same as that of bulk solvent (6), we conclude
that these water molecules are positionally
disordered.

Matthews et al. also state that as a con-
trol one would expect methyl protons that
are more than 5 A from either crystallo-
graphically identified water, or the cavity
should not display NOEs to water. In this
regard they cite the methyl protons of Val®®
for which NOEs to water are observed de-
spite the fact that the vyl and y2 methyl
groups are 5.1 and 7.0 A away, respectively
(in terms of C-O distances), from the near-
est crystallographically observed water mol-
ecules, 10 A and 8 A, respectively, from the
cavity, and 5.1 and 7.2 A, respectively, from
the bulk water at the protein surface. In-
spection of the structure, however, reveals
that the methyl groups of Val*® are only
shielded from bulk solvent by the side
chains of Met* and Lys!®. The distance
from the methyl groups of Val® to the
N¢H, group of Lys'® is too long (>5 A) to
make an indirect mechanism involving an
NOE to Lys!?*(N¢H;) followed by chemical
exchange with water likely. Hence, we sug-
gest that the side chains of Met* and Lys'®’
are sufficiently flexible to permit access of
water to the methyl groups of Val®%. How-
ever, not all methyl groups exhibit NOE:s to
water. For example, no NOEs or ROEs are
observed to the methyl groups of Leu”
despite the fact that they happen to be on
the surface of the protein. A further control
is provided by a number of other systems in
which these experiments have been used to
study water of hydration and in which no
NOEs to buried methyl groups were ob-
served unless they happened to be in close
proximity to structural water (5, 7).

Finally, Matthews et al. state that the
closest approach that a water molecule of
radius 1.4 A within the cavity of IL-1B can
make to the C82 atoms of Leu'®, Leu®®,
Leu®, and Leouso, respectively, are 5.3, 5.7,
5.3, and 6.0 A, respectively. However, two
additional factors need to be taken into con-
siderations. First, the important distance as
far as the NMR experiment is concerned is
the distance to the methyl protons and not
to the methyl carbon, which in this case
will be approximately 1 A further away
from the 1.4 A radius probe. Second, a
water molecule is, strictly speaking, not
spherical, and a better probe radius is
around 1.2 A (8); once again it is the
distance to the protons and not the oxy-
gen which needs to be considered. Hence,
the interproton distance of closest ap-
proach is significantly less than 5 A.

In conclusion, there is little doubt that
there is positionally disordered water within
the hydrophobic cavity of IL-1B. This cav-
ity, however, is not totally isolated from
bulk solvent. As noted in our report (1),
there are two small channels (1.9 X 0.4 A

and 1.7 X 1.6 A in cross-section) that could
readily permit penetration of water provid-
ed that they expand transiently, and indeed
IL-18 displays inherent conformational
flexibility (9). In this regard, the cavity in
IL-1B is different from those generated ar-
tifically in T4 lysozyme which are com-
pletely sealed off from solvent (10). While
these cavities appear to be empty crystallo-
graphically, it remains to be tested experi-
mentally by NMR whether positionally dis-
ordered water is present within the T4 ly-
sozyme cavities.

The NMR and crystallographic concepts
of occupancy are critical to our paper (1).
The widespread failure to observe any sig-
nificant electron density within non-polar
cavities indicates that the occupancy is in-
deed low in the crystallographic sense. This
may be due to one of two factors: (i) either
no water is present or water is present for
only a small fraction of the time; or (ii) the
potential of mean force at any given point
within the cavity does not have a well-
defined minimum so that water molecules
never return to the same position and the
electron density is consequently smeared
out beyond the level of detection (that is,
the water is positionally disordered) (11). If
the former were true, no water would have
been observed by NMR as the intensities of
the NOEs would have been attenuated pro-
portionately. If the latter were true, on the
other hand, water would be observed by
NMR, as the NMR experiment does not
require uniform ordering but is only depen-
dent on spatial proximity, providing the life-
time of the bound water exceeds about 1 ns.
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STM on Wet Insulators:
Electrochemistry or Tunneling?

