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Abstract

Cytoplasmic dynein, a microtubule-based motor protein is responsible for many cellular functions 
ranging from cargo transport to cell division. The various functions are carried out by a single 
isoform of cytoplasmic dynein, thus requiring different forms of motor regulation. A possible 
pathway to regulate motor function was revealed in optical trap experiments. Switching motor 
function from single steps to processive runs could be achieved by changing Mg2+ and ATP 
concentrations. Here we confirm by single molecule TIRF microscopy that a native cytoplasmic 
dynein dimer is able to switch to processive runs of more than 680 consecutive steps or 5.5 
micrometres. We also identified the ratio of Mg2+-free ATP to Mg.ATP as the regulating factor and 
propose a model for dynein processive stepping. 
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Introduction 

Cytoplasmic dynein is an ATP-driven, microtubule-based molecular motor with many different 
functions ranging from intracellular vesicle transport to spindle formation [1]. To move a cargo 
along a microtubule as a single motor molecule, dynein needs to undertake consecutive steps 
without detaching from its track, i.e., it moves processively. In vivo, long-haul single motor 
movement is supported by several accessory proteins. Dynein’s best-studied interaction partner is 
dynactin [2] which has been shown to enhance processivity by stabilizing the microtubule-motor 
interaction [3] and by dimerization of dynein heavy chain dimers [4,5]. Moreover, effectors 
interacting with dynein’s Light Intermediate Chain 1 (LIC1) can enhance motility [6] . Yet, several 
in vitro studies showed processive movement of single dynein motors even in absence of accessory 
proteins suggesting intrinsic processive properties of dynein. 

The dynein motor complex consists of two identical heavy chains and several light and intermediate 
chains. Each heavy chain has a mass of ~520 kDa and contains the microtubule-binding domain 
(MTBD), a catalytic ring structure, and a tail region used for dimerization. The tail region serves 
also as a binding site for light and intermediate chains and as an interaction site for accessory 
proteins and protein complexes needed for cargo binding [7,8].  

Crystallisation of the motor domain, a C-terminal 380 kDa fragment of the heavy chain, has 
revealed a number of subdomains [9-11], most importantly the catalytic domain which is composed 
of a ring structure of six AAA (ATPase associated with various cellular activities) domains [12]. In 
contrast to other AAA-domain proteins, only AAA1-4 possess conserved P-loops and only AAA1, 
3, and 4 are enzymatically active, while AAA5-6 appear to have rather structural functions [9,13] 
(review in [14]). AAA1 was found to be essential for dynein’s chemomechanical ATPase cross-
bridge cycle [15]. AAA2-4 also bind and hydrolyse Mg.ATP but at lower rates than AAA1 [16,17]. 
The MTBD is located at the end of a stalk-like structure [18,19]. The nucleotide states of AAA2-4 
appear to modulate a possible communication pathway between AAA1 and the remote MTBD and 
thereby the dynein-microtubule interaction [16]. The stalk is formed by a pair of antiparallel alpha-
helices which emerge from the ring-like motor domain between AAA4 and AAA5. A shift in the 
alignment of these alpha-helices can modulate the microtubule affinity of the globular MTBD [20-
22]. A linker domain, which connects the motor domain with the dimerization domain of the tail 
region, emerges from the N-terminus of the sub-domain AAA1. During the ATPase cross-bridge 
cycle this linker can undergo conformational changes from straight to bend conformation and vice 
versa. It had been proposed that bending of the linker domain may act like a lever between the 
catalytic ring domain and the tail. The conformational state of the linker appears to depend on the 
nucleotide state of AAA1 [23], but may also be affected by the other AAA domains [3]. For 
processive movement, the linker domain has to alternate between straight and bent conformations. 
Thus, factors that interfere with such alternations might result in slower and/or terminated 
movements. 

Cytoplasmic dynein is a microtubule-activated Mg-ATPase. While Mg2+-free ATP is not 
hydrolysable by dynein [24] force generation is coupled to binding and hydrolysis of Mg.ATP by 
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AAA1 [16]. In previously reported optical trap experiments, we could demonstrate that cytoplasmic 
dynein can switch from single binding events to processive movement by modulating the 
concentration of free Mg2+ at a constant low ATP concentration of 1 µM [25]. Decreasing the 
concentration of Mg2+ from 1 mM to 0.1 mM, while keeping ATP at 1 µM, enabled dynein to 
perform multiple consecutive steps. Processive movement was also observed when the 
concentration of ATP was increased from 1 µM to 100 µM at a constant Mg2+ concentration of 1 
mM. Mg2+ ions and ATP form stable Mg.ATP complexes and the degree of complex formation 
depends on the ratio of Mg2+ to ATP. Lowering the Mg2+ concentration will not only affect the 
Mg.ATP complex concentration but will also increase the concentration of Mg2+-free ATP. Thus, it 
remained unclear, if the switch in dynein’s processivity was caused by free Mg2+, by Mg2+-free ATP, 
or by the ratio of Mg2+-free ATP to Mg.ATP. 

