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Abstract
The term “biological complexes” broadly encompasses particles as diverse as multisubunit enzymes,
viral capsids, transport cages, molecular nets, ribosomes, nucleosomes, biological membrane
components and amyloids. The complexes represent a broad range of stability and composition.
Atomic force microscopy offers a wealth of structural and functional data about such assemblies.
For this review, we choose to comment on the significance of AFM to study various aspects of biology
of selected nonmembrane protein assemblies. Such particles are large enough to reveal many
structural details under the AFM probe. Importantly, the specific advantages of the method allow for
gathering dynamic information about their formation, stability or allosteric structural changes critical
for their function. Some of them have already found their way to nanomedical or nanotechnological
applications. Here we present examples of studies where the AFM provided pioneering information
about the biology of complexes, and examples of studies where the simplicity of the method is used
toward the development of potential diagnostic applications.
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1. Introduction
Biological complexes as diverse as multimeric enzymes, biological cages, viruses, amyloids
or ribosomes are considered excellent subjects for a method like atomic force microscopy for
several reasons. The complexes are large but not always stable in vitro. Such properties do not
restrict AFM applications, however they are disadvantageous for NMR or X-ray
crystallography. Importantly, AFM provides opportunity to study particles without fixing, in
aqueous environment, and – thanks to the advance of oscillation-mode methods - in
mechanically noninvasive manner. Therefore, the most interesting features of biological
complexes: their assembly patterns, dynamic behavior or ability to interact with other
molecules, all can be followed by AFM, a feature not easily achievable with other structural
methods including EM or crystallography. Moreover, AFM can provide overall topographical
and mechanical, to some extend time-resolved, information about particles. Such generality of
structural characteristic distinguishes AFM from fluorescence or CD spectroscopies.
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Summarizing, AFM can offer a unique insight into both structure and mechanism of action of
biological complexes. At the dawn of the method, collecting images representing the outer
topography of the particles under liquid or in air was the desired outcome. Then, the processes
involving interactions of multiple molecules came into focus, with the insight into their
mechanism being in the center of interest. In this review, we will comment on the use of AFM
in studies of nonmembrane protein assemblies. We will follow major groups of processes
especially well fitted for the technique: assembly of multimeric complexes, aggregation of
amyloidtype particles, and intrinsic structural dynamics. Finally, we will briefly review the
actual and potential nanomedical and nanotechnological uses of AFM in the context of
biological complexes.

2. AFM and biological complexes: a perfect match, thanks to the technique
The physical basis behind AFM determines its usefulness for studying biologically functional
complexes. The settings favorable for intact biological activity imply low invasiveness of the
imaging method: no need for chemical modification of the bioparticles, no mechanical damage,
the opportunity of imaging in aqueous liquid at the physiologically relevant temperature and
pH, and opportunity of repeated scanning of the same sample under distinct conditions. AFM
imaging offers all of that. In short, the AFM probe, which consists of a small and very sharp
tip mounted on a cantilever, scans the sample. The mechanical properties of the cantilever
change depending on the topographical features of a scanned object. These changes: deflection
of the cantilever or modifications of its oscillations, result in variations in the distance between
the tip and the scanned object. The distance is constantly corrected thanks to the feedback loop
between a sample/tip positioning system and a computer-controlled piezo element. The image
with a three-dimensional topographical information is generated by plotting the z (vertical
direction) correction signal from the feedback loop against the x and y plane [1]. Thus, the
practical resolution of the method is limited only by properties of the probe, fidelity of the
computer control over image creation (pixel size) and dynamic behavior of the imaged sample.
All the factors combined translate into 1 nm or even less in an apparent lateral resolution and
about 0.1 nm in apparent vertical resolution. The lateral dimensions in unprocessed images are
enlarged by the “tip broadening effect”, originating in the geometry of the apical part of the
AFM probe. The effect can be removed by correcting software or calculations, given that the
tip radius have been estimated, for example by scanning an object of well-known dimensions
[2].

The physical basics of AFM allow for exceptionally broad array of applications. The only
required condition is that the object will be immobilized on a flat surface strongly enough to
prevent its detachment by the scanning probe. Such surface, the AFM substrate, needs to be
atomically flat in the range of micrometers. Since the scanning, especially in oscillation mode,
involves only low force interactions, even the gentle electrostatic attachment will suffice. The
muscovite mica is the most popular and convenient substrate and it allows for electrostatic
attachment of bioparticles. The mineral is built from thin crystalline plates, which are easily
peeled off to expose a clean and flat surface, which is negatively charged in aqueous liquids.
The charge and the resulting electrostatic force is sufficient to keep most of protein complexes
in place since in the pH close to neutral (physiological) most of proteins are positively charged.
So far, no significant changes in biological activity or structure of protein assemblies were
noted after such relatively gentle immobilization. If a particle happens to be of negative charge,
the mica still could be used, but should be pretreated with positive ions, for example Ni2+ [3].
Glass coverslips, plain or silanized, graphite (HOPG) or gold are also used with AFM [4–6λ].
If necessary, the substrate may be derivatized to attach the particles by chemical cross-linking,
affinity binding or embedding in a prepared lipid bilayer.
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Both the object and the probe may be immersed in a liquid of choice under a physiologically
relevant and controllable temperature. The liquid can be exchanged between scans, and ligands
can be added to the scanned sample. This “wet mode” option is one of the major advantages
of AFM over other structural methods, however “dry mode” is used as well, especially for
more sturdy particles. In the dry mode, the opportunity of direct observation of biologically
active molecules is lost. On the other hand, the AFM image of a dried mixture of, for example,
DNA and DNA-binding protein shows a snapshot of the specific binding reaction and allows
for fast and easy assessment of the yield and structural details of the binding [7]. Alternatively,
the particles can be fixed with glutaraldehyde and imaged in liquid [8]. Both glutaraldehyde
fixing and dry mode imaging may allow for better quality of images by elimination of internal
dynamic of living particles. Cryo-AFM offers similar advantage by drastic lowering of the
temperature of scanning. In cryo-AFM the molecules can show traces of biological activity,
similarly to cryo-EM. However, one of the big advantages of AFM method, its simplicity,
obviously suffers with the need of super-low temperature and high-vacuum.

All three major modes of operation of AFM: contact, oscillating and force, are used with
biological complexes. The contact mode, where the tip and the atoms of the sample are in direct
contact leading to the cantilever deflection, works well with dried or fixed samples, or when
dissection or displacement of a particle is desired [8]. In the oscillating mode the tip touches
the sample only very briefly and with a low force, offering nearly noninvasive conditions [9].
The probe vibrates vertically while scanning, with vibrations activated acoustically (“tapping
mode”) or magnetically. The proximity of the atoms of scanned sample causes changes in the
amplitude of oscillations of the probe due to van der Waals and electrostatic forces. Changes
in the amplitude are translated into a topography image offering a three-dimensional map of
outer surface of the object. Instead of amplitude, changes in the phase of the vibrating cantilever
may be recorded, usually using faster rates and lower force than with amplitude change
detection. Such “phase imaging” is useful for monitoring elasticity, viscosity or charge on the
surface of samples [2]. Although the phase images are devoid of height information, they do
have a 3D-like appearance with a high contrast between the background surface and the
attached particles. The newest addition to the set of modes is contact oscillation mode, where
the tip oscillates while maintaining constant contact with the sample [10λ λ].

The third AFM mode of operation, the force mode, also called force spectroscopy, does not
provide Cartesian coordinates of the sample surface. Instead, the strength of the interaction
between the tip and the sample is measured in the order of picoNewtons [11]. For biological
applications, the tip is usually modified with a receptor - specific ligand. Not always the force
data has to be devoid of the topography information, however. The force spectroscopy and
AFM imaging can be combined as a single-molecule recognition imaging microscopy, useful
for studying complex mixtures of biomolecules [12λλ]. In this technique the tip is modified
with an antibody and scans a heterogenous sample. Specific interactions of the antibody with
the antigens manifest in cantilever deflection change, as in contact mode, and yield an AFM
image where non-antigenic particles remain in the background, while the topography of
antigens is well resolved [12,13]. Another variation on the AFM technique, the cross between
force spectroscopy and tapping mode imaging called jumping mode or pulsed force microscopy
provides both the topographic and adhesion force images, useful for probing mechanical
properties of macromolecules [14].

