Archaeoceti. Lower
profile (open circles) is based on a single specimen from Zeuglodon Valley in Egypt (ZV-1 in CGM), a
dorudontine identified as Prozeuglodon atrox, Dorudon intermedius, or D. stromeri from the size of its skull
and teeth; less complete specimens of Zygorhiza kochii from North America have similar profiles. Middle
profile of Egyptian B. isis (closed circles) is based on three specimens from Zeuglodon Valley (ZV-30
with vertebrae numbered from 1 to 46, ZV-150 with vertebrae from 15 to 49, and ZV-148 with
vertebrae from 46 to 67). Pelves were found near vertebra 49 in both CGM 42176 (ZV-154) and in
ZV-167. Vertebral numbers are minima consistent with successive least-squares fits of vertebral lengths
beginning with ZV-30. Upper profile of North American B. cetoides (open circles) is based on USNM
4675 and USNM 12261 from Alabama. Innominates of pelvis were found 22 and 21 vertebrae from
end (12), near vertebrae numbered 42 and 43 here. Basilosaurus isis is smaller than B. cetoides, but their
vertebral-length profiles are so similar that both probably represent the same genus (note rapid
lengthening of posterior thoracic centra, beginning with vertebra 16, which is found only in
Basilosaurus). True position of pelvis is probably between vertebrae 43 and 49 (shown between 45 and
46 in Fig. 1A, where the femur was found in ZV-30). Note sigmoid pattern at the posterior end of all
three profiles. This pattern is present in the fluked tails of modern cetaceans, suggesting that Basilosaurus
and other archaeocetes also had tails with flukes.
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Fig. 3. Fused left astragalus, navicular, ectocunei-
form, and mesocuneiform of B. isis, CGM 42176
(ZV-154), in ventrolateral view (see Fig. 1B for
orientation). Note that fusion in this specimen
includes the ectocuneiform and the mesocunei-
form remnant of pedal digit II, but not the
calcaneum or cuboid. MT, metatarsal.

are directed posteriorly, indicating that the
knee was always flexed to some degree. The
astragalus articulates with both the tibia and
fibula, but the entire tibial facet is on the
medial side of the astragalus, meaning that
the foot was always supinated. The posterior
position of the fibular trochlea formed by
the astragalus and calcaneum indicates that
the ankle was normally extended. Fitting
articular surfaces together, with the patella
positioned on the distal articular facet of the
femur, yields a posture in which the femur
points almost directly forward, and the rest
of the limb extends backward from the knee
(Fig. 1B, solid drawings in Fig. 1, C and D).
This is interpreted as the habitual resting
posture of the hind limb. Hydrodynamic
considerations dictate that the femur was
almost entirely within the body wall, while
distal elements lay flat against the body wall
externally.

The cylindrical shape of the femoral head
indicates limited motion at the hip joint,
with the femur rotating downward and out-
ward from its resting position. A distinct
apex of the patella extends beyond its articu-
lar surface on one side only (interpreted as
proximal). Patellar asymmetry and the nar-
rowly rounded edge separating patellar sur-
faces on the femur suggest a stabilizing
mechanism locking the knee in partial exten-
sion when the patella was pulled onto the
anterior surface of the femur. This unusual
knee of Basilosaurus indicates a single alterna-
tive to its posture at rest. A downwardly
rotated femur, extended locked knee, ab-
ducted hip, and dorsiflexed ankle are shown
in open outline in Fig. 1, C and D.

Hind limbs of Basilosaurus appear to have
been too small relative to body size (Fig.
1A) to have assisted in swimming, and they
could not possibly have supported the body
on land. However, maintenance of some
function is likely for several reasons: most
bones are present; some elements are fused,
but remaining joints are well formed with
little suggestion of degeneracy; the patella
and calcaneal tuber are large for insertion of
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powerful muscles; and the knee has a com-
plex locking mechanism. The pelvis in gen-
eralized mammals supports reproductive or-
gans in addition to its common use in
locomotion. The pelvis of modern whales
serves to anchor reproductive organs (5),
even though functional hind limbs are lack-
ing. Thus hind limbs of Basilosaurus are most
plausibly interpreted as accessories facilitat-
ing reproduction. Abduction of the femur
and plantar flexion of the foot, with the knee
locked in extension, probably enabled hind
limbs to be used as guides during copula-
tion, which may otherwise have been diffi-
cult in a serpentine aquatic mammal.
Characteristics related to reproduction are
often dimorphic in mammals, and dimor-
phism in a larger sample of limb elements
would support the interpretation of hind
limb function proposed here (lack of dimor-
phism would not necessarily refute it). Dis-
covery of pelvic limbs and feet in Basilosaurus
raises the possibility that other archaeocetes
retained functional hind limbs (24). New
specimens are required to test both hypothe-
ses. In the meantime, retention of well-
formed pelvic limbs in Basilosaurus corrobo-
rates the morphological primitiveness of ar-
chaeocetes. Temporal and morphological in-
termediates are direct and important
evidence of transition in evolution: an Eo-
cene whale with functional hind limbs nar-
rows the gap considerably between general-
ized Paleocene land mammals that used hind
limbs in locomotion and Oligocene-Recent
modern whales that lack pelvic limbs.
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Solution Structure of the Glucocorticoid Receptor

