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The microtubule (MT) cytoskeleton plays an essential role in
mitosis, intracellular transport, cell shape, and cell migration. The
assembly and disassembly of MTs, which can occur through
the addition or loss of subunits at the plus- or minus-ends of the
polymer, is essential for MTs to carry out their biological functions.
A variety of proteins act on MT ends to regulate their dynamics,
including a recently described family of MT minus-end binding
proteins called calmodulin-regulated spectrin-associated protein
(CAMSAP)/Patronin/Nezha. Patronin, the single member of this
family in Drosophila, was previously shown to stabilize MT minusends against depolymerization in vitro and in vivo. Here, we show
that all three mammalian CAMSAP family members also bind specifically to MT minus-ends and protect them against kinesin-13–
induced depolymerization. However, these proteins differ in their
abilities to suppress tubulin addition at minus-ends and to dissociate from MTs. CAMSAP1 does not interfere with polymerization
and tracks along growing minus-ends. CAMSAP2 and CAMSAP3
decrease the rate of tubulin incorporation and remain bound,
thereby creating stretches of decorated MT minus-ends. By using
truncation analysis, we find that somewhat different minimal
domains of CAMSAP and Patronin are involved in minus-end localization. However, we find that, in both cases, a highly conserved
C-terminal domain and a more variable central domain cooperate
to suppress minus-end dynamics in vitro and that both regions are
required to stabilize minus-ends in Drosophila S2 cells. These
results show that members of the CAMSAP/Patronin family all
localize to and protect minus-ends but have evolved distinct effects on MT dynamics.
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icrotubules (MTs) are cellular polymers that are important
for a variety of functions, including cargo transport and
mitotic spindle formation. MTs are composed of dimers of αand β-tubulin that assemble head-to-tail, creating a polar protofilament. Protofilaments then assemble laterally to form the
canonical 13-protofilament MT structure, with β-tubulin exposed
at fast-growing plus-ends and α-tubulin exposed at slow-growing
minus-ends (1). MTs exhibit an intriguing property termed “dynamic instability,” whereby the polymer can abruptly switch between episodes of net growth and shrinkage (2). The rates of
growth and shrinkage as well as the frequency of transitions between these two states are regulated by numerous MT-associated
proteins, many of which bind to the ends of the polymer (3, 4).
The dynamics of MT plus-ends are regulated by a well-characterized network of plus-end tracking proteins (+TIPs) (5).
End-binding proteins recognize a tubulin conformation unique
to the growing ends of MTs and can affect the dynamics of plusends by intrinsically altering the structure of the MT end (6-8) as
well as recruiting other interacting proteins (9). In contrast,
TOG domain-containing proteins, such as XMAP215, promote
MT growth and have been suggested to act as MT “polymerases”
(10, 11). Conversely, kinesin-13s [e.g., mitotic centromere-associated kinesin (MCAK) from hamster] increase instability of MT
ends, leading to increased catastrophe frequency (12, 13). Thus,
regulation of these and other +TIPs can dramatically affect the
stability and turnover of the MT network (14, 15).
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In comparison with the well-characterized +TIPs, much less is
known about regulation of MT minus-ends. In many cells, minusends in vivo are anchored at the centrosome by the γ-tubulin ring
complex (γ-TuRC). However, cells such as epithelial cells and
neurons have noncentrosomal MT arrays, and many mitotic
spindle MTs are not directly connected to centrosomes. Minusends that are not connected to the centrosome appear to be
highly stable, in contrast to the behavior of minus-ends composed of pure tubulin. For example, newly created minus-ends
formed by breakage or laser severing tend to neither grow nor
shrink, whereas newly created plus-ends tend to rapidly depolymerize (16–20). It is unclear how this stability is mediated
and whether minus-end stability is regulated to control MT
turnover in cells.