To characterize the effects of Mg2+ and ATP nucleotides on the regulation of dynein’s motor 
function we made use of in vitro microtubule gliding assays, TIRF microscopy single molecule 
motility assays, as well as ATPase and transient kinetic measurements in a stopped-flow set up. We 
could verify that dynein’s processivity can be regulated independently of accessory proteins and 
protein complexes such as BICD2 or dynactin [25] and identified the ratio of Mg2+-free ATP to 
Mg.ATP as the regulating factor. Based on our findings we propose a model for dynein processive 
stepping dependent upon the nucleotide state of dynein’s AAA4 domain. The existence of more 
than one independent method to trigger dynein’s processivity might help to explain, how dynein 
may master such a wide variety of functions in cells. 

Methods 

Protein purification, labelling, and microtubule polymerisation 

Cytoplasmic dynein was isolated and purified from pig brain tissue as described by Bingham et al. 
and Toba et al. [26,27] with a minor modification [28]: a filtration step (10 µm filt er) was added 
prior SP-Sepharose ion exchange chromatography. Purification of tubulin from pig brain tissue and 
labelling with Cy5- and rhodamine fluorophores was basically performed as described by others 
[29,30]. The dynein-intermediate chain antibody m74-2 [31] was labelled with rhodamine using the 
Pierce™ NHS-Rhodamine Antibody Labeling Kit (Thermo Fisher Scientific, 53031). 

Optical trap experiments 

Two bead optical trap experiments were carried out as described previously [32]. A polyclonal 
antibody specific for the minus-end of microtubules was used to attach microtubule seeds to protein 
A/G coated 1 µm latex beads [25]. Polyclonal antibodies specific for the minus-end of microtubules 
were raised in rabbits against two synthetic peptides from bovine g-tubulin and purified using a 
protein G affinity column. As highlighted in yellow and magenta (Fig. S3, based on PDB structure 
1JFF) the following peptides of g-tubulin have been used for antibody production: peptide 1: aa31-
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40 (QPDGQ MPSDK) and peptide 2: aa242-255 (LRFDG ALNVD LTEF). The microtubule seeds 
were extended using a mixture of rhodamine and biotin-labelled tubulin. A bead with a single 
microtubule attached was captured in one of the optical traps and a second, neutravidin-coated bead 
was attached laterally near the plus-end of this microtubule using the second trap. The two bead-
microtubule construct was stretched taught and presented above a dynein molecule immobilized on 
top of a fixed glass bead. Two experimental conditions are shown: (i) processive conditions with 35 
mM K-Pipes, pH 7.4, 1 mM EGTA, 1 µM ATP, 0.1 mM MgCl2 (Fig. 1A) and (ii ) non-processive 
conditions with 35 mM K-Pipes, pH 7.4, 1 mM EGTA, 1 µM ATP, 1 mM MgCl2 (Fig. 1B). 

Gliding assay 

0.2% nitrocellulose coated flow chambers were incubated with 0.2 mg/ml dynein in BRB35 (35 
mM K-PIPES, 1 mM EGTA, 1 mM MgCl2, 1 mM DTT, pH 7.4) for 2 min. After blocking with 10 
mg/ml bovine serum albumin (BSA) in BRB35 for 5 min the dynein-coated chamber was incubated 
with 10 µg/ml rhodamine-labelled microtubules in the absence of ATP. After 10 min incubation, 
most non-attached microtubules were washed out. Microtubule gliding velocities at increasing 
Mg.ATP concentrations were characterized at room temperature in buffer BRB containing 100 mM 
K-PIPES (Fig. 2A). Gliding assays with increasing concentrations of magnesium were carried out 
in BRB35 containing constant 0.1 mM ATP and varying concentrations of MgCl2 as indicated (Fig. 
2B). The final ionic strength was adjusted to 115 mM using KCl. Experiments shown in Figure 2C 
were performed either with 0.55 mM MgCl2 plus 0.9 mM ATP or with 6 mM MgCl2 plus 0.5 mM 
ATP in 10 mM K-PIPES containing 0.5 mM EGTA. The ionic strength of both solutions was 
adjusted to 30 mM using KCl. The final concentrations of Mg2+, Mg.ATP and Mg2+-free ATP were 
calculated with the Maxchelator program (http://maxchelator.stanford.edu/CaMgATPEGTA-TS.htm; 
[33]). To keep ATP levels constant an ATP regeneration system containing 2 mM creatine phosphate 
and 10 U/ml creatine kinase was added. Gliding velocities were analysed with ImageJ (W.S. 
Rasband, National Institutes of Health, Bethesda, MD) using the plug-in MtrackJ [34]. 

