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Significance

Hundreds of different mRNAs are 
distributed by bidirectional, 
motor-protein-driven transport 
throughout axons and dendrites 
to provide templates for the 
assembly of local protein 
networks. This enables the 
neuron to configure cellular 
domains for specialized 
functions. Here, we provide 
mechanistic insights explaining 
how motor proteins, 
microtubule-associated proteins, 
RNA-binding proteins, and 
different mRNA fragments 
containing mRNA-localization 
signals self-assemble into 
functional mRNA transport 
complexes. Our results show that 
the microtubule-associated 
protein APC forms highly stable 
complexes with mRNAs, which 
can be processively transported 
by two different kinesin motor 
proteins. APC’s high dwell times 
further enable tracking of 
shrinking microtubule ends, 
which together with plus-end-
directed kinesin-based mRNA 
transport results in bidirectional 
mRNA motility.
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Understanding where in the cytoplasm mRNAs are translated is increasingly recognized 
as being as important as knowing the timing and level of protein expression. mRNAs are 
localized via active motor-driven transport along microtubules (MTs) but the underlying 
essential factors and dynamic interactions are largely unknown. Using biochemical in 
vitro reconstitutions with purified mammalian proteins, multicolor TIRF-microscopy, 
and interaction kinetics measurements, we show that adenomatous polyposis coli (APC) 
enables kinesin-1- and kinesin-2-based mRNA transport, and that APC is an ideal adap-
tor for long-range mRNA transport as it forms highly stable complexes with 3′UTR 
fragments of several neuronal mRNAs (APC–RNPs). The kinesin-1 KIF5A binds and 
transports several neuronal mRNP components such as FMRP, PURα and mRNA frag-
ments weakly, whereas the transport frequency of the mRNA fragments is significantly 
increased by APC. APC–RNP-motor complexes can assemble on MTs, generating highly 
processive mRNA transport events. We further find that end-binding protein 1 (EB1) 
recruits APC–RNPs to dynamically growing MT ends and APC–RNPs track shrinking 
MTs, producing MT minus-end-directed RNA motility due to the high dwell times of 
APC on MTs. Our findings establish APC as a versatile mRNA-kinesin adaptor and a 
key factor for the assembly and bidirectional movement of neuronal transport mRNPs.

mRNA transport | microtubule cytoskeleton | kinesin | end binding proteins

The spatial control of gene expression via local translation of mRNAs is an essential pre-
requisite for the maintenance of cell polarity (1, 2), cell development, cell motility (3, 4), 
and the cotranslational assembly of protein complexes (5). In mammalian neurons, hun-
dreds of mRNAs need to be distributed via microtubule (MT) -dependent, motor pro-
tein-driven transport in the form of small packages (6, 7) into a complex network of 
dendritic branches and the axon until the finest filopodia tips (8–10). As cells control 
intracellular cargo distribution through a combination of MT-associated proteins (MAPs) 
and MT post-translational modifications (PTMs) which enable or block the activity of 
distinct motors (11–13), it is expected that the complete localization process of an mRNA 
requires either several different adaptors for different motors or a versatile adaptor that 
can bind several motors (14). For instance in Xenopus laevis, a combination of a kinesin-1 
and a kinesin-2 motor is required to localize Vg1 mRNA (15).

Arriving at a destination such as filopodia (16) or axonal branch points (17), mRNAs 
further need to be deposited or “anchored” at cellular structures of the cell cortex at loca-
tions where the encoded protein is needed. To date, a major mechanism known to deposit 
polarity factors at cell cortical elements is microtubule end-binding protein (EB)-dependent 
MT plus-end-tracking (18–20). MT plus-end-tracking creates transient density waves of 
plus-end-tracking proteins around polymerizing MT ends (21), and these high local 
concentrations are thought to drive the formation of polarity factor complexes at the 
cortex (22, 23). Hence, the question arises whether a mechanism exists that enables mRNA 
deposition at the cortex, in a similar way as for protein deposition, through MT plus-
end–tracking-dependent, concentration-driven complex assembly. While a trailing of 
mRNPs behind polymerizing MT ends has been observed in axonal growth cones (16), 
a mechanism that could enable mRNP MT plus-end-tracking or trailing remains unknown.

Identifying a versatile adaptor which on the one hand specifically recognizes localization 
elements of mRNAs and on the other hand can also bind to different kinesins and even-
tually EB proteins would close a major gap in our understanding of how mRNPs could 
be distributed in mammalian cells. While we identified adenomatous polyposis coli (APC) 
as an mRNA adaptor that directly binds G-rich 3′UTR elements and the kinesin-2 
KIF3AB-KAP3 (“KIF3ABK”) with high affinities (24), more evidence exists from methods 
not proving direct interactions which hints toward an alternative, kinesin-1-based transport 
route for APC (25). This is of high interest, as the kinesin-1 KIF5 was long thought to 
be a major motor for mRNP transport in different mammalian cell types (26–28) but a 
minimal adaptor sufficient to couple mRNAs to KIF5 is not known. Further, APC interacts 
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with EB proteins (SI Appendix, Fig. S1A, (29)) and tracks polym-
erizing MT plus ends (30), which predicts that APC–mRNPs 
potentially localize to polymerizing MT ends. mRNP plus-end-
tracking would be a previously unconsidered mechanism to con-
centrate mRNPs locally, which could promote concentration-driven 
mRNP remodeling or anchoring of mRNPs at cortical cell struc-
tures for subsequent local protein production.

Using a combination of biochemical in vitro reconstitutions 
with pure proteins and RNA fragments (31), in vitro motility 
assays, in vitro microtubule dynamics assays (32), and surface 
plasmon resonance (SPR) interaction measurements, we show that 
APC couples neuronal mRNAs to the kinesin-1 KIF5A and the 
MT plus-end-tracking protein EB1. This results in kinesin-1-
driven, fast, and highly processive plus-end-directed APC–RNP 
motility and EB1-mediated concentration of APC–RNPs at MT 
plus ends. In addition, we found that lattice-diffusing APC–RNPs 
can track shrinking MT ends resulting in minus end-directed 
RNA motility. Thus, APC is a versatile adaptor that links multiple 
G-rich fragments from at least four different neuronal mRNA-
3′UTRs to KIF3ABK, KIF5A, and EB1, enabling bidirectional 
mRNP movements and potentially permitting APC–RNPs to 
access a wide range of dendritic and axonal segments.

