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1. ABSTRACT 
 

In many types of biophysical studies of both 
single molecules and ensembles of molecular motors the 
motors are adsorbed to artificial surfaces. Some of the most 
important assay systems of this type (in vitro motility 
assays and related single molecule techniques) will be 
briefly described together with an account of breakthroughs 
in the understanding of actomyosin function that have 
resulted from their use. A poorly characterized, but 
potentially important, entity in these studies is the 
mechanism of motor adsorption to surfaces and the effects 
of motor surface interactions on experimental results. A 
better understanding of these phenomena is also important 
for the development of commercially viable 
nanotechnological applications powered by molecular 
motors. Here, we will consider several aspects of motor 
surface interactions with a particular focus on heavy 

 
 
 
 

meromyosin (HMM) from skeletal muscle. These aspects 
will be related to heavy meromyosin structure and relevant 
parts of the vast literature on protein-surface interactions 
for non-motor proteins. An overview of methods for 
studying motor-surface interactions will also be given. The 
information is used as a basis for further development of a 
model for HMM-surface interactions and is discussed in 
relation to experiments where nanopatterning has been 
employed for in vitro reconstruction of actomyosin order. 
The challenges and potentials of this approach in 
biophysical studies, compared to the use of self-assembly 
of biological components into supramolecular protein 
aggregates (e.g. myosin filaments) will be considered. 
Finally, this review will consider the implications for 
further developments of motor-powered lab-on-a-chip 
devices.  
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2. INTRODUCTION 
 
2.1. General 

The molecular motors are cellular nano-
machines that convert chemical free energy in the form of 
high-energy phosphates into mechanical work (1; 2). There 
are three main classes of linear molecular motors that 
interact with cytoskeletal filaments (actin filaments or 
microtubules) to produce force or motility or to transport 
cargoes. The different classes are the dyneins and kinesins 
that walk along microtubule tracks and the myosins that 
walk along, or translocate actin filaments. 

 
The present review will consider biophysical 

assays and nanotechnological applications where molecular 
motors are adsorbed to surfaces. Particular emphasis will 
be given to the importance of surface-motor interactions in 
these assays. In order to limit the scope of the review we 
will focus on myosin motors, in particular the proteolytic 
motor fragment heavy meromyosin (HMM) of skeletal 
muscle myosin II. Some aspects of surface-motor 
interactions for the kinesin-microtubule system (3-6) have 
been recently reviewed (7) and discussed in comparison to 
the actomyosin system elsewhere (8). 

 
For surface-immobilization of proteins, whether 

these are antibodies in e.g. biosensor systems or molecular 
motors in biophysical assays, it is important with: 1. correct 
orientation for optimal function and 2. sufficiently strong 
immobilization to prevent rapid detachment from the 
surface while, simultaneously, not triggering excessive 
conformational changes. These goals can be achieved in 
different ways (9; 10). One possibility is direct covalent 
coupling between functionalities on the surface and specific 
amino-acids on the protein. Alternatively, affinity coupling 
molecules, such as antibodies (11) or the biotin-streptavidin 
system (12), may be used. One part of these coupling 
molecules then bind non-covalently to a specific region on 
the protein while another part is appropriately immobilized 
on a surface. Whereas surface immobilization via specific 
residues has potential advantages, it is associated with 
increased level of complexity compared to physical 
adsorption. Accordingly, the latter method is by far the 
most common for immobilization of molecular motors in 
both biophysical studies and nanotechnological 
applications. For this and other reasons, the present review 
will focus on non-specific physical adsorption of motors. 

 
 2.2. Why is insight into motor-surface interactions 
important? 

  Biophysical assay systems that rely on 
immobilization of motors to artificial surfaces include in 
vitro motility assays (13) and related single molecule 
assays (14). In a majority of the studies using such systems, 
the experiments have been performed without detailed 
considerations of motor-surface interactions.  Only more 
recently has the interest to understand these phenomena 
grown considerably, driven by efforts to exploit molecular 
motors in nanotechnological applications (reviewed in (15-
17)). In such applications, it is important with the selective 
localization of motor function to nano-sized tracks with 
suppression of motor function and motility in surrounding 

regions. The effectiveness of achieving selectivity by 
various methods of chemical surface patterning (Figure 1) 
has clearly demonstrated the critical dependence of motor 
function on the underlying surface properties. 

 
Whereas early efforts to achieve selective 

localization of motor function on a chip were largely by 
trial and error, there has been growing insight that in depth 
understanding of the adsorption mechanisms are required 
for optimization of the system. This is essential in order to 
achieve robust and high-quality motor function for 
production of commercially viable nano-devices (16; 18). 
Moreover, it is of interest to create systems where motility 
may be reversibly switched on and off locally by changes, 
either in motor (19) or surface properties (20). If 
successful, such attempts will be of importance in 
nanotechnology but may also contribute to further insights 
into motor regulation in living cells (21; 22) as well as into 
protein biophysics in general (cf. (23)). 

 
   A detailed understanding of surface-

motor interactions in different experimental systems will 
also be important for the interpretation of experimental 
results in biophysical assays as well as correct extrapolation 
of such results to in vivo motor properties (cf. (24) ).  

 
Finally, studies of motor-surface interactions will 

contribute to the understanding of surface-protein 
interactions in general, a field of immense importance in 
biotechnology (10; 23; 25; 26). Relevant applications 
involve non-fouling surfaces, biomaterials, biosensors and 
specific protein immobilization in high throughput drug-
discovery devices. The special properties of motors make 
them interesting model proteins for such studies of general 
mechanisms (cf. (8)). For instance, the highly asymmetric 
motors have regions of varying chemistry with respect to 
charge and conformational flexibility and may be useful as 
critical test proteins for evaluating the effectiveness of non-
fouling, protein-resistant surfaces.  

 
3. IN VITRO MOTILITY ASSAYS AND OPTICAL 
TWEEZERS EXPERIMENTS 
 

In vitro motility assays (IVMA) are performed in 
two major configurations. In the first version, motor-coated 
beads are observed as they are transported along oriented 
arrays of actin filaments or microtubules that are 
immobilized on a surface (27; 28). In the second, and most 
common version (the gliding motility assay; (13; 29)), 
fluorescent cytoskeletal filaments are observed as they are 
transported by randomly oriented surface immobilized 
motors (Figure 2). The assay differs in details when applied 
to different motor systems (30). Here, we focus on the 
gliding configuration with myosin II or its proteolytic 
fragments subfragment 1 (S1) or heavy meromyosin 
(HMM) adsorbed to surfaces. Conventionally, 
nitrocellulose films are used as substrate for protein 
adsorption but different silanized surfaces and polymers 
have also been used (see further below). 

 
Details regarding the general incubation steps for 

IVMAs vary slightly between labs but the principles are 
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Figure 1. High-quality actomyosin motor function selectively localized to certain regions on micro-patterned (A and B) and 
nano-patterned surface (C). (A) Micro-patterned surface with pure SiO2 area to the right (dark) and silanized, hydrophobic area to 
the left (bright due to binding of Alexa-488-phalloidin labelled actin filaments to HMM). Entire surface pre-incubated with 
HMM at a concentration of 130 micrograms ml-1 for 2 min. Scale bar 15 micrometers, temperature 18 °C. (B) Same surface as in 
part A but after exchange of fluorescence filter set for the observation of individual rhodamine-phalloidin labelled actin filaments 
added at low concentration. Sum of 90 fluorescence images (0.5. s exposures) show filament trajectories. Positions of filaments 
indicated by bright time markers every 12 s. Border between TMCS and SiO2  indicated by dashed lines. (C) Time-integrated 
image sequence (45 frames, 7.5. fps) of fluorescent actin filaments moving in a channel structure whose geometries permit only 
straight, forward motion (200 nm bottom channel width with silanized surface). This resulted in the text ‘Molecular Motors’ 
being spelled out, sequentially. Artificial coloring of the light intensity from red (lowest) to white (highest) applied after 
optimization of the image contrast. The areas surrounding the channels for guiding of the motors consisted of 
polymethylmethacrylate (PMMA) made hydrophilic by treatment with oxygen plasma. Scalebar in C, 5 micrometers. Assay 
solutions in A-C without methylcellulose and with an ionic strength of 40 mM. Figures in A and B reprinted with permission, 
from (34). Copyright (2006) American Chemical Society. Figure in C reprinted from (111) with permission from IOP Publishing 
Limited. 

 
similar (31-33). Briefly, incubation with the 

motors or motor fragments is followed by blocking with 
e.g. bovine serum albumin (BSA; to block non-coated 
surface sites) and, usually, with unlabelled actin ((31; 33); 
to block non-functional rigor-like heads). Finally, the flow 
cell is incubated with fluorescent actin filaments and 
MgATP containing assay solution. The assay solution may 
contain methylcellulose to prevent diffusion of the actin 
filaments away from the surface at low motor density 
and/or high ionic strength. The duration of the HMM 
incubation step can vary slightly (1 – 2 min) but this is 
probably not an important source of variation between labs 
considering the apparently fast time course of HMM 
adsorption (cf. Figure 3; (34)). 