Single molecule motility assay by TIRF microscopy 

Single molecule motility (SMM) assays were carried out at 23°C in a custom-made TIRF microscope 
with single-fluorophore sensitivity [35] using paclitaxel-stabilized Cy5-labelled microtubules and 
native pig brain cytoplasmic dynein. The cytoplasmic dynein was tagged with a rhodamine-labelled 
intermediate-chain specific antibody [31]. To form antibody-dynein complexes 200 nM cytoplasmic 
dynein and 150 nM fluorescently labelled antibodies were pre-incubated in BRB35 buffer on ice for 
20 min. For TIRF microscopy antibody-labelled dynein was diluted to a final concentration of 0.3 
nM. Prior to injection of dynein, fluorescently labelled microtubules were immobilized by a く-tubulin 
antibody (SAP.4G5, Santa Cruz) to the dichlorodimethylsilane functionalized bottom of the assay 
chamber as described previously [36]. Two experimental conditions were used: 12 mM K-PIPES 
with 0.5 mM EGTA, 6 mM MgCl2, and 0.5 mM ATP 
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(resulting in 0.5 mM Mg.ATP and < 10 µM Mg2+-free ATP) and 28.6 mM K-PIPES with 0.5 mM 
EGTA, 0.55 mM MgCl2, and 0.9 mM ATP (resulting in 0.5 mM Mg.ATP and 400 µM Mg2+-free 
ATP), both conditions with an equal ionic strength of 30 mM. To minimize photo damage or 
bleaching of fluorophores the buffers were supplemented with an oxygen scavenger system (10 
mg/ml glucose, 50 U/ml glucose oxidase, 7600 U/ml catalase, and 10mMDTT). Additionally, 50 µs 
laser pulses interrupted by 50 µs pauses were used to excite the fluorescently labelled samples [36]. 
Video images were recorded at 5Hz for 60 seconds using a back-illuminated EMCCD camera 
(Andor iXon DV887, Andor Technology, Belfast, Ireland) and analysed as described previously 
[35] using the computer program ImageJ, the plug-in Multiple Kymograph (J. Rietdorf and A. Seitz, 
EMBL, Heidelberg, Germany) and the macro ListSelectionCoordinates. To distinguish processive 
runs from unproductive binding events only trajectories of at least 0.5 µm (approx. three pixels of 
156 nm each) were analysed. 

ATPase assay 

ATPase assays [37] were performed with the EnzChek Phosphate Assay Kit (Thermo Fisher, E-
6646). Buffer conditions were the same as in the gliding assay (Fig. 2C). Protein concentrations 
were 0.07 mg/ml dynein and 0.02, 0.1, 0.5, or 1 mg/ml microtubules, respectively. 

Transient kinetic stopped-flow measurements 

Common stopped-flow experiments require a large amount of protein, typically approx. 1 ml of each 
of the two solutions to be mixed [38] because of the large volumes required to fill the apparatus. To 
conserve material we employed a newly developed micro-volume manifold system (J. Walklate, 
2016, PhD Thesis, University of Kent) attached to a HITECH stopped flow system.  The manifold 
allowed a 100 µl slug of the dynein/microtubule solution to be loaded into the flow circuit just 
before the mixing chamber. Standard reaction buffer in the syringe was then used to drive this 
solution through the mixing chamber where 10 µl of the dynein/microtubule solution was mixed 
with an equal volume of ATP containing solution in each shot. Using a 5 µl observation chamber 
allowed 8 reproducible shots of the reaction to be collected consecutively with a 1 ms dead time. 
Transient changes in 90° light scattering were recorded using a 365 nm LED excitation light 
source. Dynein-microtubule complexes were pre-formed by incubating 1 µM paclitaxel-stabilized 
polymerised tubulin (microtubules) and 140 nM dynein for 20 min at 25°C. The complex suspension 
was diluted 1:5 before rapid mixing with an ATP containing solution in the stopped-flow setup. 
Protein concentrations after mixing were 100 nM polymerised tubulin stabilized with 5 µM 
paclitaxel and 14 nM dynein. Mg.ATP induced dissociation of the complex was observed by a 
decrease in light scattering. Experimental conditions were set to 50 µM Mg.ATP either using total 
concentrations of (i) 53 µM Mg2+ and 450 µM ATP (high concentration of Mg2+-free ATP) or of (ii) 
2 mM Mg2+ and 50 µM ATP (low concentration of Mg2+-free ATP), all in buffer BRB10 and at 16 
mM ionic strength (adjusted with KCl), 5 µM paclitaxel and 5 mM DTT. 
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Results 

