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Abgtract

Atomic forcemicroscopy hasbeenincreasingly used
for the measurement of mechanical parametersof biological
materialsin addition toimaging them. Thisarticlereviews
recent contributions to the development of the methods
used for such measurements and reliable interpretati ons of
thedataobtained. Kindsof mechanical propertiesthat have
attracted the attention of users of atomic force microscope
include Young's modulus, binding force between single
pairs of ligands and receptors, antigen and antibody
binding, internal cohesive force of protein molecules, and
the force of base pairing in double helical DNA. The
mechanical manipulation of soft (or compliant to be exact)
biological materialswith atomic force microscope hasalso
been attempted on chromosomes, cells, and DNA. Some
of the recent work in chromosomal manipulation will be
reviewed.
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Introduction

The impact of atomic force microscopy (AFM) on
biologically oriented research fields has been increasingly
felt as ever wider applications of the method are being
reported. Imaging soft (or compliant to be exact) biological
samples under near-native conditions in aqueous
environment has been one of the strong points of the AFM
method as compared to the electron microscopy (EM)
methods[17, 18, 21, 31, 43, 55] although the resolution of
the latter is still much better than that of AFM. The
resolution of AFM itself is now at an atomic level and
comparable to that of EM [58] but when it is applied on
biological samples, the resolution is severely limited by a
largeloading force and the sample compliance [44]. Thetip
may press, drag, or pull the sample surface and, sometimes,
it may penetrate into the sample interior by breaking the
surface structure, thus contributing to the deterioration of
theresolution. The very problemswe have just mentioned
are actually the most attractive aspects of the AFM
technology to many researchers who are now using this
instrument to measure the mechanical parameters of the
biological samples and often to manipulate them for
revealing new aspectsof them. Inthisarticle, wewill review
applications of AFM to the measurements of: (1) Young's
modulus of fibers and gel-like materials including
chromosomes; (2) interaction force between ligands and
receptors, including that of antigens and antibodies; (3)
intramolecular cohesive energy of protein molecules; and,
(4) the base pair interactions in double stranded DNA.
Then, we will comment on the importance of the direct
measurement of the spring constant of the cantilever and
possibleinterpretation of unusual force curves reported in
theliterature.

Experimental Results
Young'smodulus
The elastic property of isotropic material may be
represented by two elastic constants, and Young's modulus,
E, and Poisson’sratio v are often chosen for convenience.
Then therigidity modulus, G, isgiven as
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G=E/2(1+V) @)

A commonly employed procedure of forming an
indentation on aninfinitely flat surface of test material and
measuring the depth of indentation as a function of the
applied force may be represented in Figure 1 as adapted
from Pharr [41].

Generally speaking, since agiven test material has
both elasticity and plasticity, the loading part of the curve
isnot superimposable with the unloading part. Thetangent
of the unloading curve at the beginning of unloading isthen
used to obtain the reduced Young's modulus with E" = E/
(1-v? (when theindenter can be assumed as undeformable,
and

VE = (1-V)/E, + (1-V,E,

when both tip and the sample are deformable).
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where h, P, and A represent, respectively, the depth of
indentation, the applied force, and the area of contact
between the tip and the test material [41]. Evaluation of
contact area, A, isthough difficult when thetip is small.

Such difficulty can be alleviated when the sampleis
elastic and the loading and unloading curves are
superimposable within experimental errors, because
integrated equations relating the depth of indentation and
the applied force may be used without requiring the contact
area. Luckily, examples of biological materials so far
reported, namely, chitin fiber, gelatin gel, and acid treated
chromosomes, have been noted to be largely elastic with
little plasticity when the load was not very large.
Representatives of such equations are given below for two
types of indenter [56]. First, for a conical indenter of
“semivertical angle” of a, theforce Pisproportional to the
2nd power of the depth of indentation, D.

p= 4Gcota ,

)

There are occasional misguotations of thisformulaby
equating ato the opening angle of the cone or half of it (in
that case, cota in the above equation should be replaced
with tana), but according to the derivation by Sneddon [56],
it ismeant to represent the angle aas depicted in Figure 2.

Second, for aparaboloidal indenter with an effective
radius of curvature of 2k at thetip, Pisrelated to D in the
following way:

©)
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In both cases, as mentioned above, numerical values that
can be obtained from the experiment are G/(1 - v) or E/2(1 -
v?) rather than Eitself. Itis, therefore, not possibleto extract
the numerical value of Young's modulus without the
knowledge of Poisson’sratio. Sincethelatter iscommonly
in the range of 0.3-0.5, Young's modulus may still be
estimated within an ambiguity of £ 10% without direct
knowledge of Poisson’'sratio. For compliant materials, v is
intherangeof 0.4-0.5, examplesare: gold (0.44), lead (0.44),
polyethylene (0.46), and el astic rubber (0.46-0.49) [38].

As there is a growing interest among material
scientists to use micro- to nanometer sized indenters to
probethe elastic properties of small samplesaswell asthose
of small areaof large samples, re-eval uation of indentation
experiment has been attempted from several fronts, such
as: (1) numerical correction of therelation between Pand D
for non-axisymmetric indenters, and, (2) incorporation of
finite sharpness of the tip at its apex [19, 25, 40]. When
AFM is used as a nanoindenter, it is most likely that a
commercially available pyramidal tip isused for which no
exact relation between Pand D isavailable. Approximation
of tip shape by acone or aparaboloid istherefore necessary.
Moreover, the sample surface of biological specimens may
not be perfectly flat even for ashort distance, and, in many
commercialy available AFM instruments, the cantilever
approaches the sample surface with a fixed angle of
approximately 10°. Although the latter factor may be
aleviated in the future, flatness of biological specimens
cannot be guaranteed. Therefore, there is another source
of approximation when equations, such asgiven above, are
used for the analysis of indentation experiments.

