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Abstract

Systems biology is a quantitative approach for understanding a biological system at its global level
through systematic perturbation and integrated analysis of all its components. Simultaneous
acquisition of information datasets pertaining to the system components (e.g., genome, proteome)
is essential to implement this approach. There are limitations to such an approach in measuring
gene expression levels and accounting for all proteins in the system. The success of genomic
studies is critically dependent on PCR for its amplification, but PCR is very uneven in amplifying
the samples, ineffective in scarce samples and unreliable in low copy number transcripts. On the
other hand, lack of amplifying techniques for proteins critically limits their identification to only a
small fraction of high concentration proteins. Atomic force microscopy (AFM), AFM cantilever
sensors and AFM force spectroscopy in particular, could address these issues directly. In this
article, we reviewed and assessed their potential role in systems biology.
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Introduction

The ultimate goal of systems biology is to build analytical models of biological systems, for
a quantitative and comprehensive understanding of their functioning in normal and abnormal
conditions. Systems biology takes a holistic (systematic, integrated and quantitative)
approach to understand the causal relationship of a biological system’s dynamic behavior
and organization at its global scale, in response to a stimulus.

Dynamic behavior of a biological system is determined by its individual components, their
level of organization (physical topology), their interaction and differential flow of signals
through their physical organization (logical topology). It is essential to have quantitative
understanding of the causal relationship of a biological system’s (emergent) behavior so that
analytical models could be built for predicting outcomes for a stimulus. Such an approach
would provide better perspective of human physiology and pathology that would ultimately
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help in the delivery of better health care. A basic framework towards systems approach
includes?:

1. Defining a system by breaking it down into its fundamental components- to make
an initial analytical model

2. Systematic perturbation and simultaneous monitoring of the system, accounting for
all the components of the system

3. Reconstructing the initial model based on the agreements between experimental
observations (step 2) and model prediction (step 1)and

4. Verifying the reconstructed model (step 3) by carrying out new perturbations (step
2).

These steps are iterated until the goodness of fit between the predicted model and the
experimental observations are statistically significant and biologically relevant (see Figure
1).

Structurally, biological systems are hierarchically arranged in complex layers of systems or
subsystems. Thus, one system could be part of another system, which in turn could be part
of another complex system and so forth. At meso-macro scale, the cell membrane is part of a
cell as a whole, which in turn is a part of an organ system, which in turn part of a human
being, who is in turn part of an ecosystem and so forth (see Figure 2). A simple biological
system could be components that are necessary to represent a structure or a function of a
biological entity. For example, a reconstituted lipid bilayer with a mixture of lipids in an
aqueous environment could represent a model biological membrane system.

In a systems approach, system wide changes to a given stimulus are tracked using high-
throughput techniques by monitoring all the components of the system simultaneously. The
resulting massive data are registered, integrated, analyzed and/or modeled using
computational tools to understand the system’s emergent behavior. This is very much in
contrast to the conventional approaches where parts of the system are studied in isolation at
the molecular level. The latter approach has the advantage of simplicity and manageability
but lacks the understanding of the system as a whole. On the other hand, although the
systems approach has the unique advantage of studying the system as a whole, it is highly
complex in terms of experimental design, collecting, analyzing and managing the data. Such
integrated approach of systems biology helps to understand the cause-effect relationship of a
biological system in right perspective which is not possible in the traditional reductive
approaches.

Why Atomic Force Microscopy for System Biology?

Advances in high throughput technologies and information sciences made possible to collect
and analyze the massive and often parallel data sets to interrogate simultaneously the
network of information highways of life (DNA— mRNA— Protein(s) —Structure &
Function). Especially, high-throughput techniques like polymerase chain reaction (PCR),
automated gene sequencing, microarrays (DNA/mRNA/protein-antibody), 2D gel
electrophoresis, mass spectrometry (MS), supercomputing platforms, parallel processing
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algorithms to parse the massive data sets, etc., gave hope for systems approach. These
developments are expected to evolve in time and continue our ability to understand
biological systems in better perspective.

