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ABSTRACT: LIM homeodomain proteins are a family of recently characterized proteins which contain, in
addition to a homeodomain, two tandem repeats of conserved Cys-His motifs termed as LIM domains.
We have recently isolated several clones from a chinook salmon pituitary cDNA library that encode two
novel LIM homeodomain proteins, Isl-2 and Isl-3, which are structurally related to rat Isl-1. In the present
study, we used the salmon Isl-2 to determine the role of LIM domains in DNA binding. Several glutathione
S-transferase (GST) fusion proteins containing either full length Isl-2 or various portions of this protein
were expressed in bacteria. Zinc blot analysis reveals that the LIM domains produced in bacteria are
capable of binding zinc. Gel shift analysis indicates that all homeodomain-containing fusion proteins are
able to bind to a TAAT target sequence while the fusion proteins containing only the LIM domain are
not. In contrast to a previous observation that the LIM domains of rat Isl-1 have an inhibitory role in
DNA binding, full length salmon Isl-2 containing both the LIM domains and a homeodomain can bind
to a TAAT target sequence. To further examine the role of LIM domains in DNA binding, several GST
fusion proteins were used to select specific target DNA sequences from a pool of randomly incorporated
oligonucleotides. Specific target DNAs were selected by fusion proteins containing the homeodomain or
the full length Isl-2, but not by LIM domain only fusion proteins, indicating that the LIM domain alone
is not involved in DNA binding. The selected target DNAs were cloned and sequenced. They revealed
two classes of consensus, /TTAATS/1%/, and ¢/TTAAGTG, for both the homeodomain and full length
Isl-2. The two classes of consensus competed with each other for binding to the homeodomain. The
equilibrium dissociation constants for DNA binding, estimated by Scatchard analysis, were similar for
the homeodomain and full length Isl-2. These observations suggest that the LIM domains of Isi-2 have
no involvement in DNA binding and they do not affect the specificity and affinity of the homeodomain
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for the target DNA.

Homeodomain proteins are a class of transcription factors
with important roles in determining cell lineage and pattern
formation during development. All homeodomain proteins
contain a conserved 60 amino acid domain responsible for
specific DNA binding. On the basis of their amino acid
sequence homology, these proteins can be classified into at
least 20 distinct families (Gehring et al, 1994). LIM
homeodomain proteins are a recent addition to this class of
transcription factors. The acronym LIM is derived from three
homeobox genes encoding structurally similar proteins, lin-
11, isl-1, and mec-3 (Freyd et al., 1990; Karlsson et al., 1990).
These three proteins contain, in addition to a homeodomain,
two copies of conserved finger-like Cys-His motif termed
as LIM domains. Recently, several new genes coding for
LIM homeodomain proteins have been described, including
Xlim-1, -2, and -3 from Xenopus (Taira et al., 1992, 1993),
apterous from Drosophila (Cohen et al., 1992; Bourgouin
et al., 1992), Imx-1 from hamster (German et al., 1992), and
LH-2 from the rat (Xu et al., 1993). In addition, the LIM
domains with 1—3 copies of the Cys-His motif have been
identified in many proteins without the homeodomain, such
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as the rat cysteine-rich intestinal protein (CRIP) (Birken-
meiser & Gordon, 1986), human T-cell oncogene rhom-
botin-1 and -2 (McGuire et al., 1989; Boehm et al., 1991),
human cysteine-rich protein (CRP) (Wang et al,, 1992),
cytoskeleton protein zyxin (Sadler et al.,, 1992), a plant
pollen-specific protein SF3 (Baltz et al., 1992), and a LIM
domain kinase LIMK (Mizuno et al., 1994).

The structure common to the LIM homeodomain proteins
is reminiscent of two other families of homeodomain
proteins, paired homeodomain proteins (Bopp et al., 1986)
and POU homeodomain proteins (Herr et al., 1988). These
two families of proteins also contain a second conserved
DNA binding domain, paired domain, and POU-specific
domain, respectively, in addition to a homeodomain. The
paired domain and the homeodomain display different
binding specificities to target DNA sequences (Treisman et
al., 1989) while the POU-specific domain and the home-
odomain act in concert to specify binding to one target
sequence (Ingraham et al., 1990). The function of LIM
domains is largely unknown although it has been proposed
that it may be involved in DNA binding or in protein—protein
interaction during transcriptional regulation (Freyd et al.,
1990; Karlsson et al., 1990). Recently, it has been found
that the LIM domains of rat Isl-1 inhibit DNA binding of
the homeodomain (Sanchez-Garcia et al., 1993). The
primary structure of the LIM domain resembles that of a
zinc finger DNA binding domain (Berg, 1990). Zinc has
been found in the purified LIM domain polypeptides for
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several LIM proteins (Li et al., 1991; Michelsen et al., 1993;
Archer et al., 1994; Kosa et al., 1994). However, behavior
typical of zinc fingers involving direct binding to DNA
remains to be demonstrated. Since the presumptive binding
sequence for LIM domains is unknown, one approach to test
the DNA binding capacity of the LIM domain is to use LIM
domain polypeptides to select specific DNA sequences from
a pool of randomly incorporated oligonucleotides. Repeated
binding selection coupled to PCR amplification will enrich
or purify specific DNA sequences which can be cloned and
sequenced to deduce a binding consensus (Thiesen & Bach,
1990; Chittenden et al., 1991).

Recently, we have isolated several novel LIM domain
homeobox ¢cDNA clones from a salmon pituitary ¢cDNA
library. These cDNA clones encode a family of related but
distinct proteins which are structurally similar to Isl-1 and
are named Isl-2 and Isl-3. The expression patterns of Isl-2
and Isl-3 are similar to that of Isl-1, suggesting that they
have similar roles during development and in maintenance
of certain cell lineage (Gong et al., 1994a,b). In the present
study, we have used Isl-2 as a model to study the potential
DNA binding role of the LIM domains and their effect on
DNA binding with a homeodomain. Our data indicated that
the LIM domain binds to zinc, but has no specific or
nonspecific DNA binding activity. The homeodomain of
Isl-2 is able to bind to two similar classes of DNA consensus,
C/rTAATS/1%/ 4 and €/YTAAGTG. The LIM domains, when
associated with the homeodomain, affect neither the specific-
ity nor the affinity of DNA binding.