Despite such ambiguities in the determination of
Young’'s modulus from indentation experiments, it is
remarkablethat AFM allows usto measure the mechanical
properties of nanometer sized biological specimensfor the
firsttime. Instrumental modificationsto minimize some of
theambiguitiesmentioned above would not bedifficult once
the importance of such measurement is recognized.
According to the literature cited above, numerical factors
correcting for the tip shape do not exceed the experimental
ambiguities on biological samples at the present stage.

The use of AFM for the measurement of sample
rigidity wasfirst reported by Burnham and Colton [4] who
were followed by Tao et al. [59], Xu et al. [65] and
Radmacher et al. [45, 46, 47]. Tao et al. [59] measured the
microel astic properties of three different samples, namely,
stainless steel, bone, and rubber using the force versus
distance mode of AFM. Therigidity constant of the rubber
used in the AFM experiment was calibrated with a
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Load, P

Unloading

Displacement, h

Figurel. Thetypical shapeof loading and unloading curve
in an indentation experiment. When the sample material
displays no plasticity, the unloading curve coincides with
the loading curve.

a

Figure 2. Definition of “semivertical” angle a in one of
Sneddon’sformulae.

Macroscopic apparatus, giving avalue of 1.1 x 107 Pafor G
=E/2(1 +v). Theanaysisof AFM force curves gave aG
vaueof 1.3x 107 Pafor the samerubber. Agreement between
the two experiments was good and provided yet another
way to calibrate the force constant of a cantilever.

Xu et al. [65] pushed a 3-chitin fiber of several um
long with AFM tip and measured the deflection of the
cantilever and the bend of the fiber. The fiber was placed
over the surface of GaAsgrating with grooves of 300, 500,
700 nm wide and 300 nm deep. A test chitin fiber was
suspended over severa grooves. There was a problem of
whether the parts of thefiber in contact with theridgeswere
free to be moved or not, when the suspended part of the
fiber wasbent. Intheir application of beam bending model,
the authors assumed that the ends of the fibers were fixed.
The location of the fiber was identified by scanning with
AFM, and the position of force application was selected
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from the AFM image of the fiber. The cantilever was
calibrated for its spring constant from its resonance
frequency. The Young's modulus of a fiber with cross
sections less than 20 nm x 40 nm was determined as 1-2 x
10" Pa. They also measured the el astic modulus of S-layer
sheath of archaeobacterium, M. hungatei and within an
i sotropic assumption, obtained a Young's modulus of 1-3 x
10%° Pa. The threshold value of applied force to cause a
plastic deformation on the S-layer sheath wasinvestigated.

Radmacher et al. [46] recorded force curves to
measure the rigidity of protein molecules (lysozyme)
adsorbed on the mica surface and came up with the value
of 0.5+ 0.2 x 10° Pa, which wasin agreement with thevalue
obtained with macroscopic method of compressibility of
protein crystals. They extended their measurements to
gelatin gels in water and propanol [47]. Gelatin gel isa
macroscopic model but the measurement of itslocal elastic
modulus was of someinterest. The success of the method
wasextended by Ikai et al. [24] to themeasurement of elastic
properties of microscopic structures such aschromosomes.

Ikai et al. [24] measured the rigidity of acid-treated
human chromosome as the first example of subcellular
organelles. Although the acid-treated chromosomesare no
longer biologically active, such samplesarewidely usedin
thefield of chromosome study including the fluorescent in
situ hybridization method (FISH). The study of the
mechanical propertiesof acid-treated chromosomesisuseful
in our work to extract small amounts of DNA from finely
targeted areasof individual chromosomes. Cellsfrom G-401
cell line derived from akidney tumor of athree-month old
mal e Caucasian were grown in McCoy’s 5A medium with
10%fetal calf serum. Cellswereexposed to colcemid (0.05
po/ml) and arrested at the mitotic stage. Mitotic cellswere
harvested and treated with 75 mM KCI at 37°C for 15
minutes, followed by fixation with methanol: acetic acid (3:1
v/v) solution. Onedrop of cell suspension was spread onto
aclean glass cover-dlip 15 mmin diameter, and the sample
was air-dried or submerged under an agueous buffer after
washing.

Measurement of the rigidity of chromosomes in
buffer solution was conducted according to Radmacher’s
method on gelatin gels with a calibrated cantilever for its
spring constant. The buffers used in experiments were as
follows: (1) 50 mM phosphate buffer with 0.1 M NaCl at pH
7.0; (2) 0.15 M acetate bufferswith pH from pH 7.0 to 2.0.
The pH of extreme ends of buffer function was adjusted by
the addition of either concentrated NaOH or HCI. For
experiments at high pH, 0.15 M bicarbonate buffer of pH
10.6 was used. The temperature was 25°C. The
measurement of Young's modulus depended primarily on
the pH and the ionic concentration of the solvent and not
so much on the type of buffers.