Reinhard Guckenberger and his co-workers
(1) describe the use of a scanning tunneling
microscope (STM) with high current sensi-
tivity to image DNA on a mica surface in
humid air. Because the distance between the
STM tip and the sample contact was large in
these experiments, current flow and imaging
by direct electronic tunneling from the tip to
the contact was not possible. We propose
that the imaging occurs by an electrochem-
ical mechanism similar to that which occurs
in scanning electrochemical microscopy
(SECM).

In SECM, the faradaic current produced
by an electron-transfer reaction at a small
tip can be used to image electronically con-
ductive or insulating surfaces immersed in a
liquid phase (2, 3). Usually the sample is
placed under a thick liquid layer, and the
tip must be sheathed in an insulator (glass
or wax). Difficulties in tip fabrication limit
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their size and hence the attainable lateral
resolution. SECM measurements can also
be carried out within the thin film of water
that forms on the surface of a sample in air,
and high resolution can be attained by us-
ing tips without insulation (that is, the
usual Pt-Ir or W STM-type tips) because
the tip area is defined by the small part of
the tip that touches the liquid layer. We
used a similar strategy to fabricate small
metal structures in a Nafion film by SECM,
although the attainable resolution at that
time was only in the 0.5-um regime and
imaging was not reported (4).

Our instrument can make both SECM
and STM measurements with a vertigal (2
direction) resolution of better than 1 A and
a current sensitivity down to 50 fA with the
proper filter (2). The SECM scanning head
was contained in a Faraday cage and a
Plexiglas box in which the relative humid-
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ity (RH) of the atmosphere was controlled
by a beaker of the appropriate solution (5,
6) (Fig. 1).

The mica sample was treated with one
drop of a solution of 10 mM tris buffer and
1 mM EDTA (disodium salt), pH 7 (solu-
tion A), for 5 min. The sample was then
dipped (1 s) in water, dried for 5 min in air,
and dipped again for | s in water. Excess
water on the surface was carefully removed
with filter paper and the sample was mount-
ed in the SECM and allowed to equilibrate
with the atmosphere within the box. When
a W or PtIr tip (biased at +3 V) ap-
proached the sample at 3 nm/s, the current
remained at zero until it contacted the lig-
uid layer, where it increased by several or-
ders of magnitude to about 20 pA over a
distance of 1 nm. Because the Au contact in
these experiments was 1 to 2 mm from the
tip, and direct electron tunneling through
the water layer was not possible, the current
must be faradaic, with electrochemical pro-
cesses occurring at both tip and Au contact.
As reported previously (1), this arrange-
ment can be used for imaging (Fig. 2A).
The step running diagonally from the lower
left corner represents a cleavage plane for a
single mica layer, ~1 nm high, and the
small pieces seen on the lower plane prob-
ably represent salt residue or debris left after
cleavage. A thin film (~200 nm) of Nafion

Liquid

Fig. 1. Schematic diagram for the SECM chamber
with controlled humidity and the electrochemical
processes that control the current. The SECM tip
was located ~1 to 2 mm from the Au contact. V,
voltage bias between the tip and Au contact; /, cur-
rent flow through the tip; R and Ox, reduced and
oxidized forms of an electroactive species; @ and ©
cations and anions in the water film. Electrochemi-
cally etched tips were prepared from either 250-pm-
diameter Pt-Ir (80 to 20%) [etchant, saturated CaCl,:
concentrated HCl:water (60%:4%:36% by volume)]
or 500-pm W wire (etchant, 3 M NaOH). A constant
humidity within the box was usually attained within 1
hour as determined by monitoring the surface con-
ductance of the mica sample (7). Freshly cleaved
mica substrates (Spruce Pine Mica, Spruce Pine,
NC) were vacuum-coated with about a 500 A thick
layer of goid at one end; this served as the reference-
to-counter electrode contact.
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on mica imaged by this technique (Fig. 2B)
shows smaller circular structures, 1 to 2 nm
in diameter, consisting of a conductive cen-
tral zone surrounded by a less conductive
region. These structures correspond to those
proposed in Gierke’s cluster model for a
Nafion membrane (7) in which a central
hydrophilic domain consisting of backbone
ions and water is surrounded by a Teflon-
like hydrophobic zone. This image demon-
strates that SECM can distinguish between
zones of different ionic conductivity in a
sample. As reported by Guckenberger et al.
(1), images of DNA on mica could also be
obtained in this configuration.