EXPERIMENTAL PROCEDURES

Plasmid Construction. Two Isl-2 cDNA clones (a and b,
EMBL access numbers X64885 and X64884, respectively)
were isolated from the chinook salmon, Oncorhynchus
tschawytscha, by screening a pituitary cDNA library using
an EST clone which contains a partial homeobox sequence
from the winter flounder, Pleuronectes americanus (Gong
et al., 1994a,b). The Isl-2a clone (S11) contains an unspliced
intron, and the Isl-2b clone (S9) is incomplete, lacking the
5’ sequence for the first 18 amino acid residues. To construct
a full length Isl-2 cDNA clone without the intron sequence,
the first 96 bp (EcoRl/Sphl fragment) of the S9 clone was
replaced by the first 208 bp (EcoRI/Sphl fragment) from the
S11 clone. The resulting plasmid, S11/9, contains a 1.7 kb
insert including the complete coding sequence for the 358
amino acids of Isl-2. All GST fusion protein constructs were
made by in frame ligation of Isl-2 DNA fragments to the
GST fusion protein vector pGEX-2T (Pharmacia). The
detailed construction of these constructs is as follows: (1)
pGST-ISL2, the 1.7 kb EcoRI/Xhol fragment of S11/9 was
ligated to the EcoRlI site of pGEX-2T. (2) pGST-ANI1S8, the
1.6 kb EcoRI/Xhol fragment of S9, was blunt end ligated to
the EcoRI site of pGEX-2T. The blunt ends were generated
for both the insert and the vector using Klenow fragment in
order to produce a correct reading frame. (3) pGST-ALL1
(ANS59), the 260 bp of Smal/Bsml fragment, was deleted from
pGST-ISL-2. (4) pGST-AL1.5 (AN106), the 380 bp of
EcoRI/Sst fragment, was deleted from pGST-ISL2. (5)
pGST-HD (AN160), the 1 kb Ssp I fragment of S9, was
ligated to the EcoRI site of pGEX-2T. (6) pGST-L2 (19—
159), the 0.55 kb EcoRI/Ssp I fragment of S9, was blunt
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end ligated to the EcoRI site of pGEX-2T as for pGST-
AN18. (7) pGST-L1 (N83), the 0.6 kb EcoRI fragment of
S11, was ligated to the EcoRI site of pGEX-2T.

The schematic representation of the fusion proteins is
shown in Figure 1B, and the sequences included in these
fusion proteins are indicated in Figure 1A.

Bacterial Expression and Purification of GST. Fusion
Proteins. The GST recombinant plasmids were transformed
into Escherichia coli DH50. Expression of the fusion
proteins was induced by the addition of isopropyl 1-thio-S-
D-galactoside (IPTG) to a final concentration of 0.1 mM in
a bacterial culture with an ODgy at approximately 0.5.
Bacteria were collected 3 h after the addition of IPTG and
then suspended in 15% sucrose/50 mM Tris, pH 8.3/2 mM
EDTA supplemented with 10 4M ZnSOy, 5 ug/mL aprotinin,
1 mM phenylmethanesulfonyl fluoride (PMSF), and 1 mM
dithiothreitol (DTT). Lysozyme was added to the suspension
to a final concentration of 5 mg/mlL. The bacteria were then
incubated for 5 min at room temperature and lysed with
Triton-X100 to a final concentration of 1%. After lysis,
MgCl; and DNase I were added to final concentrations of 5
mM and 10 ug/mL, respectively, to digest viscous DNA.
The lysate was then cleared by centrifugation. GST-HD was
expressed in the soluble fraction without the presence of
notable inclusion bodies. All other fusion proteins occurred
predominantly as insoluble inclusion bodies, but were also
present in the soluble fractions. To purify the GST fusion
proteins, the glutathione Sepharose 4B beads (Pharmacia)
were washed three times in NTN (100 mM NaCl; 20 mM
Tris, pH 8.0; 0.5% NP-40; 1mM DTT) and then incubated
with the soluble fractions of bacterial lysate for 20 min at 4
°C and washed twice with NTN. The fusion proteins were
eluted with 15 mM reduced glutathione. Thrombin digestion
of purified GST fusion proteins was carried out as previously
described (Smith & Johnson, 1988).

Refolding Inclusion Body Proteins. The insoluble inclu-
sion bodies were washed with 4 M urea in 50 mM Tris, pH
8.5, and solubilized in 8 M urea/50 mM Tris, pH 8.5/10 mM
DTT. The urea was removed by gel filtration with PD-10
columns (Pharmacia) pre-equilibrated with 50 mM Tris, pH
8.5/1 mM DTT. The desalted proteins were then supple-
mented with 10 uM ZnSO, and renatured overnight at 4 °C.
A fraction of the renatured GST fusion proteins was capable
of binding to the glutathione Sepharose 4B beads and was
used for binding site selection as described below.

SDS—Polyacrylamide Gel Electrophoresis and Zinc Blot
Analysis. SDS-—polyacrylamide gel electrophoresis was
carried out by the method of Laemmli (1970). Zinc blotting
was performed essentially as described by Schiff et al.
(1988). Briefly, following electrophoresis, proteins were
electroblotted onto a nitrocellulose filter. The proteins on
the filter were renatured in metal binding buffer (100 mM
Tris, pH 6.8; 40 mM NaCl; 2 mM DTT) for at least 3 h and
probed for 40 min with 1 uCi/mL %ZnCl, (1.85 mCi/mg,
Du Pont) in the binding buffer, followed by three washes (§
min each) in the same buffer and autoradiography. After
autoradiography, the filter was stained with 0.1% amido
black in 25% 2-propanol/10% acetic acid and destained with
water.

Gel Shift Assay. The TAAT target DNA was synthesized
based on the P1 element in the promoter region of the rat
insulin I gene (Ohlsson et al., 1991). The upper strand of
oligonucleotide sequence is 5-TCGACGCCCTTAATGGGC-
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FIGURE 1:

Amino acid sequence of salmon Isl-2 aligned with that of rat Isl-1 (panel A) and diagram of GST fusion proteins (panel B). In

panel A, the two LIM domains are boxed, and the homeodomain is underlined. Residues likely to bind zinc are represented by double-lined
letters. Breaking points for deletions in GST fusion proteins are indicated by arrows. In panel B, the two LIM domains (LIM1 and LIM2)
are represented by light-shaded bars and the homeodomain (HD) by dark-shaded bars. Detailed description of these fusion proteins are

given in the text.