However, there are still significant bottlenecks in realizing these goals. The fundamental
datasets essential for realizing systems approach are our genome and proteome maps.
Human genome project (HGP) was successful in mapping our entire genome but the goals
of human proteome project (HPP) are yet to be realized for several reasons (discussed later).
Even though the atlas of our genome is available, researchers implementing the systems
approach often encounter low abundant samples (typical of clinical samples, DNA extracted
from fossils, etc.). In such scenarios, PCR amplification is ineffective and unreliable thus
impeding genomic studies and systems approach. In addition, even in abundant samples,
PCR fails or is ineffective in amplifying low copy number species like gene regulatory
proteins. Under these circumstances, the scope and requirement for direct sequencing
techniques become relevant and essential. Lack of amplifying techniques like PCR for
proteomics resulted in proteomics to be at the mercy of the concentration sensitivity limits
(CSL) of detection techniques. The current proteomics technologies allow detection of only
20% of protein species in the blood plasma 2, a large majority (about 80%) of the proteome
is still at large. In this context, atomic force microscopy (AFM) in all its different modalities
of imaging (contact, non-contact, tapping, lateral force, force volume, magnetic force,
chemical force, surface potential, electrochemical, conductive-AFM, recognition force, etc.),
as well as force spectroscopy, cantilever based sensing, and other Scanning Probe
Microscopy (SPM) techniques, e.g. scanning near-field optical microscopy (SNOM), with
their exquisite sensitivity to detect or discriminate single molecules, could play an
indispensable role in achieving direct sequencing of genome on scarce materials as well as
herald a new way to identify a large plethora of proteins below CSL, down to orders of
magnitude comparable to the inverse of the Avogadro number. Above all, AFM per seas an
imaging or as a spectroscopy tool, and AFM based techniques like cantilever sensors or
multimodal AFM platform (see below) could be used to study simple model systems as well
as verifying some of the refined hypothesis (step 4, of the systems framework) through
single molecule studies whenever necessary.

Atomic Force Microscope

The atomic force microscope (AFM) (Fig. 3a) is a key member of a series of scanning probe
microscopes (SPMs) that make use of a local measurable interaction between a very small
probe and the sample as signal for image formation(Fig. 3b). In principle, any interaction
that is spatially resolved in (X, y) and is a function of distance (z) from the sample can be
used as SPM signal. Examples of interactions used as signals are: electric currents, forces,
magnetic field, etc. As the probe scans over an area of the sample, data of the interaction
strength is collected at a rectangular array of points, in which each data point is associated
with the strength of the interaction between tip and sample at that particular point. A
topographic relief of a surface is obtained (Fig. 3c) by introducing a feedback system that
keeps the signal (interaction strength between tip and sample) constant by forcing the tip (or
sample) to displace vertically and compensate the change in signal if the interaction strength
changes (Fig. 3a). These displacements provide the heights in a three dimensional relief of
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the sample area scanned (Fig. 3c). Significantly, the resolution of these microscopes is not
limited by the diffraction limit as in light or electron microscopes, since the interactions used
are independent of wavelength.

Shortly after the inception of the scanning tunnelling microscope (STM) by G. Binnig and
H. Rohrer in 1982,3 4 the first SPM, a potential for biological applications was noticed.> An
important motivation was the possibility to operate in liquids, close to the native
environments of biological samples. A major limitation of the STM for biological specimens
was the requirement to use conductive samples since the tunnelling current is used as STM
signal. The development of the atomic force microscope (AFM) by Binnig, Quate and
Gerber in 1986 was able to overcome this limitation by sensitively measuring the interaction
forces between the sample and a sharp tip integrated in a flexible cantilever and using them
as signal for image acquisition.® Precise positioning of the probe with respect to the sample
was, and still is, achieved by making use of piezoelectric materials due to their property of
displacing objects with very high accuracy.

True atomic resolution is possible with the AFM,”: 8 although it has typically been achieved
for hard samples in ultra-high vacuum conditions.® Resolution also depends on the material
properties of the sample under investigation. Biological samples are soft and thus easily
deformable under the forces exerted by the tip.10 This creates a large contact area between
the tip and the specimen under investigation and significantly limits the resolution that can
achieved.11 Nevertheless, the resolution can still be remarkable with soft specimens. For
example, AFM studies on reconstituted ion channels can resolve substructure of individual
channels and, at times, the subunits within each channel.12-16 Spatial resolution also
depends on the sensitivity of the piezoelectric scanner, which may be as high as 0.1 nm
laterally and 0.01 nm vertically. The resolution achievable for a given sample also depends
on the geometrical shape of the tip. Higher theoretical resolutions are expected with sharper
tips because force interactions are confined to a smaller area. However, one should also bear
in mind that the pressure on a sample increases for sharper tips due to the smaller contact
area, and this may result in sample damage, especially for delicate samples. Although the
same principles apply to the resolution limits of biological samples in wet or dry conditions,
other factors, e.g. sample degradation, limit imaging of biological samples in air. Also,
additional capillary forces exist in air due to the presence of a thin water layer on the sample
surface originating from condensed humid air, which increases the contact area, thus further
limiting resolution in air. For faithful imaging of biological samples, imaging in liquids is
preferred.