Previous work in our laboratory identified the Drosophila
protein Patronin (from the Latin patronus, protect) in a wholegenome RNAi screen for mitotic spindle formation (21) (originally named ssp4) and showed that this protein binds to and
protects the MT minus-end against depolymerization by kinesin13 in vitro and in vivo (22). Further work in flies has shown that
Patronin antagonizes kinesin-13 during mitosis and that regulation of Patronin activity facilitates spindle elongation in anaphase B (23). In mammals, Takeichi and coworkers (24, 25) have
shown that a homologous protein, which they termed Nezha,
anchors minus-ends of MTs in cell–cell adherens junctions. The
protein family was also identified through a spectrin binding
activity and named calmodulin-regulated spectrin-associated
protein (CAMSAP) (26, 27). Bioinformatic analyses suggest that
this protein family first evolved in metazoans; invertebrates
possess a single gene whereas vertebrates possess three CAMSAP
genes (CAMSAP1, CAMSAP2, and CAMSAP3/Nezha; Fig. 1A)
(24, 26). Recent work has demonstrated that CAMSAP2 and
CAMSAP3 bind MT minus-ends and that depletion of these
proteins causes a reduction in MT numbers and changes the MT
organization in epithelial cells (28, 29). The Caenorhabditis
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Fig. 1. CAMSAPs have a conserved function of binding MT minus-ends. (A)
Most vertebrate species possess three CAMSAP/Patronin homologs, whereas
Drosophila and C. elegans each have only one. (B) Motor gliding assay for
determining the end of the MT bound by CAMSAPs; in a kinesin gliding
assay, the minus-end of the GMPCPP-stabilized MT is the leading end; polarity is reversed in a dynein gliding assay. Kinesin assay for GFP-CAMSAP2 is
shown. Arrows show GFP-CAMSAP2 on MT minus-ends. (Scale bar: 5 μm.)
Movement of an MT–CAMSAP2 complex over time (Scale bar: Inset, 2 μm.) (C)
Quantification of number of MT with GFP-CAMSAPs on their ends. Results
compiled from two independent experiments (>100 MTs scored per assay).

elegans homolog of Patronin/CAMSAP (PTRN-1) stabilizes MTs
in neurons and promotes neurite and synapse stability (30, 31).
Although these studies demonstrate that CAMSAPs and Patronin
stabilize MT minus-ends in vivo, many questions remain as to
how these proteins recognize minus-ends and affect their dynamics. Here, we show that all vertebrate CAMSAP family
members bind to MT minus-ends in vitro. However, we find
differences between the CAMSAPs and Patronin with regard to
their effects on minus-end dynamics. These results indicate that
minus-end binding and regulation is universal for all CAMSAP
members but that this activity is tunable in ways that might be
exploited by cells to regulate MT organization. While the
present paper was in submission, Jiang et al. (32) reported
similar findings for CAMSAP proteins in vitro; we compare
our findings in the Discussion.
Results
All Vertebrate CAMSAP Family Members Bind MT Minus-Ends in Vitro.

Previous studies have shown that CAMSAP2 and CAMSAP3
bind to MT minus-ends in vivo (24, 28). To determine whether
these proteins alone are sufficient for this activity and whether
this property is also true for CAMSAP1 (Fig. 1A), we purified
full-length (FL), N-terminal GFP-tagged mammalian CAMSAP1
(human), CAMSAP2 (human), and CAMSAP3 [mouse; chosen
because of previous in vivo work performed on this protein (24)].
The GFP-CAMSAPs (10–12 nM) were incubated with fluorescently labeled, guanylyl 5′-α,β methylenediphosphonate
(GMPCPP)-stabilized MTs, which were then bound to and
moved along a glass surface coated with kinesin or dynein
motors. In the kinesin gliding assay, the MT minus-end is leading
in the direction of motion, whereas the gliding direction is opposite for dynein. These gliding assays allowed us to distinguish
the polarity of end binding and determine whether the proteins
were stably bound as the MT translocated across the surface. For
all three GFP-tagged CAMSAPs, a bright fluorescent spot was
observed at the minus-ends of the majority of gliding MTs, and,
in rarer cases (<10%), was observed at both ends (Fig. 1 B and C
and Movie S1). Some MTs also had GFP spots along their length,
but these spots tended not to be stably bound as the MT moved
along the surface and were more sensitive to salt-induced dissociation. The minus-end–bound GFP punctae were approximately
two to fourfold brighter than GFP-CAMSAP fluorescent spots
on the glass (Fig. S1A), suggesting that one or a few CAMSAP
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CAMSAPs Differentially Regulate Dynamic MT Minus-Ends. Previous
in vitro work with Patronin and CAMSAP3, as well as the work
described here earlier, were performed with stabilized MT (22,
24, 26). However, in vivo, MTs are dynamic polymers; therefore,
we wanted to determine if CAMSAP proteins affected the incorporation of tubulin into growing MTs in vitro. For this experiment, a GMPCPP-stabilized “seed” MT with incorporated
Alexa 647-tubulin was adhered onto the cover glass surface.
