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Calcium (Ca*) signaling modules are essential for adjusting
plant growth and performance to environmental constraints.
Differential interactions between sensors of Ca?* dynamics and
their molecular targets are at the center of the transduction
process. Calmodulin (CaM) and CaM-like (CML) proteins are
principal Ca?-sensors in plants that govern the activities of
numerous downstream proteins with regulatory properties.
The families of IQ67-Domain (IQD) proteins are a large class of
plant-specificCaM/CML-targets (e.g., 33 membersin A. thaliana)
which share a unique domain of multiple varied CaM retention
motifs in tandem orientation. Genetic studies in Arabidopsis
and tomato revealed first roles for IQD proteins related to
basal defense response and plant development. Molecular,
biochemical and histochemical analysis of Arabidopsis 1QD1
demonstrated association with microtubules as well as
targeting to the cell nucleus and nucleolus. In vivo binding to
CaM and kinesin light chain-related protein-1 (KLCR1) suggests
a Ca**-regulated scaffolding function of IQD1 in kinesin motor-
dependent transport of multiprotein complexes. Furthermore,
because 1QD1 interacts in vitro with single-stranded nucleic
acids, the prospect arises that 1QD1 and other IQD family
members facilitate cellular RNA localization as one mechanism
to control and fine-tune gene expression and protein sorting.

Introduction

Calmodulin (CaM) and closely related CaM-like (CML) pro-
teins are principal sensors of dynamic intracellular calcium
(Ca?*) fluctuations, also known as Ca?*-signatures, which are
generated by plants in specific responses to numerous abiotic
cues and biotic challenges.! A multitude of plant CaM/CML
Ca**-sensors (e.g., encoded by 7 CaM and 50 CML genes in the
reference plant Arabidopsis thaliana) control diverse biochemical
activities of a broad range of regulatory downstream targets via
complex Ca**-dependent and Ca**-independent interactions.**
CaM-interacting entities include, among other functional cate-
gories, proteins implicated in Ca?*-signature formation, enzymes
with functions in metabolic pathways and signaling cascades,
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components associated with the cytoskeleton, or nuclear factors
>¢ The CaM-interacting regions of
target proteins are not necessarily related in primary structure

regulating gene expression.

and often exhibit high sequence variability, which may reflect the
versatility of the Ca?*-CaM/CML sensor module. CaM bind-
ing domains typically comprise a short basic amphiphilic helix
(15-35 residues), which interacts with a flexible hydrophobic
pocket that is formed upon Ca?*-binding to apo-CaM/CMLs.
Three consensus CaM recruitment motifs are currently known,
although not all functionally characterized proteins contain
these features. Two related motifs, termed 1-(5)-10 and 1-(8)-14,
facilitate Ca**-dependent interactions and are distinguished by
their characteristic spacing of bulky amino acid residues, whereas
the IQ motif (IQxxxRGxxxR) and its relaxed versions (I/L/
VQxxxRxxxxR/K) are thought to mediate CaM retention in a
Ca?*-independent manner.””

In A. thaliana, the canonical IQ motif has been identified in
at least five protein families with confirmed or putative roles in
CaM-regulated processes. Whereas the CNGC family of cyclic
nucleotide gated channels (20 members) and the IQ-Motif (IQM)
family (6 members) contain only a single IQ motif, the CAMTA
family of CaM-binding transcriptional activators (6 members),
the myosin family (17 members) and the IQ67-Domain (IQD)
family (33 members) harbor multiple copies of this motif in an
arrangement that is unique to each family.""'® Here, we highlight
and discuss emerging biochemical roles for IQD proteins, which
possibly constitute the largest family of putative CaM/CML tar-
gets in plants.

Hallmarks of IQD Gene Families

Plant-specific /QD gene families have been comprehensively
annotated for three genomes (Arabidopsis, rice, tomato) and
encode about 30 predicted IQD proteins in each species.'®"” The
presence of /QD genes in Physcomitrella but absence in algae sug-
gests that IQD proteins are an ancient family of CaM/CML-
binding proteins that originated during the early evolution of
land plants, possibly before the divergence of bryophyte and
' The common feature of IQD proteins
is the presence of a central region of 67 conserved amino acid

vascular plant lineages.

