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ABSTRACT:

The behavior of single molecule defines whether a cell
lives, dies, or responds to a specific drug treatment. Single
molecule microscopies have begun to reveal the number,
location, and functionalities of molecules outside and
inside living cells. This issue of Biopolymers presents a
first set of reviews that aim to highlight the
accomplishments and future prospects of single molecule
microscopies. © 2006 Wiley Periodicals, Inc. Biopolymers
85:103-105, 2007.
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he future of biomedical sciences in the 21st century
will be intimately coupled to the further develop-
ment and expanded use of single molecule micros-
copies. What justifies such a seemingly bold state-
ment? This question is answered by another ques-
tion: What is the ultimate goal of biomedical sciences? The
answer here may be more obvious—For a complete under-
standing of the life, disease, and death of a cell (and thus
the organism it represents or is part of) we ideally need to
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know three observables about every distinct molecule in the
cell: (1) the number of its kind present; (2) the precise loca-
tion of each member of the ensemble of identical molecules;
(3) the functionality of each member of the ensemble. How
can such a complete survey of the number, location, and
functionality of all molecules in a cell be accomplished? Only
by single molecule microscopy, since most molecules (at least
all biopolymers) in a cell are present in very low copy num-
bers, in the range of 1-1000." Why do techniques ultimately
not suffice that amplify the signal by combining and averag-
ing over multiple cells? It is now well understood that
patients with formally the same disease and even individual
cells of the same tissue show a distribution of behaviors (for
example, at the onset of cancer lies typically a single or very
few malignant cells) so that averaging does not tell the true
story and is at risk of missing the important outliers.

A single molecule symposium at the University of Michi-
gan this past spring 2006 entitled “At the Single Molecule
Frontier: Integration in Biology and Nanotechnology’’® as
well as several coinciding meetings such as the very successful
first Gordon Research Conference on “Single Molecule
Approaches to Biology,” and the NIGMS Conference on
“Frontiers in Live Cell Imaging”, heralded the breakout of
single molecule microscopies from the confinement of just a
few specialist laboratories onto the center stage of biomedical
sciences and nanotechnology. The account of the Michigan
meeting given in this issue’ is intended to be representative
of the accomplishments and future prospects of the young
single molecule field. Among the accomplishments—possible
only because single molecule techniques reveal observables
that otherwise are lost in the ensemble average—are the dis-
coveries of kinetic heterogeneity at the individual molecule

1,>=> as well as of rare reaction intermediates,® and the

leve
application of force to single biopolymers to elucidate their
mechanical and thermodynamic properties’ or directly
observe the mechanical action of motor proteins.'®'! The
future prospects for the application of single molecule
microscopies seem boundless, but the most important

impact in the biomedical sciences may be expected from
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their potential to provide complete surveys of the molecular
composition, including three-dimensional spatial location
and functional properties, of all molecules over time in a liv-
ing cell. Many modern techniques in genomics,'? transcrip-
tomics, "> proteomics,14 and metabolomics/metabonomics'®
as well as high-throughput drug screening'® already bring the
same techniques to bear on single cell samples as are the basis
for single molecule microscopies. Yet they typically do not
yet reach single molecule detection sensitivity and may not
work in living cells. To overcome these limitations it is criti-
cal that the envelop of single molecule microscopies be fur-
ther pushed and active collaborations between basic scien-
tists, engineers, and clinical researchers be forged. Only then
can we harvest all necessary information and feed it into sys-
tems biology tools for a complete understanding of how cells
live and die and how drugs may prevent the latter.

Biopolymers has rededicated itself to provide the vigorous
forum that the changing needs of the Biochemical and Bio-
physical research communities demand and deserve.'” Serv-
ing the community by launching a succession of reviews in
the area of single molecule microscopies is a step in this
direction. This issue carries the first five articles in a series
that will continue over the coming years. Following the Cen-
tral Dogma of Biology we begin with reviews on DNA that
underscore how single molecule techniques help define me-
chanical, kinetic, and thermodynamic properties in the ab-
sence and presence of DNA binding proteins and drugs. The
review by Garcia et al.'® starts out with a description of the
mechanical properties of DNA and shows how these proper-
ties play a critical role in many biological functions from viral
and eukaryotic DNA packaging to regulation of gene expres-
sion. The review by Mannion and Craighead'® further
expands on the mechanical and structural properties of DNA
and shows how these can be modulated and studied using
fluorescent detection at sub-diffraction resolution by the
application of nanofluidics. The review by van Oijen*’ reveals
how the mechanical differences between single- and double-
stranded DNA stretched in a microfluidic flow can be
exploited to study the biological function of DNA binding
nucleases and polymerases at the single molecule level. The
review by McCauley and Williams®' describes how optical
tweezers can denature DNA in the absence and presence of
protein and drug ligands, opening a direct observation win-
dow onto the thermodynamics of ligand binding. Finally, the
review by McDowell et al.** gives a glimpse of the utility of
computational tools to describe the dynamic properties of
nucleic acids, in this case of molecular dynamics (MD) simu-
lations of single RNA molecules, as an example for the
powerful synergy between modern computational and exper-
imental single molecule approaches.

