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Abstract

Cytoplasmiadynein, a microtubule-based motor protein is responstslmény cellulafunctions
ranging from cargo transport to cdlvision.Thevarious functions arearried out bya single
isoform of cytoplasmiclynein, thus requiringifferent forms ofmotor regulation.A possble
pathway to regulatsotor function was revealed in optical trap experiments. Switcmogr
function from singlestes to processive runs could aehieved bychangingMg?* and ATP
concentrations. Here we confirm sygle moleculd’ IRF microscopythat a nativeeytoplasmic
dynein dimeiis able to switch to processivansof more than 680 consecutiggepsor 5.5
micrometresWe also identified the ratio of Md-freeATP to Mg.ATPas theregulatingfactorand
proposea model for dyne processive stepping.
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Introduction

Cytoplasmiadynein is arATP-driven, microtubule-based molecular motor with mdififerent
functions rangindgrom intracellulavesicletransport to spindle formatin [1]. To move acargo
along amicrotubule aa single motor molecule, dynein needs to undertake consestépse
without detaching from its track, i.e., it moves processyvéi 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 enhgmroeessivityby stabilizingthe microtubule-motor
interaction [3] and byimerization ofdyneinheavychain dimerg4,5]. Moreover, effectors
interacting with dynein’s Light Intermediate Chain 1 (LIC1) can enhancemnotility [6]. Yet, several
in vitro studies showed processin®vemat of single dynein motors enén absencef accessory
proteins suggestinigtrinsic processiveroperties of dynein.

Thedynein motor complexonsists of two identical heaghains and several light and intermediate
chains. Each heavy chdias a mass of ~520 kDa and containsrthierotubule-bindinglomain
(MTBD), acatalyticring structure, ad a tail region used fattimerizaton. The tail region serves

also as dindingsite for light and intermediatehains and as an interactisite for accessory

proteins and protein complexes needed forahmgding [7,8].

Crystallisation of the motor domainCatermind 380 kDafragment othe heavychain, has
revealed aaumbe of suldomaing9-11], mos importantlythe catalytic domain which is composed
of aring structureof six AAA (ATPase associated with various cellular activitg@naing12]. In
contrast to other AAA-domain proteins, oMAA1-4 possess conservéttloopsandonly AAAL,
3,and 4 are enzymatically active, while AAA5-6 appear to latkeer structural function9,13]
(reviewin [14]). AAA1 was found to be essential for dynein’s chemomechanical ATPase cross-
bridge cyde [15]. AAA2-4 also bind and hydrolyslg.ATP but at lower rates th&AAA1 [16,17].
TheMTBD is located aithe end ofa stalklike structure [18,19]. Thaudeotidestates of AAA2-4
appear to moduta a possible communication pathwageween AAAL and the remot®TBD and
thereby the dynein-microtubuileteracton [16]. The stalk is formed bg pair of antiparallel alpha-
helices which emergeom the ring-likemotor domain between AA4 and AAAS. Ashift in the
alignment ofthes apha-helices can modulatiee microtubule affinity of theglobular MTBD [20-
22]. A linker domain, which connects thetor domain with the dimerization domain of the tail
region, emerges from tié-terminus of thesub-domainAAAL. During the ATPasecross-bridge
cycle thislinker can undergo conformational chasfyem straight to bendonformation and vice
versa It had been proposed that bending oflth&er domain mayct like alever between the
catalyticring domain and the tailhe conformational state of the linker appears to depend on the
nucleotide state of AAAL [23], but maso be affected by the oth®AA domains[3]. For
processivenovemat, thelinker domain has to alternate between stitaagd bent conformations.
Thus, factors that interfere with such alternations might result in slower and/or terminated
movements.