CAAACGGCAG-3’, and the lower strand of oligonucleotide
is 5-TCGACTGCCGTTTGGCCCATTAAGGGCG-3". The
two oligonucleotides were annealed in the buffer (150 mM
Tris-HCI, pH 7.6; 15 mM MgCl;) by heating at 65 °C for
10 min and cooling at 37 °C for 20 min. Double strand
DNA was purified from an 8% polyacrylamide gel after
electrophoresis. The annealed P1 oligonucleotides had 5
protruding ends and were radioactively labeled by Klenow
filling-in. For gel shift assays, glutathione Sepharose 4B
bead purified fusion proteins were preincubated on ice with
2 ug of poly(dI-dC) and 1 ug of acetylated bovine serum
albumin in 100 mM NaCl, 20 mM Tris (pH 8), 10 uM
ZnS0y, and 2.5 mM DTT. After 30 min, radioactive target
DNA (20 000 cpm) was added to continue the incubation
for another 30 min, prior to loading onto a 6% polyacryla-
mide gel. After electrophoresis in 0.5x TBE (45 mM Tris—
borate, pH 8; 1 mM EDTA) at 100 V, the gel was exposed
to an X-ray film for autoradiography.

Binding Site Selection. Selection of target DNA sequences
was performed essentially as described by Chittenden et al.
(1991). The oligonucleotides were synthesized by HSC/
Pharmacia Service Center, Toronto. The 68mer oligonucle-
otides (16N) contain 16 randomly incorporated nucleotides

flanked by two defined PCR primer sequences: 5-GA-
CAGTTGTTGTCTTCCTACTAGCTGCAG-
NNNNNNNNNNNNNNNNCTCGAGTGGGCGT-
AGTACTTCAT-3". The underlined sequences are two PCR
primers used for amplification. Two restriction sites, Pstl
and Xbal, are between the PCR primers and the 16N core
sequence. Double strand oligonucleotides were comple-
mented by Klenow fragment using the right PCR primer.
For each round of binding site selection, 50 uL of glutathione
Sepharose 4B beads was washed three times each with 1
mL of NTN and suspended in 0.5 mL of NTN. GST fusion
proteins were added to the suspension either using the soluble
fraction of a bacterial lysate or using the refolded proteins
from solubilized inclusion bodies, and rocked at 4 °C for 20
min. The Sepharose beads were then washed with 3 x 1
mL of NTN and suspended in 0.5 mL of NTN containing 4
ug of poly(dI-dC), followed by the addition of 40 ng of gel
purified oligonucleotides. After 30 min of incubation, the
beads were washed with four times each with 1 mL of ice-
cold NTN. DNA which remained bound to the beads was
eluted by incubation for 3 h at 50 °C in 400 uL of proteinase
K digestion buffer (500 mM Tris, pH 8.8; 20 mM EDTA;
10 mM NaCl; 1% SDS; 200 gg/mL proteinase K), followed
by phenol extraction and ethanol precipitation. The DNA
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was then resuspended in 20 uL of water, and 10 L of this
material was used for PCR, PCR was performed with 30
cycles of the following profile: 94 °C, 1 min; 50 °C, 2 min;
60 °C, 2min. Following the 30th cycle of amplification, fresh
primers and Taq DNA polymerase were added to amplify
one additional cycle to ensure that the majority of the
amplified 68 bp oligonucleotides were perfectly comple-
mented double strand molecules rather than heteroduplexes
containing mismatched bases at the 16 bp core segment. The
PCR-amplified 68 bp DNA was purified by polyacrylamide
gel electrophoresis and subjected to the next round of DNA
binding. To test the affinity of the fusion protein for selected
oligonucleotides, gel purified 68 bp DNA fragments were
labeled with *?P by nick-translation and applied to the fusion
protein Sepharose beads as above. The radioactive DNA
bound to the beads was counted, without prior elution, by
scintillation counting.

DNA Cloning and Sequencing. PCR-amplified DNA
fragments were directly cloned into pT7Blue-T vector using
a kit from Novagen based on the manufacturer’s instruction.
White colonies were picked up for plasmid preparation.
Double strand DNA sequencing was performed by dideoxy-
nucleotide chain termination using the T7 Sequencing Kit
from Pharmacia.

Competitive DNA Binding Analysis. DNA was labeled
by 8 cycles of PCR using [a-*2P]dCTP (~1000 Ci/mmol).
A fixed and limiting amount of fusion protein was incubated
with equal amounts of radiolabeled DNA and increasing
amounts of unlabeled competitor DNA which had been
synthesized by PCR from the plasmids containing selected
target sequences. Each incubation was carried out in a total
volume of 0.4 mL containing 4 ug of poly(dl-dC) as
performed for binding site selection except that DNA bound
to the beads after two washes were counted using a
scintillation counter. In order to estimate the amount of free
unbound DNA for Scatchard plot, the maximal binding
capacity of labeled DNA in a fixed cpm input was deter-
mined by increasing the amounts of fusion protein until a
plateau of radioactive binding was achieved. The amount
of free DNA was determined from the difference between
the maximal binding capacity and the bound radioactivity.

RESULTS

Bacterial Expression of GST-Isl-2 Fusion Proteins and
Zinc Blot Analysis. We have previously isolated several
c¢DNA clones from a salmon pituitary cDNA library, and
these clones encode a family of structurally related LIM
homeodomain proteins which include Isl-1 and two related
proteins named Isl-2 and Isl-3 (Gong et al., 1994b). The
alignment of salmon Isl-2 and rat Isl-1 is shown in Figure
1A, and they share 75% amino acid sequence identity. The
60 amino acid homeodomains differ only at one amino acid.
The two LIM domains and the Gln-rich C-terminal are also
conserved between these two proteins, but the region between
the second LIM domain and the homeodomain in the two
proteins is highly divergent. In order to study the zinc and
DNA binding properties of the salmon Isl-2 and to define
the regions of zinc and DNA binding, we have expressed in
bacteria several GST fusion proteins containing the follow-
ing: (i) full length Isl-2 (GST-ISL2); (ii) deletion of the first
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FIGURE 2: Bacterial expression of GST fusion proteins and zinc
blot analysis. (A) SDS—polyacrylamide gel electrophoresis of total
lysates of the bacteria expressing GST fusion proteins. Names of
GST fusion proteins are indicated at the top of each lane, and their
positions are indicated by asterisks on the right of each lane.
Uninduced, bacterial lysate for GST-ISL2 without IPTG induction.
MW marker, molecular weight markers in kilodaltons (K) as shown
on the right of the gel. The gel was stained with Coomassie Blue.
(B) Zinc binding of the fusion proteins. The proteins were
electroblotted onto a nitrocellulose filter, and zinc blot analysis was
performed as described in the Experimental Procedures. GST-HD
and GST were partially purified by glutathione Sepharose 4B beads,
and all others were from crude inclusion bodies. Molecular weights
are indicated on the left. Upper panel, autoradiogram of a zinc blot;
lower panel, the same blot was stained with amido black after
autoradiography.

