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New and Notable

Making Movies of methods for doing exactly that. Exam-two requirements for a molecular

Molecular Motions ples include direct measurements ofmovie (images must be collected
_ forces and stepping distances on indi-quickly and many images must be col-

David Keller ' o vidual molecular motors (Coppin et al., lected from the same spot) difficult to

Department of Chemistry, University of 1996), measurements of stretching andsatisfy at the same time. On the one

New Mexico, Albuquerque, New Mexico . . e . . .

87131 USA protein unfolding forces in titin (Rief hand, interaction forces must be kept

et al., 1997; Kellermayer et al., 1997), small, or the sample will be damaged
Traditionally, biomolecules have been and the direct observation of transcrip-by repeated scans. On the other hand,
viewed as chemical entities, to be char-tion by RNA polymerase (Kasas et al., each force measurement must be made
acterized and understood in terms 0f1997), among many others. quickly, or the time resolution of the
their thermodynamic properties or by  Now, in the paper by van Noort et experiment will suffer. This is an ex-
the kinetics of their chemical reactions. al. on page 2840 of this issue Bio- ample of the trade-off between sen-
But in recent years, with the growing physical Journalthis “single molecule sitivity and bandwidth that is en-
body of high-resolution structural in- manipulation and measurement” ap-countered in many high-sensitivity
formation from crystallography, and proach is taken to a new level of so- measurements, and is a nearly univer-
new, detailed mechanisms of largephistication. The authors show that bysal problem in single-molecule exper-
“mechanochemical” molecules such ascareful attention to detail, and by care-iments of all kinds, no matter what the
the molecular motors, JF, ATP syn-  fy| optimization of the parameters that instrumental setup. In AFM, the main
thases, type Il topoisomerases, RNAcontrol imaging forces and speed in ansource of noise is the ever-present, ir-
polymerases, and others, it has becomegomic force microscopy (AFM) ex- reducible Brownian forces acting on
fashionable to think of living things as periment, it is possible to record the the force sensor. These “thermal fluc-
collections of tiny machines, each car- yetajled movements of DNA mole- tuations” are caused purely by the
rying out a specific task in the overall ¢ies and proteins. This includes suchpresence of the buffer solution sur-
process of growth and cell division. yigsicyit-to-detect processes as sliding rounding the sample, and are impossi-
Most standard biophysical methods re-q¢ ygnspecifically bound protein along ble to distinguish from sample-induced
quire large numbers of molecules andp A molecules and transient anneal-forces without extensive, relatively
measure ensemble—gv_eraged properl—ng of sticky ends of DNA molecules slow, time averaging.
tes. Thls has the distinct advantagelpreviously cleaved by an endonucle- The central result of the experiments
that signals that depend on the ngmbe ase. Perhaps most importantly, the auby van Noort et al. is that with existing
of rr_10|ecu|es are greatlly ,amp“f'ed’ thors have been able to distinguishinstrumentation it is possible to take
_maklng the expefrlrrr]]entahstg job eas_clearly which regions on any given high-quality movies involving many
Iperrc')pi?tzer;ac?fya%yt nfagci)r?:e '?;Frf;fgtr DNA molecule are firmly pinped to the images (25 or more) of thg same field
: substrate surface, and which regionsof view with reasonable time resolu-
large) do not scale up with numbers, . . . . .
and many of the most interesting puz_are freeto move a_nd interact Wlth othertlpn (~1 mm/fra_me, or _5000 image
. molecules. This kind of detailed mol- pixels/s) and minimal disturbance to
zles cannot be easily solved by ensem- . :
ble-averaged measurements. It seem cule-by-molecule mformauon goes athg sf'ample molecule§. Furthermore, by
reasonable to expect that small ma-ong way toward making real-time aligning and averaging many frames

chines are best studied the same WayAFM investigations of protein-nucleic together, areas of loosely attached, rap-

