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   CHAPTER 4 

 

THE TEMPERATURE DEPENDENCE OF 

KINESIN MOTOR-PROTEIN 

MECHANOCHEMISTRY 

 

Abstract 

Biophysical studies of the chemomechanical cycle of kinesin motor proteins are 

crucial for understanding the mechanism of energy conversion. Here, we report 

a systematic study of the impact of temperature on velocity and run length of 

homodimeric Drosophilla Kinesin-1, homodimeric C. elegans OSM-3 and 

heterodimeric C. elegans Kinesin-II using in vitro single-molecule motility 

assays. Under saturated ATP conditions, Kinesin-1 and OSM-3 are 

comparatively fast and processive motors whereas Kinesin-II is slower and less 

processive. From the motility assays, we extract single-motor velocities and run 

lengths in a temperature range from 15 °C to 35 °C. Both parameters showed a 

non-Arrhenius temperature dependence for all three motors, which could be 

quantitatively modeled using a simplified, two-state kinetic model of the 

mechanochemistry of the three motors, providing new insights in the 

temperature dependence of their mechanochemistry. 

 

Manuscript in preparation: 
The temperature dependence of kinesin motor-protein mechanochemistry 
Vandana S. Kushwaha and Erwin J. G. Peterman 
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4.1 Introduction 

In general, chemical reaction depend strongly on temperature. In classical 

Arrhenius chemical reaction theory, the rate of a reaction increases 

exponentially with temperature. According to Arrhenius theory, this is caused 

by the requirement for the system to cross an energy barrier, the activation 

energy, somewhere along the reaction coordinate between reactant(s) and 

product(s) [1]. Simple chemical reactions have been shown to indeed follow this 

exponential behavior, as well as some more complex systems. Enzymes can 

substantially speed up reaction rates by lowering activation energies, due to 

specific interactions between enzyme and reactants or products. It has been 

determined that the temperature dependence of some enzymatic reactions do not 

follow Arrhenius kinetics [2,3,4]. This non-Arrhenius behavior was proposed to 

be caused by protein conformational changes or changes in conformational 

dynamics [3,5]. It has remained unclear how reactions of enzymes with complex 

kinetics, involving multiple, rate-limiting steps depend on temperature. 

 In this chapter, we will address the temperature dependence of the 

activity of motor proteins, enzymes that convert chemical energy obtained from 

the hydrolysis of ATP into ADP and inorganic phosphate into mechanical work. 

We will focus on motor proteins of the kinesin superfamily that drive 

intracellular transport of cargoes such as vesicles, organelles and protein 

complexes along the microtubules of the cytoskeleton. Kinesins are nano-

engines that convert chemical energy stored in the phosphate bonds of 

Adenosine-5’-Triphosphate (ATP) into mechanical work, the hand-over-hand 

stepping along microtubules in the plus-end direction [6-9]. The by far best 

studied member of the kinesin superfamily is Kinesin-1. For this motor ATP 

hydrolysis and mechanical stepping have been shown to be tightly coupled: the 

hydrolysis of one ATP molecule results in a single 8.2 nm step [10]. Block and 

coworkers have shown using optical trapping experiments that stepping kinetics 
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is complex and that at low loads, at saturating ATP concentration at least two 

kinetics steps are rate limiting [11]. In recent study [11], a simplified kinetic 

model for kinesin’s chemomechanical cycle has been put forward (Fig. 4.4). In 

this model, each motor domains subsequently undergoes a cycle through three 

states. In a first, ATP-dependent step, ATP binds to the leading motor domain, 

driving a conformational change that swings the trailing motor domain forward. 

In a subsequent step, this latter motor domain binds tightly to the next binding 

site on the microtubule lattice, releasing its ADP. In the final step, the now rear 

motor domain that has already hydrolyzed its ATP, release inorganic phosphate 

(Pi) and unbinds from the microtubule (and the cycle can start again). 