Further information about the mecha-
nism of current flow was obtained from
current-voltage (i-V) curves under different
conditions. A rather blunt tip (radius of

100 nm

Fig. 2. (A) Image of a mica surface treated with
solution A taken in humid air (80% RH and 25°C)
with a sharp W tip at a reference current of 0.3 pA
and a tip bias of 3 V. The tip rastering rate was 0.25
Hz. The total zrange is 3 nm. (B) Image of a Nafion
film on mica taken in humid air (100% RH at 25°C)
with a sharp Pt-Ir tip at a reference current of 3 pA
and a tip bias of 3 V with respect to the counter
electrode. The tip rastering rate was 0.25 Hz. The
image is inverted to enhance the visual effect of the
domain structure; the dark region has a higher cur-
rent than the lighter region. The film was spin-coat-
ed (3000 rpm with a Headway Research, Garland,
TX, photoresist spinner) from an isopropanol-etha-
nol (4 :1 by volume) solution containing 5% Nafion.
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curvature ~10 pm) was brought into con-
tact with the sample and the piezo-feedback
was switched off to avoid changes in the
tip-substrate gap during the potential scan
(Fig. 3). The curve for a Nafion film with a
Pe-Ir tip (Fig. 3A) shows some hysteresis in
the range of +1 to —1 V where picoampere
currents flow. Qutside this range the curves
become linear and are largely independent
of scan direction. The shape of the curves is
consistent with an electrochemical re-
sponse. Low currents flow until the applied
voltage is sufficient to drive electrochemi-
cal reactions, presumably mainly water elec-
trolysis, at the tip and Au contact. Above
this region, the current is limited by the
resistance of the thin film (~7.5 X 10!
ohms). The i-V curves with a blunt Pt-Ir tip
on a mica substrate treated with solution A
are more complex and depend on scan num-
ber (Fig. 3B). Thus, for scans from 0 V with
the tip potential biased negative (C1 to C3),
the i-V relation is fairly linear with the cur-
rent increasing slightly on each scan. An
initial scan of the tip toward positive poten-

A

[

3
s
T
g
5
(3]
C
100
S|
/

6-5-4-3-2-1012 3456
Tip bias (volt versus substrate)

Fig. 3. Typical voltammetric curves in the humidity
chamber at 100% RH, 25°C. Radius of tip curva-
ture ~10 pm. In all cases, the voltage was scanned
from O V (point S) in either direction and then re-
tuned to 0 V; the scanrate was 0.2 V/s. (A) Pt-Ir tip,
Nafion film (~200 nm thick) on mica. (B) Pt-Ir tip,
mica substrate treated with solution A. Curves C1
to C3: first, second, and third negative scans.
Curves A1 to Ad: first, third, fourth, and fifth positive
scans after C3. Curve C4: first negative scan after
A4. (C) W tip, mica substrate treated with solution
A. (D) W tip, mica substrate treated with water only.



tials following these scans is also almost lin-
ear (Al). However, on successive scans (A2
to A4) a definite peak appears; the current
decreases and the peak shifts to less-positive
potentials on each scan. The voltammetric
scan is restored if the tip is biased to negative
potentials for about 2 min, suggesting that a
species, probably H,, builds up around the
tip at negative bias that is depleted during
successive anodic tip scans. After a series of
scans of the tip to positive potentials, an
initial cathodic tip scan shows decreased cur-
rent (C4), but gradually attains the linear
behavior shown in successive cathodic scans.
For purposes of imaging with a Pt-Ir tip, the
current is fairly stable for negative tip bias
values; with positive tip bias, oscillations
frequently occurred.

The i-V curves also depend on the tip
material. For a blunt W tip on mica treated
with solution A (Fig. 3C), the current is
stable and increases almost linearly for pos-
itive tip bias, but tends to saturate and
shows considerable hysteresis on scan rever-
sal in the negative tip-bias region. Thus,
with a W tip, imaging at positive bias is
appropriate.

