ent from other southwest sites and reflect
the distinctive geology of the area. The
presence of crystal quartz indicates contact
with Bone Cave and the Weld River, 25 km
to the south where deposits of the material
are known (5).

Five pieces of the impactite, Darwin glass
(10), were excavated from the deposits, the
lowest being associated with a date of
~27,770 BP. It suggests contact with the
Darwin meteorite crater 75 km to the west.
A journey of over 100 km down the princi-
pal river systems would have been involved
in bringing this stone into the Florentine
valley. Its appearance at Bluff Cave predates
its introduction into Kutikina Cave by
10,000 years. The presence of the distinctive
raw materials and tool types at Bluff Cave
links it into a network of human activity
centered on southwest Tasmania during the
Pleistocene.

No common southwest raw materials
such as chert, crystal, and milky quartz or
Darwin glass were excavated from site ORS
7. The majority of stone raw materials exca-
vated are locally available. In addition, no
thumbnail scrapers were recorded from
ORS 7. Although alkaline soil conditions
occur at both sites, the amount of faunal
remains preserved at each is significantly
different. The distinct pattern of late Pleisto-
cene artifact assemblages, raw materials, and
fauna found between the southwest and
southeast regions suggest adaptations to dis-
tinctive, but related environments.

These results are important in three ways.
First, they push back the timing of human
colonization of Tasmania at least 8,000
years; second, they indicate human exploita-
tion of upland environments 10,000 years
earlier than previously recorded on the Aus-
tralian mainland (11, 12) and 20,000 years
earlier in Tasmania (13); and third, they
suggest that by 30,000 years ago megafauna
was extinct in Tasmania. The first is signifi-
cant in light of the recent evidence for sea
level fluctuations in the Bass Strait area
between 55,000 and 10,000 years ago (14~
16). These data suggest three periods prior
to the onset of the last glacial (25,000 to
10,000 years ago) when Tasmania was con-
nected to the Australian mainland by the
exposed Bassian Rise, the longest extending
from 37,000 to 29,000 years ago. This
approximates the oldest secure date for hu-
man occupation in Greater Australia
(40,000 years) from eastern New Guinea
(17). The possibility now arises that humans
reached Tasmania 36,000 years ago when a
drop in sea level of 55 m exposed a portion
of the Bassian Rise.

The second import of the dates is that
although Pleistocene human presence in
central Tasmania had been previously dem-
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onstrated (6), the new data indicate occupa-
tion of the southern edge of the flat, exposed
highlands prior to, and during the height of,
the last glacial period. This area carried the
largest Tasmanian ice sheet 18,000 years
ago. It suggests that people were less con-
cerned with extreme climatic conditions and
more intent on the systematic exploitation
of a range of environments economically
important to them.

The absence of extinct fauna at both sites
raises questions about evidence from the
Florentine valley suggesting the coexistence
of humans and megafauna 20,000 years ago
(6). An earlier notion that these animals
became extinct 11,000 years ago due to
vegetational changes is not supported by the
present data (18). Although specialized kill
and consumption sites away from rock-
shelters cannot: be ruled out, the evidence
points to an early extinction of these animals
prior to human arrival in south central Tas-
mania. The data further indicate that at this
stage of colonization, people were not limit-
ed to a narrow littoral and marine economy
(19, 20) but were focusing on inland envi-
ronmental zones, hunting a range of mod-
ern terrestrial fauna.
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Scanning Tunneling Microscopy of Uncoated

recA-DNA Complexes

M. AMREIN, R. DURR, A. STASIAK, H. GrOSS, G. TRAVAGLINT*

Uncoated recA-DNA complexes were imaged with the scanning tunneling microscope
(STM). The images, which reveal the right-handed helical structure of the complexes
with subunits clearly resolved, are comparable in quality to STM images of metal-
coated specimens. Possible conduction mechanisms that allow STM imaging of

biological macromolecules are discussed.

HE RESOLVING POWER OF THE STM

for analyzing structural and electron-

ic properties of metal and semicon-
ductor surfaces is now well established. We
have showed that biological specimens coat-
ed with a thin conducting film can be ana-
lyzed with the STM and that with this
technique molecular details can be revealed
(1). Recent STM work on organic molecules
(2, 3), adsorbed on a conducting support,
extended the possible application of STM to
macromolecules classically thought to be
insulating. Tunneling on uncoated organic
matter with large three-dimensional struc-
ture, such as biological macromolecules, has
been reported (4-9). However, it was neces-
sary that the specimen be coated with a
conducting film or replicated (10) to obtain

a resolution of structural details comparable
to that obtainable with the transmission
electron microscope (TEM) (1, 11). We re-
port that recA-DNA complexes adsorbed
from solution onto a salt-coated conducting
film and kept humid during measuring can
reproducibly yield high-quality STM im-
ages.