Force detection is critical in AFM design since very small forces are measured. Even though
other force detection schemes were used in early designs,® 17 and some of these detection
schemes are still investigated for particular applications,18 the optical deflection scheme has
been adopted in most AFMs nowadays.19 In this setup, the light beam emitted by a laser is
reflected from the cantilever and collected by a photodiode (Fig. 3a). The deflection of the
cantilever is proportional to the interaction force between the sample and the AFM probe
(Hooke’s law). The proportionality constant is the spring constant of the cantilever. Vertical
(or lateral) deflections are detected by measuring the difference of light intensities that reach
the upper and lower (or left and right) sectors of a four-quadrant photodiode. The vertical
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deflection is used as feedback control signal, from which the heights are measured. The
lateral deflection of the AFM cantilever is used to measure friction forces and these data can
be used to conduct tribological studies at the molecular scale2?: 21 or provide information
about the local surface chemistry.22

In addition to the high resolution that can be achieved, one of the most important advantages
of the AFM compared to other high resolution microscopes, such as electron microscopes, is
the possibility to operate in liquids,1° close to the native environments of biological samples.
Important biomolecules, such as transmembrane proteins reconstituted in lipid bilayers or
DNA molecules,23-26 can be investigated with nm resolution in quasi native environments.
Another important feature is the possibility to use it as a force measuring device,1’- 18 thus
go beyond morphology and investigate the mechanical (such as elastic and

adhesive),10- 27-29 electrical and magnetic properties of a sample, in addition to its structure.
Since deflections of ~ 1 nm can be detected with the optical deflection method, forces in the
range of 1072-10° nN can be measured with the AFM by utilizing a cantilever with the
appropriate spring constant. Further, AFM is able to provide kinetic information of dynamic
processes with time scales slower than its image acquisition rate.3% 31 This is typically
several minutes to tens of minutes in conventional AFMs for high resolution images of
biomolecules or cells. However, new developments in high-speed AFM allow acquisition
rates of a few seconds to tens of milliseconds per image.32-3°

Force measurements are carried out by means of force-displacement curves during approach
and retraction between the cantilever and the sample.1”- 18 During data acquisition, the
vertical deflection of the AFM cantilever is recorded as a function of the position of the
piezo moving it. When the cantilever tip is far away from the sample and the interaction
forces between them are negligible, the cantilever deflection is zero. As the tip comes closer
to the surface and makes contact with it, repulsive forces produce an upwards deflection of
the cantilever. These contact forces can produce reversible (elastic) or irreversible (plastic)
deformations on the sample, which are detectable in the curves and can be used to determine
mechanical properties of the sample, such as its elastic modulus or critical shear stress. Even
in the case of elastic material deformations, hysteresis often occurs in the curves during
retraction due to the presence of adhesion forces between tip and sample. These adhesion
forces, observed as downward deflections of the cantilever, have different origins. In air, a
thin water layer present on samples due to condensation of air humidity produces capillary
forces with values of a few nN. In liquid, capillary forces are mostly absent, thus adhesion
forces between the tip and solid samples are often negligible. Significantly, this allows the
examination of mechanical properties of single biopolymer molecules via force
measurements as a function of their elongation.36 These measurements opened the
possibility of specifically recognizing, “fingerprinting”,3” single molecules by means of
their force elongation curves. Furthermore, by attaching a ligand to the tip, specific
interaction forces between these and receptors adsorbed on a surface can be determined.38

Several modes of imaging have been developed; however three are the most commonly
employed imaging modes for biological applications: 1) contact mode, 2) tapping or

intermittent contact mode and 3) force mapping. In contact mode, which was developed
first,8 an electronic feedback circuit maintains a constant deflection, ensuring a constant
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force of interaction between cantilever tip and sample. The amount of z variation required to
maintain the interaction force constant is plotted versus the x and y coordinate, thereby
producing a topographic image. Images may not be strictly topographical at edges between
two materials with different mechanical properties due to different deformations or
adhesion.

In tapping or intermittent contact mode, 3% 40 the cantilever oscillates vertically near its
resonance frequency by a piezoelectric element on the tip holder. The amplitude of
oscillation is kept constant during scanning by a feedback mechanism. The image is
produced by plotting the displacement of the sample relative to the base of the cantilever
necessary to keep the amplitude of the vibration constant. The phase lag between the driving
circuit and the actual tip vibration is also measured and used for imaging viscoelastic
properties. An advantage of tapping mode is that it reduces the lateral forces present in
contact mode and this translates into more consistent and reproducible images for relatively
poorly adsorbed biomolecules, such as DNA 4143,

The force displacement curves described above can be utilized for mapping additional
properties of the sample in addition to its topography. Experimentally, this is performed by
acquiring NxN curves in an array fashion inside the area of interest and fitting each one of
the curves to a theoretical model, from which important local magnitudes of the sample can
be extracted. This type of measurement provides information about inhomogeneities of the
property of interest, which can then be correlated to the structural information obtained via
contact or tapping modes.