Cytoplasmiadynein is a microtubule-activated MgFPaseWhile Mg?*-freeATP is not
hydrolysableby dynen [24] force generation is coupled to bindiagd hydrolysis of M@ATP by
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AAA1 [16]. In previously reported optical trap experiments,caeld demonstrate that cytoplasmic
dynan can switch from single bindingyents to processivmovemat by modulatingthe
concentration ofreeMg?* at a constanblw ATP concentration of 1 M [25]. Decreasinghe
concentration oMg?* from 1 mM to 0.1 mM, whil&keepingATP at 1 uM, enabled dynein to
perform multiple consecutive steps. Proceseioyemat was also observed when the
concentration oATPwas increasgfrom 1 pM to 100 uM at a constant kigoncentration ot
mM. Mg?* ions andATP form stable MgATP complexes and the degrekcomplexformation
depends on theatio of Mg?* to ATP. Loweringthe Mg?* concentration will nobnly affect the
Mg.ATP complexconcentration but will also increase the concentratiaigf-freeATP. Thus, it
remained unclear, if the switch in dynein’s processivity was caused by free Mg?*, by Mg?*-free ATP,
or bytheratio of Mg?*-freeATPto Mg.ATP.

To characterizénhe effects of M@* and ATP nucleotides on the regulation of dynein’s motor
function wemade us of in vitro microtubule glidingassa, TIRF microscopysingle molecule
motility assa, as wellas ATPaseand transient kinetieneasurements in a stopped-flas& up. We
could verify that dynein’s processivity can be regulated independently of accessory proteins and
protein complexes such as BICD2dynactn [25] and identified the ratio of Mg-freeATPto
Mg.ATP as theregulatingfacta. Based on our findings we propasmode! for dynein processive
stepping dependent upon the nucleotide state of dynein’s AAA4 domain. Theexistence of more
than one independent method to trigger dynein’s processivity might help to explain, how dynein
may maste such a wide variety of functions in cells.

Methods

Protein purification, labelling, and microtubule polymerisation

Cytoplasmiadynein was isolated and purified from pilgrain tissueas described by Binginaet al.
and Toba et al[26,27] with a minor modificatin [28]: a filtration st@ (10 pumfilt er) was added
prior SP-Sepharose ion exchange chromatogyaBbrification oftubulin from pigbrain tissueand
labelling with Cy5- and rhodamirfiorophores was basicallyperformed as described by others
[29,30] Thedynein-intermediate chain antibody m74-2 [31] was labelled with rhodamsingthe
Pierce™ NHS-Rhodamine Antibody Labelingit (Thermo FisherScientific, 53031).

Optical trap experiments

Two bead optical trap experiments weaeried out as described previously [3R]polyclonal

antibody specific for the minus-end of microtubules was used to attach microtubule seeds to protein
A/G coated 1 um latex beads [25]. Polyclonal antibodies specific for the minus-end of microtubules
were raised in rabbits against two synthetic peptides from bawineulin and purified using a

protein G affinity column. As highlighted in yellow and mageifig.(S3 based on PDB structure

1JFF) the following peptides oftubulin have been used for antibody production: peptide 1: aa31-
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40 (QPDGQ MPSDK) and peptide 2: aa242-255 (LRFDG ALNMIEF). Themicrotubule seeds
were extended usirgmixture of rhodaminand biotin-labelled tubuih. A bead with a single
microtubule attactewascaptured in one of theptical traps and second, neutravidin-coated bead
was attached laterallyear theplus-end of this microtubulesing the second trg. The two bead-
microtubule construct was stretched taught and presented abgneia molecule immobilized on
top of afixed glass beh Two experimental conditions asbown (i) processiveconditions with 35
mM K-Pipes, pH 7.4, 1 mNEGTA, 1 uMATP, 0.1 mM MgCl (Fig. 1A) and (i) non-processive
conditions with 35 mM K-Pipes, pH 7.4, 1 mBGTA, 1 uMATP, 1 mMMgClI: (Fig. 1B).

