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HEXOKINASE1 (HXK1) from Arabidopsis (Arabidopsis thaliana) has dual roles in glucose (Glc) signaling and in Glc phosphor-
ylation. The cellular context, though, for HXK1 function in either process is not well understood. Here we have shown that within
normal experimental detection limits, AtHXK1 is localized continuously to mitochondria. Two mitochondrial porin proteins
were identified as capable of binding to overexpressed HXK1 protein, both in vivo and in vitro. We also found that AtHXK1 can be
associated with its structural homolog, F-actin, based on their coimmunoprecipitation from transgenic plants that overexpress
HXK1-FLAG or from transient expression assays, and based on their localization in leaf cells after cryofixation. This association
might be functionally important because Glc signaling in protoplast transient expression assays is compromised by disruption of
F-actin. We also demonstrate that Glc treatment of Arabidopsis seedlings rapidly and reversibly disrupts fine mesh actin
filaments. The possible roles of actin in HXK-dependent Glc signaling are discussed.

In plants, yeast (Saccharomyces cerevisiae), and mam-
mals, Glc regulates many aspects of organismal growth
and function through both nutritive metabolic effects
and gene regulatory mechanisms. In Arabidopsis (Arab-
idopsis thaliana), Glc can modulate the expression of
almost 1,000 genes (Price et al., 2004; Villadsen and
Smith, 2004) and contemporary research has demon-
strated many examples of cross talk between Glc and
classical plant hormone-signaling pathways (Sheen
et al., 1999; Rolland et al., 2002). Independent of nutri-
tional effects, plant Glc signaling interacts with other
hormones to promote leaf expansion, vegetative
growth, flowering, and senescence (Xiao et al., 2000;
Moore et al., 2003). Glc and cytokinin signaling affect cell
division activity by inducing cyclin D2 and cyclin D3,
respectively (Riou-Khamlichi et al., 2000), whereas Glc
and abscisic acid (ABA) signaling can modulate meri-

stem size by inducing a specific protein farnesyl trans-
ferase, ERA1 (enhanced response to ABA; Xiao et al.,
2000; Ziegelhoffer et al., 2000). Wang et al. (2006) have
suggested that Glc signaling in plants might be viewed
as initiating growth strategies related to cell prolifera-
tion, as well as controlling energy carbon homeostasis.

Hexokinase (HXK) functions in Glc sensing in yeast,
plants, and animals (Jang et al., 1997; Moore et al.,
2003; Towle, 2005). One of the most intriguing aspects
of HXK in different organisms is the different intra-
cellular locations observed for diverse HXK protein
family members. In yeast, HXK2 is reported to
have dual targeting to both the nucleus and cytosol
(Rodrı́guez et al., 2001) with signaling functions initi-
ated in one or perhaps both compartments (for con-
trasting views, see Towle, 2005; Rolland et al., 2006). In
plants, HXKs are encoded by a modestly large gene
family (Claeyssen and Rivoal, 2007) and HXK proteins
are reported to occur in the cytosol, mitochondria,
plastids, nuclei, and Golgi (Miernyk and Dennis, 1983;
Schnarrenberger, 1990; da-Silva et al., 2001; Yanasigawa
et al., 2003). For example, in pea (Pisum sativum)
leaves, most of the HXK is associated with mitochon-
dria and facilitates respiration (Dry et al., 1983). In
spinach (Spinacia oleracea) leaves, SoHXK1 has been
reported, based largely on subcellular fractionation
studies, to be associated with the external plastid
envelope (Wiese et al., 1999). However, a more recent
study has shown that SoHXK1 has an N-terminal mem-
brane anchor that is similar to known mitochondrial-
associated HXKs and that the GFP fusion protein is
expressed only in mitochondria (Damari-Weissler
et al., 2007). Available evidence suggests that plastid-
localized HXKs might occur only in the stroma and
possibly stromules (Kandel-Kfir et al., 2006), and
might occur most abundantly in certain sink tissues
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(Giese et al., 2005). How or whether any of these par-
ticular plant HXK protein isovariants might be involved
in Glc signaling is mostly a matter of conjecture. In de-
veloping castor bean (Ricinus communis) endosperm,
mitochondrial HXK is released by sugar phosphate
treatment (Miernyk and Dennis, 1983) and could then
have an alternate function. In mammals, HXK is known
to function in the cellular sensing of Glc metabolism
(Towle, 2005). Even so, whereas some mammalian HXKs
are bound to mitochondria by hydrophobic N-terminal
peptide sequences, the type III isozyme lacks a mito-
chondrial membrane anchor and has perinuclear lo-
calization with unknown functional significance
(Wilson, 2003). Both liver HXK IV and plant mitochon-
drial HXK have been shown to protect respective cells
against proapoptotic stimuli (Danial et al., 2003; Kim
et al., 2006). It is quite possible that these various
localization data represent a broad spectrum of activ-
ities of any one complete HXK family.

Among plant HXKs, HXK1 in Arabidopsis (Arab-
idopsis thaliana; www.arabidopsis.org) is the best-
characterized Glc sensor, with separable metabolic
and gene regulatory functions (Jang et al., 1997; Moore
et al., 2003; Cho et al., 2006). Despite substantial evi-
dence that links Glc signaling and Arabidopsis HXK1
function with the modulation of organ growth, the
cellular mechanisms by which this occurs are not well
understood. Previous evidence indicates that Arabi-
dopsis HXK1 protein is associated, at least in part,
with mitochondria. Heazlewood et al. (2004) reported
from proteomic analysis that AtHXK1 is one of 416
identified mitochondrial proteins from a dark-grown
Arabidopsis cell culture. AtHXK1 has an N-terminal
24-amino acid peptide that is predicted to function
as a targeting domain to mitochondria (Predotar;
http://genoplante-info.infobiogen.fr/predotar; see also
Olsson et al., 2003; Damari-Weissler et al., 2006). When
expressed in tobacco (Nicotiana tabacum) protoplasts,
AtHXK1-GFP expression was associated only with
mitochondria (Damari-Weissler et al., 2007). On the
other hand, based on a protoplast lysis protocol using
Triton X-100, Yanasigawa et al. (2003) reported that
AtHXK1 occurs at least in part in the nucleus of
isolated protoplasts. This has led to a current model
of Glc signaling that suggests that HXK-dependent
plant Glc signaling occurs in analogous fashion to that
observed in yeast (Rolland et al., 2006), in which a
nuclear form of HXK acts as a transcriptional regulator.
Indeed, Cho et al. (2006) have recently presented
evidence that nuclear-localized AtHXK1 can function
as a corepressor in a transcriptional complex identified
from leaf extracts. However, yeast HXK notably does
not substitute for Arabidopsis HXK1 in plant Glc
signaling (Jang et al., 1997).