As discussed in early review papers,** sample preparation is paramount in obtaining high
quality images of biological samples. It is essential to have high purity samples to define the
structure and function of the molecules. In addition, it’s desirable to possess as much a
priori information as possible about the molecule’s dimensions as well as its morphological
and mechanical properties. In the case of force spectroscopy, it’s necessary to pay special
attention to limitations related to low sample concentrations (~0.01-1 uM),3” speed of data
acquisition and data analysis. Use of low sample concentrations is necessary to prevent
aggregation in single molecule experiments and it poses a challenge for subsequent data
analysis. At first, it is therefore important to analyze samples with high purity, possibly
complemented by analytical and computational modeling of the results, to create a “library”
of force-extension curves, which can be subsequently used to interpret data from unknown
samples.3”: 4547 According to reports for polysaccharides, only 10% or less of the data
produces results which can be interpreted unambiguously and in the remaining 90% either
no molecules or too many molecules are lifted by the AFM tip, thus producing un-
interpretable results. 37 Data acquisition is also slow, requiring typically ~ 10-30 minutes to
collect 1000 curves. For further thorough information about force spectroscopy, see for
instance the review paper by Gianotti and Vancso.38

In addition, the open architecture of AFM allows integration with other complementary
techniques, including conventional light and fluorescence microscopy, total internal
reflection fluorescence (TIRF), Forster resonance energy transfer (FRET) microscopies,
electrophysiology, opto-electronic manipulators, nano micro fluidics, etc., to obtain
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thorough structure—function information of biomolecules and their assemblies at molecular
resolution in their native physiological environment. This flexibility makes it possible to
convert the AFM into a powerful multidimensional AFM platform (Fig. 4)%8.

AFM in Genomics

The journey of AFM applications in genomics started with a humble beginning of imaging
DNA in ambient conditions. But the initial images were marred from poor resolution due to
movement of DNA samples from (a) poor adsorption to the substrate and (b) high imaging
forces exerted on the sample by the AFM probe. Developments in the sample preparation
methods 23 improved the resolution of DNA in air, but adhesive forces in ambient air were
still a limitation. Further improved images were obtained when imaging under liquid which
minimized the adhesive forces 49 %0, Still poor adhesion of DNA to the mica substrate
prevented obtaining higher resolution images in liquid, since both mica and DNA are
negatively charged. This was overcome by modification of the substrate with divalent
cations (Mg**, Ni** etc.,) 26:51. 52 py a thin layer of organic molecules, such as
aminopropyltriethoxysilane (APTES), deposited on mica 23 %4, etc. Further, development of
newer imaging techniques allowed routine imaging of DNA in physiological buffer
solutions to obtain 2-3 nm resolutions in a reproducible manner %5

Some of the important milestones in AFM imaging of DNA towards genomic applications
are: Protein-DNA interactions investigated by Bustamante in 1993;%6 wherein he showed
changes in DNA conformation following protein interaction. Until then it was believed that
DNA undergoes structural changes following protein interaction, this was confirmed by
Pietrasanta et al., °7 by employing conformation specific DNA-antibodies to determine the
DNA conformation changes with AFM. Wyman et al., 58 showed the specific interaction
between heat-shock transcription factor 2 and DNA, its stoichiometry with AFM. Real time
digestion of DNA by enzymes 43 and DNA repair by photolyase 9. These studies enabled to
understand the molecular mechanisms of transcription which are fundamental in
understanding how a gene responds to stimuli.

After initial encouraging results in sequencing DNA with STM 90, the idea of using AFM
for DNA sequencing was pushed forward by several groups 61 62, For the sake of simplicity
we could classify the sequencing techniques into amplified and non-amplified techniques.
Currently, amplification based techniques represent the mainstream sequencing
methodology. It works best for abundant samples, high enough to moderate copy number
transcripts. However, in scarce and low copy number transcripts serious drawbacks remain.
There is a poor correlation between pre and post amplification in the above cases 63 %4, It
was also found out that random effects prevent even amplification of low copy number
transcripts in PCR. Finally, the rising interest in personalized medicine which warrants
individual genome sequencing with scarce clinical specimens within reasonable costs and
time necessitates development of direct sequencing techniques.

In this context, non-amplified single molecule sequencing techniques like nanopores,
fluorescent detection of single molecules 5% 66 using optical traps, using STM 80 are being
considered. Each one of these methods has their merits and demerits (for review see 7). For
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example, nanopores have low signal to noise ratio issues, optical traps are far from being
practical and STM methods are inconsistent 8. Earlier Allison et al.,%9: 70 applied AFM to
image the binding sites of mutated EcoRI endonuclease to plasmid DNA molecules. They
achieved 50-100 nucleotides resolution that made AFM a promising technique for direct
genomic applications. Later in 1997 70 they mapped 35kb cosmid DNA using mutant EcoRI
and demonstrated the accuracy of mapping to better than 1%. Similarly, in 1999 Nakamura
etal., "1 used the rutile TiO»(110) single crystal surface, as an optimal substrate for DNA
mapping using Pvu Il and Hinc Il restriction enzymes.