Lowering the concentration of free Mg2+ increases dynein‘s processivity and velocity in optical 
tweezer experiments 

Using an optical trap we observed that even in the absence of accessory proteins such as dynactin 
cytoplasmic dynein could be turned from a non-processive to a processive motor by reducing the 
concentration of free Mg2+ [25]. In the presence of 1 µM ATP and 1 mM MgCl2 dynein molecules 
showed a non-processive binding/release behaviour with an apparent working stroke of 
approximately 8 nm towards the minus-end of microtubules (-8.7 nm ± 0.25, fit error, n=900 events 
from 14 dynein molecules, Fig, 1B). A reduction of MgCl2 to 0.1 mM in addition to constant 1 µM 
ATP led to repetitive processive runs with consecutive steps of  approximately -8 nm (n>600 events 
from 6 dynein molecules with multiple processive runs of up to 10 steps per run, Fig. 1A). We also 
noticed that the life time of consecutive steps in these experiments increased with increasing load 
(Fig. 1A). A closer examination revealed that the life time of the initial steps of processive runs was 
significantly shorter (~25 ms/step for the initial three steps) than single microtubule binding events 
(107 ms ± 3.3, fit error, n=900 events from 14 dynein molecules) under non-processive conditions 
(Fig. 1). Lowering the concentration of free Mg2+ appears to lead to a combined increase of 
dynein’s processivity and velocity. This effect could be caused by either the decreasing Mg2+ 
concentration or the resulting increasing ratio of Mg2+-free ATP to Mg.ATP (Tab. 1). As previous 
studies have shown that different nucleotide states of the AAA domains modulate dynein‘s overall 
ATPase activity and motility [16], we hypothesized that the ratio of Mg2+-free ATP to Mg.ATP and 
not free Mg2+ may be the regulating factor. 

The dissociation of the dynein-microtubule complex is affected by Mg2+-free ATP. 
An increase in processivity would directly lead to an increase of dwell times of dynein molecules on 
microtubules by a decreased dissociation rate. We measured the influence of the ratio of Mg2+-free 
ATP to Mg.ATP on the dissociation rate in stopped-flow experiments. A mixture of dynein and 
paclitaxel-stabilized microtubules was pre-incubated to form a stable complex in absence of ATP. 
Dissociation was then initiated by rapidly mixing the complex with Mg.ATP to a final concentration 
of 50 µM Mg.ATP. The dissociation of the microtubule-dynein complexes was detected by 
monitoring the light scattering. The observed data could be fitted best by a double exponential 
decay (Fig. S1) with a fast component RD1 and a slow component RD2. RD1 represents the 
dissociation of the dynein-microtubule complex whereas RD2 was reported to represent the slow de-
polymerisation even of taxol-stabilized microtubules after dynein dissociation [38]. At a high ratio 
of Mg2+-free ATP to Mg.ATP (hereafter called “high ratio”) we measured RD1high ratio with 2.36 ± 
0.34 s-1 (SEM, n=5) (Fig. S1A). Although a previously reported mixing artifact [38] partially 
concealed the initial ~150 ms of our stopped-flow experiments, RD1low ratio at a low ratio of Mg2+-
free ATP to Mg.ATP (hereafter called “low ratio”) could be estimated to be at least 10 s-1

 (n=5) (Fig. 
S1B). The >4-fold decrease in dissociation under high ratio conditions agrees well with the observed 
increase in processive stepping (Fig. 1). 
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Microtubule gliding activity of cytoplasmic dynein is affected by the ratio of Mg2+-free ATP 
and Mg.ATP.

Our optical trap data suggests non-processive behaviour of dynein under low ratio conditions of 
Mg2+-free ATP to Mg.ATP. At a constant low ratio of approximately 0.1, we achieved maximal 
gliding velocities at Mg.ATP concentrations of 0.1 mM and higher (Fig. 2A). To exclude limitations 
in ATP concentrations we, therefore, decided to perform gliding assays at constant saturating 
Mg.ATP concentrations of 0.1 mM. To determine possible differences in the motor velocity we 
carried out microtubule gliding assays with increasing ratios of Mg2+-free ATP to Mg.ATP. 