Gliding assay

0.2%nitrocellulose coated flowhambers werecubated with 0.2 mg/ml dynein BRB35 (35

mM K-PIPES, 1 mMEGTA, 1 mM MgChk, 1 mMDTT, pH 7.4)for 2 min. After blocking with 10
mg/ml bovineseum albumin (BSA) in BRB35 for 5 min tlaynein-coated chamber was incubated
with 10 pg/ml rhodamine-labelled microtubules in the abseha&P. After 10 min incubation,
mostnon-attached microtubules wesashed out. Microtubulgliding velocities at increasing
Mg.ATP concentrations wereharacterized at room temperaturduffer BRB containing 100 mM
K-PIPES(Fig. 2A). Gliding assa with increasingconcentrations of magnesiwvere carried out
in BRB35 containingonstant 0.1 il ATP and varyingconcentrations of MgGlas indicatedKig.
2B). Thefinal ionic strength waadjusted to 15 mM usingKCl. Experiments shown in Figuge
wereperformed eithewith 0.55 mM MgC} plus0.9 niM ATP or with 6 mMMgClz plus 0.5 mM
ATP in 10 mM K-PIPESontaining 0.5 mMEGTA. Theionic strength of both solutions was
adjusted to 30 mM using KCThefinal concentrations of Mg, Mg.ATP and Mg?*-freeATP were
calculaed with the Maxchdator progran (http://maxchelatostanford.edu/CaMTPEGTA-TS.htm;
[33]). To keepATP levelsconstant ahTP regeneration system containing 2 mM cregtimesphate
and 10 U/mkreatinekinasewasadded. Gliding/elocities werenalysedvith ImageJW.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 immobilizedbylaulin
antibody (SAP.4G5, Santa Cruz) to the dichlorodimethylsilane functionalized bottom of the assay
chamber as described previouE3g]. Two experimental conditions were used: 12 mM K-PIPES

with 0.5 mM EGTA, 6 mM MgC, and 0.5 mM ATP
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(resulting in 0.5 MM M@TPand < 10 pM Mdg*-freeATP) and 28.6 mM K-PIPES with 0.5 mM
EGTA, 0.55 mM MgC4, and 0.9 mNVATP (resultingin 0.5 mM Mg.ATPand 400 uM Mg*-free
ATP), both conditions with an equal ionic strength oh8@. To minimize photo damag®
bleaching of fluorophores the buffers wergplemented with an oxygen scavenger syidm
mg/ml glucose, 50 U/ndlucoseoxidase, 7600 U/ndatalaseand 10mMDTT). Additionally, 50 us
laser pulses interrupted by 50 ps pauses uwszdto excite the fluorescently labelled samples [36].
Video images wereecorded at 5SH#or 60 seconds usingback-illuminated EMCCD camera
(Andor iXon DV887, AndoiTechnology, Belfast, Ireland) and analysed as described previously
[35] usingthe computer program ImageJ, the plug-in Multiggmograph(J. Rietdorf and A. Seitz,
EMBL, Heidelberg, Germany) and the macro ListSelectionCoordinEtedistinguish processive
runs from unproductivbindingevents onlytrajectories of at least Oypm (approx. threpixels of

156 nm each) weranalysed.

ATPaseassay

ATPase assays [37] were performed with the EnzChek Phogydsate Kit (Thermo Fisher, E-
6646). Buffer conditions were the same as in the gliding ag$gyAC). Protein concentrations
were 0.07 mg/ml dynein and 0.02, 0.1, 0.5, or 1 mg/ml microtubules, respgectivel