Reed et al., /2 have used AFM for profiling single transcripts using ordered restriction
mapping. They utilized type Il restriction enzymes to elegantly profile DNA molecules of
about 2kb or longer (roughly about 40% of all cDNA 73: 74, It is expected that improvements
in size resolution and digestion efficiency would improve profiling up to 1kb fragments
(80% of all transcripts). Improvements in probe design and advanced metrology methods are
expected to improve continuously the sizing accuracy to account for the remaining DNA
molecules less than 1 kb. These studies exemplify the scope and application of AFM as a
highly promising direct sequencing technique where amplified sequencing techniques like
PCR have no scope.

Recently, Bailo et al. > have applied AFM tip enhanced Raman spectroscopy (TERS) for
sequencing single strand RNA at high lateral resolution with excellent contrast and
sensitivity. They successfully sequenced a single stranded RNA cytosine homopolymer and
demonstrated that single base resolution is not required as long as the tip is moved at single
base-to-base distances and collecting the Raman spectra. The variations in spectra could
then be ascribed to the variations in the sequence. This technique holds potential for direct
sequencing of biopolymers (RNA/DNA/protein) at single base/amino acid resolution
without any labeling procedures.

Another very important area of application in genomics is AFM force spectroscopy for the
detection of single nucleotide polymorphisms (SNP). SNPs account for about 90% of human
genetic variations which determine an individual’s unique response to various physical/
chemical/biological insults. In other words, they determine someone’s likelihood of
developing a disease following exposure to a pathogen or their response to a drug treatment.
Therefore mapping SNP database of the human genome has enormous implications in health
care delivery (diagnosis, drug treatment and biomedical research) towards realizing the
goals of personalized medicine.

There are several scanning techniques available for detecting DNA polymorphisms, but the
need for direct measurements independent of PCR technologies is essential, as PCR based
techniques result in uneven amplification leading to underscoring of SNPs. Direct
measurements based on DNA’s physical characteristics like mass is a preferred choice 7.
Intermolecular forces resulting from adsorption of few biomolecules on the surface of AFM
cantilever induce mechanical stress resulting in its deflection which is detected by an
efficient optical lever system. They are capable of sensing ultra low intermolecular forces in
the regime of piconewtons and they already have been used to understand the energy
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landscape of receptor-ligand or interaction between complementary molecules at single
molecular level (see Reviews by 77 78),

Using similar principles, AFM force spectroscopy was used to detect SNP’s in high
throughput format 79 80, Fritz et al successfully demonstrated single base pair mismatches
by designing a simple dual cantilever system functionalized with oligonucleotides and
detected their complements by analyzing the differential signals from the cantilevers. The
advantages of cantilever based detection are that they are direct, no labeling required and
they can be implemented in high throughput schemes (massive parallel sequencing) under
both at static and dynamic conditions. Force resolution of cantilever detection is limited by
its thermal vibrations (noise); by a careful design of experimental conditions like ultralow
temperatures and noise free environs, one could improve the sensitivity of detection. Stowe
et al.,81 achieved a force resolution of ~6 attonewton using ultrathin cantilevers at 4.8 K in
vacuum. This level of sensitivity would certainly lower the detection limits to just a few
molecules in a sample.

AFM in Proteomics

After the successful completion of HGP, in the post genomic era proteomics has become the
new genomics 82, but an organism’s proteome is much more complex than its genome, even
though it is the product of the genome (DNA—RNA—Protein(s)). To apprise this better, let
us consider these facts: there are about 30,000 genes and about 2 million proteins in the
human body. Therefore there is more than one protein per gene and this is due to several
reasons including: (a) differential splicing of the gene (b) post translational modifications,
(c) interaction with the message itself (Protein-DNA/Protein-RNA) and altering its states,
(d) ability to interact with itself or with others and evolve into new functional units, all these
events lead to production of different functional entities (protein products) from a single
gene.

It is evident that mapping human proteome (HP) is a natural extension of the HGP, but
mapping HP is more complex and challenging due to the aforementioned reasons. HGP was
possible due to (a) structural simplicity and static nature of our genome. In contrast,
proteome is highly variable both spatially (varies from one cell type to the other, varies from
one organ to the other) and temporally (depending on the state of the organism). (b) Genetic
material is easily soluble in physiological buffers and relatively stable thus amenable for
biochemical processing and automated sequencing. On the other hand, proteins are highly
variable in solubility and stability. (c) Most important of all is the availability of
amplification techniques like PCR made HGP possible and lack of such amplification
methods for proteins is the single most important hurdle in mapping HP. As a direct
consequence of this, mapping HP is limited by the concentration sensitivity limits (CSL) of
the current technologies (see 2 for an excellent treatment on this subject). For example, the
widely used mainstream protein sequencing tool, including all variants of mass spectrometry
(MS), have CSL of >10~8 M. Figure 5 2 shows the concentration dependence of the number
of human plasma proteins. MS could account only few hundreds of protein species in the
plasma in this CSL range. In addition, these techniques had to deal with detecting majority
(>100,000) of the low concentration (<10712) proteins against a background of small
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number (<100) of high concentration proteins (>107%). Microcantilever sensors have a CSL
of <1071> M which covers about 10,000 proteins. In summary, all the existing proteomic
techniques could account for only about 20% proteins in the plasma.