DNA-Binding Domain

TorLEIF HARD,* EDWIN KELLENBACH, ROLF BOELENS,
BoNNIE A. MALER, KARIN DAHLMAN, LEONARD P. FREEDMAN, T
JAN CARLSTEDT-DUKE, KEITH R. YAMAMOTO, IAN-AKE GUSTAFSSON,

ROBERT KAPTEINT

The three-dimensional structure of the DNA-binding domain (DBD) of the glucocor-
ticoid receptor has been determined by nuclear magnetic resonance spectroscopy and
distance geometry. The structure of a 71-residue protein fragment containing two
“zinc finger” domains is based on a large set of proton-proton distances derived from
nuclear Overhauser enhancement spectra, hydrogen bonds in previously identified
secondary structure elements, and coordination of two zinc atoms by conserved
cysteine residues. The DBD is found to consist of a globular body from which the
finger regions extend. A model of the dimeric complex between the DBD and the
glucocorticoid response element is proposed. The model is consistent with previous
results indicating that specific amino acid residues of the DBD are involved in protein-

DNA and protein-protein interactions.

HE GLUCOCORTICOID RECEPTOR

belongs to a family of ligand-induc-

ible nuclear transcription factors that
include the steroid hormone, thyroid hor-
mone, retinoic acid, and vitamin Dj recep-
tors. All members of this superfamily con-
tain a highly conserved DNA-binding do-
main that consists of about 70 residues and
mediates specific binding to hormone re-
sponse elements on DNA (7). Protein frag-
ments containing the glucocorticoid recep-
tor DBD expressed in Escherichia coli exhibit
sequence-specific binding to glucocorticoid
response elements (GREs) (2, 3). These
protein fragments contain two zinc atoms,
tetrahedrally coordinated by conserved cys-
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teine residues, that are required for proper
folding and DNA binding (2). The presence
of zinc-binding domains is reminiscent of
the “zinc finger” motif found in Xenopus
TFIIIA (4), as well as similar domains found
in retroviral nucleic acid binding proteins
(5). However, the hormone receptor zinc-
coordinating regions are not homologous to
these other zinc fingers, suggesting that the
DNA-binding domain of the steroid and
thyroid hormone receptors constitutes a dis-
tinctive structural motif (6).

We have studied two protein fragments
containing the glucocorticoid receptor
DBD using two-dimensional nuclear mag-
netic resonance (2D NMR) and distance
geometry (DG). These fragments contain
93 and 115 residues, respectively, with a

Fig. 1. The segment Cys*® to 450

Arg®'° of the rat glucocorticoid re- cH
ceptor  DNA-binding domain
(Cys*!' to Arg*' of the human
glucocorticoid receptor) for which
the three-dimensional structure is
presented here (8). The boxed resi-
dues indicate amino acids that are v *_
essential for discrimination be- L 2"
tween glucocorticoid and oestro- c440 0460
gen response elements (GRE and
ERE) (26). The circled residues in-
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Fig. 2. Diagonal plot indicating residues between

which NOEs have been found. Secondary struc-

ture elements and zinc coordination within the
two finger domains (19) has also been indicated.

common sequence encompassing the Cys**°

to Ile’"® and Cys**! to e’ segments of the
rat and human glucocorticoid receptors, re-
spectively (7, 8). The structural srudies focus
on the 71-residue segment Cys* to Arg®'°,
which includes the two zinc-coordinating
finger regions (Fig. 1). Sequence-specific
assignments of more than 90% of all observ-
able '"H resonances within this segment
were obtained with the use of 2D double
quantum filtered correlated spectroscopy
(DQE-COSY), homonuclear Hartmann-
Hahn spectroscopy (HOHAHA), and nu-
clear Overhauser enhancement spectroscopy
(NOESY). The resonance assignments (9)
were carried out with the use of well-estab-
lished procedures (10, 11).

Several elements of secondary structure
within the Cys*? to Arg’'® segment could
be identified based on characteristic patterns
of NOE connectivities (10). These elements
include two a-helical regions encompassing
Ser* to Glu*® and Pro*” to Gly*™, a type
I reverse turn between residues Arg“79
Cys*®, a type II reverse turn between resi-

dues Leu*”” to Gly*’®, a short stretch of
y
antiparallel B sheet involving residues Cys**
and Leu**! and Leu*’ to Cys*’, as well as
!
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dicate the segment that is important for protein-protein interactions in the dimeric DBD-GRE complex

(25).
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