Then tubulin monomers were added, a subset of which were labeled with Alexa 561-tubulin to discern new subunit addition to
the MT ends; GFP-CAMSAP was added into the mixture with
the tubulin monomers (Fig. 2A). Triple color images, to visualize
MT seeds, new tubulin addition, and CAMSAP, were acquired
for 3–4 min by total internal reflection microscopy (TIRF),
allowing accurate measurements of plus- and minus-end growth
of MTs. In the assay buffer and the concentrations of tubulin
(20–25 μM) used in this assay, the majority (>80%) of MTs grew
from both ends (Fig. 2 B, D, and E and Movie S2); catastrophes
(rapid depolymerization) were occasionally observed, but were
rare. Plus-ends could be differentiated from minus-ends by their
twofold faster growth rates (Fig. 2 D and E). Interestingly, when
GFP-CAMSAP1 was added, fluorescent molecules were observed tracking at the tip of growing MT minus-ends (Fig. 2D),
but did not affect the rate of tubulin incorporation at the minusend (Fig. 2G). In contrast, upon the addition of GFP-CAMSAP2
and GFP-CAMSAP3, most MT minus-ends (∼70% and 80%,
respectively) did not display growth at the limit of detection
(∼0.5 μm growth) over the ∼4 min time of image acquisition
(Fig. 2 C–E). However, the fluorescence intensity of the GFPCAMSAP at the minus-ends in these dynamic assays with monomeric tubulin (Fig. 2C) was brighter than that observed on
minus-ends of GMPCPP-stabilized MTs (Fig. 1B), suggesting
that perhaps some minus-end tubulin addition occurred and
deposited CAMSAPs on the MT. None of the CAMSAPs affected plus-end growth (Fig. 2G).
These experiments showed that CAMSAP2 and CAMSAP3
dramatically suppress MT minus-end growth, whereas CAMSAP1
has little effect despite its presence at the MT minus-end.
To determine the extent of growth suppression more accurately
for CAMSAP2 and CAMSAP3, we performed longer-term imaging experiments (Fig. 2F). Over the course of 20 min, discernable tubulin incorporation at the minus-end could be observed
for the majority of MTs that had GFP-CAMPSAP2 or GFPCAMPSAP3 at the end. GFP-CAMSAP2 coated the entire stretch
of new tubulin incorporation, suggesting that, when bound to the
minus-end, it can remain associated with the MT lattice after new
tubulins have been added on (Fig. 2F). For GFP-CAMSAP3, the
decoration appeared more discontinuous, suggesting that occasionally tubulin could grow past a GFP-CAMSAP3 cap and then
become recapped with GFP-CAMSAP3 (Fig. 2F). These longer
time-lapse experiments revealed that CAMSAP2 and CAMSAP3
reduce minus-end growth by 86% and 93%, respectively, compared with control MTs (Fig. 2G).
In summary, CAMSAP2 and CAMSAP3 strongly suppress minusend growth, but do not affect plus-end growth. In contrast,
CAMSAP1 tracks along the growing tips of minus-ends without
significantly affecting the polymerization rate. These differences
in the dynamic assay suggest that the three CAMSAP proteins,
despite their shared ability to bind selectively to MT minus-ends,
regulate minus-end dynamics in distinct ways.
Cooperation Between CAMSAP Domains Enhances Minus-End Localization and Suppression of MT Minus-End Dynamics. The three ver-

tebrate CAMSAP proteins and the single Patronin protein from
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Fig. 2. CAMSAPs differentially affect tubulin subunit addition at MT minusends. (A) GMPCPP seed MTs (with Alexa-647 tubulin and biotin tubulin) were
attached to an anti-biotin antibody–coated coverslip (Materials and Methods). Unpolymerized tubulin (23 μM) was added to the chamber with Alexa
561-labeled tubulin (2 μM) and allowed to polymerize at room temperature.
(B) Control field of polymerizing MT. GMPCPP seeds shown in blue and
newly polymerized tubulin are shown in red. Image was background-corrected
in Fiji (SI Materials and Materials). Image shown ∼3–4 min after reaction
setup. (Scale bar: 5 μm.) (C) Dynamic assay performed with addition of 10–12
nM GFP-CAMSAP3 (green spot at MT minus-ends) shows little growth after
3–4 min of polymerization. (Scale bar: 5 μm.) (D) Representative kymographs
showing polymerization of control MT and MTs bound by GFP-CAMSAPs.