Genomics provides the structural basis of disease/state of an organism but it is proteomics
that determines the functional basis or defines the ultimate state. A defective gene may not
necessarily result in a defective phenotype, but a defective protein without any associated
genetic lesion could produce a defective phenotype. Therefore proteomics is of more clinical
significance over genomics, in identifying a biomarker of a disease, drug target and more
importantly in understanding the mechanistic details of disease. Much of the future of
proteomics depends on breaking the CSL of detecting and identifying 1 molecule per Liter
of solution (10724) for mapping the human proteome. Such CSL free proteomic technique
will empower realizing the goals of human proteome project.

One such promising technique is AFM based molecular sensors (single molecule force
spectroscopy) that are capable of detecting single molecule force interactions down to 10712
N 152,77 Advances in the development of ultrasensitive cantilevers 81: 8384 promise a
force resolution (10718N) enough to detect an average single protein molecule (~50,000 Da)
in a not so remote future. Although screening of unknown molecules with AFM is still in its
infancy and for reliable identification of biomolecules additional techniques (e.g.
immunochemical staining) should be used for comparison, a few studies have been able to
identify the presence of biomolecules in live and fossil samples. Dugdale et al., 85 86 applied
AFM as a mechanical fingerprinting tool in identifying modular proteins that help diatoms
to secure their attachment to a substrate at single molecular level. In a similar approach8’: 88,
AFM was used to identify collagen molecule in fossilized samples. Also employing single
molecule force spectroscopy, the contour lengths of short lipopolysaccharides (LPS)
molecules present on Haemophilus influenzae could be correlated with the lengths of LPS
observed in TEM images.8? This opens up very exciting possibilities of fingerprinting single
protein molecule in a sample thus breaking the CSL down to 10724 M.

Apart from fishing out single molecules from complex solutions, AFM has been applied as
an imaging tool to study the size, shape, volume, molecular interactions, energy landscape of
protein folding-unfolding, structure-function correlations of proteins at single molecular
level at physiological environments (for reviews see 44 77. 78,90, 91y ' A|| these would help us
to understand the structure and function of individual proteins of the proteome. This will
enrich the atlas of human proteome which in turn will help us to fingerprint unknown
proteins from a complex sample.

Other potential applications of AFM in systems biology is in the validation and cross-
correlation of hypothesis that associates a protein with a structure and function that is
measurable by AFM. The following are representative studies to illustrate their application.

Single molecule architecture

The structure of connexin hemichannels were unknown until AFM studies!2: 13. 16, 92
delineated their molecular structure for the first time. It revealed their molecular
organization, size, shape and response to external stimuli such as extracellular calcium
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levels (Fig. 6A-B). These studies heralded a new paradigm for studying native membrane
proteins, 93 (for review see 94). It helped to understand gap junctional coupling and their role
in electrical conduction in the heart. Similarly, the ion channel hypothesis of amyloid
disorders were originally derived from electrophysiological studies but there were no
structural correlates available to support this hypothesis. High resolution AFM in model
lipid bilayers provided the structural evidence for variety of amyloid peptides including
amyloid-p(1-42)(Fig. 6C), a-synuclein, ABri, ADan, serum amyloid A, amylin, K3,
truncated amyloid peptides (p3, Fig. 6D) for the first time 15 95.96_ This provided a common
structural link to protein mis-folding diseases and identified a potential target in amyloid
disorders.

Single molecule interactions

Lin et al. 97- 98 have demonstrated molecular interactions in real time by imaging
proteolysis of collagen I by high resolution AFM (Fig. 6E-F). It showed the association of
collagenase molecules to single triple-helical collagen, its site of action and its subsequent
proteolysis in real time. The proteolysis was inhibited by reduced calcium and acidification
validating collagenase action. It was the first report of real-time proteolysis and its inhibition
at single molecular level. Such real-time studies of single molecule interaction would serve
as a valuable tool in drug research and development.

Protein interactions with other biomolecules (protein-protein/protein-DNA etc.,) are studied
by either direct imaging or by applying force spectroscopy. In one such study, force volume
imaging was used to understand the distribution and clustering of surface receptors
following its specific ligand interaction and the resultant change in the membrane
biophysical properties 99. The effect of vascular endothelial growth factor (VEGF) receptor
clustering on local cell mechanics was obtained from maps of interaction forces between
VEGF antibody conjugated tips and its receptor on cell membrane. The technique allowed
simultaneous measurement of the real-time lateral diffusion of receptors and their effect on
local rheological properties like elasticity. VEGF receptors are found to concentrate toward
the cell boundaries and cluster rapidly upon addition of its ligand (Fig. 6G-H). The local
stiffness reductions are proportional to receptor density and, being concentrated near the cell
edges, this study provided the insights into the mechanism of cell growth and angiogenesis
occurring at the edges.

