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Abstract 

Theoretical investigation of biological transport processes using 

stochastic models and simulations 

by 

Karthik Uppulury 

Biological processes take place far away from equilibrium and are of interest to 

uncover the basic principles governing these phenomena. In this endeavor, 

molecular transport across channels and transport of cargos by molecular motors 

are studied. Functioning of a normal cell is contingent upon import of important 

biomolecules via narrow passage ways called ‘Channels’. Due to entropic barriers 

the incoming molecules often face hindrance to cross the channels successfully and 

reach specific locations inside cells. But in real systems the channels utilize special 

binding sites to accelerate this process. For a set of in-vitro experiments studying 

molecular flow across channels in presence of the special attractive binding sites, 

explicit analytical results are derived and they evince how modification of the free 

energy barrier could achieve quicker translocation; it has been shown that the 

nature of interactions between molecule and channel, their spatial distribution,  

strength of interactions and inter-molecular interactions in the channel all 

contribute to the complex process of translocation. In another study, cargo 

transport driven by molecular motors is studied. Cells utilize special enzyme 

molecules called ‘molecular motors’ that convert chemical energy into mechanical 

motion to transport cargos. Often multiple motors drive transport due to viscous 
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nature of cell medium and other crowding effects in cells. In such systems the extent 

to which multiple motors share applied load and in turn how they influence the 

properties of the system is not well understood. From in-vitro measurements 

pertinent to well-defined structural assemblies and quantitative modeling 

treatments, it has been shown that the extent to which the motors collectively drive 

transport depends on the basic biophysical properties of the motors and the loading 

conditions of the optical trap. Specifically, kinesin motors are seen to negatively 

cooperate and cooperate positively only under high forces. Further, the microscopic 

origins of cooperativity is investigated which depend on biochemical interactions of 

the constituents within the complex and to some extent on mechanical properties.  

The mechanisms explain how the extent of cooperativity is related to the motor 

mechanochemistry, how different energy transport modes are manifested during 

cargo transport and what factors affect cooperative behaviors among multiple 

motors during transport.  
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Chapter 1 

 

Introduction to Non-equilibrium processes 

 

A myriad of phenomena observed in nature ranging from nano-scale to 

macro scale systems occur due to continual energy exchange (with an energy 

source). Such systems are essentially driven and tend to operate at conditions away 

from thermodynamic equilibrium states. In the absence of such an energy source 

the system may be restored to some final equilibrium state. Many systems tend to 

evolve into states out of equilibrium because of energy exchange with surroundings; 

for instance the diversity of life on the eco system of planet earth has been possible 

since it receives energy constantly from the sun, likewise several dynamical 

processes of interest in physics, biology and chemistry occur far away from 

equilibrium, operating either under steady-state conditions or evincing non-steady 

state features. Studies pertinent to such systems provide insights into how energy 

flow takes place in the system and the basic principles governing these processes. 

Eventually having uncovered the underlying principles one may anticipate to gain 

control over the processes of interest.  

A fundamental mathematical framework currently exists for processes 

occurring at and near equilibrium. Classical thermodynamics describes processes 

that are characterized by thermodynamic equilibrium states and conditions, and a 
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linear response theory is almost as universal to processes occurring near 

thermodynamic equilibrium as is classical thermodynamics in describing 

equilibrium systems. In the recent years considerable progress has been achieved in 

understanding principles involving irreversible processes and analogously, such 

efforts have kindled similar interest for quantum driven systems or the non-

equilibrium quantum systems. However, to completely understand the properties of 

such systems more investigation and attention is sought for and much so for 

biophysical/biological systems of interest since they always occur away from 

equilibrium. Eventually one may anticipate that the broad set of rules would be 

encompassed to provide a comprehensive description of systems occurring at, near 

and far away from equilibrium.  

1.1. Introduction to biological transport processes 

Many biological phenomena operate under non-equilibrium conditions viz., 

intracellular transport by molecular motors, ion-channel transport, polymer 

translocation, glasses, protein folding, hopping of quantum dots, flow of vehicular 

traffic, growth of fungal filaments, protein synthesis, bio-polymerization kinetics, 

driven diffusive systems in general, turbulence, complex fluids, earthquakes, 

fracture, etc. Many interesting properties are exhibited by systems occurring away 

from equilibrium, and a deep understanding of such systems will help uncover the 

basic principles and is of much interest, from an academic and technological point of 

view. For instance rapid cooling is a key process in manufacturing the strongest and 
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toughest metallic alloys (such properties are obtained when materials are subject to 

conditions far away from equilibrium which are otherwise unattainable). 

The broad theme for the investigations presented in this thesis is relevant to 

biological transport processes, and focuses on understanding the mechanisms of 

transport for the following two situations, (1) molecular transport across channels, 

and (2) cargo transport on cytoskeletal filaments by molecular motors 

(translational). The properties of these systems were analyzed using a combination 

of experimental and theoretical tools. The analyses of the dynamics of the above two 

systems have provided insights into the energy transport scenario in their 

respective environments and the dominant transport modes with respect to non-

equilibrium fluctuations and changing chemical interaction potentials inside the 

cellular environments in space and time. 

1.2. Molecular transport across channels 

One of the key and important steps occurring in cells is the transport and 

regulation of biological molecules which permeate via narrow protein pores, also 

called ‘channels’ to reach to desired destination sites. The channels are a passage 

way for important biological entities such as ions and large macromolecules such as 

DNA, RNA and other important polypeptide molecules and to regulate the fluxes of 

these molecules.1 The channels could be selective and efficient depending on the 

substrate translocating through the channel.2 Large biological molecules permeate 

through large membrane water filled channels which are typically referred to as 

passive transporters and ion conducting channels are active transporters since they 
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can be more efficient. Large molecules need to overcome entropic barriers to 

partition into a channel before they successfully translocate. For instance in an in-

vitro study the molecular flow of ATP molecules was studied through VDAC 

channels, and the conductivity of ATP molecules inside mitochondria VDAC 

channels was less compared to the bulk solution ATP conductance and it has been 

inferred from the analysis that ATP molecules interact with the channels 

(interaction energy is estimated to be ~     ).3 It is understood that the nature of 

interaction of the ATP molecules with the channels is electrostatic in nature. Such 

molecule-channel interaction increases the dwell time of the molecules or the time 

spent by the molecules inside the channel thereby slowing down the translocation 

process.3 However, several biological channels in-vivo possess extra binding site(s) 

inside the channels. A binding site has an additional interaction potential with which 

it interacts with the molecule that attempts to move across the channel. These 

interactions facilitate the translocation of the molecule by overcoming the entropic 

barriers to enter into the channel and to translocate, eventually rendering the 

process faster.4,5,6 

In order to facilitate translocation under in-vitro conditions, usually electric 

fields are employed or binding sites are engineered at specific locations inside the 

channel that act as driving forces and which tend to facilitate the flow of molecules 

across them. However in order to gain deeper understanding of the mechanisms of 

the transport of molecules, in one experimental setup Wolfe et al utilized a robust 

protein pore, the alpha hemolysin (   ) as a channel to study the flow of 
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polypeptides through them using electrical recording measurements and tested for 

the different factors that influenced the flow of the (positively charged) 

polypeptides through the protein channel.7, 8 The attractive binding sites were 

introduced at different locations in the channel via mutations of amino acid residues 

which essentially generates a residual negative charge in the channel. The role 

played by such interactions has been of interest to uncover the mechanism of 

molecular transport. It has been hypothesized that such additional driving forces in 

the form of electrostatic attractive chemical interactions can significantly speed up 

the translocation of the molecules. 

A discrete-state-stochastic model is utilized to understand the role of 

interactions on the net flow of molecules across channels. Considering the channel 

as a discrete set of lattice sites (binding sites) and that the molecule assumes 

distinct biochemical conformations when it binds to these sites, the particle current 

in the channel is analyzed by deriving explicit analytical expressions. The effect of 

binding sites on the overall flux of molecules inside the channel has been 

incorporated in the model. Using this approach we validate the hypothesis that 

chemical interactions between the channel and the molecules inside the channel and 

their spatial distribution have a significant influence which increases the overall 

flow of the molecules inside the channel. Further using this model, (1) the role of the 

strength of the interaction energy between molecules and channels, and (2) the role 

of inter-molecular interactions inside the channel on the overall flow of molecules 

across the channel have been studied. It has been shown that there is some optimal 
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interaction strength between the molecules and the channel that yields maximum 

flux condition. Further, it has been shown that inter-molecular interactions do 

influence the molecular flow across channels and generally depends on the 

transport conditions and is more complex. Overall, our predictions concur well with 

the trends seen in the single molecule experiments and also provide insight into 

how biological systems utilize additional driving forces in the form of chemical 

interactions and their spatial distributions inside the channel, and that affects the 

molecular flux and is crucial to understand the complex process of molecular 

translocation across channels.9  

1.3. Intracellular transport by molecular motors 

Another biological transport phenomena comprising of different biological 

sub-cellular entities the ‘intracellular transport’ by (multiple) molecular motors is 

studied. Molecular motors are active enzyme molecules that transduce the available 

chemical energy (from ATP hydrolysis) to perform mechanical work in non-

equilibrium, isothermal conditions. They harness this energy through hydrolysis of 

ATP or related energy rich compounds. Motor proteins can be classified based on 

their functional properties.10, 12 A class of molecular motors perform rotational 

motion, such as F0F1-ATPase and bacterial flagella motors.13,14,15,16 Several other 

classes of motors tread on cytoskeleton structures such as microtubules and actin in 

a linear manner and could be referred to as translocases. Molecular motors of the 

kinesin, dynein and myosin super family are translocases. For instance, the kinesin 
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and dynein motor proteins tread on microtubules which are rigid cytoskeletal 

structures.  

The microtubule comprises of several protofilaments (typically up to 13) 

which form a cylindrical structure. Each protofilament is composed of individual 

tubulin monomer sub-units (an   and a   sub-unit) which has a net inherent 

polarity associated to it, and due to which a net direction of motion can be assigned 

for motion of the motors on the microtubules and this allows the cellular cargo to be 

transported in one direction.10,17-24 Cellular components such as vesicles and 

peroxisomes are transported by motors from one destination site to another under 

controlled spatio-temporal conditions by the action of motors.24-26,51  

Kinesin-1 motor protein is a processive molecular motor since it can take 

several steps on the microtubule tracks before dissociating. The properties of single 

kinesin motor molecules are well studied. The kinesin-1 motor consists of three 

parts, the stalk which is approx. 50 nm long, the tail region that binds to receptors 

on the cargo surface and the two-heads, each of which consist of a catalytic core for 

the hydrolysis of ATP molecules. The stalk portion that connects the tail region and 

the head is a coiled-coil protein polymer. They typically take a step-size of 8.2    

each time the catalytic region inside the head part of the motor hydrolyzes an ATP 

molecule and tread via a hand-over-hand mechanism. They typically stall at an 

external force of 7-8    i.e., they detach from the filament tracks when external load 

becomes equal to the stalling force. 
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Studying the properties of multiple motor systems is of interest since   

cellular cargos are acted upon by multiple motors to surmount the challenge of 

higher force production for transport due to crowding effects inside cells and due to 

visco-elastic properties of the surrounding medium.60,61 Collective action of kinesins 

is also observed in long range transport such as axonal transport. These 

experimental evidences motivate the researcher to understand the transport 

characteristics pertinent to multiple motors system.62 

There are growing experimental evidences relating to the working of 

multiple motor systems and regulation of cargos.36-42 To understand the biophysical 

rules of transport, theoretical models have been developed which utilize either 

continuum models or the discrete-state approaches.43-48 

Until recently not much was understood about the transport properties of 

systems composed of multiple motors. Characterizing a system with multiple 

motors bound to the moving cargo surface has been the key challenge. Several 

groups have attempted to characterize such properties for multiple motor 

systems.63,64 In these studies properties of run lengths and force production in the 

optical trap were measured as a function of the average number of motors 

interacting with the filament track. An increasing trend for run lengths and the force 

built on the bead were observed in the experiments. However, it is not exactly clear 

if the number of motors interacting with the filaments in these assays is same at all 

times.  
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Hence it is desirable to evince synthetically of a measurement where the 

number of motors bound to the moving cargo surface is known at all times. In one 

earlier study involving multiple motor transport, the influence of myosin-V and 

kinesin-1 on each other’s processive abilities pertinent to cargo transport was 

studied.49 In another study Diez et al studied collective dynamics of multiple motor 

systems (two and three) in an upside down gliding assay where MT’s are the cargo 

and kinesin motors were bound to an immovable surface.50  

Biosynthetic construct presented in Rogers et al and Jamison et al 52,53 is 

more biologically relevant in which the system is a two-kinesin (human kinesin) 

assembly and is constructed via a DNA scaffold (the assembly also includes two 

biotin molecules), which can be easily conjugated to a streptavidin coated 

polystyrene bead via biotin-streptavidin linkage. Employing force spectroscopy 

methods (described in the following section) the properties (zeros load and load 

dependent) of these systems were studied, and they suggest a weaker dependence 

of run length and force production on the motor number in systems of multiple 

kinesin systems. Essentially this synthetic approach provides great impetus for 

studying behaviors of multiple motor systems, and the inference from these studies 

offer an alternate explanation for weak dependence of motor number on transport 

properties observed in-vivo. 

Novel force spectroscopy methods are beginning to serve as a useful tool to 

probe the dynamics of single molecules.27-33 Advances in instrumentation such as 

the optical tweezer technology can be employed for measurable forces can be 
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applied to systems of interest.35 Using such tools is much needed to evaluate the 

responses of a multiple motor system.34,35 Hence, employing the approach of force 

spectroscopy allowed studies on cargo transport by an assembly of multiple motors 

to be performed.54 Static optical trapping techniques and force clamp techniques 

were used of extensively to conduct the measurements. 

A discrete-state stochastic model was developed for a quantitative 

understanding of the behaviors noted in the optical trapping measurements of the 

two kinesin cargo system. A stochastic formalism for the dynamics of cargo 

transport is implemented by constructing a set of master equations that describe 

the state populations and are evolved in time. Further, they are used to calculate the 

quantities of interest that can be verified against measurements. A numerical 

implementation of a discrete-state-stochastic model was the approach to compute 

the dynamical properties. This approach gathers strength in that it considers model 

parameters that are obtained from fits to single molecule experiments that are 

floated in the model, and the calculations pertinent to multiple motors system are 

not contingent upon any fits from the multiple motors system measurements. A 

unique feature in the model is that it calculates the mechanical strain energy of the 

system quite accurately, which is critical in the estimation of the kinetic rates of 

transitions of the complex. Overall, the model predictions of the behaviors of the 

motor-cargo complex seen in the optical trapping experiments are in agreement.  

 

 



11 

 

1.3.1. Multiple motor load-sharing and cooperativity 

One of the key questions in the area of multiple motor dynamics is how 

would such a system respond to varying loads, or how the total load acting on the 

cargo molecule would be distributed between the motor molecules driving 

transport. The possibility of the occurrence of non-load sharing states alters the 

general perception of the transport phenomena compared to a situation in which 

the transport modes are considered to be predominantly load-sharing by nature. 

The transport properties such as the cargo step-sizes, cargo velocities and run 

lengths seem to be innately dependent on the extent to which load-sharing and non-

load-sharing states occur during the course of transport. In the specific case of 

transport dominated by load-sharing states by the motors there should be fractional 

step-sizes, longer run lengths and cargos travel faster than when there are other 

non-load-sharing states. In essence, the extent to which the load is shared within a 

multiple motor system is an indicator of the extent to which the system deviates 

from the behavior of a single motor system.  

During cargo transport the factors that determine how the loads are 

distributed within the complex are the geometry of the complex, the mechanical 

properties of the elastic linkages and the positions of the motors on the filament 

tracks. If the leading motor is far away relative to the trailing motor then it may 

have to stretch to be able to reach to the cargo and the microtubule track,65,66 and 

owing to the system geometry the leading motor will bear most of the load imposed 

on the cargo. For each distinct geometry assumed by the complex i.e., for distinct 
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positions that the motors bind on the filament, the distribution of the load will 

change accordingly. And apparently the system geometries, elastic linkages and 

load-distributions dictate the kinetic rates of motor transition events. It is of interest 

to probe which of these states/geometries will be prevalent and the extent to which 

they influence the transport properties.  

While the motors within the multiple-motor complex can bind into load 

sharing states, the strain energy and detailed balance dictate that the binding of the 

unbound motor happens into a non-load sharing state. The rate at which the bound 

trailing motor will be able to catch up to its leading partner will vary as per the 

respective loads they bear and from their force-velocity relationship. Detachment of 

one of the motors will stop this process of motors eventually entering a load-sharing 

state. Detachment is most probable in a non-load sharing state. If a motor within a 

multiple motor system fail to reach load-sharing configurations then such a motor 

will exhibit negative cooperative behavior with respect to increase in the motor 

number.55,57 The run lengths and force production would be less than sum of the 

parts in such a transport scenario. In the case of positive cooperative behavior there 

should be an enhancement in the net transport properties of the complex such as 

cargo velocities, run lengths and force production. There exists evidence for positive 

cooperative behavior for multiple motor systems in-vitro in the presence and 

absence of load.67,68 
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1.3.2. Response of motor types 

The transport properties of a multiple motor system can provide information 

regarding the extent to which motors participate in collectively pulling the cargo 

molecules i.e., the extent to which they transport the cargo in load-sharing states. 

For instance if the difference in the cargo velocities of a multiple motor complex and 

a single motor complex is small then the motors within such a multiple motor 

complex cooperate negatively. The susceptibility of a motor to adopt load-sharing 

states largely depends on its force-velocity relationship. If the velocities reduce 

drastically with external forces it means that the motor stepping rates reduce 

quickly with load, such a motor protein in a multiple motor system would likely 

adopt more of the load-sharing states with increasing loads.  

Conventional kinesin and cytoplasmic dynein have similar velocities under 

zero load conditions, but optical trapping data indicate that dynein’s velocity 

reduces more quickly than kinesin’s velocity with increasing load. This feature of 

dynein motor could plausibly assert a non-negative cooperative trait during 

transport, although direct experimental evidence is not yet available. The average 

number of motors on neuronal vesicles that are moved bi-directionally by a single 

kinesin motor and seven dyneins seem to suggest the additive properties of dynein 

motors contribute to the transport properties.69 Eventually the inverse correlation 

between productive cooperation and motor strength could plausibly make the 

motor number of the weaker motor a more sensitive parameter for bi-directional 

transport.  
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1.3.3. Positive cooperativity and spatio-temporal ‘filtering’ of states 

The multiple kinesin system during cargo transport exhibits negative 

cooperative behavior overall. This implies that in a team of motors the motion is 

driven primarily by single motor bound complex, or the extent to which load 

sharing states that contribute to properties such as cargo velocities and run lengths 

would be minimal. In the in-vitro assays the two kinesin cargo velocities are 

verisimilar to those of the single kinesin system.53 This result is supported by the 

rationale that the non-load-sharing states are more prevalent compared to those of 

the load-sharing states. However, when the cargo in the optical trap is able to reach 

up to forces exceeding that of a single kinesin stall force, the possibility of the 

trailing  motor molecule to actively participate in transport in catching up with the 

leading partner and thus able to generate load-sharing states may not be ruled out.  

The motor molecules are typically interacting with the filament tracks during 

transport. Given the behaviors of the complex, below the single kinesin stall force it 

is most unlikely that the motors would generate predominant load-sharing states, 

but when the forces are larger on the cargo the motors would need to catch up thus 

generating load-sharing states by minimizing their separation distance on the 

filament tracks. A study by Vilfan et al has shown the dynamic clustering of motor 

molecules on filament tracks, the reason elucidated for this behavior is understood 

to be some form of local attractive interactions i.e., these interactions are operative 

contingent on the condition that the motors are closely spaced on the filament 

tracks. The notion that such interactions influence the kinetic rates (stepping, 
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binding and detachment) of the transitioning of the motor into and out of these 

states is interesting and has not been tested by any theoretical model earlier.  

The model considers small scale and non-mechanical interactions (~2    ) 

to explore the extent of influence load-sharing states could have on the cargo 

transport properties under high forces.70 The nature of these interactions could be 

electrostatic in nature or any other form of non-mechanical interactions. Within the 

framework of the single motor mechanochemistry elucidated by Fisher et al a 

mechanism at the molecular level has been proposed. The extent to which these 

non-mechanical interactions stabilize the load-sharing states offers an explanation 

to the extent of cooperative behavior between the motor molecules under high 

forces. The observable properties such as cargo velocities, average kinetic rates of 

dissociation, detachment force distributions and state distributions are agreeable 

with the model predictions. Further, this incorporation does not affect the 

properties under low forces much which further substantiates the proposition of 

negative cooperative behavior of kinesin motors within multiple motor systems. 

Therefore, a generalized model is proposed that considers interactions 

between motors and the microtubule filaments when they are closely spaced on the 

microtubules into consideration to calculate the dynamical properties of the system. 

Although the average life time that the cargo transported in load-sharing states may 

be less than when they are in non-load sharing states, the effect of the localized non-

mechanical interactions on the dynamic properties of the motor cargo complex is 

significant. Despite such interactions now being operative in the system, the 
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transport is still dominated by non-load sharing states under low loads while load-

sharing states become more prevalent under high loads. This feature constitutes the 

spatio-temporal ‘filtering’ of states during the cargo transport.  

These circumstances could change for different motor types such as motors 

with lower stalling forces and more sensitive force-velocity relationships, in which 

case a team of such motors in a system could readily evolve into load-sharing states 

thus paving way for non-mechanical interactions to influence the cargo velocities 

and force production over a broad range of applied loads suggesting how the 

mechanochemistry of a motor could determine the impact of local interactions and 

distinguish how groups of different motors behave collectively. 

1.3.4. Microscopic origins of cooperativity 

Several experimental results have evinced the collective action of molecular 

motors both in-vivo and in-vitro. Theoretical investigation of the collective 

transport behavior show interesting transport properties. With the available 

experimental tools and theoretical modeling although there is an understanding of 

how systems behave with respect to varying motor number, but the microscopic 

origins of cooperativity are not clearly understood. The factors that influence how 

the motors behave in terms of the motors reaching load-sharing states during 

transport could be due to the system geometry, the mechanical properties that 

define the elastic linkages of the motors, or other biochemical factors such as critical 

detachment force or the chemical affinity between the motor molecules and the 

microtubules. In-vivo due to crowding effects it often happens that motor assembly 
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encounters force perturbations and to understand the response to such changes, it 

has been tested how a multiple motor system would reorient itself to a unit (1   ) 

force perturbation from one non-equilibrium steady-state distribution at a given 

applied load to one at a higher load and eventually reaching another steady-state 

distribution. The characteristic relaxation time scales for these events are calculated 

for different systems of varying structural and mechanical properties.71 

Therefore, the origin of cooperativity of molecular motors during cargo 

transport has been investigated. Using our discrete-state stochastic model we 

investigate the factors that affect or influence the motor cooperativity during cargo 

transport under different loading conditions of the optical trap. It has been noted 

the influence of structural parameters such as cargo size and separation distances 

between motors on the cargo surface does not affect motor cooperation much, but 

largely depends on biochemical affinities such as motor-filament affinity and critical 

detachment forces and to some degree on mechanical properties of the system.  
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Chapter 2 

 

Biological Transport inside Channels 

 

Many sub-cellular commodities such as proteins, RNA, nucleic acids need to 

permeate through cellular membranes to reach specific locations inside cells, such 

as inside of mitochondria, chloroplasts, etc. Accomplishing such processes is 

essential for the functioning of a normal cell. Due to the non-equilibrium conditions 

the biomolecules gain a tendency to undergo ‘translocation’ through the biological 

membranes. The questions that arise at this juncture are how cells are able to 

perform such processes, what mechanisms drive such cellular transport processes 

and how the transport parameters may be identified by which one may control 

molecular transport across channels. To understand these processes, first an in-vitro 

study is presented ensued by a discrete-state stochastic model in order to validate 

the hypotheses that were arrived at from in-vitro studies and to understand the 

mechanism of molecular transport in channels. It has been hypothesized that the 

molecular transport is facilitated by chemical interactions at specific locations in the 

channel between the translocating molecules and pore lumen. The analytical model 

is successful in explaining the trends observed in the single molecule experiments. 
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2.1. Chapter summary 

The theoretical framework to interpret the measurements was developed by 

my adviser Dr. Anatoly B. Kolomeisky. The computations pertinent to the 

investigations presented in this chapter were performed by me. The results of this 

study were published in the Journal of Statistical Physics. 

The transport of cellular materials (molecules and ions) from one part of a 

cell to another part of the cell is supported by biological membranes or channels and 

they regulate the flow of such molecules.1,2 Channels that allow permeation of ions 

such as sodium (Na+) ions and potassium (K+) are more efficient and selective in 

nature. Large biological molecules such as proteins and nucleic acids do not 

permeate via such ion channels due to their bulk size and the transport of such 

molecules is possible via large membrane channels/protein-porins. Surprisingly the 

molecular transport across biological membranes is also observed to be fast, 

efficient, selective, and their functioning is robust with respect to strong non-

equilibrium fluctuations in the cellular environments.2 Such processes are 

interesting since many a translocation processes does not involve metabolic energy 

or conformational changes4. 

The molecules that try to translocate through a channel their motion may be 

hindered due to entropic barriers that are posed when the molecules try to partition 

themselves into the channel. To succeed passage through the channel to the exit 

additional forces are needed. In cellular systems electric fields and/or chemical 

interactions may speed up the translocation process.6,7,8,72-81 High resolution single 
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molecule measurements conducted by Wolfe et al probed the effect of 

molecule/pore interactions at the single-molecule level.7,8 These studies have 

revealed that the spatial distribution of the binding site in the pore modified the 

molecular flux in the channel significantly. But, due to biophysical and biochemical 

complexity of the channel and due to the lack of structural information, a 

comprehensive description of the role of additional interaction potentials on 

molecular transport is still not available.7,8,73 

To uncover mechanisms of molecular transport across the nanopores several 

theoretical methods have been proposed.82-92 The continuum models of the channel 

transport view the translocation as one-dimensional motion in an effective potential 

created by interactions with nanopores and with other molecules.84-88 Interactions 

are typically modeled as square well potentials that occupy the whole volume of the 

pore. 

A discrete-state stochastic model was employed to study molecular transport 

inside channels, where the channel is viewed as a set of discrete lattice sites and the 

complete translocation process is viewed as a sequence of chemical transitions 

between specific binding sites in the channel.89-92 By mapping the discrete-state 

model of molecular transport across the channel to a single-particle hopping along a 

periodic lattice, a full dynamic description of permeation through the pore can be 

obtained for arbitrary sets of parameters.89,90 Theoretical calculations also show 

that both continuum and discrete approaches are closely related, and the results 

obtained by these approaches can be mapped into each other.86,88 
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Current theoretical models provide a reasonable description of some 

features of transport processes in the nanopores.84-92 However, what mechanisms 

control molecular permeation through channels is still an open question. 

Explicit expression for the net flux of particles can be derived considering the 

chemical rates of transition between the distinct molecular configurations of the 

translocating molecule inside the channel (with the inclusion of additional 

interaction potentials as well). Using this formalism, the dynamics of molecular 

permeation has been analyzed for different sets of transport parameters. 

The results from our analytical approach provide insights into the 

experimental measurements quite well when the additional chemical interactions 

are considered. This chapter deals with the effect of chemical interactions on the 

flow of particles across channels, specifically, the effect of strength and spatial 

distribution of the interaction potentials and the effect of inter molecular 

interactions is addressed.  

From analytical calculations, it has been seen that when the special binding 

sites are placed at specific locations in the channel, the molecular flux is modified 

accordingly. Maximal molecular transport across channels is achieved when the 

attractive binding traps are located at the exit of the channel, and when repulsive 

binding traps are located at the entrance of the channel. The effect of spatial 

distribution of the special binding sites seem to concur with the observation that 

many biological channels utilize such traps in either the entrance or exit locations of 

the channel.28  
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2.2. Introduction 

Transport of biological molecules via channels present interesting features 

and phenomena that have not been fully explored yet and seek explanations as to 

what governs the fundamental molecular process inside cells. Several polypeptide 

molecules and also several important drug molecules (antibiotics) have to traverse 

via a passageway/channel to reach their respective destination sites. For instance 

the uptake of antibiotics in the bacterial channels is very important since their 

function is to inhibit the bacterial cell growth, and of late it has been noted that 

bacteria are developing resistance to these molecules by rejecting the uptake of the 

antibiotic molecules via these protein channels. Hence the passage of these 

molecules is critical for a healthy functioning of a biological system. From 

medical/bio-technology point of view it may be worthwhile to state that the 

biophysical mechanisms that govern such transport processes across channels are 

of much importance and have been receiving increased attention to be able to 

uncover the basic rules of such processes, and to identify appropriate parameters 

with which one may succeed in controlling such processes and make predictions 

that may be tested by experiments.   

 

 

 

 



23 

 

2.3. Experiment and Model 

2.3.1.  In-vitro Studies 

The single molecule measurements of the partitioning of positively charged 

polypeptide molecules into alpha hemolysin channel (    and its mutant channels) 

by Wolfe et al is presented. The αHL channel can be employed as a prototype 

channel/protein-pore for studying molecular transport since it is verisimilar to the 

protein-pores that catalyze molecular transport in biological systems. Using such an 

experimental set up one may attempt to demonstrate that interactions between the 

molecules and channels have a significant affect in overcoming the entropic barriers 

during the translocation process. However, a molecular mechanism that explains 

the complex behavior of the translocation process from the perspective of the 

molecule-protein pore interactions is still not present.  

2.3.1.1.  The     channel and introducing functionality into the channel 

Wolfe et al have engineered channels with desired/specific functionality to 

understand the flow of substrates via channels. The channel that was chosen for 

studying transport was alpha hemolysin (   ) protein-pore which is a beta barrel 

pore. Inside biological systems, the   -barrel pore serves as a passageway for 

enzyme molecules and for them to be recruited into cell organells. 
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Figure 2.1 – Schematic of a αHL protein pore. 
A cartoon showing the αHL channel with the engineered binding sites (magenta 
color) K131D7 and K147D7 at the trans and the cis side of the channel. The lipid 
bilayer is represented in orange color. The  -barrel protein is a cylindrical channel 
with diameter of approx. 2 nm. Taken from Wolfe et al, JACS 129, 14034, 2007. 
 

The     -protein channel is verisimilar to many other polypeptide 

conducting channels and is a versatile and ubiquitous protein pore. For the reasons 

that the high-resolution crystal structure of     is available, owing to its stability 

for longer durations in varying environments and large single channel conductance 

that allows high-resolution electrical recordings, the     -channel was a judicious 

choice as the basic conducting channel.  

The WT-     channel and its mutant channels were considered to test the 

proposed hypothesis of chemical interactions modifying the underlying 

translocation dynamics and the flow of polypeptides in the channel. The mutant 

channel was synthesized by introducing a mutant site due to a single site mutation 

of Lysine to Aspartic acid. This single site mutation yields a residual negative 
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fourteen units of charge. A K131D7 channel represents one for which this mutation 

occurred at the entrance (trans-side of Fig. 2.1) of the channel. A K147D7 represents 

a channel for which the mutation occurred at the exit (cis-side of Figure 2.1) of the 

channel. A K131D7/K147D7 is a channel where the mutations have taken place at 

both ends of the channel i.e., the entrance and the exit.  

Hence, the channels were designed based on the position of the mutation 

site, and the double mutant channel (K131D7/K147D7) is useful in understanding 

the combined effect of each of the mutant sites on the overall flow of the 

polypeptides. Since the mutant channels now have net negative charge, different 

positively charged polypeptides were considered as substrates and were introduced 

at the trans-side of the protein-pore. The substrates were of similar length and 

charge but with varying hydropathy index. The hydropathy index is an indicator of 

the hydrophilicity of the molecule. The pore interior is more hydrophilic than the 

pore exterior. The following table summarizes the bio-physical properties of the 

positively charged polypeptides. 

 

 

 

 

 



26 

 

polypeptide Length Charge Helicity Hydropathy index 

AK 26 +5 17.4 15.2 

Cox IV 23 +5 5 -5.2 

Syn B2 23 +5 12 -44.4 

 
Table 2.1 - Bio-physical properties of polypeptide substrates.  
The sequences of the polypeptides are described in ref.7. The charge is estimated at 
pH 7.4. Fractional helicity is calculated as previously described. The positive 
numbers indicate the hydrophobic feature of the polypeptide, whereas the negative 
numbers indicate their hydrophilic nature. These values represent the sums of the 
Kyte-Doolittel hydropathy indexes for the individual amino acids in the polypeptide. 
Taken from: Wolfe et al, JACS 129, 14034, 2007. 

 

Three polypeptides were explored for studying molecular transport- an 

alanine based polypeptide AK with the repeat unit AAKAA, a mitochondrial pre-

sequence Cox IV, and a synthetic hydrophilic pre-sequence Syn B2. The table above 

summarizes their properties pertinent to length of the pre-sequence, charge density 

and hydropathy index. The site mutations inside the channel, as described in the 

above section, imparted functionality (net negative charge) and transformed it from 

being slightly anion selective to cation selective due to the presence of a special 

binding site (i.e., binding sites in K131D7, K147D7 and K131D7/K147D7 channels) 

inside the pore lumen.  

The permeability ratio PK/PCl (of the cations to anions;  calculated from 

Goldman-Hodgkin-Katz equation) was measured for the different channels i.e.,     

-WT, K131D7, K147D7 and K131D7/K147D7 channels.7 From permeability ratio 

calculations it was seen that the channel became more cation selective depending on 
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the position(s) of the special binding site inside the channel. Specifically the ratio 

PK/PCl for K131D7-K147D7 (4.5∓0.97, n=3) was greater than K147D7 (1.43∓0.13, 

n=3), K131D7 (0.71∓0.12, n=3) and    -WT channels (0.71∓0.05, n=3). These 

calculations serve as a useful starting point to test the hypothesis of chemical 

interactions between the translocating polypeptides and the channels affecting the 

net flow of the polypeptides through the channel. The pre-sequence with the 

greatest hydropathy index means most hydrophobic and the least hydropathy index 

means least hydrophobic or most hydrophilic. This index for the considered 

substrates are 15.2 (AK), -5.2 (Cox IV) and -44.4 (Syn B2). 

