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Single Molecule Spectroscopies
and Imaging Techniques
Shed New Light on the
Future of Biophysics

Joseph M. Beechem
Department of Molecular Physiology and
Biophysics, Vanderbilt University,
Nashville, Tennessee 37232 USA

Starting the mid-1970s, the develop-
ment of the patch-clamp technique
revolutionized molecular neurophysi-
ology by allowing investigators to ob-
serve directly the gating of individual
(i.e., single molecule) transmembrane
ion channels both in vitro and in vivo.
However, other fields of biomedical re-
search could not actively participate in
this revolution because the sensitivity
needed to examine other classes of bi-
omolecules did not exist. This has now
changed. Technological advances in
the fields ofvideo enhanced differential
interference contrast microscopy
(Gelles et al., 1988; Schafer et al., 1991;
Berliner et al., 1994), microscopic op-
tical interferometry (Denk and Webb,
1990; Svoboda et al., 1994), optical
trapping (Block, 1992; Kuo and Sheetz,
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1993; Finer et al., 1994), ultrasensitive
fluorescence detection (Bustamante,
1991), atomic force microscopy (Rad-
macher et al., 1994), and near-field scan-
ning optical microscopy (Betzig and
Chichester, 1993; Trautman et al. 1994;
Hess et al., 1994; Xie et al., 1994;
Ambrose et al., 1994) has now ushered in
an age where single molecule experi-
ments on a wide variety of biomolecules
are now possible (note: reference listings
are neither inclusive nor historical, simply
a sampling of recent interesting results).
Single-molecule studies (kinetic and
structural) have numerous advantages
over conventional biochemical tech-
niques, which are restricted to examina-
tion of the population averaged properties
of large molecular ensembles. It is clear
that for a detailed understanding of the
mechanistic steps ofmany molecular ma-
chines (e.g., actin-myosin and kinesin
power strokes, DNA replication, DNA
transcription, microtubule assembly, etc.)
individual molecular events need to be
monitored.

In a paper appearing in this issue, Yin
et al. (1994) describe kinetic measure-
ments of mRNA transcript elongation
by a single Escherichia coli RNA po-
lymerase molecule. In these experi-
ments, biotinated DNA is tethered to
a 0.23 ,um polystyrene microsphere
coated with avidin. Video enhanced
differential interference contrast mi-
croscopy directly images the polysty-
rene bead. Stalled transcription com-
plexes of E. coli RNA polymerase is
adsorbed onto the surface of a specially
treated coverslip. These stalled com-
plexes are then incubated with avidin
coated beads, which will attach to the
end of the DNA. The DNAs can be
made such that the bead is either "up-
stream" or "downstream" from the
stalled site. When located upstream, the
bead is drawn downward toward the
coverslip as transcription proceeds,
whereas for the downstream location,
the length of the DNA tether increases
and the bead moves farther away from
the coverslip (see Fig. 1 b of Schafer
et al. (1991) for a schematic represen-
tation of these experiments).

All of the nanometer displacements
in this system are obtained by observ-
ing the extent of Brownian motion of



2134 Biophysical Journal Volume 67 December 1994

the tethered particle on the end of the
DNA. Larger tethers will have more ex-
tensive Brownian motion and will thus
appear more "blurry" on successive im-
ages obtained with the DIC. Bead po-
sition is accurately located by nonlinear
fitting ofDIC images using a difference
function of two two-dimensional Gaus-
sians with their centers offset by a fixed
distance along the direction of the shear
axis of the DIC microscope. Previous
work has had to utilize untested nu-
merical simulation of tethered bead
motion to calibrate distance changes. In
this work, a range of DNA tethers are
examined from 308 to 1915 base pairs.
These experiments yielded a linear cali-
bration relating the observed Brownian
motion and tether length that allowed a
full description of the limits affecting
the accuracy of measuring single mol-
ecule motion along a DNA primer/tem-
plate. An instrumentational limit of
± 10 base pairs is obtained in the limit
of very small DNA tethers.

Application of this technique to the
study of proteins that move in a directed
fashion on DNA are just beginning. As
such, this article is "setting-the-stage"
for many additional future studies. Sys-
tems as wide ranging as DNA helicases,
DNA polymerases, DNA and RNA
exonucleases (etc.) could be character-
ized using this approach. This group
has also recently measured DNA loop-
ing induced by the binding of two lac-
tose repressor molecules (Finzi and
Gelles, submitted for publication ).
These studies reveal that this method-
ology should also prove useful for the
examination of long-range topological
changes (i.e., DNA looping) associated
with multi-component protein complexes
binding upstream of gene start sites. As
more and more single molecule method-
ologies (see above) reach maturation, it
could very well occur that biophysics (in
the next decade) could become dominated
by single molecule techniques. All of this
goes to show that perhaps "one" is not
such a lonely number after all.
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Biological Scanning Probe
Microscopy Comes of Age
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Not so long ago, a referee of one of our
papers opined that "atomic force mi-
croscopy (AFM) is only convenient, as
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the authors claim, if one has access to
such a microscope. Generally, the elec-
tron microscope is to be preferred." De-
spite its low cost, and obvious potential,
the new kid on the block was not
universally welcomed by the establish-
ment. Now a group (based at a re-
nowned center for electron micros-
copy) has produced a study (Schabert
and Engel, 1994) that goes well beyond
the quick and pretty demonstrations
characteristic of some early work. It
shows how, once the uncertainties that
plague a new technology are worked
out, sophisticated analysis can be used
to great advantage.
On page 000 of this issue, Schabert

and Engel describe an atomic force
microscopy (AFM) study of crystal-
line membranes reconstituted from
Escherichia Coli OmpF porin and
phospholipids. The work is notable not
only for the careful procedures and ex-
cellent (sub-nanometer) resolution, but
also for the introduction of image
analysis techniques that have long been
used in the electron microscope com-
munity. High resolution topographs of
both the periplasmic and extracellular
sides of the porin were obtained and a
novel crystal packing was observed.
But the paper has an appeal that goes
beyond what is added to the literature
on porin. It is a model of clarity in de-
scribing sample preparation, micro-
scope operation and image analysis.
New workers in the field would do well
to read this paper carefully, for it delin-
eates the steps that need to be taken for
high resolution imaging in biologically
relevant conditions. The pedagogical
value of the paper is enhanced by clear
descriptions of the limitations of the
technique and some of the difficulties
encountered by the authors.
The introduction of the paper refers

to a number of recent reports of high
resolution AFM imaging of (even
soluble) proteins in water. The stage is
set for major discoveries, not least be-
cause the new technology is now
widely available, and at a fraction of the
cost of electron microscopes.

This is not the only area in which bio-
logical scanning probe microscopy is
making an impact. The Hansma group
has recently shown how enzymatic
activity can be monoitoredl in-situ bay


