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Summary

Chloroplast movement in response to changing light
conditions optimizes photosynthetic light absorption [1].
This repositioning is stimulated by blue light perceived via
the phototropin photoreceptors [2—4] and is transduced to
the actin cytoskeleton [5]. Some actin-based motility
systems use filament reorganizations rather than myosin-
based translocations [6]. Recent research favors the hypoth-
esis that chloroplast movement is driven by actin reorgani-
zation at the plasma membrane [7, 8], but no proteins
affecting chloroplast movements have been shown to asso-
ciate with both the plasma membrane and actin filaments
in vivo. Here we identified THRUMIN1 as a critical link
between phototropin photoreceptor activity at the plasma
membrane and actin-dependent chloroplast movements.
THRUMIN1 bundles filamentous actin in vitro, and it local-
izes to the plasma membrane and displays light- and photo-
tropin-dependent localization to microfilaments in vivo.
These results suggest that phototropin-induced actin
bundling via THRUMIN1 is important for chloroplast move-
ment. A mammalian homolog of THRUMIN1, GRXCR1, has
been implicated in auditory responses and hair cell stereo-
cilla development as a regulator of actin architecture [9,
10]. Studies of THRUMIN1 will help elucidate the function
of this family of eukaryotic proteins.

Results and Discussion

To better understand light-mediated chloroplast movement,
we performed a photometric screen for plastid movement
impaired mutants in Arabidopsis thaliana [11]. The thrumin1-1
mutant was isolated on the basis of slower-than-normal
changes in red-light leaf transmittance in response to low
and high blue-light treatments (Figure 1A). Chloroplast move-
ment defects of thrumin1-1 homozygous mutant plants were
also observed during blue-light microbeam experiments (see
Movie S1 available online). Kinetic analysis of chloroplast
movement during these blue-light microbeam assays indi-
cates that the average speed and straightness of chloroplast
movements were reduced in thrumin1-1 mutants compared
to wild-type plants (Figures S1A and S1B).

*Correspondence: rhangart@indiana.edu
3Present address: Cold Spring Harbor Laboratory, Cold Spring Harbor, NY
11724, USA

By recombinant mapping and candidate gene sequencing,
two nonsynonymous mutations  (thrumin1-1%2€  and
thrumin1-15%3%) were identified in the At1g64500 open
reading frame in the thrumin1-1 mutant (Figure 1C). Two inde-
pendently derived T-DNA insertion mutants (Figure 1A),
thrumin-2 and thrumin1-3, also displayed chloroplast move-
ment defects identical to thrumin1-1 (Figure 1A), confirming
that THRUMIN1 is involved in chloroplast movement. Further-
more, the THRUMIN1-YFP fusion protein fully complemented
the low-light-induced chloroplast movements and partially
complemented the high-light avoidance response in
thrumin1-1 mutants (Figure 1B).

THRUMIN1 belongs to a family of proteins found in plants
and animals that contain conserved C-terminal glutaredoxin-
like and putative zinc-binding cysteine-rich domains (Figure 1D
and Figure S1C) [12]. The N-terminal half of THRUMIN1 is
proline rich and predicted to be intrinsically disordered (Fig-
ure 1E). Members of this protein family include mammalian
GRXCR1 [9]. Mouse and human grxcr1 mutants are deaf [9,
10] and have shorter hair cell stereocilia [9, 13]. In transfected
hair cells, GRXCR1 localized in the vicinity of actin in stereoci-
lia similar to the actin-bundling protein, ESPIN [9]. The glutare-
doxin domain of GRXCR1 was proposed to deglutathionylate
actin [10], but a direct association between GRXCR1 and actin
filaments has not been determined. The glutaredoxin-like
domain of THRUMIN1 lacks the N-terminal catalytic cysteine
conserved in dithiol and monothiol glutaredoxins (Figure S1D)
[14]. Moreover, a fusion protein in which the only conserved
cysteine was mutated to a serine in the glutaredoxin-like
domain (THRUM12*'S_.YFP) complemented the chloroplast
movement defect of thrumin1 mutants as effectively as
THRUM1-YFP (Figure 1B). These results indicate that
THRUMIN1-mediated deglutathionylation is not necessary
for chloroplast movement.