At constant 0.1 mM ATP and increasing concentrations of Mg2+ (0.1 to 20 mM) we observed 
decreasing microtubule gliding velocities from 0.47 µm/s at 0.1 mM Mg2+ to 0.22 µm/s at 20 mM 
Mg2+ (Fig. 2B, Tab. S1). Interestingly, this decrease in velocity occurred although the concentration 
of Mg.ATP increased from 0.038 to 0.099 mM. Yet, we calculated that at the same time the ratio of 
Mg2+-free ATP to Mg.ATP decreased from 1.608 to 0.005 (Tab. 1), which indicates that the ratio of 
Mg2+-free ATP to Mg.ATP and not the total Mg.ATP concentration determines the velocity. To 
confirm this effect of the ratio of Mg2+-free ATP to Mg.ATP we varied the concentration of non-
hydrolysable Mg2+-free ATP from 7 to 400 µM while keeping the concentration of Mg.ATP constant 
at saturating 0.5 mM resulting in ratios of Mg2+-free ATP to Mg.ATP of 0.014 and 0.801, 
respectively. With an increasing ratio the gliding velocity increased from 0.46 ± 0.02 µm/s to 0.71 ± 
0.02 µm/s (Fig. 2C, Tab. S2).  

The results from microtubule gliding assays and optical trap data were comparable. In both assays, 
we observed an increase of velocity with an increasing ratio of Mg2+-free ATP to Mg.ATP. 

Single molecule motility assays reveal increased productive binding and processive movement 
of dynein at high Mg2+-free ATP. 
The ability to characterize changes in processive behaviour in optical trap assays is limited by 
increasing load acting on the motor molecules upon movement. To measure single molecules in the 
absence of external load we performed single-molecule TIRF microscopy measurements [36]. We 
characterized the movement of individual dynein molecules tagged with a rhodamine-labelled 
intermediate-chain specific antibody [31] along immobilized microtubules under identical 
conditions as used in the gliding assays (Fig.2C; 7 µM or 400 µM Mg2+-free ATP, at constant 500 
µM Mg.ATP). Labelling of dynein with this antibody did not interfere with motility (Fig. S4).To 
emphasize possible effects we applied conditions favouring motor binding and processive stepping 
by lowering the ionic strength [39]. Processive movement was observed under both low and high 
ratio Mg2+-free ATP to Mg.ATP conditions (Fig. 3) with run lengths of up to 5.5 µm in the latter 
case representing more than 680 consecutive 8 nm steps. However, the productive-binding 
frequency was 15-fold higher under high ratio conditions (0.092 runs*µm-1*min-1, total 687 µm 
microtubules analysed, Tab. S2) compared to low ratio conditions (0.006 runs*µm-1*min-1, total 
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2002 µm microtubules analyzed, Tab. S2). As the experimental spatial limit to discriminate 
stationary binding from movement was 3 pixels (~0.5 µm, see Methods) such reduced productive-
binding frequency under low ratio conditions could reflect a lower dynein affinity for microtubules 
and/or shorter run lengths of dynein molecules. Therefore, a reduction of run lengths would also 
lead to a decreased apparent binding frequency. Under high ratio conditions individual dynein 
molecules moved significantly 1.5 times longer (median run length of 1.2 µm) than under low ratio 
conditions (median run length of 0.8 µm, Mann-Whitney test, p < 0.01, Fig.3 and Tab. S2). 
Additionally, movement of individual dynein molecules under high ratio conditions was 
significantly 2-fold faster (0.93 µm s-1 compared to 0.47 µm s-1, Mann-Whitney test, p < 0.01) than 
under low ratio conditions (Fig.3 and Tab. S2). This observed difference in velocity under high and 
low ratio conditions is consistent with results gained from microtubule gliding experiments in the 
absence of the labelling antibody (Fig. 2C). The measured increase in run length of single dynein 
molecules under high ratio conditions is supported the optical trap experiments, again in the 
absence of dynein antibodies. Additional support for increased run lengths under high ratio 
conditions arises from the presented stopped-flow experiments, which showed decelerated 
detachment of dynein from microtubules compared to low ratio conditions. In the absence of ATP 
or dynein no directed motion along microtubules could be observed (Fig. S2). 

The ATPase activity at high ratio conditions is increased 

We performed ATPase assays and found a 2-fold increase in the calculated maximum microtubule-
activated ATPase activity from 0.7 s-1 under low ratio to 1.4 s-1 under high ratio conditions and at 
microtubule concentrations of 1 µM or higher (Fig. 4, Tab. S3). The basal ATPase activity in the 
absence of MT was not changed. 

Discussion 

In single and multiple molecule experiments we found that the ratio of Mg2+-free ATP to Mg.ATP 
influenced the motile behaviour of cytoplasmic dynein. At high ratio conditions (i.e., relatively high 
concentration of non-hydrolyzable Mg2+-free ATP), dynein’s velocity and run length, as well as its 
productive binding to microtubules and microtubule-activated ATPase activity were significantly 
higher than at low ratio conditions. To explain these results we propose a model dependent upon the 
nucleotide state of dynein’s AAA4 domain (Fig. 5).  