  The in vitro motility assay was early extended 
to allow measurement of inter-molecular forces. Originally, 
this was achieved by attachment of actin filaments to glass 
microneedles with the possibility to record force producing 
events attributed to a limited number of actomyosin 
interactions (35). However, in the early and mid nineties 
optical tweezers systems were implemented for measuring 
pN forces and nm displacements, generated in single actin-
myosin interactions (14; 36). In the three-bead geometry 
(Figure 4), used in a vast majority of these studies 
(reviewed in (31; 37; 38)), an actin filament is suspended 
between two beads held in optical traps. The myosin 
motors or their motor fragments are immobilized at very 
low density on a third bead, or on a microfabricated 
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Figure 2. Principle for gliding in vitro motility assay where  HMM molecules (gray), that are immobilized on a suitable surface 
substrate, propel actin filaments (red) upon addition of a suitable ATP containing buffer solution. 

 

 
Figure 3. Total internal reflection fluorescence (TIRF) spectroscopy data showing the time course of HMM adsorption on a 
TMCS coated fused silica (SiO2) TIRF slide. HMM infusion (130 micrograms ml-1) started at the first arrow, was terminated 
after 40 s and then followed by rinsing with wash solution at the second arrow. Proteins were subjected to evanescent wave 
excitation at 280 nm and fluorescence emission was measured at 335 nm. Data normalized to maximum value. Note negligible 
bulk contribution due to HMM in solution and desorption of the HMM upon rinsing with protein free solution. Small excitation 
slit used, making effects of photobleaching negligible.  
 

 
 
Figure 4.  Schematic illustration of optical tweezers experiment in the three-bead geometry. The actin filaments are bound to 
beads held in traps of focused laser beams. The motors are immobilized at low density on a third bead (in the middle) placed on a 
cover slip. Upon lowering of the actin filament towards the bead with motors random binding events, and associated forces and 
displacements, may be detected by monitoring the position of one, or both, trapped beads by means of optical quadrant detectors. 
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Table 1.  Important developments or results obtained by in vitro motility assays or optical tweezers experiments1 
Year Development/Result Refs 
1983-1985 First motility assays with the bead geometry.  (27; 28) 
1984 Observation of single fluorescent actin filaments in epifluorescence  (157) 
1986 First gliding motility assay  (29) 
1987-1988 One-headed myosin and subfragment 1 sufficient to produce force and to propel actin filaments  (35; 158; 159) 
1989, 1997 Actin filament polarity determines sliding direction. Myosin propels actin independent of orientation  (56; 160) 
1990-1991 In vitro motility assays at low motor density and with very short actin filaments for estimation of duty ratio and step length  (32; 115; 161) 
1992 Similarity and differences between in vitro motility assays and fibre experiments in effects of several experimental 

parameters. Improvement of tracking algorithms and motility assay procedure. 
 (33) 

1993 Right handed rotation of actin filament during in vitro sliding   (162) 
1994 First optical tweezers studies in three-bead geometry and first single molecule force measurements on actomyosin  (14) 
1995 Improved methods for determination of step length and on-time and first measurement of step length (4 nm) from a single 

myosin head (S1) 
 (36) 

1996 Bead-tailed actin filament – of importance in optical tweezers studies and for nanotechnology. Estimation of torque exerted 
by myosin on actin 

 (163) 

1997 First in vitro motility assay using surfaces micropatterned by UV-lithography  (100) 
1998 Simultaneous observation of mechanical and chemical events in actomyosin by optical tweezers studies and single molecule 

fluorescence 
 (12) 

1999 Two heads are better than one in force-generation  (41) 
1999 Two-step force generation observed in myosin I but not in myosin II  (42) 
1999-2000 Studies of myosin (with single isoform) isolated from single muscle fibres using slightly different approaches  (50-52) 
2001 Optical tweezers experiments used to map "target zones" of favorably oriented sites on the helices of the actin filament  (40) 
1990-2003 Several in vitro motility assay studies of activation mechanism using thin filaments reconstituted in different ways  (32; 46; 57; 62; 

164) 
2003 First actomyosin in vitro motility assay using surface nanostructured by E-beam lithography  (102) 
2003 Load dependent kinetics of force production in smooth muscle myosin demonstrated by a new optical tweezers based 

technique 
 (165) 

2004 “Backwards motility” in vitro produced by engineering an originally “forward directed” plus end motor  (166) 
2006 Optical tweezers studies demonstrate two-step force generation by myosin II  (39) 

 1The list is non-exhaustive and is strongly focused on myosin II of muscle 
 
pedestal (12), placed on a cover-slip surface. To initiate 
actomyosin interactions the actin filaments are brought in 
close proximity to the bead or the pedestal. Motor-induced 
forces or displacements may then be detected by tracking 
the position of the trapped beads using a quadrant photo-
detector.  

 
   In these single molecule experiments 

the surfaces with the beads are incubated with generally 
similar buffer solutions as in motility assays but with 
considerably lower motor concentration and usually a very 
low MgATP concentration. The immobilization of HMM, 
S1 and myosin are generally achieved by non-specific 
adsorption to nitrocellulose coated beads (14; 36; 39-43). 
However, specific immobilization e.g. via antibodies (41) 
has also been utilized for subfragment 1 and 
immobilization via His-tags has been exploited for 
engineered myosin constructs (44). Furthermore, thick 
filaments have been immobilized on pedestals with myosin 
heads extending from their backbone (12; 45). 

 
In vitro motility assays and optical tweezers 

studies have contributed immensely to the understanding of 
molecular motor function (e.g. summarized in (1; 37; 38; 
46)). A non-exhaustive list of important results with focus 
on myosin II is given in Table 1. 

 
In spite of the success and general usefulness of 

the in vitro motility assays and related single molecule 
techniques there are a number of issues that need to be 
further considered for both nanotechnological applications 
(16; 17; 47) and biophysical studies (24; 48; 49). For 
nanotechnological applications one main concern is the 
limited life-time of the motors in a device situation. For 
biophysical assays this issue is not of any major relevance. 

However, it is clear that there are a number of apparent 
discrepancies between the IVMA studies and optical 
tweezers studies on one hand and theoretical predictions 
and the in vivo behavior of the motors on the other. For 
instance, using HMM, Homsher et al (33) found 
differences in ionic strength-, pH- and temperature 
dependence of sliding velocity compared to the situation in 
fibers. Moreover, by isolating myosin from single muscle 
fibres (50; 51) unloaded fibre shortening speed could be 
directly compared to the in vitro motility assay sliding 
velocity, with markedly lower velocity in the latter case. 
Whereas Hook et al (52) did not note the same discrepancy 
in their elegant single fibre motility assay, the effect was 
later observed again using in vitro motility assays with 
synthetic myosin filaments that contained well-defined 
myosin heavy chain isoforms (49).  

 
As regards optical tweezers studies one 

uncertainty is the myosin step length.  Usually a step length 
of about 5 nm has been observed (e.g. (36; 39; 40).  
However, in several studies (14; 41; 45) with two-headed 
myosin constructs, or with one-headed myosin molecules in 
myosin-rod co-filaments at “appropriate” orientation, a 
value close to 10 nm was observed.  This is more consistent 
with X-ray crystallographic data (53; 54) and X-ray 
interference experiments in muscle fibers (55).    

 
The observed differences between the in vitro 

motility assay and optical tweezers results on one hand, and 
theoretical predictions and experimental results obtained 
using muscle fibers on the other, can be attributed to a 
combination of several factors. These include the loss of in 
vivo order in the in vitro experiments (24; 45; 49; 56), 
changes in supramolecular composition (e.g. loss of 
troponin and tropomyosin; (32; 46; 57)), differences in 
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buffer composition (58; 59) , limitations in analysis 
methods or models (60; 61) etc. In addition (see further 
(24)) it is clear from Figure 1 that surface motor 
interactions may have significant effects on function (see 
also Figure 7 below). Furthermore, it has been shown that 
the relationship between pH and sliding velocity exhibits 
differences when HMM is adsorbed on  nitrocellulose and 
on a silanized surface (24). Finally, the mechanism of Ca2+   
activation of reconstituted thin filaments seems to be 
different on nitrocellulose and silanized surfaces (46; 62). 
As further discussed below, some of the effects of different 
surface chemistries may be attributed to different 
configurations (orientations) of the HMM molecules.  

 
4. MECHANISMS OF PROTEIN ADSORPTION 
 

The great significance of surface-adsorption of 
proteins in various applications, has motivated a vast 
number of studies of the underlying mechanisms (reviewed 
in (10; 23; 25; 26)). Due to the complexity there is still no 
detailed theory that allows accurate predictions of 
adsorption behavior. However, a general picture that has 
emerged is that the driving forces for adsorption are mainly 
electrostatic and entropic in nature with minor relevance of 
van der Waals interactions. 

 
   The importance of electrostatic 

interactions was strikingly demonstrated by the major 
effects on adsorption kinetics resulting from the exchange 
of a single charged amino acid residue in cytochrome b5 
(63). In addition to the obvious effects of charge density 
and sign, and their dependence on pH, several other factors 
determine the strength of electrostatic protein-surface 
interactions. One of the most important is the well-known 
decrease in electrostatic interactions with increased ionic 
strength. In depth insight has been gained through model 
simulations (64) considering proteins of low surface 
coverage and their electrostatic and van der Waals 
interaction energies with the surface. In these simulations, 
the equilibrium constant for protein adsorption to a surface 
of opposite charge was reduced by up to 1-2 orders of 
magnitude by increasing the ionic strength from 0 to 100 
mM. However, also at 100 mM, the equilibrium constant 
was up to several orders of magnitude (depending on 
assumed surface and protein charge) higher on charged 
surfaces than in the absence of surface or protein charge. 
The persistent importance of electrostatic interactions in 
adsorption phenomena up to, and above, physiological 
ionic strengths has been confirmed in experimental studies 
(65). Moreover, the relevance of electrostatic interactions 
under these conditions is also clear from their importance 
in the actomyosin interaction (2; 66-71). 