 

Figure 2.2 – Electrical recordings of polypeptides 

Single channel electrical recordings are represented for various channels αHL-WT, 

K131D7, K147D7 and K131D7/K147D7. The dwell time distribution is constructed 

from the electrical recordings and is fitted to a double exponential curve. Taken 

from: Wolfe et al, JACS 129, 14034, 2007. 
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2.3.1.2. Kinetic rate constants of association and dissociation 

Illustrated above in the Fig 2.2 are the single molecule current measurements 

using the Syn B2 polypeptide as the translocating molecule. The current blockade 

times were measured for the Syn B2 polypeptides in different channels. From these 

dwell time histograms were recorded. The dwell time histograms of these channels 

either showed a single exponential like distribution or a double exponential 

distribution. The two durations of blockades can be obtained from the exponential 

fitting to the dwell time histograms and are labeled as        and another as        . 

The estimates obtained from these fits, the smaller time constant (short lived events 

are labeled as ‘1’) is represented as        and the larger time constants (long lived 

events are labeled as ‘2’) are labeled as       .   

The short lived events are interpreted as a manifestation of transient 

collisions between the polypeptide and the channel. The long lived events are a 

manifestation of the polypeptide partitioning itself into the channel and are found to 

be dependent on the applied voltage.  The short lived events are either short lived or 

so small that they were undetected irrespective of the voltage applied, and hence 

are voltage independent. The polypeptides are added across the trans- side of the 

different channels that were considered, since the polypeptides may not have to 

overcome considerable amount of entropic cost when added on the cis-side of the 

channel.  

At a trans-membrane potential of +80mV, the time constants for the WT 

channel were recorded to be                  ;            ,     and 
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                 ;            ,    . With the introduction of an attractive 

binding site at the entrance (i.e., trans-side K131D7) into the WT channel highly 

frequent transient collisions were produced potentially due to a modified free 

energy profile (owing to the attractive binding site at the entry of the channel) and 

thus lowering of the entry barrier of the polypeptides into the channel with 

                   ;               and                   ; 

            ,    . The K131D7 only allows increased attempts of permeation 

of the polypeptides at the entrance of the channel whilst the long lived time 

constants        compared with the WT channel were essentially similar. In 

contrast to the WT and the K131D7 channels, a third type of channel (K147D7) that 

utilized an attractive binding site at the exit of the channel and another (K131D7-

K147D7) channel that employed two attractive sites one at the entrance and one at 

the exit of the channel had undetectable short lived events. For the K147D7 channel 

                   ;            ,     and for K131D7/K147D7 channel 

                     ;              ,    .  

It may be noted that presence of attractive binding sites at the exit of the 

channel has lowered the barrier for the exit of the polypeptide from the cis-side of 

the channel and correspondingly the time constant to cross the channel        has 

become lesser, which implies quicker translocation of the polypeptides which 

strongly supports the hypothesis that chemical interactions between the 

polypeptides and the channel affects the flow of the polypeptides. Also, since the 

trans opening is same for all the channels examined, the transient short-lived 
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conformational fluctuations of the positively charged polypeptides within the pore 

lumen would allow its partitioning by the negatively charged binding site at position 

K147D7. 

Peptide Pore kon-1 

(M-1s-1)x10-5 

kon-2 

(M-1s-1)x10-5 

     
      

(M-1s-1)x10-5 

     
    

(M-1s-1)x10-5 

Syn B2 WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

3.2∓1.3 

29∓6 

NA 

NA 

4.4∓1.3 

8.5∓2.6 

13.8∓6.8 

117∓1 

3.1∓0.8 

4.3∓1.5 

<0.014 

<0.12 

1.5∓0.4 

4.0∓1.3 

13.0∓1.6 

116∓1 

Cox IV WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

0.20∓0.02 

0.3∓0.1 

NA 

NA 

0.6∓0.03 

0.90∓0.15 

0.80∓0.03 

5.0∓0.1 

0.3∓0.2 

0.035∓0.007 

<0.0008 

<0.0045 

0.3∓0.15 

0.6∓0.1 

0.8∓0.2 

4.9∓0.1 

AK WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

0.04∓0.01 

0.20∓0.07 

0.17∓0.01 

NA 

0.008∓0.002 

0.08∓0.01 

0.001∓0.0002 

4.1∓0.73 

0.0002∓0.000

05 

0.032∓0.001 

<0.0000008 

<0.004 

0.008∓0.001 

0.05∓0.002 

0.001∓0.0002 

4.1∓0.7 

 

Table 2.2 - Rate constants of association of substrates with channels.  
The measurements pertinent to the shown data are all conducted in symmetrical 
conditions of 1M KCl, 10 mM potassium phosphate, pH 7.4. A 34 μM portion of 
polypeptide was added to the trans chamber. The values represent mean SDs 
calculated from three separate single-channel experiments. The short lived voltage 
independent events “1” were undetectable. The numbers represent the upper limit 
of the rate constant of association based upon a probability lower than 0.1%. 
Taken from: Wolfe et al, JACS 129, 14034, 2007. 
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For Syn B2, at a trans-membrane potential of 80 mV, it can be seen that the 

rate constant of association      
    was dominant for the K147D7 and 131D7/K147D7 

pores indicating that the dissociation of the polypeptides with the channel occurred 

primarily across the cis opening of the pore when the K147D7 binding site was 

present. This suggests that the position of the binding site alters the net flow of the 

Syn B2 polypeptides. Similar trends are noted for the Cox IV and AK polypeptide 

pre-sequences. More specifically, for the channel K147D7 the rate constant      
    

was moderately increased for Syn B2 polypeptides, and the rate constant      
    

increased substantially for the channel K131D7/K147D7 compared to the WT-pore, 

thence the later result indicative of the fact that two binding sites are more effective 

in enhancing the net flux of the cationic polypeptides through the protein-pore from 

trans to cis side. 
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Peptide Pore koff-1 

(s-1)x10-3 

koff-2 

(s-1)x10-3 

      
      

(s-1)x10-3 

      
    

(s-1)x10-3 

Syn B2 WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

1.1∓0.4 

3.2∓2.0 

NA 

NA 

0.37∓0.02 

0.33∓0.04 

7.2∓1.2 

11∓1 

0.29∓0.01 

0.20∓0.03 

NA 

NA 

0.14∓0.01 

0.12∓0.02 

7∓2 

10∓1 

Cox IV WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

0.76∓0.01 

2.1∓1.3 

NA 

NA 

0.11∓0.01 

0.16∓0.04 

4.8∓0.6 

2.2∓0.2 

0.05∓0.002 

0.15∓0.04 

NA 

NA 

0.052∓0.002 

0.009∓0.003 

5.1∓0.6 

2.0∓0.2 

AK WT-αHL 

K131D7 

K147D7 

K131D7/K147D7 

9.3∓0.9 

2.5∓0.1 

7.9∓3.9 

NA 

1.3∓0.1 

0.57∓0.02 

1.3∓0.5 

7.6∓2.0 

0.04∓0.01 

0.21∓0.01 

NA 

NA 

1.2∓0.5 

0.34∓0.03 

1.3∓0.3 

6.2∓2.0 

 

Table 2.3 - Rate constants of dissociation of substrates from the channels.  
The measurements pertinent to the shown data are all conducted in symmetrical 
conditions of 1M KCl, 10 mM potassium phosphate, pH 7.4. A 34 μM portion of 
polypeptide was added to the trans chamber. The values represent mean SDs 
calculated from three separate single-channel experiments. The short lived voltage 
independent events “1” were undetectable. The rate constant of association was not 
determined, because the events exhibited a probability lower than 0.1%. Taken 
from: Wolfe et al, JACS 129, 14034, 2007. 

 

The above table evinces the rate constants of dissociation        and 

fractional dissociation rate constants from cis and trans sides for all type of channels 

and polypeptides. The rate constants        were in general greater for K147D7 and 

K131D7/K147D7 channels compared to the K131D7 and the WT-pores, this is largely 
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due to the fact that increased rate constants       
    i.e., enhanced dissociation of the 

polypeptides from the cis opening of the channel. This indicates facilitated flow of 

polypeptides from the trans opening to the cis end of the channel.  

These results essentially suggest that channels with special binding sites can 

selectively enhance the flow of polypeptides across the channels and are akin the 

many kinds of biological channels that are selective to specific kinds of ions such as 

sodium and potassium ion channels. Thus the kinetic signatures in the experimental 

studies here suggest that the polypeptide flux through protein-pores with attractive 

binding sites is greater than the WT-pore. 

The increase in the rate constant of       for the K131D7 compared to WT is 

consistent with the location of the binding site near the side of greater polypeptide 

concentration. The rate constant of association       is greater for K147D7 and 

K131D7/K147D7 pores than the WT channels. The results seen in the experiment 

can be interpreted in terms of changes incurred to the free energy profile of the 

polypeptide translocation through the pore. The first/entry-barrier presents the 

polypeptide to overcome the energetic cost to partition itself from the aqueous 

lumen into the pore lumen. The second barrier is determined by the energetic cost 

of the polypeptides to partition themselves into the protein-pore and traverse to the 

cis side of the pore.  

Addition of an attractive binding site modifies the free energy barrier either 

at the entrance or the exit depending on the position of the binding site. Due to the 

lowering of the exit barrier in K147D7 the flux of polypeptides is considerably 
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increased than through WT-pore which is supported by the fact that the rate 

constant       
    is increased. For the case of K131D7/K147D7 channel the rate 

constant of association       and rate constant of dissociation koff-2 increased 

compared to that of WT channel which evinces combined effect of the increased rate 

constants of        in K147D7 and       in K131D7 channels individually. With both 

binding sites engineered in the channel, both the rate constants are enhanced 

synergistically. These results hence indicate that the position of the binding sites do 

alter the flow of polypeptides across channels. 

For the channels of K147D7 and K131D7/K147D7 the short lived states were 

not observed. The rate constants evince that the flow of polypeptides for channels 

with special binding sites is facilitated. Furthermore, it is argued that two attractive 

binding sites synergistically aid the flow of molecules through channels by lowering 

the entry and exit barriers for the translocation to occur.  

Pore        ( )         ( 
  )        ( )         ( 

  ) 

WT-αHL 0.9∓0.4 11∓4 2.7∓0.1 15∓5 

K131D7 0.31∓0.06 100∓20 3.0∓0.04 29∓11 

K147D7 * * 0.14∓0.02 47∓1 

K131D7/K147D7 * * 0.091∓0.005 400∓17 

 
Table 2.4 – Dissociation time constants of Syn B2  
The voltage-independent short-lived blockades were not detected, as judged by a 
log likelihood ratio (LLR) test. The single-channel traces were recorded in 
symmetrical buffer conditions (1M KCl, 10 mM potassium phosphate, pH 7.4).  
Taken from: Wolfe et al, JACS 129, 14034, 2007. 
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pore        ( )     

    ( 
  )        ( )         ( 

  ) 

WT-αHL 1.32∓0.02 0.78∓0.07 9.1∓0.4 2.14∓0.01 

K131D7 0.5∓0.25 1.1∓0.7 6.3∓1 3.1∓0.6 

K147D7 * * 0.20∓0.03 2.7∓0.1 

K131D7/K147D7 * * 0.45∓0.04 17.0∓0.1 

 
Table 2.5 – Dissociation time constants of Cox IV  
The voltage-independent short-lived blockades were not detected, as judged by a 
log likelihood ratio (LLR) test. The single-channel traces were recorded in 
symmetrical buffer conditions (1M KCl, 10 mM potassium phosphate, pH 7.4). Taken 
from: Wolfe et al, JACS 129, 14034, 2007.  
 
 
 

Pore        ( )         ( 
  )           

WT-αHL 0.1∓0.01 0.15∓0.02 0.77∓0.05 0.03∓0.02 

K131D7 0.40∓0.03 0.68∓0.01 1.75∓0.09 0.28∓0.01 

K147D7 0.13∓0.06 0.60∓0.01 1.3∓0.15 0.038∓0.01 

K131D7/K147D7 * * 0.13∓0.03 14∓3 

 
Table 2.6 – Dissociation time constants of AK  
The voltage-independent short-lived blockades were not detected, as judged by a 
log likelihood ratio (LLR) test. The single-channel traces were recorded in 
symmetrical buffer conditions (1M KCl, 10 mM potassium phosphate, pH 7.4). Taken 
from: Wolfe et al, JACS 129, 14034, 2007. 
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From the first passage times (      ) of different polypeptides across 

different channels it can be clearly seen that the time taken to traverse the channel 

decreases with the position of the binding site. When the position of the binding site 

is placed at the exit of the channel        becomes lesser in magnitude, which means 

quicker translocation occurs in the presence of an attractive binding site when 

placed at the exit of the channel. 

2.3.2. Discrete-state stochastic model 

2.3.2.1. Role of binding sites inside the channel 

We construct a discrete-state stochastic model to analyze the net flux of the 

particles inside the channel to be able to understand the underlying mechanisms of 

transport of molecules across channels at steady state conditions. In this formalism 

the channel is considered as a set of discrete lattice sites in one-dimension. The 

transport of molecules across the channel is essentially considered as a one-

dimensional random walk motion along the set of discrete lattice binding sites as 

shown as follows: 



37 

 

 

Figure 2.3 – Schematic of channel with binding sites. 

Schematic of the channel and the various N binding sites are shown therein, with a 

special binding site at position k. 

 

The   binding sites as shown in the above figure make up the whole volume 

of the channel (the dashed box in Fig 2.3) through which the molecules translocate. 

The rates with which the molecules traverse into and out of the channel are 

represented as                  . The molecules enter the channel with rates    

and from the left and right respectively. The rates       are dependent on the 

concentrations of the particles of the aqueous phase of their respective ends (i.e., 

cis/trans side). With concentrations of the particles to the left and right of the 

channel as    and   , the entry rates (     ) can be written as          and 

        . The exit rates of the particles from the channels are denoted as    and 

  . Inside the channel the molecules can jump forwards and backwards at site   
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with rates    and    respectively. Considering only one molecule occupies a channel, 

the probability to find it at site   and time t is dictated by the expression, 

   ( )

  
         ( )          ( )  (     )  ( )  

Equation 2.1 – Rate equation for probability in state ‘j’  

The model with N binding sites can be solved exactly at steady state by 

mapping it to a single particle random walk model on an infinite lattice with period 

N+1 (since there are N states inside the channel and one state outside the 

channel).89,90 With the simplifying assumption of zero particle concentration (   

 ) to the right of the channel, and first considering a uniform channel, we calculate 

the flux across the channel and can be written as follows:  

  ( )  
   

(   )(  
 
   )

 

Equation 2.2 – Flux in uniform channel. 

J0 is the flux, u is the rate to diffuse inside the channel, u0 is the rate to enter the 

channel, and N is the number of binding sites. 

Now, to quantify the effect of chemical interactions we introduce a special 

binding site, say at the kth binding site, i.e., the molecule/polypeptide interacts with 

the channel/protein-pore at this site with energy     . If     then it is an attractive 

interaction potential, if      , then the interaction is repulsive in nature. The 

transition rates near the special binding site are modified due to perturbation 
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caused to the free energy profile near the kth site and thus the free energy difference 

of the energy states connecting these states are modified correspondingly; further 

the transition rates which are connected by this special site satisfy the detailed 

balance conditions and are specified as follows: 89,90 

    
 

  
  

    

  
   

  
 

    
  

  

    

 

 
 

Equation 2.3 – Modified rate constants near site ‘k’. 

In order to specify each individual rates explicitly, a load distribution factor 

‘ ’ is introduced into the above equations. The load distribution factor signifies how 

the interaction energy between the molecules and the protein-pore is distributed 

amongst the forward hopping rates and the backward hopping rates connecting the 

chemical transition events near the special binding site as described in the 

equations above.89,90,93 The new forward and backward hopping rates near the 

special binding site can be expressed as follows: 

    
       

 ,   
     

   ,   
     

   ,     
       

  

Equation 2.4 – Individual modified rate constants. 

The flux now inside the channel with the special binding site at site k can be 

expressed as follows: 
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  ( )

 
   

 [        ]    [ (   )         (   )  
 (   )

     ]
 

Equation 2.5 – Flux in the channel with a special binding site at position ‘k’. 

The effect of interactions can be better understood by analyzing the 

dimensionless ratio,  
  ( )

  ( )
. 

  ( )

  ( )

 
(   )[(    )  

 
 ]

(    )[        ]  [ (   )         (   )  
 (   )

     ]
 

Equation 2.6 – Ratio of fluxes 

The ratio of the particle currents with and without the special binding site 

reveals the mechanistic aspects of the transport of the molecules in the channel and 

how the transport is affected by attractive and repulsive interaction potentials 

between the translocating molecules and the protein-pore. Clearly, the ratio of 

particle currents 
  ( )

  ( )
 provides insight into the effect of interaction on the overall 

net flux of the particles through the channel, and this ratio is plotted as a function of 

k (k was chosen integer values from 1 to 10) and is shown in the plot below. 
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Figure 2.4 – Ratio of fluxes 

The ratio of fluxes is shown as a function of the position of the special binding site 

for various cases of interaction potentials. Circles are for 
 

   
  , 

 

  
    ,      ; 

Squares are for 
 

   
   , 

 

  
    ,      ; Triangles are for 

 

   
  , 

 

  
   , 

     ; Diamonds are for 
 

   
  , 

 

  
    ,    .  

 

Considering the channel to consist of N=10 binding sites, the figure illustrates 

the ratio of the fluxes as a function of the position of the special binding site k. The 

ratio of fluxes was calculated for both attractive and repulsive binding sites 

positioned at various positions. It can be seen that the flux is the largest or optimal 

for attractive binding sites when the special binding site is placed at the end of the 

channel and for repulsive binding sites when they are positioned at the entrance of 

the channel. Intuitively, placing an attractive binding site near the exit of the channel 

increases the probability of the particle to make a successful translocation through 
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the channel, which is implicit from the notion of the modification of the free energy 

profile barrier for the exit of the molecule from the channel, in other words the exit 

rates from the channel are enhanced compared to that of a uniform channel.  

Similarly, a repulsive binding site at the entrance will reduce/lower the 

probability of unsuccessful excursions out of the channel from the entrance of the 

channel, and will aid the net flow of polypeptides through the channel or 

partitioning of the polypeptide into the channel. Another situation is having an 

attractive binding site at the entrance of the channel which may still lower the free 

energy barrier for the entry of polypeptides and increase its probability of 

partitioning into the channel. This is precisely the observation seen in the 

experiments (re-specify the measured results precisely) where the site mutations 

inside the channel enhance the net flow of the polypeptides inside the channel and 

thus these theoretical results and measurements confirm the hypothesis that the 

chemical interaction potentials between the translocating molecules and the pores 

do alter the flow of the molecules across channels.  

Further, this brings us to another relevant question pertinent to the strength 

of interaction between the particles and the pore lumen. It is intuitive to consider 

the proposition that there could be some optimal interaction strength that yields 

maximal current flow through the channel for a given set of transport parameters. If 

the interaction potential is very strong, the probability of the molecules to stay 

inside the channel will be high and their chance of a successful excursion out of the 

exit of the channel would be low. Very strong interaction potentials may hamper the 
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particle flux due to increased association rates of the particles into the channel and 

lowered dissociation rates of the particles from the channel effectively lowering the 

net flow (specify the measurements) of particles. If the interaction potential is very 

weak the situation is essentially similar to having no binding sites in the first place.  

The optimal interaction energy can be derived using our discrete-state model 

by taking the partial derivative of flux with respect to the energy parameter 

         i.e.,
   ( )

  
(  )    which yields the explicit expression, 

        [ 
  

   
(
 

  
    )] 

Equation 2.7 – Optimal interaction strength. 

This evinces that there exists an optimal interaction energy that aids 

maximal flow of polypeptides inside the channel. The plot below illustrates the how 

interaction potential may be tuned to achieve optimal flow of the particles inside the 

channel. 
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Figure 2.5 – Optimal interaction strength.  
The ratio of fluxes inside the channel as a function of particle interaction potential 

with the channel is shown. Parameters for the solid curve are 
 

  
    ,    , 

     ; parameters for the dotted curve are 
 

  
    ,     ,      ; parameters 

for the dashed curve are 
 

  
    ,     ,      ; parameters for the dashed-dotted 

curve are 
 

  
    ,    ,      .  

 

2.3.2.2.  Effect of intermolecular interactions: 

Digressing from the formalism that only one particle may be found inside the 

channel, and allowing multiple particles to be found in the channel and considering 

only the effect of intermolecular interactions, we derive expressions for the flow of 

the particles across the channel. During translocation more than one particle may be 

found inside the channel.91,92 In such a situation the inter-molecular interactions 

may not be negligible and their role could be interesting in understanding the extent 

to which they influence the translocation phenomena. To investigate the role of 

inter-molecular interactions, in the simplest case we consider an     channel 
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without polypeptide-protein pore interactions, i.e., by allowing at most two particles 

to be found in the channel, and such a model serves as a prototype model for 

studying the role of intermolecular interactions in channel transport.  

When there are two particles found next to each other there is an energetic 

cost associated to find the channel in such a situation, and let the interaction energy 

between the particles be ε, the sign of which will depend on the nature of the 

interaction potential, it will be negative for an attractive potential and positive for a 

repulsive potential. For the two binding sites inside the channel, each binding site 

has two possibilities i.e., the specific binding site may be occupied or unoccupied. 

Hence, there are four (  ) possible configurations in which the particles may occupy 

the channel which is conveniently represented as {(0,0), (0,1), (1,0 ) and (1,1)}, 

where the ‘0’ implies that the binding site is empty and ‘1’ implies that the binding 

site is occupied. The time-evolution of these states are fully described by the set of 

master-equations and can be written as follows: 

   (     )

  
    (     )     (     )     (     ) 

   (     )

  
    (     )     (     )     (     )      (     ) 

   (     )

  
    (     )     (     )  (     ) (     ) 

   (     )

  
    (     )      (     ) 

Equation 2.8-Model Master Equations 
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The labels u, u0, u1, u2 are described as follows: 

u0: the rate to enter an empty channel from the left. 

u:  the rate to diffuse inside a channel or exit from a singly filled channel (from the 

left and from the right). 

u1: the rate to enter a singly filled channel from the left. 

u2: the rate to exit a doubly filled channel from the left or right. 

 

Figure 2.6 – Schematic of a channel with two binding sites. 

Schematic of a channel with N=2 binding sites, where the particles may be found 

next to each other inside the channel. The different rates of transitions into, within, 

and out of the channel are represented as          and  . The white circles imply 

the site is vacant and the black circle implies the site is occupied. 
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The expression for the flux can be solved at large times and can be written 

down as the sum total of the product of probabilities from states P(0,1) and P(1,1) 

with their corresponding rates, i.e.,       (   )      (   ). 

   
   (  

  

   )

    
  

 

 
(    )     (  

  

 )

 

Equation 2.9 – Flux for N=2 model. 

For the case of very strong inter particle repulsive interaction potential i.e., in 

the limit of     , there is only one particle found inside the channel and the 

expression    above reduces to the expression derived earlier with     (which 

can be easily verified) and can be written down as  

   
   

 (    )
 

Equation 2.10 – Flux inside the channel for N=1 case. 
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Figure 2.7 – Ratio of fluxes versus inter-particle interaction. 

The ratio of fluxes is shown as a function of the interaction potential between the 

particles inside the channel. Parameters for the solid curve are 
 

  
    ,    ; 

parameters for the dotted curve are
 

  
    ,      ; parameters for the dashed 

curve are 
 

  
    ,    ; parameters for the dashed-dotted curve are 

 

  
   , 

     . 

 

The ratio of fluxes    and    were plotted as a function of the energy for 

different situations of load distribution factors ‘ ’ and the ratio of rates    ⁄ . It is 

revealed that the nature of translocation process is dependent on the load 

distribution factors. For a load distribution factor of 0, the flux inside the channel is 

always a decreasing function of interaction strength and in such a situation single 

particle transport is optimal. For a load distribution factor of 1, the flux is always an 

increasing function of interaction strength and in such a situation the stronger 



49 

 

(attractive potential) the interaction potential the larger will be the molecular flux. 

For intermediate load distribution factors the ratio is a non-monotonous function of 

energy. In such a situation the flux reaches a maximum for some optimal interaction 

energy. 

2.4. Conclusions 

To summarize, we have investigated the effect of interactions on the 

molecular transport across channels. Using exactly-solvable discrete stochastic 

models, we have shown that the strength of the interaction, as well as the spatial 

distribution, are important parameters that can effectively control molecular 

translocations through nanopores. It was found that the largest particle current can 

be achieved when attractive sites are near the exit of the channel, while the most 

optimal position of repulsive sites are near the entrance. We have argued that the 

mechanism of how the interactions affect the transport across the channel is based 

on controlling local concentration of particles in the channel. Special binding sites 

might serve as local traps or barrier, modifying the overall dynamics. Attractive sites 

increase the probability to find the particles at these binding sites, while the 

repulsive sites work as barriers preventing particles already in the channel from 

moving back. Our theoretical picture agrees well with single-molecule experiments 

on translocation of polypeptides and explains these observations.7,8 In addition, 

presented theoretical conclusions also agree with experimental observations on 

maltoporin channels.6 One could argue that our theoretical approach might also 

explain observed distributions of binding sites in real biological channels.94 
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However, it should be noted that biological transport systems might not be 

optimized with the respect of the particle current. But our method still allows 

to analyze microscopic details of molecular transport across channels.  

In addition, we have studied the role of intermolecular interactions in the 

transport through nanopores. It was found that at some interaction strength the 

particle flux can be increased to reach the maximum level. The complex behavior 

could be explained by the fact that particles already in the channel might catalyze or 

inhibit the entrance into the channel of other particles. The discussed model 

presents a convenient theoretical framework for investigating complex transport 

phenomena in biological and artificial channels, and it might also serve as a first 

step for further studies that must include more realistic structural and biochemical 

information. 
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Chapter 3 

Two kinesin transport cargo primarily via 
the action of one motor: Implications of 

intracellular transport 
 

 

The number of microtubule motors attached to vesicles, organelles and other 

sub-cellular commodities is widely believed to influence their motile properties.  

There is also evidence that cells regulate intracellular transport by tuning the 

number and/or the ratio of motor types on cargos. However, it remains a challenge 

to characterize known number of motors responsible for cargo motion, and the 

extent to which motor copy number affects intracellular transport remains 

controversial. Here, this chapter explores the load-dependent properties of 

structurally-defined motor assemblies composed of two kinesin molecules.  It has 

been found that a group of kinesins can produce forces and move with velocities 

beyond the abilities of single kinesin molecules. However, such capabilities are not 

typically harnessed by the system. Instead, two-kinesin assemblies adopt a range of 

microtubule-bound configurations while transporting cargos against an applied 

load.  The binding arrangement of motors on their filament dictates how loads are 

distributed within the two-motor system, which in turn influences motor-

microtubule affinities. Most configurations promote microtubule detachment and 

prevent both kinesins from contributing to force production. These results therefore 

imply that cargos will tend to be carried by only a fraction of the total number of 
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kinesins that are available for transport at any given time, and provide an 

alternative explanation for observations that intracellular transport depends weakly 

on kinesin number in vivo. 

3.1. Chapter summary 

The assays and optical trapping data presented in this chapter were done by 

Dr. D. Kenneth Jamison. The mechanical model of the two-kinesin system was 

developed by Dr. Jonathan W. Driver and is mentioned in later sections to interpret 

these data. The content of this chapter is published in the Biophysical Journal. 

Despite any contribution from me the results of this work are presented in this 

chapter since they form precedence for the later chapters and for the convenience of 

the reader. 

In the static optical trapping assays, loads imposed on polystyrene beads 

increased as the attached motor or motors pulled the beads away from the trap 

center. The performance of both single kinesins and the two-kinesin complexes (see 

Fig. 3.1 for an illustration) were assessed through velocity (as a function of load) 

and detachment force (highest force reached prior to a detachment event) analyses. 

While the two-kinesin complexes were capable of producing forces that were far 

greater than those produced by single kinesins, the average force at which the two-

kinesin beads detached was statistically verisimilar to that of the single kinesin 

beads.  The average velocities of the two kinesin beads were essentially identical to 

single kinesin velocities at forces below the single kinesin stall force; at higher loads, 



53 

 

two kinesin beads moved with velocities that not only exceeded single-kinesin 

velocities, but also exceeded the velocities predicted by an equal-load-sharing 

approximation for two kinesins. 

When analyzing velocities from individual traces, we noticed that two-

kinesin beads tended to accelerate or decelerate rapidly, a behavior that has been 

attributed to transitions between non-load-sharing and load-sharing microtubule-

bound configurations. Using mechanical modeling, it is shown that the sharing of 

load between two kinesins is dictated by the distance separating them at the 

microtubule. Generally, the larger the separation distance, more is the load the 

forward or 'leading' motor assumes relative to its 'trailing' partner. Changes in 

separation distance between motors on microtubules of just one lattice site can 

cause a 15-20% shift in relative loads; the range of separation distances over which 

loads are shared is quite small compared to the range over which they are not. 

Furthermore, from thermodynamic considerations, it has been predicted that an 

unbound kinesin should initially bind to the microtubule in a non-load-sharing 

configuration. Also it is noted that the rate of transition from high velocity states to 

low velocity states is quite high. Taken together, these observations and analyses 

help to explain the behavior observed in the assay: trailing kinesins, which bind into 

non-load-sharing configurations, are generally unable to close the distance between 

them and their leading partners (through stepping) before one or the other 

detaches. 
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This work has significant implications for intracellular transport by teams of 

kinesins. Principally, these results suggest that force production in teams of multiple 

kinesins depends only weakly on the number of kinesins present. This helps to 

explain other groups' experimental observations in living cells. It also leads to an 

intriguing hypothesis regarding bidirectional transport by opposing teams of 

kinesin and cytoplasmic dynein: force production in teams of kinesin motors may be 

less-than-additive to allow a team of weaker dynein motors to compete against it.  

3.2. Introduction 

Microtubule motors are mechano-chemical enzymes that transport 

organelles and other important cargos in the cytoplasm of eukaryotic cells.95 Many 

motors in the kinesin and dynein families are capable of generating   -sized forces 

and move processively along their filament tracks.96-98 Although such capabilities 

imply kinesin and dynein can transport cargos efficiently as single unassisted 

molecules, cryoelectron microscopy and several in vivo studies have demonstrated 

that cargo motion is often driven by teams of these motors.99-102 The combined 

action of motors may be critical during specific transport challenges that require 

high-force production or long-distance travel. There is also evidence that cargo 

motion can be regulated by tuning the number of motors participating in 

transport.103 The motions of neurofilaments, mitochondria, melanosomes, and 

certain vesicles are all known to be driven by both kinesin and dynein. Since these 

motors move in opposite directions along microtubules, regulating their 
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stoichiometry should allow net directional transport to be achieved. However, 

despite efforts to examine multiple motor behaviors, the sensitivity of most cargo 

transport parameters to motor copy number has been difficult to characterize and, 

overall, the precise impact of motor number on intracellular transport processes 

remains unclear. 

A significant limitation of current studies of multiple motor dynamics is that 

the number of motors responsible for cargo motion is not rigorously known. 

Typically, only the average number of motors on cargos can be controlled in vitro by 

binding motors to beads at different motor/bead ratios. Analogously, motor number 

can be manipulated in vivo by either stimulating cells with external cues or 

controlling motor expression.103,104 In all of these cases, the precise number of 

motors responsible for specific transport behaviors must be inferred from analyses 

of cargo velocities, run lengths, and detachment forces. Yet, the relationships 

required for such analyses have not been rigorously validated, and interpretations 

of collective motor behaviors often rely on idealized model assumptions that motors 

share their applied loads equally and do not interact with one another during cargo 

transport.     

Understanding the effects of multiple motor number, organization and 

coupling is particularly important considering recent observations that suggest 

motor copy number influences cargo transport differently in vitro and in vivo.105 

Although significantly different average run lengths are often observed, beads 

coated with multiple motors are generally found to travel longer distances along 
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microtubules than single motor molecules.106,107 Such behavior is not necessarily 

found in vivo. Recent in vivo studies of lipid droplet motility suggest that cargo 

velocities and run lengths do not depend on kinesin number.104 Of interest, 

bidirectional motions of melanosomes, and hence whether they aggregate or 

disperse in the cytoplasm, appear to depend on dynein (but not kinesin) number.103 

Given current in vitro observations and general notions of multiple motor 

mechanics, it has been proposed that there are as of yet undefined environmental 

and/or regulatory factors in living cells that reduce the impact of kinesin copy 

number on cargo transport. However, since critical aspects of collective motor 

mechanics remain unresolved, it is also possible that such behavior is derived, at 

least in part, from inherent biophysical properties of multiple kinesin complexes. 

Herein, an optical trap was used to characterize the load-dependent 

transport properties of structurally-defined motor assemblies containing two 

elastically-coupled kinesin molecules. These assemblies facilitate more direct 

comparisons of single and multiple motor behaviors, while allowing examination of 

how a motor assembly’s microtubule bound configuration influences cargo motion. 

Overall, it is shown that single and small groups of kinesins can exhibit remarkably 

similar detachment forces, velocities, and bead displacement sizes on average. This 

behavior occurs since most assembly configurations (i) prevent both kinesins from 

participating simultaneously in cargo transport, and (ii) create conditions that 

promote detachment of the leading (front) motor within the assembly. Thus, the net 

load-dependent transport behavior of the two-motor system resembles the action of 
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a single kinesin to a surprising extent. Furthermore, our work suggests that multiple 

motor systems possessing varied structural and mechanical properties, and 

therefore, that a range of intracellular cargos will exhibit this behavior. 