we would naturally study big ma- acid_interactions both interpretable andidly moving DNA could be distin-
chines: by observing what they do in routine. _ guished from areas strongly bound to
well-defined situations one at a time. Although it _ha_s been clear from al- the substrate. When_molecules of pho-
Considerable effort has been devotedMOSt the begmnlr)g that AFM has.the tolyase, a DNA repair enzyme, are in-
in recent years toward developing potential forth|§ kind of powerful, sin- troduced, thgy b|nd. and diffuse in the
gle-molecule cinematography, severalrapidly moving regions of the DNA,
technical problems have hindered it.but stop at the bound regions. This is
Received for publication 1 April 1998 and in The essence of movie-making is thethe most systematic demonstration so
final form 2 April 1998. ability to quickly take many images of far that detailed, almost real-time dy-
Address reprint requests to Dr. David J. Keller, the same field of view. AFM images namical information can be obtained
“Dﬂi‘)’(?crg’ng;;rif 1%';?”;:?[%‘“5:3’:’5,5{/' ‘g;l'gf are formed by measuring the force of by in situ AFM imaging. Moreover, as
Tel.: 505-277-3621, 505-277-2060: Fax: 505- interaction between the sample mole-the authors themselves point out, AFM
277-2609; E-mail: dkeller@triton.unm.edu. cules and a sharp probe tip as the tip igs still a relatively young technique,
© 1998 by the Biophysical Society scanned over the sample surface. Thiand breakthrough improvements are
0006-3495/98/06/2743/02  $2.00 method of creating an image makes thdikely in the near future. This can only
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make the basic capability demon- scanning force microscopyCurr. Opin. The publication of the paper of
strated here even more powerful. S"f‘Ct'CB'i;""?g‘?o' 1 A Soudich. ang Ti€leman and Berendsen is a good op-
; ; : oppin, C. M., J. T. Finer, J. A. Spudich, an ;

One of th'e main questions still to be = 5"\ 101996 The detection of Sub-8 nm portunlty to pause and look ba(?k at th'e
addressed is the effect of the substrate movements of kinesin by high resolution op- impressive progress accomplished in
and the imaging tip on the movements tical trap microscopyProc. Natl. Acad. Sci. computer simulations of biomolecular
of target molecules. This is especiallyK USA'?'L“S‘#?}”' B L Smith H. G systems over the years. Since the first

. . asas, S>., N. H. ompson, b. L. smitn, A. G. . . . .
prumal when the process ofllnterest Hansma, X. S. Zhu, M. Guthold, C. Busta- dynamlcal calculation of a simple Ilq-
involves loosely bound or mobile mol-  mante, E. T. Kool, M. Kashlev, and P. K. uid of hard spheres (Alder and Wain-
ecules, as in the diffusion of a protein Hansma. 1t99t753;he“0h(;a CQ“RNtA P_leg; wright, 1957), MD simulations have

. merase aclivity observea using atomic rorce . . P

along a DNA molecule. In the experi- microscopy Biochemistry 36:461—468. grown rapidly in com.ple'xny. first mo-
ments of van Noort et al., photolyase Kellermayer, M. S. Z., S. B. Smith, H. L. Gran- lecular dyna}mlcs of liquid water (Rah-
was in some cases observed to diffuse zier, and C. Bustamante. 1997. Folding- man and Stillinger, 1971), of a protein
in the direction opposite that of the of gg;‘;g’ggfg:&‘smﬂsIg‘SZ'r”?\'Neegtz'gggf:gfs (McCammon et al., 1977), of an ion
the AFM tip, suggesting that the ef- 576115 1116, - channel (McKay et al., 1984), of a
fects of imaging forces may not be Rief, M., M. Gautel, F. Oesterhelf, J. M. Fernan- bilayer membrane (Egbert and Be-
large. But this is a point that must be dez, and H. E. Gaub. 1997. Reversible unfold-rendsen, 1988), and of an ion channel
carefully tested with well-understood "9 of indvidual titin immunoglobulin do- 3 membrane (Woolf and Roux,

o ins by AFM.Science276:1109-1112. )
systems before quantitative conclu- mains by clence 1994). The present work by Tieleman

sions can be drawn. and Berendsen offers a striking exam-
Real-time, single-molecule movieg Molecular Dynamics ple of how current MD simulations.
have been demonstrated only rarely ingjmulations of lon Channels: have reached the point where atomic
the past, mostly with nucleic acids. For How Far Have We Gone and models can provide realistic represen-
example, Guthold showed that individ- Where Are We Heading? tations of complex biological systems.
ual cuts of surface-bound DNA by the In the present paper, OmpF, a large
Bal 31 restriction nuclease could be Benoit Roux transmembrane ion channel, was sim-
followed by AFM (Bustamante et al., Groupe de Recherche en Transport ulated in a realistic model of a bilayer
1994). And in perhaps the most spec-Membranaire (GRTM), Départements de membrane. In particular, the simula-
. . . Physique et Chimie, Université de . .
tacular demonstration of real-time im- \5nireal C.P. 6128, Succursale Centre- tion shows the properties of the pore
aging, Kasas et al. were able to directlyVille, Montréal, Québec, H3C 3J7 Canada and its water content. Around the pore
observe transcription byscherichia constriction zone, the water dipoles are