 
Even if proteins have zero net charge there may 

be strong electrostatic interactions between the surfaces and 
certain protein domains or loops, particularly if the proteins 
are strong electric dipoles. Such effects may determine 
surface orientation as clearly demonstrated in a series of 
theoretical and experimental studies of antibodies at 
positively and negatively charged surfaces (72-74). On the 
basis of a residue-based protein-surface interaction 

potential model and Monte Carlo simulations Zhou et al 
(73) suggested that electrostatic and van der Waals 
interactions co-determine the orientation of the adsorbed 
antibodies. At ionic strengths up to about 100 mM 
(depending on the dipole moment and surface charge) the 
simulations suggested predominance of electrostatic 
interactions with noticeable effects of charge density and 
sign on antibody orientation. The preferred orientations of 
antibodies on charged surfaces, was later confirmed 
experimentally (72; 74). In this connection, it is of interest 
to note that the antibodies in the referenced studies 
exhibited dipole moments (1400 – 3200 D) that are in the 
same range as for relevant myosin motor fragments (see 
below).  

 
Regarding entropic interactions these include 

conformational entropy and hydrophobic interactions. The 
latter result from the increase in entropy of the water 
molecules (smaller total area of structured water) as 
hydrophobic regions of the proteins are brought in direct 
contact with a hydrophobic surface. This effect increases 
with temperature and, in contrast to electrostatic 
interactions, also with ionic strength. Its magnitude is 
strongly dependent on the specific salt, and it is the basis 
for “salting out” effects and hydrophobic interaction 
chromatography. In consistence with these effects, 
increased adsorption of proteins on hydrophobic surfaces 
may be expected with increased ionic strength or 
temperature. 

 
  The conformational entropy as a 

driving force for adsorption varies for proteins depending 
on their internal structural stability (25). Thus, due to gain 
in conformational entropy, unstable proteins (“soft” 
proteins; e.g. bovine serum albumin, beta-casein and 
catalase) generally adsorb on all surfaces independent of 
electrostatic interactions (25). In this process they tend to 
unfold and spread on the surface with time (25; 75; 76), this 
effect being faster on more hydrophobic surfaces (77). For 
stable (“hard” proteins), e.g. alpha-chymotrypsin and 
lysozyme, on the other hand, adsorption may occur readily 
on hydrophobic surfaces (with spreading (77)) but is weak 
on hydrophilic surfaces, unless there are favorable 
electrostatic interactions (25; 77).  

 
Usually protein adsorption is irreversible on an 

experimental time scale (25). Therefore, the apparent 
behavior according to a Langmuir adsorption isotherm, 
with an increase in surface density at increased incubation 
concentration, may be attributed to different orientations 
and different degrees of conformational changes of the 
proteins following adsorption (77; 78). If the protein shape 
is approximated as rectangular one would expect 
energetically favored adsorption, with the long axis along 
the surface, at low solution concentration. On the other 
hand, at high concentration and high surface coverage, an 
orientation with the long axis perpendicular to the surface 
would be entropically favored (78). Moreover, as the 
surface coverage increases there may be structural 
transitions from the first to the second orientation. There 
may also be changes in conformation and protein-protein 
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Figure 5. Model of the myosin heavy chain based on the crystal structure of myosin subfragment 1 (91). The myosin chain has 
four flexible loop segments, comprising residues 205-215, 572-574, 627-646 and 732-737, for which no, or very limited electron 
density could be detected by the X-ray analysis. To generate a model of the complete protein these four loops were built into the 
structure and their conformation energy minimized using the MacroModel package (Schrodinger). Panels A and B show the 
myosin head in a ribbon representation and in an electrostatic surface representation. Positive and negative charges are shown in 
blue and red, respectively. The Figure was prepared in Molmol (169) Highlighted in the model by green circles are the highly 
basic loops 567-575 (loop 3) and 626-647 (loop 2) which have been suggested to be crucial for effective actomyosin interactions 
(see text). 

 
interactions (e.g. clustering and electrostatic attractions and 
repulsions (79; 80)) to increase or decrease the surface 
coverage. With regard to irreversible changes in 
conformation these more readily occur on hydrophobic 
surfaces and with “soft” proteins. 

 
To summarize, at low surface coverage the 

important factors are the electrostatic and entropic 
interactions between the proteins and the surfaces. At high 
surface density these factors are complicated by different 
types of protein-protein interactions with the possibility of 
different protein orientations and conformations.   

 
5. STUDIES OF MOTOR ADSORPTION TO 
SURFACES 
 
5.1. Characterization of the motor 
  Studies of motor-surface interaction mechanisms 
focused on heavy meromyosin motor fragments from fast 

skeletal muscle will be described below. Relevant 
characteristics of the entire “long HMM fragment” (81) 
used in our studies and its major segments are described in 
Figure 5 and Table 3. Globally, the molecule is strongly 
negatively charged at physiological pH and both the entire 
HMM molecule and S1 are electric dipoles.  
 

There is strong evidence, both from biochemical 
studies (82; 83) electron microscopy (84) and fluorescence 
microscopy (85) that the myosin hinge region, i.e. the C-
terminal of long chymotryptic HMM (82), has properties 
that are characteristic of a “soft” protein that readily 
unfolds. On the other hand, the remaining subfragment 2 
part of the HMM tail is likely to be more stable, exhibiting 
a “fine balance between coiled-coil propensity and 
structural instability” (86). The amino acid composition of 
the S2 part (as for the entire rod portion of myosin) is 
dominated by acidic amino acids with a large excess of 



Molecular motors on artificial surfaces 

5739 

negative charge at physiological pH ( (82) and Swiss Prot-
TrEMBL, entry name MYH4_RABIT). 

 
This is in good agreement with a negatively 

charged backbone of the thick filament (87). Both this 
overall negative charge and the distribution of negatively 
charged residues on the S2 surface, may have important 
implications for regulation and modulation of muscle 
contraction (21; 86). The persistence length of S2 (88) is 
given in Table 3 in order to indicate the level of flexibility 
of this region, a factor that also may be of importance for 
the detailed orientation of the HMM molecules at a surface. 

 
Since a part of the myosin heavy chain near the 

head-tail junction is susceptible to cleavage by papain one 
may expect some degree of flexibility with temporary 
unfolding in this region as discussed in (89; 90).  

 
With regard to subfragment 1 the neck is 

stabilized by the essential and regulatory light chains (91) 
and it exhibits an overall negative charge, attributed to the 
light chains. On the basis of amino acid sequence, the 
algorithm of Guruprasad et al. (92), implemented in Swiss 
Prot-TrEMBL, classifies the catalytic domain of S1 as 
stable. Accordingly, it has been shown to exhibit a higher 
temperature of thermal unfolding than subfragment 2 (93). 
On the other hand, this temperature is lower than for the 
soft protein BSA (94). Moreover, the 50 kD segment of the 
catalytic domain has been shown to readily unfold in vitro, 
both in response to a prolonged but moderate increase in 
temperature (95) and in response to increasing 
concentrations of methanol (96).  

 
Regarding charge distribution in the catalytic 

domain the accumulation of positively charged residues in 
the mobile surface loops 2 and 3 (Figure 5) is particularly 
notable. Both these mobile loops have been implicated in 
actin binding (2; 53) and electrostatic interactions have 
been shown to be important in stabilizing the actomyosin 
interactions in different nucleotide states. Since the loops 
may have the capability to protrude some distance above 
the S1 surface (68) they would be expected to give rise to 
electrostatic potentials that extend quite far into the 
solution.  

 
Several detailed mutagenesis studies have been 

performed with loop 2 (2; 70; 97; 98).  As reviewed by 
Geeves et al. (2), the number of positively charged amino 
acids in this loop is important for several aspects of the 
interaction between actin and myosin II. This includes the 
formation of the initial non-specific weak binding state, the 
actomyosin affinity in different nucleotide states, the 
actomyosin ATPase, and the degree of myosin based 
regulation of contraction. More recently, it has also been 
demonstrated that the positive charges in loop 2 are 
important for the affinity of the weakly actin binding state 
of myosin V (98). Moreover, the processive run length of 
myosin V was found to be reduced as a result of a 
decreased number of positive charges in loop 2, attributed 
to a reduced on-rate of the leading head (71). The above 
results suggest that positively charged residues in the 
mobile surface loops 2 and probably 3 (2; 68), are of great 

importance for guiding the diffusional search of the motor 
towards its binding site on actin. In addition to these 
charged loops the dipole characteristics of the entire S1 
fragment is likely to be of importance in this connection. It 
also seems reasonable to presume that similar mechanisms 
are important in electrostatically driven surface adsorption 
of the motors at negatively charged surfaces.  

 
5.2. Derivatization and characterization of the surfaces 

In studies of motor-surface adsorption 
mechanisms, and in well-defined biophysical assays, 
adequately cleaned, functionalized and characterized 
surface substrates should ideally be used. A standardized 
and efficient cleaning procedure is important in order to 
produce well-defined surface chemistries for protein 
adsorption or further derivatization (cf. (8; 34; 99)). After 
physical-chemical characterization of the surfaces it is 
important to use them as soon as possible, at least within 
hours, to avoid environmental contamination (8; 99). 
Longer storage times are acceptable in a controlled 
environment, e.g. under pure distilled water (8), nitrogen 
atmosphere etc. (depending on the specific surface 
chemistry). 

