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Abstract

Previously we found elevated beacon gene expression in the hypothalamus of obese Psammomys obesus. Beacon administration

into the lateral ventricle of P. obesus stimulated food intake and body weight gain. In the current study we used yeast two-hybrid

technology to screen for proteins in the human brain that interact with beacon. CLK4, an isoform of cdc2/cdc28-like kinase family

of proteins, was identified as a strong interacting partner for beacon. Using active recombinant proteins and a surface plasmon

resonance based detection technique, we demonstrated that the three members of this subfamily of kinases (CLK1, 2, and 4) all

interact with beacon. Based on the known sequence and functional properties of beacon and CLKs, we speculate that beacon could

either modulate the function of key regulatory molecules such as PTP1B or control the expression patterns of specific genes involved

in the central regulation of energy metabolism.

� 2003 Elsevier Science (USA). All rights reserved.
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Psammomys obesus (commonly known as the Israeli
Sand Rat) is a unique animal model for investigating the

underlying molecular and signalling mechanisms that

contribute to maintenance of energy balance [1,2].

Beacon was originally discovered using differential dis-

play PCR as a gene expressed at higher levels in the

hypothalamus of obese P. obesus compared to their lean

littermates. In further studies, ICV administration of

beacon into lean P. obesus stimulated food intake and
produced significant weight gain accompanied by a

twofold increase in the hypothalamic gene expression of

NPY [3]. Beacon treated animals revealed that the

increase in body weight was a direct consequence of

increased food intake as the treatment affected neither
the physical activity nor the energy expenditure. The

increase in body weight corresponded largely to an in-

crease in fat content as the weight of the other organs

remained unchanged [4].

The P. obesus beacon gene encodes a protein of 73

amino acids that is highly conserved across species and

shares 100% sequence identity with the corresponding

human and mouse homologs [3]. A number of peptides
either produced or acting in the brain are involved in a

complex network of neuronal signalling processes that

control energy intake and energy expenditure. Beacon

showed slight sequence homology to ubiquitins but not

to any of the known peptides involved in the control of

energy balance. Absence of a diglycine motif in the C-

terminus precludes any typical ubiquitin like function

for beacon [5]. As part of our efforts towards under-
standing how beacon functions at the molecular level,

we investigated the nature of proteins it interacts with.

Here we provide evidence to show that beacon interacts

with three members of a distinct subfamily of kinases,

termed cdc2/cdc28-like kinases abbreviated as CLKs [6].
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We discuss the significance of the interaction between
beacon and CLKs in the context of known and specu-

lated functions of CLKs in cell signalling and how this

interaction may relate to central regulation of energy

balance.

Methods

Yeast two-hybrid screen. Yeast two-hybrid screening with the

ProQuest two-hybrid system (Life Technologies) was performed as

described in [7]. The entire coding sequence of beacon (GenBank

Accession No. AF318186) was cloned into the yeast vector pDBLeu, in

fusion with the reading frame of GAL4 DNA binding domain.

MaV203 transformed with pDBLeu-beacon were grown on plates

containing 20mM 3-amino-1,2,4-triazole (3AT) in order to suppress

basal expression of HIS3. MaV203 cells harbouring pDBLeu-beacon

were transformed with 18 lg of plasmid DNA harvested from a Pro-

Quest human brain cDNA library and 1:4� 106 transformants were

screened for beacon interacting clones. Clones deemed HISþ positive

in the primary screen were further screened for induction of two other

test reporter genes, URA3 and lacZ.

Expression and purification of recombinant GST and beacon pro-

teins. The cDNA encoding beacon was subcloned into the pGEX2T

expression vector (Amersham Pharmacia Biotech). Both GST and

GST-beacon fusion protein were expressed in the BL21 strain of

Escherichia coli. Cultures were grown at 37 �C and induced at 30 �C
with 0.5mM IPTG for 3 h. Bacteria were harvested and lysed by

sonication, and the GST and GST-beacon fusion protein were affinity

purified on Glutathione–Sepharose beads (Amersham Biosciences)

using standard protocols. Protease inhibitor cocktail (Roche Molecu-

lar Biology) was added to the buffers during isolation. Over 25mg of

GST and GST-beacon was recovered per litre of culture. The GST tag

was cleaved off using bovine plasma thrombin (Sigma) and further

purified to homogeneity by removal of contaminating GST using

Glutathione–Sepharose beads. Standard methods were used for SDS–

PAGE and staining of gels by Coomassie blue to monitor the quantity

and quality of proteins throughout the purification procedures.