3.3. Materials and methods: self-assembly of two-kinesin 

complexes 

Structurally-defined assemblies of two kinesin motors were created using a 

synthetic procedure that allows multiple proteins to be organized onto DNA-based 

molecular scaffolds (Fig. 3.1A; Fig. 3.7A).108 In this method, motor-DNA anchoring is 

accomplished via DNA-conjugated artificial proteins composed of an engineered 

leucine zipper (ZR) and elastin-like polypeptide motifs.109,110 The artificial proteins 

were used to link two recombinant human kinesins (hK560EGFP-ZE) to a 50    

long DNA duplex that possesses ssDNA attachment sites for motors at each end. The 

DNA scaffold also incorporates two biotin molecules adjacent to each attachment 

site for assembly immobilization onto streptavidin-coated beads. Each motor is 

therefore anchored to beads through its proximal biotin-streptavidin linkage, and 

hence, the DNA scaffold functions as a template to pattern motors on the bead 

surface and not as a mechanical element in the assembly. 



58 

 

3.4. Results 

3.4.1. Optical trapping of individual two-kinesin assemblies 

In our optical trapping assays, a two-kinesin assembly binds to a microtubule 

and pulls its bead in one direction against the increasing load of the trap until 

detachment occurs. This process produces traces with clear signatures of multiple 

motor function (Fig. 3.1; Fig 3.8A). First, two-kinesin beads were observed to detach 

at forces that cannot be produced without the combined action of two motors 

(>>7.6   , the stalling force of a single kinesin). Additionally, 43% of two-kinesin 

trajectories contain instantaneous rearward displacements to positions other than 

the trap center upon microtubule detachment. Such behavior is clearly visible in 

individual traces (Fig. 3.1B; Fig. 3.8) and is indicative of a two-state unbinding 

process: the assembly partially detaches from the microtubule via the unbinding of 

only one assembly motor before detaching completely. The rearward displacement 

magnitudes produced by this process are distributed about a peak at 47    (Fig. 

3.1C), indicating that the DNA scaffold confers distinct structural properties to the 

motor assemblies. 
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Figure 3.1 - Optical Trapping of Two-Kinesin Assemblies (data collected by D. K. 
J.) 
(A) Illustration of a DNA-templated two-kinesin assembly anchored to a 
streptavidin-coated bead.  Assembly components are drawn approximately to scale.  
(B) Optical trapping traces from two-kinesin assays. A representative large 
rearward displacement that occurred prior to complete bead detachment is 
indicated. Single-kinesin data is provided in the Supporting Information. The red 
line indicates the measured 7.6    single-kinesin stall force. (C) Histograms of 
rearward-displacement magnitudes that occurred during bead detachment. An 
illustration of the two-state unbinding process is shown on the right. (D) Histogram 
of the peak forces observed prior to bead detachment in (top) single-kinesin assays 
(         ;            ) and (bottom) two-kinesin assays (         ; 
           ).  Detachment forces for all traces are reported. 
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3.4.2. Detachment force distributions of individual two-kinesin assemblies 

The ability to trap individual two-kinesin assemblies allowed comparison of 

bead-microtubule detachment forces in single- and two-kinesin assays (Fig. 3.1D).  

For these comparisons, we evaluated distributions of the peak force beads reached 

in the trap prior to detachment regardless of dwell times; all recorded traces are 

included in our analyses. Single-kinesin detachment forces are found to be 

asymmetrically distributed about a peak at 7.3   ; events > 9    are rare. In 

contrast, two-kinesin bead detachments are more broadly distributed and contain 

events where microtubule unbinding occurred at forces up to 17   . Surprisingly, 

we found that the histogram of two-kinesin detachments contains a peak at 5.6   . 

This peak persists even when our analysis is limited to trajectories that include 40-

60    rearward displacements (Fig. 3.1D, inset). Further, trapping data collected 

from individual two-kinesin beads also reflect this behavior; low-force detachments 

occur more often than high-force detachments. Since the assay conditions dictate 

that a large majority of two-kinesin beads possess a single surface-bound assembly 

(Fig. 3.7B), the detachment events recorded from a single bead can be reliably 

attributed to the same assembly. Therefore, the distributions plotted in Fig. 3.1D do 

represent the detachment behavior of a two-kinesin assembly in an optical trap. 

Finally, it has been noted that detachment force histograms of kinesin-driven lipid 

droplets display a similar low-force peak. 

Overall, analyses of bead detachments show that two kinesins are capable of 

producing much higher forces than a single kinesin. However, the average 
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detachment forces measured in the single- and two-kinesin assays are surprisingly 

similar (6.0 ± 2.0    and 5.9 ± 2.6    respectively, mean ± s.d.). One might expect 

that a group of two kinesins would detach at higher forces than single motors since 

they could remain associated with a microtubule for longer periods of time. Yet, our 

observations suggest that kinesin within assemblies influence one another’s 

dynamics, yielding enhanced cargo detachment rates. 

3.4.3. Two-kinesin assemblies transition between microstates with 

different numbers of load-bearing motors 

Next single and two kinesin force-velocity (F-V) relationships were 

constructed and compared. First, instantaneous bead velocities were calculated by 

applying a        sliding linear regression window to position vs. time traces (Fig. 

3.2A).112 This data was then used to construct load-dependent velocity distribution 

histograms (Fig. 3.2B, 3.2C). Between loads of 4-8   , two-kinesin velocity 

histograms contain two distinct peaks, regardless of whether they are constructed 

using trajectories where bead detachment occurred above 10    (Fig. 3.2B), at 

lower forces (4.5-6.5   ), or using all recorded traces (Fig. 3.2C). This result is 

expected since a two-kinesin assembly can transport beads via different 

configurations (microstates) where either one or both motors are microtubule-

bound. Cargo velocities under load should be higher when two motors work 

together as a team. Yet, the two-motor system can also adopt various two-motor-

bound configurations where system is oriented differently with respect to the  
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Figure 3.2 - Detection of Transitions Between Distinct Assembly Microstates 
(data collected by D. K. J.) 
(A) A two-kinesin bead trajectory showing a transition between assembly 
microstates with ‘low’ (single load-bearing motor) and ‘high’ (two load-bearing 
motors) velocities. Trajectory components are indicated by Roman numerals. The 
lower F-V plot displays the average velocities measured from trajectories where 
bead detachment occurred above 10    (blue triangles;           ). The 
downward- and upward-pointing triangles indicate the average segment velocities 
for the ‘low-velocity’ (single load-bearing motor) and ‘high-velocity’ (two load-
bearing-kinesins) configurations of the assembly respectively. The red circles denote 
our measured single-kinesin F-V relationship. Velocities are displayed as mean ± 
s.e.m. (B) Histograms of two-kinesin bead velocities analyzed in traces where bead 
detachment occurred at high forces (>10   ). The white and blue bars correspond 
to ‘low’’ (single load-bearing motor) and ‘high’ (two load-bearing-kinesins) velocity 
sub-populations respectively. The light blue background indicates the velocity 
distributions for all measured events before microstate identification. (C) Velocity 
distributions of two-kinesin beads at 5    using all measured two-kinesin 
trajectories. 
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-microtubule axis and where the motor-microtubule binding-site distances between 

the motors are different. 

Since these factors may also influence cargo velocities, the next challenge 

was to resolve which assembly configurations produced the different velocity sub-

populations. 

While calculating two-kinesin F-V relationships, clear transitions within most 

trajectories were observed where beads accelerated or decelerated between distinct 

non-zero bead velocities (Fig. 3.2A). The next test was whether these transitions 

could be used to identify portions of trajectories where bead motion is driven by 

one or two motors. To do so, a threshold acceleration rate (|
  

  
|                 ) 

was used to determine the forces at which velocity transitions occurred, and then 

separate traces into ‘low’ and ‘high’ velocity segments depending on whether beads 

decelerated or accelerated into a segment, respectively. The resulting trace 

components were then pooled into ‘low’ or ‘high’ velocity sub-populations and 

plotted on top of the raw velocity distribution data (Fig. 3.2B, 3.2C). The Gaussian-

like shape and overlap of each distribution with the peaks found in our raw velocity 

histograms demonstrates that this method correctly assigns trajectory components 

to their appropriate microstates. Yet, this method does not distinguish between 

microstate configurations that yield similar velocities (i.e., beads should move with 

near-identical velocities when only one assembly kinesin is bound to the microtubule 

and when both kinesins are bound but only one assumes the applied load of the trap). 

Therefore, the velocity histograms in Fig. 3.2 are best described as a distribution of 
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two general classes of assembly microstates where either one or two assembly 

kinesins bear the applied load of the trap. 

To further examine how two kinesins transport beads when they adopt 

specific microtubule-bound configurations, the velocities of each microstate sub-

population were averaged and generated two distinct curves describing the F-V 

dependence for each detected assembly microstate (Fig. 3.2A, 3.2C). One curve 

follows the F-V relationship measured for a single kinesin, while the second curve 

extends to greater forces and displays higher velocities. In these plots, bead 

velocities are attenuated since microtubule-bead linkages stretch as the applied load 

of the trap increases (this effect is most significant at low forces and gives rise to the 

concave-downward curvature of each plot). Indeed, the close agreement of the ‘low-

velocity’ curve with the single-kinesin F-V data indicates that the two-kinesin trace 

segments assigned to the ‘low-velocity’ population can be reliably attributed to 

events where only one assembly motor drives bead motion. The second, ‘high-

velocity’ curve therefore stems from microstates where the assembly motors 

worked together as a team.  Hereafter, the assembly configurations that produce 

these different behaviors are referred to as either ‘low-velocity’ (single load-bearing 

motor) or ‘high-velocity’ (two load-bearing motor) microstates. 

3.4.4. Deviations from non-cooperative (non-interacting) two-kinesin 

force-velocity relationships 

Next measurements of single-motor and two-kinesin assembly elasticities 

were used to construct F-V plots that account for the stretching of microtubule-bead 
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linkages (Fig. 3.3, and Appendix to Chapter 3). The resultant single-kinesin-1 curve 

(red circles) was then fit to a previously reported F-V relationship,98 which allowed a 

theoretical two-kinesin curve to be generated assuming that each motor 

experiences half of the applied load on the bead and that the two motors do not 

interact. At low loads, two-kinesin microstate F-V relationships generally follow 

their respective theoretical curves. However, when two-kinesin beads moved with 

‘low’ (single-load-bearing motor) velocities, their average velocity tended to be 

smaller than those measured in single-kinesin experiments; a Welch’s t-test shows 

there is a significant velocity difference (        between the two data sets from 

2-5   ). Given these deviations, our results further indicate that motors within the 

two-kinesin assembly do interact and that there are circumstances where these 

interactions lower the average velocities of beads and the forces at which they 

detach. 

Deviations were also found from predicted F-V behaviors at high applied 

loads (i.e., loads where transport requires the action of two motors). Surprisingly, 

two-kinesin beads moved with appreciably higher velocities than those in the 

theoretical curve. Nevertheless, the fact that these transport events occur relatively 

infrequently, as indicated by Fig. 3.1D, suggests that specific conditions (e.g., 

assembly orientations and/or motor microtubule binding configurations) may be 

required for a two-kinesin assembly to produce large forces. 
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Figure 3.3 - Bead Transport is Most Commonly Driven by a Single Assembly 
Motor Under Load (data collected by D. K. J.) 
(A) Force-dependent velocities of two-kinesin beads that account for motor 
stretching during bead advancement. The solid and dashed lines denote a fit to 
single-kinesin F-V data and predicted two-motor velocities assuming assembly 
motors share the applied load of the trap equally.  Red circles denote single kinesin 
F-V data. Triangles represent the average velocities of traces segments that were 
assigned to different microstate configurations as indicated by the figure legend. (B) 
Total experimental time (top) and proportion of time (bottom) two-kinesin beads 
spend moving with single motor (downward pointing triangles) or two load-bearing 
motor (upward pointing triangles) velocities.  (C) The average trajectory velocity 
(grey circles) and the time-weighted average velocity (squares) of two-kinesin beads 
plotted as a function of the applied load. The zero-load velocities (diamond) of single 
kinesins and two-kinesin assemblies were found to be nearly identical, as previously 
determined.52 
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3.4.5. Two kinesins tend to transport cargos via a single load-bearing 

motor 

The next evaluation was whether two-kinesin assemblies tended to adopt 

particular microstate configurations during cargo transport by examining the time 

that beads spent moving with either ‘low’ (single load-bearing motor) or ‘high’ (two-

load-bearing motor) velocities as a function of the optical trap’s applied load (Fig. 

3.3B). In general, single load-bearing motor microstates are much more prevalent at 

low applied loads; below kinesin’s 7    single-motor stall force, the assemblies 

spend >76% of their time moving with single-kinesin velocities. Yet, above kinesin’s 

stall force, these microstates become extremely rare since a single kinesin cannot 

easily transport beads against such loads without the assistance of a partner.  

The prevalence of single load-bearing motor microstates also influences the 

average velocities of the two-kinesin beads at low applied loads. In this regime, 

average velocities are affected significantly by the fact that both the number and the 

duration of two load-bearing motor transport events are smaller than those 

produced by a single load-bearing kinesin. Overlap between the average single- and 

two-kinesin F-V relationships is found when the velocities of the two-kinesin 

trajectories are weighed equally (Fig 3.3C. circles; Appendix to Chapter 3), indicating 

the number of single load-bearing motor transport events is greater than those 

produced by two load-bearing kinesins. This concordance is even stronger when 

bead velocities are weighted by the time it takes for beads to move through a given 

force bin (Fig. 3.3C, plotted squares). The latter curve denotes the true average 
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velocity of the two-motor system since it accounts for the fact that beads spend 

more time within a force bin when only one motor drives transport (i.e., since bead 

velocity is lower). Overall, given these trends, we conclude that two load-bearing 

kinesin microstates are relatively rare and short-lived, and make minor 

contributions to cargo velocity at low applied loads. 

3.4.6. Composite elastic properties of individual two-kinesin assemblies 

suggest non-equal load sharing 

To gain mechanistic insight into how an assembly’s microtubule-bound 

configuration influences two-kinesin force production and velocity, the elastic 

properties of two-kinesin assemblies were characterized when both motors were 

microtubule-bound and engaged in transport by analyzing positional fluctuations of 

beads over a range of applied optical loads (Appendix to Chapter 3). Single kinesin-1 

and assembly elasticities were calculated using identical methods, except that 

assembly stiffnesses were measured exclusively from trace components where both 

motors were responsible for bead motion (Fig. 3.4A). 
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Figure 3.4 - Analyses of Two-Kinesin Assembly Elasticities and Load 
Distribution. (data collected by D. K. J.) 
(A) Measured elasticities (stiffnesses) of single kinesins (    ) and two-kinesin 
assemblies (         ). (B) Illustration of an assembly’s configuration at mechanical 

equilibrium under 5    load and with a specified binding site separation distance of 
32   . The leading motor experiences substantially larger axial and perpendicular 
forces than the trailing motor:     (  ) = 3.4   ,   (  ) = 4.2   ;   (  ) = 1.6   ,   (  ) 

= 1.0   . Configuration-dependent elasticities predicted by the model are presented 
in the Appendix to Chapter 3 (Fig. 3.9B). (C) Predictions of the rearward force 
imposed on the leading and trailing assembly motors plotted as a function of 
microtubule binding-site separation distances plotted for applied loads of 5    
(black) and 12    (tan). 
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As with previous studies, single motor stiffness (    ) is found to increase 

non-linearly with increasing force.113 However, the composite stiffness of the 

hK560EGFP-ZE/ ZR-ELS6-DNA construct is smaller than that of wild-type kinesin 

motors since the artificial protein linkers employed here include a compliant 

poly(VPGVG) domain.109 The dependence of      on the applied load could be fit by 

a sigmoid function (Appendix to Chapter 3), and then used to approximate the 

composite stiffness of a two-kinesin assembly (         ), assuming parallel-springs 

and equal-load-sharing behaviors:          (     )        (
     

 
), where   

denotes stiffness. Overall, significant deviations were observed from parallel-

springs behavior. There is a general shift of the assembly stiffnesses from the 

predicted curve towards the trend measured for a single-kinesin; the values lie in 

between the predicted two-motor and single-kinesin curves. This result indicates 

that the kinesins within the assembly will most likely not be able to share the 

applied load of the trap equally, and will be stretched to different extents when both 

motors are filament-bound. 

It was next examined how the assembly-microtubule binding configurations 

influence the load distribution between two microtubule-bound kinesins. If the 

elastic linkages within a two-kinesin assembly are assumed to reach their 

mechanical equilibrium states in between motor stepping events,114 distributions of 

loads between motors can be evaluated via a mechanical modeling procedure that 

calculates the equilibrium position of the bead given a specified load, the force 

dependence of     , and the separation distance between the two microtubule 
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binding sites (Fig. 3.4B, 3.4C, and Appendix to Chapter 3). To capture generic elastic 

properties of the two-kinesin assemblies, load distributions were calculated for 

assemblies bound in an ‘in-line’ configuration (i.e., both motors are bound to the 

same proto-filament, one in front of the other). The predominance of such 

configurations is implied by our stiffness analysis and evidenced more directly by 

our evaluations of rearward displacements during partial assembly detachment 

events (Fig. 3.1C). 

An illustration of a representative two-kinesin assembly configuration at 

mechanical equilibrium is depicted in Fig. 3.4B (          , binding-site 

separation distance=32   ). Here, the two-motor-system clearly exhibits deviations 

from equal-load-sharing behavior. The ‘leading’ motor is stretched a larger distance 

than the ‘trailing’ motor and assumes a significantly higher portion of the load 

imposed on the bead than its ‘trailing’ partner (   (  )         and    (  )  

      , when           ). Overall, it is identified the two general trends that 

describe how applied loads are distributed between assembly kinesins. First, when 

both motors are bound to a microtubule and bear load, the presence of the ‘trailing 

motor’ causes the angle between the ‘leading motor’ stalk and the microtubule axis 

to increase relative to that of a single kinesin experiencing the same applied load, 

which should affect motor velocity.115 Concomitantly, the leading motor experiences 

a larger upward force (perpendicular to the microtubule axis:      ) which will 

influence motor-microtubule detachment rates.116 Second, the difference between 

the axial (rearward) loads assumed by each motor is very sensitive to the distance 
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between the microtubule-binding sites of the two motors (Fig. 3.4C). An ‘optimal’ 

separation distance is found where the applied load of the trap is distributed near-

equally between the two motors, but deviations from this distance by even one unit 

of motor step size (8   ) can lead to   -sized differences in the loads imposed on 

the motors. Together, these results imply that there are consequences if motors 

within an assembly deviate from specific microtubule-bound configurations that 

optimize how forces are distributed within the motor system. Importantly, such 

constraints appear to be significant over a range of assembly structures (scaffold 

lengths, bead sizes, motor length and stiffness; Fig. 3.9). 

3.4.7. Cargo displacement magnitudes depend on microtubule-binding 

configuration 

To further characterize how a motor assembly’s microtubule-binding 

configuration influences cargo motion, two-kinesin stepping behaviors under the 

applied load of the trap (Fig. 3.5) were examined. Single kinesin molecules are 

known to advance in discrete 8    steps (Fig. 3.5A).117 Unless a group of kinesins 

synchronize their stepping, cargo displacement magnitudes are expected to be 

smaller than 8   .110,114 Furthermore, cargo displacement sizes should depend on 

how multiple motors are bound to their filament track. To examine this behavior, a 

mechanical modeling procedure is used to calculate the distances beads move when 

the binding-site separation distance between assembly motors changes by 8   ; a 

simulation of asynchronous stepping. These analyses revealed that two-kinesin 

beads can advance in unitary (8   ) or attenuated (< 8   ) increments depending  
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on: (i) the separation distance between the assembly motors’ microtubule binding 

sites, (ii) whether the ‘leading’ or ‘trailing’ assembly motor steps forward, and (iii) 

the total applied load imposed on the bead (Fig. 3.5B). Despite these complications, 

three characteristically different stepping behaviors can be identified that largely 

depend on the microtubule-binding site distances between the assembly motors as 

described below. 
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Figure 3.5 - Two-Kinesin Stepping Analyses (data collected by D. K. J.) 
(A) A pairwise distance distribution histogram for a single kinesin motor and the 
corresponding spectral analysis.  Histogram of displacement sizes found using a 
step-finding algorithm are provided in the Supporting Information. (B) Predicted 
displacement sizes for two-kinesin beads as a function of microtubule binding-site 
separation distance for FTrap = 5    (black) or FTrap = 12    (tan). (C) Step-size 
distributions for two-kinesin assemblies when they move with ‘low’ (single load-
bearing motor) velocities (black) from 3-5   , and with ‘high’ (two load-bearing 
motors) velocities above 12    (tan). Bead displacement histograms, pairwise 
displacement distributions and the corresponding spectral analyses are shown. The 
inverse of spatial frequencies corresponding to spectral peaks indicates the 
dominant periodicities present in the pairwise distributions (e.g., a peak at 0.25 
     signifies the presence of 4    steps). 
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When the kinesins are bound in close proximity, bead displacement 

magnitudes are significantly smaller than 8   . Under these conditions, both 

assembly motors assume a portion of the applied load imposed on the bead. The 

asynchronous advancement of one assembly motor results in attenuated 

displacement sizes whose magnitudes are primarily determined by the extent to 

which the assembly linkages stretch or relax as the binding site separation distance 

and the load distributions between the two motors change. Yet, at intermediate 

separation distances, our calculations show that the displacement sizes of single- 

and two-kinesin beads will be near-identical. In this regime, the ‘leading’ motor 

bears nearly the entire applied load on the bead, and advances as a single motor 

with a partner that largely does not contribute to bead motion. A similar 

circumstance is found when motor binding site distances are large, except that in 

this case, the ‘trailing’ motor ‘lags’ behind the motion of the bead and imposes a 

resisting load on the ‘leading’ motor (Fig. 3.5B). Although one might expect 

attenuated displacements to be produced in this circumstance, it was found that 

motions associated with bead rotations contribute significantly to displacement 

sizes in this regime, and that the beads still tend to advance forward in increments 

near equivalent to kinesin’s step size. Attenuated displacement sizes are found 

when the scaffold center position is used as a reference point (Fig. 3.10D).  

Analyses of two-kinesin stepping behaviors largely confirm our calculated 

predictions. First, pairwise distributions and step-size histograms of two-kinesin 

bead displacement sizes within trajectory components assigned to ‘low-velocity’ 
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(single-load-bearing motor) microstates contain a clear periodicity / step-size 

corresponding to 6.4    (Fig. 3.5C, top; Fig. 3.10D). Similar results are found in the 

single kinesin pairwise distribution and step size histograms, which exhibit a 

dominant periodicity/step-size of 6.3    (Fig. 3.5A, Fig. 3.10A). When single-motor 

elasticity data is used to adjust displacement sizes for the stretching of microtubule-

bead linkages, a displacement magnitude of 6.3    equals kinesin’s intrinsic 8.2    

step size (Fig. 3.10). Such agreement is expected, as displacements equivalent to 

kinesin’s unitary step size should be produced when two-kinesin assemblies adopt 

configurations where only one assembly motor bears the applied load of the trap, 

regardless of whether one or both motors are microtubule-bound. We note that 

there is some broadening in both pairwise displacement and step size distribution 

histograms of the ‘low-velocity’ two-motor stepping data. This likely reflects 

variability in two-kinesin bead displacement magnitudes that arises from a 

percentage of events where assemblies adopted configurations that result in a 

partial sharing of the applied load. 

Significant agreement between measured and calculated two-kinesin bead 

displacement sizes is also found at high forces (> 12    ), where motors must work 

together to produce forward motion. The corresponding pairwise distribution 

histogram possesses a spectrum of small step sizes and a dominant 3.7    

periodicity (Fig. 3.5C, bottom). A histogram of bead displacement magnitudes 

contains an equivalent peak. A second, smaller peak at 6.8    is also observed.  

However, evaluation of the step finding procedure indicates that a portion of this 
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peak’s magnit ude (~50%; 15% of steps in traces) likely stems from undercounting 

of small stepping events. While we cannot fully rule out that two kinesins can 

coordinate/synchronize their stepping mechanics to some extent, we conclude that 

a group of two kinesins moving against large applied loads will advance primarily 

via asynchronous stepping. Importantly, coupled with our analyses of load 

distributions within motor assemblies, this result highlights why it is so difficult for 

two-kinesin beads to sustain transport against large loads. Asynchronous stepping 

will lead to fluctuations in binding-site separation distances, and hence, create 

transient conditions that promote motor detachment. 

3.4.8. Kinetic transition rates between two-kinesin assembly microstates 

It was evaluated how rapidly a two-kinesin assembly can transition between 

microstates with different numbers of load-bearing motors by combining a method 

to analyze motor-microtubule detachment kinetics with the ability to identify 

transitions between velocity sub-populations (Fig. 3.6).112 
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Figure 3.6 - Single and Two-Kinesin Binding / Unbinding Kinetics (data 
collected by D. K. J.) 
(A) Schematic of the microstate transitions for a two-kinesin assembly. The 
subscript indices specify the number of load-bearing motors present before and 
after the transition. (B) Measured transition rates for two-kinesin assemblies. 

 

Again, the above analyses show that ‘low’ (single load-bearing motor) 

velocities can be produced regardless of whether one or both motors are attached to 

the microtubule. When both motors are microtubule-bound, their binding-site 

separation distances dictate load distributions, and hence, whether the system will 
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move with ‘low’ (single load-bearing motor) or ‘high’ (two load-bearing motor) 

velocities. Importantly, there are a number of configurations that can produce either 

behavior. Thus, the measured rates must be considered as average transition rates 

between different classes of assembly microstate configurations where either one or 

two motors bear the applied load, and are not purely defined as the rates at which 

the number of microtubule-bound kinesins change. 

As expected, all forms of two-kinesin assembly and single-kinesin 

detachment rates are found to increase as a function of applied load. Importantly, 

the transition rates     [   ] measured for two-kinesin beads are higher than the 

corresponding single-kinesin detachment rate, indicating inter-motor interactions 

enhance motor detachment in the two-kinesin system. Furthermore, below kinesin’s 

stall force, the transition rate       [   ] describing how rapidly assemblies switch 

from ‘high-velocity’ (two load-bearing motors) microstates to ‘low-velocity’ (single 

load-bearing motor) microstates is found to be significantly larger (> 3x) than the 

rates of single-kinesin detachment. Moreover, the rate       [   ] is much faster 

than the rate assemblies transition back into microstates where both motors 

assume a portion of the applied load (      [   ]). Together, these results further 

confirm that assembly configurations where both motors are engaged in transport 

are rare and short lived, and support the conclusion that two kinesins primarily 

transport their cargo through the action of a single load-bearing motor. 

It was also found that the transition rates describing the addition of a second 

load-bearing motor,       [   ], are significantly lower than the values commonly 
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used to approximate the rates at which motors bind to microtubules (   [   ]). This 

rate is often assumed to be load-independent at       .118 Yet, when considering 

the effects of motor-microtubule binding geometry, the attachment of a second 

assembly kinesin-1 does not necessarily result in load sharing or high cargo 

velocities since the motors must close any gap between their binding sites that 

prevents them from both contributing to force production. It is therefore possible 

that, when defined purely by motor binding, the rate    [   ] can be larger than our 

observed transition rate       [   ]. 

3.5. Discussion 

By studying the load-dependent properties of structurally-defined 

assemblies of two kinesins, new features of collective kinesin dynamics were 

resolved that provide insight into the dependence of cargo transport on kinesin 

number. Importantly, several lines of evidence confirm the successful examination 

of individual two-kinesin complexes. In particular, we observed that two-kinesin 

beads: (i) regularly reach forces greater than a single kinesin’s ‘stall’ force, (ii) 

detach via a two-state unbinding process that reflects the assembly architecture, 

and (iii) display bi-modal velocity distributions under low loading conditions, 

among other signatures.  

The ability to attribute transport events to a structurally-defined multiple 

kinesin complex allows the average behaviors of multiple motor systems to be 

examined with minimal complications originating from variability in the total 
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number of motors and their organization on cargo surfaces. Overall, such analyses 

show that, despite a capacity to produce large forces and move with high velocities, 

two kinesin-1 motors will tend to transport their cargo using only one load-bearing 

motor molecule at a time. 

3.5.1. Models for the weak dependence of cargo transport on kinesin copy 

number 

Transition rate models have been developed to describe cargo transport by 

multiple motors,118 and, as with models of muscle mechanics,119 this framework has 

been extended to evaluate the influence of a motor assembly’s structural and 

mechanical properties, as well as potential inter-motor interactions on collective 

motor dynamics.111,120-122 However, most predictions have not been unambiguously 

confirmed by experiments, and analyses of multiple motor behaviors still generally 

rely on notions that multiple motor velocities and detachment forces depend 

exclusively on the number of microtubule-bound motors. In contrast, our results 

show that collective motor dynamics is much more complex since an assembly of 

motors can adopt ranges of microtubule-bound configurations that confer different 

mechanical and dynamic properties to the system. Very few of these configurations 

appear to allow multiple motors to benefit from their combined action, and thus, 

unexpectedly weak collective behaviors are produced. 

As evidenced by our mechanical modeling, two kinesins can only produce 

large forces and high velocities if the distances between their microtubule-binding 

sites are maintained within a narrow range (e.g., < 24   , at an applied load of 12 
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  ). Otherwise, the ‘leading’ motor will assume the majority of the applied load and 

its detachment rate will increase relative to an idealized case where the motors 

share the applied load equally. Furthermore, the transition rate analyses, 

particularly of rate    [   ], suggest that when an assembly switches between 

microstates via the attachment of a second motor, this motor will most likely bind to 

a site where it cannot contribute significantly to cargo motion. Thus, a newly bound 

motor faces the challenge of catching its load-bearing partner before either motor 

releases from the filament track. This challenge is exacerbated by the fact that as the 

‘trailing’ motor moves forward the ‘leading’ motor will accelerate as its portion of 

the applied load decreases and experience larger upward forces that lower its 

microtubule affinity. Thus, while possible, it may be difficult for two kinesins to 

perform the delicate ‘balancing act’ required for an assembly to exhibit its full 

mechanochemical potential. 

3.5.2. Implications for transport of endogenous cargos 

There are several significant similarities between these results and those 

from recent in vivo studies of cargo transport.103,111 In particular, behaviors where 

grouping kinesins does not result in appreciably enhanced motility are consistent 

with studies of lipid droplet motility in drosophila embryos where motor copy 

number does not influence cargo transport appreciably.104 Yet, the role of a 

biological cargo’s size, shape, and elasticity, as well as how motors are anchored to 

cargo surfaces, must still be considered to draw comparisons to in vivo observations. 

Our two-kinesin beads possess structural and mechanical properties that are 
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analogous to several natural cargos that are known to be transported by small 

groups of motors. The stiffness of our present kinesin constructs, which is roughly 

half of the values reported for a full-length, wild-type kinesin motor,123 is designed 

to account for the compliance imparted to motor systems by biological cargos. The 

assemblies should approximate the mechanical properties of multiple kinesin 

systems bound to sub-cellular cargos with an elastic modulus of approximately 106 

Pa (the cargo surface elasticity that would impart the same overall assembly stiffness 

between two wild-type kinesins as measured in our motor constructs). Elasticities of 

this magnitude are found in many biological cargos such as: melanosomes,124 certain 

vesicular cargos,125 and potentially ribonucleoprotein particles. Furthermore, the 

modeling of how configuration-dependent load distributions depend on cargo size, 

motor spacing and assembly elasticity indicate that the effects of non-equal load 

sharing will persist even if the structural and mechanical properties of motor 

assemblies and their cargo deviate from those of our present system (Appendix to 

Chapter 3). 

3.5.3. Implications for intracellular transport regulatory mechanisms 

An intrinsic insensitivity of cargo transport to kinesin number would 

naturally diminish the extent to which cells could control intracellular transport by 

tuning the total number of active kinesins bound to a cargo. However, such behavior 

may still be significant to mechanisms that regulate cargo motion. For example, the 

average force that a group of kinesins detaches from a microtubule should influence 

bidirectional cargo motility when multiple kinesins and dyneins participate in 
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transport. There is some evidence that mammalian dyneins stall at significantly 

lower forces than kinesin,126 implying that extremely large groups of dyneins would 

be needed to compete with much smaller groups of kinesins (by some accounts ~14 

dyneins if only 2 kinesins are present). Insensitivity to kinesin number could serve to 

mitigate this imbalance and allow dynein number to act as a more sensitive control 

parameter to regulate bidirectional cargo motion. Of course, this prediction assumes 

that several aspects of multiple-dynein mechanics will differ from those found with 

multiple kinesins. Indeed, there are unique features of dynein mechanochemistry at 

the single-motor level126,127 that could potentially result in different collective 

behaviors.128 While understanding these aspects of intracellular transport requires 

further investigation, the ability to create structurally-defined assemblies of 

multiple motor molecules and assay their collective function at the single-assembly 

level should greatly assist these efforts. 
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Appendix to Chapter 3 

3.6. Experimental procedures 

3.6.1. Synthesis of two-kinesin systems 

The human kinesin motor construct (hK560-EGFP-ZE) was prepared by 

inserting genes encoding for an EGFP (Clonetech) and an engineered leucine zipper 

(ZE) into the KpnI and XhoI restriction sites of a human K560 motor construct 

(provided kindly by Ron Vale). Motors were purified using Ni2+-NTA methods 

followed by a microtubule affinity purification procedure. Motor purity and 

concentrations were verified against protein standards via SDS-PAGE analysis. 