Theloading and unloading parts of theforce curves
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obtained in neutral pH were superimposable, as shown in
Figure 3, within experimental errors, suggesting that the
chromosomes could be approximated as el astic substance.
Therigidity wasnot noticeably different over variousareas
of chromosomes, or with the change of pH between 10.5
and 6, but it showed a ten fold increase in the Young's
modulus when the pH of the buffer was decreased to 4.1.
The Young's moduluswas cal culated based on an arbitrary
value of 0.4 for the Poisson’sratio. The Young's modulus
decreased again at pH 2[64]. Theresult issummarized in
Tablel.

Therewasasignificant decreasein the height of the
chromosome along with the observed increase in the
Young's modulus. We think that the protonation of DNA
in the chromosome as cited below decreased the
electrostatic repulsion within the chromosomeleading to a
drastic decrease in its volume and consequently to the
increaseinrigidity.

Imaging of chromosomesimmediately before or after
force curve measurements showed adrastic decreasein the
apparent height and width of the chromosomesin apH 3-4
range, and the chromosome surface showed strong
adhesive interactions towards silicon nitride tips as shown
in Figure 3. It isinteresting to notice that DNA has its
isoelectric pointinthe pH range of 3-4[26]. Itisreasonable
to assume that the reduction of net charge on DNA
increased the interaction between chromosome and thetip.
It was verified that pure plasmid DNA which was
physisorbed on mica surface became sticky towards the
AFM tipinamildly acidic solution of pH 3-4. Theresult
strongly suggested that the sticky material in the
chromosome was DNA. The force curves obtained under
the experimental conditionswherethe chromosome surface
showed stickiness was apparently not superimposable for
theloading and unloading parts. In such cases, theYoung's
modul us obtained from theloading part of the curve should
be regarded as approximate ones.

Complicated force curveswith multiple deflections
have been discussed by Aimé et al. [1], both theoretically
and experimentally in relation to the force measurement on
polymer films. In the case of polymer films, the multiple
deflections were interpreted as occurring from the cracks
or fractures created on the bulk or the contact area between
the film and the tip. Since, in the case of chromosome
immersed in water, it is rather unlikely that cracks would
have developed during the force curve measurement, we
think the situation isquite different from the polymer films.
We interpret such force curves obtained in our experiment
as representing stretching of the sandwiched samples in
response to the tensile force from the deflected cantilever.
The shape of theforce curve may depend on thetime scale
of cantilever movement because, unlike thermodynamics,
mechanics generally depends on time. An informative
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Cantilever deflection (10 nm/div)

Z - position — 20.00 nm/div
Figure 3. Force curves obtained on: (a) a surface of

chromosome at aneutral pH, and (b) asticky chromosome
under mildly acidic solutions.

example may be found in the field of adhesion. Using a
molecular dynamics simulation, Baljon and Robbins [2]
studied the time dependence of rupture force between two
surfacesin contact with adhesive bonds. Therequired force
was observed to increase with the rate of rupture but
asymptotically reached a plateau value when the tearing
rate was slow. Since the force experiment using AFM
technology operates at very slow time constants, it is
probably safe to assume that most of the reported force
valuesin the cited literature are in the plateau region. But,
in some cases, biological materials have shown time
dependent mechanical properties. Such viscoelastic
properties of cells have been the subject of active
researches [22, 44]. For example, Radmacher et al. [44]
investigated the viscoelastic properties of cytoskeleton of
human platelet cells by analyzing the dependence of the
shape of the force curve on the rate of force curve
measurement. The soft cantilever they used (spring
constant = 0.03 N/m) was found to be dragged by solvent
when the scan rate was as high as 20 Hz, but the response
from platelets was largely undisturbed. They concluded
that cells behaved elastically within their experimental
conditions.
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Table 1. Estimated Young's modulus of human chromosomes.

Solvent pH

10 mM phosphate buffer with 0.15M NaCl at pH 7.4
10 mM bicarbonate buffer with 0.15M NaCl at pH 10.6
10mM acetate buffer with 0.15M NaCl at pH 4.1

Young's Modulus (Pa)

0.8+0.3x10°
0.6+0.3x10°
13+4x10°

Theincrease of Young'smodulusin some cases may
be related to the volume change of the sample gels.
According to the treatment of Treloar [60], the rigidity
modulus of cross-linked gels, G, is related to the volume
fraction of gel material, v, through the following equation,

21

G=(RTV) {(1/2)-x} v* ©
where V, is the molar volume of the solvent, and X is an
adjustable parameter intheorigina Flory-Hugginstreatment
of polymer solutions. Sincev,™*isproportional tothedegree
of swelling, the equation predicts that Young's modulus
varies with -5/3 power of the swelling ratio. It will be
interesting to test the validity of the power dependence of
rigidity on swelling for gel-like biological specimens,
athough it has been reported that aquantitative application
of the above equation was difficult when water was the
solvent.

Ligand-receptor interactions

Leeetal.[28] and Florinet al. [11] werethefirst to
demonstrate that AFM could be used to measure the
binding force between the ligand and receptor molecules.
These papers have been reviewed extensively by other
authors, and we will not go into the details here except to
emphasize that the papers opened a new field of force
measurement in biochemistry where thermodynamics had
been, and till is, prevailing. For the purpose of molecular
mani pul ations using biological molecules, such asproteins,
carbohydratesand nucleic acids, mechanical parameterswill
be regarded asimportant asthermodynamical parameters.