 Our current understanding of temperature dependency on motor-protein 

stepping is limited and to some extend incomplete. Several studies [12,13,14] 

have applied multi-motor gliding assays, mostly using Kinesin-1. Such assays 

involve the concomitant action of multiple motor proteins on the same 

microtubule. Consequently, motility parameters might be affected by 

interactions (tension) between the motors and the number of motors engaged. 

Here we use single-motor motility assays to study the effect of temperature on 

kinesin mechanochemistry. This assay allows us to extract not only the velocity 

of individual motors but also the run length. In particular, we study the 

temperature dependence of three different processive kinesin motor proteins. (I) 

Kinesin-1 from Drosophila melanogaster, a well-studied member of the 

prototypical Kinesin-1 family of motors; (II) OSM-3 a homodimeric motor of 

the Kinesin-2 family from C. elegans, and (III) Kinesin-II, a heterotrimeric 

member of the Kinesin-2 family also from C. elegans. of motors. Members of 

the Kinesin-1 family are involved in intracellular transport of vesicles and 

organelles in many eukaryotic cells including neurons. OSM-3 and Kinesin-II 

together drive a specific transport mechanism called intraflagellar transport 

(IFT) in the chemosensory cilia of C. elegans. Kinesin-1 and OSM-3 are 
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relatively fast (0.85 μm/s and 1.4 μm/s respectively, [15-20] with run lengths of 

1.2 μm and 1.45 μm respectively at low salt buffer conditions. Kinesin-II is 

substantially slower in vitro [17,21] and in vivo [19]. and less processive, 

particularly at high salt conditions. Our results show that both velocity and run 

length show non-Arrhenius behavior. The results can be quantitatively 

understood using a minimal, two-state model involving two similar rates with 

different temperature dependence. 

 

4.2 Materials and methods 

All chemicals were purchased from Sigma-Aldrich. If not, they are specifically 

mentioned in the protocol. All concentrations given are final concentrations. 

4.2.1 Microtubules preparation 

Microtubules were prepared following the protocol described in detail in 

Chapter 2, Appendix A [20] and Chapter 3, section 3.2.1. 

4.2.2 Cloning and preparation of motor proteins 

The sfGFP labeled Kinesin-1, OSM-3 and Kinesin-II motors were expressed 

and purified following the protocol as described in detail in Chapter 2, 

Appendix A [20] and Chapter 3, section 3.2.2. 

4.2.3 Instrumentation 

Assays were established in the flow-cells of microscopic slides and coverslips 

and labeled motors were visualized under Total Internal Reflection 

Fluorescence (TIRF) microscopy. Microscopy images were acquired using a 

custom-built TIRF microscope operated by the Micro-Manager software 

interface (µManager, Micro-Manager1.4, https://www.micro-manager.org/), 
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built around an inverted microscope body (Nikon, Eclipse Ti) fitted with a 100x 

oil-immersion objective (Nikon, CFI Apo TIRF 100X, N.A.: 1.49). Excitation 

light, provided by two diode-pumped solid-state lasers (Cobolt Calypso 50TM 

491 nm DPSS; and Cobolt Jive 50TM 561 nm DPSS), was first passed through 

an AOTF (AA Opto-Electronics, AOTFnC-400.650-TN) for wavelength 

selection, next through a quarter wave-plate (Thorlabs, mounted achromatic 

quarter-wave plate, 400 – 800 nm, AQWP05M-600) to obtain circularly 

polarized light, and a dichroic mirror (Semrock, 405/488/561/635 nm lasers 

Brightline® quad-edge laser-flat, Di 03-R405/488/561/635-25x36) was used. 

Emission light was separated inside the Optosplit III using a dichroic long pass 

filter. Images were acquired continuously by an EMCCD camera (Andor, 22 

iXon 897, DU-897E-COO-#BV). 