The recA-DNA complexes were formed
in the presence of ATP-gamma-S (the non-
hydrolyzable analog of adenosine triphos-
phate) under conditions that promote the
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formation of stable complexes (12). TEM
images of negatively coated specimens (13)
and STM images of metal-coated specimens
(1) revealed that under these conditions
recA-DNA complexes form right-handed
helical filaments with 10-nm diameters,
where about six recA protomers contribute
to one helical repeat. Formed complexes
were purified from unbound recA protein
on a Sepharose 2B column and subsequently
adsorbed onto platinum-carbon (Pt-C)—
coated mica platelets and consequently treat-
ed with either magnesium chloride (MgCl,)
or magnesium acetate (MgAc;). The Pt-C
film was evaporated on freshly cleaved mica
to an average thickness of 2 nm at 1076
mbar and room temperature with an elec-
tron beam—heated evaporator. After the Pt-
C films had been exposed to a glow dis-
charge at 0.1 mbar for 30 s, we coated them
with a thin layer of MgCl, or MgAc, by
putting them on a drop of the respective 5
mM salt solution for 1 min. Then the solu-
tion was removed and the sample was al-
lowed to dry. For adsorption, films with
supporting mica platelets were floated again
for 1 min on 5 mM MgCl; drops containing

suspended recA-DNA complexes.

The adsorption of recA-DNA complexes
on these supports was very dense, as verified
by TEM. In the TEM micrographs, very
often the filaments seemed slightly embed-
ded in the salt layer. Tunneling was carried
out with a pocket-size STM (14) under
atmospheric conditions. For imaging we
used etched gold tips, negatively biased, a
tunnel voltage of 300 mV, and a current of
0.5 nA. No polarization or voltage depen-
dence of the images has been observed. The
sample had to be kept humid to achieve
stable imaging. Therefore, periodically a
drop of bidistilled water was put on the
sample, and we removed any excess water by
blotting the sample with a piece of damp
filter paper. During scanning, recA-DNA
complexes were frequently moved by the
tip; thus they could not be imaged over long
distances. This effect was diminished when
they were adsorbed in dense arrays. On the
other hand, such samples, which are crowd-
ed in many regions, made sorting out clean,
well-preserved individual filaments difficult
in both TEM and STM. Depending on the
tip geometry and orientation of the com-

Fig. 1. Low-magnification STM images of uncoated recA-DNA complexes densely adsorbed on a
MgCly-treated Pt-C film. In some regions individual filaments cannot be separated (encircled),
although a striation caused by the helical repeat of the structure can easily be distinguished. Single
filaments (arrows) show the characteristically right-handed helical structure. The image is a top view in
gray-tone representation. Scale bar, 20 nm.
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plexes, a tip-sample convolution caused a
slightly broadened representation of the fila-
ments.

A low-magnification STM image of very
densely adsorbed uncoated recA-DNA fila-
ments is shown in Fig. 1. In some regions
complexes can barely be separated into indi-
vidual filaments, even though striations cor-
responding to the helical repeats of the
filaments are well visible. On the right side
of Fig. 1, individual complexes can be easily
distinguished as characteristic right-handed
helical filaments. RecA-DNA complexes in
such dense preparations have the tendency
to align side by side, and samples prepared
in parallel but observed with TEM show
similar images of aligned complexes.

A higher magnification image of an indi-
vidual filament is shown in Fig. 2, where
every striation shows a three- to four-part
structure. Because this image represents
only half of the surface of the helical fila-
ment, every helical turn of the complex is
composed of about six such parts that pre-
sumably are the recA protomers. In some of
the visible striations, protomers seem to be
composed of two parts that might corre-
spond to different domains of these pro-
tomers. The filament shown also has a re-
gion where two successive helical repeats are
in close contact. These deviations from per-
fect helical order seem to reflect intrinsic
properties of recA-DNA complexes, because
they were also observed in STM images of
metal-coated preparations of freeze-dried
recA-DNA complexes [(1); see also the
comparison of the two STM imaging meth-
ods in Fig. 3].

With the use of this method, features as
small as a recA monomer (37,000 daltons)
are resolved without any need for averaging.
This allows poorly ordered or nonordered
structures to be studied with high resolu-
tion. Working with humid biological sam-
ples allows minimization of structural alter-
ations caused by drying. A first step was
made toward tunneling in an aqueous solu-
tion (where biological macromolecules re-
main in the native state) by imaging an
uncoated, hydrated sample.

Before we discuss STM imaging of un-
coated (naked) macromolecules, let us first
consider possible conduction mechanisms in
related organic systems, which are better
characterized physically, such as polymer
chains and the Langmuir-Blodgett films of
alkane-tailed molecules, in order to focus on
aspects of interest for STM imaging in gen-
eral.