coli RNA polymerase on a DNA tem- In this issue of theBiophysical Jour- highly ordered perpendicular to the
plate by AFM (Kasas et al., 1997). nal, Tieleman and Berendsen reportchannel axis; the diffusion coefficients

Collectively, these experiments andthe results of a molecular dynamics of water molecules inside the pore is
others point the way to a general AFM- (MD) simulation of the pores formed greatly reduced.

based approach to studying protein-nuby anEscherichia coliporin in a fully Porins represent an important model
cleic acid interactions of many kinds. hydrated explicit POPE bilayer. The system for studying ion channels at the
One particularly intriguing long-term mMicroscopic system includes the full microscopic levels. Several aspects of
possibility is the use of AFM to per- OmpF trimer, 318 lipids (POPE), and the function of OmpF have not been
form “in vitro motility assays” for mol- 12,992 water molecules for a total of entirely elucidated and will probably

ecules like the RNA and DNA poly- 65,898 atoms. After an equilibration require a combination of experiments
merases. In the molecular motor field, period, the trajectory is generated for and calculations. In principle, MD sim-

“gliding filament” assays, combined more than 1 nanosecond. By all stan-ylations based on detailed realistic
with site-specific mutagenesis, havedards, this is a monumental calculationatomic models can help to understand

played a crucial role in sorting out the Of an important biological system.  petter the function of these systems.
important structural features of myo- Nonetheless, despite the progress in
sins and other motors, and in testing computer simulations, theoretical in-
hypothetical mechanisms of force gen- vestigations of ion channels are still

; . Received for publication 20 April 1998 and in . . o
eration. If it can be demonstrated thatfina| form 21 April 1998. faced with particularly difficult and se-

neither the substrate nor the imagingaddress reprint requests to Benoit Roux, Profes-flOUS problems.
tip interferes significantly with move- seur, Departement de Physique, Departement de A first problem arises from the mag-
ment, the AFM may make similar ex- Chimie Universite de Montreal, Case Postalenjtude of the interactions involved.
periments possible for polymerases. 8128, Succursale Centre-Ville, Montreal, Que- The |arge hydration energies of ions,
bec Canada H3C 3J7. Tel.: 514-343-7105 (of-
fice/bureau). Tel.: 514-343-6111 (ext. 3053) around—400 kJ/mol for Né , contrast
(lab); Fax: 514-343-7586; E-mail: rouxb@plgen. With the activation energies deduced
REFERENCES umontreal.ca. from experimentally observed ion
Bustamante, C., D. A. Erie, and D. Keller. 1094, © by the Biophysical Society fluxes, which generally do not exceed
Biochemical and structural applications of 0006-3495/98/06/2744/02 $2.00 10 kgT. This implies that the energet-
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ics of ion transport results from a del- functional properties of two E. coli porins. Na“ channels enable the channels to
icate balance of very large interactions. Nature 358:727-733. remain excitable in the setting of re-
This raises the question of the potentiaIDo}z'l'J%DJ' Al\)f Jéu'\{'b'isceg’ri"g&ﬁénpfge;mgﬁaﬁ' petitive long-duration cardiac action
function and the influence of induced and R. MacKinnon. 1998. The structure of the potentials.
polarization, which is usually ne- potassium channel: molecular basis of K We have some understanding of
glected in current calculations. A sec- ggrﬁ‘;‘ft'on and selectivityScience 280: 1y, the gating properties and distribu-
ond problem arises from the time gynens £, and H. J. C. Berendsen. 1988. Mo-tioN Of Na" channels enable different
scales involved. The passage of one lecular dynamics of a smectic liquid crystal activity patterns in mature innervated
ion across a channel takes place on a With atomic detail. J. Chem. Phys89:  gkeletal muscle fibers (Ruff, 1996).
. . .. 3718-3732. : ) .
microsecond time scale and reallstlcMccarmOn 3. A B. R. Gelin, and M. Karplus Fast twitch skeletal muscle fibers fire
simulations of biological systems, 1977 Dynamics of folded proteindlature  &ction potentials at relatively high fre-
which typically do not exceed a few 267:585-590. guencies but are active briefly. In con-
nanoseconds, are insufficiently short.Mackay D. H., P. H. Berens, K. R. Wilson, and trast, slow twitch fibers fire at rela-
Straight molecular dynamics still can- g'nTt'r;'r?%irr'tﬁﬁfotgsh"gf;‘;ﬁ%?ﬁ gg%w;;s °ftively slow rates and are tonically
not account for the time scales of ion j. 46:229-248. active (Hennig and Lemo, 1985). Fast
permeation, and specialized simulationRahman A., and F. H. Stillinger. 1971. Molecu- twitch fibers have a high density of
methods must be used to investigate lar dynamics study of liquid wated. Chem.  Nag*™ channels. The high channel den-
these systems. A last difficulty is the Phys.55:3336 -3359. sity reduces the refractory period for
: . Woolf T. B., and B. Roux. 1994. Molecular . . . .
translation of the results obtained from ' gynamics simulation of the gramicidin chan- @ction potential generation, which en-
a microscopic model into macroscopic nel in a phospholipid bilayerProc. Natl.  able fast twitch fibers to fire at a high
observables such as channel conduc- Acad- Sci. USA91:11631-11635. rate. The resting potentials of fast
tance and current-voltage relations twitch fibers are close to the operating
(IV). How to go effectively from MD voltage ranges for fast and slow inac-
to IV curves remgins a fundamentally Properties of Different Channels t?v'ation. Therefore, action potenFiaI ac-
unresolved question. to Produce Unique tivity and membrane depolarization