Recently, the force required to disrupt the binding
between an antigen-antibody pair was measured. Dammer
et al. [8] carefully coated the substrate and cantilever with
organic molecules and biotin antigens were derivatized at
the end of the 2 nm long cross-linker, and the latter was
cross-linked to bovine serum albumin which was linked to
the organic layer onthetip. Thelong cross-linker allowed
substantially free orientation of antigens to combine with
antibodies. Antibodies were covalently linked to the
substrate that was coated with organic layers. Then, the
force curveswere measured in buffer solution by repeatedly
bringing the tip and the substrate into contact.

Dammer et al. [8] analyzed the magnitude of thefinal
jump of the cantilever from the downwardly deflected
position to the horizontal baselinein line with the analysis
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carried out by Florin et al. [11]. The value of 120 pN was
suggested as the unbinding force between asingle binding
pair but there was no claim of directly measuring theforce
of a single pair unbinding. Their careful procedure for
functionalizing the tip and the substrate for immobilizing
antigens and proteins were impressive. It isimportant to
take precautions to retain the motional freedom of ligand
molecules as much as possible and take similar precautions
to keep proteins as native as possible on a solid surface of
substrate such as mica, gold or glass.

Hinterdorfer et al. [20] used a6 nmlong cross-linker
to harness antibodies and antigens (human serum albumin),
respectively to the activated surface of silicon substrate
andtip. Thevery long arm of the polyethylene glycol based
cross-linker allowed efficient search for binding partners
resulting in nearly 50% in the success rate of recording
downwardly deflecting force curves suggesting antigen-
antibody binding. They analyzed the magnitude of theforce
at the final release and obtained the value of 244 + 22 pN
for the unbinding force of a single antigen-antibody pair.
Stretching of sensor waslimited to lessthan 30 nm and could
be accounted for by an almost full extension of the
polyethylene glycol parts. The value cited by the authors
as the unbinding force was larger than the force of 160 pN
obtained by Florin et al. [11] for asingle pair unbinding of
biotin and avidin. From the value of binding constants, the
biotin-avidin systemisby far the most stableligand-receptor
pair in biochemistry, therefore, the result that indicated a
stronger binding for antigen-antibody wasrather surprising.

There is no simple theoretical relation between the
binding constant and unbinding force but attempts have
been made to correlate the experimental binding constants
(or binding free energy and enthalpy) to newly available
force measurements|[6, 34].

There are attempts to exploit the force detection
capability of AFM asanew type of biosensor. Baselt et al.
[3] are constructing a new sensor that should detect the
presence of specific macromoleculesat alow concentration
of 108 M range. A piezoresistive cantilever without imaging
tipiscovered with antibody and dipped in the test solution.
Antigens, if present in the solution, bind to the antibodies
on the cantilever. The system is then treated with a
suspension of small magnetic balls coated with antibodies,
thus, allowing the adhesion of magnetic balls to the
cantilever only when it has bound antigens. The vibrational
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frequency analysis of the cantilever under oscillating
magnetic field allowsthe detection of the presence of even
a single ball on the cantilever. It has been tested for
streptavidin-biotin system.

Unbinding force between complementary strands of
DNA has been the focus of studies by Lee et al. [27] and
Florinetal. [12]. Leeetal. [27] used oligonucleotideswith
the multiple of four bases and measured the rupture force
that was calculated from the final jump of the force curve:
(2) when the tip and substrate were covered with directly
complementary strands with the samelength; (2) when the
tip and the substrate were coated with the same type of
oligonucleotides and bridged with longer strands of
complementary base sequences. They used
oligonucleotides of different length and found that the
combined frequency of ruptureforce showed multiple peaks
around 1.52, 1.11, and 0.83 nN for 20, 16, 12 base pair
interactions. The non-specific interaction between non-
complementary strands was estimated to be 0.48 nN.

Florin et al. [12] studied the force required to
separate poly-dA (fixed on agarose beads) fromoligo-d(T),,
that waslinked to AFM tip through tip-BSA-biotin-avidin-
DNA system. Theforce wasdependent onthetimeto keep
the tip in contact with the sample surface and a constant
value of about 4 nN was obtained when the contact time
was longer than 100 seconds. Non-complementary
interaction between oligo-d(T),, with poly-dC was
negligible. The magnitude of rupture force is considered
to be influenced by many factors, quantitative treatment
based on single pair interaction was not amenable. Inthe
same paper, Florin et al. [12] report theresults of cantilever
force constant calibration by three different methods. The
result will be discussed later under Cantilever calibration.

Protein stretching

Protein molecules were intentionally stretched for
the first time by Mitsui et al. [33] by using AFM. They
derivatized alarge serum protein called a2-macroglobulin
with a cross-linker SPDP (succinimidyl pyridyldithio
propionate) and mildly reduced with dithiothreitol to confer
5-6 sulfhydryl groups to the protein surface. The protein
was freed of dithiothreitol, and a droplet of its buffered
solution was placed on a gold coated mica substrate for a
short time, and the surface was extensively washed with
protein free buffer. The substrate wasthenimmersedinthe
same buffer in a liquid cell for AFM. A tip which was
similarly coated with gold wasthen approached in theforce
calibration mode of AFM. The loading part of the force
curve showed a continuous change in its slope, indicating
acontact over soft material [46]. The unloading part of the
force curve had a similar curvature without downward
deflection but occasionally curves with conspicuous
downward deflections were obtained, indicating a strong
adhesive interaction between the tip and the sample such
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asthe one reproduced in Figure 4.