In Arabidopsis, THRUMIN1-YFP localized to filamentous
structures (Figure 2; Movie S2; Movie S3). Treatment of leaf
sections expressing THRUMIN1-YFP with 10 M latrunculin
B (LatB) disrupted THRUMIN1-YFP filament localization, re-
sulting in a punctate localization pattern (Figure 2). These
aggregates of THRUMIN1-YFP probably represent stable
LatB-resistant actin filaments or multimeric THRUMIN1 (Fig-
ure 2). These results demonstrate that the filamentous locali-
zation pattern of THRUMIN1-YFP is actin dependent. As
further evidence of an in vivo association between THRUMIN1
and actin, THRUMIN1-YFP localized in proximity to a CFP-
mTalin actin reporter [15] in tobacco mesophyll cell transient
expression assays (Figure S2A).

THRUMINT1 protein was previously identified in highly puri-
fied plasma membrane fractions isolated from Arabidopsis
leaf tissue using mass spectrometry [16]. Furthermore,
THRUMIN1 was predicted to be N-myristoylated and S-palmi-
toylated at glycine-2 and cysteine-3, respectively [17]. In the
thrumin1-1 mutants, glycine-2 is changed to a glutamic acid
(Figure 1D), which is predicted to disrupt both N-myristoyla-
tion and S-palmitoylation and thereby preclude anchoring at
the plasma membrane. To test these predictions, we ex-
pressed THRUMIN1%?A.YFP and THRUMIN1°F-YFP fusion
proteins in thrumin1-1 mutants. Unlike THRUMIN1-YFP, both
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Figure 1. THRUMIN1 Is Required for Normal Chloroplast Movement

(A and B) Chloroplast movement-dependent changes in red-light transmittance through rosette leaves of wild-type (WT), thrumin1 mutants, and transgenic
lines in response to low (1.0 umol m~2 s~ turned on at 60 min) and high (40 umol m~2 s~ turned on at 120 min) blue light. Data represent the average +

standard error of the mean (SEM) (n = 6-7).

(C) Diagram of the At1g64500 locus, containing no introns, indicating the positions of the thrumin1-1%2€ and thrumin1-153%°K mutations and the T-DNA inser-

tion sites in thrumin1-2 and thrumin1-3 mutants.

(D) Protein schematic depicting the relative positions of the expected amino acid substitutions associated with the thrumin1-1 mutant, the predicted
N-myristoylation and S-palmitoylation sites, the intrinsically disordered region (IDR), the glutaredoxin like domain (GRX-like), and the cysteine-rich domain.
(E) VSL2 disorder prediction of THRUMIN1 indicating that the N-terminal half is disordered (score > 0.5). See also Figure S1 and Movie S1.

THRUMIN1%2A.YFP and THRUMIN1°3F-YFP failed to comple-
ment the chloroplast movement defect of thrumin1-1 mutants
(Figure S2B). Furthermore, THRUMIN12A-YFP (Figure 2) and
THRUMIN1®F-YFP (data not shown) localized diffusely in the
cytoplasm surrounding the chloroplasts and other organelles.
The diffuse distribution of THRUMIN1%2A-YFP in the cyto-
plasm was not affected by LatB (Figure 2), which may signify
that THRUMIN1’s ability to interact with F-actin in Arabidopsis
is dependent on anchoring to the plasma membrane.
However, THRUMIN1%2A-YFP colocalized with the CFP-
mTalin actin reporter along thick actin cables when transiently
expressed in tobacco (Figure S2A).

To test the significance of the intrinsically disordered region
(IDR), the glutaredoxin-like (GRL) domain, and the Cys-rich
domain, we expressed a series of N- and C-terminal trunca-
tions in planta. When stably transformed into Arabidopsis,
the N-terminal IDR-GRL-YFP and IDR-YFP truncation fusion
proteins localized to filaments (Figure 2) but failed to comple-
ment the chloroplast movement defect (Figure S2B). LatB
treatment disrupted IDR-GRL-YFP and IDR-YFP filament
localization, resulting in a diffuse plasma membrane localiza-
tion pattern (Figure 2). The GRL-Cys-rich-YFP and Cys-rich-
YFP fusion proteins displayed cytoplasmic localization when
transiently expressed in tobacco mesophyli cells (Figure S2C).
Together, these results demonstrate that the acylated
N-terminal half, which contains the intrinsically disordered
region of THRUMIN?1, is sufficient for actin-dependent filament
localization at the plasma membrane, whereas the Cys-rich
domain is necessary for chloroplast movement.