residues, referred to as the IQ67 domain. Its primary structure is
characterized by the invariant spacing of up to three IQ motifs,
which are separated by 11 and 15 intervening residues and par-
tially overlap with 1-4 copies of the 1-(5)-10 as well as 1-(8)-14
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CaM recruitment motif. Another distinctive hallmark of the
IQ67 domain is a highly conserved exon-intron boundary that
exactly interrupts codons 16 and 17 via a phase-0 intron.'" An
intriguing feature of /QD gene family organization in Arabidopsis
and rice is the almost exclusive presence of symmetrical exons
flanked by phase-0 introns. The strong bias for symmetrical
exons of variable number (2—6 exons) and length, and conse-
quently size of the encoded IQD proteins (-100-900 amino acid
residues), is consistent with the hypothesis that IQD proteins
evolved by exon shuffling to generate domain diversity at both
flanks of their central IQ67 domain.'® Furthermore, the extant
1QD loci in Arabidopsis and rice primarily resulted from large-
scale segmental genome duplication events and consist of a high
fraction of homeologous gene pairs (8 retained sister pairs cor-
responding to 45% of the paralogous gene set). One explanation
for preferential retention of sister genes, which is not observed for
the average gene family in Arabidopsis (< 27%), is to counteract
disturbances in gene dosage and to maintain the stoichiometry
of regulatory multiprotein complexes IQD proteins are subunits
of.'® Although IQDs are structurally diverse with respect to their
computed molecular mass (12-90 kDa), they are, with only a
few exceptions, quite uniform at the physicochemical level and
share some properties with RNA-binding proteins, such as basic
isoelectric points (pI~10.3) and high fractions of Arg/Lys (-17%)
and Ser (-12%) residues.'®" Interestingly, the very few atypical
1QD genes and their encoded proteins of unique properties (devi-
ating domain composition or isoelectric point) are maintained
in the genomes of Arabidopsis and rice, which further suggests
conserved functions of IQD family members in plants.'

Emerging Roles for IQD Proteins

Only a few biological processes are currently known to be
affected by altered IQD protein expression. The first function-
ally characterized IQD gene, Arabidopsis IQDI, was identified in a
genetic screen of T-DNA activation-tagged lines for mutants with
altered glucosinolate content and composition.?>* Glucosinolates
are a class of phytoanticipins in crucifers whose derived products,
most notably isothiocyanates, possess profound biological activi-
ties not only in plant defense against pathogens and herbivores,
but also in the prevention of certain types of mammalian can-
cers.”>% JQDI overexpression under control of the cauliflower
mosaic virus (CaMV) 35S promoter, which is also causative for
the original mutant chemotype, stimulates glucosinolate produc-
tion in A. thaliana and resistance to herbivory.?! Histochemical
analysis of QD1 :GUS lines reveals GUS expression in the vascu-
lar bundles of hypocotyls, leaves, stems, flowers and roots, which
overlap with the expression patterns reported for several genes
encoding enzymes of the glucosinolate pathway. Furthermore,
analysis of steady-state mRNA levels indicates that IQD1 effects
the expression of multiple genes related to glucosinolate metabo-
lism. Because /QDI was shown to encode a CaM-binding nuclear
protein and its expression responds to mechanical stimuli, IQDI
was hypothesized to integrate Ca** signaling in defense responses
to biotic challenge.”!
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A second member of the Arabidopsis IQD gene family, /QD22,
was identified as a putative direct downstream target gene of the
RGA nuclear transcription factor.* RGA is one of five DELLA
proteins in Arabidopsis that repress gibberellic acid (GA) signal-
ing and restrict plant growth. Interestingly, /QD22 expression is
repressed by GA but induced by DELLA, which suggests involve-
ment of /QD22 in negative feedback regulation of GA responses
downstream of DELLA function.*

Besides Arabidopsis IQDI, a recent genetic study in tomato
(Solanum lycopersicum) uncovered a role for IQD12/SUN in
controlling fruit shape.” The sun quantitative trait locus (QTL),
which is one major QTL determining tomato fruit shape, causes
long and atypically formed fruits when compared with the wild
ancestor. Comparative molecular analysis of the suz locus revealed
a retrotransposon-mediated duplication of a 24.7-kb segment car-
rying the tomato /QDI2 gene, which results in a much higher
level of IQDI2 transcripts.” CaMV 35S promoter-mediated
overexpression of tomato /QDI2 recapitulates the phenotype,
causing extremely elongated tomato fruits as well as dramatic
changes in overall plant architecture, affecting the shape of coty-
ledons, leaves, floral organs, vein patterning and leads to other

morphological alterations, such as twisted growth patterns.?>*

Thus, IQD12/SUN is likely involved in multiple plant devel-
opmental processes. The authors proposed that tomato IQD12
participates in the control of cell division planes, possibly by
¢ In summary, the first published
reports indicate that IQD proteins are involved in the regulation

affecting auxin distribution.

of plant defense response and plant development. However, the
molecular functions of IQD proteins and underlying pathways
remain to be elucidated.