Transient kinetic stopped-flowmeasurements

Common stopped-flowxperiments requiralarge amounbf protein, typically approx. 1 nadf each
of the two solutions to baixed[38] because of thiargevolumes required to fill theapparatusTo
conservamaterial weemployed anewly developed micro-volummanifold systen{J. Walklate,
2016, PhD Thesis, University of Kent) attached to a HITECH stoppedsfletem. The manifold
allowed a100ul slug of thedynein/microtubule solution to be loaded into the flow cirfust
beforethe mixingchamberStandard reaction buffer in tegringe waghen used to drivhis
solution through the mixinghambemvherelO pl of thedynein/microtubulesolution was mixed
with an equal volume @TP containingsolutionin each shot. Using5 pl observation chamber
allowed 8 reproduciblshots of theeaction to be collected consecutivelith a 1 ms dead time.
Transient changes in 90light scatteringvererecorded using a 365 nm LED excitation light
source. Dynein-microtubule complexes wpre-formed byncubatingl uM paclitaxel-stabilized
polymerised tubulin (microtubuleand 140 nM dynein for 20 min at 25°The complexsuspension
was diluted 1:5 beforeapid mixingwith anATP containingsolution in thestopped-flonsetup.
Protein concentrations after miximgere100 nM polymerised tubuligtabilized with 5 uM
paclitaxel and 14 nM dynein. Mg.ATiRduced dissociation of theomplexwas observed by
decrease in light scattering. Experimental conditions wetréo 5quM Mg.ATP either usingotal
concentrations of (53 uM Mg+ and 450 uMATP (high concentration oig?*-free ATP) or of (i)
2 mM Mg?* and 50 uMATP (low concentration oMg?*-freeATP), allin buffer BRB10 and at 16
mM ionic strength (adjusted with KCI), 5 uM paclitaxel and 5 mM DTT
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Results

Lowering the concentrationof free M g?* increases dyneifs processivity andvelocity in optical
tweezerexperiments

Usingan optical trap we observed that even indhsenceof accessory proteins such as dynactin
cytoplasmiadynein could be turned from a non-process$ova processive motor by reduciting
concentration ofree Mg?*[25]. In the presence of 1 uAMI'Pand 1 mMMgCl. dynein molecules
showed aon-processiveinding/releaséehaviour with an apparent workisgokeof

approximately 8 nm towards tineinus-end ofmicrotubules (-8.7 nm: 0.25, fit error, n=900 events
from 14 dynein molecules;ig, 1B). A reduction of MgGlto 0.1 mM in addition to constant 1 pM

ATP led to repetitive processive runs with consecutive steps of approximately -8 nm (n>600 events
from 6 dynein molecules with multipfgocessiveuns of up to 10 steps pem, Fig. 1A). We also
noticed that the liféime of consecutive steps in thesgperiments increased with increasiogd

(Fig. 1A). A closer examination revealed that the lifene ofthe initial steps of processive runs was
significantlyshorter (~25ns/step for thenitial threesteps)han single microtubulkindingevents

(107 ms = 3.3, fit error, n=900 events from 14 dynein molecules) under non-processive conditions
(Fig. 1). Loweringthe concentration of fre&lg?* appears to lead to a combined increafse

dynein’s processivity and velocity. This effect could be caused by either the decreasing Mg?*
concentration or the resultingcreasingatio of Mg?*-free ATP to MgATP (Tab. 1). As previous

studies have shown thdifferent nucleotidestates of the AAA domains modulatiynein's overall
ATPasesctivity and motility [16], wehypothesized that the ratio of ¥igfreeATP to MgATP and

not freeMg?* maybe theregulating facto.

The dissociationof the dynein-microtubule complex is affectecby Mg?*-free ATP.

An increase in processivityould directlylead to an increase of dweiines ofdynein molecules on
microtubules by aecreased dissociationteaWe measured the influenoétheratio of Mg?*-free
ATP to Mg.ATP on the dissociation rate in stopped-feoyperimentsA mixtureof dynein and
paclitaxel-stabilized microtubules was pre-incubated to form a stable complex in abfs&hee
Dissociation was then initiated bgpidly mixingthe complexwith Mg.ATP to a final concentration
of 50uM Mg.ATP. Thedissociation of thenicrotubule-dynein complexes was detected by
monitoring the light scattering. Tlubserved dataould be fitted best bgdouble exponential
decay(Fig. SJ) with a fast componentd? and a slow componenbR Rol represents the
dissociation of thelynein-microtubule complewhereas B2 was reported to represent the slow de-
polymerisation evenf taxol-stabilized microtubules after dynein dissociation [38]. Aigh ratio