 
Simple surface derivatization may be achieved in 

different ways: e.g. by spreading of a nitrocellulose 
solution with subsequent evaporation of the solvent (13), 
spinning of polymers (100-102) and formation of covalent 
self-assembled monolayers on silicon-dioxide (8; 31; 34; 
62; 103). The latter approach, using silane chemistry, is 
attractive since it is readily achieved on transparent glass or 
fused silica surfaces. Silane monolayers may also readily 
be nanostructured for selective localization of motility to 
nanosized tracks (104). However, for the purpose of 
reproducibility it is important to use monofunctional 
silanes, e.g. monochlorosilanes to avoid polymer formation 
(103).  

 
In a recent study (8) several monochlorosilanes 

were tested as underlying substrates for the surface 
adsorption of HMM in motility assay studies. Here, it was 
shown that one of the simplest monolayers with 
trimethylsilyl residues on the surface (achieved by 
silanization using trimethylchlorosilane; TMCS) gave rise 
to the best and most reproducible function in motility 
assays. The motility was at least as good (in terms of 
velocity and fraction of motile filaments), and more 
reproducible, than on more poorly defined nitrocellulose 
surfaces (103; 105; 106). 

 
As a prerequisite for understanding surface-protein 
interactions, a proper surface characterization is important. 
In earlier studies (8; 34; 103) silane monolayers and other 
surfaces have been characterized by contact angle 
measurements (probing surface hydrophobicity; Table 2), 
zeta-potential measurements (probing surface charge) and 
atomic force microscopy (probing surface topography and 
roughness). These characterization methods give a 
considerable amount of information but, if there is 
uncertainty about the chemical composition or film 
thickness,  they may need to be supplemented by X-ray 
photoelectron spectroscopy (XPS; probing elemental 
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Table 2. Various experimental techniques for studies of surfaces and surface-protein interactions1 

Experimental 
technique  

Principle Information derived Refs3 S/P 4               

Ultrastructural/Scanning probe techniques 
Atomic force 
microscopy 

A fine tip on a cantilever is scanned over a 
surface. The interaction forces (related to tip-
surface distance) are utilized to image topography 
with sub-nm resolution. Also force-spectroscopy 
studies of elasticity and recognition 

Surface topography, e.g. surface roughness. Imaging 
with tapping mode in fluid can give detailed images 
of proteins in their native state. Information about 
surface elasticity. 

 (108; 
110; 
141; 
142) 

S, P 

Electron microscopy Following, pre-treatment of the sample (necessary 
for biological specimens) a primary beam of 
electrons interacts with the specimen in vacuum to 
form an image 

Studies of surface morphology usually with slightly 
better resolution than with AFM but with more 
severe requirements for pre-treatment of biological 
samples 

 (79; 84; 
107; 
143) 

S, P 

Biochemical techniques 
ATPase and 
depletion of 
incubation solution,  

See text Catalytic activity and surface density of ATPase 
 

 (32; 34; 
116) 

P 

Limited proteolysis 
of adsorbed proteins 

See text Information about immobilized and free parts of 
proteins 

 (119) P 

Thermodynamic technique 
Contact angle 
measurements: 
advancing and 
receding angles. 

Contact angle at triple point between gas phase, 
surface and small droplets. Advancing (receding) 
angle measured as droplet volume is slowly 
increased (decreased).   

Surface hydrophobicity.       Surface tension. 
Difference between receding and advancing angle: 
surface homogeneity. 

 (99; 
144; 
145) 

S,  (P) 

Spectroscopic techniques 
X-ray 
photoelectronspectro
scopy (XPS) 

Based on photoelectric effect. Bombardment with 
X-rays causes release of electrons from inner 
shells with kinetic energies characteristic of the 
molecular species 

Detailed chemical composition and monolayer 
thickness 

 (143; 
146) 

S 

Fourier transform 
infrared spectroscopy 
(FTIR) 

Infrared spectroscopy exciting stretching and 
bending modes of chemical bonds. Fourier 
transform spectroscopy utilizes a interferometer to 
make data collection more effective 

Structure and composition of thin surface films, e.g. 
self-assembled monolayers but also conformations of 
protein films e.g secondary structure information 

 (147) S, P 

Neutron reflectivity Reflectivity of neutrons at solid-water interfaces Layer thickness and identification of different layers 
and some aspects of chemical composition 

 (148) S, P 

Mass-spectroscopy 
e.g.TOF-SIMS2 

Primary ion beam sputters particles from surface – 
ejected secondary electrons (1-1.5. nm from 
surface) are analyzed by  time-of-flight mass 
spectrometry 

Information about composition of the the top layer of 
a surface or protein film. This gives information 
about protein orientation 

 (74) S, P 

Different optical techniques 
Ellipsometry Altered state of polarized light upon reflection in 

different interfacial layers 
Information about thickness and refractive index of 
surface coating. The latter parameter related to 
amount of protein 

 (122; 
149) 

S, P 

FLIC-microscopy 
=fluorescence 
interference contrast 
microscopy 

See text Gives information about the distance between a given 
surface and a fluorescent probe 
 
 

 (6; 168)  (S), P 

TIRF spectroscopy/ 
microscopy 

See text Protein density at surface but also some orientation 
information possible (e.g. by anisotropy studies) 

 (112; 
123; 
150) 

 (S), P 

Surface Plasmon 
resonance (SPR) 

Attenuation of reflected light due to resonance 
energy transfer to surface plasmons e.g. at a gold 
surface occurs at an angle that is sensitive to the 
refractive index, and thereby to the binding of 
proteins close to the surface 

Binding of proteins to surface may be followed in 
real time by monitoring changes in refractive index 
close to the surface  

 (151; 
152) 

P 

Optical waveguide 
lightmode 
spectroscopy 
(OWLS) 

Grating assisted coupling of light into and 
guidance within an optical waveguide layer. 
Coupling to liquid cell makes the in-coupling 
angle sensitive to the refractive index of and 
adsorbed film. 

By the derived information about refractive index and 
thickness of the protein film the amount of adsorbed 
protein can be calculated with high sensitivity.  

 (80; 
153) 

P 

Other methods 
Quartz crystal 
microbalance (QCM) 

See text Deposition of wet mass on surface and flexibility of 
protein film 

 (128; 
131; 
154, 
155) 

P 

ζ-potential 
measurements 

Measures potential (ζ-potential) at Stern layer e.g. 
on basis of electroosmotic flow rate 

ζ-potential proportional to surface charge density. 
Depends on pH, ionic strength and exact ionic 
composition 

 (156) S, (P) 

 

1 General techniques for protein adsorption studies with potential usefulness for the study of surface-motor interactions are 
included. In addition to the cited papers some of which are rather specialized, overviews of several techniques are given in recent 
general reviews such as (10; 25; 143), 2TOF-SIMS: time of flight secondary ion mass spectrometry, 3 References are selected for 
pedagogical general descriptions of the techniques as well as for illustrating potential usefulness for the study of different aspects 
of surface adsorption of motors. 4 Used for studies of surfaces (S) and/or proteins (P) 
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Figure 6. Schematic illustrations of the most likely configurations of surface adsorbed HMM molecules. Configurations selected 
on basis of experimental results and theoretical arguments (see text) 
 
Table 3.  Relevant properties of HMM and its segments 

HMM 
fragment 

Length1 net 
charges2 

dipole 
moment3 

persisten
ce length4 

HMM5 92 – 95 
nm 

-30 
 

1800 D, at > 
0.3. M ionic 
strength 

----- 

S2 (AS 841 – 
1361)6 

72 – 75 
nm 

-37  130 nm 

S2 (hinge 
region; AS 
∼1210-1360) 

   ----- 

S1 (AS 1-841; 
including light 
chains; 
RLC+ELC) 

20 nm -9 1000 – 8000 
D depending 
on ionic 
strength 

----- 

S1 (head; AS 
1-783) 

 +2  ----- 

1 Length of S2 according to (84; 124) and of rabbit S1 in 
buffer solution according to (166). 2 Charges calculated 
from sequence MYH4_RABIT using Swiss Prot-TrEMBL 
(Prot Param tool) assuming that glutamic acid and aspartic 
acid on one hand, and asparagine and lysine on the other, 
carry one negative and one positive elementary charge, 
respectively at pH 7.4. 3 Dipole moment of HMM and S1 
from (124) and (167), respectively. 4 Persistence length of 
S2 from (88) assuming that it is equal to that for myosin 
rod. 5 With the conditions used in the referenced studies 
(e.g. (8; 34; 112)) HMM was prepared under conditions 
suitable for production of “long HMM molecules” (81). 6 

Sequence corresponding to length of S2 according to (82) 
and comparison with entry MYH4_RABIT in Swiss Prot-
TrEMBL. However, sequencing by Chen Lu (82) suggested 
considerably larger number of negatively charged amino 
acids in S2 than in sequence MYH4_RABIT. All other 
sequences from MYH4_RABIT. 
 
composition and monolayer quality), infrared spectroscopy 
(probing molecular structure) or ellipsometry (probing 
layer thickness). These techniques, together with a number 
of other useful methods, are summarized in Table 2.  