The downward deflection was interpreted as the
result of tensileforce of the mechanically stretched protein
between the tip and the substrate. The deflection of the
cantilever at the final release to the free position was
subtracted from the total retraction of z-piezo, and the
resulting distance was considered to be the maximum length
of stretched protein between the tip and the substrate and
termed D, which distributed around two maxima, one at
150 nm and the other at 300 nm. According to Mitsui et al.
[33], thefirst peak corresponded to the extension of asingle
monomer of the protein and the latter to that of disulfide
bonded dimers. A monomer of the protein consistsof 1541
amino acid residues, and it isinternally cross-linked with
22 disulfide bonds. The maximum theoretical extension of
amonomer was estimated to be 200 nm from mode! building.
As shown in Figure 5, the final rupture force distributed
from0-1.75nN, peaking around 0.75-1 nN. Theforceinthe
range of 0.75-1 nN was attributed to the severing of Au-S
bond(s) that was linking the protein to either the substrate
or tip (see below). In Figure 5, since the frequencies of
rupture forceslessthan 0.25 nN were lumped together, the
bar over 0.25 nN does not represent atrue peak. Such small
forces may correspond to desorption of physisorbed
proteins, or to thefinal steps of gradual unbinding between
non-covalently bonded subunits.

Asareference experiment, it was checked that there
wasonly asmall attractiveinteraction between thegold tip
and the surface of gold coated mica in buffered solution
when the gold surface wasfreshly prepared and kept in pure
water. Moreover, when the sulfhydryl groupson the protein
were quenched with a blocking agent,
N-(7-dimethylamino-4-methylcoumarinyl) maleimide, after
immobilization on a gold substrate, force curves stopped
exhibiting any significant downward deflections, proving
that the force for non-specific adhesion of protein to the
tipwasnegligibly small. Itis, therefore, reasonably certain
that the downward deflection was due to the presence of
tensile protein molecules covalently bonded between the
tip and the substrate. The number of protein molecules
stretched at atimewas not determined but force curveswith
asimple structure obtained as the active sulfhydryls were
progressively quenched with the blocking agent were
considered to represent single-molecul e stretching events.
The spring constant of cantileverswas calibrated by using
astandard cantilever constructed from athin gold wire.

Inthe experiment of Mitsui et al. [33], the system at
themolecular level wasdeliberately kept simple so that the
only possible tensile material between the tip and the
substrate should be protein. Such a requirement was met
at the expense of protection of proteins from possible
mechanical deformations. Itis, therefore, desirableto check
the activity of the protein directly cross-linked to a gold
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Figure 4. A representative force curve in the stretching
experiment of protein. (a) Definitionof D,andD,__, and (b)
apossibleforce curve for the stretching of asingle protein
moleculerandomly derivatized with SPDP.
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Figureb5. Distribution of force at the end of stretching of a
a,-macroglobulin derivatized with SPDP and sandwiched
between the gold coated tip and substrate.

surface to see whether it retained the native structure or
not, and to reduce the impact on protein molecules at the
time of contact with the AFM tip.

We have recently extended the same experimental
procedure to another protein with a simpler structure,
namely, bovine carbonic anhydrase B (Mitsui and Ikai, to
be published). Thisprotein neither has disulfide bonds nor
free cysteine residues and consists of 259 amino acids. In
average, 6 lysyl residues were derivatized with SPDPin a
similar manner asabove. The protein wasthenimmobilized
onagold coated micainaliquid cell of AFM, andtheforce
curveswere taken using agold coated tip. Thedistribution
of D, had apeak around 30-50 nm, aconsiderably smaller
value compared withtheaverage D intheexperiment on
o2-macroglobulin.  The unbinding force was centered
around 0.7-1.0nN.

To test our hypothesis that the final rupture force
of 0.7-1.0nN corresponded to the break of an Au-Scovalent
bond, we conducted the following experiment. A freshly
prepared gold surface on mica was reacted with 5 mM
aqueous solution of dithiothreitol (threol, 4-dimercapto-2,
3-butanediol) for 5minutesat 25°C. Thegold substratewas
subsequently thoroughly washed with distilled water. [t
was then submerged under a buffer solution, and the force
curve was taken using a gold coated tip with a calibrated
cantilever. The magnitude of downward deflection at the
time of final rupture was converted to force and plotted in
Figure6.
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Figure6. Distribution of ruptureforce when dithiothreitol
was sandwiched between the gold coated tip and the
sample.

When the sulfhydryl groups were blocked with
DACM {N-(7-dimethylamino-4-methyl-3-coumarinyl)-
maleimide}, no adhesion was observed. Figure 6
summarizesthedistribution of measured force showing two
peaks, one in the range of 1-1.1 nN and the other around
2-2.2 nN. We tentatively assume that the first peak
corresponds to the rupture of one Au-S bond, and the
second to that of two Au-S bonds. More complete
experiments are being carried out to establish that the final
rupture event in these experiments corresponded to
severing of Au-S bonds.

Theruptureforce of the C-C single bond, which has
the dissociation energy of 348 kJ/mol, ispredictedto be 5.2
nN based on the Morse function for this bond. The bond
energy of N-C single bond is 292 kJ/mol [35]. The bond
between the atomic sulfur and gold has been estimated to
be approximately 334 kJ/mol [52], which iscomparable to
the bond energy of C-C bond. The bond energy between
thethiolate group and gold surfaceisabout 183 kJ/mol ina
vacuum [10, 53] and considerably lower than the abovethree
cases. In the absence of reliable parameters of Morse
function for thethiolate-gold bond, it is not easy to estimate
the rupture force of the bond. Moreover, our experiment
was done in agueous buffers, and it is possible that the
thiolate-gold bond may have different character from
vacuum condition. From the above experimental and
theoretical considerations, it seems reasonable to assume,
at thismoment, that thefirst bond that yielded to thetensile
forcein Mitsui’s experiment was al kanethi ol ate-gold bonds

[33.