of Mg?*-free ATP to Mg.ATP(hereafter called “high ratio”) we measured Rplhigh raioWith 2.36 +
0.34 s (SEM, n=5)(Fig. S1A). Although apreviouslyreported mixingartifact[38] partially
concealed thaitial ~150 msof our stopped-flovexperiments, Rliow ratio at a low ratio of Mg'-
free ATP to Mg.ATP(hereafter called “low ratio”) could be estimated to be at least 10 s (n=5) (Fig.
S1B). The>4-fold decrease dissociation under high ratio conditions agrees well witrotiserved
increase in processiwtepping(Fig. 1).
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Microtubule gliding activity of cytoplasmic dynein is affectecby the ratio of M g?*-free ATP
and Mg ATP.

Our optical trap data suggesten-processivdehaviour ofdynein under lowatio conditions of
Mg?*-free ATP to MgATP. At a constant low ratio of approximately 0.1, aehieved maximal
gliding velocities at MgATP concentrations of 0.1 mM and highé&tig. 2A). To exclude limitations
in ATP concentrations we, therefore, decided to genfgliding assays at constant saturating
Mg.ATP concentrations of 0.1 mM.o determine possible differences in thetor velocity we
carried out microtubule glidingssays with increasingtios of Mg*-freeATP to MgATP.

At constant 0.1 ml ATP and increasing concentrations of (0.1 to 20 mM) weobseved
decreasing miotubulegliding velocities from 0.47 um/s at 0.1 mM Migto 0.22 um/s at 20 mM
Mg?* (Fig. 2B, Tab. S). Interestingy, this decrease in velocitccurred although the concentration
of Mg.ATPincreased from 0.038 to 0.099 m~¥kt, wecalculated that at theame time the ratio of
Mg?*-free ATP to MgATP decreased from 1.608 to 0.00Bap. 1), which indicates that thatio of
Mg?*-free ATP to MgATP and not thetotal Mg ATP concentration determines the velgcifo
confirm this effect of the ratio of M§-free ATPto Mg.ATP wevaried the concentration ofon
hydrolysableMg®*-free ATP from 7 to 400 uM whil&eeping the concentration Mg.ATP constant
at saturating 0.5 mMesultingin ratios of M¢*-freeATP to MgATP of 0.014 and 0.801,
respective}. With an increasing ratio the glidinglocityincreased from @6+ 0.02 um/sto J1+
0.02 um/skig. 2C,Tab. S2.

Theresults from microtubule glidingssays and optical trap data were comiplardn both assays,
we observed an increasé velocity with an increasingatio of Mg?*-freeATP to Mg.ATP.

Single molecule motilityassayseveal increasedoroductive binding and processive movement
of dynein at high Mg?*-free ATP.

Theability to characterizehanges in processive behaviour in optical &sgays iimited by
increasindoadactingon the motor molecules upon movemerd.measursingle molecules in the
absencef external loadve performed single-moleculBlRF microscopymeasurements [36]Ve
characterized the movement of individual dynein molecules tagged with a rhodamine-labelled
intermediate-chain specific antibody [31] alamgnobilized microtubules under identical
conditions as used in thytiding assaysKig.2C; 7 uM or 400 pM Md'-freeATP, at constant 500
MM Mg.ATP). Labelling of dynein with this antibody did noterferewith motility (Fig. S4.To
emphasize possible effects weplied conditions favouringnotor binding and processigtepping
by loweringthe ionic strength [39]. Processin®vement was observed under blotv and high
ratio Mg?*-freeATP to Mg.ATP conditionsKig. 3) with run length®f up to 5.5 um in théatter
case representingorethan 680consecutive 8 nm steps. However, the productive-binding
frequencywas 15-fold higher under higfatio conditions (0.092 runs*Lrimin, total 687 pm
microtubules analysed@ab. S compared to low ratio conditions (0.006 runs*ftmin, total
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2002 pm microtubules analyzéligb. S9. As theexperimental spatial limit to discriminate
stationarybindingfrom movement was 3 pixels (~0.5 um, $éethods) such reduced productive-
bindingfrequencyunder low ratio conditions could reflect a lower dynein affinity for microtubules
and/or shorter run lengths of dynein molecules. Therefore, a reduction leihgths would also
lead to a decreased apparent bindiequencyUnder highratio conditions individual dynein
molecules moved significantly 1.5 times longer (medianength of 1.2um) than under lowatio
conditions (median rulength of0.8 um, Mann-Whitnetest, p < 0.01Fig.3andTab. S2.
Additionally, movement of individual dynein molecules under high ratio conditions was
significantly 2-fold faste(0.93pum s compared to 0.47 umtsMann-Whitney test, p 8.01) than
under lowratio conditionsfig.3 andTab. SJ. This observed differenda velocity under high and
low ratio conditions is consistent with results gained from microtubule glekpgrimentsn the
absencef thelabellingantibody(Fig. 2C). Themeasured increase run length of single dynein
molecules under high ratio conditions is supported the optical trap experiments, again in the
absencef dynein antibodiesAdditional support for increased rlengthsunder high ratio
conditions arises from th@resented stopped-floexperiments, which showed decelerated
detachment oflynein from microtubules compared to low ratio conditidnghe absencef ATP