We examined changes in the localization of THRUMIN1-YFP
in response to blue light (Figures 3A and 3B; Movie S4). Treat-
ment with a blue-light microstripe stimulated the chloroplast
avoidance response (Figure 3A) and intensified THRUMIN1-
YFP fluorescence along filaments inside the region irradiated
with blue light (Figure 3B). THRUMIN1-YFP localization to fila-
ments became less distinct, and the intensity of the YFP signal

decreased, within 5 min after turning off the blue light (Figures
3A and 3B). The light-induced changes in THRUMIN1-YFP fila-
ment formation are reversible through subsequent light-dark
treatments (Movie S4). THRUMIN1-YFP fluorescence intensity
did not increase in response to a blue-light microstripe in
phot1phot2 double mutants (Figures 3A and 3C; Movie S4),
demonstrating that the blue-light-mediated intensification of
THRUMIN1-YFP fluorescence is dependent upon the photo-
tropin blue-light photoreceptors. Similar to their redundant
control over chloroplast movements, PHOT1 and PHOT2 func-
tion redundantly in this process because phot1 (Figures 3A
and 3D; Movie S4) and phot2 (Figures 3A and 3D; Movie S4)
single mutants displayed blue-light-mediated increases in
THRUMIN1-YFP fluorescence. Recently, Kadota et al. [7]
observed a meshwork of short actin filaments accumulating
along the leading edges of chloroplasts in response to micro-
beam irradiation. Using plants expressing the LIFEACTIN-YFP
actin reporter construct [18], we routinely observed an abun-
dance of blue-light-independent thick cytoplasmic actin
cables in mesophyll cells, but we have not observed a mesh-
work of actin around chloroplasts (Movie S5).

To test whether THRUMIN1 binds to actin filaments directly,
we incubated purified recombinant protein with actin filaments
and sedimented them at high speed (Figure 4A). In the absence
of actin, THRUMIN1 did not sediment, whereas a substantial
amount of THRUMIN1 pelleted in the presence of F-actin.
A well-characterized actin-binding protein, Arabidopsis
FIMBRIN1 [19], behaved in a similar manner, whereas GST
failed to sediment in the presence of actin filaments (Figure 4A).
These results indicate a direct interaction of THRUMIN1 with
actin filaments. To test whether THRUMIN1 could bind more
than one actin filament and/or generate higher-order struc-
tures, we performed low-speed filament sedimentation assays
(Figure 4B). Under these conditions, actin filaments on their
own do not sediment appreciably and remain in the superna-
tant. In the presence of THRUMIN1 or FIMBRIN1, a significant
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Figure 2. THRUMIN1 Localization to Filaments Is

THRUM1-G2A-YFP THRUM1-YFP

IDR-GRL-YFP

IDR--YFP

amount of actin was found in the pellets, indicating the forma-
tion of higher-order structures that can be sedimented atlow g
forces. The amount of actin pelleted in the presence of
THRUMIN1 was dose dependent and saturable (Figures 4C
and 4D). Fluorescence light microscopy revealed that
THRUMINT1 induced the formation of actin filament bundles
(Figure 4G) similar to those produced by the well-character-
ized bundling protein, Arabidopsis VILLIN1 (Figure 4F). These
results demonstrate unambiguously that THRUMIN1 is an
F-actin binding and bundling protein in vitro.

THRUMIN1 belongs to a poorly understood family of
proteins conserved in plants and animals [12]. Mutations in
Arabidopsis THRUMIN1 and mammalian homologs of
GRXCR1 [9, 10] result in impaired responses to environmental
stimuli. Our finding that THRUMIN1 binds to and bundles actin
in vitro establishes that members of this family of proteins can
function as actin-accessory proteins.