3. Basic characteristics of protein complexes: morphology, morphometry
and assembly processes

Over the years, AFM proved to be a very useful tool for assessment of the outer topography
and for studying the assembly processes of biological complexes. The changes of shape and
size of objects during assembly are usually straightforward to detect in AFM images and the
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technique allows testing multiple conditions or stages of assembly with an ease. Imaging with
ligands or labels helps with specific binding domains mapping. On many occasions, adsorption
of particles to a variety of surfaces is assessed, a prelude to nanotechnological applications.
Very often the structure of particles is already known from EM or even X-ray crystallography
studies before the AFM attempts. It does not undermine the importance of AFM imaging, just
to opposite, helps to extract maximum structural, functional and dynamic information from all
the methods. For some well-known biological complexes, relatively limited AFM studies have
been conducted, and ribosomes are a good example. Prokaryotic and eukaryotic ribosomal
subunits and whole ribosomes were imaged by AFM in air and under liquid, with the shape-
size data results generally consistent with EM and crystal structure models [15–20]. AFM
images allowed to distinguish between ribosomes from different species [17], and provided
useful information about binding sites of elongation factors to the 40S subunit from rat [21].
Imaging of native polysomes from yeast under native conditions showed both the complete
ribosomes and a smaller component, likely the small ribosomal subunit, lined on the RNA
strand [22]. Below we focus of several assemblies for which the most extensive and
enlightening AFM studies were conducted.

3.1 Building up and tearing down the proteasomes
“Proteasome” is a common name for giant proteolytic assemblies sharing a catalytic core. The
EM images of proteasomes from many organisms have been obtained and the crystal structures
of core proteasome from archaebacteria, baker’s yeast and bovine were solved thus setting a
stage for subsequent AFM studies [23–25]. The enzyme is a modular, multisubunit
nanomachine essential for intracellular controlled protein degradation in all Eukaryotic cells.
All assemblies named the “proteasome” contain the 20S, 700 kDa core particle (CP). The CP
is a barrel-shaped structure, about 11 nm in diameter and 15 nm in length. CP is built from 28
subunits arranged into four heptameric rings, organized in an α–β–β–α manner. The catalytic
chamber is formed inside β rings, and the channel to the chamber leads from the gate in the
middle of the external α ring. The outer surface of α rings, the α face, provides an area for
attachment of additional regulatory modules. The most physiologically important module is
the 19S “cap” (regulatory particle; RP), resembling a dragon’s head attached to the core
“trunk”.

Several groups imaged the stable core particles. In the most noninvasive imaging attempt, we
used the tapping mode AFM in liquid with proteasomes electrostatically attached to mica. By
adjusting protein concentration, generally in the nanomolar range, it was possible to obtain a
layer of densely packed particles or a sparsely populated field [2]. Both top-view (“standing”)
and side-view (“lying”) cylinders were imaged, easily distinguishable by their shape (Fig. 1,2).
The particles withstood more than an hour-long repeated scanning without detachment, proving
the strength of electrostatic binding [26λ]. Other AFM in liquid studies explored the 20S
complexes immobilized on lipid supports. For example, His-tagged archaebacterial
proteasomes were specifically attached to a mica-supported chelator lipid membrane loaded
with nickel ions. Position of His-tag forced the side-view orientation of particles [27].
Interactions of the core particles with different lipid bilayers were explored for bovine
proteasome [28]. The CP specifically bound in a top-view position to lipid membranes
containing phosphatidylinositol, but not to those with phosphatidylcholine, phosphatidic acid
or dioleotrimethylammonium propane. It remains to be established if the phosphatidylinositol
– specific interactions are physiologically relevant, for example during CP binding to
endoplasmic reticulum membranes. A fluid lipid film was used as a support for two-
dimensional crystals of “standing” His-tagged archaebacterial proteasomes [29]. The 2D
crystals, which are easier to form and more stable than 3D crystals, are often used for electron
microscopy or AFM of membrane proteins [30]. Analysis of the images revealed that the
proteasomes optimized their packing in a crystal by interlocking both laterally and vertically,
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ring-to-waist. Contact mode AFM was used to successfully image the shear – resistant 2D
crystals [29].

With regard to the higher-order proteasomal assemblies, we imaged the human core with 19S
RP by tapping mode in liquid (Fig. 3). The “dragon’s head” shape of 19S cap was strongly
resembling familiar EM images [31]. The power of AFM imaging, however, proved invaluable
for dissecting the components of the regulatory particle and the topography of their attachment
to the core. The 19S cap is composed of two multisubunit parts: a base (lower “jaw” of the
dragon) interacting directly with the α face, and the lid. The base is composed of six regulatory
particle ATP-ases (Rpt1–6), presumed to form a ring. Co-purifying with the ATPases are two
large proteins, Rpn1 and Rpn2 (regulatory particle non-ATPases), and the hinge subunit
Rpn10.

The position of Rpn1 and Rpn2 was unknown until the newest AFM studies with yeast (S.
cerevisiae) proteasomes (Rosenzweig, Osmulski, Gaczynska, Glickman, submitted). AFM
imaging (Fig. 1A) confirmed the earlier theoretical predictions that the proteins may form
toroids of about 5 nm in diameter and 3 nm in height [32]. When these apparently monomeric
Rpn1 and Rpn2 were mixed in an equimolar ratio, a population of twice-the-height rings was
found, strongly suggesting a formation of stacked heterodimers. When in turn the heterodimers
were mixed with the core proteasomes, a new class of particles: cylinders extended by a stent
or chimney protruding from the middle of the α ring, was detectable (Fig. 1A,B). Analysis of
images of mixtures of either Rpn1 or Rpn2 with the 20S core allowed establishing that only
the Rpn2 toroid interacts directly with the α face. The “building-up” of proteasome assemblies
was continued with addition of Rad23, an adaptor protein imaged as a “bead” decorating the
stent. The complementing biochemical and imaging data confirmed the model of proteasome
core particle with a central channel extended by a molecular stent, capable to bind adaptor
proteins (Rosenzweig, Osmulski, Gaczynska, Glickman, submitted).

We hypothesized that the Rpt ring surrounds the Rpn1/2 stent, which is a novel feature in the
proteasomal structure. To confirm such predicted arrangement, 26S assemblies purified from
yeast cells were gradually dissected by biochemical methods. Again, the AFM and biochemical
data complemented each other in these “tearing-down” experiments. Images of samples where
20S subunits, plus Rpn1 and Rpn2 were detectable biochemically indeed showed core particles
with the stent, undistinguishable from reconstructed species. Importantly, images of the
fraction containing the base subunits: Rpt1–6 and Rpn1–2, showed the predicted new
architecture: the stent surrounded by a large ring (Rosenzweig, Osmulski, Gaczynska,
Glickman, submitted). The next call for interplay of biochemical and AFM studies would
involve dissection of a role of the stent and surrounding subunits in the uptake and processing
of substrates.