Results

KIF5 Transports APC–RNPs. Prompted by a published loss-of-
function and co-IP study showing that mammalian KIF5A, 
KIF5B, and KIF5C interact with the APC C-terminus (25), we 
set out to test whether APC directly interacts with KIF5 and 
whether APC is sufficient to couple neuronal mRNAs to KIF5. 
As we have previously shown that APC directly links 3′UTR-
mRNA fragments to the KIF3ABK trimer (24), this would expand 
the interaction repertoire of APC, establishing it as a versatile 
mRNA-motor adaptor. Using biochemical in vitro reconstitutions 
in combination with Total internal reflection fluorescence 
microscopy (TIRF-M) (31), we compared the ability of the 
purified full-length mouse KIF5AA homodimer and the mouse 
KIF3ABK trimer (KIF5AA, SI Appendix, Fig. S1B) to transport 
reconstituted complexes of APC and β2tubwt 3′UTR-mRNA 
fragments (APC–RNPs, SI Appendix, Fig. S1C) at experimental 
conditions in which APC is mostly dimeric and binds one RNA 
per APC monomer (24). We found that KIF5AA homodimers 
processively transport APC–RNPs (Fig. 1A and Movie S1) and 
that transported complexes readily contain both APC and β2tubwt 
RNAs (Fig. 1B). At identical RNA:APC ratios, KIF3ABK and 
KIF5AA transport identical amounts of RNA (Fig. 1C), but their 
motile behavior differs significantly. As a measure for the motile 
behavior of KIF5AA- and KIF3ABK-based mRNA transport 
complexes, we used the confinement ratio, which measures how 
efficient a displacement is in moving away from the initial position 
(33). The movement of KIF3ABK is less confined than that of 
KIF5AA (Fig. 1 A and D), which is reflected in short diffusive 
periods within tracks of KIF3ABK-mediated RNP transport 
(Fig.  1A). At the same time, KIF5AA-based RNP transport 
exhibited an almost 2-fold lower dwell time on MTs (Fig. 1E), 
and even though the velocity of KIF5AA-mediated transport is 
33% higher (Fig. 1F), the total distance traveled is several µm 
shorter, establishing KIF3–APC complexes as the more processive 
mRNA transporter (Fig. 1G).

As shown previously (24), KIF3 has essentially no RNA binding 
activity under our experimental conditions. Drosophila KIF5, 
however, can directly bind U-rich elements (34). To test the spec-
ificity of KIF5–RNA interactions, we investigated whether mam-
malian KIF5AA could also transport a β2tubwt 3′UTR-mRNA 

fragment containing a high fraction of G residues (SI Appendix, 
Fig. S1c). We found that KIF5AA can transport this RNA as well 
(Fig. 1H and Movie S1), even though with a 5-fold reduced effi-
ciency compared to complexes also containing APC (Fig. 1I). 
Comparing the velocities of β2tubwt RNA transport by KIF3ABK–
APC, KIF5AA–APC, and KIF5AA (Fig. 1F) surprisingly revealed 
that KIF5AA-based transport in the absence of APC is the fastest 
RNA transport mode among the three options.

KIF5 motors were shown to interact with several neuronal trans-
port mRNP components such as the RNA-binding proteins (RBPs) 
FMRP and PURα either directly or indirectly (28, 35). Inspired 
by the diversity of observed KIF5AA interactions, we next tested 
whether KIF5AA can also directly bind and transport other mRNP 
components such as the aforementioned canonical RBPs. As chal-
lenges with protein biochemistry forced us to work with mGFP-la-
beled RBPs, we compared their transport efficiency to mGFP-labeled 
APC. mGFP-FMRP and mGFP-PURα (SI Appendix, Fig. S1D) 
transport by KIF5AA was only detectable at concentrations ~10-
fold*** above the concentration needed to observe robust APC–
mGFP transport (Fig. 1 J and L and Movies S2 and S3). Given 
that a recent study observed a significantly higher association of 
FMRP with KIF5B vs. KIF5A in pull-down assays using murine 
brain lysate (Zhao et al., 2020), we also purified full-length, unla-
beled KIF5BB (SI Appendix, Fig. S1D) and tested its ability to 
transport mGFP-FMRP. We found that besides KIF5AA, also 
KIF5BB is not able to transport mGFP-FMRP efficiently in vitro 
(Fig. 1K). The addition of active, full-length MAP7 (SI Appendix, 
Fig. S1 D and E), a known activator of KIF5 (36–38), could not 
increase the observed low FMRP transport efficiency. We hence 
conclude that the increased ability of KIF5B to pull FMRP from 
brain lysate (35) requires additional factors which were not present 
in our in vitro reconstitution assay and are yet to be identified.

Similar to the high velocity of KIF5AA-mediated RNA trans-
port in the absence of APC (Fig. 1F), the transport velocity of 
FMRP was also significantly higher than that of APC (Fig. 1M), 
hinting toward a distinct transport mode of APC and APC–RNPs. 
These data further show that although KIF5AA can bind several 
neuronal transport mRNP components, its affinity to APC is 
likely orders of magnitude higher, positioning APC as the primary 
factor for neuronal mRNA-motor coupling among the investi-
gated factors.