4.2.4 In vitro single-molecule motility assays 

To immobilize microtubules, the sample chambers were first incubated with 2 

µg/ml monoclonal anti-β-tubulin antibody in PEM 80 with 10 µM taxol 

(hereafter denoted as PEM80T).  After 5-min incubation, excess antibodies were 

flushed out with PEM80T, followed by 15 min incubation with 1% (w/v) 

Pluronic F127 in PEM80T. To flush out excess Pluronic F127, the chambers 

were rinsed with PEM80T after 15 min incubation. Finally, sample chambers 

were incubated with microtubules in PEM80 with 10 µM taxol (final tubulin 

concentration around 264 nM). and allowed them to attach to the surface via the 

antibodies for 10 min.  After attaching the microtubules, the sample chambers 

were flushed with PEM80 buffer (80 mM PIPES pH 6.9, 1 mM EGTA, 2mM 

MgCl2).  In the final step, the sample chambers were flushed with motility 

solution supplemented with 10 μM Taxol, 2 mM additional MgCl2, 2 mM ATP 

(adenosine 5’ triphosphate), 0.2 mg/ml casein in PEM 12, an ATP regeneration 

system (Phosphocreatine 10 mM, Creatine phosphokinase 0.05 mg/ml), an 

oxygen scavenging cocktail containing 200 μg/ml glucose oxidase, 40 (72 
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μg/ml) catalase, 22.5 mM glucose, 10 mM DTT (dithiothreitol) and an 

estimated final concentration of Kinesin-1 of 500 pM. Concentration of OSM-3 

in OSM-3 motility assays was 450 pM and concentration of purified Kinesin-II 

motor proteins was 200 pM. Experiments were performed in PEM12 (12 mM 

PIPES pH 6.9, 1 mM EGTA, 2 mM MgCl2) buffer. Finally, the sample 

chambers were sealed with VaLaP (1:1:1 vaseline, lanoline, paraffin). The 

sfGFP-labeled motors were illuminated by the 491 nm laser and moving motors 

can be observed under the TIRF microscope setup. Imaging conditions were 

optimized to minimize photo bleaching. Images were acquired continuously 

using an exposure time of 100 ms for Kinesin-1, 70 ms for OSM-3 and 200 ms 

for Kinesin-II without delay in between frames and saved as 16-bit tiff files. 

One camera pixel was corresponded to 80 nm x 80 nm in the image plane. 

4.2.5 Temperature control 

To accurately control temperature of the samples on the microscope, two 

different systems were used. For temperatures above room temperature (23 °C), 

a heating stage top incubator (Tokai Hit, INU-ZILCS-F1) was used, comprising 

of a sample incubation chamber (containing a stage heater with a sample holder, 

a water bath and a top heater) and an objective lens heating strap. For 

temperature below room temperature a stage-top cooling system (Tokai Hit, 

TOKAI HIT-CPU) was used, comprising of a sample cooling chamber, an 

objective lens cooling collar and a chiller bath pumping water as coolant. In 

both systems, the temperature was measured at the sample, providing feedback 

control to maintain a stable, set sample temperature. The experimental set is 

shown in Fig. 4.1. For each temperature condition, a separate sample was 

prepared. First, each sample was imaged at room temperature as a control. 

Subsequently, the desired temperature was set on the respective temperature 

control system and the sample was allowed to equilibrate for 5 (temperatures 

above 25 °C) or 10 minutes (temperatures of 25 °C and lower). We noticed that 
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prolonged exposure of the sample to elevated temperature resulted in decreased 

kinesin motility. The temperature was independently checked every 5 minutes 

using a digital thermometer (Voltcraft K102 digital thermometer, error ±0.5 °C). 

Experiments at each temperature were repeated 3 times. 

 

Figure 4.1: Schematic representations of experimental set-up and the motor 

protein constructs. (A) Sketch of the experimental set-up. Motility assays were 

prepared in the microfluidic chambers and fluorescent motors were observed under a 

TIRF microscope, while sample temperature was tightly controlled. (B) Construct 

design of homodimeric Kinesin-1 of D. melanogaster, homodimeric OSM-3 of C. 

elegans and heterodimeric Kinesin-II (KLP11/20) of C. elegans. For details see Chapter 

2 and 3. 
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4.2.6 Single-particle tracking and data analysis 