3.2 Dissecting the GroEL assembly
The architecture of core proteasome is in many aspects similar to bacterial chaperonin GroEL.
The cylindrical GroEL, 14.5 nm high, with a 13.5 nm diameter, is built from two stacked rings,
each with seven identical subunits, as determined with crystallography, EM and NMR studies
[33]. There are spacious chambers inside each ring. A smaller, homoheptameric ring GroES
sits atop GroEL, adding about 4 nm to its height. The cycles of energy-driven binding and
releasing GroES underlie the function, which is assisting in polypeptide folding. The GroEL
and GroES are one of most popular protein complexes studied by AFM, even if they are rather
damage-prone. They were imaged by AFM with high resolution in liquid in contact mode [8,
34] or oscillation mode [35,36], cross-linked with glutaraldehyde [8,34,37λ] or without fixation
[35,36]. It was reported that, unless fixed with glutaraldehyde after the adsorption to mica, the
GroEL/GroES complex was destroyed and GroEL was dissected into single rings by the contact
mode probe [8,34]. Even in the gentle oscillation mode, it took optimization of binding and
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scanning conditions to obtain a stable layer of GroEL electrostatically adsorbed to mica [35,
36]. Still, the perfectly symmetrical GroEL may find its use as a potential “living” calibration
sample, especially when adsorbed in a dense, organized monolayer of two-dimensional crystals
[36]. With such nanoscale metrology attempts, it was noted that the height measurements of
loosely dispersed single particles of GroEL were suppressed by a constant value, in contrast
to perfectly correct measurements for densely packed particles [38]. Such unexplained
phenomenon was also observed under some conditions for the 20S proteasomes (Gaczynska
and Osmulski, unpublished observations).

3.3 Molecular cages and nets of superb mechanical strength
Closed protein cages protecting organic or inorganic cargo or branched nets capable to catch
bioparticles belong to this group of complexes. The AFM technique has been used not only to
characterize their topography with nanometer-scale resolution, but most of all to follow their
assembly and test their mechanical and physicochemical properties.

3.3.1 Lacy spheres with diverse filling—The cages used for intracellular protein
trafficking are elaborate assemblies of multiple protein units. One type from this group, the
clathrin, was studied by AFM. The unit of clathrin, a three-legged “triskelion”, is a trimer built
from heavy chains reinforced by light chains [39]. A minimum of 36 triskelions can fit together
to form a perfect lattice sphere, with a diameter in the range of 100 nm, coating a lipid vesicle
with a protein to transport, as known from extensive structural studies [39]. In the earliest study
by AFM, the clathrin-coated vesicles were immobilized by binding amino groups of the protein
cage to a molecular “carpet” formed by dithiobis (succinimidylundecanoate) monolayer
covalently chemisorbed to gold surface by thiolate bonds [40]. Such clathrin spheres withstood
long, repeated scanning in contact mode in liquid. After two hours of incubation of the
complexes with disassembly-promoting buffer, only single triskelia bound to the underlying
monolayer were detectable [40]. In another study, the elasticity of clathrin spheres was
measured by AFM [41]. The clathrin-coated vesicles were adsorbed to a mica surface pretreated
with Ca2+ and imaged in liquid. Apparently, the pretreatment prevented collapse of adsorbed
spheres imaged by low-force tapping mode in liquid. The contact mode, in turn, was used to
apply compression force to the cages, in the range of 40 – 300 pN. The dimensions of
compressed vesicles were computed and the model of elastic bending of the particles was
developed. Apparently, the combination of outside protein shell with inside lining of lipid
vesicle increases bending rigidity of the structure by 20-fold, comparing with a protein lattice
or a vesicle alone, a feature critical for the cage intended to protect its cargo [41].

Another molecular cage, ferritin, does not deal with a protein cargo. The spherical apoferritin
is formed by 24 subunits of light chain and/or heavy chain type, depending on cell type and
species. The thick shell of an external diameter of about 13 nm is used to store iron in the form
of ferric hydroxide-phosphate in its internal cavity of about 8 nm in diameter. The crystal
structures of several types of ferritins have already been known when the assemblies, both with
and without the iron load, were imaged by AFM in water or in air, in the form of single particles,
monolayers, two-dimensional or three-dimensional crystals, adsorbed on mica, gold, HOPG,
polypeptide-functionalized electrode surface, antibody-functionalized silicon surface or
multicomponent lipid monolayers [6,42–47]. The specialized nature of the cages’ cargo,
mandated the use of conductive probe atomic force microscopy [4,6]. Ferritin shells, both
empty (apoferritin) and filled with iron deposits (holoferritin) are conductive. When the
particles were adsorbed to conductive surface like gold [6] or HOPG [4], a current-voltage
measurements on the single dried molecules could be executed with a metal-coated oscillation
mode tips performing voltage scanning. Expectable, the conductance of apoferritin was found
to be at least an order of magnitude lower than conductance of holoferritin [4,6λ]. Like the
clathrin cages, the ferritin cages were subjected to mechanical studies. An empty shell of
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apoferritin was found to be prone to collapse under the AFM tip, in contrast to the much more
rigid holoferritin [4].

3.3.2 Viral capsids: the crates for arduous journeys—There is one more class to de
facto molecular cages, which are obvious subjects for AFM studies: viral capsids. They protect
the load of a nucleic acid core, which together with the protein capsid forms the complete viral
particle (virion). As molecular containers, viral capsids are more robust and versatile than
clathrin or ferritin. They often have to withstand hostile environmental conditions; the packing
of cargo has to be economical, and they have to assist in complicated entry-egress processes
where precision of interactions with host cell membrane proteins is critical. Viral capsids, with
diameters ranging from 10 to more than 100 nm, assemble into a single-layer cage from units
- capsomeres. The capsomeres are built from just one or very few kinds of proteins. The shape
of capsids can be spherical, spherocylindrical, rod-like or conical. There are more than seventy
distinct capsid structures belonging to more than 20 families. Some viral families, for example
herpesviruses or retroviruses, have their core and capsid additionally protected by a lipoprotein
envelope, with lipid bilayer “borrowed” from the host’s cell membrane and envelope proteins
responsible for the entry into a host cell. Numerous viruses from all major groups were imaged
by AFM, mostly with recording their shape, size and special features. Even simple
morphometric cataloguing makes perfect sense when considering AFM as a diagnostic
technique. Selected studies from the vast body of literature are cited or briefly presented below
as examples. For instance, details of arrangement of protomers in capsids were elucidated with
purified viruses [48–50] or in vitro reassembled and glutaraldehyde-fixed shells [51]. AFM
helped to reveal the unusually complex architecture of plant closteroviruses [52] and to find a
new structural features in the coat of potyviruses [53]. Often, the viruses were imaged directly
on the surface of glutaraldehyde-fixed host cells [54–57λ]. Labeling with specific antibodies
decorated with gold nanoparticles helped to map the arrangement of entry proteins on
envelopes of retroviruses HIV and MuLV (murine leukemia virus) [58]. The best resolution
of details of capsid structure was achieved with 2D or 3D crystals, and many studies followed
the growth of viral crystals or details of capsid symmetry [59–62].

A group of studies attempted to elucidate the mechanism of capsid formation. For example,
tapping mode AFM in air and light scattering techniques were used to assess efficiency of
immature coat formation by HIV-1. Apparently, pH higher than 6 and a high ionic strength
promoted self-assembly, whereas the presence of cyclophilin A did not affect the process.
Therefore, the putative role for the cyclophilin A is placed into the mature (spherical) capsid
disassembly rather than the assembly of immature (conical) coat [63]. In another study, the
function of murine leukemia virus protein required for capsid morphogenesis was tested. When
the protein was mutated to resist glycosylation, aberrantly shaped capsids were detected on the
surface of fixed host cells with a tapping mode in air [54]. To promote in vitro coat protein
aggregation of the Moloney murine leukemia virus, the protein was His-tagged and deposited
on a synthetic bilayer containing nickel-chelating lipid [64]. The resulting protein array was
subjected to high-resolution tapping mode scans in liquid leading to creation of a two-
dimensional model of the capsid architecture [64]. The processes reverse to self-assembly: a
gradual degradation of virions or capsids was monitored in crude preparations of herpesviruses
[65], in detergent – treated samples of HIV [56] and in preparations of Turnip Yellow Mosaic
Virus [66].