Photobleaching of CAMSAP2 was partially corrected by using Fiji plugin
(SI Materials and Materials). Minus-ends are oriented to the left. (Scale bars:
horizontal, 1 μm; vertical, 20 s.) (E) Quantification of MT minus-ends showing visible growth in <4-min rapid acquisition window (control, n = 4;
CAMSAP1, n = 2; CAMSAP2, n = 3; CAMSAP3, n = 4, where n is number of
experimental days; n = 19–138 MTs per day). Minus-ends were scored as
dynamic if they underwent growth of >0.5 μm over the course of imaging (200
s). Mean and SEM are shown for averages of each experimental day. Only
MTs with GFP at the minus-end were scored. (F) Long-term (20 min) imaging
of MT seeds (blue), newly polymerized tubulin (red), and GFP-CAMSAP2 and
-3 (green). Minus-ends are oriented to the left. (Scale bar: 1 μm.) (G)
Quantification of MT plus- and minus-end growth rates; short-term imaging
(<4 min) was measured for plus- and minus-end growth rates; long-term
imaging was used for CAMSAP2 and CAMSAP3 minus-ends. Number of independent experiments on separate days are as follows. Plus ends: control,
n = 6; CAMSAP1, n = 2; CAMSAP2, n = 5; CAMSAP3, n = 5. Minus-ends: control,
n = 6; CAMSAP1, n = 2; CAMSAP2, n = 2; CAMSAP3, n = 2, for n = 19–77 MTs
per day. Mean and SEM of independent days of measurement are shown.

invertebrates all share a similar overall domain structure of an
N-terminal calponin-homology (CH) domain [which has actin
binding activity in some proteins (34)], a central domain of three
coiled coils with a predicted poorly structured region between
coils 2 and 3 [herein referred to as the coiled-coil (CC) domain],
and a C-terminal conserved globular domain known as the CKK
domain (26). Previous studies have shown that Patronin’s CH
5862 | www.pnas.org/cgi/doi/10.1073/pnas.1404133111
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domain is diffusely localized when expressed in cells (22). The
CKK domain has been shown to bind to MT in vivo (22) and in
vitro (26), but minus-end localization was not carefully examined
in these studies.
To understand the roles of each domain in minus-end binding,
we expressed and purified three truncations of CAMSAP3: the
CKK domain, the CC domain, and the CC+CKK domains (Fig.
3). We first incubated these GFP-tagged, purified proteins with
GMPCPP-stabilized MTs and performed kinesin gliding assays.
We found that the CKK domain of CAMSAP3 (CKK3) bound to
MTs along their entire lengths, although MTs showed a higher
concentration of GFP-CKK3 at their minus-ends (Fig. 3B and
Movie S3). However, this association was very sensitive to salt;
virtually all GFP-CKK dissociated from the MTs when 60 mM
KCl was added to the buffer (Fig. 3B and Movie S3). Similar
results were also obtained for GFP-CKK domains from CAMSAP1 and CAMSAP2 (Fig. S1). In contrast, the CC domain from
CAMSAP3 did not bind to MTs (Fig. 3B). However, the CC+
CKK domain from CAMSAP3 (Fig. 3B) and CAMSAP2 (Fig.
S1C) bound to MT minus-ends at 60 mM KCl and few molecules
were found along the length of the MT. These data indicate that
the CKK domain is responsible for MT localization of mammalian CAMSAP proteins, but that the CC domain enhances
the strength and specificity of minus-end binding at higher,
more physiological ionic strengths.
We next tested the CC+CKK domains from CAMSAP2 and
CAMSAP3 on dynamic MTs and found that they both suppressed MT minus-end growth (Fig. 3 C and D). Thus, the CH
domain is not needed for minus-end localization or suppression
of dynamics.
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Fig. 3. CAMSAP domains involved in minus-end MT binding and regulation
of dynamics. (A) CAMSAP domain structure; predicted CC regions shown as
cylinders. (B) The CKK domain of CAMSAP3 (20 nM) binds along the length
of MTs with an accumulation at MT minus-ends, as shown by TIRF microscopy. CKK binding is abolished in the presence of 60 mM KCl. CAMSAP3 CC
does not exhibit MT binding, but the CC+CKK domain shows specific MT
minus-end binding in the presence of 60 mM KCl. (Scale bar: 2 μm.) (C)
Representative kymographs of MTs capped by the CAMSAP2 and CAMSAP3
CC+CKK domains. For both CAMSAPs, the CC+CKK domains recapitulate
minus-end capping to the same extent as the FL proteins. (Scale bars: horizontal, 1 μm; vertical, 20 s.) (D) Quantification of minus-end growth rates
determined by long-term (20 min) imaging of MT dynamics (control growth
rate from Fig. 2, for CAMSAP2 and -3 CC+CKK, n = 2, n = 14–32 MTs per day).