We are further extending our experiment to include
the stretching of genetically engineered carbonic anhydrase
B that has cysteine residues at N- and C-termini. The
stretching in this case will be that of from two ends of a
linear polymer, and interpretation of the data would be
simpler than the preceding cases. Thetotal extended length
should be 96 nm assuming the extended length of oneamino
acidresidueis0.38 nm. Our preliminary experiment indicated
that, though the number of successful eventsis still very
small, the force curvesin such cases show aD,_ of about
80-120 nm and the final rupture force of 0.7-0.9 nN, both
values being in our expected ranges. The discrepancy
between D__ and the total length of the protein may be
explained that the adhesive bonds are severed before the
full extension of the polypeptide.

The biochemical significance of protein stretching
experiment may not be as apparent as those of antibody-
antigen interactions, or rupture of double helical DNA
strands. In fact, there are a number of problems in
biochemistry that concernswith the mechanical stability of
proteins. To mention afew, transport of globular proteins
across a lipid membrane is often accomplished by first
unravelling the protein from its one end, let that end cross
themembranewith the help of membrane associated system,
and then pass the polypeptide chain through the membrane
by successively unfolding and refolding it [57, 62, 63].
Another exampleisthe perennial problem of proteinfolding
[51] which, as we think, would be approachable from a
different path, once we acquire more data on mechanical
unfolding of proteins in addition to a large body of
thermodynamic ones. For example, refolding of a once
stretched protein would proceed in amore orderly fashion
to the correct native form if its N- and C-termini were held
at the farthest ends to avoid entanglement during the
refolding process. One advantagethe AFM hasisthat such
an experiment can be conducted both in aqueous
environment and in vacuum allowing more reliable
consultations with theoretical predictions, since water
presentsitself intheoretical studiesasanotorioudly difficult
solvent.

Chromosomes

Application of AFM to biological studies cannot
miss the opportunity to image and manipulate
chromosomes. The most popular subject of investigation
in thisfield has been the metaphase chromosomes with the
well known banding patterns after Giemsa staining. The
banding patterns have been reproduced in AFM images of
acetic acid: methanol treated chromosomes suggesting that
the bands are reflections of not only the chemical nature
but also topographical features of the chromosome [37].
Acid treatment of chromosomes is a standard method to
prepare them for the study with fluorescence and optical
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microscopes, including the powerful new technique of
fluorescence in situ hybridization (FISH) and the banding
pattern in such DNA after Giemsa staining has been
regarded to represent the biased localization of DNA with
different base compositions[61] and differentia folding path
of adenine-thyminerich scaffold [30, 49, 50]. Nucleosomal
sub-structure of chromosomes was observed with AFM on
the preparation obtained after hypotonically treating
chicken erythrocytes[13, 14, 15]. Therefore, itis, basically
possible to bring the AFM tip to the desired position of
chromosomes and nucleosomeswith abetter precision than
hitherto accomplished with other methods.

Rasch et al. [48] imaged human metaphase
chromosomes hybridized with biotinylated probe DNA.
They reported that the hybridized sites of the chromosomes
treated with acetic acid and alcohol showed precipitation
of certain crystals. The identity of the precipitate was
speculated as the reaction products between the enzyme,
peroxidase, which was conjugated to probe DNA with
avidin, and its substrate, diaminebenzidine. The
enzyme:substrate system was adopted for the color
generation in the proximity of probesites. It isconvenient
if it ispossible to identify the hybridized sites by AFM for
thelater manipulation. A similar work has been reported by
De Grooth and Putman [9]. For other works of interest on
chromosomes seereferences[32, 42].

Manipulation of chromosomesusing alaser ablation
method has been cultivated to isolate genetic materialsfrom
restricted regionsof chromosomes|[16, 66]. In principleand
in practice, it is now possible to amplify a single copy of
DNA using PCR (polymerase chain reaction) method for
sequence determination. Therefore, itisan interesting and
ambitious attempt to isolate a single copy of DNA from a
preselected region of chromosomes and amplify and
sequenceit. So far, there has been no reports of successful
use of AFM to isolate selected regions of chromosomes
and amplify them for sequencing. One attempt in that
direction wasreported by Mosher et al. [36], who used AFM
to first image the sample and then in the middle of the next
scan the force was increased while arresting the tip in the
samescan line. Theregion of the chromosomewasclearly
dissected with a width of several tens of nanometers.
Recovery of DNA from the dissected region was not clearly
demonstrated. The major problem of this method is that
the dissection is done along a straight line crossing the
entirewidth of achromosome. Itisnot possibleto limit the
dissection to spatially confined areain two dimensions. In
this respect, a better method must be developed which, for
example, confine the contact of tip and chromosome to a
region of the order of 10 nm x 10 nm and cross-link thetip
and DNA whilethey arein touch with each other and then
increase the distance between the tip and the chromosome
asin theforce curve measurement mode.
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Manipulation of chromosomes has an important
advantage over nanometric manipulation of other
subcellular structuresin that the effect of manipulation may
be biologically amplified if the engineered chromosomes
remain native. Acid treated chromosomes are not suitable
for such purposes except in an early stage of trial.
Chromosomes without denaturing treatment must be
prepared and manipul ated and replaced inthe cell afterward
to seethebiological effects of manipulation.

