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for the M-V analysis. If the change in
mean and/or variance is sufficiently
small, or the event duration suffi-
ciently brief, then cross-bridge attach-
ments become difficult to resolve from
periods when no actomyosin interac-
tion occurs (this limitation applies
equally well to other methods that have
been used to distinguish single events
in the actomyosin system). Under such
conditions, regions of the M-V plot in
which no cross-bridge is attached over-
lap with the “attached” region, and so
some form of background subtraction
is required. Another problem with
M-V analysis, as it is presented, is that
it is not clear which particular se-
quences of the time-series data are in-
cluded in the attached pool, and which
in the detached pool (that is, all time
information for points is discarded).
This makes some of the potentially
exciting analysis of the records diffi-
cult, and does not readily allow the
method to be cross-checked easily
against the raw data to see if sensible
results are being obtained. Notwith-
standing these restrictions, the method
is a real step forward in the automation
of analysis.

One significant difference between
this report and earlier work concerns
the proportion of displacements that
occur within the level of the baseline
noise. Whereas we reported a majority
of such events (Molloy et al., 1995),
for Guilford et al. these represent the
minority. The distributions of the po-
sitions of displacements reported in
their paper are generally biphasic, dis-
playing rather tight distributions
(SEM * 0.7 nm) around displace-
ments of +10 nm and —10 nm (their
Table 1). This difference in observa-
tions has led to important differences
of interpretation. First, to explain the
tight distributions, Guilford et al. pro-
pose that each attachment occurs very
close to the mid-position of the thermal
noise (their Fig. 3). Second, the obser-
vation of both positive and negative
events, occurring at nearly equidistant
positions from the baseline, requires
that the cross-bridge working stroke be
able to go both backward as well as
forward. That is, a cross-bridge may
push as well as pull, although with a
statistical bias for the forward direc-
tion. The implication is that Molloy et
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al. were not able to observe this be-
cause, in their work, the two distribu-
tions were smeared into one much
broader peak. Other groups, however,
have also reported seeing only single-
peaked distributions (on the positive
side), but with a low proportion of
displacements occurring within the
baseline noise, and consequently com-
puted a much greater working stroke
(Finer et al., 1994, ~10 nm; Ishijima et
al., 1996, ~23 nm,) than that found by
Molloy et al. (1995, ~4 nm).

These relatively new single-mole-
cule studies permit one to ask and an-
swer any number of important questions
relating to the detailed mechanism of
the cross-bridge cycle. Guilford et al.
introduce a new way of analyzing the
data, and thereby raise the intriguing
possibility that myosin pushes, as well
as pulls, and weigh in with their own
answer to the controversial question,
“Exactly how big is the myosin work
stroke?” This line of research seems
certain to remain a lively area, at least
in the near term.

REFERENCES

Finer, J. T., R. M. Simmons, and J. A. Spudich.
1994. Single myosin molecule mechanics: pi-
conewton forces and nanometre steps. Nature.
368:113-118.

Ishijima, A., H. Kojima, H. Higuchi, Y. Harada,
T. Funatsu, and T. Yanagida. 1996. Multiple-
molecule and single-molecule analysis of the
actomyosin motor by nanometer piconewton
manipulation with a microneedle-unitary steps
and forces. Biophys. J. 70:383-400.

Miyata, H., H. Hakozaki, H. Yoshikawa, N. Su-
zuki, K. Kinosita, T. Nishizaka, and S. I. Ishi-
wata. 1994. Stepwise motion of an actin fila-
ment over a small number of heavy
meromyosin molecules is revealed in in vitro
motility assay. J. Biochem. 115:644—647.

Molloy, J. E., J. E. Burns, J. Kendrick-Jones, R.
T. Tregear, and D. C. S. White. 1995. Move-
ment and force produced by a single myosin
head. Nature. 378:209-212.

Saito, K., T. Aoki, T. Aoki, and T. Yanagida.
1994. Movement of single myosin-filaments
and myosin step-size on an actin filament sus-
pended in solution by a laser trap. Biophys. J.
66:769-777

Simmons, R. M., J. T. Finer, S. Chu, and J. A.
Spudich. 1996. Quantitative measurements of
force and displacement using an optical trap.
Biophys. J. 70:1813-1822.

Veigel, C., D. C. S. White, and J. E. Molloy.
1997. Single molecule energy transduction.
Biophys J. (in press).

Volume 72 March 1997

Whittaker, M., E. M. Wilson-Kubalek, J. E.
Smith, L. Faust, R. A. Milligan, and H. L.
Sweeney. 1995. A 35-A movement of smooth
muscle myosin on ADP release. Nature. 378:
748-751.

Why Do Cyclic Nucleotide-
Gated Channels Have the
Jitters?