Mean and SEM of each experimental day are shown. Only MTs with GFP
initially at the minus-end were analyzed.
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minus-ends from depolymerization by MCAK, a kinesin-13
protein that causes subunit loss and destabilizes MT ends (22).
We next investigated whether the three mammalian CAMSAPs
are able to protect MT minus-ends against kinesin-13–induced
depolymerization. GMPCPP-stabilized, fluorescent MTs with
incorporated biotinylated tubulin were adhered to coverslips;
kinesin-13 (MCAK; 6 nM) was added, and depolymerization of
MT ends was followed by TIRF microscopy (Fig. 4A). For control MTs, 93% of the MTs were depolymerized from both ends
and 7% did not depolymerize at either end; depolymerization
from just one end was never observed (Fig. 4 B and C). In contrast,
the majority of MT depolymerized from just one end in the presence
of CAMSAP3 (74%), CAMSAP2 (63%), and CAMSAP1 (54%;
Fig. 4 B and C and Movie S4). These results suggest that the function
of protecting MTs from kinesin-13–mediated depolymerization is
conserved throughout all members of the family.
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Fig. 4. CAMSAPs protect MT minus-ends from depolymerization by MCAK.
(A) Schematic of assay. (B) Representative kymographs of control MT depolymerizing from both ends (Left), and MT protected in the presence of CAMSAP3
(Right). In the low-salt conditions needed for MCAK depolymerization, CAMSAPs
tend to bind along MT length; hence, only the MT imaging channel is shown.
(Scale bars: horizontal, 1 μm; vertical, 60 s.) (C) Quantification of MTs exhibiting
kinesin-13-induced end-wise depolymerization behaviors. Number of independent experiments on separate days are as follows: control, n = 3;
CAMSAP1, n = 2; CAMSAP2, n = 2; CAMSAP3, n = 2, for n = 17–142 MTs
per day. Mean and SEM are shown for the different experimental days.
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Fig. 5. Domains required for Drosophila Patronin minus-end binding, suppression of growth in vitro, and MT stability in S2 cells. (A) Schematic of
Patronin domain structure. The Patronin CC domain and CC+CKK domains
bind to MT minus-ends (white arrows) in a kinesin gliding assay. (Scale bar:
2 μm.) (B) Representative kymographs of dynamic MTs capped by Patronin
GFP-CC and GFP-CC+CKK. (Scale bars: horizontal, 1 μm; vertical, 20 s.) (C)
Quantification of minus-end growth rates in the presence of Patronin
truncations. Short-term images were scored for Pat CC; long-term images
were scored for Patronin CC+CKK. For control, n = 6; Pat CC, n = 1; Pat CC+
CKK, n = 2; n = 10–39 MTs per day; mean and SD shown for each experimental day. (Inset) MT growth (red) from stabilized seeds (blue) after 15 min
in presence of Pat CC+CKK (green). (Scale bar: 1 μm.) (D) Quantification of
Drosophila rescue experiments. Experiment was performed in duplicate (n =
10–12 cells scored on each day); results from each day are shown as separate
bars. (E) Representative cells from rescue experiments. (Insets) Zoom of cell
edge; yellow arrows mark representative MT fragments used for scoring.
(Scale bars: full cell, 10 μm; Inset, 2.5 μm.)

CAMSAP proteins. Surprisingly, we found that the Patronin CC
domain tracked growing MT minus-ends in vitro, but did not
change the rate of minus-end growth (Fig. 5C and Movie S5),
similar to the behavior observed for CAMSAP1. In contrast, the
Patronin CC+CKK domain bound to minus-ends and suppressed
tubulin incorporation by ∼90% compared with control MT minus-ends (Fig. 5C). The GFP-CC+CKK domain tracked along
the tip of these very slow-growing minus-ends, but did not coat
the region of new growth like CAMSAP2 (Fig. 5C). These results
show that the Patronin CC domain can bind to MT minus-ends,
but must work in coordination with the CKK domain to suppress
minus-end dynamics.