Cantilever calibration

In all types of force measurements, calibration of
cantilevers for their force constant is prerequisite. There
are several proposed methods of this procedure as listed
below. Each method will be briefly explained with details
referred to cited literature.

Natural vibrational frequency Thecantilever natural
frequency itself is related to its spring constant through
thefollowing equation:

k=m,, x (21mv)? ©)

In the above equation, m_, is the effective mass of
the cantilever and approximately equal to 0.24 x m, where
m, isthemassof arectangular beam[7]. Whenthe cantilever
is a V-shaped one, it is approximated by two rectangular
cantilevers with equal length [5]. By measuring the
resonance frequency of atest cantilever in the cantilever
tuning mode of AFM, it is possible to obtain the spring
constant, k. In practice, theresonance curve of AFM tuning
givesmultiple peaks because most of commercially available
cantilevers have atriangular shape and even the dominant
peak israther broad, making it difficult to determinethere-
sonant frequency with required accuracy.

Vibrational frequency of loaded cantilever
Cleveland et al. [7] devised a clever method of changing
the mass of a cantilever by sequentially adding tungsten
balls to the edge of a test cantilever and measuring the
resonance frequencies as a function of the total mass of
the cantilever. The slope of the plot between 22 and the
mass of the tungsten balls gives an accurate measure of k.
The procedure is an admirable one but it requires time to
calibrate several cantileversinthisway. The same method
wasused by Noy et al. [39] when they developed achemical
force microscopy which was used to probe the chemically
distinct characteristics of the self-assembled monolayer
surfacewith AFM.

Power spectrum of thermal vibration Thevibration
of free cantilever dueto thermal noise can berecorded on a
standard AFM. The average of squared amplitude of
vibration, <(Ax)>> is related to the thermal energy k. T
through:
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1 1
Ek < (ax)? >= EkBT @

wherek, k; and T represent, the cantilever spring constant,
the Boltzmann constant, and the absolute temperature.
<(Ax)? can be obtained from the power spectrum of noise
amplitude of unloaded cantilever. The method was applied
to AFM cantilever calibration by Hutter and Bechhoefer
[23]. Figure 7 shows such a power spectrum reproduced
from reference [23]. This method neither requires any
modification of the AFM nor additional major equipment,
and is thus recommended by several workers.

Use of calibrated spring Hinterdorfer et al. [20]
acquired calibrated AFM cantilevers from a manufacturer
of AFM instrument and used it to obtain standard force
curves and calculated the spring constant of test
cantilevers. The spring constant of atest cantilever can be
obtained by comparing the slopes of the force curves
obtained on aglass surface and on the reference cantilever.
In other cases, standard cantilevers were constructed from
apieceof glassfiber of thingold wirewith cylindrical cross-
section of known diameters[29, 33]. Li et al. [29] determined
the spring constant they used in the measurement of the
force acting between colloidal particlesby pressing apiece
of glassfiber whose spring constant was pre-calibrated from
measuring its deflection when loaded with a small load.
After calibrating the spring constant of such cantilevers,
they were used for calibration standard of test AFM
cantilevers. Thismethod isrecommended becauseit relies
on few assumptions. The spring constant of a cylindrical
cantilever with diameter d and length | and made of amaterial
with Young's modulus E can be cal culated by thefollowing
equation.

_ 3ned?

K
6413

©

Florin et al. [12] used a hand-made polymer spring
35mminlengthwitharectangular cross-section (2 mmx 0.1
mm) as a reference cantilever. It was cut out from an
overhead projector sheet and calibrated for its spring
constant by loading a known weight.

Use of calibrated pendulum Buitt et al. [5] used a
finely tuned pendulumfor calibration of their cantilever. The
deflection of avertically positioned cantilever, whenit was
pressed against the pendulum, was accurately measured
by using a telescope and the force was determined from
thedeflection of the pendulum from itsfreevertical position.

Useof compound of known elastic property Some
early investigators used material such as rubber as one of
the calibration standards in force curve measurement [59].
It is convenient if an elastic material with constant elastic
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Figure 7. Power spectrum of thermal vibration of a test
cantilever as adapted from Hutter and Bechhoefer [23].

property isalwaysavailable. 1tisrecommended to measure
spring constant of atest cantilever in aqueous salt solution
to avoid electrostatic interactions between the tip and the
reference material.

Direct measurement of cantilever deflection dueto
end-loading of tungsten balls Senden and Ducker [54]
measured the deflection of AFM cantilever with a small
tungsten ball loaded at its end. By knowing the diameter
and the density of the tungsten ball, and the magnitude of
cantilever deflection from the optical lever system of AFM,
they calculated the spring constant of commercial silicon
nitride cantilevers. Their measurement showed that there
was up to 300% difference between the nominal spring
constant supplied by the manufacturer and the measured
values. Calculated values from the cantilever geometry
could be different from the measured ones by afactor of 2,
due probably, to the difference in Young's modulus of the
non-stoichiometric silicon nitride.

Florin et al. [12] compared the result obtained by
using three methods, thermal noise method, use of a
calibrated cantilever, and resonance frequency method, for
calibrating test cantilevers. They reported that therewasa
1.8 times difference in the spring constant among
commercially microfabricated cantilevers taken from the
same batch, and 20% difference among the spring constants
determined for the same cantilevers by the three methods.
The authors recommended the thermal vibration method for
its simplicity and especially for the calibration of soft
cantilevers.