Protein-DNA interaction was studied between Photolyase & a DNA repair protein and DNA.
DNA-photolyase interactions and the annealing of restriction fragment ends and movement
of photolyase over the DNA were directly visualized. For the first time, AFM revealed that a
sliding mechanism by which photolyase can scan DNA for damaged sites.

Structure-Function relationships

Another classical study that correlated a macromolecule’s structure to its function was
polysaccharide elasticity by the chair-boat transitions of glucopyranose ring structure”. It
was found that the elasticity of the three polysaccharides results from a force-induced
elongation of the ring structure and a final transition from a chair-like to a boat-like
conformation. Till then, it was assumed that pyranose ring is inelastic and locked structure.
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In another example, Liu et al., 4> used AFM force spectroscopy to unravel the connexin
channels gating mechanism. They attached an antibody specific to the C-terminus of a
connexin and approached hemichannels immobilized on a substrate. Specific binding and
unbinding events were observed upon approaching and retracting the tip. The force
spectroscopy revealed the mechanism of hemichannels gating supporting the particle and
receptor model. Until then there was no evidence to support this hypothesis for connexin
hemichannels.

Correlative studies

A classic representative study that linked the effect of altered proteome on the
biomechanical properties of a cell was carried out by Vergara et al. 199, using AFM and
proteomics to analyze and correlate the modifications induced in the mechanical properties
of astrocytes to the changes induced in protein expression after interferon- § treatment (IFN-
B). The results indicated that IFN-f treatment reduced the Young’s modulus, a measure of
cell elasticity. The molecular mechanisms that underlie these changes were found to be
involved in cytoskeleton organization through cofilin-1 and profilin-1.

Multidimensional AFM

The open architecture of AFM allows easy integration of other complementary modalities
like light microscopy, electrical measurement system, microfluidics, optical/magnetic
tweezers, etc. This flexibility transforms it into a powerful multidimensional platform (m-
AFM) for studying molecules structure-function relationships(for reviews see 101, 102y,

Microcantilever arrays are utilized to identify specific biomarkers using defined ligands/
antibodies, resolving intermolecular affinity, as high throughput sensors. Also, AFM tips
were employed as fluid force sensors to study microrheology of body fluids. In one such
study, Barbee et al. 103-105 ysed AFM to image topography of vascular endothelial cells
under different flow conditions. For the first time, flow induced alterations in surface
topography in real time were visualized and correlated with cytoskeletal rearrangements
(Fig. 61-J). Such studies provided powerful insights into understanding the mechanism of
atherosclerosis.

Conclusions

For successful implementation of systems approach, genome and proteome are the two
fundamental datasets essential. Even though entire human genome atlas is available, large
majority of human proteome is still unaccounted due to inherent complexities in their
biosynthesis and regulation as well as due to technical limitations. Lack of amplification
methods like PCR for proteins is a major handicap for proteomics. As a result, the number
of proteins that could be detected is severely restricted by the CSL of protein measurement
techniques. At present, only 20 % of human plasma proteomeis accounted and it is even less
in cellular proteomes. PCR, on the other handis unreliable and ineffective in faithfully
amplifying scarce samples (typical of clinical specimens, forensic and fossil DNA) and low
copy number transcripts.

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2015 March 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ramachandran et al. Page 13

Therefore, there is a potential for direct sequencing (hon-amplifying) techniques in
implementing genomics and huge scope for techniques that could achieve yactomolar
(1024 sensitivity thereby accounting for almost every protein in the proteome. Under these
circumstances, AFM and AFM based techniques have huge potential to meet the above
demands. Recent breakthroughs in AFM based single molecule transcript profiling, TERS
based sequencing, SNP discrimination had shown promise to meet the above demands in
genomics. Similarly, micro/nano mechanical cantilever sensors have successfully
demonstrated breaking the current CSL limits from nanomolar to attomolar concentrations.
AFM force spectroscopy based protein fingerprinting in particular has the potential to break
away proteomics from CSL limits all the way to the inverse Avagadro’s number.

AFM is the only imaging technique that is currently available that can provide
unprecedented molecular resolution at physiological environments. AFM per se or as anm-
AFM platform, contributed a wealth of information in characterizing single molecules in
terms of their size, shape, volume, molecular organization, energy landscape, their
interactions, etc., enriching the proteome atlas. Such an atlas would further accelerate
fingerprinting of single molecules by just comparing an unknown molecules’ fingerprint
from the atlas. Also, information about single molecules would accelerate development of
newer bioassays which in turn would aid in pushing the CSL barrier down. Continued
developments in AFM research would make both genomics and proteomics a total reality in
near future which in turn would accelerate realization of systems approach to biological
systems.
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A simplified framework of systems approach. The first step involves defining a system that

represents a structure or function of a biological entity, by breaking it down into its
components to propose an analytical model (My). This is followed by experimental