HXK-dependent Glc signaling involves not only
transcriptional control, but also translational and post-
translational processes (Ho et al., 2001; Yanasigawa
et al., 2003). With this in mind, we have further ex-
amined the cellular context for HXK function in Glc
signaling. These studies establish that mitochondrial-

bound HXK can interact with actin and that a normal
functioning actin cytoskeleton is required for some
HXK-dependent Glc signaling in transient expression
assays. Furthermore, plant Glc treatments result in
rapid, extensive alterations in the F-actin network. Our
data link actin cytoskeleton functions in plant growth
with HXK-dependent Glc signaling.

RESULTS

AtHXK1 Is Associated with Mitochondria

We used several approaches to test whether AtHXK1
is indeed bound to mitochondria and whether it might
dissociate and/or move to the nucleus under a range of
treatments. First, we examined localization of HXK1-
GFP fusion proteins after their transient expression in
leaf protoplasts. HXK1-GFP has typical HXK1 func-
tions of abundant Glc phosphorylation activity (data
not shown) and normal levels of Glc signaling activity
in protoplast transient expression assays (Supplemen-
tal Fig. S1). Bioimaging revealed specific mitochondrial
association of HXK1-GFP in transfected mesophyll
protoplasts from Arabidopsis (Fig. 1, A–C), as well as
maize (Zea mays) and pea (data not shown). We showed
that HXK1-GFP is expressed at mitochondria by costain-
ing with the organelle-selective reagent, MitoTracker
Red (Fig. 1B). The fluorescence patterns from both
fluorophores overlap completely and can be merged
(Fig. 1C). Moreover, we observed similar fluorescence
patterns of expressed HXK1-GFP and mitochondrial
porin-GFP (Fig. 1D). However, transfected HXK1 (Fig.
1A) did induce association of mitochondria into larger,
less numerous foci than observed for transfected porin-
GFP, even with high expression levels of the latter. We
also examined whether the localization of HXK1-GFP
might change in protoplasts treated with Glc, Suc,
auxin, or extended exposure to light or darkness. How-
ever, none of these treatments altered the subcellular
targeting of HXK1 to the mitochondria (data not shown).

As further evidence of the mitochondrial targeting
of AtHXK1, we showed that the N-terminal, 27-amino
acid peptide from HXK1 is both necessary and suffi-
cient for targeting to mitochondria in transfected leaf
protoplasts. HXK1DN-GFP (lacking amino acids 1–27)
was localized to the cytosol (Fig. 1, E and F), whereas
HXK1DC-GFP (lacking amino acids 28–496) was lo-
calized to the mitochondria (Fig. 1, G and H; see also,
Kim et al., 2006). Similarly, yeast HXK2-GFP also lacks
an N-terminal membrane anchor (Olsson et al., 2003)
and is expressed only in the cytosol (Fig. 1I). Neither of
the two constructs expressed in the cytosol were
observed to localize even partly to the nucleus, or
elsewhere, after different protoplast treatments (data
not shown).

Second, as a follow-up to the localization experi-
ments using transient expression assays, we also ex-
amined protein localization in stable transgenic
seedlings that express HXK1-GFP (Fig. 2, A–D). GFP
fluorescence occurred in smaller punctate areas of the
cells as in transient expression studies, but, in this case,
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they also occurred in some larger foci. Costaining with
MitoTracker Red again showed specific fluorescence of
the same smaller foci, plus many of the larger foci. The
identity of the larger foci is uncertain. They could rep-
resent aggregated mitochondria and/or they could be
artifacts from protein overexpression. However, as
seen with the protoplast studies, seedling treatments
with sugars or extended periods of light or darkness
did not affect the mitochondrial location of HXK1-GFP
(data not shown).

We extended these observations with two different
approaches to determine the subcellular localization of
native HXK1: immunostaining of seedling leaves after
cryofixation and acetone freeze substitution and im-
munoblotting of purified organelles from mature
leaves. In the former case, we used a polyclonal anti-
body to HXK1, followed by a fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (Fig. 2, E, F, and
H). This antibody reacts well with other HXKs (Moore
et al., 2003; B. Moore, unpublished data). As a positive
control, we tested a monoclonal antibody to pyruvate
dehydrogenase (PDH; Fig. 2G). We observed HXK1
antigen in numerous fusiform shapes that were occa-
sionally in close proximity to chloroplasts and nuclei.
We observed that PDH antigen occurred in similarly
shaped structures.

We also examined by western blot the distribution of
AtHXK1 antigen in different organelle fractions of pea
and Arabidopsis leaves (Fig. 3, A and B). As reported
elsewhere (Dry et al., 1983), pea protein that cross-

reacts with anti-HXK1 antibody occurred only in the
isolated mitochondrial fractions and was not present
in the cytosolic, nuclear, or chloroplast fractions. Pro-
teins from isolated Arabidopsis leaf mitochondria also
cross-reacted with anti-HXK1 antibody under these
conditions, whereas the nuclear protein fraction did
not. Thus, AtHXK1 did not occur at readily detectable
levels in isolated nuclei from pea or Arabidopsis.
Because isolated mitochondria from castor bean en-
dosperm will release bound HXK following treatment
with hexose phosphates (Miernyk and Dennis, 1983),
we also tested whether different phosphorylated me-
tabolites might induce the release of HXK from iso-
lated pea mitochondria (Fig. 3C). However, treatment
of the mitochondrial fraction with a variety of sugar
phosphates or adenylates did not result in any appar-
ent release of HXK1 antigen. These results extend
similar recent observations that treatments of maize
and rice (Oryza sativa) mitochondria with a variety of
sugars and related metabolites failed to solubilize
bound HXK (Rezende et al., 2006).