For single-particle tracking, a sequence of 1000 fluorescence images was 

analyzed using custom-written routines in MATLAB (The MathWorks, Natick, 

MA), a modified version of the tracking algorithm utrack [22,23]. First, 

fluorescent spots were detected in each image. Next, the location and intensity 

of the individual fluorescent spots were obtained by a two-dimensional 

Gaussian fit. The localized spots in subsequent image frames were linked to 

obtain single-particle trajectories using the utrack linking algorithm. To extract 

velocities, displacement histograms were extracted from trajectories at a given 

time lag for each condition. These histograms were fitted with Gaussians to 

extract the mean displacement and error therein. The slope of the mean 

displacement versus time lag, which is equal to the average velocity was 

determined by linear fitting. From the single-motor trajectories, the average run 

length was also determined. To this end, we generated cumulative run length 

distributions and fitted those with a single exponent. Kymographs were 

generated from the image sequences using an ImageJ macro toolset 

KymographClear [24]. Further data analysis and graphical representation of 

results were done with MATLAB (The MathWorks, Natick, MA) and Origin 

7.0 (OriginLab Corporation, U.S.A.). 

 

4.3 Results 

4.3.1 Kinesin motility parameters at different temperatures 

To investigate the effect of temperature on the stepping rate and run length of 

Drosophila homodimeric Kinesin-1 and C. elegans OSM-3 and Kinesin-II, we 

performed in vitro single-molecule fluorescence motility assays at 10 different 

temperatures in the range of 15-35 ºC. Kymographs of three representative 
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temperatures are shown for all three motors in Fig. 4.2A, indicating that velocity 

(slope in kymograph) and run length (length of kymograph lines) strongly 

depend on temperature. To obtain more quantitative insight, we extracted 

single-motor trajectories from the original time series of TIRF images using 

single-particle tracking. To extract velocities, displacement histograms were 

extracted from trajectories at a given time lag for each condition. These 

histograms were fitted with Gaussians to extract the mean displacement and 

error therein. In Fig. 4.2B, these data are plotted as a function of time lag for 

three different temperatures for the three different motors. The slope of the 

mean displacement versus time lag, which is equal to the average velocity was 

determined by linear fitting. From the single-motor trajectories, we also 

determined the average run length. 

To this end, we generated cumulative run length distributions and fitted 

those with a single exponent. In Fig. 4.2C such data including fits are shown for 

three temperatures, for the three motor proteins. 

In Fig. 4.3 velocities and average run lengths of all motors at all ten 

measured temperatures are presented. These data show that the motility 

parameters of all three motors are substantially affected by temperature. The 

velocity of all three motors increases non-linearly, by a factor ~3, from 15-35 

°C. The average run length shows more complex behavior, increasing by a 

factor 2-3 from 15-25 °C for all three motors. At higher temperatures, it appears 

to remain more or less constant for Kinesin-1 and OSM-3, while it drops 

substantially for Kinesin-II. 
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Figure 4.2: Determination of motility parameters. (A) Representative kymographs 

(space-time plot) of Kinesin-1 (i), OSM-3 (ii), and Kinesin-II (iii), at 15 ºC, 23 ºC and 

35 ºC. Location on microtubule is horizontal (scale bar 1 µm), time vertical (scale bar: 2 

s). Kymographs are obtained from TIRF image series, by projecting the fluorescence 

intensity along a microtubule as a function of time. (B) Plots of mean displacement as a 

function of time lag for Kinesin-1 (i), OSM-3 (ii), and Kinesin-II (iii), at 15 ºC, 23 ºC 

and 35 ºC. Data points and error bars are obtained from Gaussian fits to displacement 

histograms at a given time lag. Three independent experiments were performed for each 

condition and data was pooled. Mean displacement as a function of time lag was fitted 

to a line through the origin (red), yielding the average motor velocity. (C) Cumulative 

run length distribution and exponential fits to obtain average run length (red) for 

Kinesin-1 (i), OSM-3 (ii), and Kinesin-II (iii), at 15 ºC, 23 ºC and 35 ºC 
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Figure 4.3: Temperature dependence of motility parameters of Kinesin-1, OSM-3 

and Kinesin-II. Single-molecule (A) velocity (B) average run length as a function of 

temperature for (i) Kinesin-1(black squares) (ii) OSM-3 (red circles) (iii) Kinesin-II 

(blue triangles), cumulative mean ± SD; N=54-453, measurements as a function of 

temperature. Data were obtained in the presence of 2 mM ATP. In all panels, solid red 

lines represent fits to the minimal two-state model mentioned in the following section 

(Fig. 4.4B). 