APC–RNA Complexes are Highly Stable. While the preceding data 
establish APC as a versatile, potential neuronal mRNP transport 
adaptor, it is not known how stable APC–RNA complexes are. 
Given that RNP complex stability is a crucial requirement for long-
range transport processes, we aimed to shed light on APC–RNA 
interaction dynamics and affinities using SPR interaction kinetics. 
To this end, we purified an APC fragment containing a Twin-Strep-
tag® and the basic MT-binding domain (“APC-basic”, SI Appendix, 
Fig. S2A) and obtained four different minimal 3′UTR fragments 
comprising G-rich APC motifs (SI  Appendix, Fig.  S1c). Three 
of these fragments originate from mRNAs previously described 
as APC targets (β-actin, β2tub and Map1b) (39), whereas one 
fragment originates from the Camk2α mRNA 3′UTR which was 
not detected as an APC target previously but contains a G-rich 
structure (G-quadruplex) recognized by FMRP (40, 41). We first 
set out to measure the interaction kinetics of APC and β2tubwtmin 
RNA vs. APC and a control RNA (β2tubmutmin RNA), in which 
G residues were replaced with other nucleotides (SI Appendix, 
Fig.  S1C and Fig.  2 A and B). While APC shows a moderate 
association rate to β2tubwtmin RNA (Fig. 2A), its dissociation rates 
using both a one-state and a two-state interaction model, are in 
the range of 10−2 to 10−4/s (Fig. 2A and SI Appendix, Fig. S2B). 
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Fig. 1. APC links β2tub-RNA to kinesin-2 and kinesin-1 for processive transport. (A) KIF3ABK and KIF5AA transport APC/647-β2tubwt complexes. Kymographs 
showing comparable numbers of processive 647-β2tubwt transport events driven by kinesin-2 (pink) and kinesin-1 (magenta) in the presence of APC. Cartoons 
depict the components of each minimal transport system and indicate concentrations used for both systems. (B) 150 pM KIF5AA transports RNPs containing 
80 pM APC–TMR and 2 nM 647-β2tubwt. A kymograph showing multiple corun events of APC–TMR and 647-β2tubwt complexes, indicated by white arrowheads. 
(C) Quantification of 647-β2tubwt fluorescence mean intensities for KIF3ABK+APC+647-β2tubwt and KIF5AA+APC+647-β2tubwt transport complexes. (D) Violin 
plot depicting confinement ratio of processive β2tubwt run events for kinesin-2 (pink)- or kinesin-1 (magenta)-driven transport in the presence of APC. (E) Dwell 
times of 647-β2tubwt in the presence of KIF3ABK+APC or KIF5AA+APC. (F) Histogram showing mean velocities of processive β2tubwt run events for kinesin-2 
(pink)- and kinesin-1 (magenta)-driven transport in the presence of APC as well as for kinesin-1-driven transport in the absence of APC (red). Pink, magenta and 
red curves represent Gaussian fits for mean velocity distributions (G) Scatter plot showing the total distance that 647-β2Btubwt RNAs travel in the presence of 
KIF3ABK+APC or KIF5AA+APC. (H) Kymograph showing the KIF5AA-driven 647-β2tubwt transport in the absence of APC. The cartoon depicts the components and 
indicates concentrations used in the experiment. (I) Quantification of processive β2tubwt run events for kinesin-2 (pink)- or kinesin-1 (magenta)-driven transport 
in the presence of APC as well as for kinesin-1 driven transport in the absence of APC (red). Since motor independent particles, containing only APC and RNA, 
diffuse along MTs for several micrometers, we only considered processive particles with a displacement of > 6 µm (SI AppendixFig. S1F). Error bars indicate 
SEM. (J) Kymographs showing KIF5AA (150 pM)-mediated transport of APC-mGFP (80 pM), mGFP-FMRP (800 pM), and mGFP-PURα (800 pM). (K) Kymographs 
showing KIF5BB (150 pM)-mediated transport of mGFP-FMRP (800 pM) in the absence and presence of MAP7 (10,000 pM), respectively. (L) Quantification of APC-
mGFP, mGFP-FMRP, and mGFP-PURα transport events at 150 pM KIF5AA and mGFP-FMRP transport at 150 pM KIF5BB in the absence and presence of MAP7, 
respectively. (M) Mean track velocities of APC-mGFP, mGFP-FMRP, and mGFP-PURα transport events. Median velocities are indicated. Statistical significance 
in H was evaluated with unpaired, two-tailed t tests and in C–F and L with unpaired Mann–Whitney tests. Horizontal bars in C, E and L represent the median. 
Horizontal bars in D represent median and quartiles.
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APC–β2tubwtmin RNA complexes are hence stable for minutes 
and as such are suitable for longer transport processes needed to 
deliver mRNP packages to different locations within hundreds 
of micrometers long neurites. Confirming published TIRF-M 

and microscale thermophoresis data (24), there is essentially no 
interaction detectable between APC and the β2tubmutmin RNA.

FMRP binds G-rich sequences very similar to those recognized 
by APC, and their mRNA target pools at least partially overlap, 
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Fig. 2. APC-basic domain and FMRP bind G-rich target RNAs with high affinity. (A and C) Graphs generated from SPR experiments showing the binding kinetics 
(association and dissociation rates) of different concentrations of β2tubwtmin RNA and APC-basic or FMRP, respectively. Experimentally determined curves were 
fitted with a two-state binding model. (B and D) Graphs generated from SPR experiments showing the association and dissociation of different concentrations 
of β2tubmutmin RNA and APC-basic domain as well as FMRP, respectively. (E and F) Plot of APC and FMRP target RNA dissociation constants. Experiments were 
performed at least in duplicates with two technical replicates each.
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while the two proteins differ in their functions (27, 39, 42, 43). 
It is hence interesting to understand if both RBPs would compete 
for the same mRNAs, either for translation regulation or for the 
assembly of different mRNA transport complexes. Testing β2tub-
wtmin and β2tubmutmin RNAs binding to immobilized FMRP 
(SI Appendix, Fig. S2A) revealed an even higher affinity and similar 
low off rates of FMRP to β2tubwtmin RNA (Fig. 2C), in compar-
ison to APC, while very little FMRP binding activity was detected 
for β2tubmutmin RNA (Fig. 2D), similar to APC.