Expression and purification of recombinant human CLK1, 2, and 4

proteins. Human liver cell line, HepG2, was used as a source for iso-

lation of CLK clones. Human CLK1, 2, and 4 (GenBank Accession

No. L29219, L29218, and AF294429) were amplified using the gene

specific primers, forward 50-gat tcc cgt gat tgc gtt aca-30 and reverse 50-

gaa aaa gat gtt cat tac ctt agc-30 for CLK1; and forward 50-acg gac ttc

ctg tgg gac aag c-30 and reverse 50-ctg gac tgg aca ccc act gct at-30 for

CLK2; forward 50-agg agg gaa gac ggc agt ttg-30 and reverse 50-tag taa

gac cac tga ttc cca ttt c-30 for CLK4. Each insert was sequence verified

and subcloned into the pGEX4T-1 expression vector (Amersham

Biosciences). The GST-CLK proteins were expressed and purified as

described above. However, the bacterial cultures were induced with

IPTG at 25 �C for CLK1 and at 37 �C for CLK2 and CLK4. The GST-

CLKs expressed in low amounts and on purification yielded 30, 65,

and 700lg CLK1, 2, and 4 fusion proteins per litre culture, respec-

tively. Despite low yields, it was possible to concentrate and equilibrate

the proteins into Biacore compatible 10mM Hepes, pH 7.4 and 0.15M

NaCl buffer (HBS–N buffer from Biacore AB) using Centricon filters

(Millipore) with 5 kDa molecular weight cutoff.

Kinase assay. Recombinant proteins were incubated in a kinase

reaction buffer constituting 20mM Tris–Cl, pH 7.4; 19mM MgCl2;

1mM EGTA; and 0.018lM ATP. Ten lCi [c-32P]ATP (New England

Nuclear) was incorporated into 30ll of reaction medium and incu-

bated at room temperature for 20min. Reactions were stopped by the

addition of 15 ll of 5� Laemmli sample buffer. After performing SDS–

PAGE, gels were exposed to a Phosphor Imager plate for 30min and

scanned using a Phosphor Imager (Molecular Dynamics).

Surface plasmon resonance analyses. Surface plasmon resonance

(SPR) analyses were performed with minor variations as described in

[7] using a Biacore J instrument (Biacore AB). Beacon was attached to

a CM5 sensor chip at pH 5.5 by an amine coupling reaction. HBS–EP

(10mM Hepes, pH 7.4; 0.15M NaCl; 3mM EDTA; and 0.005%

Polysorbate 20) was used as running buffer. Flow cells 1 and 2 in the

sensor chip were treated in the same manner except that ligand was

absent in flow cell 2 which served as a reference cell. Binding experi-

ments were performed in dual channel mode and the reference sub-

tracted sensorgrams represented true binding patterns between ligand

and analyte. Test samples diluted to 130ll in running buffer were in-

jected over a fixed duration of 4min. For heat treatments, proteins

were initially diluted to 20 ll in running buffer, incubated at 65 or 70 �C
for 10 min, centrifuged for 30 s, reconstituted to a final volume of

130ll with running buffer, and injected as usual. Between injections,

chips were regenerated using 40ll of 10mM NaOH. Sensorgrams were

rejected if there was any problem in obtaining steady baseline prior to

injections or if the chip regeneration was not satisfactory or if the chip

showed any signs of deterioration.

Results

Using beacon as bait, we have screened over one

million clones from a human brain cDNA library and

identified 32 HISþ clones. Three of these (clones 12, 16,

and 31) also induced expression of the other two re-

porter genes URA3 and lacZ. To determine the au-

thenticity of the observed interactions, plasmids from

the interacting clones were isolated, reintroduced into
MaV203 cells containing the bait pDBLeu-beacon, and

assayed for the expression of all three test reporter

genes. The results were reproducible and confirmed

positive (Fig. 1). When compared with the supplied

Fig. 1. Interaction between beacon, HSPB2, and CLK4-partial in the

yeast two-hybrid assay. MaV203 cells were co-transformed with

pDBBeacon and either clone 12 (HSPB2), clone 16 (HSPB2), or clone

31 (CLK4Partial), and patched onto selective media lacking leucine

and tryptophan [-(Leu,Trp)] (A). Interactions were confirmed by

growth on -(Leu, Trp, His) + 20mM 3AT (B) and -(Leu, Trp, Ura) (C);

and by monitoring the color development in a b-galactosidase filter

assay (D). (B–D) Replicas of the master plate (A). Strength of the

interaction is demonstrated by comparison to control strains 1–5.
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positive controls, interactions between beacon and
clones 12 and 16 were assessed to be weak and clone 31

to be a strong interaction (Fig. 1).