The Patronin domain analysis uncovered a construct that binds
MT minus-ends but does not suppress growth (Pat CC) and a construct that binds and suppresses minus-end dynamics (Pat CC+
CKK). We performed rescue experiments with these constructs,
as well as FL Patronin, to determine which domains are necessary to rescue the interphase Patronin RNAi phenotype. Endogenous Patronin was depleted by using dsRNAs against the
3′ and 5′ UTRs, so that rescue experiments could be performed
with Patronin constructs lacking these UTR sequences. Similar
to our earlier results (22), Patronin knock-down with UTR
sequences caused the appearance of small, treadmilling MT
fragments in the cytoplasm (Fig. 5 D and E and Movie S6).
Transfection of the FL and the CC+CKK constructions led to full
rescue (no treadmilling, short MTs; Fig. 5 D and E and Movie S6).
In contrast, the CC domain, which localizes to minus-ends but
PNAS | April 22, 2014 | vol. 111 | no. 16 | 5863
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CAMSAP homolog, Patronin, which is most closely aligned with
CAMSAP2 and CAMSAP3 (Fig. 1A). The presence of a single
gene, coupled with a high efficiency of RNAi-mediated protein
knockdown, makes Drosophila S2 cells a good system for studying the roles of these minus-end regulatory proteins. Previous
RNAi knockdown of Patronin was shown to decrease the number
of interphase MTs and cause the appearance of short, “treadmilling” MT fragments (22). The latter phenotype is easily
scored by time-lapse microscopy and provides a clear in vivo
assay for Patronin function.
We first conducted a functional analysis of purified Patronin
domains (Fig. 5A). As was true for CAMSAP3, we found that the
CC+CKK domain bound tightly and specifically to MT minusends (Fig. 5B). In contrast to what we found for CAMSAP3, the
Patronin GFP-CKK domain (10 nM) did not exhibit observable
binding to MT in a TIRF assay, even in the absence of KCl (Fig.
S1C). Also in contrast to the mammalian CAMSAPs, the GFPCC domain alone bound highly specifically to MT minus-ends
(Fig. 5B). Through truncation analysis, we identified an ∼70-kDa
fragment in the C-terminal half of the CC domain (amino acids
868–1457) that is necessary and sufficient for binding selectively
to MT minus-ends (Fig. S2 A and B, construct 4). This region
eliminates the first two predicted coiled coils and contains a
predicted unstructured region plus the C-terminal coiled coil;
the C-terminal coiled coil (amino acids 1288–1457) alone, however, was insufficient to confer MT minus-end binding (Fig. S2B).
To assess how these domains affect MT dynamics, we performed MT growth assays, as previously described for the

does not suppress minus-end dynamics, did not rescue the knockdown phenotype (Fig. 5 D and E). These results demonstrate that
suppression of MT minus-end dynamics is essential for Patronin’s
function in stabilizing MT minus-ends in vivo.
Discussion
This work, in combination with several other recent studies,
provides support for the model that metazoan CAMSAPs/
Patronins act as stabilizing proteins for MT minus-ends. Previous
work has shown that Drosophila Patronin stabilizes minus-ends
against depolymerization by kinesin-13 (22). Here, we show that
this kinesin-13 protection activity extends to the mammalian
CAMSAPs and that Patronin and CAMSAP2 and CAMSAP3
also strongly suppress minus-end growth. While this paper was in
submission, Jiang et al. (32) showed that CAMSAP2 and CAMSAP3
decrease minus-end polymerization in vitro and protect minus-ends
from depolymerization after a laser-induced cut of MTs in vitro
and in vivo. They also showed that a stretch of MT coated with
CAMSAP2 is protected against depolymerization traveling toward it from the plus end following a catastrophe.
In addition to these in vitro studies, the MT minus-end protection activity of CAMSAPs/Patronin has been shown to be
important for maintaining noncentrosomal MTs (22, 28, 32), and
the loss of this activity impacts cell migration (32), neurite
morphology (30, 31), and mitosis (21, 23). Interestingly, although
Patronin plays an important role in mitosis in flies, Jiang et al.
did not find mitotic defects of CAMSAP2 knockdown (32). Although this result may reveal a difference in the biological function of Drosophila vs. mammalian proteins, it is possible that the
knockdown of all three CAMSAPs may be needed to uncover
a mitotic phenotype. CAMSAPs also have been reported to interact biochemically with spectrins (an activity from which the
CAMSAPs derive their name), and overexpression studies have
suggested that this interaction may be important in vivo (27).
However, evidence supporting a physiological connection of this
protein family with spectrin is less clear than their role in regulating MT minus-ends. Thus, it may be warranted to develop a
new unifying nomenclature for the invertebrate and vertebrate
proteins reflecting their MT function.