AtHXK1 Can Interact with Porin and Actin Proteins

To identify proteins that might interact with HXK1,
we first used a proteomics approach to immunocap-
ture HXK1-FLAG from leaf extracts of a constitutive
overexpression line made in gin2-1, a HXK1 null
mutant (Moore et al., 2003). HXK1-FLAG was bound
to primary mouse anti-FLAG and then partially puri-

Figure 1. Intracellular localization of Arabidopsis
HXK1-GFP and other constructs in transfected leaf
protoplasts. Fluorescence images are maximal pro-
jections of Z-stacks, captured with a confocal laser-
scanning microscope after 6 to 7 h of expression. A,
HXK1-GFP fluorescence, pseudocolored green. Scale
bar 5 10 mm. B, Stain-specific fluorescence of pro-
toplasts in A incubated with MitoTracker Red, then
pseudocolored red. C, Merged images of A and B,
showing the resulting yellow fluorescence. D, Mito-
chondrial porin-GFP (At3g01280), also showing red
chlorophyll (Chl) autofluorescence. E, HXK1DN-GFP
(lacking amino acids 1–27), with Chl autofluores-
cence. F, HXK1DN-GFP and MitoTracker Red, with-
out Chl autofluorescence. G, HXK1DC-GFP (lacking
amino acids 28–496), with Chl autofluorescence. H,
HXK1DC-GFP and MitoTracker Red without Chl
autofluorescence. I, Yeast HXK2-GFP without Chl
autofluorescence.
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fied using magnetic beads coated with a secondary
antibody. This isolation procedure avoided pelleting
by centrifugation. After washing the beads that had
bound proteins, FLAG peptide was used to release
HXK1 by competitive binding interactions to the pri-
mary antibody. About 25% of bound HXK1 was typ-
ically released by this process and about 40 proteins
were identified by mass spectroscopy as coeluting
with HXK1 (data not shown). Among identified pro-
teins were seven other mitochondrial proteins, includ-
ing the two most abundant Arabidopsis porin
isoforms (At5g515090 and At3g01280; Clausen et al.,
2004). In mammals, mitochondrial porins are the
docking proteins in the outer membrane for some
HXKs (Wilson, 1997).

We further examined the possible interaction of
HXK1 with the two mitochondrial porins by testing
with coimmunoprecipitation assays of transiently ex-
pressed proteins after labeling with 35S-Met (Fig. 4A).
Only when HXK1-FLAG was coexpressed with either
porin or hemagglutinin (HA) clones was the anti-
FLAG antibody also able to pull down porin proteins
and the anti-HA antibody able to pull down HXK1-
FLAG. As one pair of controls, anti-FLAG antibody
did not capture porin-HA protein, and anti-HA anti-
bodies were not able to capture HXK1-FLAG protein.
These data demonstrate that both porins can interact
with AtHXK1, apparently as docking proteins. As an
additional control, we showed that HXK1 interactions
with cellular proteins are not promiscuous in this
assay because a cytosolic calcium-dependent protein
kinase could not be coimmunoprecipitated (Fig. 4B).

Among the coeluting proteins from the FLAG pro-
teomic experiment, we also identified vegetative
actins (ACT2 and ACT8). Notably, ACT2 and ACT8
proteins differ by only one amino acid. This was inter-
esting because certain mammalian HXKs can bind to
actin (Murata et al., 1997; Wagner et al., 1999). To test
whether the corresponding Arabidopsis proteins can
interact, we carried out coimmunoprecipitation assays
between HXK1-FLAG and ACT2-HA (Fig. 4B) and
ACT8-HA (data not shown). In both cases, positive
interaction was observed, with appropriate controls.
Because we do not know that actin-HA was incor-
porated into actin filaments, these data do not dis-
criminate whether HXK1 can bind to monomeric actin
(G-actin) or to actin filaments (F-actin). However, when
ACT2-GFP was expressed in leaf protoplasts, the fluo-
rescent tag was present only in microfilaments (see
below; Fig. 6B). Thus, these data suggest that HXK1 can
physically interact with F-actin.

To further clarify whether this interaction can occur
in mesophyll cells, we examined the dual immunolo-
calization of HXK and ACT proteins following cryo-
fixation and freeze substitution of seedling leaf tissue
(Fig. 5). As is typical of mesophyll cells, F-actin was
observed to form a network of filaments and bundles,
including baskets around the chloroplasts and nu-
cleus. However, many of the expected fine mesh
filaments are not so readily seen with the epifluores-

Figure 2. Intracellular localization of Arabidopsis HXK1 in intact
tissues. A to D, HXK1 localization in a seedling hypocotyl by fluores-
cence imaging of cauliflower mosaic virus 35S:HXK1-GFP expressed in
Ler. Glc phosphorylation activity was increased about 18-fold in these
seedlings (data not shown). A, Seedling hypocotyl showing punctate
GFP fluorescence, occurring as smaller foci as well as larger aggre-
gates. Scale bar 5 50 mm. B, Seedling hypocotyl in A stained with
MitoTracker Red and pseudocolored magenta. C, Merged images from
A and B. Note codistributed blue-yellow fluorescence associated with
the smaller foci and some larger foci. D, Hypocotyl images (A–C)
merged with a corresponding bright-field image. Red shows Chl
autofluorescence. E to H, Cellular immunolocalization of HXK in leaf
mesophyll cells of young wild-type seedlings. Following cryofixation
and freeze substitution, dissociated cells were labeled with anti-HXK1
polyclonal (E, F, and H) or anti-PDH monoclonal (G) antibodies, and
then with secondary antibodies conjugated to FITC. Leaf cells were
observed by fluorescence microscopy (E–G) or confocal microscopy
(H); scale bars 5 10 mm. H, Merged image of several optical sections
and the rest (E–G) is each a single optical section. Staining of the
nucleus (NUC) with DAPI is pseudocolored red (F and H). E and G, Red
shows Chl autofluorescence.
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cence microscope. We did observe that numerous fusi-
form HXK fluorescent structures are associated with
or immediately adjacent to actin filaments. In many
cases, these fusiform structures were seen along fila-
ments that encircle the chloroplasts and nuclei (Fig.
5B). Thus, most of the visible foci for HXK fluorescence
in the single optical sections were associated with F-actin.