Functional Insights from Molecular Interactions

A recent study allowed first insight into putative cellular and
biochemical functions of Arabidopsis IQD1, with implications for
additional IQD family members.”” CaM pulldown and overlay
assays demonstrated in vitro binding of IQDI to various recom-
binant Arabidopsis CaM and CML proteins, which together sug-
gest complex Ca?*-dependent and Ca**-independent interactions
of IQD proteins with CaM/CML sensors. Deletion mapping of
IQD1 confirmed the importance of the IQ67 domain for CaM
recruitment in vitro. This was corroborated by experiments with
recombinant 1QD20, the smallest member of the Arabidopsis
IQD family, which features only a short N-terminal extension of
35 amino acid residues adjacent to the IQ67 domain at its very
C-terminus.” Thus, recruitment of apo- and Ca?*-CaM/CML
sensors is likely a general property of IQD proteins. The capacity
to recruit CaM/CMLs was further demonstrated by yeast two-
hybrid assays, which revealed weak but differential in vivo interac-
tions of IQDI or IQD20 with only a small subset of the 13 CaM/
CML sensors tested, but no evidence for IQD protein dimeriza-
tion.” Interestingly, a search of the recently published Arabidopsis
interactome map retrieved evidence for additional interactions
between IQD and CaM/CML proteins in yeast (e.g., I1QDI,
1QD21, IQD23, IQD31 with CaM1 and IQD31 with CML13).%
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The ability of IQDI to interact with CaM was further con-
firmed by taking advantage of the observation that IQD1-GFP
protein fusions associate with the cytoskeleton. Nuclear targeting
was previously reported for IQD1-GFP;* however, confocal laser
scanning microscopy at high resolution revealed localization of
IQDI1 to both the cell nucleus (including nucleoli) and the micro-
tubular network in transiently transfected tobacco leaves as well
as transgenic Arabidopsis seedlings (Fig. 1).% Interestingly, co-
transfection studies in tobacco demonstrated IQD1-dependent
recruitment of RFP-tagged Arabidopsis CaM2 from the cytosol
to microtubules and thus IQD1:CaM2 interaction in planta.
Because many microtubule-associated proteins bind via a posi-
tively charged basic domain directly to the acidic tails of tubu-
lins,” a similar mode of electrostatic interaction may apply to the
largely basic IQD proteins.

A genetic yeast two-hybrid screen of an Arabidopsis Hower
cDNA library with IQD1 as the bait repeatedly isolated kinesin
light chain-related protein-1 (KLCR1) as a novel IQD1 interac-
tor. In vivo binding of KLCR1 to IQD1 was confirmed in yeast
and in plants. Again, co-transfection studies in tobacco leaves
revealed IQD1-dependent sequestration of cytosolic RFP-tagged
KLCR1 to microtubules, and similar experiments suggested
simultaneous binding of KLCR1 and CaM2 to microtubule-
associated IQD1.” KLCR1 and two closely related tetratrico-
peptide repeat (TPR) domain-containing proteins, KLCR2 and
KLCR3, are similar to mammalian kinesin light chain (KLC)
subunits of kinesin motor proteins.”’ Kinesins are a class of
microtubule-based molecular motors that are usually heterotet-
rameric, consisting of two heavy chain (KHC) and two light
chain (KLC) subunits, and facilitate directional transport of
organelles, vesicles, multiprotein or ribonucleoprotein com-
plexes to specific cellular destinations, generally toward the cell
periphery.?*? In addition, specific kinesins play multifaceted
roles during cell division and are potentially required for cor-
rect orientation of the division plane.*** The broader signifi-
cance of the observed IQD1:KLCRI interaction is supported by
querying the Arabidopsis interactome database, which points to
additional interactions between IQD and KLCR proteins, such
as IQD2:KLCRI, IQD2:KLCR2, or IQD23:KLCR2.*® Given
that most members of the Arabidopsis IQD family are also asso-
ciated with the cytoskeleton (Biirstenbinder and Abel, unpub-
lished), the prospect arises that microtubule-based IQD proteins
are subunits of macromolecular complexes with roles in various
kinesin-dependent processes and their regulation.

Are 1QD Proteins Novel Scaffolds?