The viral coats not only protect their cargo in transit, but also assist in injecting the genetic
material into and releasing the new virions from the host cell in the entry and egress processes,
respectively. In the case of enveloped viruses, the entry depends on fusion-promoting
glycoproteins of the envelope. Trimeric hemagglutinin (HA) is one of such proteins. Tapping
mode in liquid was used for in situ imaging of self-assembly of two distinct domains of
influenza HA under variable pH conditions on mica-adsorbed synthetic lipid vesicles [67]. The
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results prompted speculations about specialized roles of distinct HA domains and their spatial
organization in viral entry [67]. In a more recent study interactions of N-terminal fragments of
gp41 with lipid bilayers were studied by real-time AFM in liquid [68]. Gp41 is a fusion protein
derived from HIV-1. Two kinds of synthetic membranes were tested in order to model inner
and outer surfaces of the plasma membrane. AFM images revealed membrane pore-forming
activity of selected gp41-derived peptides and allowed for precise mapping of the fusion
domain of gp41. The electronegative phospholipids of the inner membrane were proposed to
control the fusion-promoting conformational change of the gp41 polypeptides [68].

Revealing the origins of very good mechanical resistance of viral capsids inspired numerous
AFM studies. One rather obvious result was that virions are stiffer and less prone to collapse
than capsids, similarly to empty and filled ferritin [66,69–72]. Indentation studies with AFM
tip showed that the mature shell of murine leukemia virus (MLV) was more brittle than the
immature shell, a feature possibly related to the infectivity [73]. Recent studies using jumping
mode (pulsed force) AFM in liquid showed that the core and the capsid closely collaborate in
making the virion a masterpiece of nanoengineering. For example, the parvovirus minute
viruses of mice (MVM) were adsorbed to silanized glass and the indentation study was carried
out to compare stiffness of the relatively simple icosahedral shell of MVM [69λ]. The
reinforcement of the capsid by the DNA cargo was found to be highly anisotropic [69λ]. An
anisotropic elastic response was also documented for the empty shells of bacteriophage φ29
[74]. In a more recent study by the same group, the deformation of the WT λ phage capsid
packed with DNA of various lengths and adsorbed on hydrophobic glass was monitored
[70λ]. The results of indentation experiments showed that internal osmotic pressure of the wild
type DNA with hydrating water molecules is in perfect balance with mechanical properties of
the capsid. A higher pressure would break the capsid whereas lower pressure leaves the shells
less mechanically resistant and incapable to effectively inject DNA to the host bacteria [70].
In yet another study the Young modulus was calculated for tobacco mosaic viruses (TMV)
adsorbed to a mica or polycarbonate ion-etched membranes in ethanol [75]. Not surprisingly,
the wealth of AFM studies contributed significantly to attempts of mechanical modeling of
viral capsids [76].

3.3.3 Protein nets from the blood clotting cascade—Specialized proteins may
assemble not only into cages, but also into nets. In the process of hemostasis and thrombosis,
a cascade of proteins takes part in formation of thrombus. Self-assembly of fibrinogen into a
fibrin clot and von Willebrand factor (VWF) into a platelet-catching mesh are examples of
formation of biological nets. Proteins participating in the blood clotting cascade were
extensively explored by AFM, first by contact mode in liquid or air then by oscillation mode
[77,78]. Many studies were limited to visualizing the components of the system [78,79]. The
most interesting, however, are experiments exploring self-assembly and conformational
changes of net-forming complexes in a dynamic manner. Fibrinogen (factor I) is the most
extensively studied protein from the hemostatic cascade, by AFM and other methods. This
large (340 kDa) glycoprotein circulating in blood is a hexamer built from a pair of three
polypeptide chains, twisted and disulfide-bound together to form a rod-like, trinodular,
octaglobular structure of about 46 nm in length and 9 nm in diameter [80]. X-ray
crystallography and NMR studies explored the fibrinogen architecture in great detail, and high-
resolution AFM imaging added to the pool of knowledge [78,81–84]. Proteolytic processing
of fibrinogen by thrombin exposes polymerization sites and promotes a formation of the
insoluble fibrin net [80]. The fibrin mesh and aggregated platelets are the main constituents of
a blood clot, however fibrin provides also a cellular scaffold during wound healing and
angiogenesis. To directly visualize fibrin assembly by tapping mode AFM in liquid, the
fibrinogen was adsorbed on the substrate, followed by sequential addition of thrombin and
protofibrils [85]. Hydrophobic HOPG and hydrophilic mica substrates were used. The process
of formation and propagation of fibrin strands in the course of several rounds of addition of
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fibrin monomers was monitored in a series of time-lapse images spanning several hours. The
fibrin clot on HOPG propagated from a few short, linear strands to a dense branched net
covering a vast area [85λ]. To the contrary, mica did not provide a good thrombogenic surface.
Conformational changes in an adsorbed protein monolayer during thrombin-catalyzed
conversion of fibrinogen to fibrin were monitored by AFM in another study. The gold-coated
glass was used as a substrate and micropatterned with fibrinogen by stamping. Upon conversion
to fibrin, the protein film contracted and adhered stronger to the hydrophobic surface, a
phenomenon observed with other methods as well [86]. Numerous other AFM studies tested
a broad range of various conditions like a type of surface, pH, charge, ionic strength on the
conformation and adsorption properties of fibrinogen [87–92λ]. Generally, hydrophobic
surfaces promoted spreading of the fibrinogen molecules [87,91]. Phenomenon reverse to fibrin
polymerization, a fibrinolysis of the clot by plasmin, was monitored by AFM as well, and
images showed thinning and cutting the fibrin strands [79,93,94]. Interestingly, the fibrinolysis
processes more efficiently on thick strands than on thin ones [79,94].

AFM imaging of a giant glycoprotein complex, von Willebrand factor, helped to understand
the mechanism of its assembly. Large, multidomain protomers (309 kDa) of VWF are 120 nm
in length. More than 40 protomers can polymerize into the largest known soluble globular
protein, of molecular weight up to 20 × 106, although smaller molecules are also found. VWF
multimers bind to collagen and possibly other components at the vessel wall at injury site and
promote platelet adhesion and then clot formation. The unique feature of VWF is its functional
dependence on the shear stress. The VWF binding and subsequent platelet tethering is
facilitated by high shear force, which occurs at the wound site. It has been proposed that
globular VWF multimers circulating in plasma may change the conformation to fibrous upon
shear stress, assisting this way the self-assembly [95]. This hypothesis was tested with AFM.
In the most recent study, a solution of VWF multimers was applied to a silicanized mica surface
under controlled, physiologically relevant shear stress conditions [93]. The adsorbed particles
were then dried and subjected to contact mode AFM imaging in air. Apparently, the VWF
multimers assembled into long fibers (up to 300 μm), oriented in direction of shear flow.
Numerous filamentous multimers formed the massive fibers, with occasional globular
multimers attached to the large strings. The molecular net was fully functional and able to bind
platelets, as was visualized by AFM. The AFM and immunofluorescence microscopy imaging
helped to establish that three factors are necessary for the fiber formation: available high
concentration of soluble VWF, high shear stress (at least 21 dyn/cm2) and suitable binding
surface of low hydrophobicity. Problems with protein concentration may have tampered some
earlier attempts to characterize the putative shear stress [96]. In other AFM studies, the high
shear force indeed was found to induce uncoiling of the globular VWF multimers with the
impressive, up to five-fold, extension in length. The uncoiling was also observed after applying
force to the globular particles adsorbed to mica and tackled by the contact mode probe [97],
and after spin-stretching of denatured multimers [98]. Even if high shear stress is necessary
for molecular net formation, adsorption of VWF multimers to a proper thrombogenic surface
can be sufficient for inducing the platelet-binding capacity. Changes in VWF conformation
were explored by nanogold immunolabeling of the glycoprotein Ib binding domain (GPIb), a
region critical for platelet tethering to VWF multimers [99]. The exposure of GPIb was detected
upon adhesion of VWF to both collagen-coated and synthetic hydrophobic surfaces [99]. In
earlier studies, adsorption of VWF to hydrophilic mica and to hydrophobic
octadecyltrichlorosilane - modified glass were compared, with a conclusion that a highly
hydrophobic substrate did not support the extended conformation [100]. The result is consistent
with the latest observation that a surface of low hydrophobicity was preferred over that of high
hydrophobicity for the VWF net formation [93].
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4. Aggregation: another face of assembling
Aggregation of proteins under proper conditions leads to formation of two distinct types of
fibrils: elastomeric or amyloid. Elastin type aggregates form a basis of extensible tissues like
skin, blood vessels and ligaments, whereas amyloids commonly are associated with tissue
degenerative diseases, although functional amyloids have been also recently identified.
Amyloids share an extended cross β sheet structure with a 4.7Å molecular spacing resulting
from alterations within the protein native fold, rod like linear extracellular filaments, and
propensity to bind specific hydrophobic dyes.