 
5.3. Characterization of surface-immobilized motors 

There are a range of experimental techniques that 
can be implemented for characterization of proteins at 

surfaces and some of these are identical to those considered 
above for characterization of the surfaces themselves 
(Table 2). Below, we give a more detailed account of 
selected experimental techniques that, until now, have been 
used in studies of motor-surface interactions. 

 
5.3.1. Ultrastructural studies at low HMM coverage  

 Electron microscopy (EM; e.g. (84; 89; 107)) 
and, to a lesser extent, atomic force microscopy (AFM; 
(108; 109)), have been used to image individual surface-
adsorbed molecules of myosin or, more seldom, HMM. 
However, these studies have not focused on surface-protein 
interactions and the surfaces have been characterized only 
to a limited extent. Moreover, the molecules are often 
dissolved in highly non-physiological solutions during 
deposition onto the surface (108). 

 
The AFM and EM images have generally been 

obtained at motor densities too low for in vitro motility 
assays but suitable for single molecule studies. They often 
appear to show HMM or myosin molecules with their 
subfragment 2 part tethered to the surface along its length ( 
(84; 107); see discussion in (90)). Whether, one or both heads 
are free and extend above the surface is not always entirely 
clear (cf. (90)). Configurations, similar to those that may be 
seen in the ultrastructual images are schematically illustrated in 
Figure 6 A-C. In this representation, we have drawn the largest 
part of the subfragment 2 (S2) region above the surfaces (e.g. 
negatively charged mica or SiO2), due to expected electrostatic 
repulsion (particularly at low ionic strength). It is also 
reasonable to presume that both heads of HMM are actually 
immobilized to negatively charged surfaces (such as mica 
and SiO2) in several instances (Figure 6 C-E). Such 
immobilization of myosin V was for instance apparent in a 
fascinating movie compiled from AFM images obtained in 
high-speed scans ((110); http://www.s.kanazawa-
u.ac.jp/phys/biophys/bmv_movie.htm). Whereas myosin V 
and myosin II have several structural differences, the motor 
domains are relatively well conserved. Accordingly, it has 
been presumed (2) that the basic mechanism of the docking 
mechanism with actin is similar e.g. involving electrostatic
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Figure 7. In vitro sliding velocity vs. advancing contact 
angle of the HMM adsorbing substrate. The latter 
constituted differently cleaned and silanized glass and 
silicon dioxide surfaces. The sliding velocity has been 
normalized to that on nitrocellulose surfaces tested on each 
given experimental occasion. Full straight line (obtained by 
linear regression) shown with 95 % confidence interval 
(dashed lines). Data, compiled and replotted from (8) and 
(34), obtained in assay solution with 0.6. % methylcelluose 
and an ionic strength of 130 mM. 

 
interactions between positively charged surface 

loops on myosin and negatively charged regions on actin 
(see further above). It seems likely that the positively 
charged loops also are important in mediating adsorption of 
both myosin II and myosin V heads to negatively charged 
surfaces. Moreover, the initial adsorption in this region may 
be followed by partial unfolding of, e.g. the 50 kD segment. 
Thus, as outlined above, this region exhibits some 
characteristics of a “soft” protein component with potential 
for entropically driven adsorption.  

 
An interesting feature in EM and AFM images is 

that myosin molecules seldom appear to cross each other in 
the images (cf. (32; 84; 109)). This is particularly striking 
in Figure 5a of Harada et al. (32) where very few crossings 
can be observed between neighboring molecules in spite of 
a rather high surface coverage. It is possible that this 
finding may reflect repulsion between the tail parts of 
different molecules as expected from their predominately 
negative charge. Interesting information from some EM-
studies is the unwinding of the coiled-coil tail, 
corresponding to the LMM-HMM hinge region (84) which 
is also the target of chymotryptic cleavage in the 
preparation of HMM. Initial hydrophobic interactions 
between the hinge region and the surface, followed by 
subsequent further unfolding, seems to be a likely 
mechanism for entropically driven surface adsorption on 
both hydrophobic and hydrophilic surfaces (cf. above). 

 
In the case of in vitro motility assay experiments 

the HMM density may vary between very low (requiring 
methylcellulose in the assay solution) and near saturating 
densities of 3000 – 6000 per square micrometer (see 
below). The latter densities are also used in most efforts to 
develop nanotechnological applications (e.g. (104; 111). 
Direct studies of HMM configurations (using EM and 

AFM), under these conditions, give limited information (cf. 
(32)). Instead more indirect methods have been used as 
outlined below. 

 
5.3.2. Studies of HMM adsorption at high surface 
coverage – effects of surface hydrophobicity and charge 

The mechanisms for HMM adsorption on 
hydrophilic and hydrophobic surfaces were studied in some 
detail in a series of recent studies (8; 34; 103; 112-114)) 
using a high (> 100 micrograms ml-1) incubation 
concentration. The HMM-propelled actin filament sliding 
velocity decreased with a reduction in contact angle within 
the range 25 – 80 o for several silanized and non-silanized 
SiO2 surfaces (Figure 7; (8; 34)). Here the decrease in 
contact angle was associated with increased negative 
charge of the surfaces (8). These results are in general 
agreement with a very recent study using glass, 
nitrocellulose and polymer surfaces with a range of contact 
angles between 30 and 80o (114). However, in the latter 
experiments there was a decrease in actin filament sliding 
velocity for contact angles above 70o, possibly due to 
denaturation, caused by interaction of the proteins with the 
“soft” hydrophobic polymer surfaces. It is possible that the 
effect of contact angle on sliding velocity only occurs when 
changes in contact angle are associated with altered 
negative surface charge density since high quality motility 
was observed on positively charged polyelectrolyte 
surfaces (113). 

 
Our studies of motility on different surface 

substrates have been accompanied by more detailed studies 
using model hydrophilic (SiO2 and glass) and hydrophobic 
(TMCS derivatized SiO2/glass) surfaces with contact angles 
< 30 o and > 70o, respectively. These investigations are 
described in greater detail below, in parallel with an 
overview of the employed experimental techniques.   

 
5.3.2.1. Biochemical techniques 

Various biochemical methods have been applied 
for the quantification of motor density on surfaces and to 
obtain information about the mode of surface adsorption.  

 
Different ATPase assays, e.g. based on the 

myosin K/EDTA ATPase (34; 115) or NH4/EDTA ATPase 
(116), are the most frequently used methods for estimation 
of myosin surface densities. These methods are 
complicated by the rather high KM (0.3. – 0.4. mM) for both 
the myosin K/EDTA (117; 118) and NH4/EDTA ATPase 
(118). Moreover, they rely on the assumption that the 
ATPase activity of surface-adsorbed motors is similar to 
that of motors in solution, an assumption that is not 
necessarily correct. Thus, a significant fraction of the 
surface adsorbed motors may be catalytically inactive (119) 
or, alternatively, the ATP turnover by surface adsorbed 
motors may be lower or, indeed also higher ((112); see 
further below), than by motors in solution. A convenient 
way to obtain the total amount of adsorbed protein is to 
measure the degree of depletion of the incubation solution 
using a sensitive protein concentration assay (referred to as 
depletion studies below; (32; 34)). Using this method the 
HMM density at near saturation (incubation with HMM at 
120 micrograms ml-1) was determined to 5400 ± 400 HMM 
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molecules per square micrometer (mean  ± SEM, n = 5) on 
a TMCS surface (112) and slightly (∼25 %) higher on SiO2 
(34). Previously (34), the use of a K/EDTA ATPase assay 
suggested a HMM density under similar incubation 
conditions of 6700 ± 380 per square micrometer (n = 2) on 
TMCS, 5800 ± 310  per square micrometer (n = 2) on 
nitrocellulose and about 5400 on SiO2. These values were 
obtained on the assumption that the ATPase activity was 
similar to that in solution. However, taken together with the 
HMM depletion data, the results suggest that the average 
catalytic activity of HMM is higher after adsorption to 
TMCS than in solution. A similar result was recently (112) 
obtained for the steady-state MgATPase activity, based on 
analysis of ATP/Alexa-ATP and ADP/Alexa-ADP by 
HPLC, different times after the onset of multi-turnover 
hydrolysis.  
 

Some variability between labs in HMM density 
has been observed for apparently similar incubation 
conditions. Thus, using nitrocellulose surfaces for HMM 
adsorption, Guo and Guilford (120) observed, on basis of 
NH4/EDTA ATPase data, a HMM density of 3200 per 
square micrometer at nearly saturating conditions 
(incubation concentrations > 80 micrograms ml-1). For 
myosin, K/EDTA ATPase measurements suggested a 
density at saturation of about 2000 per square micrometer 
on nitrocellulose (121) whereas depletion studies (32) gave 
a myosin density of about 4000 per square micrometer on 
siliconized surfaces. The above values should be compared 
to a theoretical maximum of slightly less than 12 000 per 
square micrometer based on optimal packing of the myosin 
heads (34). 

 
Whereas the described methods measure the total 

surface density of motors, or the density of catalytically 
active motors (or indeed the catalytic activity), these 
quantities are not necessarily related in any simple way to 
the number of motors that are available to propel actin. 
This was clearly demonstrated in a recent study of heavy 
meromyosin motors adsorbed to SiO2 surfaces. These 
motors had considerably poorer actin propelling 
capabilities than on a TMCS surface, in spite of a higher 
total motor density and only a slightly lower catalytic 
activity (see above). Indeed, there are rather limited 
possibilities to assess the actual density of motors with 
actin propelling capability. However, some relevant 
information may be derived from studies of actin binding in 
the absence of ATP and of sliding velocity vs length of the 
actin filaments (34). Whereas the relationship between the 
maximum number of bound actin filaments in the absence 
of ATP and HMM surface density may be complicated 
(different filament lengths, crowding effects etc.) it is clear 
that this relationship gives semi-quantitative information 
about the number of HMM molecules with actin binding 
capability. This was suggested by recent actin binding 
studies using TIRF spectroscopy (34) and QCM (8), where 
the degree of actin binding correlated better with the sliding 
velocity than with the total HMM density on the surfaces 
(see further below). 