Binding of ATP at AAA4 keeps this module in a closed conformation as shown for yeast dynein 
bound to the non-hydrolysable ATP analogue AMPPNP [40] or human dynein in presence of 
ADP.Vi [8]. As Mg2+-free ATP is not hydrolysable by dynein [24], binding of Mg2+-free ATP, too, 
will arrest the binding site of AAA4 in this conformation that enables the linker to adopt a straight 
conformation and to dock on AAA5 [23,40]. A comparison of dynein’s structures in the ADP.Vi and 
ADP state indicates a possible steric clash of the bent linker with AAA4 in the ADP-bound 
conformation during the power stroke [8]. This clash most likely prevents the formation of the 
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linker’s straight conformation. As several studies showed that AAA3 has to be in an ADP state for 
processive stepping [40-43] which requires an unhindered straightening of the linker, the described 
steric clash under ADP conditions must be caused by the nucleotide state of another AAA domain. 
Since AAA2 is enzymatically inactive the only remaining candidate is AAA4. 

Based on the introduced reports on the nucleotide-dependent behaviour of dynein’s AAA domains 
[8][23,24,40-43], in our proposed model AAA4 remains in the ATP state during fast, processive 
stepping. For AAA1 and AAA3 it has been shown that ATP hydrolysis is not synchronized between 
dynein’s AAA+ domains [41] which likely holds true also for AAA4. The ATP state of AAA4 
allows the bent linker to adopt a straight confirmation during the power stroke upon re-binding to 
the microtubule after Pi release form AAA1.  

However, when the ATP in AAA4 is hydrolysed, the linker cannot adopt the straight conformation 
upon ATP hydrolysis in AAA1 due to a possible steric clash of the bent linker with the AAA2-
AAA4 block [8]. Subsequently, the motor is locked in a weak microtubule binding state [44]. In the 
presence of load like in trap experiments, this leads to a detachment of the molecule from the 
microtubule resulting in the observed complete loss of processivity (Fig. 1). In the absence of load, 
the weakly bound motor can wait for a release of ADP from AAA4 and a subsequent binding of 
ATP to perform a power stroke. Consequently, this pathway requires more time, resulting in the 
observed ~2-fold decreased velocity in multi- (Fig. 2) and single-molecule (Fig. 3) assays, as well 
as the matching ~2-fold decreased ATPase rates (Fig. 4). Moreover, the prolonged weak binding 
state increases the detachment probability leading to the observed shorter run lengths (Fig. 3) and 
the increased dissociation rate (Fig. S1).  

Our data, as well as this model, agree well with previously published data. In single molecule 
assays with yeast dynein processivity was increased ~2-fold when hydrolysis but not binding of 
Mg.ATP was abolished by a mutation of the Walker B motif of AA A4 [45], which is comparable to 
the binding of non-hydrolysable Mg2+-free ATP. In contrast, mutations of the Walker A domain of 
AAA4 that inhibit nucleotide binding resulted in a decrease in dynein’s velocity by ~70% [16], a 
highly decreased microtubule-activated ATPase activities [16], and a ~50% decrease in microtubule 
binding [46,47]. 

In vivo, either binding of non-hydrolysable Mg2+-free ATP or a down-regulation of ATP hydrolysis 
in AAA4 would be the physiological equivalent of our experimental results. At physiological 
concentrations of magnesium and ATP in neurons [48] the cellular ratio of Mg2+-free ATP to 
Mg.ATP is approximately 0.2. From our results (Table 1) we, therefore, assume that in vivo AAA4 
might be preferentially in a processive Mg2+-free ATP state. This assumption relies on different 
affinities of the different AAA+ domains to Mg.ATP and Mg2+-free ATP, with AAA1 preferentially 
binding Mg.ATP and AAA4 containing Mg2+-free ATP under physiological conditions.  