However, for mica simply immersed in
water for a few hours rather than treated
with solution A, an i-V curve at 100% RH
at a W tip (Fig. 3D) shows only small
currents across a region of £5 V. The cur-
rent at a Pt-Ir tip at 100% RH is smaller by
at least one order of magnitude for a water-
treated sample compared to one treated
with solution A. The current under these
conditions, however, was steady and
showed little hysteresis. At low RH (for
example, 33%), no appreciable current
(<0.1 pA) was observed in the region of
+5V.

Our data generally confirm the results of
Guckenberger et al. (1) concerning the abil-
ity to image materials on insulating sub-
strates like mica, although we propose that
the measured current represents faradaic
processes at tip and contact rather than
tunneling (Fig 1). They also point to the
importance of water and SECM-type pro-
cesses in imaging insulating materials like
proteins with the STM in air, even on
conductive substrates, as suggested by earli-
er studies (8, 9). Pretreatment of the insu-
lating substrate to provide ions in the water
film and thus increase its conductivity also
appears to be useful. Presumably, after treat-
ment with solution A sufficient ions remain
adsorbed on the mica surface, even after
washing, to yield some conductance in the
water film that forms on exposure to humid
air. The electrochemical signal could arise
from both capacitive charging and faradaic
processes. However, charging processes are
transient and cannot sustain a steady direct
current. Because the observed i-V curves are
perturbed by resistive drops in the solution,

R

one cannot identify with certainty the na-
ture of the faradaic processes at the tip and
Au contact. At Pt-Ir, candidate reactions
are oxidation of water to O,, reduction of
water or protons to H,, reduction of dis-
solved O,, and processes involving adsorbed
species, for example, oxidation of EDTA or
adventitious impurities. At W, in addition
to these processes, oxidation of the W to
form the oxide (WO,), and transiently, re-
duction of native or electrically formed ox-
ide, are possible. Indeed, the large and sta-
ble currents with a W tip at positive tip bias
compared to Pt-Ir suggest the W oxidation
reaction occurs at the tip. The faradaic
processes also generate ions that can con-
tribute to the solution conductivity. lons in
the water layer also play an important role
in establishing the double layers at both
electrodes and providing charge compensa-
tion for electrogenerated species and also
affect the hydrophilicity of the substrate
surface and the thickness and structure of
the water layer that forms on it.

The resolution attained, although better
than that in previous SECM studies, still is
not as high as that seen in STM of ordered
substrates. Constant current imaging in-
volves the end of the tip just being main-
tained in contact with the thin water layer
covering sample and substrate. Improved
resolution should result from lower RH con-
ditions to decrease the thickness of the
water film. Resolution is also a function of
the exposed tip area and perhaps could be
improved by treatment of the tip with a
hydrophobic agent to decrease the wetted
area above the contact point.

Many previous studies said to involve
STM of electronically insulating materials
in air or under liquid may have, in fact,
involved SECM imaging. A straightforward
way to distinguish between these (with con-
ductive substrates) would be to contrast
results in vacuum or dry air (where only
tunneling is possible) to those in humid air,
and also to investigate tip polarity effects.
For example, using this type of comparison,
we have previously shown that the forma-
tion of pits in highly ordered pyrolytic
graphite was probably caused by an electro-
chemical rather than an STM-type process
(10).
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Response: Fan and Bard describe interesting
experiments that are closely related to our
own study. These experiments were per-
formed on a background different from ours,
that is, with electrochemistry as opposed to
STM. Their results fit with our experi-
ments. However, we do not agree with some
aspects of their data interpretation.

Fan and Bard assume that the tip is in
contact with a water film during STM im-
aging. We have done detailed measure-
ments during tip approach (Fig. 1). The
current did not show jumps as would be
expected when the tip touches a water sur-
face. On the contrary, the current increased
steadily like a tunneling current between
tip and a conducting surface. Only in some
cases, depending on the actual tip, were
jumps in the current observed, which we
interpreted as contact of the tip with water.
With such tips, however, it was not possible
to get stable STM imaging of mica. In all

our approach experiments, the tip was with-

drawn far enough to ensure that no water
bridge between tip and sample was present
when the tip approach was started. In con-
trast to the interpretation given by Fan and
Bard, we conclude that imaging in a tun-
neling mode, without contact of tip and
conductive water film, is the correct de-
scription of at least our imaging conditions.