 
Another way to estimate the density of actin 

propelling myosin heads is by studying sliding velocity vs 

filament length (34; 115). Using this method we (34) 
observed a density of actin propelling myosin heads on a 
hydrophilic SiO2 surface that was < 40 % of that on TMCS. 
This should be compared to the rather small differences in 
HMM density and catalytic activity on the two surfaces 
(see above).  

 
The estimation of the number of actin propelling 

myosin heads from plots of velocity vs filament length 
requires a reliable estimate of the duty ratio, i.e. the fraction 
of the ATPase cycle time that a myosin head stays strongly 
attached to actin. Second, it is necessary to know the 
maximal distance from the actin filament at which a motor 
can be immobilized to the surface and still be available for 
force-producing interactions with actin. This distance is 
difficult to quantify exactly and it may be strongly affected 
by the mode of surface immobilization of the motors. This 
is indicated by experiments with immobilization of myosin 
via monoclonal antibodies directed towards the HMM-
LMM hinge region (11). In these studies a lower surface 
density of HMM molecules (300 – 600 per square 
micrometer) was required to obtain the same sliding 
velocities for all filaments of lengths > 1 micrometer than 
in cases where HMM is immobilized by non-specific 
adsorption (∼2000 per square micrometer; (115)).  If the 
duty ratio is not affected by the mode of surface 
immobilization the only possible interpretation of these 
results seems to be that the effective reach of an HMM 
molecule is higher in the case of antibody based 
immobilization.  

 
Among the biochemical experiments that have 

provided interesting information on the mode of surface 
adsorption of HMM and S1 on nitrocellulose surfaces are 
the limited proteolysis studies of Toyoshima (119). 
Unfortunately these results have not been described in full 
experimental details and they deserve follow-up 
investigations. Briefly, Toyoshima applied papain and 
alpha-chymotrypsin at different concentrations to S1 or 
HMM motor fragments adsorbed to nitrocellulose. Based 
on SDS-PAGE analysis of the immobilized and released 
proteolysis products Toyoshima suggested different modes 
of HMM and S1 immobilization on nitrocellulose surfaces. 
The HMM configurations suggested by Toyoshima are 
similar to those illustrated schematically in Figs. 6 B, D-F, 
with a configuration corresponding to that in Figure 6 F, 
being the one mainly responsible for propelling actin 
filaments.  

 
 5.3.2.2. Fluorescence spectroscopy  

Total internal reflection fluorescence (TIRF) 
spectroscopy is a useful tool for the study of surface 
immobilized proteins (122; 123). In contrast to transmitted 
light spectroscopy it enables selective excitation of only 
those fluorophores that are located in the close proximity (~ 
100 nm) of a solid surface. TIRF relies on the formation of 
an evanescent electromagnetic wave that arises at the 
interface between two transparent media (e.g. quartz and 
water, Figure 8A) when an incident beam of light is totally 
reflected (123). In brief, when a beam of light propagating 
within a transparent medium of high refractive index (n1) 
(e.g. quartz) encounters a planar interface with a medium of 
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Figure 8.  Total internal reflection fluorescence (TIRF) spectroscopy. (A) Schematic illustration of TIRF setup showing the 
quartz prism with a TMCS derivatized fused silica surface. Also indicated in the image is totally internally reflected (TIR) light 
beam and the resulting evanescent wave (fading blue/violet colour above slide surface). (B) Fluorescence intensity plotted against 
time for TIRF flow cells (TMCS surface) incubated with 3 micromolar Alexa-ATP following pre-incubation with HMM at 120 
micrograms  ml-1. Data normalized to peak value of the fluorescence signal. Alexa-ATP incubation at first arrow (I). Following 
complete binding of the Alexa-ATP to HMM, the flow cell was quickly flushed (at second arrow:II) with Alexa-ATP free, but 
ATP containing, solution. Inset shows the first 100 s of the decaying fluorescence signal caused by turnover and release of Alexa-
ATP from the HMM active sites. Triple-exponential functions fitted by non-linear regression shown as dashed black line (y = 
0.48e-0.048t + 0.067e-0.0065t + 0.020-0.00028t and r2 = 0.993). T = 25°C ± 0.5.°C. The amplitudes of the exponential processes sum up 
to 0.56.The difference from 1 is attributed to bulk contributions (cf. (112)).  Small excitation slit used, making effects of 
photobleaching negligible, as suggested by studies where the slit width and total excitation time were varied. 

 
lower refractive index (n2) (e.g. water) the light undergoes 
TIR, under the condition that the angle of incidence is 
greater than a certain critical angle. The sine of this angle is 
given by the ratio n2/n1 (123).  

 
When the criteria for TIR are met the main part 

of the incident radiation energy is reflected back into the 
high-refractive index medium. However, energy that 
penetrates through the interface gives rise to the 
“evanescent electromagnetic wave”. The intensity of this 
wave decays exponentially with perpendicular distance 
from the interface, with a length constant, the penetration 
depth, on the order of 100 nm. The exact magnitude of the 
penetration depth is proportional to the wavelength of the 
incident light and is also a function of the angle of 
incidence and the refractive indices, n1 and n2 (123).  

 
The HMM adsorption mechanisms on 

hydrophobic (TMCS) and hydrophilic (pure SiO2) surfaces 
were investigated using TIRF spectroscopy (34; 112). In 
these studies Sundberg et al. (34) found, in agreement with 
depletion studies (see above), that the degree of HMM 
adsorption was slightly higher on SiO2 (with poor motility) 
than on TMCS (with high quality motility). As briefly 
mentioned above, additional TIRF studies showed that the 
actin binding capability of TMCS-adsorbed HMM was 
several-fold higher than for the HMM molecules on SiO2.  

 
When using TIRF spectroscopy for protein 

adsorption studies, it is important to take into account the 
fact that proteins adsorbed in a configuration with their 
fluorescent groups in close proximity to the surface will be 
subjected to a higher evanescent wave intensity. Solely for 
this reason one would expect a higher fluorescence 

intensity than for other fluorescent groups located further 
away from the surface. For most proteins, these effects 
would be of minor importance. However, for HMM, with a 
length, up to about 90 nm (e.g. (124), the situation may be 
different.  Interestingly, in this connection, we found that 
the average fluorescence intensity of a fluorescent ATP 
analogue at the active site of HMM was more than two 
times larger on SiO2 than on TMCS (submitted 
manuscript). Although there are different possibilities to 
account for this finding, it is in accordance with the idea 
that the myosin heads, on average, are markedly closer to 
the surface on SiO2 than on TMCS. This is also consistent 
with the motility assay results and actin binding studies 
showing poor function for HMM molecules on SiO2. 

 
The myosin ATPase activity of surface-adsorbed 

HMM molecules can also be assessed using TIRF 
spectroscopy and a suitable fluorescent ATP analogue 
(112). We recently (112) characterized, and used, the 
analogue adenosine 5’-triphosphate Alexa Fluor® 647 2’- 
(or 3’)-O- (N- (2-aminoethyl) urethane), hexa 
(triethylammonium) salt (Alexa-ATP) for this purpose. The 
TIRF flow cell, with a TMCS derivatized fused silica 
surface (Figure 8A), was first incubated with HMM (Figure 
3) followed by fluorescent Alexa-ATP at micromolar 
concentration (first arrow in Figure 8B). Upon complete 
binding of Alexa-ATP to the active sites of the surface-
adsorbed motors, single turnover of the fluorescent 
analogue was initiated by quickly exchanging the bulk 
solution (second arrow in Figure 8B) for a buffer where 
Alexa-ATP had been exchanged for regular ATP. The 
Alexa-ATP turnover rate was then calculated by fitting the 
data to a triple exponential decay function (inset in Figure 
8B). This yielded one dominating fast process that 



Molecular motors on artificial surfaces 

5745 

 
 

Figure 9. (A) The QCM consists mainly of a thin quartz crystal in between two gold electrodes (yellow). The proteins are 
deposited onto one of these electrodes possibly sandwiched via a SiO2 layer. Inset in lower right corner illustrates side-view of 
sensor element. (B) Typical differences between TMCS and SiO2 surfaces in the mass change recorded by a QCM sensor, upon 
repeated injections of HMM. TMCS: green line. SiO2: blue line. At time, 0 s the signals are at 0 ng. Each injection of HMM (120 
micrograms  ml-1), 12 flow cell volumes during 80 s, leads to a vertical shift in the signal. Absolute mass changes were calculated 
according to the Sauerbrey equation. Data re-plotted from ref (8). 

 
constituted approximately 80 % of the total signal and 
exhibited a rate similar to that for turnover of Alexa-ATP in 
solution. Moreover, there were two processes that were 
significantly slower. One obvious interpretation of these 
data is that there are at least three different HMM 
configurations on the TMCS surface. One of these with 
approximately the same turnover rate as for HMM in 
solution and two with significantly reduced ATPase 
activity. It is reasonable to presume that the latter 
configurations have their heads tethered to the surface since 
immobilization of myosin heads, whether by surface 
adsorption (125; 126) or other mechanisms (126), have 
been associated with reduced ATP turnover rate. However, 
although the fraction of the myosin heads on SiO2 that 
exhibited a low rate of Alexa-ATP turnover was larger than 
on TMCS, it was still small considering the very marked 
reduction of actin binding and actin propelling capability 
on this surface (submitted manuscript). This suggests that 
there are several HMM molecules on SiO2 that have an 
ATPase activity similar to that in solution but nevertheless  
have their heads close to the surface, thus being 
inaccessible for actin binding. Possibly, these may be more 
weakly tethered to the surface (e.g. configurations in Figure 
6 A-B and D) than the heads that exhibit reduced turnover 
rate (e.g. configurations in Figure 6. C and E).  