4.3.2 The temperature dependence of kinesin motility parameters can be 

well described by a minimal 2-state model 

To gain further quantitative understanding of the temperature dependence of the 

velocities and run lengths of Kinesin-1, OSM-3 and Kinesin-II, we fitted our 

data to physical models. We started with the simplest of models, assuming the 

stepping of the motors is governed by a single rate constant, with temperature 

dependence governed by the Arrhenius equation (𝑘 𝑇 𝑘 ∞ ∙ exp 𝐸 /

𝑅𝑇 , with EA the activation energy, R the gas constant and T the absolute 
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temperature). As can be seen in Figure S4.2A, this simple model cannot give a 

satisfactory description of the experimental velocity data. This is not surprising, 

since it is well known that kinesin stepping is not governed by a single 

exponentially distributed rate, but substantially more complex. Block and 

coworkers have proposed a minimal, 3-state cyclic model that describes their 

detailed single-molecule optical trapping data for multiple kinesin super-family 

members (Fig 4.4A) [11]. The first transition in this cycle, from state [A] to [B], 

involves ATP binding. We performed our experiments only at high, saturating 

ATP concentrations. Under these conditions, the rate of the first transition, kAB, 

is substantially larger than kBC and kCA, the other rates, resulting in state [A] 

being an only very short-lived intermediate. To take this into account, we chose 

to simplify the stepping cycle into a 2-state cycle, governed by only two rates, 

kBC and kCB (Fig. 4.4B). 

Based on this scheme, the velocity (v(T-Troom) = v(T*)) can be 

expressed as: 

𝑣 𝑇∗   

∗ ∗

,     (1) 

 

with the temperature dependent rate constants following the Arrhenius equation 

(𝑘 𝑇∗ 𝑘 𝑇 𝑇 𝑘 𝑇 ∙ exp 𝐸  /𝑅 𝑇 𝑇 . In 

these equations we use room temperature (296.15 K, 23 °C) as reference for 

better estimation of the fitting parameters. As is evident from Fig 4.3A this 

model provides a much better description of the data. The fit parameters are 

shown in Table 4.1. We note that not all parameters can be fitted with high 

accuracy, given the limited range of temperatures accessible for single-motor 

motility experiments. Furthermore, it is important to realize that the model is 

symmetric: we cannot assign a combination of activation energy and rate to 

either the BC or CB transition. For the three motors, this fit indicates that the 

temperature dependence of the two transitions is quite distinct. One transition 
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has a rather low transition energy barrier governing the leveling off of the motor 

velocity at temperatures above 30 °C, while the other transition has a much 

higher transition energy barrier governing the overall slope of the temperature-

dependent velocity increase around room temperature. 

 

Figure 4.4: Chemomechanical cycle of kinesin motility. (A) 3-state cyclic stepping 

model adapted from [11] (B) The simplified 2-state version of the model in (A), which 

is valid at high ATP concentrations. 
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 We next focused on a quantitative description of the temperature 

dependence of the average run lengths of the motors. For the scheme depicted in 

Fig 4.4, the average run length as a function of temperature (RT(T-Troom) can be 

expressed as: 

 

                     𝑅𝐿 𝑇∗  

 
∗

 
∗ ∗

 
∗

 
∗ ∗

 , 

   (2) 