or dynein no directed motion alomgicrotubulescould be observed-{g. S2.

The ATPaseactivity at high ratio conditionsis increased

We paformedATPase assaynd found &-fold increase in thealculaded maximum microtubule-
activaedATPasesctivity from 0.7 & under low ratio to 1.4°sunder high ratio conditions and at
microtubule concentrations of 1 UM or highErg. 4, Tab. S3. Thebasd ATPaseactivity in the
absencef MT was notchanged.

Discussion

In sinde and multiple molecule experiments Wwrind that the ratio of Mg-freeATP to MgATP
influenced the motile behaviour oftoplasmicdynen. At high ratio conditions (i.e., relatively high
concentration ohon-hydrolyzable Mg'-free ATP), dynein’s velocity and run length, as well as its
productivebinding to microtubules and microtubule-activat&@iPase activityvere significantly
higher than at low ratio condins.To explain theseesults weproposea model dependent upon the
nucleotide state of dynein’s AAA4 domain (Fig. 5).

Binding of ATP & AAA4 keepsthis module in &losed conformation as showorfyeast dynein
bound to thenon-hydrolysdle ATP analogue AMPPNP [40] or human dynein in presesfce
ADP.Vi [8]. As Mg?*-freeATP is not hydrolysablby dynein [24], binding of Mg*-freeATP, too,
will arrest thebinding site of AAA4 in this conformation that enables tleker to adopt a straight
conformation and to dock on A¥5 [23,40] A comparison of dynein’s structures in the ADP.Vi and
ADP stateindicates gossiblesteic clash of the bent linkewith AAA4 in theADP-bound
conformation duringhe power stroke [8]This clash most likelprevents thdormation of the
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linker’s straight conformation. As several studies showed that AAA3 has to be in an éBtefor
processivestepping40-43] which requires an unhindered straighterhtie linker, the described
steric clash under AD&onditions must be caused Hye nucleotide state of another AAdamain.
Since AAA2 is enzymaticallinactivethe onlyremainingcandidate i®\AA4.

Based on the introduced reports on the nuclealiglendent behaviour of dynein’s AAA domains
[8][23,24,40-43], in ouproposed modeédAA4 remains in the\TP state durindast, processive
stepping. For AAA1 and AAA3 it has been shotliatATP hydrolysisis not synchronized between
dynein’s AAA+ domains [41] which likely holdstruealso for AAA4. The ATP stateof AAA4

allows the bent linketo adopt a straight confirmation during the power stroke upon re-bimaling
the microtubulesfter R release fan AAAL.