Jeffrey W. Karpen

Department of Physiology, University of
Colorado School of Medicine, Denver,
Colorado 80220 USA

Cyclic nucleotide-gated (CNG) chan-
nels were discovered in retinal rod
photoreceptors, where they generate
the electrical response to light. Similar
channels were found subsequently in
cone photoreceptors and in olfactory
receptor neurons, where they serve the
analogous purpose of generating elec-
trical signals in response to the binding
of odorants. CNG channels have re-
cently been identified in a variety of
other tissues, both neural and nonneu-
ral, but the physiological roles of these
channels are uncertain (reviewed in
Finn et al., 1996). The retinal rod chan-
nel is a heteromultimer consisting of
a- and B-subunits (Kaupp et al., 1989;
Chen et al., 1993; Korschen et al.,
1995), both of which bind cGMP
(Brown et al., 1995). A number of
functional properties of both native
and expressed channels have been elu-
cidated in excised membrane patches
containing hundreds to thousands of
channels. In terms of gating, for exam-
ple, channels are known to be activated
rapidly by the binding of at least three
molecules of cGMP. The channels are
therefore exquisitely sensitive to
changes in ¢cGMP concentration. In
terms of permeation, the pore is similar
in several respects to that of voltage-
gated Ca®" channels. There is a high-
affinity binding site (or sites) for diva-
lent cations formed by a set of pore
region glutamate residues. The binding
of Ca?* or Mg®" to these residues
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reduces the effective single-channel
conductance and allows a small trickle
of Ca®" into the cell, which plays a
key role in the recovery of the light
response and light adaptation.

Despite this information, several
fundamental properties that are best
studied at the single-channel level re-
main controversial and poorly under-
stood. The native channel flickers very
rapidly between closed and open states
(in the total absence of divalent cat-
ions). In fact, the flicker is generally
more rapid than the usable bandwidth
of the recording system. Whether this
extremely rapid flickering has any pur-
pose other than to make life difficult
for biophysicists trying to make an
honest living is unclear. It has made it
difficult to accurately measure the con-
ductance of open channels, the proba-
bility that a fully liganded channel is
open, and the kinetics of opening and
closing. Furthermore, although it is
known that a-subunit homomultimers
exhibit stable openings (Kaupp et al.,
1989), and that coexpression of the
B-subunit confers the property of rapid
flickering (Chen et al., 1993; Korschen
et al., 1995), little is known about the
molecular basis of the flickering be-
havior. In this issue of Biophysical
Journal, Bucossi et al. (1997) present
the first detailed study of the single-
channel properties of expressed hetero-
multimeric channels. They also dem-
onstrate that mutations in the pore
region of a-subunit homomultimers
can modify the probability of opening,
indicating that the pore region is an
integral component of the gating appa-
ratus.

There are two important general
findings about heteromultimeric chan-
nels. The first is that at least three
types of channels with different prop-
erties were observed. Type 1 (4 of 29
patches) exhibited a single stable open-
ing at positive potentials and multiple
openings at negative potentials. The
openings were somewhat noisier than
homomultimeric channels, but not as
flickery as native channels studied to
date. Type 2 channels (14 patches) and
type 3 channels (11 patches) both ex-
hibited very rapid flickering reminis-
cent of the native channel, with type 2
having a low apparent conductance
(5-25 pS) and type 3 having a large

New and Notable

apparent conductance (25-45 pS). The
different properties may arise from dif-
ferent subunit stoichiometries, differ-
ent spatial arrangement of subunits, or
posttranslational modifications. Some
controversy has existed about the con-
ductance of native channels. Sesti et al.
(1994) reported values of about 50 pS
from both salamander rod inner-seg-
ment patches and outer-segment
patches containing multiple channels.
Taylor and Baylor (1995) reported a
value of 25 pS from three salamander
outer-segment patches. Interestingly,
the latter channels resemble type 2
channels in the current study by Bu-
cossi et al. Although bovine sequences
were used in the expression studies,
and the cellular conditions were differ-
ent, it is possible that rods contain
channels with the different properties
observed in the current study. The sec-
ond important finding is that the rapid
flicker in type 2 and type 3 channels
appears to be an intrinsic gating prop-
erty and is not caused by rapid proton
block. The power spectra of current
fluctuations were indistinguishable at
extracellular pH values of 7.6 and 9.1.

An important difference between the
two subunits is that B contains a gly-
cine at the equivalent position in the
pore region in which a contains the
critical glutamate important for diva-
lent cation block. Bucossi et al. have
studied the mutant subunit E363G ex-
pressed alone or in combination with
the w.. a-subunit, to determine
whether this residue is responsible for
the flickery behavior of heteromulti-
meric channels. Channels formed from
E363G alone exhibited a very low
probability of opening at saturating
cGMP (0.007 versus 0.8 for w.t. chan-
nels), as well as rapid flickering. How-
ever, coexpression of E363G with w.t.
subunits resulted in a power spectrum
that was more similar to w.t. than to
E363G, suggesting that the presence of
glycine in the B-subunit is not the ma-
jor cause of rapid flickering in hetero-
multimeric channels. The low open
probability of E363G channels is a dra-
matic demonstration, however, of the
coupling between gating and residues
in the pore. Perhaps this residue in
conjunction with others is responsible
for flickering.
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Bucossi et al. also demonstrate that
mutations E363D and T364M give rise
to multiple apparent open states at neg-
ative potentials. The probability of
these states was independent of cGMP
concentration but dependent on the ex-
ternal pH. Lower pH was found to
favor the smallest conducting level. A
similar behavior has been observed
and studied carefully in expressed cat-
fish olfactory CNG channels (Root and
MacKinnon, 1994), which contain a
methionine at the position equivalent
to T364 in the retinal channel. Bucossi
et al. suggest that the different open
states observed in the a-subunit vari-
ants may be related to the flickering
behavior of heteromultimeric chan-
nels, in that the flickering may be
caused by very rapid transitions be-
tween distinct open states with differ-
ent conductance. However, the flicker
is independent of external pH, and it is
not clear that the “multiple open
states” do not simply reflect different
degrees of occupancy of pore residues
by protons, as suggested by Root and
MacKinnon (1994). In any case, the
present results do suggest that the pore
of these channels is a dynamic struc-
ture that participates in channel gating
and may be responsible in some way
for the rapid flickering.