We finally extended the SPR analysis to all four 3′UTR frag-
ments. We found that both APC and FMRP bind all wild-type 
RNAs with nM-range affinities (Fig. 2 A, C, E, and F and 
SI Appendix, Fig. S2 B–D). The only difference was detectable for 
β-actin RNA (SI Appendix, Fig. S2D): here, SPR analysis was only 
possible with a narrower concentration range, reducing the con-
fidence in the measured difference. We therefore conclude that 
FMRP and APC would likely compete for the same mRNA local-
ization motifs, but note that seemingly small differences detected 
here could have a strong effect on mRNA transport. APC, for 
instance, binds β-actin RNA with 3-fold lower affinity than 
β2tubwt RNA. Still, we could show previously that this small dif-
ference is sufficient to almost entirely block β-actin mRNA trans-
port in the presence of equimolar amounts of β2tubwt RNA (24).

KIF3 and KIF5 Do Not Act Synergistically during APC–RNP 
Transport. Having established APC as both a versatile but 
also efficient mRNA-motor adaptor, we next asked whether 
APC could employ KIF3 and KIF5 simultaneously. Such a 
mechanism could be beneficial, e.g., for super-processive long-
range transport of mRNAs along the neuronal axon. Given that 
KIF3 binds the N-terminal ARM domain of APC via KAP3 (44), 
while KIF5 was reported to bind the C-terminus of APC (25) 
(SI Appendix, Fig. S1A), a cotransport scenario would be possible. 
We hence analyzed the motility of complexes containing APC-
647 (SI Appendix, Fig. S3A) and RNA in the presence of either 
KIF3ABK (scenario 1), KIF5AA (scenario 3), or both kinesins 
(scenario 2) (Fig. 3A). Qualitatively, the addition of KIF5AA to 
KIF3ABK–APC–RNA complexes caused little difference in motile 
behavior (Fig. 3B, (scenario 2)) compared to KIF3ABK–APC–
RNA motility (Fig. 3B, (scenario1)). The number of processive 
APC transport events did not increase significantly upon KIF5AA 
addition (Fig. 3C), indicating that the APC concentration was 
limiting in our experiments. Interestingly, while the velocity 
distribution of the two-motor scenario (Fig.  3D, (scenario 2)) 
was bimodal with peaks matching the velocities of KIF5AA- and 
KIF3ABK-based APC–RNA transport, addition of KIF5AA 
produced a confinement ratio distribution (Fig.  3E, (scenario 
2)) very similar to that of the pure KIF5AA condition (Fig. 3E, 
(scenario 3)). The dwell times (Fig. 3F) and the total distance 
traveled (Fig. 3G) of the two-motor scenario (2) are intermediates 
between the pure KIF3ABK–APC–RNA scenario (1) and the pure 
KIF5AA–APC–RNA scenario (3). As an additional readout, we 
next analyzed the motile behavior of TMR-KIF3ABK which 
was present in scenarios 1 and 2. Qualitatively, the addition of 
KIF5AA to KIF3ABK–APC–RNA mixtures led to some faster 
KIF3ABK run events (Fig. 3H). Addition of KIF5AA further led 
to a reduction of the KIF3ABK dwell time, similar to what we 
observed for APC comparing scenarios 1 and 2 (Fig. 3 I and F). 
Also, the number of processive KIF3ABK tracks per experiment 
did not change significantly, as observed for APC (Fig. 3 J and 
C). As the data from Fig. 3 H and I indicated an effect of the 
presence of KIF5AA on KIF3ABK, we next aimed to simplify 
the experiment and compared solely the activity of KIF3ABK 
in the absence and presence of KIF5AA (Fig. 3J and Movie S4). 

While there were very little processive tracks observable for 
KIF3ABK, addition of KIF5AA increased processive run events 
of KIF3ABK, pointing at a direct high-affinity interaction of 
both motors, considering the pM-range concentrations used 
(Fig. 3A). Analyzing the KIF3ABK confinement ratio in response 
to KIF5AA addition, either in the presence of APC and RNA or 
not, showed an increase of KIF3ABK processivity in both cases 
(Fig. 3K). Also, the velocity of KIF3ABK increased quantitatively 
through the addition of KIF5AA (Fig. 3L). These experiments 
show that both kinesins are not likely engaged in simultaneous 
transport of APC, since the association of a single cargo with 
several motors is expected to decrease its detachment from the 
MT and thus increase its overall processivity. Also, the fact that 
the number of processive KIF3ABK events does not decrease by 
the addition of KIF5AA points in the same direction, as KIF3ABK 
is barely active on its own (Fig. 3J). Surprisingly, both motors 
can interact in the absence of any cargo, which causes KIF3ABK 
to adopt a more KIF5AA-like motile behavior, an effect we have 
also observed when analyzing APC motility (Fig. 3D). Due to the 
direct crosstalk between both kinesins, however, we do not know 
whether the altered APC motility is the result of both motors 
acting on APC, or if we observe the consequences of altered motor 
behavior that results from their direct interaction. These results 
prompted us to reinvestigate which APC domains are bound by 
the individual kinesin motors to understand better if both motors 
could act together during APC cargo transport.

Both Kinesins Bind and Transport the APC–ARM Domain. 
While the binding of the KIF3ABK trimer or KAP3 alone to the 
APC–ARM domain was shown with methods reporting direct 
interactions (24), binding of KIF5 to the APC C-terminus was only 
tested with methods that cannot discriminate between direct or 
indirect interactions (25). We hence purified an Alexa647-labeled 
C-terminal APC fragment (“APC-C”, SI  Appendix, Fig.  S4A), 
containing the MT-binding region and the proposed KIF5 binding 
site, but lacking the APC–ARM domain. Comparing the motility 
of full-length APC with APC-C in the presence of unlabeled 
KIF5AA showed that the deletion of the ARM domain reduces 
processive APC transport events, while the number of diffusive 
events is increased (Fig. 4 A–C). Almost no KIF3ABK-mediated 
transport of APC-C was detected, underlining that this motor 
specifically recognizes the ARM region in the N-terminal domain 
of APC (Fig. 4 A–C). Of note, the velocity of KIF5AA-mediated 
APC-C transport is higher than the velocity of full-length APC 
transport (Fig. 4D). This observation led us to speculate that full-
length APC might have multiple MT binding sites, which could 
lead to a transport mode in which APC continues to interact 
with the MT during transport. This could potentially reduce APC 
transport velocity but could also increase processivity.