The electronic structure of such molecular
entities is dominated by intramolecular
bonds and is essentially unaffected by inter-
molecular interactions. For saturated back-
bone polymers without pendant groups,
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such as the polyethylene (CH3),, alkane tails
of Langmuir-Blodgett molecules and lipids,
band theory can be applied. The degeneracy
of 12 or more molecular orbitals is lifted by
the formation of one-dimensional bonding
and antibonding bands (15). These bands
are nevertheless narrow because of the small
transfer integral along the chain. This kind
of polymer and alkane tail can be considered
an organic semiconductor with a large ener-
gy gap. The upper valence band formed by
carbon 2p and hydrogen ls orbitals lies
about 9 eV below the vacuum level, whereas
the lowest conduction band lies above; elec-
trons injected into the middle of this band

have a delocalized nature (16, 17).

In the case of saturated backbone poly-
mers with pendant groups, such as polysty-
rene, the semiconducting-band picture is
not valid (18). The transfer integral between
pendant groups along the chain is so small
that their electronic structure remains simi-
lar to that of single molecular subunits.
Electrons injected into empty states are lo-
calized by correlation or disorder as in the
Anderson model and are trapped there in
the form of charged ions. Dramatic polariza-

- tion effects caused by such charged radicals

occur; intrinsic empty antibonding bulk
states close to the vacuum level relax when

Fig. 2. STM image of an individual, uncoated recA-DNA complex adsorbed on a MgAc,-treated Pt-C
film. A long-range corrugation of the supporting film and local distortions were eliminated by
reconstruction and subtraction of the deformed support surface with the use of elastic models (29).
Every striation, corresponding to one helical turn, is composed of three to four radially repeating parts.
Such substructures seem to represent the recA protomers. Scale bar, 10 nm.

Fig. 3. Comparison of STM images of (A) a freeze-dried and metal-coated recA-DNA complex and (B)

e, s

the uncoated complex of Fig. 2. The images are presented as top views with simulated shading and
enhanced filament structures. The characteristic features appear in good agreement for the two
methods, giving confidence in the reproducibility of STM-imaging of such largely corrugated
specimens. In both cases the striations are composed of three to four parts, corresponding to recA
protomers. However, they are better resolved on the uncoated sample. In some cases radially repeated
parts seem to consist of two domains (arrows). Both filaments also have a region where two successive
striations are in close contact (asterisks). Scale bar, 10 nm.
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charged to mid-gap states (19), which can be
involved in carrier transport along the chain.

Photoinjection experiments (20) between
metals and nonconducting polymers with-
out intrinsic bulk states established the exis-
tence of extrinsic interface states with ener-
gies in the forbidden gap. The microscopic
nature of such defects is not clear. There are
at least four possibilities: (i) specific surface
defects, (ii) adsorbed molecules, (iii) prod-
ucts of chemical interactions of the ambient
atmosphere with the surface, and (iv) chain
end groups (intrinsic). Photoemission ex-
periments (21) indicate filled surface states
and traps 4 eV below the vacuum level.

Electrical conduction through built-up
fatty acid monolayers between metal elec-
trodes has been interpreted in terms of
tunneling (22) through each whole alkane
chain, because intrinsic mid-gap bulk states
are not expected. In such experiments, as
well as in STM measurements on Langmuir-
Blodgett films, the Fermi levels of both
metal electrodes or the Fermi levels of the
tp and Langmuir-Blodgett support are
pinned in the middle of the gap by extrinsic
surface states.

In terms of the above-mentioned inorgan-
ic semiconductor picture, a Langmuir-Blod-
gett monolayer represents a potential barrier
height of at least 2 eV for tunneling elec-
trons, if we take into account image poten-
dal and polarization; band “bending” effects
induced by head groups, by extrinsic surface
states, and by the proximity of the tip also
contribute to a local decrease of the barrier
height. We prefer to discuss first the STM
contrast mechanism of Langmuir-Blodgett
films exposed to ambient conditions in
terms of such surface states.

Electrical conduction (22, 23) as well as
photoinjection experiments (20) yield an
effective two-dimensional surface state den-
sity at the Fermi level of order 10" to 10"
eV~ em™% Assuming a Mott-type intersite
hopping mechanism, a mean hopping dis-
tance of 5 A, and a wave function inverse
decay length of 0.35 A~! parallel to the
surface, which corresponds to half of the
bulk inverse length extracted from (23), we
obtain a specific two-dimensional surface
resistance of at least 10® to 10° ohms, which
is in the range of STM tunneling resistance
(24).