18 amino acids prior to the first LIM motif (GST-N18); (iii)
deletion of the first LIM motif to amino acid 59 (GST-AL1);
(iv) deletion of one and a half LIM domains to amino acid
106 (GST-AL1.5); (v) homeodomain and C-terminal after
complete deletion of both LIM domains to amino acid 160
(GST-HD); (vi) both the first and the second LIM domains
from amino acid 19 to 159 (GST-L2); and (vii) the first Cys-
His motif from amino acid 1 to 83 (GST-L1), respectively
(Figure 1B). The inclusions of the Isl-2 sequence in these
fusion proteins are indicated in Figure 1A. In addition, the
glutathione S-transferase (GST) without any fusion sequence
was produced using the vector plasmid pGEX-2T (purchased
from Pharmacia). As shown in Figure 2A, all of the GST
fusion proteins were successfully expressed in bacteria. In
each case, the fusion protein was one of the most predomi-
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FIGURE 3: DNA binding analysis by gel shift. (A) Target DNA binding of Isl-2 and truncated Isl-2’s as recombinant GST fusion proteins.
Approximately equal amounts of partially purified GST fusion proteins were incubated with 20 000 cpm of *?P labeled P1 element and
electrophoresed onto a low salt, 6% polyacrylamide gel as described in the Experimental Procedures. Recombinant proteins, as indicated
at the top of each lane, were prepared from soluble fractions, except for “Refolded GST-ISL2” which was prepared from solubilized
inclusion bodies. Control lane, no recombinant protein is added. Free unbound oligonucleotides are indicated on the left. (B) Target DNA
binding of full length and the homeodomain of Isl-2 after thrombin digestion. Partially purified GST-ISL2 and GST-HD were digested by

thrombin and assayed as above. +, thrombin digested; —, undigested.

nant proteins in total bacterial extracts. To test whether these
recombinant LIM proteins were capable of binding zinc, zinc
blot analysis was carried out. All fusion proteins containing
the Cys-His motif of the LIM domains were capable of
binding zinc, while no zinc binding was detected for GST-
HD and GST proteins (Figure 2B). This indicates that zinc
was bound specifically to the LIM domain. It is interesting
to note that GST-AL1.5 contains only half of the second
LIM domain but retains the ability to bind zinc. This result
supports a previous proposal that each LIM motif consists
of two zinc fingers (Wang et al., 1992) and is consistent
with the estimation that each LIM motif contains two zinc
ions in the purified recombinant LIM proteins (Michelsen
et al., 1993; Kosa et al., 1994). The 16 residues presumed
to bind zinc in the two LIM domains of Isl-2 are shown as
double-lined letters in Figure 1A. GST-AL1.5 contained the
last 6 zinc binding residues in the second LIM domain. These
observations confirm that the LIM domains of salmon Is]-2
are able to bind zinc.

DNA Binding Properties of Recombinant Isl-2 Proteins.
[t has been shown that rat Isl-1 is able to bind to P1 element
of the rat insulin gene promoter which contains a TAAT
core sequence (Ohlsson et al., 1991). Since the home-
odomain of salmon Isl-2 is almost identical to that of rat
Isl-1 (Figure 1A), it may also bind to the P1 element. To
demonstrate this, the P1 element was synthesized and used
for binding analysis. Preliminary experiments using total
soluble bacterial lysates were unsuccessful because the GST
fusion proteins, except for GST-HD, were predominantly
expressed as inclusion bodies with very little occurring in
the soluble fractions. Addition of more crude soluble GST-
ISL2 in the binding assay often resulted in multiple bands
including one with an identical mobility to that in the
presence of purified GST-ISL2 (data not shown). Therefore,
in order to show a specific band shift, the fusion proteins
from the soluble fraction were enriched using the glutathione
Sepharose 4B beads. As shown in Figure 3A, all fusion
proteins containing the homeodomain were capable of

binding the P1 element. In contrast, no DNA binding was
detected for the fusion proteins containing only the LIM
domain (GST-L1 and GST-L2) and GST itself. The binding
was specific as evidenced by competition assays with
homologous or nonhomologous DNA (data not shown). It
was unexpected that the full length Isl-2 fusion protein (GST-
ISL2) bound the target DNA since a previous report indicated
that the LIM domains of rat Isl-1 had an inhibitory role in
DNA binding when associated with a homeodomain (Sanchez-
Garcia et al., 1993). To examine whether the discrepancy
was caused by GST in the recombinant Isl-2 proteins, the
GST portions of GST-ISL2 and GST-HD were removed by
digestion with thrombin and the resulting GST-free proteins
were used for DNA binding assay. As shown in Figure 3B,
the GST-free proteins retained a strong binding activity.
Thus, the GST portion had no influence on DNA binding
properties of the fusion proteins. The GST-ISL2 refolded
from solubilized inclusion bodies produced a gel shift band
identical to that by purified GST-ISL2 from the soluble
fraction, indicating that the GST-ISL2 from both fractions
have similar properties in DNA binding (Figure 3A).
Together, these observations suggest that the homeodomain
of Isl-2 binds to a TAAT target DNA and the LIM domains
of Isl-2 have no inhibitory role in DNA binding.