Despite their common activity in binding MT minus-ends, the
mammalian CAMSAPs exhibit different properties with respect to
their effectiveness as a “cap” for growing MT minus-ends. We and
Jiang et al. (32) show that CAMSAP1 tracks at the tips of growing
minus-ends, whereas CAMSAP2 and CAMSAP3 suppress minusend growth, with CAMSAP3 being more robust in its activity. Thus,
all the CAMSAPs can remain bound to the MT end and still allow
the addition of new tubulins to varying extents. The different
CAMSAPs/Patronin also exhibit different off-rates from the
MT lattice [present work and Jiang et al. (28)]. CAMSAP1 and
Patronin bind at the very tip of the minus-end, and thus, in a similar
manner to +TIP tracking proteins, must dissociate after allowing
tubulin incorporation. CAMSAP2 and CAMSAP3, however, appear to remain tightly bound to the MT lattice after tubulin incorporation, creating an elongated stretch of bound molecules.
The mechanism of minus-end recognition (where α-tubulin
is exposed) by CAMSAP/Patronin is unclear, although several
results suggest a complex binding mechanism. The CAMSAPs
and Patronin bind to the ends of nondynamic, GMPCPP-stabilized MT in substoichiometric (n < 13) numbers, suggesting that
they can recognize some feature that is unique to the exposed
α-tubulin surface at the minus-end. In a dynamic MT assay,
however, tubulin addition results in increasing numbers of
CAMSAPs being deposited near the minus end. Because not all
these CAMSAPs can bind to the limited number of exposed
α-tubulins at the very minus-end, they must be retained by other
means. The lattice affinity of individual CAMSAPs on stabilized
MTs appears to be relatively weak (Fig. 1). However, when they
have been deposited at the exposed minus-end by tubulin subunit
addition, adjacent CAMSAPs might interact cooperatively with
one another to be retained on the MT lattice.
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Truncation experiments to identify a minimal domain involved
in minus-end binding led to somewhat different results for the
mammalian CAMSAPs and invertebrate Patronin. For CAMSAP,
the CKK domain binds to MTs weakly and shows preferential
minus-end localization [present results and those of Jiang
et al. (32)], but the Patronin CKK domain does not bind MTs
under the same conditions. Conversely, the Patronin CC domain
shows clear minus-end binding, whereas the CAMSAP3 CC
domain shows no detectable MT binding activity in the microscopy assay. However, for both CAMSAPs and Patronin, a combination of the CC+CKK produces robust minus-end recognition
and suppression of minus-end dynamics in vitro [present results
and those of Jiang et al. (32)] and in vivo (Fig. 5). It seems plausible that mammalian CAMSAPs and invertebrate Patronin have
two domains that facilitate minus-end binding; the evolution of
different binding strengths and cooperativity of these domains
may account for the distinct minus-end behavior of invertebrate
Patronin and mammalian CAMSAPs, and between the mammalian CAMSAPs. Consistent with this idea, a region in the CC
domain that is important for CAMSAP function and conserved
among vertebrate CAMSAPs is not conserved in Drosophila
Patronin (32). Interestingly, the N-terminal CH domain, which is
conserved among all invertebrate and vertebrate CAMSAPS, does
not appear to be necessary for MT minus-end regulation and
perhaps is involved in a yet unidentified function of these proteins.
Our work, as well as the recent studies by Jiang et al. (32) and
Tanaka et al. (28), suggest that MT minus-ends may be subject to
more regulation than previously thought. The vertebrate and
invertebrate CAMSAPs all appear to strongly protect minusends against depolymerization caused by MT depolymerases or
breaks. However, CAMSAPs and Patronin permit tubulin subunit addition at the minus-end at very different rates. These
differences could lead to a tunable system for regulation of minusend dynamics in cells. We also find somewhat different efficiencies
of protection against kinesin-13–mediated depolymerization by
the CAMSAPs. The different off-rates of CAMSAPs from MTs
also may have a physiological role, as elegantly demonstrated by
Jiang et al. (32), who showed that long, decorated stretches of
CAMSAP2 at minus-ends can create stable seeds that can undergo
repeated rounds of growth after plus-end catastrophes. The interplay of CAMSAPs within a single cell may play an important
role in regulating the MT network. For example, Tanaka et al.
have documented cooperation between CAMSAPs in epithelial
cells and observed that MT minus-ends are decorated with
similar sized, short stretches of CAMSAP2 and CAMSAP3, but
that the length of minus-end decoration by CAMSAP2 increased
considerably after CAMSAP3 depletion by RNAi (28). This result suggests that the size of these minus-end caps may be governed by the ratios of the CAMSAPs in cells. Future studies will
likely reveal how different cell types use and regulate the different activities of CAMSAP proteins to control noncentrosomal
MTs during cell division, migration, and differentiation.