The DNA-conjugated artificial proteins ZR-(ELS)6-ssDNA and the DNA 

scaffolds were synthesized as previously described.108 The DNA scaffolds are 

composed of two different 170    ssDNA oligonucleotides.  Once hybridized, these 

strands form a complex containing a central duplex that is 50    long (148   , 14 

helical turns) and two single-stranded ‘overhangs’ that extend 22    from each end 

of the scaffold. The ‘overhangs’ possess complementary sequences to the 

oligonucleotide-conjugated artificial proteins. Two thiamine bases were placed 

between the junction of the duplexed portion of the scaffold and the ‘overhangs’, 

and remain unhybridized after the full assembly is formed to provide additional 

flexibility at the motor / scaffold junction. Two internal biotin molecules were also 

incorporated into the duplexed scaffold and are positioned 3    from the overhang 

junctions (leaving 142   , 48   , between biotin molecules).  
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Two-kinesin assemblies were constructed by first preparing ‘partial-

assemblies’ composed of a DNA scaffold coupled to artificial protein polymers by 

mixing the scaffold and the polymers at a 1:2 stoichiometry and then thermally 

annealing the complexes (Fig 3.7A). Complete two-kinesin assemblies were 

prepared immediately before each assay by combining solutions of hK560-EGFP-ZE 

motor with the ‘partial-assemblies’ using a four- to ten-fold excess concentration of 

motor. Subsequently, the entire assembly was attached to streptavidin-

functionalized beads (500    diameter), and diluted approximately 50-fold into 

motility buffer. Single kinesins were anchored to beads via an identical artificial 

protein linker and a 20    duplex that incorporates a biotin. 

3.6.2. Two-kinesin trapping assays 

The optical trapping instrument is based on previous designs. Trap stiffness 

was determined using the power spectrum method. Bead assays were performed at 

room temperature (23 ± 1o C). Data were digitized and stored at 30     after low-

pass filtering at 10    . Data analyses were performed using custom software 

written in MATLAB.   

Trapping experiments were performed in motility buffer (20    PIPES pH 

6.8, 50    potassium acetate, 4    MgCl2, 1    EGTA, 2    DTT, 0.5       α-

casein, 2    ATP, and an oxygen scavenging system). Microtubules were purified 

from bovine brain. Motility buffers were supplemented with 10    taxol when 

microtubules were used. Axonemes were purified from sea urchin sperm. Identical 
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behaviors were observed in assays with axonemes and microtubules, and hence, we 

use them interchangeably in the text.  

The assay conditions that support optical trapping of individual two-kinesin 

assemblies were determined by incubating beads with motor assemblies over a 

range of assembly / bead ratios and then measuring the fraction of beads that 

moved when brought into contact with microtubules. The percentage of motile 

beads decreased with decreasing assembly concentration in accordance with a 

Poisson distribution function that describes the probability that the beads are 

driven by one or more assemblies (Fig. 3.7B). To ensure two-kinesin bead motion 

was driven by only one assembly, all assays used bead preparations with less than 

35% motile fractions. Under these conditions, approximately 93% of beads should 

possess no more than one surface-bound kinesin assembly. The probability that two 

assemblies on a bead are positioned close enough such that both can bind a 

microtubule simultaneously is < 2%. 

During the two-kinesin assays, beads were found to bind to microtubules 

multiple times at random intervals over the time course that beads were 

interrogated (~      ). Detachment force distributions did not depend on the time 

individual beads were examined, indicating the trapping of beads did not result in 

an appreciable loss of motor activity and that the assembly linkages remain intact 

during trapping assays. 
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3.7. Data analysis and modeling 

3.7.1. Detachment force assays 

Detachment forces are reported as the peak force produced in a trace prior to 

detachment. The majority of two-kinesin detachment events (> 75%) were 

preceded by only a short (<<      ) dwell, generating ‘sharp’ peaks such as those 

displayed in Fig. 3.1B and the peak displayed on the right side of Fig. 3.2A. Thus, all 

detachment events recorded were characterized so that the full distribution of peak 

forces produced by the two-motor assemblies can be compared more easily to 

single-kinesin data. Rare events, (e.g., the left side of Fig. 3.2 A) possess longer 

dwells coupled with backward motion that is attributed to a super-stall behavior of 

one kinesin within a two-kinesin assembly. 

The stall force for a single kinesin was determined by evaluating detachment 

events where beads dwelled for more than        immediately prior to 

detachment.  Consistent with previous work, this analysis produced a Gaussian 

distribution of detachment events peaked at       . 

3.7.2. Fits to single- and two-kinesin assembly stiffness data 

The stiffnesses of single kinesins and two-kinesin assemblies were 

determined by analyzing load-dependent positional fluctuations of beads. 112 This 

analysis yields values for the composite stiffness for the motor-bead system in the 

optical trap (    ) at a given applied load. When analyzing single-kinesin data,      is 
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the sum of the motor elasticity and the optical trap’s spring constant:     (     )  

    (     )       .  In two-kinesin assays,      is the sum of the composite stiffness 

of the entire two-motor assembly and that of the optical trap     (     )  

         (     )       . Values for       were measured independently for each 

bead by the power spectrum method. The data in Fig. 3.4A represents the average 

stiffness for single-kinesins and fully-bound two-kinesin assemblies calculated using 

the equations described above. As presented in Fig. 3.4A,               is the 

effective motor/assembly stiffness measured along the microtubule axis. 

Fits to single-kinesin stiffness data in Fig. 3.4A were determined using a 

mechanical modeling / non-linear regression routine programmed in MATLAB. In 

this routine, the axial (along the motor-axis) force-extension properties of the 

kinesin/polymer construct were approximated empirically using a sigmoid function. 

The unstretched length of the motor is assumed to be ~52    (accounting for the 

motor, the GFP, and the artificial protein, and the DNA overhang of the scaffold). With 

these parameters, the routine models the mechanical state of a trapped bead that is 

bound to the microtubule via a single kinesin molecule. The equilibrium center 

position of the bead, the stretched length of the motor, and the angle the motor 

projects from the microtubule are all determined via a force-balance and/or energy 

minimization procedure. The component of the single-motor stiffness projected 

along the microtubule axis (    ) can then be calculated directly from the modeled 

mechanical equilibrium state of the motor by evaluating the change in the force 

imposed on the bead by the motor when the bead position is modulated. To fit the 
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single-kinesin stiffness data, a regression algorithm was employed that reiteratively 

modifies the initial sigmoid function, and repeats the mechanical modeling routine 

until a function describing the force-dependent single-kinesin stiffness is found. 

Calculated single-kinesin stiffness values were also used to make a 

theoretical prediction of the stiffness that an idealized two-kinesin assembly would 

exhibit if both assembly motors shared their applied load equally. The true 

composite stiffness of a two-kinesin assembly, however, should depend on its 

microtubule-bound configuration, and hence, the experimental two-kinesin stiffness 

data plotted in Fig. 3.4A represents an average of assembly stiffnesses across a 

range of assembly configurations. As shown in Fig. 3.9B, fitting this data requires 

explicit knowledge of the relative probabilities of specific assembly configurations. 

Thus, for continuity, a trend-line that approximates the average two-kinesin 

assembly stiffness was generated by fitting the data to the sum of a sigmoid and a 

line. 

3.7.3. Modeling load distributions, two-kinesin elasticities (stiffnesses), 

and bead displacement sizes 

To evaluate the influence of microtubule-binding geometry on the 

distribution of forces within motor assemblies, the force-balance / energy 

minimization procedure was used to determine the mechanical equilibrium position 

of a bead under the applied load of the trap when both assembly motors are 

attached to the microtubule. Here, the axial stiffness of each motor is assumed to 

follow the functional dependence found via our single-kinesin fitting routine 
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described above. The mechanical equilibrium state solution of the model was then 

used to calculate the forces experienced by each motor (Fig. 3.4C). 

Bead displacement magnitudes were predicted using the mechanical model 

by comparing the equilibrium solution positions of the beads in two different 

configurations where the spacing between microtubule-binding sites of the 

assembly was changed by 8    (Fig. 3.5D). Displacement sizes produced when 

scaffold center position was used as a reference point are shown in Fig. 3.10D. 

3.7.4. Compliance-dependent adjustments to bead velocities and 

displacements 

Measured stiffness values for a single kinesin (     as defined above; values 

in Fig. 3.4A) were used to calculate a correction factor       
          

    
 that 

adjusts for motor compliance to determine a motor’s step size and velocity from 

measurements of bead displacement (                ) as previously 

reported.171 This analysis confirms that the measured single-kinesin bead 

displacement magnitudes correspond to kinesin’s intrinsic 8    step size (Fig. 

3.10A). 

The two-kinesin correction factor            was calculated using two-

kinesin stiffness data as described above by substituting           for      in the CF 

calculation. These values were used to adjust bead velocities for motor / assembly 

stretching and to generate the compliance-corrected F-V plots in Figs. 3.4A and 3.4C.  

We note that with increasing force, motor and assembly elasticities increase and the 
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correction factors correspondingly decreases, and therefore, corrections are small 

(<25%) in both cases when the applied load is larger than 5    (Fig. 3.9C).    

The average velocities displayed in Fig. 3.3C were analyzed as follows: The 

average velocities of bead trajectories were calculated by first determining the 

average velocity that beads moved within a specified force bin for each trajectory. 

These values were then averaged to produce an ensemble-average of all two-kinesin 

trajectory velocities. Time-weighted velocity averages were calculated similarly 

except that the average velocity of each trajectory component was weighted by the 

amount of time a bead spent moving within a given force bin. This treatment 

therefore accounts for the fact that the two-kinesin beads spend different amounts 

of time within a force bin depending on the number of motors responsible for 

transport since the number of load-bearing motors in the assembly dictates bead 

velocity. We present both curves to show that the overlap of the resulting F-V 

relationships with the single-kinesin data is not produced by the time-weighting of 

velocities alone (i.e., both the number and duration of single load-bearing motor 

transport events are larger than those produced by assembly microstates possessing 

two load-bearing kinesins). Since the time-averaged velocity curve accounts for the 

duration of two motor microstate configurations, this curve should be taken as the 

true average velocity of the two-motor system under load (given the loading 

conditions of the static trap). 
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3.7.5. Analyses of bead displacement magnitudes in stepping traces 

To analyze bead displacement sizes for single-kinesin and two-kinesin 

assays, pairwise distribution histograms were computed using several position-time 

traces,98-100 and then summed and normalized to generate distributions 

representative for each data set in Fig. 3.5. The underlying bead step size(s) were 

then determined by computing the power spectra of pairwise distributions. To 

compute each power spectrum, the pairwise distribution magnitudes were 

multiplied by a modified Bartlett-Hanning window and the discrete Fourier 

transform was determined using a fast Fourier transform algorithm. The resulting 

power spectra display peaks at the inverse of the step size(s) present in the bead 

displacement data (e.g., 4 nm steps in displacement data would produce a peak at 1/4 

     = 0.25     ). 

Bead displacement magnitudes were also examined using a previously 

developed step-finding algorithm based on chi-squared minimization.172 The 

standard deviation of bead position dwells between identified steps was measured 

as an indicator of experimental noise.  Single-kinesin steps have a measured 

positional standard deviation of 2.3    (Fig. 3.10A).  Low- and high-velocity 

microstate components of two-kinesin traces have a measured s.d. of 2.3    and 1.6 

   respectively (Fig. 3.10C).  A previous evaluation of step-finding algorithms using 

simulated data has shown that approximately 90% of full kinesin steps should be 

correctly identified at this noise level.171 
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To further examine the possibility that full (~ 8   ) displacement sizes are 

present in two-kinesin traces at high-forces (Fig. 3.5A), the step-finding algorithm 

was evaluated using simulated data (at the same noise level) and determined that 

approximately 15% of multiple motor “half-steps” (~ 4   ) will be misinterpreted 

as larger full steps. Thus, the dominant peak observed in the step size histogram 

displayed in Fig. 3.5C represents a lower bound for the probability that a two-

kinesin assembly will advance forward by attenuated (<8   ) steps.  The combined 

evaluation of the step-finding algorithm and integration of the spatial power 

spectrum for high velocity microstates indicates that > 85% of these two-kinesin 

assembly steps will be asynchronous. 

3.7.6. Calculation of transition rates between different microstate 

configurations of two-kinesin assemblies 

The different rates at which two-kinesin assemblies transition between 

distinct classes of microtubule-bound configurations (defined by whether beads 

move with ‘low’ or ‘high’ velocities in the optical trap, and hence, whether one or 

two motors bear the applied load) were determined as follows:  The force-

dependent rate assemblies switched from microstates with a single load-bearing 

motor to those where both motors bear the applied load,       [   ], was 

determined by dividing the number of measured low-to-high velocity transitions by 

the total amount of time spent in a low-velocity state within any force bin. 

Correspondingly, the reverse rate,       [   ], was determined by summing the 

number of high-to-low-velocity transitions with the number of complete 
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microtubule dissociations that occurred when beads moved at high velocities, and 

then dividing by the total amount of time spent at high velocity within a force bin. 

The rate that a single load-bearing kinesin detached,     [   ] , was calculated 

separately for both single-motor and two-kinesin data. While     [   ] was 

determined from all detachment events recorded in single kinesin assays, the two 

kinesin     [   ] rate was determined from analyses of complete two-kinesin bead 

detachments. 

3.7.7. Potential effects stemming from the time-dependent loading 

conditions of static optical traps 

It is possible that weak gains in motor function conferred by grouping two 

kinesins will be more pronounced in static optical trapping experiments when 

compared to circumstances where applied loads are held constant. Assemblies in a 

static trap experience increasing loads as they progress along a microtubule 

filament, which may limit the ability of the trailing motor to catch its partner and 

affect the distribution of microstate configurations attained by the assembly. 

Nevertheless, the ability to use the present two-kinesin system to monitor the 

dynamics of individual multiple-motor complexes should provide unique 

opportunities to compare the action of multiple motors under time-varying loads 

and constant loads, and such experiments are currently underway. Furthermore, it 

is expected that groups of motors will experience analogous loading conditions to 

those presented by a static trap during a number of intracellular transport 

processes, especially when passing obstructions or during bidirectional transport 
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where loads will vary in time depending on the number of motor that are pulling on 

one another and the extent to which their elastic elements are stretched. 
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Figure 3.7 - Synthesis and Optical Trapping of Two-Kinesin Assemblies (data 
collected by D. K. J.) 
(A) Synthetic scheme depicting the formation of two-kinesin assemblies as outlined 
in the supporting experimental procedures. (B) Plot of the fraction of motile two-
kinesin beads measured at various assembly / bead incubation ratios (       
   ).  Data points are given as   ( (   )  )   , where ‘ ’ is the fraction of beads 
that moved along microtubules and the bead number ‘ ’ varied between 26 – 59 
from point to point.  The Poisson probability that a bead is driven by one or more 
assemblies of kinesin motors is given by: [ ( )        ], solid line,         , 5 
degrees of freedom,        ).  The dashed line indicates a fit to the probability 
that beads are driven by two or more assemblies[ ( )               ]:, 
       , 5 degrees of freedom,        ).  In each case, ‘ ’ is the assembly 
concentration and   is a single fitting parameter. The solid line fit is significantly 
better than the dashed line fit, indicating that one assembly is sufficient for bead 
motility.  
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Figure 3.8 - Optical Trapping Traces for a Single and a Two-Kinesin Assembly 
(data collected by D. K. J.) 
(A) Force vs. time optical trapping traces for a single hK650EGFP-ZE (top) and a 
DNA-templated two-kinesin assembly (bottom). (B) Representative two-kinesin 
trace showing a large bead rearward displacement to a position other than the trap 
center upon detachment of the leading assembly motor. The bead positions 
immediately before and after the rearward displacement event are marked by the 
arrows and numbers in the position-time (left panel) and x-y trajectory (right panel) 
plots. 
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Figure 3.9 - Load-Sharing and Stiffness of Two-Kinesin Assemblies  
(A) Calculated components of the applied load imposed on the leading and trailing 
motors as a function of motor separation distances. Near-identical load distributions 
are found for a wide range of motor stiffnesses (    ), scaffold lengths, motor 
lengths, and bead diameters. The black line in each plot corresponds to the 
calculated values presented in Fig. 3.4C. (B) Configuration-dependent stiffnesses of 
two-kinesin assemblies (         ) plotted as a function of the total applied load.  

Measured stiffnesses are denoted by the triangles. Fits to the single kinesin data 
(black dashed line) and a predicted two-kinesin curve that assumes equal load 
sharing by the motors (black solid line) are shown. The colored lines denote the 
calculated stiffnesses of the assemblies using the modeling procedure described in 
the text and the supporting methods. Values for           are plotted for the range 

of separation distances indicated in the legend (separation distances were increased 
from 0 nm in 8 nm increments). 
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Figure 3.10 - Bead Displacement Size Analyses (data collected by D. K. J.) 
(A) Single kinesin stepping traces and the corresponding results of a step-finding 

algorithm. Measured step sizes are indicated next to each trace. Raw and 

compliance-corrected step size distributions are shown. (B) Load-dependent 

correction factors (  ) for the single (red dashed line) and two-kinesin beads (blue 

line) determined as described in the supporting methods.  The black dashed line 

denotes theoretical correction factors if the motors were assumed to share the 

applied load of the trap equally. (C) Representative two-kinesin bead traces 

corresponding to the data shown Fig. 3.5. The results of a step finding algorithm are 

indicated by the blue lines. (D) Calculated bead displacement sizes when the center 

position of the scaffold is used as a reference point. Effects stemming from bead 

rotations about a position other than the bead center that influence the 

displacement magnitudes plotted in Fig. 3.5B are less pronounced when the scaffold 

center position is monitored (attenuated displacement magnitudes are found when 

the separation distance between the motors is large). 
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Chapter 4 

 

Productive cooperation among processive 

motors depends inversely on their 

mechanochemical efficiency 

 

Subcellular cargos are often transported by teams of processive molecular 

motors, which raises questions regarding the role of motor cooperation in 

intracellular transport. Although the ability to characterize the transport behaviors 

of multiple-motor systems has improved substantially, many aspects of multiple-

motor dynamics are poorly understood. This work describes a transition rate model 

that predicts the load-dependent transport behaviors of multiple-motor complexes 

from detailed measurements of a single motor’s elastic and mechanochemical 

properties. Transition rates are parameterized via analyses of single-motor stepping 

behaviors, load-rate-dependent motor-filament detachment kinetics, and strain-

induced stiffening of motor-cargo linkages. The model reproduces key signatures 

found in optical trapping studies of structurally defined complexes composed of two 

kinesin-1 motors, and predicts that multiple kinesins generally have difficulties in 

cooperating together. Although such behavior is influenced by the spatiotemporal 

dependence of the applied load, it appears to be directly linked to the efficiency of 

kinesin’s stepping mechanism, and other types of less efficient and weaker 
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processive motors are predicted to cooperate more productively. Thus, the 

mechanochemical efficiencies of different motor types may determine how 

effectively they cooperate together, and hence how motor copy number contributes 

to the regulation of cargo motion. 

4.1. Introduction 

Cytoskeletal motors are molecular machines that consume ATP as fuel to 

produce the forces necessary to move vesicular and protein cargos directionally 

within the viscous and crowded environments of eukaryotic cells.95 These proteins 

are therefore central to mechanisms that control the spatiotemporal distributions of 

subcellular commodities in the cytoplasm. Various microtubule motors are highly 

processive and can transport cargos against    sized forces and over micron-sized 

distances before disassociating from their filament, which suggests that they can 

function efficiently when acting independently as single motor molecules.96,97 

Nevertheless, processive motors often operate in groups in vivo,101,105,129 which 

raises questions regarding the extent to which collective motor dynamics influences 

intracellular transport processes. Cells may rely on the combined action of motors 

to surmount transport challenges that require high-force production or long 

distance transport,118 and there is evidence that some transport defects associated 

with motor mutations can be more pronounced when cargo transport is driven by 

large numbers of motors.130 Collective motor dynamics may also help to regulate 

cargo motion.103,131 Many cargos move bi-directionally because they are transported 

by multiple, oppositely directed kinesin and dynein motors. Cells may tune the 
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number/ratio of kinesins and dyneins such that one motor team has a net advantage 

over the other in controlling the direction in which these cargos are 

transported.102,131  

The role played by multiple-motor dynamics in intracellular transport 

naturally depends on the extent to which grouping motors together enhances their 

transport properties (i.e., increased force production, velocity, or cargo-filament 

affinity compared with single-motor molecules). Until recently, it has been 

challenging to characterize these dependencies because it is often difficult to 

determine the number of motors that are bound to moving cargos. However, several 

groups have developed experimental methods to facilitate more-detailed studies of 

the impact of motor number and various biochemical and mechanical factors on 

cargo transport. 104,110,132,133 In two of these studies, Rogers et al and Jamison et al 

examined the collective dynamics of structurally defined motor complexes 

composed of two kinesin molecules. 110,133 This work showed that two interacting 

kinesins generally do not transport cargos over the distances or produce the forces 

that would be expected of a cooperative team. Instead, despite kinesin’s efficiency 

and high processivity, kinesin complexes tend to transport their cargos while 

primarily using only one motor at a time (i.e., the motors seem to cooperate 

negatively).  

Although the weak dependence of cargo transport on kinesin copy number 

can be attributed to geometric effects that reduce the ability of multiple motors to 

share their applied loads,133,134 it is unclear why such effects are so pronounced for 
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multiple kinesins. When transporting a cargo, motors can bind to a range of 

different filament lattice sites, many of which are positioned far apart from one 

another (tens of motor step-size units). Yet, load sharing only occurs if motors 

occupy closely spaced microtubule lattice site positions. To cooperate productively, 

trailing kinesins therefore face the challenge of catching up to their continually 

advancing leading partners before either motor releases from the microtubule. 

Naturally, a motor’s microtubule-bound lifetime will influence this process.16 

However, both the mechanical (elastic) and mechanochemical properties of motors 

are known to vary nonlinearly with force, and the evolution of a motor complex’s 

microtubule bound geometry should also depend on interdependent relationships 

between these properties. Furthermore, the applied loads imposed on cargos in cells 

may either be relatively static or highly dynamic, as is the case when antagonistic 

motors compete and stretch their cargos.99,102 In the latter circumstance, the role of 

loading rates must also be considered. Thus, understanding the cooperative 

dynamics of multiple kinesins, as well as other processive motor types, will 

ultimately require detailed and accurate parameterization of transport models to 

account for competing factors that influence their dynamics.  

Herein, a model of multiple motor dynamics is presented that predicts a 

cargo’s load-dependent transport properties from detailed measurements of single-

motor velocities, detachment rates, and elasticities. Using these data, one can 

account for single-motor stepping behaviors, load rate- dependent kinetics 

describing motor-filament detachment, and strain-induced stiffening of motors and 

their resultant nonlinear, force-dependent elasticities. As a test case, the transport 



105 

 

properties of our structurally defined two-kinesin complexes was examined.133 The 

model reproduces key signatures found in optical trapping experiments, in 

particular the observation that multiple-kinesin transport is driven primarily by a 

single, unassisted motor molecule. Although this behavior arises from generic 

kinetic and geometric constraints that affect multiple-kinesin dynamics in a variety 

of transport scenarios, the model also predicts that this behavior is influenced by 

spatiotemporal properties of the applied load in a static trap. In contrast, processive 

motors whose stepping mechanism is less efficient than kinesin’s are found to 

cooperate more productively regardless of whether they experience variable or 

constant loads, and even though the geometric constraints that cause multiple 

kinesins to cooperate negatively still apply. Therefore, the sensitivity of cargo 

transport to motor copy number appears to depend inversely on the efficiency of a 

motor’s mechanochemistry. 

4.2. Discrete-State-Stochastic Model 

4.2.1. General modeling procedure 

In the model presented here, the progression of cargos against applied loads 

is examined by computationally solving a system of master equations that describe 

the time-dependent transitions of multiple-motor complexes between different 

microtubule-bound configurations, or microstates (Fig. 4.1). The forces in each 

microstate are expected to be balanced because all of the linkages are assumed to 

reach their mechanical equilibrium rapidly relative to the time between the 

stepping,114,133,135 binding, and detachment events that drive the system from one 

microstate to the next. The rate at which a motor complex transitions between 
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microstates depends on the difference in the stored mechanical energy of the final 

and initial configurations of the system (        ), which is calculated using the 

previously described mechanical modeling/energy minimization procedure.15 

Below, we describe how these energies and transition rates are calculated from fits 

to single-kinesin optical trapping data. A complete description of the modeling 

procedure is provided in the Appendix. 

 

Figure 4.1 - Stepping, binding and detachment transitions enumerated in the 
discrete-microstate model. 
(A) Illustration depicting a two-kinesin complex in a specific bound configuration; 
on-microtubule spacing = 32.8   , on-bead spacing = 50   , Fap = 5   . (B) 
Reaction coordinates used to calculate two-state motor stepping rates. Sub-steps 
involve displacements both along and perpendicular to the microtubule axis. For 
stepping mode A, the positions of transition states (TSn) for each sub-step and the 
intermediate state (IS) correspond directly to those reported by Fisher and Kim.56 
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For stepping mode B, the position of the second transition state (TS2) was moved 
toward the final microtubule lattice site position (xi+1). This alteration causes the 
forward stepping rate to decrease more rapidly with increasing load. (C) Illustration 
depicting microstate transitions involving motor binding and detachment. 
 

4.2.2. Defining the microstate energies of multiple motor systems using 

single-kinesin stiffness data  

In the previous study,133 the force-dependent elasticity (stiffness) of a kinesin 

motor from power spectral analyses of bead positional fluctuations along the 

microtubule axis (x-axis)was determined. These data are not a direct measurement 

of the motor’s stiffness; rather, they serve as a projection of the motor’s axial 

stiffness along the microtubule axis (if stretched from head to tail), and hence the 

measured stiffnesses are influenced by the angle between the motor’s stalk and the 

microtubule. Therefore the data was fit to a function   (   ) describing the stiffness 

of a single kinesin via a regression routine that uses the mechanical model to 

determine the vectorial component of   (   ) along the microtubule axis (i.e., the 

projection     (   ) over a range of applied loads. The unstreched head-to-tail 

length of the motor (  ) is assumed to be 50   . It is found that   (   ) can be 

approximated by a sigmoid function, which may reflect the fact that the kinesins are 

anchored to the beads via multiple mechanical elements.  
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Figure 4.2 - Parameterization of motor elasticity, stepping and detachment 
kinetics. 
(A) Experimental measurements and a best fit describing the force-dependent 
elasticity    (   ) of the single-kinesin construct that is incorporated in the multiple 
motor systems.104 (B) Single-motor F-V curves determined via a best fit of the 
kinesin optical trapping data using stepping mode A (solid line) and the 
corresponding curve calculated for motor that advance via stepping mode B (dashed 
line). (C) Single-kinesin detachment rates measured in an optical trap. Best fits are 
shown using a two-state detachment model describing load-rate-dependent motor 
unbinding (solid line), the corresponding steady-state detachment behavior (dashed 
line), and Kramer’s theory (dotted line). 

 

The fitted function   (   ) allows the effects from strain induced stiffening of 

motor linkages (Fig. 4.2A) 133,136 to be accounted for in our calculation of        . 

The configurational energy of a microstate is the sum of the potential energy of the 

bead in the trap and the work required to stretch each motor from its unstrained 
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length (  ) to the extended length (   ) found in the force-balanced microstate 

configuration:  

        
 

 
   (     )

  ∑∫ ‖ ⃑ ‖
       

  

  

 

 

Equation 4.1 – Configurational energy 

where    is the spring constant of the trap, (     ) is the displacement of the bead 

from the trap center,  ⃗  is the force pointing along the stalk of that motor from its 

attachment site on the bead to its microtubule-binding site, and      is the 

magnitude of a motor’s extension from its unstretched length (  ). 

 

4.2.3. Modeling configuration-dependent motor stepping rates 

Even if the loads experienced by a motor are the same, the angle between its 

stalk and the microtubule can differ greatly when cargo transport is driven by a 

single motor and multiple motors. Because stalk angles affect motor velocity,116,137 

one should calculate the motor stepping rates using a model that accounts for the 

work done against vectorial loads. The model developed by Fisher and Kim138 

assumes that kinesin’s forward and backward stepping motions consist of two 

separate biochemical transitions (sub-steps) corresponding to displacements of the 

molecule in two dimensions (  and  ). Because the sub-steps involve motions of the 

molecule perpendicular to the axis of the microtubule (Fig. 4.1B), loads in this 

direction influence the stepping rates. The position of the transition state in each 

sub-step determines the splitting of the work done along the reaction coordinate 

between the forward and reverse transitions. For each transition, conservation of 
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energy allows the work to be calculated from the difference in         from the 

beginning to the end of the motor stepping path via the following equations: 

     
           (       )     

Equation 4.2 – Dependence of the first forward stepping rate on 
configurational energy 

       
  

 
        (         )

    

Equation 4.3 – Dependence of the second forward stepping rate on 
configurational energy 

     
  

 
        (         )

    

Equation 4.4 – Dependence of the first backward stepping rate on 
configurational energy 

       
           (         )     

Equation 4.5 – Dependence of the second backward stepping rate on 
configurational energy 
 

In these equations,   and   refer to forward and backward sub-step 

transition rates, respectively, as defined in Fig. 4.1B. The notation        , 

indicates a partial step of the motor from position   to the transition state at      , so 

that         (       )         (     )         ( ). From these rates, effective 

full-step transition rates and average motor velocities can be calculated:  

  
     

            
 

Equation 4.6 – Effective forward stepping rate 
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Equation 4.7 – Effective backward stepping rate 

    (   ) 

Equation 4.8 – Effective velocity 

‘ ’ is the total step size of the motor molecule (         for kinesin). 

Assuming that motors step asynchronously, their load-dependent stepping rates are 

calculated using the predetermined          values that describe transitions of 

motor complexes between different microtubule-bound configurations as each 

motor proceeds through all of its sub-step transitions, without any movement of the 

other motors. Thus, the only difference between this treatment and that of single 

motor molecules is that some of the change in configuration energy is stored in the 

motor’s partner(s) according to the definition of        .  

4.2.4. Specifying distinct motor stepping behaviors 

To specify kinesin’s stepping rates, the positions of kinesin’s stepping 

intermediate (  ) and transition (    and    ) states are assumed to correspond to 

the values previously reported by Fisher and Kim138 (stepping mode A in Fig. 4.1B). 

The forward and backward stepping rates were determined from fits to measured 

single-kinesin optical trapping data (Fig. 4.2B). Here, the mechanical modeling 

procedure was used to calculate force-dependent          values for a single motor 

moving along its stepping path through each    and    position. Then the single-

kinesin data was approximated using a generic fitting algorithm, with the unloaded 

transition rate pre-factors in Eqns. 4.2-4.5 used as fit parameters. This is likely the 
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most appropriate adaptation of the motor stepping model for the analyses 

presented here. The truncated kinesin constructs should possess the same basic 

stepping mechanism as wild-type kinesins, but their zero-load, sub-step transition 

rates describe all other biochemical aspects of the reaction, which could be affected 

by other experimental factors. The single-kinesin F-V fit presented in Fig. 4.2B 

shows reasonable agreement with the measured trend and yields unloaded motor 

transition rates that reflect kinesin’s strong directional bias: (  
       

        
          

            
          ). To evaluate how the curvature of 

a motor’s F-V relationship influences multiple-motor behaviors, we also generate an 

F-V curve for motors that possess a slightly modified stepping reaction coordinate 

(Fig. 4.1B, stepping mode B), such that the position of the second transition state 

    in the original coordinate is moved toward the final lattice site of the step (  

 ) by a distance of       . This alteration increases the amount of work performed 

during the second forward sub-step, and primarily increases the sensitivity with 

which the composite forward stepping rate decreases with increasing load.139 Using 

the unloaded stepping rates obtained via single-kinesin fits, such behavior produces 

the concave upward F-V curve plotted in Fig. 4.2B.  

4.2.5. Microstate transitions via motor detachment and binding  

Average motor-microtubule detachment rates are commonly assumed to 

follow a load dependence described by Kramer’s theory:          
  

      
   , where 

    is the distance a motor must move to release from the microtubule. However, 

this function does not reproduce the measurements of single-kinesin detachment 
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rates (Fig. 4.2C, dotted line, and Fig. 4.6A). This disagreement likely stems from the 

time dependence of the applied load in the static trapping experiments (bond 

affinities between bio-macromolecules typically increase with increasing loading 

rate).140 Furthermore, we find much weaker agreement between our theoretical and 

experimental data when motor detachment is parameterized using this fit (Fig. 

4.7B). To address this, we treat motor-microtubule detachment as a two-state 

process that occurs along a reaction coordinate possessing two different energetic 

barriers (Fig. 4.6). The barrier heights and positions of the coordinate’s 

intermediate and transition states are determined by fitting single-kinesin 

detachment data using a procedure that solves a system of rate equations that 

describe the time-dependent probability that a motor will occupy each of these 

states. Because the above treatment allows a reaction coordinate describing motor 

detachment to be approximated, we can calculate detachment rates for various 

transport scenarios in which motors may experience different loading rates. For 

example, if the loading rate is negligible, the model predicts that motors will detach 

much more rapidly than the rates measured in the trapping assays (Fig. 4.2C, dashed 

line).  

Capturing the load-rate dependence of detachment transitions for multiple-

motor systems ultimately requires detailed and cumbersome simulations to 

calculate the probability that a motor will occupy the different intermediate states 

along its unbinding reaction coordinate. These probabilities depend on the time-

dependent progression of the loads motors experience as they bind and step along 

the filament, and hence the different trajectories taken by motors within a multiple-
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motor system. Nevertheless, one can approximate the influence of load rate by 

considering the generic constraints that dictate load-sharing behaviors. For 

example, the loading rate experienced by a motor will depend not only on how fast 

the bead moves and the trap’s spring constant, but also on how load distributions 

within the complex shift in time. In general, the load assumed by a trailing motor 

will increase slowly because this motor has to catch up to the leading motor in the 

complex to take on the applied load.  

Analogously, the associated shift in the transport burden from the leading to 

the trailing motor can decrease the loading rate experienced by the leading motor; 

loads can even decrease on this motor. At low applied load, detachment rates for 

both motors will therefore tend toward the load-rate-independent detachment 

curve in Fig. 4.2C instead of the fitted (load-rate-dependent) function. Yet, at high 

loads, shifts in load distributions are expected to affect multiple-motor dynamics to 

a lesser degree; in this regime, cargo transport necessitates load sharing. These 

considerations are important for approximating the observed detachment force and 

rate dependencies (Appendix - 4.8), and they allow the development of a much 

simpler model of multiple-motor dynamics that incorporates load-rate-dependent 

effects. Unloaded motor-microtubule binding rates were assigned their previously 

reported values (   [   ](     )        ).  

