lineaments hundreds of kilometers long and
interpreted to be scarps and faults are ar-
rayed generally radially around the corona,
and there is a particularly well-developed
trend of lineaments in the northeast-south-
west direction that extends to the northeast
in a linear belt toward Western Aphrodite
Terra. The characteristics of Lada Terra
(linear deformed zones of probable exten-
sional origin, coronae) are quite different
from those of the northern high-latitude
highland, Ishtar Terra (compressional
mountain belts, steep bounding slopes, and
abundant tessera terrain), but in many re-
spects they are similar to the characteristics
of the cluster of coronae seen in Mnemosyne
Regio, to the west of Ishtar Terra (21).

A total of 49 features of possible impact
origin have been mapped in this region. The
craters tend to be concentrated in the plains
rather than in the uplands-highlands, oppo-
site to the trend in the Beta-Eistla region
(11, 22). The density of craters observed in
the region mapped in Fig. 1 (55.6 x 10°
km?) is 0.88 crater per 10° km?, similar to
the 0.92 per 10° km? seen in the Beta-Eistla
region (22) and less than that observed for
the northern high-latitude Venera coverage
(1.3 per 10° km?). This density indicates
that the age of this region is similar to the
age (250 to 1000 million years) interpreted
for the northern high latitudes (2, 3). Add-
ing this part of the southern hemisphere
(12% of the surface of Venus) to that pre-
viously dated brings the total area estimated
to have formed during the last 20% of the
history of the planet to approximately 43%.

Of the three types of deformation out-
lined by Basilevsky et al. (5) in the Venera
coverage (beltlike, circular, areal), linear
beltlike deformation appears to dominate
this region; the lineament belts of Themis
and Lada Terrae occupy many thousands of
kilometers and extend out of the region to
connect with major tectonic zones else-
where. These belts are interpreted to be of
extensional origin, whereas the additional
lineament belts mapped in Lavinia Planitia
are interpreted to be of compressional ori-
gin. Orogenic belts such as those surround-
ing Lakshmi Planum (6) are not observed.
Circular deformation is common in the form
of abundant corona-like features associated
with the linear deformation belts of Lada
and Themis and in the isolated coronae of
Lada Terra. Areal deformation is well devel-
oped only in Alpha Regio and is not as
abundant as in the Venera coverage, al-
though additional tessera may underlie the
plains, particularly around Alpha Regio.
Plains units of apparent volcanic origin are
common, and the style of plains volcanism is
similar to that seen elsewhere (4, 5, 11).
Large volcanic edifices are commonly asso-
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Atomic-Resolution Electrochemistry with the Atomic
Force Microscope: Copper Deposition on Gold

S. MANNE, P. K. HANSMA, J. Massig, V. B. ELINGS, A. A. GEWIRTH*

The atomic force microscope (AFM) was used to image an electrode surface at atomic
resolution while the electrode was under potential control in a fluid electrolyte. A new
level of subtlety was observed for each step of a complete electrochemical cycle that
started with an Au(111) surface onto which bulk Cu was electrodeposited. The Cu was
stripped down to an underpotential-deposited monolayer and finally returned to a bare
Au(111) surface. The images revealed that the underpotential-deposited monolayer
has different structures in different electrolytes. Specifically, for a perchloric acid
electrolyte the Cu atoms are in a close-packed lattice with a spacing of 0.29 % 0.02
nanometer (nm). For a sulfate electrolyte they are in a more open lattice with a spacing
of 0.49 * 0.02 nm. As the deposited Cu layer grew thicker, the Cu atoms converged
to a (111)-oriented layer with a lattice spacing of 0.26 + 0.02 nm for both electrolytes.
A terrace pattern was observed during dissolution of bulk Cu. Images were obtained
of an atomically resolved Cu monolayer in one region and an atomically resolved Au
substrate in another in which a 30° rotation of the Cu monolayer lattice from the Au

lattice is clearly visible.

E REPORT ATOM-RESOLVED AFM

surface in two different electrolytes. Under-
potential deposition (upd) is an electrochem-
ical process in which one to several monolay-

images (1, 2) of bulk and under-
potential-deposited Cu on a Au
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ers or submonolayers of a foreign adatom are
deposited on a surface at potentials positive
from the reversible Nernst potential. The upd
process on noble metal surfaces has attracted
substantial attention (3) over the past two
decades because it may be important in all
deposition processes and because upd-modi-
fied surfaces show increased resistance to poi-
soning from oxidation products, making
these surfaces potentially attractive for use in
fuel cells and in sensors (4). Direct knowledge
of the monolayer structure is important in
order to evaluate the factors giving rise to the
underpotential shift and to determine the
origins of the distinctive properties of these
monolayers.