HXK1 and Glc Interactions with F-Actin Might Be
Functionally Important

Given our results that HXK1 and actin possibly
interact both in vitro and in vivo, we examined
whether this putative interaction might have func-
tional significance. First, we tested known reagents
that disrupt actin filaments for their possible effects on
HXK1-dependent Glc signaling in transient expression
assays, using Arabidopsis leaf protoplasts (Fig. 6). In
these assays, activities of two different HXK1 reporters
were evaluated as a function of expressed luciferase
(LUC) activity from promoter-LUC fusion constructs.

Activities were normalized for small variances in
transfection efficiency by assaying a control promoter
construct, UBQ10-GUS. Notably, expression of the
control promoter was not affected by cotransfected
HXK1, by Glc addition, or by drug treatment (data not
shown). In these assay conditions, cotransfection of
HXK1 plus treatment with 2 mM Glc resulted in a
3-fold reduction in reporter activities (Fig. 6). Interest-
ingly, the addition of latrunculin-B (LatB) did not
affect expression of either promoter in the absence of
HXK1 and Glc, but it did completely block effector-
dependent repression of both reporter activities. To
validate the influence of LatB, we also showed that its
treatment extensively disrupted the finer actin fila-
ments of leaf protoplasts from transgenic plants that
express the cytoskeleton marker protein, GFP-hTalin
(Fig. 6B). Substitution of cytochalasin D (CytoD) for
LatB also blocked Glc signaling (data not shown) and
even more extensively disrupted the F-actin (Fig. 6B).
However, Glc signaling was not affected by treatment
with 20 mM oryzalin to disrupt the organization of
microtubules (data not shown).

Recognizing that many stimuli are reported to affect
F-actin structure (e.g. auxin, Ca, ABA; Dröbak et al.,

Figure 4. Interaction assays between HXK1 and mitochondrial porin
proteins and between HXK1 and actin proteins after their transient
expression in maize leaf protoplasts. A, Protoplasts were transfected
with HXK1-FLAG and/or porin-HA, labeled with [35S]Met, then pull-
down assays were done using anti-FLAG antibody (F) or anti-HA
antibody (H). HK, HXK1; Hsr, VDAC (At5g515090); por, porin
(At3g01280). B, Protoplasts were transfected with HXK1-FLAG,
ACT2-HA, and/or truncated calcium-dependent protein kinase (Ck)-
HA. Comparable pull-down assays were done as in A.

Figure 3. HXK localization in isolated leaf organelles. A, Western blot
of Percoll-purified pea leaf organelles, showing corresponding marker
antigens and molecular weights after SDS-PAGE. CR, Crude homoge-
nate; SN, postmitochondrial supernatant; MT, mitochondria; NC, nu-
cleus. B, Western blot of isolated mitochondria and nuclei from
Arabidopsis Ler leaves. Leaf organelle fractions also were monitored
by fluorescence staining or Chl autofluorescence. These confirmed the
purity of pea leaf organelles and also indicated that the Arabidopsis
mitochondrial fraction contained low amounts of chloroplasts, whereas
the Arabidopsis nuclear fraction was free of mitochondria and chloro-
plasts (images not shown). C, Western blot for HXK from a washed pea
mitochondrial fraction, following overnight incubation at 4�C with 10
mM solutions of indicated metabolites.
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2004; Gu et al., 2004), we used a GFP-hTalin reporter of
F-actin to test both short- and long-term effects of Glc
treatment on F-actin organization in seedlings. These
seedlings had a normal phenotype when grown on
agar plates with 0.5% Suc and had readily visualized
actin filament structures. In hypocotyl cells, we ob-
served a few prominent longitudinal fibers located
toward the periphery of columnar-shaped cells, with a
larger number of transverse and finer mesh filaments
(Fig. 7A). Transfer of GFP-hTalin seedlings from Suc
plates to a solution of 1.8% (0.1 M) Glc resulted in the
rapid loss of many transverse and fine mesh filaments,
with increased bundling of the longitudinal F-actin
cables (Fig. 7A). This response was specific to Glc and
not mannitol. Additionally, seedling transfer instead
to 0.18% (10 mM) Glc, but not mannitol, had the same
effect on the cytoskeleton after longer treatment

time of 10 to 12 h (data not shown). We also tested a
transgenic line expressing GFP-Fimbrin ACTIN-BINDING
DOMAIN2 (GFP-fABD2; Ketelaar et al., 2004), but in our
hands the fine mesh filaments were not so readily
visualized (see ‘‘Discussion’’).

We next tested how Glc treatment might affect
F-actin organization after long-term growth at elevated
Glc levels. One well-established Glc bioassay is a de-
velopmental repression phenotype observed in wild-
type seedlings grown on plates with 6% Glc (Jang
et al., 1997). In Glc-arrested seedlings, cell morphology
was altered as shown by reduced length and increased
width of hypocotyl cells (Fig. 7B). Also in these seed-
lings, the actin cytoskeleton had decreased numbers of
fine transverse filaments, with increased numbers of
shorter longitudinal fibers that appeared to lack direc-
tional organization. These also had increased diffuse
fluorescence, perhaps due to some actin molecules not
being incorporated into filaments. Staining of hypo-
cotyls with MitoTracker Red indicated that mitochon-
dria still remained associated with the altered actin
filaments in repressed seedlings (data not shown). As
long as the Glc-repressed seedlings were maintained
in solutions of 6% Glc, the actin network underwent no
visible structural changes. However, upon transfer of
repressed GFP-hTalin seedlings to a solution of water
or 0.5% Suc, we observed rapid reorganization of
F-actin (Fig. 7B). This included an apparent polar

Figure 6. Influence of actin manipulations on Glc signaling in transient
expression assays using Arabidopsis leaf protoplasts. A, Influence of
2 mM LatB on repression of pea RBCS-LUC or Arabidopsis ASN1-Luc
without effector, 1HXK1, and 1HXK1 with 2 mM Glc. Error bars are SD

values for at least three replications. Comparable results were obtained
also using 10 mM CytoD (data not shown). B, Influence of 2 mM LatB or
10 mm CytoD on F-actin structure in protoplasts of GFP-hTalin seed-
lings. [See online article for color version of this figure.]