Binding Site Selection by the LIM Domain, the Home-
odomain, and Full Length Isl-2. Although the LIM domain
fusion proteins did not bind to a TAAT core sequence, it
may interact with a different target DNA motif, like the
paired domain and POU-specific domain in other home-
odomain proteins (Treisman et al., 1989; Verrijzer et al.,
1992). To test this hypothesis, it is necessary to identify
the potential target DNA sequences of Isl-2. Therefore, the
GST fusion proteins, including GST-L1, GST-L2, GST-HD,
and GST-ISL2, were used here to select DNA target
sequences from a pool of randomly incorporated oligonucle-
otides (16N) which were flanked by two defined primer
sequences for PCR amplification (Chittenden et al., 1991).
The purpose of this selection included the following: (i)
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FiGure 4: Quantitative DNA binding assay using enriched binding
oligonucleotides. The enriched populations of binding oligonucle-
otides by GST-L1, GST-L2, GST-HD, and GST-ISL2 after the 3rd
round (PCR3) and the 4th round (PCR4) of binding site selection
were labeled with 32P by nick-translation, and 5 x 105 cpm of the
labeled oligonucleotides were incubated respectively with the
glutathione Sepharose beads of GST-L1, GST-L2, GST-HD, and
GST-ISL2, as described the Experimental Procedures. The starting
oligonucleotides (16N) were also included as controls,

identification of potential target DNA sequences for LIM
domains; (ii) characterization of optimal sequences for
binding by the homeodomain; and (iii) examination of the
effect of LIM domains on the specificity of the homeodomain
to target DNA.

The binding site selection was carried out by repeated
bindings of the 16N random oligonucleotides to glutathione
Sepharose 4B beads which has been preincubated with GST
fusion proteins. After 4 rounds of selection, the selected
oligonucleotides from the 3rd and the 4th rounds were
radioactively labeled and applied to the glutathione Seph-
arose—GST fusion protein beads to test their binding activity.
As shown in Figure 4, significant increases in binding activity
were observed for GST-HD and GST-ISL2 while there was
no corresponding increase of binding activity for GST-L1
and GST-L2, indicating that specific target DNAs were
successfully selected by the homeodomain but not by the
LIM domain. To test whether the LIM domains are capable
of binding DNA nonspecifically, the DNA binding assay was
also carried out in the absence of nonspecific competitor poly
(dI-dC), and again there was no detectable of DNA binding
activity (data not shown). Numerous attempts using refolded
GST-L1 and GST-L2 proteins also failed to detect DNA
binding activity, indicating the lack of potential to convert
the LIM domains into an active form for DNA binding.
Therefore, despite the similarity of LIM domains and zinc
finger motifs, there was no evidence to suggest a role for
LIM domain in either specific or nonspecific DNA binding.

Two Identical Classes of DNA Consensus Sequences Were
Selected by the Homeodomain and the Full Length Isl-2. In
order to deduce the DNA binding consensus of Isl-2, the
oligonucleotides selected by GST-HD after the Sth and the
6th rounds were cloned into pT7Blue-T vector. Twelve
random clones from the 5Sth round and 36 clones from the
6th round were sequenced (H5 and H6 series accordingly).
The sequences were aligned, and two classes of consensus
could be easily deduced (Figure 5A). The first class of
consensus is ¢/TTAATS/:%/, (Class I), where TAAT core
nucleotides are invariant and some preference of the flanking
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nucleotides is noted. The second class, or Class II, of
consensus is S/TTAAGTG, which has not been reported
previously for any homeodomain protein. The DNA binding
sites after five rounds of selection by GST-ISL2 (F5 series)
were also cloned and sequenced (Figure 5B). To examine
whether the homeodomain plus LIM domains can recognize
a longer consensus which may need more rounds of selection,
we carried out the selection to eight rounds. The selected
oligonucleotides were then cloned and sequenced (FS8 series).
The apparent sequence specificity does not increase beyond
that obtained with five rounds of selection. The target DNA
sequences identified from the 5th and 8th rounds of selection
were aligned and are shown in Figure 5B. The two classes
of consensus sequences were the same as that selected by
homeodomain alone. Class I contains the invariant TAAT
core motif, and class II has at least 5 of the 6 bases matching
to the invariant bases TAAGTG. These observations indi-
cated that the LIM domains have no effect on the DNA
binding specificity of the homeodomain.

The Two Classes of DNA Consensus Sequences Interact
with the Same DNA Binding Domain. To test whether the
two classes of target DNA sequences interact with the same
region of the homeodomain, competition experiments were
carried out. Using the two flanked PCR primers, several
target DNA sequences were amplified from selected clones.
In a preliminary experiment, the H5.3 PCR fragment (68
bp) was labeled and mixed with the GST-HD Sepharose
beads in the presence of increasing amounts of unlabeled
H5.3 PCR fragments. Under our experimental conditions,
the competition could be carried out effectively with between
160 and 320 ng of unlabeled H5.3 fragment (Figure 6A).
To test whether the binding of H5.3 fragment can be
competed by other purified target DNAs, unlabeled PCR
fragments (68 bp) of H5.1, H5.3, F8.3, F8.8, and F8.32 were
included for binding competition. As shown in Figure 6B,
effective competition was observed for both Class I binding
sites (H5.3, F8.8) and Class II binding sites (H5.1 and F8.3)
irrespective of their selection origins by GST-HD or by GST-
ISL2. It is interesting to note that both pools of binding
sites selected by GST-HD and GST-ISL2 contain a few
sequences which do not fall into either classes of consensus
(unclassified). These sequences might represent impurities
resulting from the selection process rather than authentic
target sequences. Consistent with this, the unclassified F8.32
did not compete significantly against H5.3. Similarly, no
significant competition was observed for an unrelated DNA
fragment (~130 bp), OP-93, which was purified from a
promoter region of a ocean pout antifreeze protein gene
(Gong et al., 1991), indicating that the competition is specific.
The fact that the Class II binding sites (H5.1 and F8.3) and
the Class I binding site (H5.3 and F8.8) compete equally
well suggests that these two classes interact with the same
region of the homeodomain.