However, as in the earlier discrete state transition-rate model,122 these rates 

depend on the difference in the configuration energies of a motor complex before 

and after individual motors bind the microtubule filament. These energy differences 

are calculated via the same procedure used to determine          for motor 
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stepping and detachment. Of note, motor binding rates are now also influenced by 

forward bead displacements that arise from shifts of load distributions between the 

microtubule-bound motors within a complex, and are reduced by the work required 

to produce these displacements. 

4.3. Results and Discussion 

4.3.1. Comparisons between theory and experiment  

When the model is parameterized by the fits to the single kinesin data, it 

reproduces several key results found in our previous optical trapping studies of two 

kinesins.133 First, two-kinesin complexes most commonly detach at forces near the 7 

   stalling force of a single-kinesin motor (Fig. 4.3A). These distributions are 

qualitatively similar to our measured detachment force distributions. However, one 

should be cautious when making comparisons between the measured and predicted 

detachment behaviors of multiple motor complexes because they can detach 

partially during a single run before full detachment occurs, and the experimenter’s 

choice of which events are counted can influence the resultant detachment force 

distributions and interpretations. Therefore, in Fig. 4.3A these detachment events 

are segregated into those caused by the release of a leading (gold), trailing (blue), or 

singly bound motor (red) within a complex, and also show them as the sum of all 

events (gray). This distribution shows that both partial and full complex 

detachments are most prevalent at or near the stalling force of a single kinesin.  
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Figure 4.3 - Predicting two-kinesin behaviors in an optical trap.  
(A) Histograms describing the force-dependent detachment distributions for the 
two-kinesin complex. Bin amplitudes are normalized by the peak bin in the 
cumulative histogram (gray). (B) The probabilities a two-kinesin complexes will 
adopt load-bearing microstate (red line) and non-load-bearing microstates (blue 
line) as a function of applied load. Optical trapping data is presented as triangles. 
The load-bearing probabilities are calculated as the fraction of beads at a given force 
that are driven by two microtubule-bound motors, each bearing at least 35% of the 
applied load. Non-load-bearing population fraction consists of both single- and two-
motor-bound populations that do not meet this load-sharing criterion. A velocity 
distribution Fap = 5    is also provided; the color coding is identical in each plot. (C) 
Average bead velocities for the single-kinesin (red line) and two-kinesins (blue line). 
(D) Calculated average motor binding (   [   ]) and detachment (    [   ]) 

transition rates. Experimentally-measured two-kinesin velocities and detachment 
rates are indicated by the blue circles in C and D. 
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In a characterization of how effectively motors cooperate, the central issue is 

the amount of time in which cargo transport is driven by one motor within a 

complex compared with the time in which two (or more) load-bearing motors drive 

transport. Previous velocity analyses allowed a measurement of these times and the 

associated microstate probabilities. Predictions from the model presented here 

approximate the observed trends when it is assumed that, to exhibit load-sharing 

behavior, both motors must bear at least 35% of the applied load (Fig. 4.3B). Here, 

the force dependence of microstate probabilities appears to reflect the progression 

of a motor complex in the optical trap. In the calculations, bead transport starts with 

the binding of a single-motor molecule. As the simulation progresses, the second 

motor binds and the probability that the system will adopt microstates with a single 

load-bearing motor decreases until the applied load reaches 2   . Our experimental 

analyses cannot be performed in this force regime.  

However, as found experimentally, the probability that the system will adopt 

a single-load-bearing motor microstate increases between applied loads of 2 and 7 

  . This indicates that two-kinesin complexes do not adapt well to increasing loads 

in this regime, and do not cooperate by occupying load-sharing microstates in which 

motors are bound close together on the microtubule. Similar agreement between 

experiment and theory is found in analyses of average bead velocities and two-

motor detachment rates at low applied loads, providing additional verification that 

the model captures the extent of load sharing in this region (Fig. 4.3C). Average 

cargo velocities follow the single-kinesin F-V relationship closely up to 7   , after 

which there is a dramatic increase in bead velocity. As in the static trapping 
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experiments, the transition rate describing the partial detachment of a complex, 

    [   ](   ), is non-monotonic and has a peak near the peak detachment force of 

the two-motor complex (Fig. 4.3D). Although this feature persists regardless of the 

treatment of how loading rates affect motor detachment, the best agreement with 

the data is found when the influences of load-rate-dependent effects are 

distinguished based on the status of the motor as described in the Materials and 

Methods section (Fig. 4.7 and Fig. 4.8).  

This result further justifies our motor detachment fitting approach, but also 

illustrates that two-kinesin transport against the increasing load of the static trap is 

much more complicated than that of a single-motor molecule. In this case, one must 

consider the interrelationships among loading rates, load distributions, cargo 

velocities, and motor detachment to correctly describe cargo detachment behaviors.  

In the vicinity of the     [   ](   ) peak, measured detachment rates are 

significantly higher than those predicted if it is assumed that motors share their 

load equally (i.e.,     [   ](   )        [   ](     )) and that motor detachment 

is parameterized using the highest possible (load-rate-independent) curve in Fig. 

4.3D (the gray dashed curve). Such rates therefore provide strong evidence against 

load sharing, and further support the notion that when the static trap’s load is 

smaller than kinesin’s stalling force, cargo transport by a two-kinesin complex is 

primarily driven by one motor at a time. Despite their agreement at low applied 

loads, there are still some significant differences between the experimental 

measurements and current model predictions. Measured two-kinesin velocities are 

appreciably higher than their calculated values above 7    (Fig. 4.3C). Previous 
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analyses of bead displacement sizes indicated that the motors may coordinate 

/synchronize their stepping mechanics at large applied loads133, and this behavior is 

not incorporated into the model presented here.  

One would expect such positive (synergistic) cooperation to depend on the 

separation distance between motors on the microtubule (e.g., if this behavior stems 

from specific local inter motor interactions). Our model predicts that motors within 

the two-kinesin complexes will bind to closely spaced microtubule lattice sites at 

forces beyond the stall force of a single kinesin (Fig. 4.4A). Such behavior is 

necessary to support the type of cooperation that may be occurring in the 

experiments, and thus the model’s framework could be used to explore these effects. 
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Figure 4.4 - Microstate distributions and their dependence on stepping mode.  
(A) 2-D plots showing the probability that a two-kinesin complex will adopt specific 
two-motor-bound configurations (top) at various time points when transporting 
cargos against the increasing load of an optical trap. Microstates are designated by 
the microtubule-bound positions of each motor; i and j are the lattice site positions 
of motor 1 and 2, respectively. Intensities along the diagonal represent microstates 
where motors occupy the same lattice site. (bottom) Two-kinesin microstate 
probabilities plotted as a function of motor-microtubule binding site separation 
distance assuming loads increase in time (left) or remain constant (right). Line 
colors indicate applied loads ranging from 1-13 (light to dark) in increments of 2 
  . The lines in the bottom panels are plotted for loads of 1-7    in increments of 1 
  . The inset in each plot displays the probability that a complex is predicted to 
adopt a load-sharing microstate (better than 35/65 splitting the applied load). (B) 
The equivalent plots for complexes composed of mode B motors. 
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It was examined how multiple-kinesin dynamics is influenced by the 

positions of the motors on the cargo (bead) and the presence of a third motor 

molecule (Fig. 4.9 and Fig. 4.10). In both cases, the detachment force distributions 

and cargo velocities follow the same trends predicted for the two-kinesin 

complexes. This implies that the deviations between predicted and measured two-

kinesin velocities at high forces cannot be explained simply by variability in the 

structure of our complexes or the presence of a third motor. Of interest, the 

calculated three-kinesin velocities are only slightly higher than those produced in 

two-kinesin simulations between 7 and 12   , and, as with the two-motor systems, 

three-kinesin velocities exhibit a load dependence that suggests these complexes 

will not employ all of their motors until the applied load exceeds twice the stalling 

force of a single kinesin. Given this result, it is not anticipated that effects from the 

coordination between locally grouped motors described above would yield 

significant difference between two- and three-kinesin velocities at high loads (7–14 

  ). This is because, to contribute to cargo motion, the third kinesin would face an 

even more formidable challenge of chasing down two synergistically coupled motor 

partners.  

4.3.2. Evolution of microstate densities and their load-rate 

dependencies 

The apparent inability of two kinesin motors to cooperate effectively is 

surprising, particularly considering the extent of the behavior and the resultant 

dependencies of the cargo velocities and detachment rates on the applied load. The 

unstrained binding rate of the second motor in the system (   [   ](     )  
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      ) greatly exceeds its unstrained detachment rate (         ), suggesting that, 

from a thermodynamic point of view, two-motor-bound configurations of the 

system should be more prevalent than single-motor-bound configurations. 

However, the extent to which multiple-kinesin dynamics is also influenced by the 

spatiotemporal dependence of the applied load in the static trap must also be 

addressed.  

To explore this issue, the dynamics of two-kinesin complexes was examined 

while they transported cargos against a constant load (mimicking trapping assays 

employing force-feedback). Comparisons of cargo transport by two kinesins against 

increasing (static trap) and constant (force-feedback) loads revealed both 

significant similarities and differences between these two transport scenarios. In 

both cases, the average microtubule binding rates     [   ](   )   decrease with 

increasing load (Fig. 4.3D; Fig. 4.10B). Thus, the energetic costs (        ) 

associated with binding transitions influence transport significantly in both 

circumstances. 

Overall, this constraint creates a strong preference for unbound motors to 

bind microtubule sites positioned far behind the leading motor. Such behavior is 

reflected in microstate probability distributions describing how often a two-motor 

complex will occupy different two-motor bound configurations (Fig. 4.4A). For both 

the increasing and constant-load cases, inter motor separation distances are 

relatively large and broadly distributed below kinesin’s stall force. Given the widths 

and similarities of these distributions, it is not surprising that much of the negative 
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cooperative behavior observed in the static trapping experiments is also found in 

the constant-load simulations, implying that kinesins will not necessarily cooperate 

more productively when loading rates are negligible.  

Despite the similarly weak response of bead transport to kinesin number in 

both cases, there are still several important differences between the static trap and 

constant-load simulations. Most strikingly, neither the rapid changes in bead 

velocities at kinesin’s stall force nor the non-monotonic dependence of     [   ] in 

the static trap are reproduced in the constant-load simulations (Fig. 4.10). 

Accordingly, there are significant differences in how the probabilities of two motor-

bound and load-sharing microstates change with the applied load for each 

simulation (Fig. 4.4A and Fig. 4.11A). The rapid increase in load-sharing microstate 

probabilities at kinesin’s stalling force observed in the static trap is not found when 

applied loads are held constant. Furthermore, load-sharing microstates are more 

probable in constant load simulations at low applied loads, but much less probable 

at high applied loads. Note that in addition to this behavior, the probability that both 

motors will be filament-bound decreases gradually with increasing load. Overall, 

these differences indicate that the two-kinesin complexes cooperate more 

effectively when cargo transport occurs against constant applied loads that are 

small. However, this behavior changes at high applied loads, and more-productive 

cooperation via load sharing is actually predicted for the static trap.  

The above comparison between static-trap and constant load simulations 

highlights significant mechanistic differences between cargo transport by single 
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kinesins and multiple-kinesin complexes. As indicated by the detachment rate fits 

(Fig. 4.2C), motor-filament affinities are typically enhanced when single motors 

transport cargos against variable (time and spatially dependent) applied loads 

because they cannot relax (i.e., advance along their unbinding reaction coordinate) 

fast enough to keep up with the changing load. However, several new pathological 

factors determine how the multiple-motor dynamics is influenced by the 

spatiotemporal dependence of an applied load. For example, the partial detachment 

of a multiple-motor complex is accompanied by a backward displacement of the 

cargo to a new, lower force in the static trap. This process therefore raises the 

average number of bound motors at high forces and lowers it at low forces, and in 

turn contributes significantly to the discontinuities/non-monotonic behavior (of 

    and     [   ]) observed in the static trap. Furthermore, the measured 

detachment force distribution and     [   ] trend cannot be reproduced when 

motor detachment rates are parameterized by the single-motor (load-rate-

dependent) fit. Here, the analyses indicate that time-dependent changes in load 

distributions tend to lower the loading rates experienced by the motors when the 

applied load is small, and hence the affinity enhancements found in single-motor 

assays will not influence multiple-motor dynamics. Together, these effects can 

actually result in decreased cargo-filament affinities relative to constant-load 

behaviors despite the presence of a nonzero loading rate. Finally, the energetic costs 

associated with motor binding appear to accentuate these effects by creating a 

tendency for motors to attach to lattice sites positioned well behind their bound 

partners. Thus, the rate at which separation distances between motors evolve in 
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time will be critical for determining how multiple motors respond to variable 

applied loads.  

4.3.3. Motor mechanochemistry tunes collective motor function  

To assess how the stepping behaviors of processive molecular motors 

influence their collective dynamics, the above analyses was performed for 

complexes composed of less-efficient motors that advance via stepping mode B 

(Figs. 4.1B and 4.2B). Here, the mode B motor’s elastic properties and zero-load 

stepping rates correspond to those determined from our single-kinesin assays. 

However, because the motors now move much more slowly against the applied load 

of the trap, motor detachment is assumed to follow the load-rate-independent curve 

in Fig. 4.2C. Despite the assumption of increased motor-microtubule detachment 

rates, the alteration to kinesin’s stepping mechanism introduced in mode B results 

in more effective multiple-motor cooperation than is observed with kinesins (Fig. 

4.4B, Fig. 4.11B, and Fig. 4.12). The microstate probabilities are much more 

narrowly distributed, and configurations that should support load sharing are much 

more prevalent, even at early time points. Similar behavior is produced in constant-

load simulations. Motor-microtubule binding rates still decrease with increasing 

force in both cases. However, the curve describing the average motor-filament 

detachment rates (     [   ](   )  ) does not contain a peak, and simply 

increases monotonically while following the equal-load sharing trend much more 

closely (Fig. 4.10B).  
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In turn, such behavior results in a stronger dependence of cargo detachment 

forces and average velocities on motor number (Fig. 4.12). The enhanced load-

sharing ability of mode B motors indicates that although the high sensitivity of 

forward stepping rates to increasing load generally reduces the efficiency of 

individual motors under load, it actually assists in multiple-motor cooperation. This 

effect largely stems from the greater differential (proportionally) in motor velocities 

between leading (primary-load-bearing) and trailing (donor weakly participating) 

motors, meaning that the rate at which the distance between the motors closes is 

greater with respect to the rate at which the cargo advances against the increasing 

load. To explore this issue, the temporal evolution of average cargo velocities was 

tracked under constant load after microstate distributions were allowed to reach 

their steady state at one force and then were subjected to an instantaneous increase 

of 1    in the applied load. After this jump, cargo velocities relaxed to their steady-

state levels at the increased load in an approximately exponential manner that could 

be fit to yield an exponential time constant (Appendix-Chapter 4). Although the 

absolute relaxation time constants (Fig. 4.5A, left) are larger (longer) for stepping 

mode B than for mode A, they are shorter when normalized by the average time that 

it takes the cargo to advance forward a distance of 8.2    (Fig. 4.5A, right). This 

means that when teams of motors with mode B stepping mechanics work against 

variable loads, they will be more capable of optimizing their inter motor separation 

distances before the load changes, and therefore defines a new optimum 

configuration. Moreover, the normalized relaxation time constants decrease 

monotonically for mode B motors, whereas mode A motors display a peak at 8   , 
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which is close to the force where the largest discrepancy between the steady-state 

and static-trap distributions are found.  

This result strongly suggests that motors that advance via mode A (kinesin-

1) are frustrated kinetically from assuming microtubule-bound configurations in 

which they share their applied load, and that such behavior significantly hampers 

the function of the two-motor complex.  

 

Figure 4.5 - Two-motor transport performance depends on both motor 
stepping efficiency and microtubule affinity. 
(A) Relaxation time constant of a two-motor system in both stepping mode A and B 
(left), and the same values normalized by the stepping time constant (right). (B) 
Average detachment force of a two-motor system in a static trap, normalized by that 
of a single motor (left). A value of 2 indicates maximally (additive) cooperative 
behavior. Velocity of a two-motor system at constant load (Fap = 5   ), normalized 
by single motor velocities (right). 
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To further survey how multiple-motor cooperativity depends on the 

properties of a processive motor’s stepping and detachment reaction coordinate, it 

was examined how average two-motor detachment forces and cargo velocities 

depend on both the position of     along a motor’s stepping coordinate (which 

tunes motor stepping efficiency against an applied load) and its critical detachment 

force (  ), which, as defined in the single-state Kramer’s model, tunes a motor’s 

microtubule-bound lifetime (Fig. 4.5B). Although such analyses rigorously require 

more-exact treatments of motor detachment kinetics, we chose to use the single-

state model because it simplifies the calculations. Furthermore, to facilitate 

comparison between motor types, the two-motor detachment forces and cargo 

velocities (at a constant load of 5   ) were normalized by the average detachment 

forces/velocities of their single-motor counterparts. Plots of these values show that 

the weakest cooperative behavior (
     ( )

     ( )
   

  

  
    ) occurs when the stepping 

and detachment reaction coordinates approximate those expected for kinesin (the 

corner of the plot near the origin). As suggested by the mode B motor simulations, 

there is a persistent increase in detachment/velocity enhancements over single 

motors as they become less efficient (as the location of     moves away from the 

initial motor position on the stepping coordinate). Also, not surprisingly, motors 

that remain attached to the microtubule more tenaciously (large   ) also cooperate 

more effectively. Thus, both characteristics should allow motor teams to share the 

applied load more equitably, because to accomplish this, a trailing motor must catch 

its leading partner before either detaches. However, what is striking is that a 
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motor’s stepping mechanism is equally as important as (and potentially even more 

important than) its detachment behavior in determining collective motor function. 

4.4. Conclusions 

A theoretical framework was developed that allows one to parameterize the 

collective dynamics of multiple-motor complexes using fits to single-motor optical 

trapping data nearly exclusively. All floating parameters are determined from 

single-kinesin fits, except for the unloaded motor-filament binding rate. With this 

treatment, differences between configuration-dependent strain energies of the 

complexes can be calculated and used to specify transition rates that determine how 

rapidly a complex’s filament-bound geometry evolves in the presence of an applied 

load. Although the deviations from measured multiple-kinesin velocities at loads 

exceeding kinesin’s stall force suggest that motor coordination must be considered 

to describe multiple-kinesin dynamics at high loads, most model predictions 

support the idea that geometric and kinetic constraints largely limit how effectively 

a group of kinesins can cooperate as a team.  

Overall, it is difficult for multiple kinesin complexes to adopt microtubule-

bound configurations that support load sharing, both when loads increase in time 

and when they remain constant. However, these difficulties are exacerbated at low 

applied loads (         ) by dynamic effects associated with the spatial and 

temporal dependence of the loads that multiple-kinesin complexes experience. Such 

effects could not be delineated in our previous experimental analyses, and were 

overlooked because motor-filament affinities are normally expected to increase 



130 

 

when loading rates are appreciable. However, the results presented here show that 

unique load-rate dependencies can be produced when cargos are transported by 

teams of processive motors, and that the time it takes for a motor complex’s 

microtubule-bound geometry to evolve in response to a load plays a critical role in 

determining the forces and velocities produced by the system. One might expect a 

group of fast and efficient motors like kinesin to be able to cooperate effectively 

when transporting cargos because they should be able to adjust their bound 

geometry rapidly via motor stepping. However, it was found that less-efficient 

processive motors whose velocities drop more rapidly with increasing load are 

actually more capable of cooperating productively. Even though the absolute 

relaxation time of such motor systems is longer than those calculated for multiple 

kinesins given the same elastic load (the trap’s spring), the applied load on the cargo 

does not increase as rapidly in this case.  

Consequently, less-efficient motors not only possess microstate distributions 

as they also have more time to adjust their bound geometry, and hence can develop 

load-sharing configurations more readily. The differences between the collective 

motor behaviors described above may have important implications for mechanisms 

that regulate cargo motion. First, they suggest that motor stepping efficiency can 

distinguish how sensitively cargo transport depends on the number of processive 

motors grouped together on a cargo. Furthermore, motor stepping efficiencies may 

play a role in bidirectional transport, where oppositely directed teams of kinesin 

and dynein compete antagonistically to drive cargo motion. In this case, the 
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direction and magnitude of the applied load will change in time as the number of 

motors competing against each other changes, and because the cargo itself will be 

deformed (stretched) during this process.99,102  

Furthermore, there is evidence that dynein stalls at significantly lower forces 

than kinesin.102 This inefficiency is consistent with observations that dynein’s 

stepping patterns are much more irregular than kinesin’s (backward stepping 

influences dynein’s average F-V).141 Thus, although more dyneins will be required to 

produce the forces of a single kinesin, a team of inefficient dyneins should still be 

able to compete with a stronger kinesin team because of the former’s greater ability 

to cooperate effectively. With this behavior, the number of dyneins, but not kinesins 

(beyond binary responses), would serve as a regulator of bidirectional transport. To 

date, dynein’s mechanochemistry has not been characterized in detail, and hence 

confirming such ideas requires further investigation. Nevertheless, the experimental 

and theoretical advances described here should provide a framework for 

investigating such behavior. 

                                    

 

 

 

 

 



132 

 

Appendix to Chapter 4 

4.5. Modeling overview 

One main goal of the present study is to determine the extent to which the 

previous optical trapping measurements of two-kinesin detachment forces, 

velocities and transition rates under load can be reproduced using a model that is 

parameterized via analyses of single kinesin optical trapping data. Here, single 

kinesin stiffness, force-velocity, and detachment rate data are used in combination 

with predictions of load distributions within a multiple motor complex and models 

of the kinesin detachment and stepping reaction coordinates (all of which are 

described below) to specify transition rates between different configurations of a 

two-kinesin complex as it transports a bead against the applied load of the trap (see 

Figs. 4.1 and 4.2). The only parameter that is not obtained from single kinesin fits is 

the zero-load motor binding rate    [   ](     ), which is adopted from a 

previous experimental / theoretical study (          ).159 No parameters are 

extracted from fits to the two kinesin data; hence, the plots describing multiple 

motor behaviors should not be considered as fits to that data. Detailed descriptions 

of these methods as well as the sensitivities to different model treatments and 

assumptions are described below. 
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4.5.1. General modeling considerations 

The numerical method utilizes a set of master equations to compute the 

time-dependent distribution of microstate populations. Average bead velocities are 

calculated from the effective stepping rates and the sizes of the bead displacements 

that they produce. Thus, the calculations are equivalent to data analyses where 

stalling events are included as zero velocities. Note, this model does not produce 

individual trajectories, and hence, some analyses in our prior report cannot be 

applied to the present modeling data (e.g., the acceleration threshold used to 

determine transition rates between different load-sharing classes of two-kinesin 

microstates cannot be calculated computationally using the present approach).53  

For all calculations, motor trajectories are constrained to a single 

microtubule protofilament, and volume exclusion effects that would otherwise 

prevent motors from binding the same microtubule lattice site are neglected. These 

choices were made because they simplify computations significantly while still 

approximating the transport dynamics of the two-kinesin complexes. In general, 

multiple motor predictions did not change appreciably when we tested a 3-

dimensional form of our model with volume exclusions (incorporating three 

different parallel protofilaments) where the motors could occupy explicitly 

enumerated sites on neighboring protofilaments that produce side-by-side motor-

bound geometries. These assumptions are appropriate since most bound 

geometries of the two-motor complexes are nearly two-dimensional (planar) when 

solved in three dimensions. Furthermore, the presence of parallel proto-filaments 
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should allow motors to occupy the same longitudinal (along the axis of the 

microtubule) position, giving the appearance of violating volume exclusion in two 

dimensions.  

For calculations of multiple motor behaviors in a static optical trap (where 

motors experience time-dependent loads), it is assumed that cargo transport begins 

with the binding of a single motor to a microtubule lattice site where the applied 

load on the bead is zero. As the bead moves forward, the number of filament-bound 

motors and the spacing between their microtubule binding sites changes in time 

depending on how motors step along, bind to, or detach from the filament. Unbound 

motors are able to bind sites on the microtubule that are either in front of or behind 

motors that are already filament-bound. Partial detachment of a complex via the 

unbinding of one motor and the associated retraction of the bead back towards the 

trap center position is allowed; the unbound motor can rebind the filament after 

such events. Complete bead / assembly detachment (i.e., when a singly-bound motor 

releases from the filament) ends a ‘run’; rebinding after such events is not allowed. 

The above constraints were also implemented for analyses of the stationary-

state dynamics of two-kinesin complexes under constant applied loads with 

minimal alterations. This treatment emulates the experimental conditions that can 

be generated in an optical force clamp at long timescales. Here, microstate 

distributions were found by evolving the system for 2 seconds. It was found that the 

two-motor system converges to the steady-state distribution within this timeframe 

given any initial distribution of two-motor bound configurations that we tested. Of 
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note, 2 seconds substantially exceeds the relaxation time constant at any given force 

(      , see Fig. 6A). 

4.5.2. Mechanical calculations 

In order to calculate motor stepping, binding and detachment rates, the 

vectorial forces that the motors experience must be approximated reliably. These 

forces are a function of the points of attachment of the motors to both the bead and 

the microtubule, as well as the position of the bead within the optical trap. When the 

forces are not balanced, the bead adjusts its position rapidly as seen in the 

experimental data, where the bead moves almost instantaneously in response to the 

steps and detachment of the motors. It is therefore reasonable to assume that the 

forces within the system are balanced between transitions, and that calculating the 

forces on the motors requires finding these force-balanced geometries. The force-

balanced geometries as referred to as “microstates”. 

4.5.3. Finding force-balanced microstate geometries 

To find force-balanced microstate geometries, a mechanical model of the 

trap-bead-motor system was created. Given positions of the motors on the bead and 

on the microtubule, as well as the position of the trap and the position and 

orientation of the bead, the model is able to calculate the forces within the system.  

Calculations of force-balanced geometries begin with an estimate of the bead’s 

position and orientation and initial calculations of force distributions within the 

system. If imbalanced, the direction and magnitude of the net imbalance is used to 
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estimate a new bead position. Imbalances can occur both in the ‘x’ direction (along 

the microtubule axis) and in the torque on the bead (the motors always pull the bead 

down to the microtubule surface - the trap is weak in this direction - so it is initially 

placed there and no imbalances in the ‘z’ direction occur). The process of assessing 

force balance and repositioning of the bead is repeated reiteratively until the net 

imbalance decreases below a threshold of 0.1    in all directions, at which point it is 

deemed negligible. The resulting system geometry is taken as the force-balanced 

microstate geometry. 

Once the force-balanced microstate geometry is found, the mechanical 

energy of that geometry is calculated. This energy, which we call "configurational 

energy", is equal to the sum of the stretching energies of the trap (a linear spring) 

and the motors (nonlinear springs, see Section 4.8.2). As stated in the text, 

configurational energies can be expressed by: 

        
 

 
   (     )

  ∑∫ ‖ ⃑  ‖
   

  

  

 

 

Equation 4.9 – Configurational energy. 
 

Here,    is the stiffness of the trap,    is the position of the trap,    is the 

position of the bead,     is the head-to-tail length of the kinesin motor,    is its 

unstretched length, and     is the restoring force along the axis of the motor. The 

summation is carried out over all microtubule-attached motors ( ). 
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4.5.4. Stiffness of a single kinesin motor 

As in other published reports,136 it was observed a nonlinear, strain-induced 

stiffening of our single kinesin motors in the optical trap as shown in Fig. 4.2A. 

These stiffness data were calculated from thermally-driven fluctuations of beads 

along the axis of the microtubule, and thus represent a projection of the motor’s 

head-to-tail stiffness,    (   ), along this axis (the projection is denoted     ). The 

motor’s head-to-tail stiffness is a function of its stretched length    , which changes 

with the force applied to the bead: 

 (   )  
 

       (  (      ))
   

Equation 4.10 – Length-dependent stiffness of a kinesin motor. 
 

This empirical function was chosen to approximate the composite elasticity 

of the motor since the motors are linked to the beads via multiple mechanical 

elements (i.e., the engineered polymers, and the streptavidin-biotin bead coating), and 

a mechanistic (analytical) functional form of motor elasticity is therefore 

exceedingly difficult to define. Given   (   ),     (   ) is found by using the 

mechanical model to test the resistance of the bead to changes in its position across 

a range of applied loads. A standard MALAB fitting routine (nlinfit) was used to fit 

equation 4.2 to our stiffness data (taking a, b, c, and d as fitting parameters); 

    (   ) was recalculated each time a new set of parameter values was tested by 

the routine. 
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4.6. Transitions between microstates 

4.6.1. The need to consider load-rate-dependent effects on motor 

detachment 

A model of motor-microtubule detachment was implemented that allows one 

to account for load-rate-dependent effects instead of a simple Kramer’s theory for 

several reasons. First, Kramer’s-like exponential fits under-approximate the 

detachment rates measured in the single kinesin experiments at low forces (Fig. 

4.2C; Fig. 4.6A). Secondly, two-kinesin detachment force histograms contain a 

second peak at 9.5    that is not present in the experimental data if this function is 

used to parameterize the rates of motor detachment under load (i.e., it yields a 

higher motor-microtubule affinity and a much lower     [   ] than is found in our 

two-kinesin assays). This result is described in more detail in section 4.8 below. 

The affinity of many non-covalent bonds is known to depend not only on the 

force applied to them at any given time, but also on the rate at which that force was 

accumulated.140 The disagreement described above therefore indicates such effects 

could be altering the dynamics of the two-kinesin complexes in the optical trap. In 

general, loading rates should influence bead detachment in both single kinesin and 

multiple kinesin assays. However, in the latter case, detachment and loading rates 

for each motor in the two-motor experiments can differ for each motor in the 

complex when the loads are not shared equally. As stated in the main text, loading 

rates will depend on how load distributions within a complex change in time; in 
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most cases, this behavior appears to reduce the load rate experienced by a motor, 

and hence, motor detachment rates will correspond more closely to their steady-

state (load-rate-independent) behaviors. Thus, parameterizing motor detachment 

kinetics from single kinesin detachment data requires extraction of load-rate-

independent trends. Below, we describe how single kinesin data is used to 

approximate a simple two-state reaction coordinate describing motor-microtubule 

detachment, and how this coordinate is used to calculate load-rate-dependent and 

load-rate-independent detachment behaviors when modeling multiple motor 

dynamics. 

4.6.1.1. Load-rate-dependent model of motor detachment 

The dependence of detachment rate on loading rate can be explained by a 

multi-state attachment/detachment model, which stipulates that the two species 

(the motor and the microtubule in this case) stably bind in two or more states with 

different affinities. For the treatment employed here, motor detachment is assumed 

to occur along a two-state reaction coordinate (Fig. 4.6) that contains one state 

representing a "tightly-bound" state of the motors (T) and a second state 

corresponding to a "loosely-bound" state (L). There are also two energy barriers 

and transition states (TS1 and TS2) in between these states and the unbound state of 

the motors. Of note, if the motors are in the tightly-bound state, they must transition 

through the loosely-bound state to reach the unbound state. This has an important 

implication: the observed detachment rate at any given time is proportional to the 

probability that the motor is in the loosely-bound state.  
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Equation 4.11 – Dependence of motor detachment rate on loosely- and tightly-
bound populations. 

 

Transition rates between states within the reaction coordinate in Fig. 4.6 

depend on the activation energy for the transition (i.e., the free energy difference 

between T and TS2 or L and TS1), and can be calculated using an Arrhenius relation: 

           ⁄  

Equation 4.12 – Arrhenius equation. 
 

We assume that the pre-exponential factor A, known as the "attempt 

frequency", has a value of 2.08*1010 for all transitions.(P.L.Houston, Chemical 

Kinetics and Reaction  Dynamics, McGraw Hill, New York, 2001) It should be noted 

that the exact value of this pre-exponential factor does not affect the results of our 

model significantly. 

The following rate equations describe the evolution of the bound state 

populations of a motor in the two-state model: 

 

  
          

          
    

Equation 4.13 – Time rate of change of the tightly-bound population. 
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Equation 4.14 – Time rate of change of the loosely-bound population. 
 

In these equations, BL and BT are the loosely- and tightly-bound state 

populations, respectively. A change in load influences the rate constants by tilting 

the energy landscape. Thus, in order to transition between states along the reaction 

coordinate, work must be performed against that load. The energies for all of the 

different states Φ at positions xΦ along the coordinate are therefore given by: 

                   

Equation 4.15 – Energy of a state in the motor detachment reaction 
coordinate. 

 

4.6.1.2. Model fit to single kinesin detachment rate data 

To fit the single-kinesin detachment rate data presented in Fig. 4.2C, the 

loosely-bound fraction of motors (which, again, corresponds to observed detachment 

rate through Eqn. 4.11) as a function of the static optical trap’s load is determined 

from the time-dependent solution to Eqns. 4.13 and 4.14. Here, the load is assumed 

to change in time in accordance with the single kinesin F-V relationship that is 

produced in the static optical trap where bead velocities are attenuated by the 

stretching of motor-bead linkages as the load builds on the motor (i.e., these curves 

are used without the typical adjustments to bead velocities that are made to correct 
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for the influence of motor compliance). The initial populations of BL and BT are 

assumed to correspond to a steady-state distribution of bound states that would be 

produced in the absence of and applied load (this calculation is discussed in the next 

subsection). The results of the time-dependent calculation change as the positions 

and zero-load energies of the states in the reaction coordinate are changed.  A 

MATLAB fitting algorithm (‘nlinfit’) was used to adjust these positions and energies 

to minimize the error between the calculated detachment rates and the data. 

4.6.1.3. Calculating load-rate-independent motor-microtubule detachment 

rates 

Motor detachment rates should be invariant in time when applied loads are 

held constant. Thus, in this case, detachment rates are determined by first solving 

for the fraction BL/(BT+BL) using a steady-state approximation: 
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Equation 4.16 – Steady-state approximation applied to the loosely-bound 
fraction. 
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Using equations 4.13 and 4.14 to define the terms 
 

  
   and 

 

  
  , a quadratic 

equation in BT can be written (relating BL to BT ) that can be solved for BT. 
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Equation 4.17 – Steady-state level of the tightly bound population. 
 