Figure 5. Association of HXK1-localized mitochondria with F-actin.
Following cryofixation and freeze substitution, leaf cells of wild-type
(Ler) plants were double labeled with anti-HXK1 polyclonal antibody
and antiactin monoclonal antibody. Texas Red- and FITC-conjugated
secondary antibodies were used to detect HXK1 and actin, respectively.
A and B, Fluorescence images of single optical sections of two
representative cells are shown. DNA staining with DAPI is shown in
blue (B). Arrowheads show the association of some of the HXK1-
labeled mitochondria (red) with actin filaments (green) throughout both
fields and with the actin basket surrounding the nucleus (nu) and
chloroplasts (cl). Chloroplasts in B show slight autofluorescence. Scale
bars 5 10 mm.
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aggregation of actin filaments, followed by formation
of longitudinal cables. With additional treatment time,
fine mesh filaments also form in transferred seedlings
(observations). Growth of GFP-hTalin seedlings on 6%
mannitol was normal, as was their F-actin structure
before and after transfer to water (observations). These
results collectively indicate that Glc treatments have
profound and rapid effects on the organization of the
actin cytoskeleton. The possible significance of these
data to HXK1-dependent Glc signaling will be consid-
ered below.

DISCUSSION

In this study, we have shown a number of novel
cellular aspects of HXK and Glc functions. First,
AtHXK1 can bind to the two most abundant Arabi-
dopsis porin molecules in the outer mitochondrial
membrane (Fig. 4; proteomic data not shown). HXK is
metabolically active with other glycolytic enzymes
located at the mitochondria (Giegé et al., 2003). How-
ever, its exclusively noncytosolic localization is dis-
tinct because only a subset of other glycolytic enzymes
is apparently bound to mitochondria. Plant porin
molecules have been suggested to act as scaffolds for
organizing a number of mitochondrial-associated pro-

teins, based on their binding of Fru-1,6-bisP aldolase
and Suc synthase isoforms (Holtgräwe et al., 2005;
Subbaiah et al., 2006). We were not able to confirm
those interactions because we did not detect any other
glycolytic enzymes or Suc synthase among proteins
interacting with AtHXK1-FLAG (data not shown). Our
experiments did show that HXK1 is not solubilized
following treatment of mitochondria with various
adenylates and sugar phosphates (Fig. 3). Similar
results were recently shown using maize and rice
mitochondrial bound HXKs (Rezende et al., 2006). In
that study, even treatment with the antifungal deriv-
ative clotrimazole failed to solubilize plant mitochon-
drial HXKs under conditions in which mammalian
mitochondrial HXKs were solubilized. Thus, it is likely
that binding of plant versus mammalian HXKs to
respective mitochondrial porins occurs by different
interactions.

A second novel finding in this study is that AtHXK1
might be an actin-associated protein based on their
immunoprecipitation from leaf extracts and from pro-
toplasts after their transient expression and based on
their immunolocalization in flash-frozen leaf cells
(Figs. 4 and 5). This is not so surprising because a
recent two-hybrid study identified several plant gly-
colytic enzymes as actin-binding proteins (Holtgräwe

Figure 7. Glc disrupts F-actin organization as visualized in hypocotyls of GFP-hTalin seedlings. A, Influence of short-term Glc
treatment on F-actin organization after seedling transfer to solutions of 1.8% (0.1 M) Glc or mannitol. Prior to treatment, seedlings
were grown on agar plates with 0.5% Suc (5 d). Note the loss of many fine filaments after 60 and 90 min of Glc treatment.
Arrowheads point to an open stomate and an actin cable. Scale bar 5 50 mm. Gain and amplifier offset on the confocal
microscope were kept constant throughout the acquisition time courses. Mannitol treatment had no apparent influence on
F-actin organization throughout the 90-min treatment time course (earlier images not shown). B, Visualization of actin
organization in seedlings developmentally repressed by Glc and the recovery of F-actin after seedling transfer to water. Seedlings
were grown on 6% Glc (7 d), then transferred to water for indicated times. These seedlings had arrested growth, with pale white
cotyledons. Images are of different seedling hypocotyls. Note the initial absence of fine mesh filaments before transfer and the
beginning reorganization of F-actin after transfer to water. Seedlings transferred from 6% mannitol to water showed no apparent
changes in their filaments over several hours (observations).
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et al., 2005). These include Fru-1,6-bisP aldolase, glyc-
eraldehyde 3-P dehydrogenase, and enolase. Also, as
part of the actin superfamily, HXK shares a common
evolutionary origin based on similar tertiary struc-
tures that contain the actin fold with the nucleotide-
binding pocket (Bork et al., 1992; van den Ent et al.,
2001). Actin can self polymerize and we have shown in
this study by using GFP fusion proteins that AtHXK1
also has a tendency to self aggregate (Fig. 1). There are
reports in mammals of HXK interacting either with
actin-binding proteins or with F-actin. Liver HXK4
occurs in a mitochondrial complex with WAVE-1, a
multifunctional protein that regulates actin polymer-
ization or that can be a protein kinase A anchoring
protein (Danial et al., 2003). Liver glucokinase ex-
pressed in COS-7 cells was shown to colocalize with
actin filaments (Murata et al., 1997). Also, HXK from
bovine heart acts possibly as a capping protein in
vitro when present during polymerization of G-actin
(Wagner et al., 1999).

A third novel finding in this study is that Glc treat-
ment of seedlings that express a cytoskeletal marker
protein caused both short- and long-term effects (Fig.
7). The use of cytoskeleton-GFP marker proteins has
come under increased scrutiny due to reporter-specific
secondary effects on the organizational state of the
cytoskeleton or with regard to particular elements that
are labeled. Both transgenic reporter lines that we have
used, GFP-hTalin and GFP-fABD2, can have F-actin
bundling activity and can alter cytoskeleton dynamics
when highly expressed (Ketelaar et al., 2004; Wilsen
et al., 2006). Whereas caution is needed in their use to
study detailed functions, such as myosin-dependent
organelle movement and fine level analyses of F-actin
structure in relation to growth mechanisms, these lines
are still the best tools available for live cell studies.
Furthermore, the GFP-hTalin line used primarily in this
study has a modest transgene expression level, with
no overt phenotype under normal growth conditions
(Takemoto et al., 2003; personal observations). In our
hands, the GFP-fABD2 reporter is not as bright as the
GFP-hTalin reporter and fine mesh filaments were not
as distinctly visualized.