Within this solid-state picture and consid-
ering the hopping mechanism alone, STM
imaging of Langmuir-Blodgett films is pos-
sible only in the neighborhood of extended
defects or internal surfaces (for a multilayer
assembly or a lipid membrane), which elec-
trically connect the scanned surface to the
conducting support. Moreover, fast electron
transfer through the molecule may occur. In
contrast to the electrical conduction experi-
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ments, no oxidized support was used in the
STM experiments on Langmuir-Blodgett
films. Furthermore, the system under con-
sideration is not a single molecule alone but
a molecule between the two electrodes, that
is, the tip and support. A coupling with the
electrodes can modify the electronic struc-
ture of the single molecules and thus affect
their transmission (25). Generally, interac-
tions with molecular vibrations (normally
weakly dispersive) and molecular polariza-
tion can strongly affect the electronic wave
function overlap and thus the electronic
energies. The parameters that govern elec-
tron propagation in organic materials are
different from those that operate in inorgan-
ic compounds. Time-dependent energy
states, polarization terms, and electron-elec-
tron interactions must be considered in or-
der to explain electron transfer in organic
solids.

Finally, let us consider the possibility of
electrical breakdown. In STM experiments
the voltage between tip and sample is in the
range of a few hundred millivolts, which
corresponds to an electrical field strength of
the order of 0.2 mV cm™! if we assume that
the voltage drops linearly across the entire
Langmuir-Blodgett monolayer. This field
strength corresponds to the typical break-
down strength of an 80-um-thick multilayer
(26), but for mono- and bilayers larger
electric fields are required. In addition, for
electrical breakdown large electronic ener-
gies are required in processes for carrier
multiplication (27). In contrast, the energies
involved in STM experiments are very small;
Zener tunneling can thus be excluded. Ener-
gy-loss processes of tunneling electrons are
negligible for breakdown.

A microscopic description of the imaging
of a recA-DNA complex, an extremely com-
plicated system, requires detailed knowledge
of the physical properties of its single com-
ponents and their interactions. The consid-
erations about the pendant-group polymers
might also be valid for polypeptide chains,
which can be regarded as biological poly-
mers with residues acting as pendant
groups. Proteins are highly structured mac-
romolecules: their specific structure will also
influence the quantum paths, controlling
whether long-range electron transfer occurs
(28).

STM imaging of recA-DNA complexes
required treating the Pt-C supporting film
with MgCl, or MgAc;, solution and keeping
the samples wet. The recA-DNA filaments
are therefore embedded in a strongly polar
medium, which can also act as an electrolyte.
The exact role of the salt solution is not yet
clear. The fluctuations of the surrounding
medium and its polarization changes can
locally and temporally shift the electronic
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terms of the macromolecule and its hydra-
tion shell. Long-range electron transfer can
thus be induced by polarization energy ef-
fects in the macromolecule, and in the hy-
dration shell itself through nonequilibrium
states of molecular subunits and solvated
ions. Electrochemical processes probably
contribute to imaging and also influence the
contact resistance between object and sup-
port. Ionic conductivity can be excluded
owing to the small mobility of ions in water
(107% ecm? V™' s71). Also, Mg?*, CI™, and
Ac™ could act as dopants of the macromole-
cule, thus providing the charge transfer nec-
essary for electron transfer.
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Upper Jurassic Dinosaur Egg from Utah

Karv F. HirscH, KENNETH L. STADTMAN, WADE E. MILLER,

JamEs H. MADSEN, JRr.

The Upper Jurassic egg described here is the first known egg from the 100-million-
year gap in the fossil record between Lower Jurassic (South Africa) and upper Lower
Cretaceous (Utah). The discovery of the egg, which was found mixed in with
thousands of dinosaur bones rather than in a nest, the pathological multilayering of the
eggshell as found in modern and fossil reptilians, and the pliable condition of the
eggshell at the time of burial indicate an oviducal retention of the egg at the time of

burial.

NEARLY COMPLETE EGG WAS

found in September 1987 in the

Cleveland-Lloyd Dinosaur Quarry
at a site located in the lower fossiliferous
beds of the Brushy Basin Member of the
Upper Jurassic Morrison Formation in Em-
ery County, east central Utah (7). This
quarry has yielded more than 12,000 disar-
ticulated bones representing 70 or more
individuals of at least 12 dinosaur genera (1-
4). In the Late Jurassic, this area may have
been a shallow lake or marsh where the
animals became trapped in mud (4).

The egg was found embedded in a calcare-
ous blocky shale 0.4 m above the bottom of
the fossiliferous stratum in the quarry. The
fossil was not immediately associated with
skeletal parts of the dinosaurs, although

disarticulated remains of the sauropods Bar-
osaurys and Camarasaurus and  Stegosautus
were nearby. There was a concentration of a
single theropod, Allosaurus, including sacral
and appendicular elements, in the vicinity of
the egg. Allosaurus is by far the most abun-
dant taxon in the Cleveland-Lloyd dinosaur
fauna. It cannot be demonstrated that the
egg represents any of the above genera. No
additional eggshell material was found.
The preservation and condition of the egg
make it unlikely that it was transported. The
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