Many actin-accessory proteins are involved in regulating
actin dynamics at the plasma membrane in response to
extracellular stimuli in animals. In plants, however, very little
is known about the relationship between receptors at the
plasma membrane, signaling cascades, and actin organiza-
tion or dynamics. Our data suggest a model in which
THRUMINT1 is involved in the bundling of actin filaments at
the plasma membrane in response to blue light perceived
by the phototropin photoreceptors. The light-dependent
actin bundling mediated by THRUMIN1 may in turn dynam-
ically remodel actin filament arrays nucleated by CHUP1 at
the chloroplast outer envelope to drive chloroplast

Actin Dependent, and Localization to the Plasma
Membrane Is Dependent upon Residues Pre-
dicted to be Acylated

Localization of THRUM1-YFP, THRUM1%2A-YFP,
IDR-GRL-YRP, IDR-YFP (false-colored
magenta), and chloroplasts (false-colored cyan)
in Arabidopsis mesophyll cells infiltrated and
mounted in 200 mM mannitol. To assay the effect
of LatB on fusion protein localization, we incu-
bated leaf sections in 0.5% dimethyl sulfoxide
or 10 uM LatB for 1 hr prior to imaging. All scale
bars represent 5 um. See also Figure S2, Movie
S2, and Movie S3.

movements. Altogether, this study
reveals that THRUMIN1 is a key link
between light perception at the plasma
membrane and the regulation of
cortical actin dynamics.

Experimental Procedures

Detailed materials and methods are described in
the Supplemental Experimental Procedures.
Briefly, Arabidopsis plants were grown at
~23°C with cool-white florescent light
(~100 umol m~2 s™") and a 10 hr photoperiod.
Chloroplast movements were monitored photo-
metrically [20] or microscopically using blue-light
microbeam irradiations. Live-cell imaging of
palisade leaf cells was accomplished using
a laser scanning inverted five-channel confocal
microscope. THRUMIN1 actin binding and
bundling were studied using low- and high-speed
actin cosedimentation assays [19, 21]. The actin-
bundling activity of THRUMIN1 was also
observed by wide-field fluorescence microscopy using rhodamine-
phalloidin-labeled actin [22, 23].

-2

Supplemental Information

Supplemental Information includes two figures, Supplemental Experimental
Procedures, and five movies and can be found with this article online at
doi:10.1016/j.cub.2010.11.059.
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Figure 3. Light-Dependent THRUMIN1-YFP Localization to Filaments Is Modulated by the Phototropins

(A) THRUMIN1-YFP localization in low-light-acclimated thrumin1-1, phot1-5, phot2-1, and phot1phot2 mutants in response to darkness and a blue-light
microstripe. Areas within the white boxes were illuminated with a blue-light microstripe. Scale bars represent 5 um.

(B-D) Quantification of THRUMIN1-YFP fluorescence over time within and outside of the region illuminated with the blue-light microstripe in thrumin1-1
mutants (B), phot1phot2 double mutants (C), and phot1-5 and phot2-1 single mutants (D). Data represent the average = SEM (n = 3-5). See also Movie
S4 and Movie S5.
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Figure 4. THRUMIN1 Binds to and Bundles F-Actin

(A) The ability of THRUMIN1 to bind to actin filaments was determined with high-speed cosedimentation assays. Actin (3 M) was incubated with or without
THRUMIN1 (THM), FIMBRIN1 (FIM1), or GST (10 uM) under polymerizing conditions and then sedimented at 186,000 x g. Samples of the total (T) reaction
mix, supernatant (S), and pellet (P) from each condition were subjected to SDS-PAGE.

(B) The ability of THRUMIN1 to form higher-order structures with F-actin was determined with low-speed cosedimentation assays. Prepolymerized actin
(3 uM) was incubated with or without THRUMIN1, FIM1, and GST (10 uM) under polymerizing conditions, followed by centrifugation at 13,500 x g, and
T, S, and P samples were analyzed by SDS-PAGE.

(C and D) THRUMIN1 exhibits dose-dependent bundling of F-actin. The low-speed cosedimentation assay was performed with 3 uM F-actin and various
amounts of THRUMIN1. Supernatant (bottom) and pellet (top) samples were subjected to SDS-PAGE (C). The percentage of actin in the pellet was deter-
mined by densitometry and plotted against the amount of THRUMIN1 (D). Data represent the average = standard deviation.

(E-G) THRUMIN1 forms F-actin bundles. Reactions containing repolymerized actin (1 uM) alone (E), with 50 nM Arabidopsis VILLIN1 (VLN1), a known
bundling protein (F), or with 2 uM THRUMIN1 (G) were decorated with rhodamine-phalloidin and imaged by fluorescence microscopy.
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