Nonetheless, we have shown that short-term Glc
treatment resulted in a loss of fine transverse fila-
ments, with increased bundling into longitudinal ca-
bles, as seen in Arabidopsis hypocotyl cells (Fig. 7).
This pattern of filament rearrangement is different
from that following treatment of etiolated coleoptiles
with auxin or light, which also were visualized with a
GFP-talin construct (Holweg et al., 2004). Whereas
both light and Glc treatments cause a loss of fine mesh
filaments, light treatment in the study by Holweg et al.
(2004) resulted in the realignment of actin into dis-
persed longitudinal strands that lack the extensive
bundling that we observed following short-term Glc
treatment. We further have shown that long-term Glc
treatment that causes arrested seedling development
resulted in further alterations in F-actin organization.
The repressed seedlings lacked many finer filaments

as well as peripheral longitudinal strands. This pat-
tern is consistent with the absence of an active growth
axis. Furthermore, upon transfer from Glc to water or
0.5% Suc, much of the F-actin rapidly adopted a
polarized organization followed by formation of lon-
gitudinal strands. The different visualized effects of
short-term versus long-term Glc treatments further
support the validity of these observations. One remain-
ing question is whether an association of AtHXK1 with
actin might facilitate the Glc-dependent rearrange-
ment of F-actin. We hypothesize that this is true be-
cause gin2-1 seedlings are Glc tolerant and have
largely normal seedling growth on 6% Glc plates
(Moore et al., 2003).

A current model of plant HXK signaling is that the
sensor protein can translocate to the nucleus and
thereby control transcription of target genes (Rolland
et al., 2006). These data, however, do not specifically
support this model. Even though it is always difficult
to exclude that a given protein does not occur at, or
move to, an alternate subcellular site, our data indicate
that AtHXK1 is continuously bound to mitochondria
(Figs. 1–3). One could argue that the relatively large
size of the HXK1-GFP fusion protein (.80 kD) might
limit its uptake into the nucleus. However, we have
shown that this construct does have both catalytic and
signaling activities (Supplemental Fig. S1; data not
shown). Recently, Cho et al. (2006) used the same
HXK1-FLAG transgenic line as we used herein and
provided evidence for the presence of HXK1 in Arab-
idopsis nuclei bound to the CAB2 promoter through
interactions with unconventional proteins (VHA-B1
and RPT5B). Using the same polyclonal antibody as
we used, those authors estimated that approximately
1% of leaf HXK1 protein is present in nuclei. However,
this estimate is inconsistent with our organelle frac-
tionation studies (Fig. 3) for unknown reasons. Cho
et al. (2006) did process more than 100-fold greater
amounts of leaf tissue than we did, specifically to
identify possible nuclear proteins that interact with
HXK1. If the reported interactions by Cho et al. (2006)
are indeed rare, then our lack of also identifying those
two proteins might be explained on that basis or if they
remained bound to the separation resin under our
very gentle isolation conditions. Nonetheless, our pro-
tein immunolocalization following rapid freeze fixa-
tion also does not corroborate a nuclear location for
any HXKs in Arabidopsis mesophyll cells. Even with
this caveat of conflicting data to their model, it is not
certain what might be the function of nuclear HXK1.
Conceivably, the reported interactions could modulate
transcriptional control in a less abundant, perhaps
nonphotosynthetic, leaf cell type.

One observation that cannot be readily explained by
the model for transcriptional control by nuclear HXK
is that the disruption of F-actin by treatment with LatB
or CytoD blocked HXK1-dependent signaling in tran-
sient expression assays (Fig. 6). The plant actin cyto-
skeleton forms a diverse system of 2001 proteins that
provides structural support to the cell, is modulated

Balasubramanian et al.

1430 Plant Physiol. Vol. 145, 2007



by a variety of cellular signals, and transduces certain
environmental stimuli (Meagher and Fechheimer,
2003; Dröbak et al., 2004). We envision either of two
mechanisms by which actin might have a role in Glc
signaling. First, 1-h Glc treatment causes reversible
loss and reconfiguration of fine filaments that precedes
in time the typical outputs of Glc signaling that are
monitored in microarray studies (e.g. Price et al., 2004;
Bläsing et al., 2005). These studies generally use a
longer Glc pulse of 3 to 4 h at comparable concentra-
tions to produce changes in gene expression. There-
fore, monomeric G-actin or an associated protein such
as actin-depolymerizing factor might be activated by
Glc treatment and have a direct role mediating Glc-
dependent transcriptional control of gene expression.
In plants, there are a number of actin-related proteins
and actin-binding proteins that localize to the nucleus,
such as nuclear ARP4 to ARP9 (Kandasamy et al.,
2004), profilins (Baluska et al., 2001; Kandasamy et al.,
2002b), and actin-depolymerizing factor proteins
(Dong et al., 2001). In animals, monomeric actin is
part of several chromatin-remodeling complexes (de
Lanerolle and Cole, 2002). In human muscles, G-actin
acts downstream of a Rho GTPase to repress a coac-
tivator of the serum response transcription factor,
which regulates expression of many muscle-specific
genes (Posern and Treisman, 2004). In that case, treat-
ment with LatB or CytoD blocks F-actin treadmilling
and promotes target gene expression. Our attempts to
titrate LatB to possibly attenuate the repression of seed-
ling development on 6% Glc plates, however, were not
successful (X. Xia and B. Moore, unpublished data).

A second possible mechanism for the role of actin in
supporting Glc signaling could involve targeted mod-
ulation of translational control. The association of
some cellular polysomes and other translational com-
ponents with the cytoskeleton has been recognized for
a number of years in plants as well as animals (Davies
et al., 1998). For example, the loss of fine mesh actin
filaments in potato (Solanum tuberosum) tubers is asso-
ciated with the loss of wound-induced message trans-
lation activity under conditions of low O2 (Morelli
et al., 1998). Researchers have been able to isolate four
defined populations of polysomes: free, membrane
bound, actin bound, and actin membrane bound poly-
somes. In one study, ABA treatment of germinating
embryos from triticale caryopses is reported to greatly
increase the abundance of the cytoskeleton-associated
polysomes (Weidner et al., 2000). In this study, dis-
ruption of F-actin by LatB or CytoD did not affect
expression of RBCS-LUC or ASN1-LUC in the absence
of HXK1 and Glc, but only blocked the HXK1 plus Glc-
dependent repression of LUC expression (Fig. 6). It is
possible that HXK-dependent repression of LUC pro-
tein expression in this case might be due to blocking
translation rather than transcription of the introduced
promoter construct. By this model, Glc treatment
might increase the level of actin-associated polysomes
and therefore shift the translation of LUC transcript to
a LatB-sensitive population.