Kinesins typically bind to their cargo via adaptor or scaffold
proteins though direct cargo attachment is possible to the globular
C-terminal tail of the KHC homodimer or to its two associated
KLCs. A KLC subunit contains N-terminal heptad repeats for
oligomerization with the coiled-coil stalk of the KHC dimer, and
several conserved TPR motifs next to its variable C-terminus may
recruit adaptor proteins to KHC-KLC tetramers.?**> Mounting
evidence on kinesin-cargo interactions in animals suggests that
KLC-bound scaffold proteins regulate cargo recruitment and
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GSTU26

Nucleic Acids

Figure 1. Subcellular localization and molecular interactors of
Arabidopsis IQD1. (A) Transient expression of CaMV 35S, :IQD1~GFP

in tobacco leaves (N. benthamiana) reveals association of GFP fluores-
cence with the microtubular network and cell nucleus (epidermal cell
in the center). Lower IQD1~GFP expression level (upper cell) or lower
photomultiplier gain (inset, lower right corner) indicates targeting of
1QD1~GFP to the nucleolus (see ref. 26 for original report and controls).
(B) In addition to its recruitment to microtubules, IQD1 interacts in
planta with Arabidopsis CaM2 and Arabidopsis KLCR1.”” A possible inter-
action of IQD1 in planta with GSTU26 (reproducibly identified in a yeast
two-hybrid screen?) and with single nucleic acid substrates (demon-
strated in vitro),?’” such as cellular RNAs, remains to be tested. Querying
the PhosPhAt4.0 database® retrieved evidence for in vivo phosphoryla-
tion (-P) of IQD1 on a site near to its N-terminus. To date, there is no evi-
dence for binding of KLCR1 to kinesin motor proteins, which facilitate
cellular transport of specific cargo along microtubular tracks.

kinesin motor activity. Even entire pre-assembled signal transduc-
tion modules (sometimes referred to as transducisomes),” such
as mitogen-activated protein kinase (MAPK) cascades associated
with vesicle-bound transmembrane receptors, can be tethered to
KHC-KLC tetramers via scaffold proteins, which subsequently
trigger and inform transport along microtubules to their final

membrane destination.?’3?

The assembly, loading and unload-
ing of scaffold-associated kinesin cargo complexes is tightly
controlled by phosphorylation, GTPase activity, Ca?**-sensors,
proteolysis, or other mechanisms.?3*% Thus, scaffold proteins
composed of variable docking sites provide versatile interaction
platforms and serve as critical nodes for the integration of mul-
tiple signal transduction pathways to coordinate diverse cellular
activities.*¥

Although /QD genes are restricted to land plants, the small
family of IQGAP proteins (IQ motif-containing GTPase-
activating proteins) in yeast and animals may be instructive for
IQD protein function.®* Two defining features of IQGAP
proteins are the central conserved domain of four tandem IQ
motifs, mediating highly complex Ca?*-dependent as well as
Ca?*-independent interactions with CaM, and the region con-
taining sequence similarity to Ras GTPase-activating proteins.
IQGAPs harbor additional interaction domains that facilitate
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Basal Defense

Biotic Challenge

Figure 2. Current model of IQD1-regulated cellular processes. QD1 is
hypothesized to function as a scaffold protein that recruits in a Ca?*-
CaM-dependent manner various cargos to kinesin (KHCs) motor com-
plexes via KLCR1. Proteins such as GSTU26 or as yet unidentified RNAs
are putative cargo molecules. Ribonucleoprotein complexes containing
1QD1 may be assembled in the cell nucleolus/nucleus, exported and
directionally transported along microtubule tracks to specific cellular
sites related to plant defense response for local mMRNA translation, or via
plasmodesmata to adjoining cells. A generalized model may apply to
other 1QD family members.

binding to a large number of diverse target proteins, often in a
CaM-dependent manner or via regulation by protein phosphory-
lation.?® The ability of IQGAPs to simultaneously recruit differ-
ent proteins suggests a scaffolding function in the assembly of
higher order complexes with specific roles for fundamental cel-
lular processes. For example, a large body of work indicates that
IQGAPI regulates cell growth and morphogenesis by coupling
cellular signaling pathways to cytoskeleton dynamics via direct
interaction with F-actin and microtubules.?” Recent studies pro-
vided strong evidence that human IQGAPI is required as a scaf-
fold protein for efficient signal propagation via MAPK cascades,
which in turn may be regulated by Ca**-sensors and integrate
numerous other inputs from multiple signaling pathways.?”3%4
In short, IQGAPs are scaffolds that facilitate and modulate
cross-talk among diverse cellular pathways in complex regulatory
circuits.