More likely, hydrolysis in AAA4 is tightly regulated. Interestingly, in AAA4 domains of both yeast 
and Dictyostelium the catalytic glutamate is slightly tilted away from the nucleotide-binding pocket 
by a short helix directly after the Walker B motif indicating the need of a yet unknown 
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conformational change before ATP hydrolysis [49]. This conformational change presumably acts as 
a switch between processive and non-processive stepping by retaining or cleaving ATP in AAA4, 
respectively. This switch could be linked to dynein’s C-terminal domain that has been shown to play 
an important role in the regulation of both processivity and maximal force [50]. Moreover, the 
switch could be triggered by binding to accessory proteins and complexes like dynactin [51,52], 
LIS1 [53], or the cargo adaptor BICD2 [54] that have been shown to increase cytoplasmic dynein’s 
processivity. As an example, point mutations in AAA4, but not in the Walker A or Walker B 
domains, of Aspergillus nidulans dynein have been shown to partially supress the phenotype of 
LIS1 loss [55] indicating a physiological role for regulation through AAA4. Additionally, dynein 
activity is impaired by a point mutation in the so-called pre-Sensor I region within AAA4, a 
potential secondary binding site for the linker domain, thus, leading to a combined phenotype of 
congenial motor neuron disease associated with focal areas of cortical malformation in humans [56]. 
Interestingly, the catalytic residues of AAA4 are poorly conserved in axonemal dynein, cytoplasmic 
dynein 2, and fungal cytoplasmic dynein [49]. This indicates that the ability to switch from 
processive to non-processive stepping might not be required for the physiological function of these 
motors. 
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Figures legends 

Fig. 1. Optical trap experiments. (A) Processive stepping of cytoplasmic dynein at 1 µM ATP and 
0.1 mM MgCl2. Please note the short life times of the early steps during the processive movement 
against the restoring trapping force. Initial steps are highlighted by a red line indicating the mean 
position of the position signal. Grid size 8nm. (B) Non-processive binding/release events of 
cytoplasmic dynein under low ratio conditions at 1 µM ATP and 1 mM MgCl2. The histogram 
illustrates an approximately 8 nm apparent working stroke of dynein molecules towards the minus-
end of the microtubule (shift of blue fit relative to positions of the free dumbbell shown in red).

Fig. 2. Microtubule gliding velocity of dynein at different concentrations of Mg.ATP, free Mg2+, 
and Mg2+-free ATP. (A) Gliding velocity at constant 1 mM MgCl2 and increasing concentrations of 
Mg.ATP (0.001 to 0.5 mM). (B) Gliding velocity at constant 0.1 mM ATP and increasing 
concentration of Mg2+ (0.1, 5, 10 and 20 mM; n > 100 microtubules for every condition). (C) 
Gliding velocity at low (7 µM) and high (400 µM) concentration of Mg2+-free ATP and constant 
concentration of Mg.ATP (0.5 mM). The average velocities were 0.46 µm/s (n = 30) and 0.71 µm/s 
(n = 34) for 7 µM and 400 µM Mg2+-free ATP, respectively. Error bars show SEM. Data was 
distributed normally (D-Agostino-Pearson test), and the difference between both conditions was 
highly significant (t-test, p < 0.001). 

Fig. 3. Processive movement of single native cytoplasmic dynein molecules. (A) Kymographs of 
dynein runs under high ratio (left panel) and low ratio conditions (right panel). The number of runs 
per µm microtubule per 60 seconds at a constant 500 µM Mg.ATP was more than 15-fold higher at 
400 µM Mg2+-free ATP (high ratio) (B) compared to 3 µM Mg2+-free ATP (low ratio) (C). The 
median run lengths for high and low ratio conditions were 1.2 µm and 0.8 µm, respectively (B, C), 
and were significantly different (Mann-Whitney test, p < 0.01). (D, E) The respective median 
velocities were significantly higher for high ratio conditions (0.93 µm/s) compared to 0.47 µm/s for 
low ratio conditions (Mann-Whitney test, p < 0.01). 

Fig. 4. The microtubule-activated ATPase rate of dynein increased at high ratio conditions while the 
basal ATPase rate remained unaffected. The dynein concentration was constant at 50 nM and the 
microtubule concentrations were 0, 0.2, 1, 5 and 10 µM tubulin dimer. The ATPase activities were 
then calculated to the ATPase s-1 per dynein molecule. Three experiments with three measurements 
each were averaged and are shown with SEM as error bars. Hyperbola fitt ing to the data revealed 
the Km to be not affected. The maximal activated ATPase rates were 0.7 s-1 and 1.4 s-1 per dynein 
molecule for low and high ratio conditions, respectively. 

Fig. 5. Proposed model for the molecular mechanism underlying the effect of the ratio of Mg2+-free 
ATP to Mg.ATP on dynein’s processive behaviour. The left-hand side resembles fast, processive 
stepping with AAA4 in the ATP state (solid arrows). Upon ATP hydrolysis in AAA4 dynein tends to 
slow down and/or prematurely detach from microtubules due to steric clashes of the linker with the 
AAA2-4 block. The inset on the right bottom illustrates the domain structure of dynein’s AAA1-6 
ring and the linker. 
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Supporting information 

Fig. S1. Mg.ATP-induced dissociation of the dynein-microtubule complex is slowed down at high 
ratio conditions. Dissociation of the complex was induced by mixing the complex at high (A) and 
low (B) ratios of Mg2+-free ATP to Mg.ATP (n=5 experiments each, red fits represent double 
exponential fits). The dissociation reactions revealed slower dissociation under high ratio 
conditions. 