The LIM Domains Have No Effect on Binding Affinity.
To test whether the LIM domain affects the DNA binding
affinity, Scatchard analysis was performed to determine the
equilibrium dissociation constants (Kp) for GST-HD and
GST-ISL2 in DNA binding. The H5.3 PCR fragment was
labeled and incubated with limiting amounts of GST-HD or
GST-ISL2 in the presence of increasing amounts of unlabeled
H5.3 DNA as performed for competition analysis. After
quantitation, the ratio of bound DNA to free DNA was
plotted against the amount of bound DNA (Figure 7). The



DNA Binding Properties of a LIM Homeodomain Protein

H5.2 tagcTGCAGACTAATTAAGGCACCCCCCGRgtyg
5.3 tagcTGCAGTTACCTTAATGGACCACTCGTgt gy
5.4 ¢cacTGGAGAGTATCCACTAATGACCTGCAgeta
5.7 ccacTCGAGCTAGTTGCTAATTATCTGCAgeta
5.8 tagcTGCAATATCGCTAATTACTAGCTCGAgtgg
5.10 ccacTGAGTAATGTTACTTAATTACTGCAgecta
5.11 tagcTGCAGATGCTAATGGGTGGCACTCGAgt gy
6.1 ccacTGAGEGTCTGTCCTAATTACTGCAgeta
6.3 ¢cacTAGAGTGCTCTACTAATGACGCTGGAgeta
6.5 ¢cacTCGAGTCCTTAATGGGCTAGCCTGAAgeta
6.6 ccacTGAGCACTTTACTAATGAGTCGCTgcta
6.8 tagcTGGAGT TGCTAATGGCTAGCACTCGAgtgYy
6.9 tagcTTCAGGGTCGTTAATAGATTCCCCAgtgy
6.10b ccacTCAAGCTAATGGCGCTCTTTTTCTIGCAgeta
6.12 tagcTCCAGTTGGCTAATTACAACCCTCAgt gy
6.16 tagcCGCAGTGGGGACTAATGTGTTCITGAGtgg
6.17 tageTCAGACGGGCTAATTGATCACTTAGEgY
6.20a tagcGTAGTACTCCACTAATGGGCCTCggtg
6.23 tagcTGCAGCACATAATGGAAACCACTCGAgtgy
6.24 tagceTCCAGGGTTGGCTAATTGGTACTgtgg
6.26 ccacTAGAGGTGCCTAATGGCGGTGCTCAgeta
6.27 tagcTGTAGTTAACCATTAATGGCCCTAGAGLgY
6.28 tagcTGCAGGTAACTAATGCATTTACTCGTgtgy
6.29 tagcCAGAGGTAGACTAATGAACCTCGgtgy
6.31 ccacTCGAAACGGTCTAATTACTTCCTGgeta
6.33 ccacTCTAGTGAATCCACTAATTGACTGRAgCta
6.34 ccacTCCAGCACTCAGTTTAATTGCCTTCTgcta
6.36 ccacTAGAGTACTTAAGTTAATGGICTGgcta
[AERENN
Consensus I: YTAATKR
HS.1 tagcTGAAGCGTTTCTTAAGTGCATCTCTAgt gy
5.5 tagcCGCAGGCACGTTACATAAGTGCACGAgt gy
5.9 tagcTGAAGTCTTAGCTAAGTGGACCTCGAgtyg
6.2 ccacTCAGGACTAARGTATTGTGCTCTGCgeta
6.4 tagcTGTAGRAGCTAAGTGATTTTCCTCTAgtgy
6.7 tagcTGCAGGAACAACGCTAAGTGGTTCGAgtgg
6.10a tagcTGGAGAGACGCTTAAGTGCTTTCTCAgtgg
6.11 ccacTCGATGCTGACTAAGTGGCACCTgeta
6.13 ccacTGGAGTAGCCGACTAAGTGACTMCCGgcta
6.15 ccacTCGAGGCTTAAGTGCTTCACCCTGCAgeta
6.19 tagcTCCAGGTAATGGTTATCTAAgtgy
6.20b ccacTCTATTTAAGTGCCGACATTCTACAgeta
6.22 ccacCGAGACTAAGTGCTTTCCGCCGTTAg ta
6.25 ¢cacTCAACCAAAGTGCTTTTTAGGgecta
6.30 ccacACGAGATAAGTGCATCCGAGTCTAgcta
6.35 tagcTGCAGTTAAGTGCARAGCGCGCTCGTgtgg
Py
Consensus II: YTAAGTG
Unclassified:
H5.6 ccacTCGAGCATACCAGCCGGCACYACTGCAgeta
6.21 tagcGMRACCTTAGCTTGCACTCGAgtgg
6.32 ctagATGCCCGTACTCAAGTACTCTAgtgg
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tagcTCAGGGATAATTACACGAGGCTCAgtgy
ccacTAGAGTACTTAAGTTAATGGTCTGgcta
tagcTGGAGAGCGCAACCTAATCGTCGTCTCGAgtgg
ccacTCGAGTCACTCTAATAACATCTGCCAgcta
0 tagcTGATGGCTCATTCCATAATGCTGCAgtgy
11 tagcTGCAGTATAATACAGGAACAACTCGAgtgy
.2 tagcAGTACACTAATGCAATCACTCCAgtgy
7 ccacTAGAGTACTATAATTGCGCATCTgeta
8 ccacTTGAGATAATGGTGCACTTCCCGGCAgeta
.10 tagcTCCAGGATAATGGCGACTATACTCgtgy
.20 ccacTAGTGGTAATAATGGGTCTATCTg
.22 ccacTAGAGCAACGGCGCTAATTgcta
.28 tageCTATGTCTAATGTATCTTGAgtgg
.30 ¢cacCACTCGAGAGATAATTGGGGCACTCTAgeta
.3 ccacTAGAGACTCGTTAATGATAGTCGAgcta
.33a tagcTGAATTACTATAATTACTCCTCTCAgtgy