It is suggested that an outcome of the aggregation depends on a relative content of Pro and Gly
residues in the protein sequence with their high content promoting elastomeric fibrils [101].
Predictably, the actual formation of fibrils is much more complicated and it is controlled by a
complex interplay of physical and chemical factors. Despite enormous efforts, the mechanism
of aggregation, the order of steps in fibrillation, changes in structure and properties of
intermediates and products or even exact influence of particular residues in fibril formation
are still poorly understood. The faster progress in this area is restricted by the unusual solid
state-like properties of aggregates challenging to study with the relatively limited array of
analytical tools. Attempts to subject the aggregates to rigorous analysis are plagued by their
low solubility, tendency to form amorphous bodies, and instability. Additionally, poorly
defined in vivo conditions supporting aggregation often are impossible to recreate in vitro.
Although several techniques have been successfully applied to study selected aspects of the
process, for example electron microscopy, NMR or X-ray diffraction, comprehensive
characterization of morphology and dynamics of the fibrils is achieved only with AFM. The
relative simplicity of the sample preparation and topography measurements makes the method
a perfect choice, in particular to examine molecular consequences of the introduced mutations
within fibril forming proteins, influence of co-solvents, ions, other proteins and participation
of a supporting surface as a catalyst. So far, AFM technique has been used to study aggregates
of numerous amyloidogenic proteins, like α-synuclein, Ab-peptides, amylin, IgG light chain,
insulin, lysozyme, tauprotein, transthyretin and at least 40 more other proteins. About a half
of them form amyloid type aggregates that are connected to distinct pathologies and these were
subjected to numerous AFM studies. Many of these amyloidogeneses are broadly associated
with neurodegenerative diseases like Alzheimer, Parkinson, and Huntington disease. However,
aggregation of the most of nonpathogenic proteins still awaits closer AFM inspection, probably
with an exception of intensely examined lysozyme. It seems that most of proteins that are
capable to form the cross β structure and self assemble can produce amyloid fibrils, even as
unlikely as lysozyme, lactalbumin or myoglobin. However, such fibrils are not always
detectable under physiologically relevant conditions [102]. Even if these amyloidogenic
proteins are not formed in vivo, they still provide plethora of information on the mechanism
of fibril formation and their properties.

AFM has been applied to study three basic aspects of protein aggregation: morphology of
fibrils, their growth/assembly and mechanism of action. The majority of earlier studies focused
on description of fibrils topography. Such use of AFM imaging is fully justified since it delivers
a rich set of morphometric data: length, diameter (height), characterization of branching, and
fibril periodicity. Taking into account a high morphological and physical diversity of fibrils,
it is surprising that the vast analytical potential of AFM to measure elasticity, viscosity or
hydrophobicity practically has not been utilized in such studies. A tapping mode AFM with
protein samples dried on mica is preferred since it “freezes” further changes in fibril
morphology. This snapshot approach is useful as long as the aggregation is a relatively slow
and a direct observation of the process is unnecessary. Here we will briefly discuss only few
selected aggregating proteins to show how AFM technology was applied. Strikingly, most of
the aggregates show high morphological similarity in organization of fibrils despite different
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primary sequence and completely distinct propensity to form βstructures, like SH3 domains
and lysozyme [103]. Amylin is major component of pancreatic amyloid deposits in type II
diabetes mellitus. It forms AFM detectable polymorphic structures that slowly converge to
more uniform fibrils when they age [104]. b2 microglobulin (β2m) belongs to Ig superfamily
and is a part of MHC class I. It is built from a β-sandwich stabilized by a single disulfide bond.
β2m amyloids are often formed in patients receiving prolonged hemodialysis. Similarly to
amylin, a high morphological diversity of β2m fibrils was detected. Their origin in part is traced
to the existence of competing polymerization pathways starting either from nucleated or not
nucleated material [105] and distinct templates [106]. Interestingly, collagen is suggested as
associating with b2m fibrils and as a catalyst of their formation under physiological conditions.
These ex vivo observations may explain an exclusive formation of b2m amyloids in skeletal
tissues [107]. In general, the branching of fibrils is evident only at later stages of fibrils growth.
However, Htt protein of Huntington’s disease forms extensively branched fibrils even during
early stages of aggregation [108].

α-Synuclein (α-syn) fibrils are commonly associated with the Parkinson disease. In vitro grown
fibrils of α-syn typically vary in length from about 500 nm to 3 mm when deposited on mica.
Taking an advantage of AFM capability to measure a height of objects with unparalleled
precision, it was possible to distinguish three different classes of typical fibrillar species:
protofilaments, protofibrils, and fibrils [109]. Their overall dimensions are similar to those
measured with EM. Here in comparison with the EM, the application of AFM is purely
analytical but bringing an advantage of investigation of the morphological dynamics leading
to the end products. Moreover, it is possible with AFM to distinguish fibrillation from
formation of other types of aggregates, for example spherical assemblies in an A30P mutant
of α-syn [110λλ]. Formation of intermediary oligomers shaped as spheres, chains and rings
resembles aggregates detected in Alzheimer disease [110λλ].

The AFM technique is particularly well suited to follow the growth of polymers, including
nucleation, elongation, branching, and lateral association of protofibrils. Visualization of fibril
growth is most often followed with tapping AFM but in this case samples are kept in liquid
rather than dry. For example, it was demonstrated that early stages of fibril formation are
decisive for the further amylin aggregation showing two distinct phases: initial lateral growth
followed by polymer elongation [111]. Interestingly, the same authors could detect with AFM
the smallest oligomers consisting of only 16 molecules. Time lapse AFM was also successfully
applied to compare the fibril formation of mutant amylins, where three Pro residues presumed
to control aggregation were targeted [112]. Additionally, it was possible to determine that
protofibrils elongate bidirectionally at a rate of 1.1nm/min [113].

On the basis of morphometric studies and time lapse AFM imaging of topographic changes in
several protein aggregates, a hierarchical model was developed to describe amyloid formation
[114,115λ]. The model called Hierarchical Assembly Model (HAM) proposes that partially
folded precursors polymerize to form protofilaments that further grow by adding monomers
at the ends. Intertwining of two or three protofilaments leads to formation of a protofibril.
Interlace of a pair of protofibrils in turn creates a fibril. The validity of the model has been
further confirmed with a non contact AFM using α-syn, insulin and B1 domain of G protein
[109]. Unexpectedly, the assumptions set forward for the model still hold even for the
aggregation process initiated under conditions not physiologically relevant, like low pH, high
ionic strength or presence of hydrophobic co-solvents.

AFM technology was also instrumental in exploring the mechanisms of physiologically normal
and toxic actions of aggregates. For example, it was found that amylin disrupts a lipid bilayer.
Unexpectedly, no pores are formed but small membrane defects are propagated as detected
with time lapse AFM [116]. It is suspected that such defects may constitute a basis for

Gaczynska and Osmulski Page 11

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cytotoxicity of amylin. It is hypothesized that beyond the normal function as phospholipase
D2 inhibitor, α-syn fibrils have neuroprotective functions since a prevention of the fibril
formation, for example by a ring closing, is toxic or even pathogenic [110]. Indeed, it was
found that α-syn interacts with acid phospholipids [117λ], disrupts POPC/POPS lipid bilayer
by poking holes in it or by forming aggregates with lipids. An α-syn A53T mutant exhibits a
diminished lipid binding as it forms a β-sheet as opposed to the helical wild type molecules.