An archetype of the upd process is Cu on
Au, which has been extensively studied be-
cause of the inertness of the Au electrode
and the ease of its preparation. Kolb and
co-workers (5) have developed ultrahigh
vacuum (UHV)-based techniques to study
this system that involve removing the elec-
trode from solution into clean environ-
ments. However, removing the electrode
may alter the structure of the overlayer and
make correlation with the electrochemistry
uncertain.

Direct in situ measurements on the Cu on
Au upd process have been of two types.
Surface x-ray absorption fine structure (EX-
AFS) has been used (6) to obtain distances
between Cu atoms in the overlayer and the
Au substrate and between neighboring Cu
atoms. Second, Kolb, Behm, and co-work-
ers (7) recently used scanning tunneling
microscopy (STM) to determine the struc-
ture of Cu monolayers on Au(l11) and
Au(100) surfaces in sulfate electrolyte. We
confirmed their Au(111) results and extend-
ed the imaging to the complete electrochem-
ical cycle in two electrolytes. We show that a
change between two ostensibly noncom-
plexing electrolytes can strongly affect the
structure and energetics of the upd process.

The AFM used in these experiments was a
commercially available model (8) that is
based on designs described elsewhere (9-
12). A fluid cell made from glass (Fig. 1) was
used to hold the electrolyte (~0.5 ml) (13).
Cyclic voltammetry of Cu upd onto Au in
perchlorate electrolyte showed (14) one de-
sorption peak at +0.33 V, while in sulfate
two peaks were observed at +0.21 and
+0.05 V (15).
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CA 93106.
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AFM images in either electrolyte taken at
+0.7 V (Fig. 2A) prior to Cu deposition
showed large areas exhibiting Au(111)
atomic resolution. We have reported this
result previously in pure water without po-
tential control (16). The xy motion of the
translator was calibrated by setting the at-
om-atom distance of the observed Au(111)
lattice to the known value of 0.29 nm. It is,
however, somewhat surprising that this cor-
rugation should be seen at all in sulfuric acid
electrolyte, since radiochemical data (17, 18)
indicate that there should be substantial
sulfate adsorbed onto the electrode surface
at these potentials. That this is not seen here
implies that either the sulfate is not as
strongly adsorbed as was previously sup-
posed or that the AFM is capable of sweep-
ing away bound electrolyte. Finally, these
atomic-resolution images are stable for long
periods (>1 hour) of time, which suggests
that chloride contamination from the per-
chlorate electrolyte is not significant in our
experiment. [STM images have been greatly
destabilized by chloride concentrations as
small as 107° M (19).]

Sweeping the potential to —0.100 V at 10
mV/s to initiate bulk Cu deposition onto the
Au(111) surface resulted in a series of dis-
ordered scans that quickly (10 s) settled into
images (Fig. 2B) of a close-packed surface
with an atom-atom distance of 0.26 + 0.02
nm. We associate these features with a
Cu(111) surface formed atop the Au(111)
substrate in the course of bulk deposition.
We were able to obtain stable views of this
relatively reactive surface for several minutes
without observing evidence of oxidation of
the surface. In air, Cu oxidizes quickly and
atomic-resolution images with the STM
have only been obtained in UHV environ-
ments (20). That the Cu surface can be made
stable in electrochemical environments for
atomic-resolution scanning suggests that it
may be possible to use this substrate for
binding different anions.

Sweeping the potential to +0.110 V re-
moved the bulk-deposited Cu but left the
upd monolayer in place. Here, different
images were found in the two different
electrolytes. In perchloric acid, images (Fig.
2C) appeared with the same spacing
(0.29 £ 0.02 nm) found for the Au(111)
surface at +0.7 V. However, the lattice
direction was rotated 30° = 10° relative to
the underlying Au lattice, whose orientation
was previously established and had the same
orientation as the bulk deposited Cu (21).
Hence, the Cu adatoms are arranged in a
close-packed layer on top of the Au lattice
but the 30° rotation suggests that the over-
layer is incommensurate with the Au(111)
surface (Fig. 2D). As the covalent radius of
the Cu atoms is somewhat greater than that
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Fig. 1. Cross section of the fluid cell used for
electrochemistry.

of Au (0.175 versus 0.142 nm), one would
expect some strain to be present in a com-
mensurate close-packed overlayer structure,
which may be the origin of the incommen-
surate structure that we find here.

In sulfuric acid electrolyte, a completely
different overlayer structure was found. At
+0.100 V, we observed (Fig. 2E) a spacing
of 0.49 = 0.02 nm with a 30° = 10° rota-
tion relative to the underlying Au lattice.
This is equivalent to a (V3 x V3)R30°
overlayer structure (Fig. 2F) and, as such, is
substantially more open than the close-
packed structure found for the perchlorate.
The (V3 x V3)R30° structure was also
found with the STM (7) and has been
suggested by studies of electrodes that were
removed from solution (5, 14).