As we would expect that a multivalent attachment of full-length 
APC to the MT lattice would increase its dwell time, we first tested 
whether the dwell times of full-length APC and APC-C differ. 
Since the number of processive events for APC-C is too low for 
further analysis, we took only diffusive full-length APC and APC-C 
events into account. To this end, we applied a tracking filter, allow-
ing us to restrict the analysis to APC and APC-C tracks with a 
displacement between 1 and 7 µm, a distance characteristic for 
diffusing APC (24). Full-length APC shows a biphasic dwell time 
with either very short diffusion events of 2.3 s or approximately 
10 times longer diffusion events of 26.3 s, indicating that it harbors 
at least two MT binding sites (Fig. 4E). In contrast to full-length 
APC, APC-C dwell time curves are best fitted with a monoexpo-
nential curve, exclusively showing higher turnover events of 2.5 s, 
which most likely result from a single MT-binding site. Considering 

http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
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Fig. 3. Combined effect of KIF5AA and KIF3ABK on RNA transport (A) Cartoon depicting the experimental setup used to investigate the effect of kinesin motors 
on APC in different scenarios: 1) KIF3ABK+APC-647; 2) KIF3ABK+APC-647+KIF5AA; 3) APC-647+KIF5AA. Picomolar concentrations of components are indicated. 
(B) Kymographs showing APC-647 in the presence of β2tubwt and KIF3ABK (Left), or in the presence of β2tubwt, KIF3ABK and KIF5AA (Right). (C) Quantification of 
processive RNP transport events containing APC-647 in the presence of β2tubwt and KIF3ABK or in the presence of β2tubwt, KIF3ABK and KIF5AA, respectively. 
Statistical significance was evaluated with an unpaired, two-tailed t test. (D) Velocity distributions of APC-647 in the presence of KIF3ABK (1), KIF3ABK and 
KIF5AA (2), or KIF5AA (3). Velocity distribution of (1) and (3) were fitted with a Gaussian curve whereas (2) was fitted with the sum of two Gaussians. (E) Violin plot 
depicting the confinement ratio of transported APC-647 in conditions (1)(2) and (3). Statistical significance was evaluated with an ordinary one-way ANOVA test. 
(F) Dwell times of APC-647 in all three conditions. (E and F) Statistical significance was evaluated with a Kruskal-Wallis test. (G) Total distance traveled of APC-647 
in all three conditions. Statistical significance was evaluated with an unpaired Mann–Whitney test. (H–M) Analysis of TMR-KIF3ABKAP in the three conditions. (H) 
Kymographs showing TMR-KIF3ABKAP in the presence of APC-Alexa-647 and β2Btubwt (Left), or with the addition of KIF5AA (Right). (I) Dwell times of TMR-K3ABKAP 
in conditions 1) and 2). (J) Bar graphs 1 and 2: Quantification of processive TMR-KIF3ABKAP events in the presence of APC-Alexa647 or APC-Alexa647 and KIF5AA. 
Bar graphs 3 and 4: Quantification of processive TMR-KIF3ABKAP events alone and in the presence of KIF5AA. The statistical significance was evaluated with 
unpaired, two-tailed t tests. (K) Confinement ratios of TMR-KIF3ABKAP alone, TMR-KIF3ABKAP + KIF5AA, TMR-KIF3ABKAP + APC-Alexa647 + β2Btubwt and TMR-
KIF3ABKAP + APC-Alexa647 + β2Btubwt + KIF5AA (L) Scatter plot of track mean velocities of TMR-K3ABKAP in conditions 1) and 2) as well as TMR-K3ABKAP alone 
and together with KIF5AA. For J–L Statistical significance was evaluated with unpaired Mann–Whitney tests.
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that the dwell times of an “APC-only” condition are almost iden-
tical to those of the “KIF5AA+APC” condition (Fig. 4F), we can 
rule out convolutions caused by the presence of KIF5AA.

We finally asked whether in addition to KAP3, KIF5AA might 
also be able to bind the APC–ARM fragment. We found that 
although KIF5AA transports full-length APC with a higher effi-
ciency, both KIF5AA and KIF3ABK can processively transport 
the APC–ARM fragment (Fig. 4 G and H). Intriguingly, as for 
APC-C, the velocity of KIF5AA-mediated APC–ARM transport 
was again higher compared to that of full-length APC (Fig. 4I). 
Also, the previously noted diffusive component in KIF3ABK-
mediated transport of full-length APC (Fig. 1D) was largely 
removed when APC–ARM was transported (Fig. 4J). In summary, 
full-length APC likely binds MTs with an N- and a C-terminal 
MT-binding site which together affect APC transport by KIF3ABK 
and KIF5AA: upon removal of either APC terminus, the KIF5AA-
based transport velocity of APC increases. Due to the direct inter-
action between both kinesins, we can currently not resolve whether 

both kinesins also compete for binding to the APC–ARM region 
in a dynamic equilibrium.