Comparison of β amyloid fibril formation on mica where pseudomicellar aggregates are created
and graphite where linear assemblies prevail suggests that Alzheimer aggregates form on the
interface of aqueous and hydrophobic phases [118]. Furthermore, the AFM detected winding
of protofilaments was instrumental in understanding the spatial organization of fibrils and
possible mechanism of the transition from proto- to filaments [119]. These observations should
aid the design of compounds preferable targeting the plaque formation at a presymptomatic
stage of the disease. Such an approach is of particular importance in the light of an early
observation that a nucleation step is slow followed by a fast elongation with rapid conversion
of protofibrils to fibrils [120].

Insulin can assemble under proper conditions into either toxic fibrils or relatively benign
amorphous aggregates. Understanding of the process is vital since the aggregates play a role
in developing type II diabetes and they interfere with insulin production in pharmaceutical
industry. Aggregation of insulin was followed with several techniques, notably also with AFM
[121]. Generally, the process follows the heterogeneous coagulation mechanism leading to
formation of fibril bundles [122], where the prefibrillar steps with initial globular oligomers
[123] are controlled via the coagulation-evaporation mechanism [124]. The overall aggregation
is controlled by solvation that perturbs not only monomers folding but the fibrils morphology
as well [125]. Interestingly, insulin fibrils show a mechanical strength similar to spider silk
likely controlled by a single domain [126]. The same authors also showed that the internal
breakage of the polymers is an indispensable part of the normal aggregation. Unexpectedly,
under a high hydrostatic pressure, the amyloidogenic pathway of insulin leads to formation of
unusual circular amyloids [127λ]. This finding opened a door for in depth exploration of
structural consequences of such perturbation with the possibility to influence the distribution
of oligomers with specific drugs.

Testing forces responsible for filaments interaction in a fibril, their unwinding and related
studies classified as single molecule AFM force measurements are rare. AFM force
measurements of pulling apart interacting monomers indicate that the formation of
protofilaments is a highly cooperative process but surprisingly, it is also reversible [128]. It
seems that the cooperativity constitutes a universal mechanism of fibril assembly since it was
detected in the course of aggregation of several structurally unrelated proteins. In most cases,
the process of aggregation is initiated with a crucial remodeling of secondary structure with a
notable exception of acylphosphatase. It is suggested that in this case the fold adjustment is
executed later during the amyloid formation [129].

Finally, as a novel application, AFM was utilized to isolate single chain antibodies against α-
syn using a phage display [130,131]. Here a mixture of antibodies and oligomeric α-syn was
deposited on a mica surface and collected images allowed to select antibodies directed toward
particular type of oligomer morphology.

5. Intrinsic dynamics of protein complexes
By virtue of thermodynamic laws, biological complexes are dynamic structures. The motions
start with vibrations of bonded atoms in sub-angstrom scale, and extend to rotations of protein
side chains and to hinge bending. The spatial extent and amplitude of the motions approach
the nanometer range detectable by AFM. However, their pico-or nanosecond time-scale
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prevents direct AFM observation and causes the blurring of AFM images of living molecules.
The local and global conformational fluctuations may manifest in conformational diversity
defined as a ligand-independent existence of more than one conformation of a single protein
[132]. The conformational diversity, in turn, is postulated to determine catalytic functions and
allosteric behavior understood broadly as a coupling of conformational changes between two
widely separated sites [133,134]. It takes allosteric transitions to reach the nanometer spatial
range and millisecond -second temporal range suitable for AFM analysis. AFM is especially
useful for studies of allostery of large heterooligomeric assemblies, when NMR and molecular
modeling are confronted with overly complicated systems.

5.1 The dynamic gate to the proteasome
The catalytic core of the proteasome provides an example of the use of AFM in concert with
other structural methods to detect and characterize molecular dynamics. The allosterically
driven dynamics of a proteasome gate were detected and characterized by AFM [26,135λ].
The crystal structure of eukaryotic core particles provided a detailed picture of the architecture
of the enzyme, with its tightly interwoven subunits and internal cavities [23,25]. The most
puzzling feature was, however, the lack of suitable entrance for the polypeptide substrate and
exit for peptide products. Such results were in stark contrast to the earlier-solved structure of
the simpler, but homologous archaebacterial core particle, where α rings were open in the
center, providing unobstructed access to the central channel and catalytic chamber [24].

To probe the gate area of native, unfixed core particles, we imaged the assemblies with the
oscillation mode AFM in liquid [2]. Imaging of top-view proteasomes from T. acidophilus
indeed showed a crater-like cavity in a center of the α face, consistent with the presence of a
channel entrance (Gaczynska & Osmulski, unpublished observations; archaebacterial
proteasomes a courtesy of A. L. Goldberg). The crater instead of deep hole was an expected
result, since a standard AFM tip cannot penetrate deep channels in protein assemblies, imaging
holes as craters. Imaging of eukaryotic core particles provided a distinct picture. The
topography of the upper part (the α face) of most of the top-view particles presented a smooth
surface, consistent with the crystal structure. A significant fraction of top-view particles,
however, showed a well-resolved middle cavity. Intriguingly, when the same set of particles
was scanned multiple times, each proteasome molecule was able to assume both the “closed”
and “open” conformations [135λ]. Analysis of lateral dimensions of the side-view particles
revealed that there are two populations as well, one resembling barrel (short and wide) and
another more cylindrical (long and narrow). We hypothesized that a closed barrel and an open
cylinder represent allosteric forms analogous to R (relaxed) and T (tense) forms in a classical
two-state model of allosteric transitions [26λ]. We concluded that the Eukaryotic core
proteasome displays a conformational diversity detectable by AFM, with X-ray
crystallography being able to portray the more stable closed barrel structure. Meantime, both
the X-ray crystallography and AFM showed that recombinant core particles missing a major
part of the gate were permanently open [2,136]. Moreover, a recent NMR studies of the
archaebacterial proteasome revealed high dynamics of residues in the central channel entrance
area, in tune with the AFM supported hypothesis of a dynamic gate in Eukaryotic proteasome
[137].

Interestingly, an addition of protein or peptide substrates to the enzymatically active particles
already settled on the mica resulted in a dramatic increase in the occurrence of the open cylinder
conformation [135λ]. The observation led to a hypothesis that latent core proteasome
occasionally strikes the open-gate conformation, thus allowing a substrate molecule to enter.
A productive interaction of a substrate with the enzyme leads to the allosteric gate opening
allowing in turn more substrate molecules to enter the catalytic chamber and setting a positive-
feedback loop activating the catalytic core. Subsequent studies with competitive inhibitors
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engaging different parts of the active centers and with recombinant proteasomes with active
centers modified by mutations allowed to pinpoint the most likely source of allosteric signal
as tetrahedral intermediate stage of the catalytic act (Osmulski et al., submitted). The hypothesis
proposing a direct coupling of the catalytic act with a partition of the conformers was
additionally confirmed by a comparison of the catalytic parameters for one of the active centers
calculated using data gathered with the conventional biochemical assay and with a single-
molecule AFM-based test. Apparently, the abundance (%) of open form was an accurate
measure of a catalytic turnover at the involved active center. Since the core particle is built
from two halves, an additional conclusion from the experiment was that blocking one entrance
to the 20S cylinder by direct interactions with the mica did not affect catalytic performance of
the active centers. A similar conclusion that a single functional orifice is sufficient for both
substrate entry and product exit, was reached by a study with archaebacterial proteasomes
[29].

