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hydrocarbon perception with a wealth of

respective olfactory receptors [19,20]. If,

however, a queen naturally expresses

other chemicals more prominently than

cuticular hydrocarbons, they might be

more likely to become a queen

pheromone. In the case of the study of

Steitz and Ayasse [2], the bee queen

needs the lactones for the preparation of

the underground brood cells and thus

already produces these compounds in

high amounts, which made them a likely

candidate for a queen pheromone.

The study of Steitz and Ayasse fills an

important gap in our knowledge about the

evolution of queen pheromones, and

additional studies on such small societies

are needed for a more comprehensive

understanding of the origin of royal scents

in the eusocial insects.
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The velocity of intraflagellar transport among evolutionarily distant
organisms differs substantially, while the transport machinery is well
conserved. A new in vitro study finds that the velocity difference is
encoded in the motor proteins driving transport.
Although eukaryotic organisms vary

widely in size and shape, they share many

fundamental biological mechanisms and

functions. An example is active,

intracellular transport driven by motor

proteins that walk along the cytoskeleton

to distribute cellular components around

the cell. Although the machineries of

intracellular transport in distinct

eukaryotes are largely conserved and

evolutionarily related, substantial

differences occur in transport parameters

and mechanisms. In a new study in this
23, 2020 ª 2020 Elsevier Ltd.
issue of Current Biology [1], Sonar and

coauthors zoom in on the distinct

properties of a heterotrimeric kinesin-2

motor protein driving intraflagellar

transport (IFT) in Chlamydomonas

reinhardtii, in which the transport is

substantially faster than in other

organisms.

Eukaryotic cells critically depend on

active, ATP-driven transport of cargoes

such as vesicles, organelles, RNA and

protein complexes along the

cytoskeleton. Three distinct superfamilies
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Figure 1. IFT and role of heterotrimeric kinesin-2 in C. reinhardtii and C. elegans.
Schematic comparison of IFT dynamics in C. elegans chemosensory cilia and C. reinhardtii motile cilia, with focus on heterotrimeric kinesin-2 function, motor
velocity, regulation and collective action.
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of motor proteins driving this transport

have been identified: myosins (which use

actin as track), kinesins and dyneins

(which both use microtubules as tracks).

Organisms contain many different

varieties of motor proteins, with

specialized function, structure and

localization. For example, mammalian

genomes encode 45 kinesin superfamily

members, which can be classified into 15

families [2].

Intraflagellar transport (IFT) is a

specialized transport mechanism that

takes place in the cilia of many eukaryotic

cells [3]. Cilia are microtubule-based,

membrane-enveloped organelles that

protrude from the cell surface. Cilia can be

classified into motile cilia (also called

flagella), which drive cell propulsion or

fluid flow, and non-motile cilia (also called

primary or sensory cilia), which are

important sensory hubs, receiving and

transmitting extracellular signals. For

assembly and maintenance, cilia critically

depend upon IFT along the axoneme (a
bundle of microtubules). Anterograde IFT

(from ciliary base towards ciliary tip) is

driven by kinesin-2 family motors,

while transport in the opposite,

retrograde direction relies on IFT

dynein. IFT is organized in trains,

coupled protein complexes, called IFT

particles, to which multiple motors and

cargo dock. Cargo includes ciliary

building blocks like axonemal

components and proteins of the signal-

transduction machinery.

Although the IFT machinery is well

conserved and individual proteins share

substantial homology, important

differences in IFT properties and

mechanism exist between cilia from

different organisms. The well-studied

motile cilia of C. reinhardtii and

chemosensory cilia of Caenorhabditis

elegans are striking in this respect

(Figure 1). In C. reinhardtii, anterograde

transport is driven by a heterotrimeric

kinesin-2, the FLA8–10–KAP complex,

resulting in a velocity of over 2 mm/s [4]. In
Current Bi
C. elegans, on the other hand,

anterograde transport is driven by an

intricate interplay between a

heterotrimeric kinesin-2, KLP11–20–

KAP1, also called kinesin-II, and a

homodimeric kinesin-2, OSM-3. KLP11–

20–KAP1 is responsible for the assembly

and import of IFT trains into the ciliumwith

a velocity of �0.5 mm/s. A few mm into the

cilium, the faster motor OSM-3 gradually

takes over, resulting in an acceleration to

�1.5 mm/s [5]. The velocities measured

in vivo correspond to those of purified

individual motors in vitro [6].

In their new study, Sonar et al. [1] use an

in vitro approach to study the properties

and mechanism of FLA8–10–KAP, the

heterotrimeric kinesin-2 driving IFT in

C. reinhardtii. They recombinantly

express and purify the protein, and probe

it using single-molecule fluorescence

motility assays. They show that FLA8–10–

KAP velocity in vitro is �2 mm/s,

consistent with the velocity of IFT

observed in C. reinhardtii. Chimeric motor
ology 30, R263–R285, March 23, 2020 R283
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constructs with C. reinhardtii and

C. elegans domains swapped show that

the catalytic motor domains and not the

coiled-coil tails are the determinants of

motor velocity. Further studies involving

chimeric motor constructs with short

sequence swaps, bioinformatics or

structure determination will still be

needed to understand what amino acids

or structural elements in the conserved

motor domains determine the velocity of

these kinesins. A more fundamental

question is why different species have

evolved IFTwith different velocities. In this

respect, it is remarkable that also dynein-

driven, retrograde IFT in C. reinhardtii is

faster than in C. elegans (�3 mm/s versus

�1.7 mm/s [3]). Could it be that overall

velocity has some relationship to ciliary

length or plays a part in diversification of

ciliary structure and complexity [7]?