Conclusions

The usefulness of nanometer level mechanical
parametersin contemporary biology isyet to be established.
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Not only in biochemistry but in chemistry in general,
guantitation of molecular interactions and stability of
macromolecular complexes has been described in terms of
the binding constant and free energies, i.e., with the
language of thermodynamics. Thisarticlereviewed anew
trend in biochemistry and biophysics to characterize such
interactionsin terms of force rather than energy.
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Discussion with Reviewers

Reviewer 11: Pleasediscusstheeffect of theweak cantilever
for which the sensitivity for sample propertiesare destroyed
as soon as the force curve becomes linear.

Authors: The force curve taken with very soft cantilever
may not reveal the elastic properties of the sample. Then,
we have to replace the cantilever with a slightly stronger
one and see if the new cantilever reveals more about the
sample. Itishappening to usnow, aswework on seemingly
harder proteins. The dynamic range of force measurement
of AFM israther limited if one sticksto one cantilever.
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M. Radmacher: The Young's modulus reported by Xu et
al. [65] for achitinfiber (100-200 GPa) issurprisingly high.
It is actually larger than that of glass (70 GPa) and
comparableto steel (200 GPa). Thisisthe highest valuel
haveever heard for biological material, even spider silk has
only aYoung's modulus of about 10 GPa. Please comment
on this?

Authors. We agree with you that the value for chitin is
very high. We are not familiar with this material, and
therefore contacted the original authors and obtained their
present position on the results. Dr. Jericho (personal
communication, 1997) stated that they obtained lower value
of Young’'smodulusfor larger beamsthan the onewe cited,
but for smaller ones, the Young's modulus was still high.
He admitsthat, for its highly crystalline structure, B-chitin
is expected to have alarge Young's modulus, but the value
in the order of 100 GPa could be an overestimate; so far,
there is no obvious reason for such overestimation.

M. Radmacher: The chromosomeswere dehydrated with
methanol and acetic acid beforetheir elastic propertieswere
investigated in various buffers. This is a potentially
denaturing process. Do you know how much the elastic
properties are modified by this procedure? Have you tried
to investigate the chromosomesin their native form?
Authors: You are perfectly correct in that the acetic
acid:methanol treatment of chromosomes is quite
denaturing, infact, it extractsmost of histones, leaving only
a minor protein called scaffold protein. We are sure the
procedure changed the mechanical properties of
chromosomesvery much. Most of the biological work such
aslocalization of specific genes using fluorescencein situ
hybridization (FISH) is done on such chromosomes. Our
initial aim in this study was to obtain the mechanical
parameters of such chromosomes to start manipulating on
thesametype of chromosomesasused in FISH experiments.
We are now trying to prepare chromosomesin more native
conditions.

M. Radmacher: Duringtheswelling of chromosomesyou
observe a drastic change in height as well in the apparent
width. Higher features will automatically appear broader
due to the pyramidal shape of the tips. Might the change
in width be due to tip broadening?

Authors: It certainly ispossible. Fromthevalueof Young's
modulus determined in our experiment, we estimated that
during the scanning process for imaging, chromosomes
weredepressed up to 200 nm by the applied scanning force.
We must take what you said into account when we measure
the volume of the chromosomes.

M. Radmacher: A possible proof of specific events like
single covalent bonds being broken would be peaksin the
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force distribution at integral multiples of a force quanta.
Have you observed this quantization? Have you tried to
prove the proposed covalent nature of the rupture forces?
For example, covalent forces should be independent of the
environment, like pH and salt concentrations.

Authors. Inour new experiment on dithiothreitol, yeswe
have. It is a valuable suggestion from you to measure
ruptureforceat different pH'sathough thereisapossibility
that the thiolate-Au bonding may be influenced by pH of
the buffer if one considers the possibility of proton based
catalysis of the rupture.

T.Mariani: Whenyou say the height of the chromosomes
are 100-200 nm, do you mean the range of variation or the
uncertainty in the measurement, and when you give the
numerical data in the form of x vy, does “y” mean the
standard deviation?

Authors. Inthe case of chromosome height measurement,
especially for the dried sample, the height measurement
referred to as 100-200 nm means the uncertainty range
between sample to sample. The drying process was
evidently not well controlled. When the datais given asx
*y, yes, y means standard deviation.

W. Fritzsche: Fixation of biological samplesisoften based
on a cross-linkage of the specimen material to reach high
mechanical stability. Such fixation probably influences
Young's modulus. What is your opinion about difference
of thisparameter in native compared to fixed chromosomes?
Authors: Inthecase of chromosomes, fixation with acetic
acid and methanol comes from the necessity to dispose of
the cell debris covering the chromosomal surface, resulting
inthe extraction of most of theintrinsic protein components
of chromosome itself. We are sure that such fixation
procedure greatly changed the mechanical properties of
chromosomes. The fixation procedure probably changed
chromosomesinto ahighly elastic gel-like material fromthe
more compactly folded nucleo-protein complexes.

W. Fritzsche: The metaphase chromosome exhibits
probably alongitudinal core-like structure (the suggested
protein scaffold structure) surrounded by peripheral region
of chromatin loops. Could you find any differences in
Young's modulus with respect to the (radial) location you
measured, pointing to different mechanical parameters of
these two regions?

Authors: From the images of metaphase chromosomes,
there seems to be the structure that you mention, but our
force curve measurements could not distinguish the
mechanical propertiesof thetwo regions. Perhapswith more
careful experimentation, we would be able to find the
difference.
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