Transport APC–RNPs Can Assemble on the Microtubule. 
Neuronal mRNPs exhibit a random Lévy walk; while being 
nonmotile most of the time, mRNPs can diffuse and exhibit 
bidirectional transport (45). Such a movement pattern can 
improve target site finding of randomly located objects (46). A 
mechanism in which kinesin motors push or drag MT lattice-
diffusing APC–RNPs would thus offer an attractive framework 
for interpreting neuronal mRNP movements. We investigated 
the movements of Alexa-647-labeled KIF5AA and TMR-labeled 
APC in dual color TIRF-M experiments and found examples 
in which KIF5AA and APC landed simultaneously on MTs, 
indicating transport RNP assembly before MT binding (Fig. 5A, 
magnified frame on the middle right). Strikingly, we also observed 
that faster-moving KIF5AA encounters lattice-diffusing APC 
(Fig. 5A and Movie S5). We observed that the motor is able to 
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Fig. 4. KIF5AA interacts with the APC N- and C-termini. (A) Kymographs showing motion behavior of full-length APC-647 (25 pM) and APC-C-647 (25 pM) in 
the presence of KIF5AA (150 pM) or KIF3ABK (500 pM). (B and C) Quantification of processive (B) and diffusive events (C). Statistical significance was evaluated 
with one-way ANOVA tests. (D) Track mean velocities of full-length APC-647 and APC-C-647 transported by KIF5AA. Statistical significance was evaluated with 
an unpaired, two-tailed t test. (E) 1-cumulative frequency plot for the determination of diffusive full-length APC-647 and APC-C-647 in the presence of KIF5AA 
or KIF3ABK. Only events with a track displacement > 1 µm and a maximum distance < 7 µm were considered. Experimental data of APC-C-647 were fitted with 
a one-phase decay curve, whereas full-length APC-647 was fitted with a two-phase decay curve. Statistical significance between APC-647 and APC-C-647 in the 
presence of KIF5AA was evaluated with a Mann–Whitney test. (F) 1-cumulative frequency plot comparing the dwell times of diffusive APC in the presence or 
absence of KIF5AA. Experimental data were fitted with two-phase decay curves. Statistical significance was evaluated with a Mann–Whitney test. (G) Kymographs 
showing motion behavior of APC–ARM-647 (100 pM) in the presence of KIF5AA (150 pM) or KIF3ABK (500 pM). (H) Quantification of processive events. Full-length 
APC-647 (100 pM) transported by KIF5AA serves as control similar to B. Statistical significance was evaluated with an unpaired, two-tailed t test. (I) Track mean 
velocities of full-length APC-647 and APC–ARM-647 transported by KIF5AA as well as APC–ARM-647 transported by KIF3ABK. Statistical significance was evaluated 
with an unpaired, two-tailed t test. (J) Confinement ratio of APC–ARM-647 in the presence of KIF5AA and KIF3ABK. Statistical significance was evaluated with a 
Mann–Whitney test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
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“pick up” lattice-diffusing APC for further transport (Fig. 5A, 
magnified frames on the right, top, and bottom), which creates 
RNP trajectories with stationary rest phases and processive run 
events, as observed in mammalian neurons (45, 47). Of note, 
once KIF5AA is loaded with its APC cargo, a decrease in KIF5AA 
velocity can be observed. Labeling of both KIF5AA and APC 
enabled us to calculate the ratio of processive APC transport 
events to processive KIF5AA events which was ~1:4 (Fig. 5B). 
Considering the high APC labeling ratio of approximately 80% 
and its propensity to form a dimer (24), we assume that at least 
one of the APC molecules in each dimer is labeled. Hence, the 
majority of KIF5AA run events can be considered “cargo-free” run 
events. We analyzed the motility parameters of APC and KIF5AA 
populations separately. Despite the expected ~25% overlap of 
both data sets, we found that the KIF5AA data showed a higher 
velocity, resembling the velocity of KIF5AA loaded with either 
RNA, FMRP, or APC fragment cargoes (Figs. 1 and 3), while 
the APC fraction was moving at the characteristic KIF5AA–APC 
complex velocity (Fig. 5C). At the same time, the processive APC 
data exhibited a 2.5-fold higher dwell time (Fig. 5D) than the 
cargo-free KIF5AA data, and KIF5AA-transported APC traveled 
several µm farther than KIF5AA alone (Fig. 5E), although with 
a greater diffusive component than that of KIF5AA movements 
(Fig.  5F). In principle, motor oligomerization by the dimeric 
APC could cause such changes in motile behavior. However, we 
found no correlation between measured KIF5AA signal intensity 
and velocity (Fig. 5G). Thus, motor oligomerization by APC is 
unlikely the underlying reason for APC-induced motor slowdown.

In summary, these data support a mechanism in which the long 
dwell time of APC on the microtubule promotes encounters with 
KIF5AA which on its own binds only briefly, exhibiting short 
directional runs. Once KIF5AA–APC complexes assemble on the 
microtubule, KIF5AA is slowed down but becomes more proces-
sive. As these changes in motile behavior are not correlated with 
oligomerization of the motor protein and do not occur when any 
other cargo tested here is transported, we conclude that the 

simultaneous interaction of APC dimers with the MT and motor 
likely causes this effect on motor activity.

APC–RNPs Track Growing and Shrinking Microtubule Ends. APC 
is an EB-dependent microtubule plus-end-tracking protein (30) 
and APC-dependent mRNA localization to protrusions of axonal 
growth cones and NIH/3T3 cells were shown to be of crucial 
importance for polarization and migration (4, 39). We hence 
asked whether APC could also recruit mRNAs to polymerizing 
microtubule plus ends in addition to being an mRNA-motor 
adaptor. We purified EB1 and EB1-mGFP (SI Appendix, Fig. S4A) 
and initially used an in vitro TIRF-M assay with dynamically 
growing MTs to assess the dynamic behavior of EB1 and APC. 
We observed robust, EB1-dependent APC tracking of growing 
microtubule ends (Fig. 6A and Movie S6). Unexpectedly, APC 
could also track shrinking MT ends. As EB proteins recognize 
a GTP hydrolysis-dependent tubulin structure that occurs 
only during MT assembly, they cannot track depolymerizing 
microtubule ends (18, 19, 48). Hence, APC tracks shrinking 
MT ends independently of EB1 (Fig.  6A). The high-affinity 
interaction between EB1 and APC in solution could further be 
confirmed with SPR measurements, showing multisite binding 
on both the full APC C-terminus (“APC-C”, residues 2,163 to 
2,845) and the APC-basic domain alone (APC residues 2,163 
to 2,670, SI  Appendix, Fig.  S4 A–D). This confirms that the 
C-terminal half of APC contains multiple EB-binding sites as 
predicted by the presence of six extended EB-binding SXIP 
motifs (49) in this region. We employed automated tracking 
of EB1-mGFP to determine MT growth speed and time of 
extension periods (SI Appendix, Fig. S4E and Movie S7). Under 
our experimental condition, the presence of APC had no effect 
on MT growth speed or the extension period of a polymerizing 
microtubule (Fig. 6B). Addition of β2tubwt RNA resulted in plus-
end-tracking of APC–RNPs (Fig. 6C and Movies S8 and S9), 
with APC–RNPs also being able to track EB1-free, shrinking 
MTs (Fig.  6C). Of note, the addition of RNA had no effect 