evaluation (Ey) of the model by simultaneous interrogation of the information pathways.
Validate the analytical model in the light of experimental results (Ax=Eyx-My) and redefine
the model to maximize the goodness of fit between the experimental results and the model.
These steps are repeated until the agreement between them is statistically significant and
biologically relevant.
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Fig. 2.
A simplified representation of the hierarchical nature of biological systems.
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a) Schematic diagram of an AFM with optical detection system of cantilever deflection.
Only 2 quadrants of the photodetector are shown. A feedback system compares the
amplified output of the photodetector with a setpoint value chosen by the user. When the
difference between both values is different to zero, a voltage is sent to the piezoelectric
scanner, which moves the sample to bring the difference value back to zero. The inset shows
cantilever deflections as a result of attractive and repulsive forces. b) The probe plays a
fundamental role in the image formation mechanism of scanning probe microscopies. The
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resulting image is a convolution of the topography of the sample and the geometrical
features of the probe being scanned. If the probe has multiple protrusions close to one
another, the resulting image will be distorted, displaying multiple features of the same
object. The measured width of an object is also broadened due to the size of probe radius c).
However, the measured height is independent of it. The figure shows images of gold
nanoparticles with 30 nm diameter. The measured height is close to 30 nm, but the width is
larger.

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2015 March 09.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ramachandran et al.

Page 24

a) laser diode

first focus lans

[
4-segment 0
photodiode g
lezoelectric
< Ec-nrm P
‘l

N

e first focal point
collimating
lens

scanning lens

dichrolc mirror
|~

L top view
oplical access

microelectrode &
micro-perfusion
system

cantilever & tip

— e petri dish
w/ sample

‘optical access
for fluorescent &

Fig. 4.

a)gOpticaI components of an AFM combined with a light fluorescence microscope. The
optical focusing of the laser light is integrated within the piezotube which provides the
lateral movement of the cantilever. The scanning lens is located inside the lower segment,
which provides the vertical movement of the cantilever. After the positions of the lenses are
adjusted, the scanning focused spot accurately tracks the cantilever, and the zero deflection
signal from the four-segment photodiode is independent of position within the scan area.
The AFM is placed on the stage of an inverted microscope (adapted from Lal and
Prokschl9, For details see Hansma et al. 107). Bottom right Internalization of small
liposomes: light microscopy (b), fluorescence (c), and tapping mode AFM (d—e) imaging of
fixed cells at different time intervals after incubating with cisplatin-encapsulated liposomes.
Height mode image (d) and error mode image (e) of the same cells. Error mode image shows
better contrast and ultrastructural details. The liposomal position with respect to the cell
membrane was determined from the height mode images. For cells incubated with cisplatin-
encapsulated liposomes for only 1-h incubation sample, many large liposomes are seen on
the cell surface (red arrows in b—e). On the other hand, small cisplatin-encapsulated
liposomes appear to be internalized in the cell cytoplasm (black arrows in d, €). The inset in
e) shows a zoomed-in portion of the encircled area: the internalized liposomes are clusters of
small liposomes (white arrows) of ~250 nm diameter. After 16 h of incubation, no defined
liposomes were observed Scan size of AFM images is 25 um, adapted from Ramachandran
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etal. (17). f) Schematics of a combined Scanning lon Conductance Microscope (SICM) and
AFM setup able to obtain simultaneous current and topographical information. A laser beam
reflecting off a mirror glued to the back of a pipette with a nanometer provides the
deflection signal for the topographic image (adapted from Lal and Proksch 196). Intrapipette
and bath electrodes measure electrical currents. g) Simultaneous AFM and conductivity
images of a nanopore fabricated in a silicon chip (adapted from Quist et al. 2007108),
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Fig. 5.

Distribution of human plasma proteins and their concentration. The dynamic range of
proteins in the plasma ranges from millimolar (10~3) to yactomolar (1024) concentrations.
It also shows the concentration dependence of the number of protein species. Current
mainstream proteomic methods account for few hundreds of proteins only leaving the large
majority (~80%) unaccounted [adapted from 2].
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Fig. 6.
High resolution AFM images of pores formed by amyloid beta 1-42 (A)*8 and amyloid beta

17-42 (B)% oligomers in lipid bilayers. Open (C) and close (D) conformations of
connexin-43 hemichannels in the absence and presence of 1.8 mM Ca** respectively.1® Real
time aggregation of VEGF receptors on the surface of a endothelial cell before (E) and after
(F) the addition of VEGF-antibody.2° Real time proteolysis of collagen molecules before
(G) and after (H) the addition of collagenase.98 Shear stress induced reorganization of
cytoskeleton in living endothelial cells imaged by AFM.105 Under static conditions (1), the
cells topography is smooth and under unidirectional shear stress the topography is
reorganized (J) to minimize the shear stress gradient to reduce resistance to flow.
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