Fig. S2. (A) Mg.ATP-driven motion of fluorescent antibody-labelled dynein along an immobilized 
microtubule under high ratio conditions (kymograph of 60 seconds). Note that pauses in dynein 
movement coincide with microtubule intersections. The given values describe the dynein velocities 
in the respective sections. Scale bars serve for figures A-C. (B) No motile dynein molecules were 
observed in the absence of Mg.ATP. (C) Dynein-free rhodamine-labelled dynein intermediate-chain 
specific antibodies [1] showed reduced binding and no directed motion along microtubules. As 
reported before [2] undirected, diffusive movement was observed.  
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Fig. S3. Polyclonal antibodies specific for the minus-end of microtubules were raised in rabbits 
against two synthetic peptides from bovine g-tubulin. As highlighted in yellow and magenta (based 
on PDB structure 1JFF) the following peptides of g-tubulin have been used for antibody production: 
peptide 1: aa31-40 (QPDGQ MPSDK) and peptide 2: aa242-255 (LRFDG ALNVD LTEF). 

Fig. S4. Microtubule gliding velocity on dynein molecules attached unspecifically or via dynein-
binding m74-2 antibodies to the surface of a flow chamber. Binding of the m74-2 antibody to the IC 
of dynein molecules did not interfere with motor function. The presence of the antibody had just a 

small effect on dynein motility and led to slightly faster microtubule gliding (0.8 µm/s ± 0.2 µm/s; 

SD, right) compared to 0.62 µm/s (± 0.14 µm/s; SD) in control experiments (left). 
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Table S1. The in vitro microtubule gliding velocity went down with increasing concentrations of 
Mg2+ (Fig. 2B). Assays were performed at a constant concentration of 0.1 mM ATP with increasing 
concentrations of Mg2+ (0.1, 5, 10 and 20 mM). The gliding velocities of fluorescently labelled 
microtubules were measured and the given errors are the SEM of measured values (n>100 for each 
condition). 

MgCl 2 (mM)  0.1 5 10 20 

Velocity (µm/s) 0.47 +/- 0.01 0.39 +/- 0.01 0.31 +/- 0.01 0.22 +/- 0.01 

 

 

Table S2. Summary of functional measurements at low and high ratio conditions. The gliding 
velocities (data from Fig. 2; errors represent SEM) were significantly different (p < 0.001). In SMM 
data (from Fig. 3) both, the velocity and the run length were significantly different for low and high 
ratio conditions (p < 0.01 and p < 0.05, respectively). 

Experiment Measured Value Low Ratio 

7 µM Mg2+-free ATP 

High Ratio 

400 µM Mg2+-free ATP 

Gliding Assay Velocity (µm/s) 0.46 +/-0.019 0.71 +/- 0.023 

SMM Assay 

Number of runs 16 63 

Analyzed MT length (µm) 2002 687 

Runs/µm/min 0.006 0.092 

Velocity (µm/s) (median) 0.47 0.93 

Run Length (µm) (median) 0.8 1.2 
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Table S3. Dynein ATPase Assay. A 2-fold increase in the activated ATPase activity agreed with the 
different velocities in the SMM assay (Fig. 3). The activated ATPase was measured at the same 
conditions as the gliding assay (Fig. 2B and Table S2) at a dynein concentration of 0.07 mg/ml and 
with several concentrations of microtubules. The measured ATPase activities were calculated to the 
ATPase s-1 per dynein. The errors are the SEM from three different experiments with three 
replicates each. The Km was not affected by Mg2+-free ATP. The microtubule-activated ATPase was 
higher at high ratio conditions for microtubule concentrations between 1 to 10 µM tubulin. The 
calculated maximum activated ATPase activity was 0.7 and 1.4 s-1 for low and high ratio conditions, 
respectively. 

Low Ratio High Ratio 

Km (µM) 1.0 +/- 0.6 1.1 +/- 0.3 

Microtubule (µM) ATPase rate in s-1 

0 0.15 +/- 0.01 0.12 +/- 0.01 

0.2 0.18 +/- 0.01 0.21 +/- 0.01 

1 0.34 +/- 0.01 0.62 +/- 0.02 

5 0.57 +/- 0.05 1.14 +/- 0.08 

10 0.69 +/- 0.12 1.19 +/- 0.11 

Max. activated ATPase rate 
in s-1 (calculated) 

0.7 +/- 0.1 1.4 +/- 0.1 
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