The collective evidence suggests that possibly most /QD genes
code for an assortment of KLCR-interacting protein scaffolds.
However, it remains to be tested whether plant KLCRs are indeed
subunits of plant kinesins and interact with KHC dimers. If so,
IQD proteins are likely to participate in various kinesin-depen-
dent processes, such as spatial control of cytokinesis,** as may be
the case for tomato IQD12/SUN,? or directional transport of
metabolons and perhaps ribonucleoprotein complexes, as recently
discussed for Arabidopsis IQD1.% In addition to KLCR1, the
yeast two-hybrid screen for IQDI interactors identified a second
confirmed target, glutathione S-transferase GSTU26, which may
participate in glucosinolate biosynthesis. Interestingly, IQD1 was
also shown to bind in vitro to single-stranded but artificial nucleic
acid substrates.” Thus, microtubule-associated IQD1 seems to be
capable of interacting simultaneously with multiple proteins and
possibly binds to cellular but as yet unknown RNA molecules
(Fig. 1). Most IQD family members share certain properties with
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RNA-binding proteins (basic isoelectric point, high content of
Lys/Arg/Ser residues)'® and also localize to the cell nucleus,
thereby often entering the nucleolus (Biistenbinder and Abel,
unpublished). Therefore, we hypothesize that at least some IQD
proteins participate in ribonucleoprotein complex assembly,
nucleocytoplasmic transport and delivery to specific cytoplas-
mic sites prior to local derepression of mRNA translation, which
is an increasingly recognized strategy for coupling gene expres-
sion with spatial restriction of protein synthesis and thus for effi-
cient intracellular protein sorting.*** Unlike in animals, plant
nucleoli are thought to exert novel functions in mRNA surveil-
lance and nuclear export, in addition to their conventional roles
for assembling and exporting ribosomal subunits.** Not surpris-
ingly, most Arabidopsis 1QD proteins (26), including IQDI,
contain predicted nucleolar localization sequences (NoLS);*
however, their functionality remains to be tested. As expected
for cellular scaffold proteins with roles in regulatory processes,
experimental evidence for in vivo phosphorylation of IQD1 and
additional IQD proteins (19) can be found in “The Arabidopsis
Protein Phosphorylation Site Database” (PhosPhAt4.0).® The
phosphorylation sites identified to date on IQD proteins are
located outside of the central IQ67 domain and may thus con-
trol the interaction of IQD proteins with KLCRs and various
cargo molecules.

Conclusions and Perspectives

Genetic and molecular studies initiated with Arabidopsis IQD1
have uncovered a planespecific class of novel CaM/CML-
regulated proteins with putative roles as cellular scaffolds.'*"*
IQD1 and additional family members may connect various sig-
naling pathways to microtubule-dependent trafficking of macro-
molecular complexes.?"***¢ For example, the local interactome of
KLCR2 comprises more than 70 proteins with predicted func-
tions in Ca**-signaling, including IQD2 and IQD23, hormone
action (jasmonic acid), redox homeostasis, or in the control of
gene expression (transcription, RNA binding and translation).
Some of the IQDI complexes may originate in the cell nucleus
or nucleolus and mediate RNA transport to specific intracellu-
lar sites, or even to adjoining cells via plasmodesmata (Fig. 2).
Elevated IQDI expression stimulates glucosinolate production
and plant defense against herbivores.” The highly polar archi-
tecture of cell types related to glucosinolate synthesis and accu-
mulation (e.g., vascular bundles)*® likely necessitates cellular
translocation of metabolons or ribonucleoprotein complexes for
efficient targeting or localized synthesis of glucosinolate pathway
enzymes. Similarly, directional transport of vesicles for rapid
deposition of callose at sites of pathogen encounter is crucial for
basal defense responses, which, upon pathogen perception, are in
part mediated by the controlled turnover of specific glucosino-
lates and the signaling activities of their breakdown products.”
With the thorough annotation of /QD gene families in three
plant species'®!”
scaffolds in cellular signaling and microtubule-dependent pro-

and the emerging picture of IQD proteins as

cesses,”’ the stage has been set for major advances in our under-
standing of their biological roles and biochemical activities. A
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functional analysis of the entire Arabidopsis IQD gene family by
various reverse genetic approaches and tools, coupled to a com-
prehensive phenotypic characterization, will uncover additional
IQD protein-dependent processes during plant development

under different growth conditions. Given that the only known

biological processes regulated by IQD proteins have been recog-
nized in lines with elevated /QD gene expression,

212 emphasis

should be placed on the generation of overexpression and higher-

order knockout lines. A second focus of future research will be

the study of specific IQD-regulated macromolecular complexes
and of their activities in vivo. For example, work on IQD1 will
aim at the isolation of IQD1 scaffold complexes formed in planta,
followed by the identification and characterization of their
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Ca?*-sensors and protein phosphorylation.
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