 
5.3.2.3. Microscopy 

Various types of microscopy are useful for 
studies of motor-surface interactions. The use of TIRF 
microscopy would enable similar types of studies, as 
described above for TIRF spectroscopy, but with 
considerably more detailed information regarding spatial 
differences over a surface. Whereas there are several other 
microscopy techniques that may be useful for studies of 
surface adsorbed proteins fluorescence interference contrast 
(FLIC) microscopy is of particular interest. This technique 
was used recently (6) to characterize the distance above the 
surface at which microtubules are propelled by surface-
adsorbed kinesin molecules. Here, use is made of the 
interference between various light paths on reflecting 
surfaces. Thus, the excitation light can either excite the 

fluorophores of the studied object (e.g. fluorescently 
labeled filaments) directly, or via reflection in an 
underlying Si/SiO2 interface. Moreover, the emitted light 
reaches the detector either directly, or via the reflected 
path. The resulting interference between the direct and 
reflected light gives rise to modulation of the intensity of a 
fluorescent object as function of its distance from the 
reflective interface. By varying the thickness of the 
underlying SiO2 surface this enables an accurate estimate of 
the distance from the fluorescent filament to the surface. 

 
5.3.2.4. QCM  

Quartz crystal microbalance (QCM; Figure 9A) 
is a technique for mass sensing (127; 128) that, in the last 
decade, has experienced a rapid growth of new applications 
in biology and bio-interface science (129). The basis for the 
QCM technique is the piezoelectric properties of the quartz 
crystal with the generation of a mechanical response in 
synchrony with application of an alternating voltage.  
Usually, in QCM applications, an oscillating electric field 
is applied to the quartz crystal at its fundamental frequency, 
and subsequent changes in the resonance frequency are 
recorded as mass is deposited on the crystal. In 1959, 
Sauerbrey (130) showed that, in air, the changes in 
frequency, for a thin, rigid and homogeneous film of 
deposited material is directly proportional to the deposited 
mass. 

 
In a liquid, and with viscoelastic surface films in 

general, the change in frequency is not directly proportional 
to the deposited mass and the Sauerbrey equation does not 
hold. This is attributed to a viscous, dissipative component 
causing the oscillation of the film to not fully couple into 
the oscillation of the crystal. Moreover, the frequency 
change is affected by the mass contributed by water 
molecules that are coupled to the surface-immobilized 
biomolecules of interest. This will cause the mass to be 
higher than that which can be attributed to the adsorbed 
proteins themselves (131). For this reason, QCM data will 
give a higher mass of adsorbed proteins, than the dry 
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Figure 10. Model for adsorption of HMM to SiO2 (low contact angle and high negative charge density) and TMCS derivatized 
SiO2 surfaces (high contact angle and low charge density). (A) Different steps in the adsorption process for TMCS (upper row) 
and SiO2 (lower row) are illustrated. First (left), the HMM molecules diffuse towards the surface where they are assumed to be 
partly ordered leading to adsorption with their long axis perpendicularly to the surface. This is described in detail in the text, 
together with the postulated subsequent events in the adsorption process. This process is expected to result in an almost complete 
HMM monolayer (upper panel in A; right). (B) The adsorption process at low HMM concentration in the incubation solution 
leading to adsorption of the HMM molecules with their entire length along the surface (see text for details). 

 
protein mass obtained on basis of ellipsometry (131) or 
depletion studies. 

 
It is possible to calculate the effective layer thickness, if 
both the hydrated mass (measured with QCM) and the 
dehydrated protein mass (e.g. through depletion studies or 
ellipsometry) are known (131). Such calculations were 
performed on basis of experimental studies for TMCS and 
SiO2 surfaces (8). The results showed an apparent HMM-
water film thickness of 30-40 nm for SiO2, after one 
injection of HMM at 120 µg ml-1, compared to 10-20 nm 
for TMCS. The effect on the recorded mass (according to 
the Sauerbrey equation), of several consecutive injections 
with HMM, are illustrated in Figure 9B. In accordance with 
the TIRF results in Figure 3 it is clear that, for each 
injection, HMM is adsorbed, followed by desorption in the 
interval between the injections. It is also clear that the rate 

of this desorption is reduced with subsequent incubations, 
suggesting slow conformational changes of HMM on the 
surface. It can also be seen that the total adsorbed mass, 
after one injection, is about 2 times higher on SiO2 than on 
TMCS. This should be compared to only 25 – 30 % higher 
HMM density (34) for similar incubation conditions in both 
depletion and TIRF studies. In view of the latter results, the 
marked difference in mass and the related large difference 
in layer thickness on TMCS and SiO2 can be taken as 
strong evidence for markedly different HMM 
configurations on the two surfaces (8). Due to the effect of 
dissipation, mentioned above, the total thickness of an 
adsorbed layer is always underestimated in liquid (131). 
Thus the estimated thickness of 30-40 nm for the HMM 
layer on SiO2, suggests that a large fraction of the HMM 
molecules extend by almost their entire length, 
perpendicularly above the surface.  Detailed interpretation 
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of the layer thicknesses and the amounts of adsorbed mass 
according to the Sauerbrey equation, will require further 
studies, e.g. including estimates of the degree of energy 
dissipation (131) on the different layers.  Without such 
information, it cannot be excluded that the apparently lower 
thickness of the HMM layer on TMCS (compared to that 
on SiO2) is due to a larger flexibility of the layer, rather 
than to a lower actual thickness. The idea of a larger 
flexibility would be in better agreement with theoretical 
considerations (8) and TIRF-measurements (see above) 
suggesting that the myosin heads are far away from the 
TMCS surface with the HMM molecule extending almost 
perpendicularly from the surface. 

 
5.4. Model for HMM adsorption on negatively charged 
hydrophobic and hydrophilic surfaces 

Taken together, the studies described above, 
suggest that there are only minor differences in HMM 
density between hydrophobic and hydrophilic surfaces at 
standard high incubation concentrations (> 100 micrograms 
ml-1). Instead the differences in motility between the 
different surfaces are attributed to different HMM 
configurations. Thus, HMM molecules, with the heads 
unavailable for actin binding (e.g. tethered to the surfaces 
as the configurations in Figure 6A, C-E), appear to 
dominate on negatively charged hydrophilic surfaces. This 
is consistent with low actin binding detected using TIRF-
spectroscopy and QCM and the poor motility with marked 
dependence of sliding velocity on actin filament length. 
The results are also consistent with ATPase studies and 
TIRF-spectroscopy records for the HMM-binding and 
turnover of Alexa-ATP.  In contrast to the situation for the 
negatively charged hydrophilic surface, HMM molecules 
that readily bind actin filaments dominate on hydrophobic 
surfaces such as TMCS (e.g. configuration in Figure 6F). 

 
Based on these results, and the properties of the 

HMM molecules and the surfaces, a model has been 
proposed for HMM adsorption to TMCS and SiO2 (see 
further (8; 34; 112). This model is illustrated in Figure 10 
for both high and low HMM density. It is reasonable to 
presume that the HMM molecules approach the surface 
from bulk solution in different orientations depending on 
the incubation concentration. This may be attributed to 
orienting effects on the HMM and S1 dipoles close to 
charged surfaces and electrostatic repulsion between S2 
fragments of neighboring molecules. For high HMM 
incubation concentrations one would expect the course of 
events illustrated in Figure 10A. First, the HMM molecules 
are expected to approach the surface with either their head 
or hinge part with equal probability. However, if adsorption 
occurs only at the hinge region (on TMCS) the HMM 
molecules approaching via their head part will diffuse away 
allowing new molecules to enter the empty space, possibly 
in a favorable orientation. This process will be expected to 
continue until all available surface sites are occupied, 
ideally corresponding to about 12 000 HMM molecules per 
square micrometer (8). Under these conditions a vast 
majority of the heads would have the head up orientation. 
On SiO2, adsorption may be considerably more likely with 
the head down configurations, as guided by electrostatic 
interactions possibly followed by a stronger entropically 

driven adsorption (25; 95; 96). Under these conditions a 
majority of the HMM molecules would end up with their 
heads adsorbed to the surface.  

 
At low HMM incubation concentrations there are 

no orienting effects due to repulsion between neighboring 
HMM molecules. Therefore, it is reasonable to assume that 
a large fraction of the HMM molecules approach the 
surface with their long axis nearly parallel to the surface. 
Moreover, there is no steric hindrance or electrostatic 
repulsions due to other HMM molecules that would prevent 
two-site surface immobilization, e.g. at the LMM-HMM 
hinge on one hand, and the head-tail junction (e.g. on 
TMCS) or the actin binding site of S1 (e.g. on SiO2), on the 
other. Thus, it is not unreasonable that such attachment 
occurs, although one of the attachment points may be weak 
allowing a reversible switch between different 
configurations.  