The reviews in this first single molecule centered issue of
Biopolymers present but a narrow look onto the full reper-
toire of capabilities of single molecule microscopies, and
none of them focus on living cells. Single molecule experi-
ments on living cells are only beginning to emerge, >
further technical hurdles such as the diffraction limit of opti-
cal microscopy are being removed,**® so that the necessarily
limited selection showcased here and in future issues is only
a first step in highlighting the bright future for single mole-
cule studies of biopolymers.

while

REFERENCES

1. Xie, X. S;; Yu, J.; Yang, W. Y. Science 2006, 312, 228-230.

2. Walter, N. G.; Meiners, J. C.; Meyhofer, E.; Neubig, R. R.; Per-
kins, N. C,; Steel, D. G.; Sunahara, R. K.; Swanson, J. A. Biopoly-
mers 2007, 85, 106—114.

3. Lu, H. P;; Xun, L.; Xie, X. S. Science 1998, 282, 1877—1882.

4. Edman, L.; Rigler, R. Proc Natl Acad Sci USA 2000, 97, 8266—
8271.

5. Zhuang, X.; Kim, H.; Pereira, M. J.; Babcock, H. P;; Walter, N. G.;
Chu, S. Science 2002, 296, 1473—-1476.

6. Zhuang, X.; Bartley, L. E.; Babcock, H. P.; Russell, R.; Ha, T.;
Herschlag, D.; Chu, S. Science 2000, 288, 2048—2051.

7. Bustamante, C.; Macosko, J. C.; Wuite, G. J. Nat Rev Mol Cell
Biol 2000, 1, 130—136.

8. Fisher, T. E.; Marszalek, P. E.; Fernandez, J. M. Nat Struct Biol
2000, 7, 719-724.

9. Tinoco, L; Pan, T. X. L.; Bustamante, C. Q Rev Biophys 2006,
1-36.

10. Mehta, A. D.; Rief, M.; Spudich, J. A;; Smith, D. A.; Simmons,
R. M. Science 1999, 283, 1689—-1695.

11. Abbondanzieri, E. A.; Greenleaf, W. J.; Shaevitz, J. W.; Landick,
R.; Block, S. M. Nature 2005, 438, 460—465.

12. Margulies, M.; Egholm, M.; Altman, W. E.; Attiya, S.; Bader, J.
S.; Bemben, L. A.; Berka, J.; Braverman, M. S.; Chen, Y. J.; Chen,
Z.; Dewell, S. B.; Du, L.; Fierro, J. M.; Gomes, X. V.; Godwin, B.
C.; He, W; Helgesen, S.; Ho, C. H.; Irzyk, G. P; Jando, S. C,;
Alenquer, M. L,; Jarvie, T. P; Jirage, K. B.; Kim, J. B.; Knight, J.
R.; Lanza, J. R.;; Leamon, J. H.; Lefkowitz, S. M.; Lei, M.; Li, J.;
Lohman, K. L; Lu, H; Makhijani, V. B;; McDade, K. E;
McKenna, M. P; Myers, E. W.; Nickerson, E.; Nobile, J. R.;
Plant, R;; Puc, B. P; Ronan, M. T;; Roth, G. T.; Sarkis, G. J.;
Simons, J. E; Simpson, J. W Srinivasan, M.; Tartaro, K. R
Tomasz, A.; Vogt, K. A.; Volkmer, G. A.; Wang, S. H.; Wang, Y.;
Weiner, M. P; Yu, P; Begley, R. E; Rothberg, J. M. Nature 2005,
437, 376-380.

13. Ragoussis, J.; Elvidge, G. Expert Rev Mol Diagn 2006, 6, 145-152.

14. Irish, J. M.; Kotecha, N.; Nolan, G. P. Nat Rev Cancer 2006, 6,
146-155.

15. Lindon, J. C.; Holmes, E.; Nicholson, J. K. Pharm Res 2006, 23,
1075-1088.

16. Mitchison, T. J. Chembiochem 2005, 6, 33—39.

17. Glick, G. D. Biopolymers 2007, 85, iii.

18. Garcia, H. G.; Grayson, P.; Han, L.; Inamdar, M.; Kondev, J.;
Nelson, P. C.; Phillips, R.; Widom, J.; Wiggins, P. A. Biopoly-
mers 2007, this issue.

Biopolymers DOI 10.1002/bip



19.
20.
21.
22.
23.
24.

25.

Mannion, J. T.; Craighead, H. G. Biopolymers 2007, this issue.
van Oijen, A. M. Biopolymers 2007, this issue.

McCauley, M. J.; Williams, M. C. Biopolymers 2007, this issue.
McDowell, S. E.; Spackova, N.; Sponer, J.; Walter, N. G. Biopoly-
mers 2007, this issue.

Shav-Tal, Y.; Singer, R. H.; Darzacq, X. Nat Rev Mol Cell Biol
2004, 5, 855-861.

Yu, J.; Xiao, J.; Ren, X.; Lao, K.; Xie, X. S. Science 2006, 311,
1600-1603.

Cai, L.; Friedman, N.; Xie, X. S. Nature 2006, 440, 358—362.

Biopolymers DOI 10.1002/bip

Future of Biomedical Sciences: Single Molecule Microscopy 105

26. Willig, K. L; Kellner, R. R.; Medda, R.; Hein, B.; Jakobs, S.; Hell,
S. W. Nat Methods 2006, 3, 721-723.

27. Rust, M. J.; Bates, M.; Zhuang, X. Nat Methods 2006, 3, 793—
795.

28. Betzig, E.; Patterson, G. H.; Sougrat, R.; Lindwasser, O. W.; Ole-
nych, S.; Bonifacino, J. S.; Davidson, M. W, Lippincott-
Schwartz, J.; Hess, H. E. Science 2006, 313, 1642—1645.

Reviewing Editor: Gary Glick