However, when thATPin AAA4 is hydrolysed, théinker caanotadopt thestraght conformation
uponATP hydrolysisin AAA1 due to a possible steric clashtbé bent linker with the AAA2-
AAA4 block [8]. Subsequeny] themotor is locked in a weak mictubulebindingstate[44]. In the
presence of load like in trap experiments, this leadsite@hment othe molecule from the
microtubule resulting in thebseved complete loss of processivifizig. 1). In the absence of load,
the weakly bound mot can waitfor areleaseof ADP fromAAA4 and a subsequent bindingf
ATP to perform a powestroke. Consequentlthis pathwayequires more time, resulting in the
observed ~2-fold decreased velocity in muleig( 2) and single-molade (Fig. 3) assays, awell
as the matching2-fold decreasedTPase rated{g. 4). Moreover, the prolonged weak binding
stateincreases the detachment probabiksding to theobseved shorter run length&ig. 3) and
the increased dissociation rakeq. SJ).

Ourdaa, & well as this model, agree well with previouglyblished data. In single molecule
assays with yeast dyimeprocessivity was increased ~2-fold when hydrolysis but not birafing
Mg.ATPwas abolished by mutation ofthe WalkerB motf of AA A4 [45], which is comparabléo
the binding of non-hydrolysable Migfree ATP. In contrast, mutations of th&alker A domain of
AAAA4 that inhibit nucleotide binding resulted in a decrease in dynein’s velocity by ~70% [16], a
highly decreased microtubule-activatédPase activies[16], and a~50% derease in microtubule
binding [46,47].

In vivo, either bindingf non-hydrolysable Mg-free ATP or adown-regulation oATP hydrolysis
in AAA4 would be thephysiological equivalent of owexperimental resudt At physiological
concentrations of magnesitand ATP in neuons[48] the cellularatio of Mg?*-freeATPto
Mg.ATP is approximatel®.2. From ourresults Table 1) we, thereforeassumehatin vivo AAA4
might be preferentialljn a processiveMg?*-free ATP state This assumption relies on different
affinities of thedifferent AAA+ domains to MgATP and M@*-freeATP, with AAAL preferentially
bindingMg.ATP and AAA4 containinglg>*-free ATP unde physiologicé conditions.

More likely, hydrolysis inAAA4 is tightly regulated. Interestinglin 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 tAn&alker 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 increapgayiio 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 | 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 experinm@s.(A) Processivesteppingof cytoplasmicdynein at 1 (M ATP and

0.1 mMMgCl. Please note the short ltienes ofthe early steps duriripe processive movement
against the restorinmgappingforce. Initial steps aréighlighted byared line indicatinghemean
position of the position signal. Grid sideam.(B) Non-processivéinding/releasevents of
cytoplasmiadynein under lowatio conditions at UM ATPand 1 mMMgCl.. Thehistogram
illustrates an approximately 8 nm apparent worldgtigkeof dynein molecules towards the minus-
end of the microtubuléshift of blue fit relative to positions of tifeee dumbbelshown in red)

Fig. 2. Microtubule glidingvelocity of dynein at different concentrations of Mg.ATP, fidg?",
andMg?*-freeATP. (A) Glidingvelocity at constant 1 mM Mg@Gland increasingoncentrations of
Mg.ATP (0.001 to 0.5 mM)(B) Gliding velocity at constant 0.1 mMTP and increasing
concentration oMg?* (0.1, 5, 10 and 20 mM; n > 100 microtubulesdwerycondition). (C)

Gliding velocity at low (7 pM) and high (400 uM) concentrationMf?*-free ATP and constant
concentration oMg.ATP (0.5mM). Theaveragerelocities wered.46 um/s (n = 30) and 0.71 um/s
(n = 34) for 7 uM and 400 pM MgfreeATP, respectively. Errdsars showSEM. Data was
distributed normally¥D-Agostino-Pearson test), and the differebe#ween both conditions was
highly significant (t-testp <0.001).