KIF5AA+APC+�2Btubwt

10�m 

15s 

10�m 

60s 

1000 1500 2000

0

500

1000

1500

mean track intensity (a.u.)

m
ea

n
tr

ac
k

ve
lo

ci
ty

(n
m

/s
)

R2=0.05

A

AP
C 0 20 40 60 80 100

0.0

0.5

1.0

dwell time (s)

1-
cu

m
ul

at
iv

e
fr

eq
ue

nc
y

: toff = 14.9 +- 1.4 s
: toff = 5.7 +- 0.4 s

KIF5AA + APC + �2Btubwt

KIF5AA + APC + �2Btubwt

KIF5AA
APC

p<0.0001****

KIF5
AA

0

500

1000

1500

2000

tr
ac

k 
m

ea
n

ve
lo

ci
ty

(n
m

/s
) ****

1074nm/s 713nm/s
C D

AP
C

KIF5
AA

0

10000

20000

30000

to
ta

l d
is

ta
nc

e 
tr

av
el

le
d

(n
m

)

6000

****E F

0.0

0.5

1.0

co
nf

in
em

en
tr

at
io

****

AP
C

KIF5
AA

G

KIF5AA APC overlay zoom

B

0.25

0.50

0.75

1.00

ra
tio

 p
ro

ce
ss

iv
e 

ev
en

ts
 

A
PC

/K
IF

5A
A

(>
6

um
)

AP
C

KIF5
AA

Fig. 5. APC changes KIF5AA motility parameters. (A) Kymographs showing the motion behavior of KIF5AA-647 (80 pM) in magenta and APC–TMR (50 pM) in cyan. 
APC–TMR transported by KIF5AA appears white in the overlay of kymographs. White dotted rectangles indicate zoomed parts showing diffusive APC–TMR being 
picked up by KIF5AA-647 resulting in processive APC–TMR transport (Top and Bottom) as well as colanding events of APC–TMR and KIF5AA-647 also resulting 
in processive APC–TMR transport (Middle). (B) Ratio of processive KIF5AA-647 transporting APC–TMR. Only events > 6 µm were considered. (C) Track mean 
velocities of KIF5AA-647 and APC–TMR populations. Note that about 25% of processive KIF5AA-647 transports APC–TMR. Median velocities are indicated and 
statistical significance was evaluated with a Mann–Whitney test. (D) 1-cumulative frequency plot comparing dwell times of KIF5AA-647 and APC–TMR. Statistical 
significance was evaluated with a Mann–Whitney test. (E) Scatter plot depicting the total distance traveled of APC–TMR and KIF5AA-647. Statistical significance 
was evaluated with a Mann–Whitney test. (F) Violin plot depicting confinement ratios of KIF5AA-647 and APC–TMR. Statistical significance was evaluated with a 
Mann–Whitney test. (G) Scatter plot testing the correlation of KIF5AA-647 mean track velocity and mean track intensity. The dotted line represents simple linear 
regression. R2 indicates R squared.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211536119#supplementary-materials


PNAS  2022  Vol. 119  No. 50  e2211536119� https://doi.org/10.1073/pnas.2211536119   9 of 11

on MT growth speed or extension period (Fig.  6D). Control 
experiments show that APC–RNA complexes cannot track MT 
plus ends in the absence of EB1 (Movie S10) and that RNA is 
recruited to MT plus ends in an APC-dependent manner (Movie 
S11). Given the high-affinity interaction between EB1 and APC, 
we asked next whether EB1 can affect the dwell time of APC on 
MTs. We found that both the fast and the slow components of 
the APC dwell time on paclitaxel stabilized MTs increase with 
EB1 concentration to values of > 60 s (Fig. 6F). The long APC 
dwell times, even in the absence of EB1, are sufficient to enable 

processive shrinking-end-tracking of APC–RNA complexes, 
as APC dwell times can well extend beyond the duration of 
an MT shrinking event. Upon the addition of KIF3ABK, we 
observe bidirectional APC–RNA complex movements along MTs 
(Fig. 6 G and H), caused by kinesin-dependent, plus-end directed 
transport and the shrinking-end-tracking behavior of APC, 
potentially enabling mRNPs to enter and scan through fine cell 
protrusions and facilitate mRNA-target site finding by repeated 
and alternating cycles of MT plus- and minus-end-tracking with 
active transport (Movie S12).
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Discussion

In this work, we show that APC–RNPs can be transported not 
only by the heterotrimeric kinesin-2 KIF3ABK, as previously 
shown (Baumann et al. 2020)*** but also by the homodimeric 
kinesin-1 KIF5AA. Compared to KIF3ABK, however, KIF5AA 
is less specific with weaker binding activities also to the β2tub 
RNA. These weaker interactions of KIF5A with mRNP compo-
nents are one possible cause of the often-observed remaining 
transport activity which persists after a key mRNA transport factor 
has been disabled (27, 47, 50).

We further show that APC is a versatile adaptor that specifically 
binds several G-rich motifs of localized neuronal mRNAs with 
high affinity and low off rates. Of note, FMRP binds the same 
motifs as APC, partially with higher affinities, which suggests a 
competition for the same mRNA targets, likely being controlled 
by relative subcellular protein abundance and PTMs in cells. For 
instance, phosphorylation of APC by GSK3β modulates the APC–
MT interaction (51). Given that the MT- and RNA-binding 
regions overlap, a similar mechanism for APC–RNA binding 
might exist.