Finally, sweeping the potential back to
+0.7 V removes the overlayer and leaves the
clean Au(111) surface with a structure iden-
tical to that shown in Fig. 2A. In studies of
electrodes that have been removed from
solution, it has been suggested (14) that the
Au electrode structure is changed after a
cycle through the upd process. We find no
such evidence of any change here, and it
appears that upd of Cu onto Au(l11) in
either electrolyte is a completely reversible
process. Repeating the electrochemical cycle
gave results identical to the first sweep.

Two surprises came during this work.
First, images obtained during the bulk Cu
dissolution in perchlorate electrolyte (at ap-
proximately —0.05 V) revealed a terrace
pattern, a monolayer step from which is
shown in Fig. 3A. Similar images were
observed in sulfate. These images suggest
that the dissolution of Cu occurs at multiple
step edges that must remove the Cu from
multiple layers of the bulk. Etching pro-
cesses have not been observed previously in
redox-active electrolyte with atomic resolu-
tion. The etching continued until only the
upd monolayer remained.

The second surprise came at a potential of
+0.144 V in sulfate (Fig. 3B). Here, the
upper half of the image shows the upd
monolayer, and the lower part exhibits the
characteristic Au(111) corrugation. The
height of the step between these two areas
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electrolyte + 1073 M Cu?* under

observed at +0.114 V in 0.1 M

Fig. 3. (A) AFM image (6 nm by 6 nm) of bulk

Cu dissolution in perchlorate obtained at +0.05
V. A monolayer step is visible in the right of the
picture. (B) AFM image (6 nm by 6 nm) of a

ial submonolayer of Cu on Au in 0.1 M
sulfuric acid.
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potential control at different voltages. (A)
V = +0.7 V showing Au(111) corrugation. (B) Bulk-deposited Cuat —0.1  overlayer-
V. The atom-atom distance is 0.26 nm. (C) Close-packed overlayer of Cu
oric acid. The atom-atom distance is
0.29 nm (D) Schematic of incommensurate close-packed overlayer of Cu on

Au. The open

on Au (open circles).

was 0.18 + 0.05 nm with the Au surface
lower than the Cu overlayer. This is direct
evidence that only the first monolayer was
imaged in these experiments and also pro-
vides confirmation of the 30° rotation of the
Cu overlayer relative to the Au substrate. It
is significant that the underlying surface is
Au(111) because that implies that factors
other than the immediate local potential
gradient normal to the surface must influ-
ence the upd process. Large areas of our
surface exhibit Au(111) corrugation, but
long-range scans show the commonly ob-
served (22) “rolling hill” features, which
suggests exposure of other Au faces. We did
not observe a partial monolayer in perchlo-
rate electrolyte; the close match of the over-
layer and substrate lattices makes observa-
tion difficult.

At first glance, Fig. 3B appears to be
showing the boundary between a partial
monolayer of Cu and the Au substrate. It
may be, however, that it is really showing a
time sequence in which the area starts cov-
ered with Cu, which then leaves during
imaging to reveal the Au substrate. While
more experiments will be necessary to decide
unambiguously between these two possibil-
ities, both are consistent with the idea that
long-range effects on the surface must influ-
ence the upd process.
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circles represent Au atoms, while the striped circles represent
the Cu. Only part of the monolayer
orientation. (E) (V3 x
Au observed at +0.144 V in 0.1 M sulfate. Atom-atom distance is 0.49 nm.
(F) Schematic representing (V3 X V3)R30° overlayer of Cu (striped circles)

is exhibited in order to demonstrate the
V/3)R30° overlayer of Cu on

This study provides important insight
into the mechanism of upd in sulfate and
perchlorate electrolytes. It is apparent that a
change in the electrolyte can strongly affect
both the structure and energetics of the upd
overlayer. The Cu structure obtained in
sulfate is substantially more open than that
obtained in perchlorate. One possible expla-
nation for this difference is coadsorbtion of
sulfate anions with the Cu. Radiochemical
data suggest that prior to Cu upd on Au,
there is little or no sulfate on the surface, but
that immediately following initiation of this
process, substantial sulfate adsorption oc-
curs (17). In perchlorate, the close-packed
structure does not allow for electrolyte coad-
sorbtion. Energetically, the observation that
Cu upd in perchlorate occurs at potentials
~110 mV more positive than the same
process in sulfate suggests that the Cu-Au
bond is weaker in sulfate. Partial
transfer to coadsorbed sulfate in the (V3 x
V/3)R30° overlayer structure could account
for this observation, as ionic interactions
between adatom and substrate are thought
to account for most of the bond strength in
these systems (23). It is significant that the
Cu?*" redox couple occurs between 40 and
170 mV more positive in perchlorate rela-
tive to sulfate (24), a result that would again
suggest stabilization of Cu®* in dilute sul-
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furic acid. This may in part derive from the
substantially higher pK, (acidic constant) of
perchloric acid (—10) relative to sulfate
(=2).