Future progress in theoretical stud-gjectrical Songs produced by accumulation of extracel-

Cells Use the Singular

ies of ion transport will come from lular potassium inactivate Nachan-
efforts to push forward the limits in Robert L. Ruff nels in fast twitch fibers and prevent
three directions: improving the poten- bepartments of Neurology and fast twitch fibers from firing continu-
tial function, developing appropriate Neurosciences, Case Western Reserve ously. In slow twitch fibers, the resting

University, Cleveland, Ohio 44106 USA potential is separated from the operat-

A challenge of membrane biophysicsi!19 ranges for fast and slow inactiva-

is to determine how the gating proper-tlor.1 by a relatively . Iarge margin,
ties of the ionic channels expressed inwh|ch enables slow twitch fibers to fire

“a cell contribute to the electrical activ- t%nlcally(. Thel IOWt dte?ls:cti; of fNé
ity pattern of that cell. Acting as a channeis on siow twitch TIbers forces

dels is th abili ¢ 2 high conductor, the cell chooses Whichthe SI%W twitch f|b|ers o fwe; ata'sIO\;]v
mo Ieg is the avai Gilrhl ity of a hig kchannels are expressed and modifie@te:b qnsequgnty,.varlatlons in t fe
resolution structyre. e present Worky, - hannels so that the electricald'sm ution and gating properties o
was made possible because the struc- skeletal muscle Na channels enable

simulation methods, and formulating
useful theoretical frameworks for es-
tablishing a link between detailed tra-
jectory and macroscopic quantities tha
are measured experimentally. An es
sential prerequisite for undertaking
meaningful studies based on atomic

ture of OmpF was determined by x-ray notes of each class of channels Comfast and slow twitch fibers to have
crystallography (Cowan et al., 1992).

The very recent determination of the
structure of the K channel fror&trep-
tomyces lividanawill provide another
very exciting system to investigate ion

bine to form a unique song. In this
issue of Biophysical Journgl Rich-

mond et al. (1998) examined how the
unique gating properties of cardiac

distinctive activity patterns (Ruff,
1996).