Materials and Methods
Plasmid Construction, Protein Expression. and Protein Preparation. Information on plasmid construction, protein expression. and protein preparation
is provided in SI Materials and Materials.
In Vitro Assays. Single-molecule assays were imaged by using a Nikon Ti
microscope (1.49 N.A., 100× objective) by TIRF; images were acquired with
an Andor EM-CCD camera and MicroManager software (35). Flow chambers
(∼8 μL) were created by using double-stick tape and silanized coverslips by
using a procedure modified from Gell et al. (36). Briefly, coverslips were
washed by sonication in 1 M NaOH, rinsed, dried and plasma cleaned, silanized
for 1 h using trichloroethylene plus 0.1% dimethyldichlorosilane, washed in
three consecutive baths with methanol and sonication, and then dried.
All assays were completed in assay buffer [80 mM piperazine-N,N’-bis
(ethanesulfonic acid) (PIPES), 2 mM MgCl2, 1 mM EGTA (BRB80), with 60 mM
KCl] as specified. For motor-driven gliding assays, flow chambers were incubated sequentially (5 min each) with 0.2 mg/mL of anti-His antibody and
1 mg/mL κ-casein, followed by ∼100–200 pM of a truncated, dimeric human
kinesin (SI Materials and Materials). For dynein gliding assays, the motor
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imaging experiments were measured over a period for which the MT could
be clearly resolved by making a rectangle in which the corners marked the
beginning and end of growth; height of the rectangle corresponded to
time elapsed, and width corresponded to the growth distance. For depolymerization assays with kinesin-13, MTs were assessed for depolymerization by
kymograph analysis.
Patronin RNAi Experiments in Drosophila S2 Cells. Drosophila S2 cells stably
expressing GFP-tubulin and mCherry–Patronin constructs were generated
and cultured as previously described (22). For RNAi experiments, dsRNAs
against the 3′ and 5′ UTRs of Patronin were synthesized as described in SI
Materials and Materials. Cells were subjected to two rounds of RNAi over
the course of 8 d and plated on concanavalin A for imaging. Cells were
imaged on a Zeiss spinning-disk confocal microscope with a 100× 1.45 N.A.
objective by using an Andor EM CCD camera at 5–10-s intervals.

Image Analysis. Kymographs of MT growth or depolymerization were made
using the Fiji Reslice function (39). Rates of growth for long- and short-term
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domain of dynein (SI Materials and Materials) was incubated in a flow cell
with acid-base washed coverslips, followed by 1 mg/mL κ-casein and addition of motility mix. Motility mix contains assay buffer plus CAMSAP proteins
(10–12 nM), MTs, 4 mM ATP, and 2 mM protocatechuic acid (PCA)/protocatechuate-3,4-dioxygenase (PCD)/Trolox [to reduce photobleaching, (37)];
images were acquired at 2, 5 or 10 s intervals for 20–50 frames.
For in vitro assays, we used a modification of the assay developed by Gell
et al. (36). Flow chambers were incubated (5 min each) sequentially with
0.2 mg/mL anti-biotin antibody, 1 mg/mL κ-casein, and biotinylated MT seeds.
For dynamic assays, tubulin dynamics were measured in assay buffer plus
25 μM unlabeled tubulin, 2 μM Cy5 or Alexa 561-labeled tubulin, 1 mg/mL
κ-casein, 0.1% methyl cellulose, 2–4 mM GTP, and 2 mM PCA/PCD/Trolox.
CAMSAP and Patronin GFP-tagged proteins were added at a final concentration of 10–20 nM. Imaging was performed at room temperature. Images
were acquired at 2-s intervals for 100–200 s. For long-term imaging, flow
chambers were sealed using valap; images were acquired every 1–5 min for
20 min. For kinesin-13 assays, chambers were prepared as described previously. BRB80 plus 6 nM MCAK (38), 2 mM ATP, 1 mg/mL κ-casein, and
Trolox/PCA/PCD was flowed into the chamber for imaging. Imaging was
done in TIRF at 10-s intervals for 10–20 min.