In summary, we observed a complete
adsorption and desorption cycle for a metal
onto another metal surface with atomic res-
olution. In the Cu on Au(111) system, the
electrolyte plays a major role in determining
the structure of the upd monolayer, a result
that can be explained by the degree of charge
transfer between coadsorbed Cu and electro-
lyte. The atomic resolution obtained on
close-packed metal surfaces in electrolyte
with the AFM makes it a valuable technique
in studying other electrochemical processes
in situ.
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Methylation-Sensitive Sequence-Specific DNA
Binding by the c-Myc Basic Region

GEORGE C. PRENDERGAST AND EDWARD B. ZIFF

The function of the c-Myc oncoprotein and its role in cell growth control is unclear. A
basic region of c-Myc is structurally related to the basic motifs of helix-loop-helix
(HLH) and leucine zipper proteins, which provide sequence-specific DNA binding
function. The c-Myc basic region was tested for its ability to bind DNA by attaching
it to the HLH dimerization interface of the E12 enhancer binding factor. Dimers of
the chimeric protein, termed E6, specifically bound an E box element (GGCCACGT-
GACC) recognized by other HLH proteins in a manner dependent on the integrity of
the c-Myc basic motif. Methylation of the core CpG in the E box recognition site
specifically inhibited binding by E6, but not by two other HLH proteins. Expression
of E6 (but not an E6 DNA binding mutant) suppressed the ability of c-myc to
cooperate with H-ras in a rat embryo fibroblast transformation assay, suggesting that
the DNA recognition specificity of E6 is related to that of c-Myc in vivo.

HE BASIC REGIONS IMMEDIATELY
NH,-terminal to the oligomeriza-
tion domains in HLH and leucine
zipper proteins specifically recognize DNA
with high affinity when assembled into func-
tional dimers (1-8). c-Myc, a nuclear protein
with unknown function, has a region rich in
basic amino acids adjacent to a HLH do-
main (1), suggesting that it is a sequence-
specific DNA binding protein. We sought to
determine the DNA sequence recognized by
the c-Myc basic region. To present the
c-Myc basic region to DNA in a dimeric
form, we constructed a chimeric protein that
contained the dimerization interface of E12,
an enhancer binding protein (2). The chi-
meric protein, termed E6, is a NH,- and
COOH-terminal truncated form of E12 (9),
which exchanged the c-Myc basic motif for
the corresponding E12 sequence (Fig. 1).
Similarity between the basic motifs of
c-Myc and the putative HLH protein tran-
scription factor E-3 (TFE-3) suggested that
they might recognize similar DNA sequence
elements (10). Therefore, a gel mobility shift
assay was used to monitor binding of the E6
protein to 3?P-labeled oligonucleotide
probes that contained either the wE3 E box
site from the immunoglobulin heavy chain
enhancer or the upstream stimulatory factor

Howard Hughes Medical Institute, Department of Bio-
chemistry, and Kaplan Cancer Center, New York Uni-
versity Medical School, New York, NY 10016.

(USF) E box site from the adenovirus major
late promoter, both of which are recognized
by TFE-3 (10). We used TFE-3 as a positive
control for binding. No complex was ob-
served upon incubation of E6 with the pE3
E box probe (E,g;); however, a strong
complex was observed with the USF E box
oligonucleotide probe (Eysg), whose for-
mation was competed by unlabeled cognate
oligonucleotide (Fig. 2A). We find that, as
expected, neither intact E12 nor a truncated
form of E12 that corresponded to the part
of the protein found in the E6 construct
bound the E, ;3 or Eygp oligonucleotide
probes (11).

To show that E6 bound E ¢ as a dimer
through the c-Myc basic motifs, additional
constructs were tested (Fig. 1). Gel fraction-
ation of complexes formed between Eyjgg
and cotranslation products of E6 and E6A,
[a ~10-kilodalton protein that lacked 184
amino acids of the E6 NH,-terminus]
showed complexes of intermediate mobility
relative to E6 or E6A alone (11). The ap-
pearance of intermediate mobility bands is
consistent with the formation of E6-E6A
dimers. In order to determine whether the
integrity of the c-Myc basic motif was re-
quired for Eygp binding, the E6mutN,
E6mutB2Q, and E6mutR mutants were
generated (Fig. 1). Equivalent amounts of
protein, as judged by SDS—polyacrylamide
gel quantitation, were tested for binding to
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