Cardiac cells have very different ac-
tivity patterns compared with skeletal
muscle cells. Extremely long-duration

permeation (Doyle et al., 1998). Mean- received for publication 24 April 1998 and in Cardiac action potentials would inacti-

while, it is stimulating to read about final form 28 April 1998. vate skeletal muscle Na channels.

this impressive calculation. This work was supported by the Office of Re- Natural firing rates of cardiac cells are
search and Development, Medical Research Serslow enough to permit Na channels

vice of the Department of Veterans Affairs. to recover from fast inactivation. How-
REFERENCES Address reprint requests to Robert L. Ruff, ayer if cardiac cells were populated

o M.D., Ph.D., Chief, Neurology Service 127(W), ith skeletal le Nach Is. th
Alder B. J., and T. E. Wainwright. 1957. Phase Cleveland VAMC, 10701 East Blvd., Cleveland, with skeletal muscie channeis, the

gﬁnzigghlf;&aj%% sphere systed.Chem. ., 44106 Tel.: 216-421-3040 or 216-844- tardy recovery from slow inactivation
VS.2 12 ; 5550; Fax: 216-421-3040. E-mail:rir@cwru.edu. would prevent cardiac cells from firing
Cowan S. W., T. Schirmer, G. Rummel, M. . ) )
Steiert, R. Gosh, R. A. Pauptit, and J. N, © by the Biophysical Society at rates=1 Hz. In skeletal muscle,

Jansonius. 1992. Crystal structures explain0006-3495/98/06/2745/02 $2.00 slow inactivation regulates the popula-
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tion of excitable N& channels. Dis- have repetitive long-duration action could enable the fibers to survive until
ruption of slow inactivation in mutant potentials at 1=Hz firing rates. reinnervation occurs.
skeletal muscle Nachannels potenti-  The unique properties of cardiac By selecting the appropriate Na
ates the ability of the mutant channelsNa" channels help to explain some channels a striated muscle cell can pro-
to produce depolarization-induced pa-electrical patterns observed in imma-duce the brief staccato song of the fast
ralysis in disorders such as hyperkale-ture skeletal muscle fibers and in de-twitch skeletal muscle cell or the slow
mic periodic paralysis (Hayward et al., nervated fibers. Early in development persistent song of the cardiac myocyte.
1997). While slow inactivation may and after denervation, skeletal muscle
act as governor for membrane excit-cells express cardiac Nachannels REFERENCES
ability in skeletal muscle, slow inacti- (Trimmer, 1990). Immature and dener-
vation would prevent the electrical ac- vated skeletal muscle fibers are depo+ayward, L. J., R. H. Brown, and S. C. Cannon.
tivity pattern characteristic of cardiac larized compared with mature inner- ’{1997HS|0W|inactiV?ti03 diffﬁrs among mUéant
. _ . a channel associated with myotonia and pe-
cells. Rlchmongl et al. (1998) demon- vated myscle fibers. Thgz presence of .. paralysis Biophys. J72:1204-1219.
strate that cardiac cells circumvent thethe carcﬂac Na cha'nnel isoform MaY  Hennig, R., and T. Lamo. 1985. Firing patterns
problem presented by the presence otnable immature fibers to be electri- of motor units in normal ratsNature. 314:
slow inactivation in skeletal muscle cally excitable. Cardiac Nachannels ~ 164-166.
Na* channels by using a different Na expressed in denervated skeletal musgichmond, J. E., D. E. Featherstone, H. A. Hart-
. - ) mann, and P. C. Ruben. 1998. Slow inactiva-
chaqnel. Slow inactivation reduges cle fibers probgbly enable the d.ener- tion in human cardiac sodium channeBio-
cardiac Nd currents by only 40% in vated muscle fibers to be electrically phys. J.74:2945-2952.
response to prolonged depolarizationsexcitable and to manifest spontaneougiuff, R. L. 39366 _Soqgum Cha;"”%'_ S|0Whinactil-
: : . . S . vation and the distribution of sodium channels
Cardiac Né chgnngls manifest com- actlgn potentials called f|br|l'lat|on PO- 4 skeletal muscle fibres enable the perfor-
plete fast inactivation. However, the tentials. Spontaneous electrical activity mance properties of different skeletal muscle
rapid kinetics for recovery from fast in denervated skeletal muscle fibers fibre types.Acta Physiol. Scand.56:159-168.
inactivation enables the cardiac Na may be important in slowing the rate of Trimmer, J. S. 1990. Regulation of muscle so-
. S . . dium channel transcripts during development
ghanne;ls to regain ?XCItabllhty in suffi- d!suse atr.o.phy.. The spontaneou's elec- _nd in response to denervatiobev. Biol.
cient time to permit cardiac cells to trical activity in denervated fibers 142:360-367.