Current (pA)
- N w N

o

-1

0 2 .4 6
Vertical tip position (nm)
Fig. 1. Current versus change of tip position rel-
ative to the surface of freshly cleaved mica during
tip approach (increasing tip position corresponds
to decreasing distance). Voltage applied to the tip,
-1V, relative humidity, 61%.
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The curves presented in figure 3 by Fan
and Bard are taken as evidence of ordinary
electrochemical processes. We agree that
such processes will be involved, especially if
the electrodes are partly immersed in water.
However, we conclude from our experi-
ments that other processes have to be taken
into account. With platinum-carbon elec-
trodes on mica, we have measured i-V
curves that were essentially linear with only
a small hysteresis (see also figure 3D in the
comment of Fan and Bard). No substructure
in the current curve was observed, not even
in the voltage range between *2V, where
the electrochemical processes usually leave
their signature. Therefore, we infer that
ordinary electrochemical processes are not
the only processes involved in the measured
currents. From these and other experiments
(1), we conclude that, in addition to ordi-
nary ion conduction, other conduction pro-

cesses (such as proton hopping) contribute
to or even dominate the observed surface
conductivity.

Is it really possible to work at 100% rel-
ative humidity as implied in figures 2B and 3
of the comment? We expect that for such a
humidity the thickness of surface-absorbed
water films is ill-defined. In figure 2B of their
comment, Fan and Bard state that they dis-
tinguish between zones of different ionic
conductivity. In STM images, however, in-
formation about conductivity and topogra-
phy is always superimposed and can only be
separated directly if one of both quantities is
constant. The image, taken in constant cur-
rent mode, probably displays a nominal
height contrast of 3 nm, assuming that the
total z range is the same in figure 2, A and B.
In contrast to this value of 3 nm, the decay
length of the current with the tip-sample
distance is about 1 nm or less, as measured by

18S rDNA from Lophophorates

Kenneth M. Halanych et al. analyze only
one bryozoan for their study (1), and that
species, Plumatella repens, is not represen-
tative of the Bryozoa as a whole (2). Thus,
their concélusions are correspondingly
disputable.

Plumatella repens belongs to the Phylac-
tolaemata, an exclusively freshwater subdi-
vision of this overwhelmingly marine phy-
lum. The earliest fossil phylactolaemates are
Cenozoic, whereas the rest of the Bryozoa
(Gymnolaematea and Stenolaemata) origi-
nated in the Ordovician. Phylactolaemates
produce statoblasts (asexual propagules sim-
ilar in function to sponge gemmules); pos-
sess complete layers of body wall muscula-
ture, an epistome and U-shaped lo-
phophore; and undergo budding from ana-
tomically different body regions. Their
larvae are distinct from gymnolaemate and
stenolaemate larvae and are brooded differ-
ently. The differences between Phylactolae-
mates and other Bryozoa are so great that
the burden of proof might best be placed on
those who would unite these taxa within
the same phylum. The results presented by
Halanych et al. are interesting, but 18S
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ribosomal evidente is incomplete until a
bryozoan is studied that is more representa-
tive of the main line of bryozoan evolution.
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Response: Since the publication of our re-
port, a new 18S ribosomal DNA bryozoan
(ectoproct) sequence, from a species within
Gymnolaemata, has been reported and an-
alyzed (1). These results indicate that the
new bryozoan taxon, Alcyonidum gelatino-
sum, is on the protostome side of the meta-
zoan tree and within the lophotrochozoan
clade. Hence molecular data supporting our
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Fan and Bard as well as plotted by us (Fig. 1).

Therefore, it seems difficult to explain the

nominal height range in figure 2B of the

comment just by variations in conductivity.

Drawing conclusions about local variations

of conductivity is not as straightforward as
described by Fan and Bard.
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major conclusions are now available for two
of the three bryozoan classes.
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