Fig. 3. Processivenovement okingle nativecytoplasmic dynein molecule@) Kymographs of
dynein runs under high ratio (left panel) and low ratio conditions (right panelpurhker ofruns

per pmmicrotubule pe60 seconds at a constant 500 uM Mg.Alld morehan 15-fold higher at
400 pM Mg*-freeATP (high ratio)(B) comparedo 3 uM Mg*-free ATP (low ratio) (C). The

median ruriengths for high and lowatio conditions were 1.2 um and 0.8 um, respecti{i&Iy),

and weresignificantly different (Mann-Whitneyest, p < 0.01). (D, E) Thespectivanedian

velocities weresignificantly higher for hidh ratio conditions (0.93 um/s) compared to 0.47 um/s for
low ratio conditions (Mann-Whitney test, p0s01).

Fig. 4. Themicrotubule-activeedATPaseaate of dynein increased at higatio conditions while the
basd ATPaseaate remained unaffecte Thedynein concentration was constant at 50 &aiid the
microtubule concentrations were 0, 0.2, 1, 5 and 10 uM tubulinrdiineATPaseactivities were
then calculated to th&TPases? per dynein moledle. Threeexperiments with threeneasurements
each were averadand are shown with SEM as error bars. Hyperljitang to thedaarevealed
the Kn to be not affected. Thmaximal activaedATPaseates were 0.7°5and 1.4 3 per dynein
moleculefor low and high ratio condiins,respectivey.

Fig. 5. Proposed model for thaolecularmechanism underlyinthe effea of theratio of Mg®*-free
ATP to Mg.ATP on dynein’s processive behaviour. The left-hand sideesembles fast, processive
steppingwith AAA4 in the ATP state(solid arrows). onATP hydrolysisin AAA4 dynein tends to
slow down and/or prematuretietachfrom microtubules due to stertashes of thénker with the
AAAZ2-4 block. Thanseton the right bottonillustrates thelomain strature of dynein’s AAA1-6
ring and thdinker.
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Fig. S1.Mg.ATP-induced dissociation of the dynein-microtubule complex is slowed down at
ratio conditions. Dissociation of the complex was induced by mixing the complex at high (A
low (B) ratios ofMg®*-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.
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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 boviribulin. As highlighted in yellow and magenta (based
on PDB structure 1JFF) the following peptideswdtibulin have been used for antibody production:
peptide 1: aa31-40 (QPDGQ MPSDK) and peptide 2: aa242-255 (LRFDG ALNVD LTEF).

microtubule gliding velocity (um s™)

dynein dynein immobilized
unspecifically immobilized via m72-2 antibody

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 gm@s2 pum/s;
SD, right) compared to 0.62 um/g=(0.14 um/s; SD) in control experiments (left).
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Table S1.The in vitro microtubule gliding velocity went down with increasing concentrations of

Mg?* (Fig. 2B). Assays were performed at a constant concentration of 0.1 mM ATP with increasing
concentrations of Mg (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).

MgCl2 (mM) | 0.1 | 5 10 20
Velocity (um/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 High Ratio
7 UM Mg?*-free ATP 400 UM Mg*-free ATP
Gliding Assay | Velocity (um/s) | 0.46 +/-0.019 0.71 +/- 0.023
| Number of runs | 16 63
 Analyzed MT length (um) 2002 687
SMM Assay \ Runs/pum/min 0.006 0.092
~ Velocity (um/s) (median) 0.47 0.93
' Run Length (um) (mediar 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 3 per dynein. The errors are the SEM from three different experiments with three

replicates each. Theskwas not affected by Mg-free ATP. The microtubule-activated ATPase was
higher at high ratio conditions for microtubule concentrations between 1 to 10 pM tubulin. The
calculated maximum activated ATPase activity was 0.7 andifer $ow and high ratio conditions,

respectively.

| Low Ratio High Ratio
Km (UM) | 1.0 +/- 0.6 1.1 +/- 0.3
Microtubule (uUM) \ ATPase rate in s
0 | 0.15 +/- 0.01 0.12 +/- 0.01
0.2 | 0.18 +/- 0.01 0.21 +/- 0.01
| 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 0.7 +/-0.1 1.4 +/-0.1
in st (calculated)
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