Rearrangement allows the fraction of loosely-bound motor at constant load 

in Eqn. 4.11 to be calculated. 
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Equation 4.18 – Steady-state of the loosely-bound fraction. 
 

This relationship is implicitly a function of applied load because the rate 

constants (k) are functions of the applied load through Eqns. 4.12 and 4.15. 

4.6.2. Calculating motor-microtubule binding and stepping rates 

Motor-microtubule binding rates kon were calculated using detachment rates 

and the detailed balance equation. 
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Equation 4.19 – Detailed-balance relationship for calculating motor-
microtubule binding rates. 

 

Here,      is the detachment rate when the load is held constant on the 

motor. The subscript "o" indicates the zero-strain value of the binding or 

detachment rate. The change in configurational energy is calculated between the 

single-motor-bound microstate and the two-motor-bound microstate of the 

transition. 

Motor stepping rates were calculated using the model of Fisher and Kim 

described in Chapter 4. 

4.7. Numerical calculation methods 

4.7.1. Defining and solving master equations 

We use the rates of transition between microstates described in section 4.9 

to define a system of ordinary differential equations, the "master equations”, 

describing the evolution of the motor system probabilistically as it transitions 

through all enumerated microstates of the model. The generalized set of master 

equations for a two-motor system can be written as follows: 
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Equation 4.20 – Model master equations. 
 

In these equations,   denotes the probability of an individual microstate. Its 

superscript indicates whether the cargo is completely detached (  ), bound via only 

one motor (   or   ), or via both motors in the complex (    ). The subscripts i and 

j denote the microtubule lattice-site position of the motors. Microstate transition 

rates for motor binding (   ), detachment (    ), and stepping (  and  ) also use i 
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and j indices to indicate the initial and final microstates of the system for that 

transition (see section 4.9). 

Note, a different notation was used to specify individual microstate 

transitions in the master equations to distinguish them from average rates 

describing how rapidly motors transition between different classes of microstates 

(e.g.,     [   ](   ) in the text describes the average of all transitions where a single 

motor in a complex detached at a specified load,    ). In addition, Eqn. 4.20 clearly 

separates detachment transitions from motor stepping transitions, meaning these 

reaction coordinates are uncoupled in the model. This approximation is appropriate 

for kinesins since fitted pre-factors in Eqns. 4.2 and 4.3, as well as those of Fisher 

and Kim, both dictate that kinesin will primarily occupy the intermediate state 

position along its stepping reaction coordinate; steps are fast and the occupancy of 

other sub-step positions is small. Furthermore, the ground state and the 

intermediate state positions are very close to one another, so the difference 

between their strain energies and detachment rates is negligible. 

To evaluate dynamic properties of motor protein complexes, the following 

method was used.  The master equations can be written formally in matrix form, 

with   being a vector containing all microstate populations and   being the 

transition rate matrix, 
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Equation 4.21 – Matrix form of the master equations. 
 

From this matrix equation and the definition of the time derivative, a forward 

Euler approximation can be obtained for evolving a distribution of microstates in 

small time steps (from t to time     ): 

                 

Equation 4.22 – Euler’s approximation applied to the master equations. 
 

This approximation can be used reiteratively to obtain numerical estimates 

of time-dependent distributions of microstate populations (Fig. 4.4). 

4.7.2. Calculating average microstate probabilities, bead velocities, and 

detachment forces 

4.7.2.1. Using microstate probabilities to calculate average (observed) 

behaviors 

To calculate experimental observables, time-dependent distributions of 

microstate populations are first integrated over time to give a weighting that 

describes the relative probabilities of microstates over the entire course of the 

numerical calculation. These probabilities can be used to calculate measured 

properties such as the bead velocity and kinetic rates via (Fig. 4.3): 
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〈 〉  
∑     ∫  (   )( )   

    

    

∑ ∫  (   )( )   
    

    

 

Equation 4.23 – Microstate population-weighting of observables. 
 

The letter O denotes a generalized observable, <O> is its expectation 

(average) value, and Oi,j  is the value of the observable for the microstate (i,j). The 

state sum can be extended over all microstates (single- and two-motor-bound) or 

over a specific subset (e.g., two-motor-bound only), depending on what is being 

measured. 

4.7.2.2. Bead velocity 

Bead velocity is a function of the stepping rates of the motors driving its 

motion and the displacement that those stepping events produce in the bead's 

center position. 

      (   ) (     )   (   ) (     )
    

  (   ) (     )   (   ) (     )
    

 

   (   ) (     )   (   ) (     )
    

  (   ) (     )  (   ) (     ) 
    

 

Equation 4.24 – Bead velocity as a function of stepping rates and 
displacements. 

 

The quantity        
    

 refers to the change in the bead's steady-state position 

across the transition in the subscript. This method is valid for both variable and 
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constant load numerical calculations. Average bead velocities are calculated using 

the Vi,j in Eqn. 4.24 as the observable (O) in Eqn. 4.23. 

4.7.2.3. Detachment force distribution 

Our theoretical approach allows us to describe detachment processes in a 

two-motor system. A detachment force histogram (Fig. 4.3A bottom, grey bars) 

presents all individual motor detachment events predicted to occur over the course 

of a numerical calculation. In a two-motor system, this includes the detachment of 

either the leading (gold bars) or the trailing (blue bars) motor in two-motor-bound 

microstates, as well as detachment from single-motor-bound microstates (red bars). 

In the transition rate model, these "events" reflect changes in microstate densities 

that arise from transitions out of two-motor-bound microstates to a single-motor-

bound microstate, or from a single-motor-bound microstate to the unbound 

microstate. An example of this calculation can be described as follows: for a generic 

two-motor-bound detachment transition, the total population  (   )  
    that passes 

from the two-motor-bound microstate  (   )
    into the single-motor-bound microstate 

  
  during the simulation is: 

 (   )  
    ∑     (   )  

     (   )
   ( )

    

   

 

Equation 4.25 – Time-integrated detachment from a two-motor-bound 
microstate. 
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Here, the detachment force is taken as the force on the cargo (   ) when the 

system was in the two-motor-bound microstate. All other single- and two-motor 

detachment transitions are treated analogously. The heights of the bars of the 

detachment force histogram are equal to the sum of every      whose detachment 

force falls within the bounds of the bin, normalized to the height of the tallest bar in 

the histogram. 

4.7.3. Evaluating multiple-motor relaxation times 

At any given applied load, the observed behavior of the two-kinesin system 

will depend on the distribution of microstates that it occupies. However, that 

distribution will also evolve in time towards a steady-state distribution at “long” 

times if the applied load is held constant. If loads on the cargo change more quickly 

than this convergence timescale, then the behavior of the system will be a function 

of both the applied load and the loading rate, analogous to the case of the single-

motor detachment rates discussed in section 4.9.1. These convergence timescales 

are referred to as "relaxation" times (reported in Fig. 4.5), which are defined as the 

exponential rate of convergence of the cargo velocity to its long-time value in the 

constant load experiment when the initial microstate populations are set to their 

steady-state values for a loading force 1    below that of the current experiment. 

For example, to calculate        for a two-motor system under a 5    load, one 

would initialize the microstate distribution to that of the long-time limit distribution 

under a 4    load, then simulate the evolution of the distribution, keeping track of 
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the average velocity at each time point. The dependence of the average velocity on 

time is then fit to the exponential function: 

 

   ( )               ⁄  

Equation 4.26 – Time-dependent convergence of the average system velocity 
to steady-state. 

 

The values of        are given in Fig. 4.5A (left), as well as the same values 

normalized by the "stepping" timescale       (right), which is the average time it 

takes for the bead to travel 8.2    under the same constant load at steady-state (i.e. 

this time is simply 8.2 nm divided by the steady-state average cargo velocity). 

4.8. Sensitivities to model assumptions and parameters 

As stated in the main text, the rate that a multiple motor complex’s filament-

bound configuration evolves in time will depend on inter-relationships between its 

mechanical and mechanochemical properties, all of which are nonlinear functions of 

the applied load. Below, the sensitivities of two-kinesin transport behaviors are 

evaluated to the treatments of these functions, particularly with respect to motor 

detachment kinetics. Overall, these analyses illustrate the importance of 

enumerating a full range of microstates in a model, and highlight the central need to 

accurately approximate the difference in strain energies associated with transitions 

between these microstates. Treatments of load-rate-dependent effects are also 



152 

 

important, but with respect to composite behaviors, the combined effects of the 

strain-dependence to motor binding and the absence of load sharing due to kinesin’s 

efficient mechanochemistry (mode A F-V dependence) tends to dominate the average 

behaviors of the motors, producing generically-weak responses to motor copy 

number. Treatment of the loading rates (the decreased load rate experienced by the 

motors at low applied loads) is necessary to refine model predictions and, especially, 

to best reproduce the observed dependence of the microstate detachment 

transitions from two-motor-bound configurations to single-motor-bound 

configurations      [   ]  . 

4.8.1. Importance of considering the strain-dependence of motor binding 

rates 

Analyses of detachment forces indicate the treatment of the strain 

dependence of motor binding as specified in Eqn. 4.19 is very important to 

reproducing the generic shape of the measured detachment force distribution (Fig. 

4.7B). Without this treatment, a second peak in the detachment force distribution at 

9.5 appears that is not in the data. Although detachment rates are essentially 

unaffected by this change, the overall force production is much more additive. 

The above result suggests the mechanical work required to move an 

unbound motor in a two-motor system to a particular microtubule lattice site 

(which is equal to the difference in configurational energy between the two 

geometries) will, according to Arrhenius theory, reduce the rate of that transition 

exponentially. Strain (elastic energy) therefore reduces the total rate of binding into 
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all microstates and generally dictates that the second motor would bind to lattice 

sites at which it does not experience load, meaning that in order to share load with 

the first motor it would have to narrow the separation distance between them 

through stepping. This effect likely contributes to the distinction of the mode A and 

mode B results described in the text, given that the difference in these stepping 

behaviors influences how rapidly motor can catch one another when bound to the 

microtubule. 

4.8.2. Sensitivity of multiple-motor dynamics to the motor detachment 

behaviors 

Several permutations were tested of our motor detachment treatment to 

assess whether exponential fits (Kramer’s model) are sufficient to reproduce the 

two-motor detachment force and transition rate trends present in the trapping data. 

As discussed below, these analyses indicate a need to enhance the detachment rates 

of motors within a complex (from two-motor-bound microstates) over those of single 

motor molecules experiencing the same force to reproduce the single peak observed 

in the two-kinesin detachment force distribution. Therefore, the absence of load 

sharing cannot account for the shape of this distribution or the load dependence of 

    [   ] alone. This result indicates that appropriate treatments of load-rate-

dependent effects are important in describing multiple-kinesin behaviors. 

Furthermore, best agreement between detachment force and     [   ] trends are 

observed when the full model treatment is implemented. These results are 

summarized below. 



154 

 

4.8.2.1 Deviations assuming a Kramer’s-like single exponential detachment 

behavior 

Multiple exponential fits to the single kinesin data were generated (e.g., over 

the full data range and while omitting the high-force data point) to more fully test the 

appropriateness of this treatment of single-motor detachment data (Fig. 4.6A). As 

with the removal of the strain-dependence to motor binding, parameterizing motor 

detachment rates using any of these fits produces two peaks in the detachment 

force distribution (Fig. 4.7A). Furthermore, the two-motor detachment rate 

    [   ] is generally much lower than the data and nearly smooth, whereas the data 

is highly non-monotonic. These results clearly suggest that the average detachment 

rate of one or both of the motors in the two-motor system must be higher than those 

observed in our single motor assays. 

4.8.2.2. Sensitivities to the treatment of load-rate-dependent effects 

A treatment where the two-state model is used to parameterize motor 

detachment exclusively (i.e., this assumes load rates experience by motors are not 

attenuated by collective effects) produces qualitatively similar behaviors as the 

single-exponential fit (Fig. 4.8A), although the high force peak in the detachment 

force distributions is somewhat less pronounced. In addition, the non-monotonic 

character of     [   ](   ) is reproduced to a larger degree than with the Kramer’s 

treatment (Fig. 4.8D). This occurs due to the higher curvature of the single-motor 

detachment fit near the stalling force of the motor. Nevertheless, despite this 
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behavior, calculated     [   ](   ) rates greatly under-approximate measured 

detachment rates as low applied loads in the two motor case.  

An analogous treatment where motor detachment is assumed to follow the 

load-rate-independent detachment trend produces a single peak in the detachment 

force distribution, but appears to over-approximate the     [   ] rates at high forces 

(Fig. 4.7B). The complete model possesses a mixture of these behaviors, and best 

reproduces the high detachment rates (low affinity and extensive negative motor 

cooperation) below kinesin's stalling force, and the increased affinities observed due 

to the predominance of load sharing above kinesin’s stalling force. 

4.8.3. Sensitivity to the model of motor stepping 

The model of Fisher and Kim provides a relatively simple framework to 

define motor stepping efficiencies while allowing treatment of vectorial forces 

within in multiple-motor systems. In comparison, empirical fits to single-kinesin 

data cannot implicitly account for the direction of the load vector on the motor; stalk 

angles of motor within a complex can be different that those of single motor 

molecules experiencing the same loading force in the x-direction. Nevertheless, in 

the model of Fisher and Kim, motor stepping rates vary moderately with stalk angle 

(the amount of work in the ‘z’ direction is usually small because the displacement is 

small), so this treatment mostly refines the results rather than changing them 

qualitatively. 
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It is also important to note that the explicit treatment of back stepping is not 

necessarily critical to capturing multiple kinesin dynamics since this transition rate 

is small compared to kinesin’s forward stepping rate until applied loads become 

very large. Thus, similar behaviors will emerge if the backward stepping rates are 

removed from the master equations describing the two-kinesin system. However, 

this will not be the case for other classes of motors whose velocities change with 

load via a larger modulation of their backward stepping rate. Multiple motor 

systems of such motors can be analyzed much more easily through modifications to 

the parameters in the Fisher-Kim model. 

 

Figure 4.6 – Detachment rate and reaction coordinate. 
(A) Log plot of single kinesin detachment rates and fits. The single exponential fit to 
the full data set (dotted line) and to the first seven points (dashed line) show less 
agreement with the data than the load-rate-dependent model (black line) and tend 
to under-approximate motor detachment rates. (B) Motor-microtubule detachment 
reaction coordinate and its effects on the two-kinesin detachment force distribution. 
Energies and positions of the tightly bound (T), loosely bound (L), and unbound (U) 
states as well as those of the transition states in between are depicted in the plot 
above. All values are derived from the simulation and fitting procedure for the two-
state model described in Section 4.9.1. 
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A  kon[1


2] = 4.7 s-1 at all applied loads 

 
 

 

B          koff[2


1] follows Kramer's 

                                            (load-rate-independent)  

   

Figure 4.7 – Effects of strain-dependent binding and load-rate-dependent 
model of detachment. 
Transition rates (left) and detachment force histograms (right) when (A) binding is 
strain-independent and (B) when a single-exponential model of detachment is used. 
In both cases, detachment force distributions show more additive function than the 
model presented in Chapter 4. Two-motor detachment rates in B are much lower 
and show less non-monotonic character than in our complete model. 
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Figure 4.8 – Effects of different detachment dependencies. 
Two-kinesin detachment force distributions, produced assuming motor detachment 
follows (A) the two-state model’s load-rate-dependent fit in Fig. 4.2C, (B) the 
corresponding load-rate-independent prediction, and (C) the complete model. (D) 
Plots of the detachment rate     [   ](   ) for each model treatment. 
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Figure 4.9 - Effects of separation distance at the bead and a third kinesin.  
(A) Detachment force distributions with a breakdown of events for kinesins 
anchored to the same point on the bead surface. Kinesins follow the same switching 
detachment dependence employed to approximate the data in Chapter 4 (Fig. 4.3A). 
The two-kinesin distribution (top) shows that the system is slightly less cooperative 
than the one with a 50    separation distance at the bead. The three-kinesin 
distribution (bottom) shows that adding a third kinesin enhances the activity of the 
complex, but only enough to give two peaks, the tallest still being near kinesin’s stall 
force. The breakdown consists of all detachment events beginning in three-motor-
bound microstates (green), two-motor-bound microstates (blue), and single-motor-
bound microstates (red). (B) Bead velocities as a function of applied load for the 
systems analyzed in A show that cargos are driven by n load-sharing kinesins when 
they experience loads less than ~     , where    is the stall force of a single kinesin. 
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Figure 4.10 - Kinesin-driven bead velocities and transition rates under 
constant applied loads. 
(A) Average bead velocities as a function of applied load for a single kinesin (red), 
two kinesins (sb = 50 nm, blue; sb = 0 nm, black), and three kinesins (green) 
demonstrate that load sharing does not occur below the stall force of a single 
kinesin even when loads are held constant and the motors are given time to reach 
their steady-state separation distance(s). (B) Motor binding rates (black) are very 
similar to those measured in the static trap (Fig. 4.3D). The detachment rate 
     [   ](  )  (blue) shows a monotonic increase with load, in contrast to the 

dependence found in the static trap. Equal-load-sharing predictions for motors with 
steady-state detachment dependence (dashed grey) and non-steady-state, single-
motor fitted detachment dependence (solid grey) are presented for comparison. The 
single-motor detachment rate      [   ](  )   (red) comes from the load-rate 

independent behavior in Fig. 4.2C. 
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Figure 4.11 - Probability of two-motor-bound and load sharing fractions as a 
function of applied load. 
In each plot, single and two-motor-bound microstate populations are plotted 
(dashed lines), as well as the load-sharing and non-load-sharing microstate 
populations (where "load sharing" means that both motors carry at least 35% of the 
total load, solid lines). Red is used to denote single-motor or non-load-sharing 
populations while blue is used for two-motor or load-sharing populations. (A and B) 
Results for stepping modes A and B, respectively, are shown for both increasing 
(left) and constant loads (right). 
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Figure 4.12 - Multiple-motor transport against increasing and constant loads 
(stepping mode B). 
(A) Calculated detachment force distribution histograms for a single motor and 
multiple motor complexes in a static optical trap. The total motor number and on-
bead motor separation distance (  ) is shown in each panel. (B and C)  Average 
motor binding / detachment transition rates and F-V curves calculated assuming 
cargos are transported against increasing (B) or constant (C) applied loads. 
Transition rates describing motor binding,   [   ], black line) and detachment 

(    [   ], red line, and      [   ], blue line). The grey lines in the transition rate 

plots correspond to the expected detachment rates under equal load sharing for the 
load-rate-dependent fit (solid) and the load-rate-independent calculation (dashed). 
Line colors in the F-V plots correspond to those used to designate motor number 
and    in A. 
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Chapter 5 

 

Cooperative interactions between motors 

affect dynamic properties of the complex 

 

Intracellular transport is supported by enzymes called motor proteins. The 

motors are often coupled to the same cargo and function collectively moving cellular 

materials to various destination sites. Recent experiments and theoretical advances 

have been able to explain certain behaviors of multiple motor systems by 

elucidating how unequal load sharing between coupled motors changes how they 

bind, step, and detach. However, non-mechanical interactions are typically 

overlooked despite several studies suggesting that microtubule bound kinesins 

interact locally via short-range non-mechanical potentials. This work develops a 

new stochastic model to explore how these types of interactions influence multiple 

kinesin functions in addition to mechanical coupling. Non-mechanical interactions 

are assumed to affect kinesin mechanochemistry (i.e., motor stepping pathway) and 

the motor detachment, binding kinetics only when the motors are separated by less 

than three microtubule lattice sites, and it is shown that relatively weak interaction 

energies (~     ) can have an appreciable influence over collective motor velocities 

and detachment rates. In agreement with optical trapping experiments on 

structurally defined kinesin complexes, the model predicts that these effects 

primarily occur when cargos are transported against loads exceeding single-kinesin 
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stalling forces and occur with minimal affect under loads below the single-kinesin 

stall force. Overall, these results highlight the interdependent nature of factors 

influencing collective motor functions, namely, that the way the bound configuration 

of a multiple motor system evolves under load determines how local non-

mechanical interactions influence motor cooperation.  

 

5.1. Introduction 

The transport of organelles and many other subcellular materials is strongly 

dependent on enzymes called motor proteins that use the chemical energy released 

from ATP hydrolysis to drive cargo transport along periodic cytoskeletal 

filaments.100,142 Many motor proteins can move processively (i.e., they take several 

steps on the filament tracks before dissociating) along their filament tracks and can 

produce forces that should allow them to transport their cargos independently as 

single-motor molecules in many circumstances.143-147 However, inside cells due to 

crowding affects and due to the viscous elastic nature of the cellular medium 

multiple motor engage in driving transport. A cargo’s motion is often driven by 

teams of similar and/or dissimilar motors that function either in a concerted fashion 

or antagonistically.101,105,129 Collective motor functions are important to various 

intracellular transport and trafficking processes, since they can determine how fast 

and far cargos are transported in the cytoplasm, the net directionality of cargo 

motions, and even how cargos switch between microtubule- and actin-dependent 

transport modes. Although these aspects of intracellular transport have received 

increased attention, understanding the impact of collective motor behaviors still 
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requires improved knowledge of how the mechanochemistry of motor proteins is 

affected by motor cooperation.  

Recent experimental and theoretical advances have provided important 

insights into mechanisms underlying the collective dynamics of processive motor 

molecules, particularly for multiple kinesins.110,114,132,148,149 Several methods have 

been developed to characterize how cargo run lengths, velocities, detachment 

forces, and step sizes are influenced by the number of motors responsible for cargo 

transport.118,150-152 Among these studies, Rogers et al and Jamison et al examined the 

dynamic properties of structurally organized complexes composed of two 

interacting kinesin molecules using precision particle tracking and optical trapping 

procedures.110,133 These studies demonstrate that small collections of kinesins can 

transport cargos against larger forces and over longer distances than single kinesin 

molecules can produce on their own. However, analyses of two-kinesin run lengths, 

instantaneous velocities, average force−velocity relationships, and, perhaps most 

importantly, transition rates between different conformations of the two-motor 

system where either one of both kinesins within a complex bear the applied load 

imposed on a cargo all suggest that cargo transport by two kinesins will primarily 

be driven by a single-motor molecule. Given this behavior, the average transport 

behaviors of these two-kinesin complexes are best characterized as net negative 

cooperative (i.e., the cargo is driven primarily via action of one motor despite 

another motor in principle being available for transport), since they fall short of 

expectations from analytical treatments where two motors are assumed to function 
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non-cooperatively, meaning that they simply share their applied load equally when 

both kinesins are engaged in transport and do not interact in other ways.  

The ability to engineer novel bio-synthetic constructs of organized motor 

systems has also facilitated comparisons of multiple kinesins under the different 

loading conditions provided by a static optical trap and an optical force clamp.133,153 

As recognized by earlier theoretical studies,118 these analyses illustrate that the 

spatial and temporal dependencies of the applied loads experienced by multiple 

motor complexes can influence their ability to bind to microtubules in 

configurations where loads are shared equally between the motors.106,154 For 

example, loads in the static trap are found to increase rapidly compared to the rates 

at which the complexes evolve from single-motor-bound states into load sharing 

configurations when cargo transport is driven by multiple kinesins. Consequently, a 

cargo’s primary load-bearing kinesin will most often experience a high force and 

detach from the filament before its non-participating motor partner is able to assist 

in cargo motion. Two-kinesin complexes are only able to transport cargos to 

positions in the trap where the load exceeds kinesin’s stalling force if they generate 

load-sharing states before they arrive at this load. This spatial filtering of multiple 

motor configurations therefore results in behaviors where motors cooperate 

negatively at low applied loads but function more productively via load sharing at 

high applied loads. Moreover, this behavior is further reinforced by the fact that 

partial cargo-filament detachment due to the release of one of the complex’s motors 
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results in rearward bead displacement, which only increases the probability that the 

transport will occur by a single kinesin molecule at low applied loads.  

Key experimental signatures reflecting the relatively weak dependence of 

cargo transport on kinesin copy number can be reproduced by a discrete-state 

stochastic model that has been developed to explore the load-dependent dynamics 

of multiple kinesins.155 This model is unique since it (i) accounts for chemical 

transitions between single-motor-bound and a spectrum of two-motor-bound states 

where motors are spaced by different distances on the microtubule and assume 

different portions of the applied load imposed on a cargo, (ii) parameterizes 

microscopic transition rates using fits to single kinesin optical trapping data 

exclusively, and (iii) examines multiple motor dynamics via numerical calculations 

that facilitate more accurate analyses of the spatiotemporal dynamics of a multiple 

motor system. While illustrating that there are significant kinetic barriers that limit 

a complex’s ability to bind the filament in configurations where both motors share 

their applied load, this model also reproduces specific experimental observations 

including non-monotonic dependencies of cargo velocities and motor-filament 

detachment rates on the magnitude of the applied load, and it even provides insight 

into how these unique behaviors result from the spatial and temporal dependence 

of the load experienced by a cargo.133,155 Finally, this theoretical framework predicts 

that the collective behavior of multiple motor proteins depends on their stepping 

mechanism. It is argued that efficient and strong motors like kinesins have greater 
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difficulties cooperating productively compared to weaker and less efficient motors 

due to the relatively low susceptibility of kinesin’s velocity to applied loads.155  

While the above theoretical approach is capable of capturing various 

important and unique experimental observations, this treatment assumes that 

multiple kinesins only interact mechanically through the elastic linkages connecting 

them to their cargo. Using this approach, the rates at which a motor complex will 

transition between configurations via motor binding, detachment, and stepping are 

therefore only dependent on the corresponding change in a complex’s strain energy 

during these transitions. There are several lines of evidence suggesting that other 

forms of interactions between filament bound motor proteins could also play an 

important role in multiple kinesin dynamics.156,157 Kinesins are found to phase 

segregate into patches of dense and sparsely decorated filaments in electron 

microscopy studies,157 and to pause transiently on a microtubule when they are in 

close proximity to neighboring motors that are bound in a rigor state.158 This 

behavior clearly indicates some form of short-range interaction potentials acting 

between microtubule-bound motor proteins. Similarly, local interactions among 

kinesins are evidenced by the clustering of kinesins along the microtubule filament 

even though the tails of these motors are not coupled mechanically. Importantly, the 

energy scale of these interactions was estimated to be relatively small (∼1.6 ± 0.5 

   ),156 and they are found to affect both motor-filament binding and detachment in 

the absence of an applied load.  
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Outside of molecular crowding effects, the impact of such interactions on 

motor stepping has largely been overlooked.158 Nevertheless, measured velocities in 

the recent optical trapping studies at loads exceeding kinesin’s stalling force are 

much higher than those predicted by the models that only address mechanical 

coupling between motors, even if more than two motors are assumed to be present 

on the cargo surface.155 In fact, these velocities even appear to exceed predictions 

that assume motors share their applied load perfectly when transporting a cargo, 

implying some form of local interaction may potentially allow the motors to function 

more synergistically in this load regime.  

Herein, the previous discrete-state stochastic approach was extended and a 

new theoretical model was developed to examine the influence of local, non-

mechanical, interactions between kinesins on their transport dynamics under 

applied loads. In particular, we explore how these interactions affect two-kinesin 

velocities and detachment rates when loads vary spatially and temporally. The 

present analyses suggest that local interactions can alter multiple motor 

detachment and stepping rates appreciably at high applied loads, even if the 

energies of these interactions are small. However, the overall impact of these effects 

is generally superseded by other kinetic constraints that determine how the bound 

geometries of a multiple motor complex evolve under load, as well as other factors 

influencing the spatiotemporal “filtering” of multiple kinesin states. From this basis, 

we discuss how this behavior stems from kinesin’s efficient stepping mechanism, 
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and propose how similar interactions might influence other classes of motors 

possessing different mechano-chemical properties. 

5.2. Discrete State Stochastic Model 

5.2.1. Parameterizing kinetic events  

The present model builds upon a theoretical method that has been developed 

in refs 122 and 155. It was designed to examine the dynamics of the two-kinesin 

complexes as experimentally studied in refs 110 and 133. The geometry of the two-

kinesin complexes bound to cargo and moving along microtubules as well as 

relevant kinetic transitions are illustrated in Figure 5.1A. To describe the structural 

organization of the complexes, we consider that two kinesins are bound 50    

apart from one another on the surface of a 500    (diameter) bead.  

 

Figure 5.1- Schematic of cargo transport by coupled kinesin-1 motor proteins. 
(A) A schematic picture of a model for transportation of cargo by a complex of two 
coupled kinesin motor proteins along the microtubule. Arrows indicate microscopic 
transition associated with kinesin binding, stepping, and detachment. (B) Local 
areas on microtubules that are affected by interactions with kinesins: (top panel) 
motor proteins are far away from each other; (bottom panel) closely spaced motor 
species that interact with each other. 
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The motor−protein assemblies can associate with the microtubule via a 

single kinesin or via a range of two-motor-bound configurations where the 

separation distance l between motor-filament binding sites varies. Each 

microtubule-bound kinesin molecule at the lattice site   can step forward 

(backward) with a rate   (  ), and dissociates with a rate   
   

. Unbound motors 

bind to the filament with a rate    (   )
   (the meaning of labels here is explained 

below); see Figure 5.1A. These rates are specified by free-energy differences for 

conformations that are connected by these transitions following the requirement 

from the detailed balance conditions. The free energy of each state is calculated 

explicitly assuming that mechanical (but not a chemical) equilibrium is achieved in 

each state after individual structural transitions in the complex are taking place.155 

This energy, is referred to as a complex’s configurational energy (       ), is 

computed from stretched motor lengths and bead-trap displacements obtained 

using a mechanical modeling and energy minimization procedure that balances the 

forces on the bead from the motors and trap to within 0.1   .155 During this 

procedure, the elasticity of each motor-bead linkage is parameterized using 

measurements of single kinesin stiffnesses.133 A complex’s configurational energy 

can then be determined using the following expressions: 

        
 

 
  (     )

  ∑∫ ‖ ⃗  ‖
   

  

   

 

 

Equation 5.1 – Configuratinal energy of a two motor complex 
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where    is the trap’s spring constant, (     ) is the distance by which a bead is 

displaced from the trap center,     is the length of a motor when it experiences a 

force along its stalk axis (   ), and    is the length of an unloaded motor. The rates at 

which complexes transition between configurations can then be determined using 

the corresponding difference in configurational energies (        ) as explained 

below. The temporal evolution of the motor protein complexes can be described by 

the following set of master equations:  
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Equation 5.2 – Model Master equations. 

In these equations,   ( ) is the probability that the system will be found in a 

state where the motor protein complex is completely detached from the 

microtubule at time t. Similarly, the quantities   
 ( ) and   

 ( ) correspond to 

probabilities of the single-motor-bound states where the labels ‘a’ and ‘b’ specify 

different kinesin molecules and the labels ‘i’ and ‘j’ are used to specify positions of 

the motors on the microtubule lattice. The probabilities for two-motor-bound states 

are given by functions  (   )
   ( ) for kinesin molecules ‘a’ and ‘b’ connected to the 

microtubule at positions ‘i’ and ‘j’. Transition rates in the master equations are 

estimated as follows. The detachment rate of a motor in the absence of load (  
   

 = 

0.312 s−1) is taken from experiments,155 and the unloaded binding (  
  ) rate 

assumes a value of 4.7     from other experiments.122 The ratio of binding to 

detachment rates under applied loads is related to the unloaded rates by the 

detailed balance condition:  

   (   )
  

 (   )  
   

 
  

  

  
   

            

Equation 5.3 – Ratio of binding, detachment rates in a two motor complex 
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 where                 (   )         ( ) and   is equal to      ;    (   )
   (   (   )

  ) 

and  (   )  
   

 ( (   )  
   

) are the rates for transitioning between specified single- and 

two-motor-bound configurations via binding and detachment rates, respectively. 

The detachment rate  (   )  
   

 of a motor from a two-motor-bound state to a single 

motor state is estimated by considering motor detachment as a two-state process 

(where the positions and energies of the intermediate and transition states are 

determined from single motor detachment rate data).155 The detachment rates can 

be calculated for different loading conditions in the optical trap. Further, the binding 

rate of a motor    (   )
   on can be obtained from Eqn. 5.3. The stepping rates of the 

motor under applied loads are calculated using the formalism of Fisher and Kim.138 

Here, kinesin’s reaction coordinate is approximated by a two-state model that 

accounts for intermediate biochemical states and for the work done by a motor as it 

transitions between spatially separated ground and intermediate states. The 

corresponding rates for these sub steps can be written as  

     
    (         ) 

Equation 5.4 – First forward sub-step stepping rate of kinesin-1 motor 

       
    (            ) 

Equation 5.5 – Second forward sub-step stepping rate of kinesin-1 motor 

     
    (            ) 

Equation 5.6 – First backward sub-step stepping rate of kinesin-1 motor 
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    (           ) 

Equation 5.7 – Second backward sub-step stepping rate of kinesin-1 motor 

The unloaded stepping rates   
 ,    

 ,   
 , and    

  are obtained from fits to 

single kinesin optical trapping data.155    is the energy of the complex with the 

transitioning motor bound to the ith lattice site.        ,      , and        are transition 

state energies and the energy of the intermediate biochemical state of the 

transitioning motor. These energies can be estimated by taking into account the 

positions of the transition states and the intermediate state along a well-defined 

motor stepping reaction coordinate.138 The composite stepping rates used in the 

master equations are given by59 

 (   ) (     )  
     

            
 

Equation 5.8 – Composite forward stepping rate of a kinesin-1 motor. 

 (     ) (   )  
     

            
 

Equation 5.9 – Composite backward stepping rate of a kinesin-1 motor. 