 

with the temperature dependent rate constants following the Arrhenius equation 

(as above). We first assumed that the motors do not fall off the microtubule 

track when it is in a two-head bound configuration. To this end, we set koff C 

equal to zero (Fig 4.4), eliminating the second term of the denominator in 

equation 2. Using either set of parameters obtained from the velocity fits as 

fixed parameters for kBC(T*) in equation 2, this did, unexpectedly, not result in 

satisfactory fits of the experimentally observed temperature dependencies of the 

run lengths of Kinesin-1, OSM-3 and Kinesin-II (Fig S4.2B). To obtain 

satisfactory fits, we needed to introduce an additional off rate, involving 

detachment from state C (Fig 4.3B, Table 4.1 & 4.2). We note that most of the 

fit values obtained are not well defined and highly correlated, more so than for 

the velocity fits, because of the limited number of data points and the limited 

range of temperatures accessible. 

Table 4.1: Parameters from fits to the average velocity data of Fig. 4.3A 
 

 kBC(Troom) 
s-1 

Ea BC 

kJ/mol 
kCB(Troom) 

s-1 
Ea CB 

kJ/mol 
R2 

Kinesin-1 144±57 4±229 357±361 167±68 0.99 

OSM-3 264±7 0±19 558±52 137±9 0.99 

Kinesin-II 56±4 0±4 162±34 154±20 0.97 
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Table 4.2: Parameters from fits to the average run length data of Fig. 4.3B 
 

 koff B(Troom) 

s-1 
Ea off B 

kJ/mol 
koff C(Troom) 

s-1 
Ea off C 

kJ/mol 
R2 

Kinesin-1 0.6±0.1 22±18 1.0±0.3 0±0 0.95 

OSM-3 0.76±0.8 30±63 2±2 4±84 0.95 

Kinesin-II 0.14±0.15 96±79 0.74±0.49 41±69 0.90 

 

4.4 Discussion 

In previous studies, the temperature dependence of Kinesin-1 velocity has been 

studied using multi-motor gliding assays [3,12,13,14] and bead assays [25,26]. 

In most of these multi-motor assays, the velocity increased with temperature 

following Arrhenius law. In two [3,14], however, clear deviations from 

Arrhenius behavior were observed, more in line with our single-molecule study. 

It is unclear what is the cause of the discrepancy between all these studies. It 

might be due to the limited temperature range of some studies, the different 

kinesin constructs used and the multi-motor nature of the gliding / bead assays. 

In these assays, several motor proteins together move a single cargo. The 

motors are mechanically coupled and can apply forces to each other. It might be 

that the intrinsic temperature dependence of the motor proteins is masked by 

these internal forces or by temperature-induced changes of the number of 

motors engaged. The two Kinesin-1 studies that showed deviations from 

Arrhenius behavior both revealed two distinct Arrhenius-like temperature 

regimes with different activation energies. For Drosophila Kinesin-1 the abrupt 

transition between both regimes occurred at 17 °C [14], for bovine Kinesin-1 at 

27 °C [3]. Also, motility assays of other motor proteins have revealed non-

Arrhenius behavior. The temperature dependence of the cytoplasmic dynein 

velocity [26] showed an abrupt kink at 15 °C. In early gliding assays of skeletal 
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myosin [27] a less abrupt change of the activation energy was observed, 

attributed to a more gradual temperature-dependent transition between two 

states with different activation energy. Also gliding assays of D. discoideum 

myosin-5b showed non-Arrhenius behavior [28], which was attributed to the 

temperature-dependent binding of Mg2+ to the motor proteins, a crucial cofactor 

for ATP hydrolysis. 

 Our data showing non-Arrhenius behavior in velocity of Kinesin-1, 

OSM-3 and Kinesin-II, can be quantitatively described using a simplified 2-

state version of the kinetic cycle generally accepted to describe the 

chemomechanical cycle of kinesin motor proteins. We note that, although the 

fitting curves describe the data quite well, the errors in the fitted parameters are 

large and the parameters are correlated. This is a consequence of the small range 

of temperatures accessible to study kinesin activity and the limited number of 

data points. We furthermore note that more complex four-state models (which, 

at saturating ATP concentrations simplify to three-state models) have been 

proposed to describe the mechanochemistry of Kinesin-2 motors [29]. Fitting 

these even more complex models to our data is unfortunately not realistic. 