Possible functional interactions between mitochon-
dria, HXK, and actin are intriguing to consider. Be-
cause mitochondria traffic on F-actin (Van Gestel et al.,
2002), they can be viewed as linking two major pro-
cesses that consume ATP, cytoplasmic streaming,
and Glc metabolism. The binding of mitochondria to
F-actin is likely mediated by a number of proteins,
including myosin motors and microfilament-binding
proteins. Because HXK1 overexpression can lead to
mitochondrial clumping (Fig. 1), HXK might affect the
trafficking of mitochondria on specific microfilaments.
Furthermore, Glc-dependent rearrangement of F-actin
could prove important to the distribution of mito-
chondria among dynamic cellular populations that
vary in their mobility (Van Gestel et al., 2002). Mito-
chondria could have even direct effects on Glc signal-
ing. For example, in skeletal muscle, the transcription
factors MondoA and Mlx shuttle between the mito-
chondria and nucleus (Sans et al., 2006). Nuclear
MondoA-Mlx heterodimers bind to carbohydrate re-
sponse elements in promoters of several glycolytic and
lipogenic genes. However, we are not aware of any
plant transcription factors that shuttle from mitochon-
dria to the nucleus.

CONCLUSION

In summary, results of this study indicate that a
major component of HXK-dependent Glc signaling
might require a previously unrecognized interaction
with the actin cytoskeleton. This observation provides
a novel gateway to understand an important interface
between Glc signaling and plant growth. Rop GTPases
often mediate signaling events that modulate actin
organization and affect certain types of plant growth
(Gu et al., 2004). Whether any of the Rop GTPases have
a role in Glc signaling remains to be investigated.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana L. Heynh.) ecotype Columbia-0

and ecotype Landsberg erecta (Ler) mutants were obtained from the Arabi-

dopsis Biological Resource Center; gin2-1, and transgenic gin2-1, which

express HXK1-FLAG, were as previously described (Moore et al., 2003); seeds

of transgenic Arabidopsis expressing hTalin-GFP were generously provided

by Dr. Adrienne Hardham (Australian National University); seeds of Arabi-

dopsis that express GFP-fABD2 were a gift from Dr. David McCurdy (Uni-

versity of Newcastle); and seeds of maize (Zea mays; Seed Genetics) and pea

(Pisum sativum var. Little Marvel; Gurneys Seed and Nursery Co.) were

purchased. Plants were chamber grown with a 12-h photoperiod at 125 mmol

m22 s21 and a 23�C day/20�C night thermoperiod. Seeds were germinated and

grown on agar plates after 2 d at 4�C as in Jang et al. (1997). Greening maize

seedlings (Jang and Sheen, 1994) were used as a source of protoplasts for

protein expression and immunoprecipitation.

Plasmid and Transgenic Constructs

Two Glc-responsive promoters driving firefly LUC, pea RBCS-LUC

(Schäffner and Sheen, 1991), and Arabidopsis ASN1-LUC (Dr. Li Zhou; see

also Price et al., 2004), and an internal control reporter, UBQ10-GUS, were

cloned in the plant expression vector previously described (Kovtun et al.,

1998). ACT2 cDNA (At3g18780) was amplified from a previously described
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plasmid (Kandasamy et al., 2002a) and subcloned as a C-terminal GFP fusion

(Chiu et al., 1996) in the plant expression vector. Porin genes At3g01280

(por301) and At5g15090 (hsr2) were amplified from cDNA stocks U12693 and

U18357 (Arabidopsis Biological Resource Center), respectively, using the

following primers: por301, 5#-GGGATCCCATGGTGAAAGGTCCCGGT and

5#-GAAGGCCTAGGCTTGAGTGCGAGAGCCAATCC; and hsr2, 5#-GTC-

AAGGCCTGGGCTTGAGAGCGAGAGCAATC and 5#-GGGATCCATGGT-

TAAAGGTCCAGGACTCTACACT. These were subcloned as C-terminal

GFP and double HA constructs in the expression vector. HXK1-HA and

HXK1-FLAG were as described previously (Moore et al., 2003) and HXK was

subcloned as a C-terminal GFP fusion. HXK1DC (amino acids 1–27) was made

by inserting a StuI site after amino acid 27 of HXK1-GFP, using Quick Change

(Stratagene) and the following primers: 5#-GGTTGTTCGACGACGGAGGCC-

TATGCAGAGCTCAGGG and 5#-CCCTGAGCTCTGCATAGGCCTCCGTCG-

TCGAACAACC. HXK1DN (amino acids 28–496) was made by deletion using

Quick Change (Stratagene) and the following primers: 5#-CCTTGCTCCG-

TGGATCCCGATGCAGAGCTCAGGGAAG and 5#-CTTCCCTGAGCTCTG-

CATCGGGATCCACGGAGCAAGG. HXK1-GFP was subcloned into the

minibinary vector pCB302 (Xiang et al., 1999) with the bar selection marker

and plants of Arabidopsis Ler were transformed by Agrobacterium-mediated

floral dip (Clough and Bent, 1998). Homozygous lines with a single insert

were selected for characterization. All PCR-based cloning was confirmed by

DNA sequencing.

Protoplast Transient Expression Assays

Arabidopsis leaf protoplasts were isolated as described previously and

transfected using polyethylene glycol (Hwang and Sheen, 2001). Transfection

efficiencies were .60%. Protoplasts were transfected with RBCS-LUC (4 mg) or

ASN1-LUC (6 mg) 6 HXK1-HA (6 mg) as an effector 1 UBQ10-GUS (2 mg) as an

internal control, and empty vector to make equal concentrations of cDNA.

Following transfection, protoplasts were incubated in the light at 35 mmol m22

s21, then treated with 62 mM Glc after 90 min, and harvested after 6 to 8 h. The

protoplast pellet was resuspended in lysis buffer and GUS and LUC activity

was measured as previously (Jefferson, 1987; Sheen, 1996). Promoter activity is

expressed as LUC/GUS values and normalized to untreated controls.