The above master equations are solved numerically for probabilities of 

different chemical states of the two-motor assembly using the forward Euler 

approximation.155 For analyses of two-kinesin dynamics in a static optical trap, bead 

transport is assumed to begin with the binding of only one of the complex’s motors 

to a microtubule lattice site where the bead is unloaded. This motor can then step 

forward, and the second motor can bind to the filament depending on the rates of 
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these individual transitions. Bead runs are terminated when both motors detach 

from the filament. This procedure is modified for predictions of two kinesin  

behaviors in the force clamp in order to mimic the loading conditions of these 

experiments.153 In the force clamp assays, beads are first allowed to be transported 

in a static trap until the applied load reaches a threshold force (     ). The load is 

then changed rapidly to a specified value and held constant via a force feedback 

algorithm. To emulate these conditions, numerical calculations were performed to 

determine the probabilities the complexes would be bound in a particular 

configuration when the force clamp was first activated. The resulting probabilities 

are then used as a starting point for a second numerical calculation where the 

applied load is held constant. For all calculations, average bead velocities and 

detachment rates are weighted by the probabilities the complexes adopt different 

bound configurations as described in ref.155. Note also that our model does not take 

into account the hard-core exclusion interactions between two motors. The kinesin 

molecules are allowed to occupy the same site on the microtubule during transport, 

since it does not affect many dynamic properties of the system and it also simplifies 

calculations significantly.155 In addition, in the calculations, there are no states 

where motor-cargo linkers have crossed because the force equilibration assumption 

allows enough time for these states to relax to untangled conformations.  

5.2.2. Introducing Local Motor Interactions.  

Both our experimental and theoretical analyses suggest that the two kinesin 

complexes will primarily occupy configurations where both motors assume a 
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substantial portion of the applied load when the load exceeds the kinesin’s stalling 

force (7−8   ), especially in the static trap.155 This behavior is signified by 

observations of attenuated bead displacement sizes (3−5   ) in this load regime as 

compared to kinesin’s 8.2    step.133 Furthermore, the mechanical modeling shows 

that this behavior can only be produced if the kinesins are bound to closely spaced 

microtubule lattice sites, since, otherwise, only one kinesin in the complex will bear 

the load and the bead motion will resemble that of a single-kinesin molecule. 

Consequently, we assume that kinesins will interact in a way that could affect the 

transport dynamics when they are bound to microtubule lattice sites that are closer 

than some critical separation distance (  ). Specifically, we choose    = 16.4   , 

which is equal to twice the length of tubulin subunits (        ) from which the 

microtubules are assembled, since the strongest interaction is expected for kinesins 

with tubulin subunits to which they are connected; see Fig. 5.1B. Local motor 

interactions were therefore introduced by assuming that the microscopic transition 

rates into and out of the states where the motors are positioned at spacing less than 

or equal to    would be altered according to the methods described in the following 

sections. 

5.2.3. Local Modulation of Motor-Filament Affinities. 

The influence of local interactions on motor-filament binding and 

detachment rates was introduced using the treatment that is similar to one 

implemented by Roos et al.156 to describe the local clustering of kinesins on 

microtubule filaments, where (attractive) interactions were found to enhance 
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motor-filament binding rate in the absence of load by a factor of γ and attenuate 

motor detachment rates by a factor of δ when the motors are bound to closely 

spaced lattice sites on the microtubule.156 Previous estimates of these parameters 

were γ =1.5−2.5 and δ = 0.3−0.6, which corresponds to a total local interaction 

energy (    ) of approximately 1.6 ± 0.5    . An important distinction of our 

treatment is that the microscopic binding rates (   (   )
  ) and detachment rates 

( (   )  
   

) in Eqn. 6 are load-dependent, since motor proteins attached to the filament 

are coupled mechanically. In the presence of mutual kinesin interactions (    ), the 

ratio of binding to detachment rates should be modified where the tilde (∼) labels 

the binding and detachment rates affected by these interactions and which yields 

after taking into account Eqn. 5.3 

 

 ̃  (   )
  

 ̃(   )  
   

 
  

  

  
   

   (             ) 

Equation 5.10 – Ratio of binding rate to detachment rate due to local 

interactions affecting motor-filament affinities. 

 ̃  (   )
  

 ̃(   )  
   

 
   (   )

  

 (   )  
   

        

Equation 5.11 – Modified detachment and binding rates due to local 

interactions affecting motor-filament affinities. 

In these expressions,      is the local non-mechanical motor/motor 

interaction energy that can be effectively split between binding and detachment as 

follows: 
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 ̃  (   )
       (   )

   

Equation 5.12 – Modified binding rates due to local interactions affecting 

motor-filament affinities. 

 ̃(   )  
   

   (   )  
   

 

Equation 5.13 – Modified detachment rates due to local interactions affecting 

motor-filament affinities. 

Thus, the interaction local interaction energy affecting the binding, 

detachment kinetics with the filament can be expressed as             (
 

 
). 

 

5.2.4. The Effects of Interactions on Collective Motor Stepping.  

The present model also explicitly takes into account how local interactions 

between kinesins affect their individual stepping rates along the microtubule. Local 

interactions induce changes in the free-energy profiles and modify the individual 

sub-step transition rates   ,    ,   , and    . The substep transitions depend on 

the difference in the configurational energies of the initial state and the final state 

for each substep transition. The new sub-step transition rates  ̃ ,  ̃  ,  ̃ , and 

 ̃  , which account for these modifications in the free energy landscapes, are 

related to the original sub-step rates as follows: 
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 ̃               

Equation 5.14 – Modified first forward sub-step rate due to local interactions 

affecting stepping rates. 

 ̃         (              ) 

Equation 5.15 – Modified second forward sub-step rate due to local 

interactions affecting stepping rates. 

 ̃       (              ) 

Equation 5.16 – Modified first backward sub-step rate due to local interactions 

affecting stepping rates. 

 ̃                 

Equation 5.17 – Modified second backward sub-step rate due to local 

interactions affecting stepping rates. 

The labels        ,        and         are defined as               
        , 

              
        , and             

       . The energies of the complex with 

the motor in the two transition states and the intermediate state are denoted as 

      ,       , and      , respectively, and the prime labels indicate the modified 

energies of these states with stepping interactions. The composite forward and 

backward transition rates depicted in Figure 5.1A are then computed similarly as in 

Eqns. 5.8 and 5.9 and then used in the numerical solutions of master equations. 
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5.3. Results and Discussion 

The theoretical framework described above has been used to test how local, 

non-mechanical interactions between elastically coupled kinesins affect their 

dynamics in the presence of applied loads. Specifically, the master equations were 

solved numerically with and without interactions in order to compute 

(i) average detachment and binding rates, (ii) the probabilities that both motors 

share their applied load, and (iii) force−velocity (F−V) relationships in both the 

static trap and the force clamp. Theoretical predictions were then compared with 

experimental observations to test whether including local interactions improves the 

agreement between the model predictions and experiments.133,155 Characterizing 

the impact of local interactions on multiple kinesin functions ultimately requires 

reasonable estimates of how the free energy (       ) of a complex changes when it 

transitions between different filament-bound conformations due to the binding, 

detachment, and stepping of individual motors within a complex. These energies 

were previously parameterized via analyses of single-motor elasticity 

measurements and a mechanical modeling procedure that computes a complex’s 

configurational energy according to Eqn. 5.1. While this treatment provides a 

reasonable approximation of the configuration-dependent balance of forces 

between the motors (see the Supporting Information in ref. 155),         is purely 

determined by the axial force−extension properties of the kinesin-bead linkages, 

and it could potentially neglect the role of other energetic terms in Eqn. 5.1 that 

arise due to the binding geometries of the complexes (e.g., rotational and torsional 
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strain contributions to        ). Consequently, this treatment was first reevaluated 

in order to characterize the relative significance of these factors (Figure 5.2, 5.3). 

From this basis, the impact of local, non-mechanical interactions on multiple kinesin 

dynamics was then characterized using the model framework described in the 

Theoretical Methods section (Figs. 5.4, 5.5 and 5.6). 

5.3.1. Evaluation of the Model without Local Interactions. 

Comparisons between predictions of the model without local interactions 

and experimental optical trapping data are displayed in Figs. 5.2, 5.3. As discussed in 

ref. 155, this form of the model is able to capture key features found in the optical 

trapping data including the non-monotonic force dependence of the detachment 

rate,      
    , describing how rapidly complexes detach partially from the filament 

(Fig. 5.2A), and the analogous rapid increase in average two-kinesin velocities that 

are observed in the static trap when the load increases above kinesin’s stalling force 

(7.6    in our experiments133); see Fig. 5.3A. Moreover, the model also reproduces 

experimentally measured trends in the static trap describing the load dependent 

probability that a complex will associate with the microtubule in configurations 

where both kinesins share their applied load (Fig. 5.2B).  
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Figure 5.2-Dynamic properties of two-kinesin complexes in the model without 
local interactions.  
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load-sharing and non-load sharing 
states are shown in blue and red, respectively. 
 
 
 
 

 
 
Figure 5.3- Cargo velocities of two-kinesin complexes in a model without local 
interactions. 
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified configurational energies (see text 
for details), respectively. (B) Force−velocity relationships for force-clamp 
conditions. Symbols correspond to experimental measurements. Black and blue 
curves describe calculated values for original configurational energies and for 
modified configurational energies (see text for details), respectively. 
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Here, load-sharing configurations are assumed to correspond to those where 

a complex’s secondary load-bearing motor (the trailing motor) bears at least 25% of 

the total applied load imposed on the bead. With this criterion, the probability that 

both kinesins share their load increases initially until the load exceeds 2    but then 

slowly decreases with increasing load until the load approaches 7   , as is found in 

the data. Importantly, despite the liberal definition of load sharing states, this 

probability never exceeds 35% throughout all force regimes. However, the 

complexes are found experimentally and predicted theoretically to primarily 

transport bead via load-sharing configurations above kinesin’s stalling force (see 

Fig. 5.2B). Overall, these results are significant, since they illustrate that the unique 

transport behaviors that arise in the static optical trap due to the spatiotemporal 

properties of applied load in these experiments133 can be recapitulated by the model 

that only accounts for mechanical interactions associated with elastic motor 

coupling. Despite the ability to reproduce dynamic trends, there are still some 

significant differences between the model predictions and the optical trapping data. 

Two-kinesin velocities in both the static trap and force clamp are clearly 

underestimated by the model at high applied loads, again, even when three motors 

are assumed to be present on the bead’s surface.155 Thus, it is important to consider 

a possible role of local motor interactions in these responses. Measured      
     

transition rates (Fig. 5.2A), which are average dissociation rates for two-motor-

bound complexes, also exceed the model predictions at low applied loads (<7   ) 

but fall below their predicted values at high applied loads, yielding a more 

pronounced non-monotonic force dependence. While the latter result indicates that 
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local interactions may enhance cargo-filament affinities at high applied loads (as 

discussed below), the difference between measured and calculated      
     rates 

at low applied loads suggests that the original form of the model overestimates the 

free energy that a complex gains when both of its motors are anchored to the 

filament. For example, the agreement between theory and experiments can be 

improved greatly at low applied loads by simply raising         for each two-motor-

bound state enumerated by 0.47     (Fig. 5.2A). This result signifies that 

mechanical factors other than the elastic coupling between motors can influence 

multiple kinesin filament affinities by altering the free energy difference between 

two-motor-bound configurations and single-motor-bound configurations. While 

these changes could potentially stem from various mechanical constraints (e.g., 

rotational and torsional strains) as well as non-mechanical factors that are not 

included in Eqn. 5.1, the small energetic contributions of such factors to         can 

have an appreciable influence on      
     transition rates. Nevertheless, including 

these energy terms does not modify motor stepping rates in the model, and it has 

little effect on calculated two-kinesin velocities in both the static optical trap and the 

force clamp, since these properties already remain dominated by the absence of 

load-sharing between the two motors. Finally, since this new treatment of         

provides an overall improved fit to the two-kinesin data at low applied loads, this 

form of the model was employed for all subsequent analyses of local interactions 

between the kinesins. 
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5.3.2. Interactions Affecting Motor-Filament Affinities.  

Next it was examined the impact of local, non-mechanical interactions 

between kinesins on their binding and detachment transition rates, load-sharing 

probabilities, and average velocities in the optical trap using the framework 

developed by Roos et al.156 to analyze the clustering of kinesins on microtubules in 

motor-filament binding assays. As described in the Theoretical Methods section, 

microscopic binding (   (   )
  ) and detachment rates ( (   )  

   
) in the master 

equations were assumed to be enhanced by the factors γ and δ only when the 

motors were bound to microtubule lattice sites that are spaced by less than    = 16.4 

nm. With this treatment, average partial detachment rates      
     are predicted 

to follow the experimental trend much more closely compared to the model without 

interactions when γ = 2 and δ = 0.4 (Figure 5.4A). Importantly, these values fall in 

the range of microscopic rate enhancements reported by Roos et al.,156 and 

according to Eqns. 5.12, 5.13 yield a small net interaction energy corresponding to 

1.6    . Interestingly, plots of the average binding transition rates      
    as a 

function of the applied loads show that motor filament attachment transitions are 

largely unaffected by the introduction of local interactions into the model (Figure 

5.4A). This insensitivity can be explained by the fact that the changes in the 

complex’s strain energy are much larger than the amplitude of interaction energies 

when the motors transition from a single-motor-bound configuration to load-

sharing configurations where the motors are spaced closely on the filament and 

have the potential to interact.155 For example, when the total applied load is 4   , 

calculated values for          associated with such transitions range between 15 



187 

 

and 26    , since they require forward cargo displacements against the applied 

load of the trap in order for the newly bound motor to take its portion of the load. 

The strong energetic preference for a free motor to bind to a microtubule lattice site 

far behind its load-bearing partner described in refs. 153 and 155 is therefore 

retained even when local interactions are included in the model.  

 

 

 
Figure 5.4-Dynamic properties of two-kinesin complexes in the model where 
local interactions affect only motor-filament affinities.  
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load sharing and non-load-sharing 
states are shown in blue and red, respectively. 
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Figure 5.5-Cargo velocities of two-kinesin complexes in the model where local 
interactions affect only motor-filament affinities. 
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified by interactions configurational 
energies (see text for details), respectively. (B) Force−velocity relationships for 
force-clamp conditions. Symbols correspond to experimental measurements. Black 
and blue curves describe calculated values for original configurational energies and 
for modified configurational energies (see text for details), respectively. 
 

Accordingly, predictions of load-sharing probabilities (Figure 5.4B) and 

average two-kinesin F−V relationships (Figures 5.5A, 5.5B) are largely unchanged at 

all applied loads. As a result, although this treatment results in improved 

predictions of the complex’s load-dependent detachment behavior, this form of local 

interactions has little effect on the ability for the motors to share their load and is 

insufficient to capture the apparent synergistic behaviors indicated by the large 

two-kinesin velocities that are found above 7    in the static trap and the force 

clamp.  

5.3.3. Combined Affinity and Stepping Rate Enhancements. 

The above results imply that local interactions may affect both 

kinesin−microtubule−filament affinities and stepping rates at high applied loads. 

This is also more consistent with the idea that local changes in free energy profiles 
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should modify all related chemical transitions. Consequently, we explored whether 

combining the treatment of Roos et al.156 with analogous modifications to the free 

energy profile along kinesin’s stepping pathway would be sufficient to capture the 

high velocities produced by the two-kinesin complexes above 7    in both optical 

trapping experiments. To do so, first the sensitivities of the two-kinesin velocities to 

reductions of the free energy of the transition states associated with the first (TS1) 

or the second (TS2) sub step transition enumerated in the Fisher−Kim model by 1.6 

   , was examined as specified by Eqns. 5.14-5.17. The effect of increasing the 

energy of the intermediate state (IS) along the kinesin stepping pathway by 1.6     

was also examined in a separate calculation. Overall, each of these treatments 

produces substantial increases in two kinesin velocities at high applied loads, 

particularly when the energies of TS2 and IS are altered, since the     sub-step 

transition is rate limiting at most loads for kinesin using the Fisher−Kim model 

(Figure 5.6). In fact, average two-kinesin velocities are even over approximated 

when local interactions are assumed to increase both the free energy of IS and 

motor−filament affinities as described above (Figure 5.6B). Lowering TS1 by 1.6 

    generally produces more modest velocity enhancements but tends to enhance 

two-kinesin velocities at very large loads (>12   ), since the    transition becomes 

rate limiting in this load regime.  
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Figure 5.6-The effect of free-energy profile changes on force−velocity 
relationships in two-kinesin complexes.  
(A) The case of no interactions (       and the configurational energies of two-
motor-bound states are unchanged). (B) The case with local interactions (       ) 
and with the configurational energies of two-motor-bound states increased by 
        . Symbols correspond to experimental measurements; calculated curves 
describe lowering the free energy of the first transition state (red); or second 
transition state (blue), or increasing the energy of intermediate state (green). 

 

In sum, these results generally show that small scale interactions of a few 

    of energy can indeed have a large effect on two-kinesin velocities, specifically at 

high applied loads. Overall, empirically, that the best agreement between the optical 

trapping data and the composite form of the model where local interactions are 

assumed to affect both motor−filament affinities and stepping rates is achieved 

when    = 16.4 nm, γ = 2, and δ = 0.4, as in Figs. 5.4, 5.5, and when local interactions 

are assumed to modify the free energy profile of kinesin’s stepping pathway using: 

                ,               , and                  (Figs. 5.7, 5.8). These 

alterations have little effect on two-kinesin velocities at the low applied load, as well 

as on      
     transition rates and on load-sharing state distributions at all loads. 

However, the rapid increase in two-kinesin velocities at 7    that is observed in the 

static trap is much more pronounced in the composite model, yielding F−V 
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relationships that are much closer to the experimental trends. Moreover, the model 

retains key differences between the two kinesin velocities measured in the static 

trap and in the force clamp. The applied load of the static trap varies spatially and 

temporally depending on the trap’s spring constant and how the complexes move 

under load. In addition, the applied load decreases after detachment events in the 

static trap where only one of the two kinesins is released from the filament, since 

these events are accompanied by rearward bead displacements. 133 Both the 

experimental and prior theoretical analyses suggest that this behavior reduces the 

probability that a two kinesin complex will remain bound via a single-motor linkage 

significantly at high applied loads (        ). This spatiotemporal “filtering” of 

two-kinesin configurations also constitutes one of the main reasons the two-kinesin 

F−V relationship in the static trap is found to exhibit an unusual non-monotonic 

dependence with or without interactions. The position of the trapping laser is 

updated to maintain a constant applied load in the force clamp. Bead velocities in 

the force clamp are therefore influenced by mixtures of single- and two motor-

bound states at all applied loads.  
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Figure 5.7-Dynamic properties of two-kinesin complexes in the model where 
local interactions affect only motor-filament affinities and stepping rates 
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load sharing and non-load-sharing 
states are shown in blue and red, respectively. 
 
 
 

 

Figure 5.8-Cargo velocities of two-kinesin complexes in the model where local 
interactions affect only motor-filament affinities and stepping rates. 
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified by interactions configurational 
energies (see text for details), respectively. (B) Force−velocity relationships for 
force-clamp conditions. Symbols correspond to experimental measurements. Black 
and blue curves describe calculated values for original configurational energies and 
for modified configurational energies (see text for details), respectively. 
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Consequently, interactions result in larger velocity enhancements in the 

static trap compared to the force clamp when loads exceed kinesin’s stalling force. 

However, the velocities below 7    are quite similar in both experiments, and tend 

to closely follow the single-kinesin F−V curves in each case. This behavior occurs 

due to the preference for the complexes to transition from single-motor-bound 

states to two-motor states where both motors are positioned far apart on the 

microtubule under both loading conditions, since          for transitions into load 

sharing states is prohibitively large. These effects tend to dominate two-kinesin 

dynamics, since they determine whether a multiple motor complex is capable of 

generating configurations where the motors are able to interact. 

 

 Parameter Estimated/measured values 

           

             

  
                

  
            

   
           

   
               

          

      

      

Table 5.1 – Model parameters and their estimated values 
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5.4. Summary and Conclusions 

We have developed a discrete-state stochastic model of multiple kinesin 

dynamics that accounts for both (i) configuration dependent mechanical 

interactions between motors that influence how forces are distributed between 

motors that are bound to the same cargo and (ii) local, non-mechanical interactions 

that have been found previously to enhance kinesin−filament affinities when the 

motors are bound to neighboring microtubule lattice sites. Although the mechanical 

coupling between motors still dominates most multiple kinesin behaviors, including 

the effects of weak local interactions (<     ) in transition rate expressions, 

describing how multiple kinesins bind to, detach from, and step along microtubules 

is shown to improve the model’s agreement with experimentally determined 

force−velocity relationships produced by structurally defined kinesin complexes. In 

particular, this adaptation provides much better agreement between theoretical and 

the large experimental velocities observed in an optical trap at loads that exceed 

kinesin’s stalling force, implying that the stepping rates of co-localized kinesins can 

be enhanced significantly by local, non-mechanical interactions even if their 

interaction strength is relatively small. Although the interaction energy scales 

identified in this work are very similar to those determined from analyses of kinesin 

binding and detachment kinetics in the absence of load,156 the origin of local 

interactions between kinesins is still unknown. The mutual attraction suggested by 

both studies could potentially stem from various sources including local 

electrostatic interactions that are more or less contact dependent, yielding an 

interaction distance that is comparable to the size of the motor itself (        ). 
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The microtubule lattice structure has been found to be altered locally by kinesin 

associations,160 and such effects indicate that local interactions could also be 

mediated through the microtubule filament. However, despite their source, there is 

now increasing evidence that mutual interactions between kinesins can enhance 

motor−filament affinities. To our knowledge, this study provides the first evidence 

that these effects can alter collective kinesin stepping rates, yielding larger velocities 

in the presence of super-stalling loads. One may expect that local interactions would 

result in more synergistic multiple motor functions due to improved coordination 

between the motors. The present analyses suggest, however, that other factors 

dominate multiple kinesin dynamics by determining whether a complex can adopt 

bound geometries where the motors can experience non-mechanical interactions. 

The free energy changes associated with binding transitions into states where the 

motors are positioned closely and interact mechanically via load sharing are much 

higher than their non-mechanical interaction energies. Consequently, multiple 

kinesins still tend to transport their cargos via configurations where only one motor 

bears the applied load. Furthermore, the loads on cargos driven by multiple kinesins 

increase rapidly compared to the rate that the geometry evolves from single-motor 

to load-sharing transport modes.155 Given this property and other spatiotemporal 

“filtering” effects, motor detachment will generally occur before the motors are 

given a chance to interact mechanically or non-mechanically. We finally note that 

this circumstance could change for different types of motors that have lower stalling 

forces and whose velocities change more sensitively to applied loads. In this case, a 

team of motors could potentially adopt load-sharing states much more readily, 
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creating conditions where local interactions influence multiple motor force 

production and stepping dynamics over a larger range of applied loads. In this way, 

the microscopic details of stepping mechanisms for each motor can potentially 

determine the overall impact of local interactions and further distinguish how 

groups of different motor types function collectively. 
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Appendix to Chapter 5 

5.5. Tuning the local interactions  

Given the behavior of positive cooperativity observed for multiple kinesin 

systems from in-vitro experiments and theoretical calculations owing to small scale 

local interactions, the extent to which the local interactions can influence the cargo 

properties seen in the optical trapping experiments was explored.  

5.5.1. Strength of the local interactions influences enhancements in cargo 

properties 

It has been studied by Uppulury et al how small scale local interactions are 

manifested under high loads and how they influence the dynamic properties of the 

complex during cargo transport. To further understand the extent to which the 

strength of these local interactions influence the cargo properties, the observable 

properties are calculated for varying local interaction energies. The dynamic 

properties of the complex are calculated as described in Chapter-5 taking into 

account the influence of local interactions to affect the transition rates of stepping, 

binding and detachment. We consider the same model parameters as used in Fig. 5.8 

but with stepping interactions energies corresponding to that of TS1 in the range of 

3    -5     i.e., the energies of the first transition state along the motor reaction 

coordinate is lowered from 3     up to 5    . 
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Figure 5.9-Dynamic properties of two-kinesin complexes in the model with 
stepping interactions of 3     
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load sharing and non-load-sharing 
states are shown in blue and red, respectively. 

 

Figure 5.10-Cargo velocities of two-kinesin complexes in the model with 
stepping interaction of 3      
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified by interactions configurational 
energies (see text for details), respectively. (B) Force−velocity relationships for 
force-clamp conditions. Symbols correspond to experimental measurements. Black 
and blue curves describe calculated values for original configurational energies and 
for modified configurational energies (see text for details), respectively. 
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Figure 5.11-Dynamic properties of two-kinesin complexes in the model with 
stepping interactions of 4      
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load sharing and non-load-sharing 
states are shown in blue and red, respectively. 

 

 
Figure 5.12-Cargo velocities of two-kinesin complexes in the model with 
stepping interactions of 4      
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified by interactions configurational 
energies (see text for details), respectively. (B) Force−velocity relationships for 
force-clamp conditions. Symbols correspond to experimental measurements. Black 
and blue curves describe calculated values for original configurational energies and 
for modified configurational energies (see text for details), respectively. 
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Figure 5.13-Dynamic properties of two-kinesin complexes in the model with 
stepping interactions of 5      
(A) Detachment and binding rates: experimentally measured detachment rates are 
shown by circles, while blue and black curves correspond to calculated values of 
detachment and binding rates, respectively. (B) Distribution of two-motor load-
sharing and single-motor-bound states as a function of the load. The blue and red 
triangles represent experimentally measured fractions of load-sharing and single-
motor states, respectively. Calculated two-motor load sharing and non-load-sharing 
states are shown in blue and red, respectively. 

 

 
Figure 5.14-Cargo velocities of two-kinesin complexes in the model with 
stepping interactions of 5      
(A) Force−velocity relationships under static-trap conditions. Symbols correspond 
to experimental measurements. Black and blue curves describe calculated values for 
original configurational energies and for modified by interactions configurational 
energies (see text for details), respectively. (B) Force−velocity relationships for 
force-clamp conditions. Symbols correspond to experimental measurements. Black 
and blue curves describe calculated values for original configurational energies and 
for modified configurational energies (see text for details), respectively. 
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From Figs. 5.9-5.11 it can be seen that the strength of the interactions into 

stepping modes of transitions do influence the average velocities of the cargo mostly 

in the high force region. With increasing interaction energy clearly the calculated 

cargo velocities are more closer to the experimental velocities in the force range of 

11-15    i.e., when the motor strongly interacts with the filament tracks which 

affects the stepping transition rates which in turn lead to further enhancements in 

the cargo velocities. Similar trends can be seen in both static optical trapping mode 

and the force clamp mode. These interactions have only small increases on the load-

sharing states and the average detachment rates of the complex from a two motor 

bound complex to a single motor bound complex under forces between 11-15   . 
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Chapter 6 

 

Factors affecting cooperativity between 

motors during multiple motor cargo transport 

 

       Intracellular transport is a fundamental biological process during which various 

cellular materials are driven by several enzymatic molecules (motor proteins) such 

as kinesin and dynein molecular motors. Recent optical trapping experiments and 

theoretical analysis have uncovered many features of cargo transport by multiple 

kinesin motor protein molecules under applied loads. These studies suggest that 

kinesins cooperate negatively under typical transport conditions, although some 

productive cooperation could be achieved under higher applied loads. As noted in 

the optical trapping measurements, the manifested cooperative effects were 

explained from the stand point of single motor mechanochemistry and motor-

microtubule interactions. However, the microscopic origins of this complex 

behavior are still not well understood. Using a discrete-state stochastic approach 

the factors that affect the cooperativity among kinesin motors during cargo 

transport were analyzed. Kinesin cooperation is shown to be largely unaffected by 

the structural and mechanical parameters of a multiple motor complex connected to 

a cargo which bears a specific geometry, but much more sensitive to biochemical 

parameters affecting motor–filament affinities. While such behavior suggests the net 

negative cooperative responses of kinesins will persist across a relatively wide 
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range of cargo types and seemingly quite a robust feature, it is also shown that the 

rates with which cargo velocities relax in time upon force perturbations are 

influenced by structural factors that affect the free energies of and load distributions 

within a multiple kinesin complex. The implications of these later results on 

transport phenomena where loads change temporally, as in the case of bidirectional 

transport, are discussed. 

 6.1. Introduction 

Motor proteins are a class of active enzymatic molecules that convert the 

available chemical energy from the hydrolysis of ATP molecules into mechanical 

work while transporting cellular materials through highly crowded and viscous 

environments within cells.95,161,168 Although the properties of many cytoskeletal 

motors i.e., microtubule and actin-dependent motors should allow them to perform 

these functions as single molecules, there are many examples where organelles, 

vesicles and other sub-cellular commodities are transported simultaneously by 

teams of motors that function collectively.101,105,129 In addition, cargos are often 

outfitted with different types of motors that either traverse in opposite directions or 

along different types of cytoskeletal filaments.110,151,162,163,166 The collective prop-

properties of motor proteins are therefore important for understanding 

mechanisms of intracellular transport because the number of motor proteins, their 

types and relative numbers of different species might be key factors influencing 

regulation and control of intracellular processes.132,133,148,149,153,159,165 Although 

significant advances in uncovering many features of cellular transport phenomena 
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have been achieved, precise mechanisms of collective action of motor proteins in 

cells are still not well explained. Dynamic properties of multiple motor protein 

assemblies have been investigated in a variety of experimental132,133,148,149,159,165 and 

theoretical studies,118,150,152,153,164 many of which seek to characterize how cargo 

motion changes with variation in motor number and type.  

Application of engineered complexes of motor protein has also been very productive 

in deciphering such responses.122,132,133,148,149,153,155,159,165 For instance, our group 

has employed precision particle tracking and optical trapping methods to 

investigate the dynamic properties of interacting kinesin molecules that are 

organized on DNA scaffolds.133,165 As has been found in recent and independent 

studies that employ antibodies to connect kinesin molecules, 142 these experiments 

conclude that the functions of complexes containing two kinesins are best 

characterized as net negative cooperative since the probability of cargo motion by 

only one load-bearing motor within a complex is generally much higher than the 

probability that both motors will be engaged in transport and cooperate 

productively. It has also been argued that the weak enhancement of cellular 

transport in this case is due to high efficiency of single kinesin molecules.133,152,165 

The above studies of structurally-organized motor complexes have also stimulated 

significant developments in theoretical analysis of collective behavior of  motor 

proteins.118,132,133,148,149,153,159 One of the most successful theoretical approaches is 

based on a discrete-state stochastic model that captures key elements of single 

molecule kinesin dynamics as well as dynamic behavior of two-kinesin 

assemblies.118,150,153 This method is unique since it (i) explicitly takes into account 
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individual microscopic transitions between single-motor-bound configurations and 

a spectrum of two-motor bound configurations with different distances between 

molecules along filaments; (ii) parameterizes transition rates from fits obtained for 

single-kinesin optical trap experiments; and (iii) calculates numerically exactly all 

spatial–temporal dynamic properties of multiple-motor system. This approach 

reproduces all features observed in experiments on two-kinesin assemblies, and it 

also provides microscopic explanations for observed dynamic behavior. For 

example, this model suggests that collections of kinesins face mechanical and kinetic 

challenges that restrict their ability to adopt filament-bound configurations that 

support load-sharing behaviors. Furthermore, discrete state modeling has also 

demonstrated that that this behavior is only exacerbated when applied loads vary 

spatially and temporally.153 Yet, such behaviors naturally raise fundamental 

questions as to whether such dynamics is general for all motor proteins or it is 

unique for structurally organized kinesin complexes utilized in our experiments. 

Herein, we apply the discrete-state stochastic modeling approach to examine the 

extent to which multiple kinesin behaviors change with varying structural and 

chemical properties of a multiple motor system.  
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6.2. Discrete State Stochastic Model 

6.2.1. Depicting a generic view of motor cooperation 

The analysis of motor protein cooperativity is based on a discrete-state 

stochastic approach that has been developed to explain optical trapping 

measurements obtained for two-kinesin assemblies acting on cargos against applied 

external loads.122,155,167 A generic view of the system of two kinesins that move cargo 

is shown in Figure. 6.1 A. It is assumed that two kinesins are bound at a distance 

      apart from each other on the surface of a spherical cargo with a diameter  . 

The motors can attach and detach to and from different microtubule lattice sites 

that are separated by 8.2   , and they are assumed to move only along a single 

proto-filament for simplicity. The model enumerates for a broad range of transitions 

where only one motor protein molecule is connected to microtubules as well as a 

wide spectrum of two-motor-bound configurations where the separation distance 

between binding sites on microtubules,             , varies.  
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Figure 6.1- Schematic depicting geometric and elastic properties of the two 
kinesin-1 system.  
(A) A schematic representation (left) of the model of cargo transport by two 
coupled kinesin-1 motor proteins along the microtubule. The cargo diameter is  , 
the separation between motors on the cargo surface is       and that on the 
microtubule is             . (B) Plots of motor stiffness (  ) (right) that show the 
strain-induced stiffening of a single kinesin-1-bead linkage under load. The legend 
indicates the force at which the motor stiffness reaches half its maximal value (    ). 

The red curve (           ) approximates the stiffness function of the kinesin 

motors examined experimentally in Rogers et al, Jamison et al. 
 

6.2.2. Transition Rate Modeling  

The main idea of the discrete state stochastic approach is to calculate the 

rates a multiple motor complex transitions between different filament-bound 

configurations via explicit calculations of the free energy of the system in each state. 

The rates are calculated by assuming that between transitions the system quickly 

relaxes to mechanical equilibrium, although chemical equilibrium is not assumed. 