LT
Congensus I: YTAATKR
ccacACGANNTAAGTGCATTCTCCTCAgcta
cagcTGCAGAGAGAATGCAATTTGCGCTCAgtgy
ccacTCGAGCGARAAATAAAGTGCTCTNAgecta
tagcTGAAWGTTTCTTAAGTGCATCTCTAgtgy
tagcTGAAGCTTTTCTTAAGTGCATCTCTAgtgg
tagcAGTACACTAAGTGCAATCACTCCAgtgg
tagcTGAGAGGTCGTTAAGAGGCAgtgg
tagcTTCAGGTAGGAGCACCCTTATCTCAAGLgY
tagecTGCAAACGGGATGGTTTAAGLYyY
tageTCAGCATATAAGTGACCATTTTCgt gy
tagcTCAGGTTAAGTGCAGGATACCgtgg
tagcGCAGATGGACCTAAGTGTGGCTCCAgtgy
tagcTAAGTGATTATCACAAAGTGCTCTAgtgg
atagcAGGATAAGTGCGCACTATCTCAgtgg
tagcTAGTGTCGTARATTGCTTGAgt gy
tagcTCAGGTTAAGTGCAGGATACCgLgg
tagcTTCAGAATGGACTAAGTAACGCTCTAgt g
tagcTGAGGAGAATGCAATTTGCGCTCAgtgg
tagcAGCAGTCAACTACCTTAAGTGCTTCAgtgy
atagcCCTAGTAAGTAACGACATTCGCTTARGLgg
tagcTAAGTACARATGGGTGTTTTGYtgy
tagcTTCAGGTTGTTCGGACCCTAAGL gy
tagcTGCAGGACTGTCGCGAGCACTCARGtgg
atgcACTCAAGGGNATACCACTTAgtgg
tagcAGCAGTAAACGTCATCCGACACTCAgtgy
IRRERN
Consensus II: YTAAGTG

Unclassified:

F8.21 tagcTACAGTGTTAGAGCGAAAGTACTCTAgtgy
8.
8.

24 tagcTACATGGAGGTCGTTTATTCGCTCTAgtgg
32 tagcTTCAGGAGTAGGGTATGAGCACICTAgtgyg

FIGURE 5: Sequence alignment of oligonucleotides isolated after several rounds of binding site selection by GST-HD (panel A) and GST-
ISL.2 (panel B). The sequences selected by GST-HD and GST-ISL2 are labeled by H and F, respectively. HS.1 through H5.11 were isolates
from round 5 of the selection, and H6.1 through H6.36 were isolated from round 6. Similarly, F5.1 through F5.11 were isolated from round
5 and F8.1 through F8.36 from round 8. A few clones contain double inserts, whose sequences are denoted such as H6.10a and H6.10b.
Capital letters denote the nucleotide portion corresponding to the region of the original 16 random bases and two flanking restriction sites.
Lower case letters indicate ends of PCR primers, and only 4 nucleotides of each primer are shown. K=G, T, M=A,C;R=A, G Y

=C, T,W=AT.

Kp in a bimolecular reaction can be obtained from the slope
of this plot, which is equal to —1/Kp. As estimated from
Figure 7, the Kp’s are very similar for GST-HD (1.7 x 107°
M) and GST-ISL2 (2.2 x 107 M). Similar results were
also observed for H5.1 DNA, a Class II consensus (data not
shown). The strong affinity of DNA binding can be achieved
by the homeodomain alone, implying that no other protein
domain is required. In contrast, the POU homeodomain
protein pit-1 has a Kp of ~1 x 107° M to its target DNA
while its homeodomain alone (without the POU-specific
domain) has a Kp of ~1 x 107® M, a decrease of
approximately 1000-fold in DNA binding (Ingraham et al.,
1990).

DISCUSSION

The purpose of the present study is to examine the
presumptive DNA binding role of the LIM domains of a
newly characterized homeodomain protein Isl-2. We have
expressed in bacteria several truncated salmon Isl-2 as GST
fusion proteins and used these recombinant proteins to study
their zinc and DNA binding properties. We found that the
LIM domains were capable of binding zinc but had no role

in DNA binding. Although zinc ions have been identified
for several purified LIM proteins, this is the first report to
demonstrate using zinc blots that the renatured LIM proteins
have the ability to bind zinc. It is interesting to note that
half of a LIM domain retains zinc-binding activity, thus
supporting an earlier proposal that each LIM domain binds
two zinc ions (Wang et al,, 1992). The potential role of
LIM domains in DNA binding was further examined by
binding site selection. While the LIM domains alone failed
to select any specific target DNA sequence, both the
homeodomain and the full length Isl-2 selected the same two
classes of DNA consensus, /TTAATY/1%/4 and /7 TAAGTG.
Thus, in Isl-2, homeodomain is likely the sole DNA binding
domain while the LIM domain neither recognizes a specific
DNA target nor affects the DNA binding specificity. Further
DNA binding analysis indicated that both the homeodomain
and the full length Isl-2 have similar binding affinity to the
selected target DNAs. Thus, the DNA binding affinity of
the homeodomain was not affected by the LIM domains.

Qur observation that the LIM domains of the salmon Isl-2

do not affect DNA binding by the homeodomain is in
contrast to the previous observation by Sanchez-Garcia et
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FIGURE 6: Competitive DNA binding assay. H5.3, a binding site
selected by GST-HD, was radioactively labeled by PCR, and equal
amounts (1.3 x 105cpm per reaction) of radioactive probes were
incubated with GST-HD Sepharose beads in the presence of
competitor DNA. (A) Percentage of binding activity of H5.3 to
GST-HD in the presence of increasing amounts of unlabeled
H5.3: 0, 40, 80, 160, 320, and 640 ng. The bound radioactivity in
the absence of unlabeled HS5.3 (0 ng) is arbitrarily set to 100%.
(B) Competitive binding assay in the presence of unlabeled
competitor DNA: HS5.1, H5.3, F8.3, F8.8, F8.32, and an unrelated
DNA fragment, OP-93. 160 and 320 ng of these competitor DNA
were included, respectively. The values are percentage of bound
radioactivity in the absence of any DNA competitor.

al. (1993) that the LIM domains of rat Isl-1 inhibit DNA
binding. In our experiments, the full length GST-ISL2 was
able to select specific DNA binding sites, while in their
experiments the GST fusion protein containing the rat full
length Isl-1 failed to select specific DNA targets because of
the alleged inhibition from its LIM domains (Sanchez-Garcia
et al., 1993). The discrepancy in the two sets of experiments
is surprising since the two proteins have highly conserved
primary structures (Figure 1A). Our observation of the lack
of an inhibitory role of LIM domains is consistent with
several in vivo transfection studies. For example, full length
Isl-1 has been found to activate the somatostatin gene
promoter (Vallejo et al., 1992), and the full length LIM
homeodomain protein LH-2 was also shown to stimulate a
target gene expression (Roberson et al., 1994). Furthermore,
a synergistic stimulation of an insulin gene promoter activity
by an LIM homeodomain protein /mx-1 and a basic helix—
loop—helix protein requires two complete LIM domains
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FIGURE 7: Measurements of binding constants of GST-HD and
GST-ISL2. Binding affinities were determined under conditions of
limiting protein concentrations with increasing concentrations of
target DNA (H5.3). The ratio of bound DNA over free DNA was
plotted against the amounts of bound DNA. Equilibrium dissociation
constants (Kp) were determined from the slopes: 1.7 x 107° M
for GST-HD (closed circles) and 2.2 x 10~° M for GST-ISL2 (open
circles).