Nevertheless, our fits of the velocities of the three motor proteins show 

consistently that the stepping kinetics of three motor proteins are ruled by two 

rate constants with comparable values. The activation energies of both processes 

are, however, substantially different: one of the processes is substantially 

temperature dependent (activation energy ~150 kJ/mol), while the other one is 

mostly independent of temperature (activation energy close to 0). As indicated 

above, our simplified 2-state model is symmetric, so we cannot directly assign 

each fitted value to one of the transitions kBC or kCB in Fig. 4.4B. In this model, 

which is a simplification of a three-state model used to interpret optical trapping 

data [11] at saturating ATP concentrations, the BC transition constitutes ATP 

hydrolysis by the front head, followed by binding to the microtubule and release 
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of ADP. The CB transition constitutes most mechanical steps (including rear-

head release, neck-linker docking, forward motion of the rear ADP-bound head) 

and ATP binding. It is tempting to assign the CB transition, which involves the 

key force-generating transitions and a transition between begin and end state 

that appears more involved, to the state with the higher activation energy, but 

this is unclear. Further experiments, for example involving the temperature 

dependence of the motility of mechanically hindered kinesin motors might shed 

light on this. 

 In contrast to all the previous studies of the temperature dependence of 

motor proteins, our single-molecule data allowed the determination of the 

temperature dependence of run length, which also showed non-Arrhenius 

behavior for all three motor proteins. We also fitted the run length data with the 

same minimal 2-state model as used for the velocities, fixing the rates and 

activation energies obtained from the velocity fits as input parameters. 

Detachment processes from both states were required to obtain reasonable fits, 

although the fitting accuracy of the parameters was quite limited. It is surprising 

that detachment processes are needed for both states in our minimal, two-state 

stepping cycle, since in one of the states both of the motor domains are 

considered to be tightly microtubule bound, suggesting a low off rate. These 

results indicate that our two-state model is a simplification of reality: that the 

two states we observe are each a convolute of different sub-states, contributing 

but indiscernible in the kinetics we measured. 

 It is striking that the temperature behavior of velocity and average run 

length of all three kinesins is so similar. An exception is the drop off in run 

length at temperatures above 25 °C, which is present for all motors, but far more 

pronounced for Kinesin-II. In the fits, this more enhanced drop off is affected by 

the higher value of EaoffB for Kinesin-II. The qualitative similarity in temperature 

dependence of the three motors highlights that the underlying 
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mechanochemistry of these three processive kinesins is very similar. This might 

not be very surprising for Kinesin-1 and OSM-3, which are both homodimeric 

and relatively fast and processive. For Kinesin-II, with two distinct motor 

domains and a much lower velocity, more substantial differences could have 

been expected. 

 Taken together, our data and fitting, show that the temperature 

dependence of the activity of enzymes with complex, multi-state kinetics, such 

as kinesin motors, does not follow simple Arrhenius behavior. The different 

kinetic steps constituting the complete enzymatic cycle, can have different 

activation energies and their rates can thus depend differently on temperature, 

resulting in a temperature dependence that is more complex. It is very likely that 

the temperature dependence of the rates of other complex enzymes, different 

than the kinesins studied here, can be explained in similar ways. 
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Figure S4.1: Velocity as a function of temperature fitted with a simple Arrhenius 

equation (𝑣 𝑇 𝑣 ∞ ∙ exp 𝐸 /𝑅𝑇 ); (A) Kinesin-1, R2 = 0.87, (B) OSM-3, R2 = 

0.88 and (C) Kinesin-II, R2 = 0.74. In all three cases, the complexity of the data is not 

well described by the fitted model. 

 

Figure S4.2: Simple models that do not describe the data: Average run length as a 

function of temperature, Kinesin-1 data globally fit with  

RL T °  .  
. ° . °

 , fitting is performed two times, with either set of 

parameters for each motor obtained from the velocity fits, Table 4.1A. (A) R2=0.70        

(B) R2= 0.70. 
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