122,155,167 The forces acting on the cargo and the motors are estimated from the force-

balance assumption and parameterizing the stiffness profile of the kinesin motor 

from experiments. The free energy of the complex, which is called a configurational 

energy (       ), can then be calculated explicitly using the following expression:  
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Equation 6.1 – Configuration energy of the two motor complex 

where,   ,   ,    and     are the trap stiffness, position of the trap, position of the 

cargo bead center and the axial load experienced by the bead respectively. The 

parameter    denotes the length of the kinesin motor under zero force, while the 

parameter     is the extended length of the motor protein This equation reflects two 

contributions into the free energy of the state, the potential energy of the bead in the 

trap and the mechanical energy associated with stretching the motor protein—see 

Driver et al. 155 for more detailed explanations. The way the system of coupled 

motor proteins evolves with a time is given by a set of master equations that are 

numerically solved as explained in detail in our previous works. 122,155,167 The 

calculated free energies are utilized for estimating transition rates via the detailed 

balance conditions. Solving master equations provides probability distributions of 

different states of the system at various times, which can be used to estimate 

average observable quantities such as average detachment rates, detachment forces 

and cargo velocities that, in turn, can be used to assess whether the motors within a 

complex can cooperate productively.  

6.2.3. Model Parameterization and Calculating Observables  

Transition rates are input parameters for solving master equations, and they 

are obtained in the following way. Detachment and binding rates in the absence of 

external forces are estimated from experimental analyses of single kinesin 

behaviors exclusively,122,167 and the rates under loads are determined using the 



209 

 

detailed balance condition as explained in Driver et al.155 Stepping rates of the 

motor under applied loads are determined from fits to single-kinesin optical 

trapping data: see Driver et al.155 for more details. To properly describe mechanical 

properties of the system, the elasticity of motor–cargo links is estimated by using 

fits to measurements of single-kinesin stiffnesses.122,133 These results show the non-

linear elasticity of the system which allows us to take into account the effects of 

strain-induced stiffening of connections between motor proteins and cargo. The 

present analyses examine how collective kinesin behaviors change with structural 

and mechanical properties of a multiple motor complex as well as biochemical 

properties of its constituent motors. Prior experiments utilized a DNA scaffold that 

separated the motors by 50    on surface of 500    sized beads.133,153 For the 

present study, the influence of a motor complex’s structure was examined by 

altering the distance between motor protein connections on the bead       and 

cargo size  . The effect of mechanical properties was also explored by varying 

elastic properties of motor protein complexes. Again, experimental measurements 

of force-dependent elasticity of single kinesins 133,155 indicate that the motor protein 

stiffness has a non-linear dependence due to strain-induced stiffening of the motors 

(Fig. 6.1). It was shown that these responses can be approximated well by a sigmoid 

function.133,153 To simplify the present analyses, our original function was modified 

by altering the force at which motor stiffness increase with increasing load. To label 

different load-dependent stiffness curves we introduce a quantity     , which 

corresponds to the force at which motor stiffness (  ) reaches half of its maximal 

value.  Accordingly, high      corresponds to more compliant motors, while smaller 
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values describe rigid motor proteins. Experimental measurements of elasticity for 

kinesins give                 .133 Then for each elasticity behavior specified by 

different curves (Fig. 6.1B) dynamic properties of the system are evaluated directly 

and compared with each other to quantify the effect of motor protein stiffness on 

cooperativity.  The effect of chemical interactions between kinesins and 

microtubules can be taken into account by modifying detachment forces and 

detachment rates. Such effects can be explored by modulating the unloaded rate for 

single motor detachment ( ). Kinesin’s critical detachment force (  ), which is the 

characteristic force that exponentially decreases the rate of motor protein 

dissociation from the microtubule was modulated. The critical detachment force is 

also associated with the length scale   , via    
   

  
, that describes the distance 

needed to move the motor protein molecule away from the microtubule to be 

considered detached. The structurally defined kinesin complexes described in 

Driver et al. 155 can be modeled using the experimentally determined values of 

            and          . For simplicity, we assume that motor detachment 

follows Kramer’s-type dependence, although experimental data are better described 

by a two-state model.155 This approach was utilized to simplify all computations, 

since experimentally observed trends are not affected by this approximation and 

only some small quantitative features are changed. It is important to note that, in 

contrast to some treatments, it is shown that this approximation can still lead to 

average detachment rates for multi-motor complexes that are not exponential 

functions of forces. Thus, the multiple motor behaviors are predicted to exhibit 
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apparent deviations from Bell-model predictions without the need to assume that 

motors exhibit complex, force-dependent detachment characteristics such as slip–

catch behaviors.155 To quantify the influence of all these structural, mechanical and 

chemical properties, several observable quantities are considered that are 

measured in experiments and that can be easily calculated in the discrete-state 

approach. Specifically, in this work, free energy difference,         , is calculated 

between single-bound and a range of two-motor states since motor protein 

molecules can only cooperate productively when they are bound close together to 

the microtubule. Similarly, one could see the effect of cooperativity by monitoring 

the ratio of average detachment forces for two-motor bound and single-motor 

bound cargo complexes, 
    

    
. A dynamic view of cooperativity can also be obtained 

from analysis of the ratio of average velocities for two-motor and single-motor 

complexes, 
    

    
. Recent force clamp assays have shown that multiple kinesin 

complexes may experience loading conditions that prevent them from reaching a 

steady state; for example, when loads vary spatially or temporally.155 Consequently, 

understanding mechanisms of motor cooperation also requires analyses of the 

relaxation behavior of motor protein complexes under variable loading conditions. 

Generally, if the applied load is changed instantaneously from a low to high load, 

multiple kinesin velocities will also change in time as the system progresses 

towards a new steady state since the probability that a complex will achieve 

productive, load-sharing states increases with increasing load. The characteristic 
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relaxation time describing this change can be approximated using the following 

exponential function: 

   ( )      
 

 
       

Equation 6.2 – Cargo velocity after a unit force perturbation in time 

 

In this expression, the parameter A corresponds to a stationary-state 

velocity, while the parameter B gives the deviation from the stationary-state 

velocity at initial times. The values of  ,   and        are extracted from fits to 

calculated curves. Relaxation times were calculated for a circumstance where the 

applied load increased instantaneously from 4 to 5   , and then remained static at 5 

   until the system reached its steady state. This condition mimics those provided 

in our prior force clamping assays.155 A complete set of parameters used in our 

calculations is presented in Table 6.1. 
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Parameter Estimated/measured values 

           

             

  
                

  
            

   
           

   
               

          

             

               

                    

 

Table 6.1 – Model parameters and their estimated values 
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6.3. Results and Discussions 

 

Figure 6.2 - Difference in configurational energies between two-motor and 
single-motor states as a function of cargo diameter (D) 
(A)          for varying cargo diameter ( ) at 5    applied load. (B)          for 

varying cargo diameter ( ) at 12    applied load. 
 

 

Figure 6.3- Difference in configurational energies between two-motor and 
single-motor states as a function of separation distance 
(A)          for varying separation distances (     ) at 5   . (B)          for 

varying separation distances (     ) at 12   . 
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Figure 6.4 - Difference in configurational energies between two-motor and 
single-motor states as a function of motor stiffness 
(A)          for varying motor stiffness    at 5    load. (B)          for varying 

motor stiffness    at 12    load. 

 
As discussed in Driver et al.133, the distribution of an applied load between 

two elastically-coupled kinesins when both motors are attached to a microtubule is 

strongly dependent on how far apart the motors are bound at the filament. Due to 

geometric constraints, equitable load sharing only occurs when the motors are 

bound closely on the filament, and hence, they will only cooperate productively 

under an applied load if they can transition into these states. To gauge how 

structural and mechanical properties of a complex influence this ability, first 

dependence of configurational energy changes of a two-kinesin complex on cargo 

diameter ( ), the distance between the sites that the motors are anchored to the 

cargo surface (     ), and the mechanical compliances of motor–cargo linkages (via 

the parameter     ) was examined. In each case, configurational energies were 

calculated for transitions from single-motor bound states to a range of two-motor 

bound configurations. Generally, the lower this energy difference the higher the 

degree of cooperativity since the system will transition more frequently into 
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two-motor bound states where the motors will share their load (see Figs. 6.2-6.7), 

and since transition probabilities will be controlled by the corresponding 

Boltzmann’s factor:  
        

   . The dependence of          for different sized cargos 

as a function of the separation distance between the motors on the microtubule are 

presented for applied loads of 5    in Fig. 6.2A, and for 12    in Fig. 6.2B. The 

results of each calculation shows there is a relatively large range of intermediate 

             values where          is negligible since transitions into these 

configurations do not change the force balance between the motors in a complex. 

Outside of this region,          changes more rapidly with              compared to 

the cargo size  . Although the effects are very small, the energy needed to transition 

into configurations where the motors are closely spaced on the microtubule is found 

to increase with the increasing cargo size (Figs. 6.2A, 6.2B). Moreover,           is 

found to be sensitive to cargo size for transitions into states where the motors are 

positioned far apart on the filament (                   ) and will experience 

additional ‘counter forces’ due to the resultant leading–lagging-motor organization 

of the complex in these configurations.133 Nevertheless, given the magnitude of 

these differences, we generally expect that cargo size will not affect the probabilities 

the motors will share their loads appreciably. While also small compared to the 

dependence of          on             , somewhat stronger dependences of          

are predicted when the separation distance between the motors on the bead (     ) 

is increased (Fig. 6.3A—for 5   ; and Fig. 6.3B—for 12   ). These trends can be 

understood from the system geometry (Fig. 6.1Left). When                    , 
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increasing the cargo diameter   or       makes it harder for the second motor to 

bind to the microtubule because the motors must now stretch a larger distance to 

reach their corresponding lattice sites, which is more energetically costly. It is also 

important to note that the free energy of the system could be further affected by 

bead rotations and displacements against the applied load, as discussed in Driver et 

al.6 Note also that for                    ,          decreases with increasing 

     , in contrast to the dependence on cargo diameter  . Although neither 

structural parameter is shown to influence          significantly compared to the 

on-filament motor spacing, this distinction occurs since the vectorial properties of 

the loads experienced by each motor (i.e., the split between tangential and upward 

loads on a motor) will change differently when cargo size and motor spacing are 

varied—due to bead curvature. The elasticity of motor proteins in a motor-bead 

linkage is predicted to have the strongest effect on the free energy difference 

between two-motor and single-motor bound states (Figs. 6.4A, 6.4B). This response 

can be explained as follows. Under the same external load ( ), the cargo 

displacement is given by    
 

  
, which leads to the free-energy contribution of 

 

 
      

 

 

  

  
. This result states that increasing the stiffness lowers the 

contribution to free energy. This simple argument therefore predicts that more rigid 

motors should cooperate better since they do not increase         as much as do the 

more compliant motors. These arguments work well for                    . 

However, the trend reverses for larger separation distances due to the introduction 

of counter forces which increase load per each motor molecule (see Fig. 4.8). Yet, we 
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expect the dependence of         on    to mimic the trend found with      , as 

opposed to the trend for cargo diameter  , since compliant motors can stretch more 

easily. A more flexible complex will therefore behave effectively as motors that are 

spaced further apart on the bead when they adopt configurations where              

is large. A different way of analyzing cooperativity of multiple motor proteins is to 

compare average detachments forces of two-motor complexes      and single-

motor molecules     . These forces can be determined from detachment 

distributions obtained in the static trap mode of experiments.133 If two-motor 

assemblies cooperate positively via load sharing, it will take much more energy to 

remove them from the microtubules. But if the cooperation is weak the detachment 

force      for two motor protein molecules should not be significantly larger than 

the detachment force      for the single-motor case. It is important to note that 

we are considering here the detachment force rather than the stalling force which 

only describes the condition of no motion for the cargo without providing 

microscopic details on mechanisms of cooperativity.  
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Figure 6.5 – Percentage increases in the cargo detachment forces as a function 
of cargo diameter (D) 

The percentage increase (
    

    
  )*100% is computed corresponding to varying 

cargo diameter ( ).      is the average detachment force compiled from the 
detachment force distribution of a two-motor cargo complex while      
corresponds to that of a single-motor molecule. 

 

 

Figure 6.6 – Percentage increases in the cargo detachment forces as a function 
of separation distance 

The percentage increase (
    

    
  )*100% computed correspond to the cases of 

varying separation distance (     ).      is the average detachment force 
compiled from the detachment force distribution of a two-motor cargo complex 
while      corresponds to that of a single-motor molecule. 
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Figure 6.7 –Percentage increases in the cargo detachment forces as a function 
of motor stiffness 

The percentage increase (
    

    
  )*100% computed correspond to the cases of 

varying motor stiffness (  ).      is the average detachment force compiled from 
the detachment force distribution of a two-motor cargo complex while      
corresponds to that of a single-motor molecule. 

 

The percentage increase (
    

    
  )* 100% as a function of the cargo size, 

geometry and motor stiffness are shown in Figs. 6.5-6.7 and are plotted as a function 

of the critical detachment forces   , which is a force that characterizes the 

sensitivity of motor detachment to strain.122,155 Increasing the cargo diameter 

lowers the ratio 
    

    
 as expected (Fig. 6.5) since in this case it becomes easier 

energetically to detach two-motor complexes, leading to lower cooperativity. 

Similar effect is observed for increasing the distance between bound motors (Fig. 

6.6), although the effect is smaller. In addition, more rigid motors also increase the 

cooperativity with respect to force production (Fig. 6.6); in agreement with our free-

energy arguments. Nevertheless, one can clearly see that the            ratio for 

all ranges of reasonable parameters is only slightly larger than 1, indicating weak 
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cooperative gains and a generic insensitivity to a multiple motor system’s structural 

and mechanical properties. The largest gains and dependencies on the structural and 

mechanical properties of the complex are observed when    is assumed to be very 

large (6–7   ) which most probably are not realistic for typical cellular conditions. 

This is due to the fact that larger    corresponds to stronger interactions between 

motor proteins and microtubules, and it leads to longer lifetimes of two-motor 

complexes under load, yielding higher probability for cooperative interactions with 

load sharing. Another convenient measure of cooperative effects is the average 

cargo velocities driven by two-motor complexes      compared to average cargo 

velocities produced by single motor molecules     . The expectation is that when 

motors cooperate positively under an applied load,      is significantly larger 

than     . For these analyses, steady-state cargo velocities for force-clamp 

conditions where the external load is held constant were calculated.155 The 

percentage increase (
    

    
  )* 100% is presented in Figs. 6.8A, 6.9A, 6.10A for an 

applied load of 5   , and it is presented as a function of a motor’s unloaded 

detachment rate   for several motor systems where the cargo diameter  ,       and 

   are varied. Force-clamp conditions were employed and motor detachment rates 

were modulated since this approach allows us to best isolate the dependence of 

cargo velocities on the strength of a motor’s interaction with the microtubule 

filament (e.g., spatial and temporal effects can be neglected). Single kinesin will stall 

at loads exceeding 7   , yielding aberrantly-high ratios of 
    

    
.  
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Figure 6.8 – Percentage increases in cargo velocities as a function of cargo 
diameter (D) 
Steady-state cargo velocities of a two kinesin complex are denoted as      and 
that of a single kinein-1 complex is     . 

(A) The function (
    

    
  )*100% at 5    for varying cargo size ( ). (B)      at 

10    for varying cargo size 
 

 

Figure 6.9 – Percentage increases in cargo velocities as a function of 
separation distance 
Steady-state cargo velocities of a two kinesin complex are denoted as      and 
that of a single kinein-1 complex is     . 

(A) The function ((
    

    
)   )*100% at 5    for varying separation distance 

(     ). (B)      at 10    for varying separation distance. 
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Figure 6.10 – Percentage increases in cargo velocities as a function of motor 
stiffness  
Steady-state cargo velocities of a two kinesin complex are denoted as      and 
that of a single kinein-1 complex is     . 

(A) The function ((
    

    
)   )*100% at 5    for varying motor stiffness (  ). (B) 

     at 10    for varying motor stiffness. 
 

For this reason, absolute values of cargo velocity are presented in Figs. 6.8B, 

6.9B, 6.10B when it is driven by the motor-protein complex for the external load of 

10   . The response of multiple kinesin velocities to structural/geometric and 

mechanical parameters is presented in Figs. 6.8-6.10. As is found for detachment 

forces, differences between single and two-kinesin velocities are exceptionally small 

(<2% for nearly any value of  ) when the applied load is small (F = 5   ). More 

significant differences are found at high applied loads (F = 10   ). The latter 

response can be explained by the fact that cargos will stall when only one of the 

complex’s motors is engaged in transport, producing very large differences in cargo 

velocities when the system is bound in these states compared to load-sharing states. 

Cargo velocities will therefore be very sensitive to alterations in the probability that 

the system will enter into either of these classes of states. The dependence of 
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multiple kinesin velocities on the structural and mechanical properties of a complex 

generally follows the trends found with cargo detachment forces; again, these 

changes are negligible when applied loads are small (Figs. 6.8A, 6.9A, 6.10A). The 

only exception is found with motor stiffness. Increased motor compliance 

(increasing     ) produces lower cargo velocities when applied loads are below 

kinesin’s stalling force (Fig. 6.10A). However, this trend is reversed at large loads 

(Fig. 6.10B). It is believed that this behavior stems from the fact that the compliant 

motors will stretch very large distances under these loads. Such behavior therefore 

increases the range of motor bound configurations where the motors will share 

their equitably; hence, allowing the motors to step more rapidly compared to those 

in a rigid complex that is bound in similar configurations (this effect is illustrated in 

Fig. S3 in Jamison et al.133). This response therefore illustrates the importance of 

analyzing the vectorial properties of load distributions within multiple motor 

complexes when assessing cooperative effects. Nevertheless, it is also important to 

recognize that the low average detachment forces produced by compliant motor 

complexes will reduce the probability that a cargo will be transported to such loads. 

Thus, despite the trend found in Fig. 6.10B, the weak cooperative behaviors found in 

those analyses will likely dominate multiple kinesin behaviors. As was found with 

the dependence of multiple motor detachment forces on   , our calculations show 

that motor cooperativity is generally much more sensitive to biochemical factors 

affecting motor affinity than the structural and mechanical properties of the 

complexes, especially at small applied loads. For example, significant changes to 

two-motor velocities are predicted when the unloaded detachment rate of a single 
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motor molecule ( ) is varied (Figs. 6.8-6.10). This can be understood in the 

following way. Decreasing the detachment rate increases the time that motors 

spend bound to microtubules; thus, increasing the probability a complex will 

generate high-velocity and cooperative load-sharing states. At the same time, 

cooperativity is reduced for large detachment rates since the motors will detach 

before these states are reached. Given the strong sensitivity of multiple kinesin 

velocities to  , we conclude that factors influencing how tightly the basal affinity of 

motors to their filaments as well as the sensitivity of motor–microtubule 

interactions to load will influence multiple kinesin behaviors more significantly than 

the structural and mechanical properties of the complexes, which primarily 

determine how load is distributed within a complex. Finally, we also examined how 

the multiple kinesin velocities change in time by examining how fast cargo velocities 

relax to a steady-state velocity after an instantaneous change in the applied load. 

Although neglected in many multiple motor analyses, understanding such behavior 

is important since these relaxation times will influence whether a multiple motor 

system will achieve a steady-state during transport scenarios where applied loads 

vary temporally. Relaxation occurs since the distributions of multiple motor-bound 

configurations depend on the applied load on a cargo. Relaxation rates/times will 

naturally depend on how complexes transition between different configurations in 

time via motor binding, detachment and stepping. To analyze this behavior, the 

relaxation times are calculated by starting computations of the two-kinesin system 

at applied load       and changing it to another applied load-      . The data 

presented in Figs. 6.11-6.13 corresponds to case where the load was jumped from 4 
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to 5   , but as it was checked to confirm that qualitative results are not strongly 

dependent on the magnitude of these changes in load. Relaxation times were 

determined using the procedures described in the ‘‘Methods’’ section. The 

dependence of relaxation times on different structural properties of the system is 

shown in Figs. 6.11-6.13. Interestingly, in contrast to multiple kinesin detachment 

forces and velocities, relaxation times are found to exhibit strong dependencies on 

the structural and mechanical properties of a cargo. While the evolution of motor-

complexes bound geometry is a complex process involving motor binding 

detachment and stepping, it is believed that there are some general features of 

relaxation dynamics that can be understood by analyzing the configuration-

dependent free energies of the complexes. For example, relaxation times decrease 

for larger cargo sizes (Fig. 6.11). The analyses of          in Fig. 6.2A show that the 

range of states where the energetic costs associated with transitions from single to 

two-motor bound configurations are negligible also decreases as cargo diameter ( ) 

increases. Consequently, the number of states occupied by a motor complex on a 

large cargo will likely decrease with increasing cargo size, yielding smaller 

relaxation times. Multiple kinesin velocities also relax faster when       is small 

(Fig. 6.12) and when their linkages to the beads are stiff (Fig. 6.13).  
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Figure 6.11 - The relaxation time as a function of cargo diameter (D) 
       at 5    applied load for varying cargo sizes ( ). 

 
 

 

Figure 6.12 - The relaxation time as a function of separation distance   
       at 5    for varying separation distances (     ).  
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Figure 6.13 - The relaxation time as a function of motor stiffness   
       at 5    for varying motor stiffness    
 

These responses may seem to contradict the trend found with cargo size. 

However, closer examination show of the states at large motor separation distances 

(Figs. 6.3A, 6.4A) as well as load distributions (Fig. S3 in Jamison et al.133) uncovers 

similar effects. In these cases, the range of ‘energetically neutral’ states decreases as 

      and motor compliances increase. Furthermore, analyses of force distributions 

in Jamison et al.133 show that the difference between the portion of the load 

assumed by a primary and secondary load-bearing motor will generally decrease 

with increasing motor compliance. Relaxation times for a compliant multiple motor 

complexes will therefore be slow since their motors will step at similar rates, which 

will reduce the rate that the average motor separation distance changes in time. 

Overall, these results show that multiple kinesin relaxation phenomena will be very 

sensitive to structural and mechanical parameters affecting a complex’s 

configuration-dependent free energies and how loads are distributed between its 

motors (Table 6.1). 



229 

 

6.4. Conclusions 

The cooperative behaviors of coupled kinesin motor proteins were examined 

via the discrete-state stochastic approach. The ability of this method to account for 

the majority of the relevant states occupied by a complex as well as the transitions 

between them, and its success in reproducing key experimental observations found 

with experimental analyses of structurally-defined kinesin complexes, provided a 

basis to explore how kinesin cooperation is influence by the structural, mechanical 

and biochemical properties of a motor complex. Overall, the present results suggest 

that multiple kinesin force production and velocities will be relatively insensitive to 

the organization of motors on cargos, their stiffness and cargo size. Responses to 

these factors are found, yet they are generally small and do not influence the 

abilities of multiple kinesins to cooperate productively as a team. These predictions 

suggest that the net negative cooperative behaviors found in previous multiple 

kinesin studies are likely robust, and will apply to various transport scenarios 

where multiple kinesins are organized differently on different types of cargos. Yet, it 

is important to note that this may not be the case for other motor proteins. For 

example, recent experimental and theoretical studies on myosins V indicate that 

dynamic behavior of multiple myosins V depend stronger on elasticity and cargo 

sizes. Then collective dynamics of myosins V could be tuned by other cellular 

processes more precisely.114,153 It will be interesting to test these ideas directly by 

studying other motor protein systems via advanced theoretical and experimental 

methods. In contrast to structural and mechanical parameters, biochemical factors 

affecting motor-filament affinities are found to influence, appreciably, the extent to 
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which kinesin systems will adopt state where the motors can share the applied load 

on a cargo. One main reason for this distinction stems from the fact that multiple 

kinesin complexes generally possess a broad range of states where only one motor 

in the complex bears the applied load, and hence the differences in the free energy 

between these states and single-motor bound states are negligible. Structural 

factors that alter load distributions within a complex tend not to affect the energies 

of these configurations. However, biochemical factors such as the unloaded free 

energy of kineins–microtubule association alter the energies of all motor-bound 

states. Furthermore, these factors affect the timescale that motors remain filament-

bound, and hence, influence whether a complex has the opportunity to evolve its 

bound geometry from a single-motor-bound state to productive load-sharing states. 

In contrast to cargo detachment forces and velocities, the relaxation dynamics is 

found to be very sensitive to structural, mechanical and chemical parameters. Thus, 

while dependent on a number of factors, these factors can influence whether a 

multiple kinesin system will achieve a steady-state in circumstance where loads 

change temporally, as will be the case during bidirectional transport. If forces acting 

on motor proteins change rapidly, some forms of motors complexes might not have 

time to adopt their geometries to steady-state conditions, giving rise to hysteresis 

and other complicated effects that might confound interpretations. In other words, 

deviations from stationary-state behavior of motor proteins could significantly 

modify cooperative motors responses, and one should be careful in assessing 

competitions between motors and cannot necessarily assume that strong or weak 

motors would win a tug of war. 
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Chapter 7 

 

Conclusions and Future Directions 

 

       The investigations presented in this thesis focus on the properties of 

biological transport processes namely the molecular flow across channels and cargo 

transport by multiple kinesin-1 motors on microtubules.  

The in-vitro studies pertinent to molecular transport inside channels is 

understood by introducing special binding sites into the channel. The imparted 

functionality of attractive interactions to the channel altered the energy landscape 

for the molecular permeation through the channel, and has revealed increased 

dissociation rate constants, increased association rate constants and lowering of 

first passage times of the molecules to translocate the channel all of which signify an 

increase in the overall particle current across the channel. Thus, it has been clearly 

shown in the measurements that the underlying kinetics of translocation is modified 

in such a way that the molecular flux across the channels increases with the special 

binding sites.7,8 Using discrete-state-stochastic models, explicit analytical 

expressions are derived for the particle current taking the nature (i.e., attractive or 

repulsive) and the spatial distribution (position in the channel) of the special 

binding sites into consideration. This thus introduced local modifications of the free 

energy surface of molecular translocation inside the channel that alters the kinetic 
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transition rates of the biochemical transitions near the special binding site. Finally 

the analyses of net molecular flux clearly is in agreement with the trends noted in 

the measurements.9 The model predicts that the overall flux inside the pore is 

strongly dependent on the spatial distribution of the binding site and the strength of 

interaction energy with the protein pore. These results could be understood from 

the physical basis that, since essentially these interactions (in measurements) are 

attractive in nature, they tend to increase the flow of the molecules in the region 

where their affect by the molecule is experienced more. So, the probability of the 

molecule to translocate the channel will be greater if the attractive (repulsive) 

binding site is located at the exit (entrance) of the channel. Further, the analyses 

suggest that there is some optimal interaction strength between the molecules and 

the channel that yields maximum current through the channel for a given set of 

transport parameters. The nature of intermolecular interactions within the protein 

pore and their effect on molecular transport is also investigated. The study reveals 

the complex nature of interactions affecting the overall molecular flux inside the 

channel and how the nature of interactions may be tuned to control particle 

transport with respect to the transport parameters. 

Studying multiple motors transport is an area of interest to understand how 

cellular materials are transported in realistic cellular conditions and how they are 

regulated. Findings from earlier investigations reported in the literature is that 

cargo properties are sensitive to the motor number (kinesin), for instance it was 

believed that run lengths, cargo velocities, forces in the optical trap are all sensitive 
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to the motor number, and that in the stall force distribution of the a multiple motor 

system the largest mode would provide information about the number of motors 

bound to the cargo. A key assumption in these studies is that motors cooperate 

positively. But, this assumption is not necessarily true, since recent optical trapping 

measurements evince there are substantial barriers for the second motor to share 

the load equally with an already bound kinesin motor. The detailed balance 

principle dictates that the unbound motor almost always binds into states that are 

not load-sharing. These recent findings are based on studies by Rogers et al and 

Jamison et al, in which a novel biosynthetic two-kinesin assembly construct utilized. 

In these studies the load independent and load dependent properties of this system 

evince that the forces (although higher forces are seen at times), cargo velocities, 

detachment distributions are similar to that of single kinesin system. Studies by 

Jamison et al show distinct transition events in the multiple motor assembly from 

load-sharing states to non-load sharing states, and at forces below single kinesin 

stall force the bead spends most of its time in non-load sharing states, thence the 

properties of transport resembling that of single kinesin system. This is indicative of 

the negative cooperative behavior of kinesin in this force regime. This explains lack 

of much increase in the transport properties with increase in kinesin number.  

Theoretical calculations by Driver et al support the negative cooperativity 

behavior of kinesin motor molecules. The parameters in the model are obtained 

from fits to single kinesin force-velocity relationship, stiffness and filament 

detachment rate. These parameterizations allowed accurate calculations of the 
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system’s strain energy in different configurations which directly influence the 

distinct kinetic transition events i.e., the stepping, detachment and binding rates. 

The calculated dynamic properties (by solving master equations) using this 

approach reproduces the negative cooperativity behavior of the kinesin motors seen 

in the experimental assays. The calculated detachment forces, the cargo velocities, 

detachment rates are in agreement with the measurements and all of them 

corroborate the negative cooperativity of kinesin in a multiple motor system. The 

unbound motor will most likely bind into a non-load sharing state and would need 

to take several steps at a given applied load to catch up with its leading partner. This 

reduces the chances for the motors to cooperate productively under typical loading 

conditions. However, upon increasing loading conditions, beyond single kinesin stall 

force, collective action of motor molecules is imposed and the trailing motor tends 

to catch up with its advancing motor to sustain the load before any of the motor 

detaches. There are evidences for cooperativity of the motors both in-vivo and in-

vitro systems. Further, the negative cooperativity behavior is also seen in systems 

with increasing motor number (cargo driven by a team of three kinesin motors) 

with respect to detachment forces and cargo velocities. Thus it is quite certain that 

in a group of kinesin motors transporting cargo would be predominantly driven by a 

single motor molecule and that there are significant kinetic constraints that do not 

allow multiple motor action until specific loading conditions are achieved. 

Given the negative cooperative behaviors of kinesin motors, Driver et al 

tested the how motors with different load sensitivities than kinesin motor would 
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perform during cargo transport. Within the frame of the kinesin mechanochemistry 

evaluated by Fisher et al, hypothetical motors are considered which have a sensitive 

force-velocity relationship by modulating the position of the transition state in the 

reaction coordinate. For motor types whose velocities changed more quickly with 

applied loads seemed to cooperate productively from much earlier times than 

stronger motor types like kinesin. Thus the convergence of the motors to load-

sharing states in cargo transport is contingent upon the stepping mechanics of the 

motor i.e., motor types which have lower gains from ATP hydrolysis in the form of 

forward stepping rates tend to cooperate more than stronger motor types.  

Although from experimental studies and theoretical calculations it is inferred 

that kinesin cooperativity is negative, there are experimental evidences for positive 

cooperativity between the motors at high loads. The theoretical calculations support 

the negative cooperativity feature under low applied loads. However, the model 

does not capture the nature of high velocities in the optical trapping experiments 

under high applied loads. To address this issue earlier it has been proposed that 

some form of cooperative interactions which depend on the inter-motor distance on 

the filament tracks under high loads could influence such enhanced cargo 

properties. Specifically the hypothesis that due to the physical proximity of the 

motors on the filament weaker forms of interactions such as non-mechanical 

interactions between the motors could influence each other’s kinetic transition rates 

was tested. In the study by Uppulury et al have utilized a discrete-state model 

constructed from previous experimental investigations to test this hypothesis and 
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surveyed the properties of the complex in static trapping mode and force clam mode 

considering the local weak forms of chemical interactions between the motors. The 

interactions are essentially considered to be attractive in nature and locally 

operative and the influence of these interactions are considered on the various 

kinetic transition events. It is noted there are microscopic binding rate 

enhancements, detachment rate lowering due to the chemical interactions, and 

detailed balance dictates the ratio of the factors by which the binding and 

detachment rates are modified is related to the interaction energy. Of note, to be 

able to explain the detachment behavior in the static trapping mode other effects 

pertinent to bead rotations are considered in the model which could affect 

microscopic and macroscopic detachment rate behavior seen in the experiments. It 

was very important to incorporate interactions into stepping transitions of the 

transitioning motor. Within the framework of the motor stepping reaction 

coordinate elucidated by Fisher et al, a renewed mechanism is suggested that is 

contingent upon the physical proximity of the motors on the filament. Overall, these 

interactions although very small ~1.6     worth of energy, they stabilize the 

microstates over which they become operative. These considerations significantly 

modified the dynamic properties of the system under higher applied loads while 

very importantly retaining the negative cooperativity behavior under low applied 

loads. The study demonstrates how the cargo molecule is driven by a team of 

motors under different loading conditions i.e., still primarily  via single motor non-

load sharing states under loading conditions lower than single kinesin stall force 
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and load-sharing states become dominant under loads exceeding single kinesin stall 

force.  

While examining multiple motor systems it is common to encounter 

situations where the motor molecules either function independently or in groups. 

However, the microscopic origins of cooperativity are still not very well understood. 

Using a discrete-state stochastic model Uppulury et al studied how motor 

cooperativity under different loading conditions in static and force clamp modes is 

influenced by structural, mechanical and biochemical factors of a motor complex. As 

previously shown by Driver et al this model enumerates all the significant 

configurational states and is successfully in reproducing the experimental 

observations pertinent to optical trapping data of structurally defined two motor 

complexes. The study on motor cooperativity indicates that responses of force 

production and velocities are less influenced by the organization of motors on 

cargos, their stiffness properties and cargo sizes. These results corroborate the 

proposition that the net negative cooperative behavior of kinesin motors in multiple 

motor systems is quite robust and suggest that these results would apply to 

transport situations where kinesins are organized differently on different cargo 

types.  

When motor cooperativity was studied from the perspective of bio-chemical 

factors influencing transport, they have affected the ability of the kinesin motors to 

adopt load-sharing states quite appreciably. This finding is attributed to the 

rationale that the free energy differences between single motor states and the two 
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motor states where one motor assumes majority of the load is largely affected by 

biochemical factors like unloaded kinesin-filament affinity since they alter the 

energies of all motor bound states. Further, the biochemical factors influences the 

complex’s ability to evolve its single motor bound state into productive load-sharing 

states. Thus, these calculated time scales shed insight into whether multiple kinesin 

system would achieve steady-state distribution in situations of varying load in time.  

Overall the biophysics of cargo transport has been investigated using a 

combination of tools drawn from experiments and theoretical analyses. Building 

upon previous investigations the aspects of productive cooperativity among motors 

and the microscopic origins of cooperativity are specifically addressed in this thesis. 

This work provides new insights into transport mechanisms of motor cargo systems 

and further substantiates the results of the previous works.  
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