Velocity is, however, not the only relevant

parameter, given the substantially

different anterograde IFT mechanisms in

C. reinhardtii, where only one kinesin-2 is

deployed, and in C. elegans, where two

distinct kinesin-2 types cooperate [8].

Tight regulation of motor activity is

crucial for efficient IFT, where trains cycle

back and forth from base to tip.

Anterograde trains, driven by kinesin-2,

also transport IFT dynein as inactive

cargo [9]. In C. elegans, retrograde, IFT-

dynein-driven trains have inactive kinesin-

2 as cargo, while in C. reinhardtii inactive

heterotrimeric kinesin-2 diffuses back to

the base [10]. Sonar et al. [1] show that

heterodimeric FLA8–10 constructs move

at two distinct velocities,�2 and�1 mm/s,

which the authors interpret to represent

active and inhibited motor conformations,

respectively. The inhibited conformation

is absent in heterotrimeric FLA8–10–KAP

constructs. Distinct conformations with

different activity have been identified

before in homodimeric kinesin-1 and

kinesin-2 motor constructs, where cargo

binding has been inferred to relieve motor

auto-inhibition [11,12]. Mutation of a

single amino acid has been shown to

suppress the inhibited conformation by

preventing the folding of the tail domains

on the motor domains [11]. Sonar et al. [1]

show that an equivalent mutation has the

same effect in FLA8–10. Although the

authors provide strong evidence for active

and inactive states of C. reinhardtii

kinesin-2, it remains unclear what

regulates or drives transitions between
R284 Current Biology 30, R263–R285, Marc
the states in vivo. It is generally assumed

that the motors form stable heterotrimers

in vivo. As a consequence, binding and

unbinding of KAP most likely is not the

trigger, and a more likely trigger could be

the binding and unbinding of IFT particles

to the heterotrimer. In addition,

phosphorylation has been shown to

regulate heterotrimeric kinesin-2 activity

[13], but it is unclear whether or how this

connects to the different conformations

observed in the current study.

In anterograde IFT, tens of kinesin-2

motors are mechanically coupled in

compact IFT trains. How do these motors

cooperate efficiently? Sonar et al. [1]

addressed this question by studying the

in vitro motility parameters of pairs of

kinesin-2 motors coupled via a short DNA

strand. They observed that the motor

pairs move with velocity and run length

very similar to those of single motors,

which they attribute to only one of the two

motors associating with the microtubule

most of the time. C. reinhardtii and

C. elegans motor constructs behaved

very similarly to each other, suggesting

that motor cooperativity is a conserved

property. These observations for kinesin-

2 are surprisingly different from previous

in vitro multi-motor assays (on kinesin-1,

kinesin-14 and dynein) that showed that

run length increases substantially with

motor number, while velocity is largely

unaffected [14–16]. Those previous

studies appear more in line with the in vivo

situation, where the velocity of IFT trains,

containing tens of motors, is similar to

in vitro single-motor velocities (as

demonstrated for C. reinhardtii in the

current study), while the effective run

length of trains (moving in one go from

ciliary base to tip) appears to be

substantially larger than that of single

motors in vitro. What could be the cause

of this apparent discrepancy between run

of the tens of motors coupled in vivo

compared with the pair of motors coupled

in vitro? First of all, it could be that two

coupledmotors are too few to extrapolate

to the in vivo situation. Furthermore, the

densely packed ciliary environment and

the attachment of trains to the ciliary

membrane could enhance the rebinding

efficiency of unbound motors. Finally,

there might be other factors in the in vitro

assays that fail to mimic the in vivo

context— for example, ionic strength, the

mechanical properties of the connection
h 23, 2020
etween the motors and the spacing

etween the motors.

In summary, the new results

emonstrate that the high anterograde

FT velocity in C. reinhardtii is caused by

he intrinsically higher velocity of

eterotrimeric kinesin-2. Other motility

arameters, including cooperativity and

nactivation, are conserved with the

omologous motor from C. elegans.

uture studies by IFT and kinesin

esearchers will be needed to reveal the

xact molecular basis for the difference in

peed of related motors, the regulatory

echanism employed by IFT motors, and

he reason for IFT in vivo making use of

ens of mechanically coupled motors.

EFERENCES

1. Sonar, P., Youyen, W., Cleetus, A.,
Wisanpitayakorn, P., Mousavi, I.S., Stepp,
W.L., Hancock, W.O., Tüzel, E., and Ökten, Z.
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