 
Some of the experimental results that form the 

basis for the model in Figure 10 are subject to uncertainties 
as regards detailed interpretation (cf. QCM data above). 
However, the predictions of the model would be readily 
testable by further experiments. For instance, the 
importance of electrostatic interactions may be evaluated 
by adsorption experiments at different ionic strengths and 
using both positively and negatively charged surfaces. 
Likewise, the average distance of the myosin heads from 
different surfaces should be testable using FLIC-
microscopy ( (6); see above), and QCM measurements that 
include evaluation of the energy dissipation ( (131); see 
above). If these and other experiments, e.g. using 
techniques in Table 2, will corroborate the model in Figure 
10, it is clear that there are a number of important 
differences between the in vitro motility and single 
molecule assays and the in vivo situation. The precise 
nature of these differences may vary depending on the 
surface density of motors and they involve 1. a variable 
fraction of the myosin heads in inactive 
conformations/orientations with respect to actin propelling 
capacity and/or catalytic activity; 2. different 
orientations/conformations within the population of actin 
propelling heads, and 3. larger distance between the myosin 
heads and the underlying surface than in the thick filament 
in muscle.  Finally, caution is needed when interpreting in 
vitro motility assays and optical tweezers studies using 
genetically engineered motors modified with respect to 
charged or hydrophobic residues. In addition to affecting 
actomyosin interactions, such manipulations could affect 
motility or force-generation by differences in surface-
protein interactions. 

 
It should be pointed out that the model was 

developed on basis of experimental results without BSA 
blocking and on basis of theoretical considerations, 
neglecting such blocking. This may have important effects 
at low HMM density and BSA-blocking may indeed be 
essential in such experiments to prevent domination of 
surface-motor interactions. In some experimental studies at 
low HMM surface densities, BSA has been present in all 
solutions subsequent to the first HMM incubation of the 
surface. Whereas this may be essential in order to prevent 
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the loss of BSA-blocking during the course of the 
experiment, there may also be unpredictable effects due to 
protein exchange at the surface causing reduced HMM 
density with time (132). At high HMM surface coverage, 
effects of BSA blocking appear to be negligible. First, 
using TIRF-spectroscopy (unpublished data) we failed to 
detect any significant BSA adsorption to a surface that was 
pre-incubated with HMM at 120 micrograms ml-1 (for 2 
min). Moreover, no effect on motility quality was observed 
(8) if the BSA blocking step was omitted. Indeed, these 
results are not surprising since the surface has been shown 
to be nearly saturated with HMM  after one incubation step 
(120 micrograms ml-1  for 2 min), and several hours of 
incubation was required to further increase the HMM 
density up to that of a theoretical monolayer (8; Figure 9).  

 
As outlined above, effects of pH, ionic strength, 

specific ionic composition and temperature will affect not 
only the actomyosin interaction, but also surface-protein 
interactions. This may contribute to differences between in 
vivo experimental results and those obtained with in vitro 
motility assays or optical tweezers studies of single 
molecules. 

 
6. PERSPECTIVES  

 
6.1. Nanotechnological developments and basic studies 
of surface-protein interactions 

A better understanding of surface- motor 
interactions is of high importance for nanotechnological 
and biotechnological applications of motors. 

 
For instance, experimental results have clearly 

shown that the catalytic activity of HMM molecules may 
be high even on surfaces with markedly suppressed 
motility. This may be a disadvantage in lab-on-a-chip 
applications since these motor will contribute to the 
depletion of ATP and accumulation of ADP and Pi (104). It 
may therefore be of interest to completely suppress 
adsorption of motors outside the motor propelling tracks, 
e.g. by using PEG-coated surfaces (133).     

 
However, a dissociation between the motility 

quality and ATPase activity on a given surface may also be 
exploited, allowing further development of a heavily 
miniaturized high-throughput in vitro motility assay 
proposed recently (24; 104). This system encompassed 
circular closed loop TMCS tracks for motility, surrounded 
by, and encircling motility suppressing hydrophilic surfaces 
(total observed area ∼10 square micrometers). Here, the 
myosin ATPase activity may be evaluated from turnover of 
fluorescent ATP molecules by the motors adsorbed on the 
hydrophilic areas whereas motility is evaluated from 
sliding on the TMCS tracks. Due to miniaturization this 
arrangement would allow parallel analysis of the 
simultaneous effects of thousands of different chemicals on 
sliding velocity and basal myosin ATPase activity.   

 
More detailed knowledge of surface-motor 

interaction mechanisms will create the necessary 
foundations for engineering a robust motor-surface system 
for lab-on-a-chip applications. Such a system should be 

characterized by long-term, high quality motility by 
appropriate engineering of both surfaces and proteins to 
achieve correct motor orientation associated with minimal 
desorption and denaturation of the motors.   

 
Under some experimental conditions  HMM-

induced actin filament sliding can be selectively localized 
to 50 - 100 nm wide TMCS tracks, with the exclusion of 
motility on the surrounding hydrophilic surfaces (104; 111) 
(cf. Figure 1) if these have a contact angle lower than about 
60 o (34, 104).  This suggests that HMM function reports 
surface properties corresponding to the macroscopic 
contact angle on areas of dimensions down to the HMM 
molecule size. Thus, actin sliding velocity on nano-sized 
lines may be useful for quantitative nanoscale 
characterization of surface chemistry related to the 
macroscopic contact angle (cf. (8)). Presently, atomic force 
microscopy (lateral force microscopy (134)) is the only 
technique available for similar purposes.  

 
The dependence of sliding velocity on the 

contact angle and degree of negative charge of the surface 
suggests possibilities to reversibly, and locally, modulate 
actomyosin motility in nanotechnological applications (16), 
e.g. by light induced switching of surface hydrophobicity 
(135). However, this requires reversible rearrangements 
between the different HMM configurations without 
irreversible desorption of HMM. Whether this is indeed 
possible, remains to be shown. 

 
The fact that HMM/myosin motors exhibit 

significant adsorption to both hydrophobic and hydrophilic 
surfaces is different from the behavior of several other 
proteins (136) that appear to predominately adsorb to 
hydrophobic surfaces.  However, it is not unexpected in 
view of the diverse structural domains of the motor proteins 
(Figs. 5 - 6 and Table 3). Additionally, by only considering 
the myosin head (S1), this exhibits a rather unique 
“molecular surface” (17) that varies depending on the 
nucleotide species at the active site. For these reasons, it 
would be of interest to compare the adsorption behavior of 
myosin and its proteolytic fragments to that of other 
proteins, for which adsorption phenomena have been 
studied in greater detail. Finally, due to the multitude of 
different functionalities, myosin and HMM may be 
interesting test proteins for critical testing of non-fouling 
properties of protein repellant surfaces.  

 
6.2. Biophysical assays 

It seems clear from several of the results, 
reviewed above, that it is of uttermost importance to take 
surface-motor interactions into account in the interpretation 
of IVMA and optical tweezers experiments, and in the 
extrapolation of such results to the in vivo situation. 
Insights into motor-surface interactions may also contribute 
to the understanding of myosin based regulation in non-
skeletal muscle myosin and modulation of contraction in 
skeletal muscle by phosphorylation of regulatory light 
chains. The binding of myosin heads to negatively charged 
surfaces may here be regarded as analogous to the 
association of the myosin heads to the negatively charged, 
thick myosin filaments in the relaxed state of muscle. 
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It would be of interest to produce ordered arrays 
of myosin motors in vitro to probe cooperative 
interactions that may require maintained ordering of the 
contractile proteins (24). Such cooperative interactions 
could occur between the two heads of each myosin II 
molecule as suggested by a number of studies (41; 137-
139). 

 
The studies of motor surface interactions 

suggest that ordered arrays of motors may be difficult to 
achieve based on non-specific adsorption of HMM, e.g 
combined with specific nanostructuring and electric 
field based orientation (24). At high HMM densities 
such ordering would be inefficient due to apparently 
flexible surface attachment of the motor. At low HMM 
densities the ordering may be possible in principle, 
provided that there are at least two interaction points per 
HMM molecule as suggested in Figure 6 A-C. However, 
also under these conditions there is always the risk that, 
at least one of the heads, is prevented to interact with 
actin, e.g. through strong interactions with the surface. 
This risk may be similar with specific attachment at 
certain points along the myosin molecule, e.g. by the 
introduction of complementary functionalities on the 
surfaces (using nanolithography) and on the motor (by 
protein engineering). A third possibility is attachment of 
motors to surfaces via monoclonal antibodies raised 
against specific regions of HMM. However, this 
method, found in a previous study to have some 
advantages (11), required more complex experimental 
procedures and does not solve possible problems related 
to efforts to achieve firm orientation of the motors. 
Moreover, the underlying antibody surface may, as well 
as the artificial surface, have properties different from 
the underlying myosin filament surface in the muscle. 

 
Thus, on the basis of available evidence, thick 

filaments, and preferably native ones may be required as 
immobilization scaffolds for the motors in order to enable 
the in vitro demonstration of some in vivo phenomena. 
Such in vivo properties may involve the postulated 
cooperative interaction between the two heads of myosin II 
under some experimental conditions. In order to observe 
these properties in vitro it may also be necessary to study 
interactions of the ordered array of heads with two actin 
filaments cross-linked at a distance similar to that in vivo 
(107; 140)). 
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