Influence of ligands other than substrates were also tested with the proteasomes. We monitored
with AFM a conformation of top-view human and yeast core proteasomes treated with proline
and arginine - rich peptides, a group of anti-inflammatory agents derived from a natural product
[140,141]. Strikingly, AFM images of the top-view 20S proteasomes treated with PR peptides
revealed locking of the α ring conformation in an unusual “shaky-open” position. The 26S
assembly treated with PR peptides change the outer shape as well, in a manner that is as
dramatic, as it is unexplained [141]. High-speed, time-resolved AFM analysis of the peptide-
treated assemblies should shed light on the nature of induced dynamic structural changes.
Noncompetitive inhibition is the general mechanism of action of a natural protein inhibitor of
the proteasome, PI31. The protein was postulated to bind in the gate area on the α face and to
interfere with the entry of substrates to the central channel [142]. In the AFM images of yeast
20S complex mixed with human PI31, the gate is apparently in open position, suggesting either
a “foot in the door” mechanism or allosteric – type opening “from the distance” (Gaczynska,
Osmulski, DeMartino, unpublished observations). The ligand protein was not well resolved,
however the proteasomal cylinder was extended by about 2 nm upon addition of PI31,
suggesting the expected ligand binding on the α face. Another uncharted area is dynamics of
the 26S assembly. We noticed that the core particle still could bear the barrel or cylinder shape,
and that the caps could be of distinct dimensions (Fig. 2, 3). The classification of the
conformants is currently in progress.

5.2 GroEL: hats on and off
Studies on conformational diversity and ligand-induced dynamics of the proteasome emerged
only in recent years. There are many more assemblies, though, for which the dynamic motions
are already well established. Bacterial chaperonin GroEL/GroES is a perfect example of a
protein complex with the acknowledged large-scale dynamic changes of its structure. The
robust movements underlie the function of the assembly: assisting in protein folding by binding
the substrate and then stretching and releasing it in order to induce desired structure folds. The
ATP-driven catalytic cycle of the chaperonin is based on an asymmetric behavior of the two
rings. The ring with ATP bound to seven positively cooperative sites is in a position to bind
the polypeptide substrate, when the other ring, with ADP bound, is capped with GroES. An
exchange of GroES between rings promotes a nanometer-scale elevation and twist of the ring
with the substrate bound in its cavity. Subsequent hydrolysis of ATP is followed by the release
of GroES and the folded polypeptide [33]. A GroEL ring cycles between GroES-capped R state
and the free-ring T state. The 2 nm - upward movement of the GroEL ring in R state and the
changes of the size of central opening detected by other techniques were confirmed with AFM
of glutaraldehyde-fixed complexes [8]. The formation and dissociation of the GroEL-GroES
was observed in real time with a small cantilever in an oscillation mode AFM in liquid [143].
The GroEL was electrostatically adsorbed to mica in an end-up position, and then GroES, ATP
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and Mg2+ were added to the sample. A specially prepared small cantilever assured a low force
of interactions, not interfering with the GroES binding and releasing. An original one-
dimensional scanning, with a slow scan axis disabled half way, enabled real time monitoring
of the association status of several particles, which were repeatedly crossed by the imaging
probe with high speed, faster than 20 μm/s. The temporal resolution of the method was 100
ms, whereas with the standard two-dimensional scanning the probe would return to the same
molecule only within tens of seconds. On this basis the average lifetime of the GroEL-GroES
complexes was estimated at 5 seconds [143λλ].

In another dynamics-oriented studies, the up-right position of glutaraldehyde-fixed GroEL on
mica was confirmed with tapping mode imaging in liquid, followed by force spectroscopy
measurements of interactions of substrate polypeptides with the chaperonin under different
conditions [37λ]. Interestingly, the interaction forces were weaker in the presence of ATP than
in its absence. Additionally, they were lower between a folded polypeptide and GroEL than
between the fully denatured substrate and the enzyme [37λ].

6. AFM of protein complexes in nanomedicine and nanobio technology
The use of AFM as a fast, simple and versatile structural method in nanomedicine and
nanotechnology seems more than obvious. After all, the method can provide high-resolution
data with very small amounts of material, in little time and with relatively low-cost equipment.
From a simple testing of quality of biomaterials to screening for pathogens or building
nanobiomachines, AFM of protein complexes is in a good position to be one of the most useful
methods in nanomedicine and nanotechnology.

6.1 Nanomedical screening
The use of atomic force microscopy for screening is well established in electronic industry.
When the technique matured and a high-throughput set-up became available, morphometric
testing of data storage media or processor elements emerged as a fast and convenient method
of quality control. In the context of protein complexes, nanomedical screening with AFM
should easily find a use in diagnostics of pathological viruses, when a simple present/absent
answer is required. The sturdy virions can be imaged dried or rapidly fixed in air, with minimal
time and workload effort. There are two approaches to perform an efficient screening: to
identify particles solely by their morphometric features or to capture them on a prepared surface
with specific virus-binding molecules and then to visualize. Both options are seriously
considered, however the former has the advantage of simplicity. Since viral capsids have well-
defined shapes, it is relatively easy to detect and classify them by AFM in very small amounts
of crude samples, including the surface of fixed cells [58,144,145]. The VIPER database of
icosahedral capsids (http://viperdb.scripps.edu) provides the X-ray crystallography and
cryoEM data on several hundreds of structures, which should be useful to guide interpretation
of AFM data [146]. Moreover, high-quality AFM topography images of more than a dozen of
pathological viruses were published to date [51,144,145,147]. Automated image analysis is
very helpful in extracting the structural information, as was shown for rotaviruses [148]. The
drawback of this approach may be the necessity of development of good surface adsorption
methods working well for distinct pathogens [149]. Fortunately, the adsorption properties of
many viruses on several surfaces were studied extensively [150–152]. The latter bypasses the
adsorption peculiarities of viral species. It requires a chip with a low-roughness surface coated
with virus-binding molecules: antibodies or cell surface receptors, ideally in the nanoarray
format. One such device is already on the market under the name ViriChip™ [153,154]. This
solid – phase affinity substrate is a silicon wafer functionalized with an ultramicroarray of
antibodies with an ink-jet technology. It is capable to capture intact viruses from body fluids
or environmental samples. AFM not only detects viruses bound to specific antibodies on the
array but also provides information on the size and shape of the particles [155–157λ]. Since
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the viruses on the chip are intact, they can be used for subsequent PCR studies [158]. In other,
not yet commercialized studies, chips with antibodies against feline calicivirus were developed
for screening with both AFM and surface-enhanced Raman scattering (after coupling the
captured viruses with extrinsic Raman label), and both methods gave satisfactory results with
cell culture media [159]. In turn, an original method of dip-pen nanolithography on metal-ion
template was used to create a functional antibody array used to capture the influenza virus
[160]. In a non-antibody based affinity assay, a silicon wafer was functionalized with heparan
sulfate, a cell surface polysaccharide known as a receptor for many infectious viruses. The chip
was used to characterize binding properties of several serotypes of adeno-associated virus
[161]. Microreaction wells were fabricated on the silicon chip by coating it with the
polydimethylsiloxane (PDMS) and then boring holes with steel tubing to create PDMS -free
wells. PDMS resist protein adsorption and can be peeled off the chip before AFM analysis
[161]. An interesting variations of the specific-capture chip: a virus stamping and molecular
imprinting, were described by [162λ]. First, tobacco mosaic viruses (TMV) adsorbed to glass
were used as a stamp. Such stamp was pressed into prepolymerized surface of soft
polyurethane. After polyurethane hardening and washing-out the template viruses, a chip with
tailor-made pits and trenches for TMV was ready for treatment with crude plant sap samples.
Alternatively, an acrylate polymer was set to self-organize around template TMV particles,
again forming cavities precisely mimicking the shape of TMV. Viruses from the sap of infected
plants filled the cavities in the chip, as detected by AFM in a contact or tapping mode. Such
bioimprinted sensor did not require expensive anti-virus antibodies, was reusable, sturdy and
worked well with crude plant extracts [162λ].