While KIF3ABK binds the ARM region of APC (SI Appendix, 
Fig. S1A) via KAP3, KIF5A was reported to recognize a 
C-terminal APC fragment (Ruane et al., 2016 (25) and 
SI Appendix, Fig. S1A). This caused us to speculate that both 
kinesins can bind APC simultaneously, potentially increasing 
APC–RNP processivity. However, we could not detect any syn-
ergistic effect on APC transport parameters at limiting APC 
concentrations and in the presence of both kinesins. We rather 
find that all motility parameters except for the confinement ratio 
of APC in the presence of KIF3ABK and KIF5AA (scenario 2) 
are in between the parameters of the single motor conditions 
(scenarios 1 and 3). Specifically, the bimodal velocity distribu-
tion in the mixed motor condition argues for the presence of 
two distinct APC–kinesin populations and the mutually exclu-
sive binding of KIF3ABK and KIF5AA to APC. Both motors 
might compete for the APC–ARM region, even though a more 
precise mapping of their exact interaction site is needed to sup-
port this scenario. As we found that both kinesins interact at 
least in the absence of cargo, it is currently not possible to con-
struct a final model of what happens if both kinesins encounter 
APC; we can just exclude a synergistic scenario in which both 
kinesins would engage simultaneously to transport APC.

We observed that the velocity of KIF5AA-based transport of 
APC fragments, β2tub RNA, and FMRP is faster than the trans-
port of full-length APC. As this happens at experimental condi-
tions under which mostly a dimeric APC binds a single KIF3ABK, 
and the velocity of KIF5AA–APC complexes does not correlate 
with motor intensity, we exclude the possibility that motor oli-
gomers cause the velocity difference. We instead propose that full-
length APC and APC–RNPs might use a special transport mode 
in which APC remains in contact with the MT while the motor 
drags it along the lattice. This idea is also supported by the 
extended dwell time of KIF5AA–APC complexes compared to 
cargo-free KIF5AA, which argues for additional MT attachment 
sites provided by APC. Such a transport mechanism could have 
advantages for long-range transport; if the components of the 
transport complex were not “lost” freely diffusing in the cytoplas-
mic space, the diffusion of one or both components along the MT 
could facilitate the assembly of a transport complex. Further sup-
port for such a dragging transport mode comes from the obser-
vation, that lattice-diffusing APC can be “picked up” by KIF5AA 
but also slows the motor down at the moment of transport com-
plex formation. We note that “pick up” events are observable in 

each experiment, but we refrain from statistical analysis as labeling 
both motor and cargo lowers the cargo-transport frequency which 
adds uncertainty about the true frequency at which such events 
can occur.

We finally show that EB1 is sufficient for recruiting APC and 
APC–RNPs to growing MT ends in vitro and that APC and 
APC–RNPs can track shrinking MT ends. Due to the high dwell 
times of full-length APC on the MT lattice, the observed shrink-
ing-end-tracking is very likely caused by a continuous movement 
of APC–RNPs and not a rapid turnover as for EB proteins on the 
structural cap of MT plus ends (18, 19). Since APC localizes to 
MT plus ends within filopodia of axonal growth cones (39), the 
combined action of active transport and growing- and shrink-
ing-MT plus end tracking could be an attractive mechanism to 
navigate bidirectionally within the growth cones and filopodia to 
scan for mRNP target sites.

As a microtubule plus-end-tracking protein, APC can further 
reach high local concentrations around growing MT ends, which 
could also contribute to a concentration-driven displacement of 
other proteins binding to similar mRNA motifs such as FMRP. 
As FMRP functions as a translational repressor (42), such a plus-
end-tracking-driven remodeling of mRNPs would be an interest-
ing mechanism to promote the translation of mRNAs from 
translationally inactive transport mRNPs upon their delivery to 
cellular domains with highly dynamic MTs, e.g., axonal growth 
cones. A plus-end-trailing of mRNPs has been observed in axonal 
growth cones (16), and it will now be of the highest interest to 
understand which function interactions of mRNPs with growing 
MT ends could serve in the cell.

Materials and Methods

Materials. Chemicals were obtained from Sigma if not stated otherwise. 
Single-fluorophore, 5′-end-labeled RNA fragments from mouse β-actin 
mRNA (accession number: NM_007393.5) and mouse β2-tubulin-mRNA 
(accession number: NM_023716.2) were purchased from IBA-Lifesciences 
(Germany). All 25 nt RNAs used for SPR experiments were purchased from 
IDT. The fragments for β-actin and β2tub mRNAs were taken from the same 
transcripts listed above. The Map1b-fragment comes from accession num-
ber NM_008634.2, the Camk2α-mRNA fragment from NM_001286809.1. 
TIRF-M experiments were performed on an iMIC (TILL Photonics, Germany) TIRF 
microscope equipped with three Evolve 512 EMCCD cameras (Photometrics, 
UK), a 100× 1.49 NA objective lens (Olympus, Japan), a quadband filter 
(405/488/561/647, Semrock, USA), and four different laser lines (405 nm, 488 
nm, 561 nm, and 639 nm). An Olympus tube lens adds a post magnification of 
×1.33, which results in a final pixel size of 120.3 nm. SPR experiments were 
performed on a BIACORE T100 system (GE Healthcare) using the Twin-Strep-
tag® Capture Kit (IBA-Lifesciences) and CM5-Chips (Cytiva).
Methods. All proteins used in this work were either expressed in E.coli, SF9, 
or SF21 insect cells. Proteins were purified with a combination of affinity and 
size-exclusion chromatography. SNAP labeling was used for fluorescent labeling 
of proteins. All proteins and RNAs were stored as single-use aliquots in liquid 
nitrogen until immediately prior to the assembly of the assay mixtures.

All reconstitution and microscopy experiments were essentially performed as 
described before (24, 31).

Motility data of RNA–protein complexes were analyzed using the TrackMate 
plugin (52) for Fiji (53). Please see SI Appendix, Methods for details.

Data, Materials, and Software Availability. All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the SI Appendix.
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