(German et al., 1992). Therefore, the inhibitory role of LIM
domains of rat Isl-1 in DNA binding may require further
examination. Alternatively, the different behaviors of the
LIM domains in the rat Isl-1 and salmon Isl-2 may be due
to their intrinsic structures and can be clarified by site
directed mutagenesis. If this is the case, the LIM domains
may have different functions in different proteins. A
functional difference may be localized in the highly divergent
region between the second LIM domain and the home-
odomain or in the relatively divergent second LIM domain
(Figure 1A).

The binding consensus defined in the present work is
consistent with the identified binding sites for the rat Isl-1
(Karlsson et al., 1990; Ohlsson et al., 1991; Sanchez-Garcia
et al., 1993). This may not be surprising since the home-
odomains of the two proteins differ only at a single residue
(Figure 1A). Most homeodomain proteins bind to a common
TAAT core sequence, and the two bases immediately
following the core sequence are important for binding
specificity (Treisman et al., 1992). The Class I consensus
selected by GST-HD and GST-ISL2 is consistent with this
notion. The first two bases following the TAAT core
sequence almost invariably lack cytosine, with only two
exceptions for the second base. This is consistent with an
early report that the binding activity to the rat Isl-1 was
abolished when these two bases were mutated from guanine
to cytosine (Ohlsson et al., 1991). The Class II consensus,
C/'TAAGTG, does not contain a TAAT core, but is highly
close to the Class I consensus. Competition experiments
indicate that both classes of binding sites interact with the
same region of the homeodomain. Therefore, it is likely that
the first G of the second class represents a variant of
C/TTAATC/1%/, of the first class. When G is present instead
of T, the requirement for following two bases would be
higher; thus, the selected sequence is ©/TTAAGTG rather than
C/tTAATS/1%4. In fact, the two classes of consensus can
be combined into a unified consensus as S/TTAAT/%/1%/4,
with only a partial change at one base compared to the Class
I consensus.

The finding that the LIM domain neither binds to specific
DNA nor affects the binding specificity and affinity is
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surprising. Thus, the LIM homeodomain proteins behave
neither like the paired homeodomain proteins nor like the
POU homeodomain proteins, both of which contain a second
conserved domain involved in DNA binding. The paired
domain recognizes a DNA target independent of the home-
odomain (Treisman et al., 1989) while the POU-specific
domain increases the binding specificity and affinity of the
homeodomain for the target sequence (Ingraham et al., 1990).
A recent report indicates that the POU-specific domain of
Oct-1 can select and bind its own target DNA independently
but with a weak affinity (Verrijzer et al., 1992). The
widespread assumption that a DNA binding role exists for
the LIM domain is based on the similarity of the protein
sequences of the LIM domain and a zinc finger, the well
characterized DNA binding motif. Indeed, zinc has been
found in many LIM proteins (Li et al., 1991; Michelsen et
al., 1993; Archer et al., 1994; Kosa et al., 1994), including
salmon Isl-2 from the present study. However, zinc binding
per se does not necessarily ensure a role in DNA binding.
There are numerous metalloproteins, such as alcohol dehy-
drogenase and metallothionein which are capable of binding
zinc but not DNA, despite the fact that they contain similar
cysteine-rich regions (Vallee & Auld, 1990). In some
transcription factors with multiple zinc fingers, only certain
fingers contribute to specific DNA binding (Keller &
Maniatis, 1992). Therefore, although the LIM domain
resembles zinc fingers and binds zinc, it is not necessarily a
DNA binding domain. Further structural studies by nuclear
magnetic resonance or X-ray crystallography will be required
to provide more insight into the structure and function of
the LIM domain.

The presence of conserved LIM domain in distinct proteins
from diverse species strongly suggests that it has an important
role. So far, two major groups of LIM domain proteins have
been identified. The first group of LIM proteins also
contains a homeodomain, which is characteristic of a family
of well documented transcription factors. Thus, these LIM
proteins are undoubtedly involved in the regulation of gene
transcription. The other group of LIM proteins consist
almost exclusively of the LIM domain(s) such as the rat
cysteine-rich intestine protein CRIP, the human cysteine-
rich protein CRP, and rhombotin-1 and -2. CRIP is an
intracellular zinc carrier involving in transmucosal zinc
transport (Hempe & Cousins, 1991); rhombotin-1 and -2 are
T-cell oncogenes resulting in leukemia with chromosomal
translocation (Boehm et al., 1991; McGuire et al., 1989);
the actual function of CRP is not clearly defined, but it was
reported to be induced with c-myc as the primary response
to serum in quiescent cells (Wang et al., 1992). These three
LIM proteins in the second group, including the human CRP
and rthombotin-1 and -2, may also be involved in transcrip-
tional regulation either by protein—DNA interaction or by
protein—protein interaction. Our investigation argues against
protein—DNA interaction for the LIM domain. Therefore,
protein—protein interaction via the LIM domain is more
likely and is supported by several recent reports. For
example, the insulin gene can be synergically activated by
an interaction between the LIM homeodomain protein /mx-/
and a basic helix—loop—helix protein. This interaction
requires complete LIM domains of /mx-1, and these LIM
domains cannot be replaced by the LIM domains of Isl-1
(German et al., 1992). Two chicken LIM domain proteins
CRP and zyxin form heterodimers associated with cytoske-
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leton (Sadler et al., 1993). Finally, the LIM domain also
resembles some iron—sulfur structures. Li et al. (1991) have
determined that the LIM domain purified from inclusion
bodies contained iron and suggested that LIM domain may
be receptive to changes in intracellular redox potential
providing a mechanism to modulate the transcriptional
activity in response to a variety of redox signals (Li et al.,
1991). However, a recent study indicated that the LIM
domain expressed in the soluble fraction contained only zinc
(Archer et al., 1994), thus the redox role of LIM domains
remains to be established.
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