Sequencing revealed the two weakly interacting clones

to be 100% homologous to human heat shock protein 2

(HSPB2, GenBank Accession No. NM_001541). The

nucleotide sequence of clone 31, which interacted

strongly with beacon, was revealed to be a partial clone

and 100% homologous to the sequence of human cdc2/
cdc28-like kinase 4 (CLK4; GenBank Accession No.

AF294429). The cDNA corresponding to the 249 bp

beginning from the start codon of CLK4 was absent in

clone 31, indicating that the fusion protein expressed was

incomplete, lacking the first 83 amino acids of CLK4.

Human CLK4 shares 68%, 67%, and 63% sequence

identity at the amino acid level with its three closely

related family members CLK1, 2, and 3, respectively.
CLK1, 2, and 4 were shown to be expressed in the brain

and several other tissues [6,8]. CLK1 and 2 have the

ability to phosphorylate and potentiate the activity of

PTP1B [9]. PTP1B is one of the most prominent non-

transmembrane, cytosolic phosphatases implicated in

the regulation of a variety of receptor mediated intra-

cellular signalling pathways including those of insulin

and leptin [10,11]. To further confirm the interaction
between beacon and CLK4 and to examine whether

beacon similarly interacts with CLK1 and 2, we em-

ployed SPR, a highly sensitive in vitro technique for

monitoring protein/protein interactions in real time.

Beacon, GST, GST-CLK1, GST-CLK2, and GST-

CLK4 were expressed and purified as recombinant

proteins. The GST and beacon produced were pure and

homogeneous. Conversely, the CLKs expressed poorly,
but were amenable to purification and tended to break

down giving rise to protein fragments of varying lengths.

All three CLKs exhibited kinase activity (Fig. 2),

indicating the proteins to be authentic and functional.
Beacon was not phosphorylated by any of the CLKs

and therefore is unlikely to be one of the protein sub-

strates for CLKs.

In SPR analyses each GST-CLK fusion protein

showed concentration dependent binding to beacon

(Figs. 3A–C). GST alone did not show any binding to

beacon which suggests that the GST component of the

GST-CLKs was not responsible for the observed bind-
ing phenomenon (data not shown). The activity of

CLKs responsible for binding to beacon appeared to be

unstable to treatments at higher temperatures. The

binding of beacon to CLK1 and 2 decreased by >90%

when treated at 65 �C for 10min (Fig. 3D,E). The

binding activity of CLK4 decreased by 60% when trea-

ted at 70 �C (Fig. 3F). Further, beacon or other unre-

lated proteins such as bovine serum albumin, maltose
binding protein or insulin did not show binding to

beacon (data not shown), suggesting the beacon/CLK

interactions to be highly specific.

Discussion

In the yeast two-hybrid screen, we identified human
CLK4 to be a potential interacting partner for beacon.

Subsequently, we demonstrated that three members of

the human CLK family (CLK1, 2, and 4) interact with

beacon and that this interaction is highly specific. The

CLKs belong to the ‘‘LAMMER’’ family of kinases,

named for the presence of ‘‘EHLAMMERILG’’ signa-

ture motif in the substrate binding cleft. They share high

sequence homology, occur in a range of species from
yeast to humans, and are characterized by the presence

of a highly conserved catalytic C-terminal domain and a

less conserved serine/arginine rich N-terminal regulatory

domain. They are dual specific kinases and have the

ability to cis and trans phosphorylate serine, threonine,

and tyrosine residues on target proteins [12]. Occurrence

of alternative splice variants and truncated forms, as

well as their expression in a tissue specific manner, ap-
pears to be a common feature of CLKs [13]. The CLK

proteins are located in the nucleus as well as in the cy-

toplasm. A consensus sequence motif for phosphoryla-

tion by CLKs is present in PTP1B, a negative regulator

of both insulin and leptin signalling [14]. Co-expression

and in vitro phosphorylation studies indicate that CLK1

and 2 may phosphorylate and activate PTP1B in vivo

[9]. PTP1B knock-out mice were found to be lean with
increased sensitivity to insulin and leptin, providing

compelling evidence for its effects on the pathways

controlling energy homeostasis [15,16]. PTP1B is cur-

rently a popular target for development of anti-obesity

and diabetes drugs [17]. Our findings provide new im-

petus to explore the possibility whether beacon, CLKs,

PTP1B, insulin, and leptin receptors are linked in a

Fig. 2. Kinase activity of CLK proteins kinase assay was carried out as

described under Methods. No protein (No protein); GST (19lg);
GST-CLK1 (3 lg); GST-CLK2 (6lg); and GST-CLK4 (19lg).
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pathway that is active in vivo and whether such a

pathway has any bearing on the control of energy

metabolism.