This study raises some interesting
questions and puzzles for the future
that are accessible with current meth-
ods. First, why have cGMP-dependent
subconductance states been observed
in some studies (e.g., Taylor and Bay-
lor, 1995) and not others (e.g., this
one)? Second, what role do pore resi-
dues contributed by the B-subunit play
in both permeation and gating? Are
these residues, in particular, responsi-
ble for rapid flickering? Finally, are
native rod channels a mixture of all of
the different heteromultimeric species
identified here, or do they assemble in
more fixed stoichiometries or patterns?
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A Closer Look at a Molecular
Motor by Atomic Force
Microscopy

Andreas Engel

M. E. Miiller-Institute for Microscopic
Structural Biology at the Biocenter,
University of Basel, CH-4056 Basel,
Switzerland

Myosin, the prototype chemomechanic
energy converter in biology, has been
subject to numerous functional and
structural analyses. A breakthrough in
understanding the mechanics of this
amazing machine came by the atomic
model of the actin-myosin complex de-
rived from x-ray and electron micros-
copy data (Rayment et al., 1993). More
recently, imaging intermediate states
in the energy conversion cycle has pro-
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vided support for the lever model de-
veloped from this structure (Whittaker
et al., 1995). In spite of this progress,
many open questions have remained
and call for further studies. The Sl
fragment and S1-decorated actin fila-
ments, but not the entire myosin mol-
ecule, have been analyzed to atomic
detail. Because both heads and a seg-
ment of the tail are required for full
biological activity of the smooth mus-
cle myosin under physiological condi-
tions, a closer analysis of the entire
myosin dimer is of acute interest.

Electron microscopy of negatively
stained (Walker and Trinick, 1989) or
heavy-metal-shadowed myosin mole-
cules (Winkelmann et al., 1984) has
provided detailed insight into the ar-
chitecture of this biomolecule, al-
though the heavy-metal deposits are
likely to obscure the finer features of
the native structure. Scanning trans-
mission electron microscopy (STEM)
of unstained molecules, which does
not rely on metal coats, has made it
possible to determine mass maps (Wal-
zthony et al., 1984). However, the sig-
nal of unstained biomolecules is small,
even in the STEM dark-field mode,
thus limiting the resolution of single
particle images. Therefore, the images
acquired by Zhifeng Shao and collab-
orators (this issue) of dehydrated my-
osin molecules with a cryo-atomic
force microscope (cryo-AFM) repre-
sent a breakthrough, as they show the
molecules with an unprecedented clar-
ity. Accordingly, myosin heads were
observed not only to assume a compact
or an extended conformation, but to
exhibit substructure that confirms the
projections recorded by electron mi-
croscopy and which can be interpreted
in terms of the heavy chain and regu-
latory domains. Moreover, the tails,
which are often kinked, show distinct
elevations repeated every 7 nm, con-
sistent with the cross-over distance of
coiled-coils, 14 nm.

The superior quality of these topo-
graphs called for a detailed comparison
of nonphosphorylated and thiophos-
phorylated myosins. Amazingly, the
tails turned out to be about 5 nm
shorter in the phosphorylated state,
with the foreshortening identified to
occur between the two major bends.
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This led to the interesting hypothesis
that phosphorylation of the regulatory
chain might induce an a-helix-random
coil transition of a tail segment be-
tween the major bends. This is indeed
a new finding that may explain an in-
duced flexibility of the tail required for
docking of the phosphorylated head
domain to the actin filament. In addi-
tion, a distinct difference in the popu-
lation of extended and close-packed
heads upon thiophosphorylation was
found, suggesting an effect of phos-
phorylation on the flexibility of the
head-tail junction.

Cryo-AFM has thus demonstrated
its power in providing new and excit-
ing data. The stability of individual
biomolecules at low temperature and
the preservation of their structure dur-
ing the rather simple preparation steps
allow high-resolution images of superb
clarity to be recorded. This advantage
is paid for with the requirement to de-
hydrate the sample, which prevents the
observation of biomolecules in buffer
solution. However, myosin molecules
have been imaged at room temperature
in liquid with the AFM (Hallett et al.,
1995), suggesting that dynamic mea-
surement under physiological condi-
tions may become feasible.
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