The potential for AFM - based medical screening is obviously not restricted to viruses.
Advances in micropatterning and producing ultra-small arrays enable multiple high-throughput
AFM applications. Every large enough particle of diagnostic relevance like protein markers of
disease or amyloid aggregates is suitable for this type of tests. An extension of such analysis
is a search for protein-protein interactions on a chip printed with a receptor or ligand. The
protein-protein interactions lie in the heart of recognition imaging, where the presence of a
macromolecule of interest can be assessed even in a heterogenous sample. Development of a
true structural screen would immediately impact drug discovery technology, where a simple
identification of conformational changes of protein complexes, for example proteasome,
treated with noncompetitive regulators [142] is urgently needed.

6.2 Biocompatibility of materials
Artificial materials introduced into human body: implants, stents, catheters, sensors, have to
be tissue compatible and hemocompatible but they must not induce inflammation or blood
clotting. The ideal surface should be non-fouling that is resistant to nonspecific adhesion of
proteins or microbes. Since forming of the fibrin net is prerequisite to thrombosis, adhesion of
fibrinogen is an excellent subject for AFM studies of high nanomedical relevance. Synthetic
polymers, stainless steel, titanium or tantalum, gold or silver with different surface preparation:
polishing, etching, coating with synthetic polymers, were tested. The nonspecific binding of
fibrinogen and often also other proteins or platelets was directly visualized by AFM [163–
165λ]. Alternatively, strength of fibrinogen interaction with the surface was tested with force
spectroscopy [166–169]. Another variation of a biocompatibility test was described by
Siedlecki et al. [170λ]. Here, mica or PDMS substrates were stamped with a plasma protein of
one kind (bovine serum albumin) and then incubated with another plasma protein (fibrinogen)
to fill in the patterned areas. AFM-based detection of fibrinogen was carried out by monitoring
adhesion forces or by visualizing gold-labeled anti-fibrinogen antibodies. The experiment
demonstrated that surface adhesion of plasma proteins and inter-protein interactions could be
monitored by AFM in multicomponent protein films created by rounds of stamping and filling
[170λ]. It is worth to mention that, in addition to protein-adhesion studies, AFM was often
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used to characterize physicochemical properties of the medically relevant surfaces [163,171–
175].

6.3 Micropatterning with protein complexes
AFM is a staple method in creating and quality testing of arrayed nanostructures. Protein
complexes emerged as convenient tools and materials for micropatterning. Recently,
proteasome was used as one of components in AFM-based native protein nanolithography
[10λλ]. His-tagged archaebacterial 20S proteasome particles were first arranged into a
uniformly oriented array on a chelator-coated gold glass coverslips. AFM tip working in a
novel contact oscillation mode was used to “erase” parts of the array by displacing the
proteasomes. Addition of fresh particles, either proteasomes or other His-tagged proteins, filled
the free spaces in a “rewriting” process. If the replacing protein was not a proteasome, the “re-
written” passages were “read” by the AFM tip by monitoring the differences in height within
the array. Importantly, all the procedures of “writing, erasing, rewriting and reading” were
carried out in liquid, maintaining the proteins in native condition, suitable for interaction
screens of diagnostic value [10λλ]. Another kind of nanolithography involving the proteasome
was carried out under native conditions as well. Here, a monolayer of small protein lysozyme
was adsorbed on mica. The lysozyme was previously modified by polyubiquitination, which
rendered the protein a suitable substrate for the human 26S proteasome. Tapping mode AFM
in liquid was used to scan the uniform layer of polyubiquitinated lysozyme. When the purified
26S proteasomes were injected into the AFM chamber, after several minutes numerous
randomly positioned proteasome particles, easily identified by their shape, settled on the layer
of substrate covering most of its surface. During an hour of continuous scanning most of
proteasomes gradually disappeared leaving large patches of bare mica. Subsequent addition of
fresh proteasomes did not result in significant adsorption of the enzyme to the mica patches.
We interpret these real time observations as indications of: (i) specific binding of 26S
proteasome to a substrate protein adsorbed on mica, and (ii) nanolithography-type protein
degradation process monitored by AFM scanning and imaging (Gaczynska and Osmulski,
unpublished results).

A different type of bio-nanoarrays can be created with molecular cages used as containers.
Ferritin is especially well suited for nanotechnology applications due to its ability to
accommodate various inorganic cargo. For example, ferritin particles were self-assembled into
a 2D array on air-water interface, transferred to silica surface and heat-treated to remove the
protein shell, leaving iron oxide particles regularly patterned on the substrate, a prototype array
for potential use in nanoelectronics [176λ]. In turn, ferritin cages reassembled with distinct
cores and characterized by AFM were organized in multilayered arrays as bio-nanobattery
[172]. Ferritin molecules reconstituted with iron, cobalt, manganese, platinum or nickel were
used to create regularly patterned quantum dots suitable for direct manipulation with AFM tip
[177]. The ferritin - templated quantum dots exceeded in uniformity those created with
physicochemical methods [177]. Such quantum dots are required for construction of quantum
logic gates, a fundamental building block for quantum computing. Other cage-like protein
complexes and also assemblies with inner compartment of restricted - access type, like the
proteasome, may find a way into nanotechnology as vehicles and containers [142]. Definitely,
the future will bring many more exciting applications for protein assemblies and atomic force
microscopy in nanomedicine and nanotechnology.

Abbreviations
AFM  

atomic force microscopy

CD  
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circular dichroism

EM  
electron microscopy

HOPG  
highly oriented pyrolytic graphite

NMR  
nuclear magnetic resonance

PI31  
proteasome inhibitor of molecular weight 31,000 kDa

Rpn  
regulatory particle non-ATPase subunit

Rpt  
regulatory particle ATPase subunit

STM  
scanning tunneling microscopy

vWF  
von Willebrand factor
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Fig. 1. “Building up” the proteasome assembly
The particles electrostatically adsorbed to mica were imaged in tapping mode in liquid
(Nanoscope IIIa; Veeco). (A) Representative top-view images of 20S core particle (CP) and
core particle extended with a “stent” created from Rpn2 or Rpn1-Rpn2 dimer, presented below.
The images were zoomed-in from 600 nm × 600 nm fields, flattened and plain-fitted. Color
bars represent the height scale, different for CP and free stent components. (B) Height
distribution of 20S CP in mixture with Rpn1 and Rpn2 is shown as relative number of
molecules, which fall within a height range of 0.25 nm wide bins. Heights were analyzed with
grain analysis function (SPIP v. 4.3.2.0, Image Metrology, Denmark). To fit the experimental
frequency data, normal distribution of particle height was assumed for each type of particles,
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with the exception of the broad peak (presumably mostly CP-Rpn2), for which the height
distribution curve was fit using an asymmetric double sigmoidal function within the OriginPro
Peak Fitting module (modified from Rosenzweig, Osmulski, Gaczynska, Glickman,
submitted).
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Fig. 2. Two conformations of the 20S core proteasome
The fission yeast proteasome was electrostatically adsorbed to mica and imaged by tapping
mode AFM in liquid [2]. Particles in two stable conformational states were detected: with a
cavity in a ring (“open”) or with smooth a face (“closed”) and with a barrel-like or a more
elongated (“cylinder”) shape. The representative images were zoomed-in from 1 μm × 1 μm
fields and are presented as side-plots (tilted images).
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Fig. 3. The imaged native 26S proteasome assembly binds a substrate and assumes distinct
conformations
(A) The human assembly with a single 19S cap (“half-26S”) was imaged with a particle bound
to the lid of the cap, presumably a substrate (polyubiquitinated lysozyme), which was added
to the proteasome sample. (B) Images of bakers yeast 26S assemblies with diverse
conformations of the core particle (see Fig. 2) and the 19S caps. The presumed dynamical
behavior of the 26S particle is now under investigation. Tapping mode in liquid and
electrostatic adsorption to mica were used. The images were zoomed-in from 1 μm × 1 μm
fields (Osmulski and Gaczynska, unpublished observations).
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