The CLKs, via their kinase activity, may regulate the

sub-nuclear distribution of SR-proteins, accessory fac-

tors involved in pre-mRNA splicing. Cellular regulation
of kinase activity of CLKs is modular, highly compli-

cated and involves an inter play between several kinases

and phosphatases. It was shown that the CLKs regulate

splicing of their own mRNA, resulting in the formation

of catalytically active or inactive variants. Active CLKs

phosphorylate SR-proteins and the activated SR-pro-

teins in turn control the exon exclusion and formation of

catalytically inactive forms of CLKs [18,19]. Dysregu-
lated activity of CLK isoforms or an incorrect distri-

bution of CLKs between the cytoplasm and nucleus

could have serious implications in the splicing and ex-

pression pattern of numerous genes. However, the sub-

tle mechanisms that underlie intracellular trafficking

and regulation of the kinase activity of CLKs are not

understood.

It was found that beacon binds to CLKs but it is not
a substrate for phosphorylation. Close examination of

sequences revealed the presence of a potential sentrini-

zation sequence motif ‘‘LKPE’’ in CLK1, 2 and 4. In

addition, CLK4 has a second sequence motif ‘‘VKSD’’

also considered a potential site for sentrinization [20].

Beacon differs from ubiquitins and sentrins by the

presence of a dityrosine motif in its C-terminus in the

place of a diglycine in the latter. One interesting possi-

bility might be that beacon is a novel form of ubiquitin

with potential to target and modify specific proteins via

the dityrosine motif using novel processing and conju-

gation systems [21]. Indirect evidence exists for such a

possibility in yeast [22] but is hitherto unknown in
higher eukaryotes. Our knowledge of regulatory func-

tions mediated by ubiquitins, ubiquitin like or ubiquitin

domain containing proteins is rapidly growing and it is

conceivable that the extent of regulation of cellular

pathways controlled by the ubiquitin family of proteins

may far exceed that of phosphorylation–dephosphory-

lation mediated control mechanisms [23–27]. The mouse

coat color mutant gene ‘‘mahoganoid’’ has been impli-
cated to have modulatory effects on a-MSH signalling

pathway in the brain and thereby influencing the body

weight in mice. Mahoganoid has recently been cloned

and identified as a ring domain protein and may func-

tion as an E3 ubiquitin ligase [28]. It would be inter-

esting to know the type of ubiquitins and the target

proteins that may be involved in the ubiquitination

processes mediated by mahoganoid. It remains to be
addressed whether the interaction we observed in vitro

relates to sequestering of CLKs or a step in the process

of covalent modification by beacon in vivo and whether

such modification can influence their subcellular locali-

zation or level of kinase activity. Either of these pro-

cesses could influence one or more signalling pathways

modulated by CLKs or substrates of CLKs.

Fig. 3. Interaction between beacon and human CLK1, 2, and 4. SPR analyses were performed as described in Methods. Beacon immobilized on CM5

sensor chip generated 1800–2100RU. Analyte samples injected and the heat treatments are as listed here. (A) GST-CLK1 (1: 1.68 lg; 2: 0.84lg). (B)

GST-CLK2 (1: 1.56lg; 2: 0.78lg; 3: 0.50lg; and 4: 0.26lg). (C) GST-CLK4 (1: 0.98lg; 2: 0.49lg; 3: 0.33lg; and 4: 0.24lg). (D) GST-CLK1 (1:

1.68lg; 2: 1.68lg treated at 65 �C for 10min). (E) GST-CLK2 (1: 1.00lg; 2: 1.00lg treated at 65 �C for 10min). (F) GST-CLK4 (1: 1.30lg; 2:
1.30lg treated at 70 �C for 10min).

128 L. Kantham et al. / Biochemical and Biophysical Research Communications 304 (2003) 125–129



Our findings shed new light on the functional aspects
of beacon and the CLK family of proteins. Further

work is needed to resolve whether beacon via its inter-

action with CLKs modulates PTP1B activity or controls

the expression of particular but as yet undefined genes in

the brain that are involved in the maintenance of energy

balance.
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