Coimmunoprecipitation of 35S-Labeled Proteins

[35S]Met (25 mCi; Perkin-Elmer) was added to maize protoplasts 90 min

after polyethylene glycol transfection. Protoplasts were harvested after 10 h

and resuspended in 200 mL immunoprecipitation buffer (150 mM NaCl, 50 mM

Tris chloride, pH 7.5, 5 mM EDTA, 1% [v/v] Triton X-100, 1 mM dithiothreitol,

1 mM NaF, 1 mM NaVO3, complete protease inhibitors [Roche Molecular

Biochemicals], and 0.075% [v/v] SDS). Anti-HA (Roche) or anti-FLAGM2

(Sigma-Aldrich) antibodies were used with protein A agarose (Roche) for

immunoprecipitation. Proteins were solubilized, electrophoresed on 10% SDS

gels, and visualized by fluorography.

Organelle Isolation

Organelles from leaves of 10-d-old pea or 4-week-old Arabidopsis were

isolated following low-speed blending. Mitochondria were isolated on Percoll

gradients as described in Millar et al. (2001). Chloroplasts (Fitzpatrick and

Keegstra, 2001) and nuclei (Watson and Thompson, 1986) were isolated from

the initial low-speed pellet. Fraction purities were initially monitored by

fluorescence microscopy (see below). For western blots, organelle proteins

were electrophoresed by SDS-PAGE, transferred to Immobilon-P (Millipore),

and probed with antibodies: rabbit polyclonal anti-HXK1 (Zhou et al., 1998),

polyclonal anti-RuBP carboxylase/oxygenase (Dr. Rowan Sage), mouse mono-

clonal anti-PDH (Dr. Jan Miernyk), polyclonal antihistone (Talbert et al., 2002),

and polyclonal phosphoenolpyruvate carboxylase (Dr. Ray Chollet).

Fluorescence Microscopy

Protoplasts and seedlings were monitored using an Axiovert 200 M

fluorescence microscope with Apotome (Carl Zeiss) and band-pass filters

(Chroma), with most reported images acquired using an LSM 510 confocal

laser-scanning microscope (Carl Zeiss). Mitochondria were visualized by

staining with MitoTracker Red (Molecular Probes) and nuclei by staining with

Hoechst 33342 (Molecular Probes). During organelle purification, fractions

were routinely visualized for cross contamination, including also chlorophyll

fluorescence for chloroplasts. For visualizing actin disruption in protoplasts,

samples were treated 30 min with 2 mM LatB, 10 mM CytoD, or 20 mM oryzalin

(Molecular Probes). To visualize actin disruption in vivo, transgenic plants

that express GFP-hTalin were grown on agar plates with 0.5% Suc medium for

7 d, then transferred to deep well slides with either 1.8% (0.1 M) Glc, 1.8%

mannitol, or 0.5% Suc. To visualize actin organization in Glc-repressed

seedlings, transgenic plants of either GFP-hTalin or fABD2-GFP were grown

on 6% Glc plates for 6 d. In one experiment, seedlings were then placed in

water or 0.5% Suc to visualize F-actin reorganization.

Cellular Immunolocalization

Immunolocalization of HXK1 and F-actin was done using methods previ-

ously described (Baskin et al., 1996; Kandasamy et al., 2002a), following leaf

cryofixation and acetone freeze substitution of young seedlings. Because anti-

HXK1 is a polyclonal antibody and anti-ACT (MAbGPa) is a monoclonal

antibody, we labeled cells with corresponding secondary antibodies conju-

gated to FITC. Double labeling of actin and HXK1 was done by incubating the

cells in a mixture of anti-actin and anti-HXK1 primary antibodies for 12 h and

the FITC-conjugated anti-mouse and Texas Red-conjugated anti-rabbit sec-

ondary antibodies for 4 h. DNA was stained with 4#,6-diamino-phenylindole

(DAPI; Sigma-Aldrich) and 0.1 mg/mL phosphate-buffered saline. For control,

mitochondria were labeled with anti-PDH monoclonal antibody. Cells were

visualized with a fluorescence microscope (Carl Zeiss) or a Leica scanning

confocal microscope (TCS-SP2).

HXK1-FLAG Protein Isolation and Analysis

Leaves of greenhouse-grown plants of line HXK1-FLAG29 were collected

into liquid N2. About 0.35 g fresh weight were extracted using a mortar and

pestle with 5 volumes of buffer (100 mM Tris-HCl, pH 7.8, 10% glycerol, 5 mM

MgCl2, 15 mM KCl, 1 mM EDTA, 2 mM dithiothreitol, 0.5% CHAPS, and

13 protease inhibitors [Roche]). Extracts were microfuged at 12,000g for

10 min at 4�C. The supernatant was kept on ice, whereas the pellet was

reextracted with 0.5 mL of grinding buffer plus 0.31 M KCl by flopping for

30 min at 4�C. Following microfuging, both extracts were assayed for

glucokinase activity (Doehlert, 1989) and protein content (Bio-Rad Laborato-

ries). Extracts were combined to give 1 to 1.2 mL with 12 to 15 units of activity

at 0.15 M KCl, then incubated with 4 mg of anti-FLAG M2 antibody (Sigma-

Aldrich) for 60 min on a flopper at room temperature.

Extracts were transferred to washed anti-mouse magnetic beads (Magna-

Bind Beads; Pierce) and flopped for 60 min at room temperature. Beads were

separated and washed three times with buffer (50 mM Tris-HCl, pH 7.8, 150

mM KCl, 10% glycerol), then incubated for 30 min at room temperature with

FLAG peptide elution medium (50 mM Tris-HCl, pH 7.8, 150 mM KCl, 5%

glycerol, 2% CHAPS, 125 mg/mL FLAG peptide). FLAG peptide (Massachu-

setts General Hospital Core Facility) was quantified by A274 (e 5 1,420 M
21

cm21). The eluted fraction generally had 10% to 15% of initial glucokinase

activity. Protein was concentrated for electrophoresis using the Pierce PAGE

prep kit (catalog no. 26800). Protein samples were electrophoresed on 10%

SDS-PAGE gels. Gels were stained using the Colloidal Blue staining kit

(Invitrogen), then the gel lane was excised into four sections and submitted for

liquid chromatography-tandem mass spectrometry analysis (Harvard Micro-

chemistry and Proteomics Analysis Facility).

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers NM_119057, NM_112764, NM_110994, and

NM_121513.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Glc signaling activity of HXK1-GFP in proto-

plast transient expression assays.
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