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ABSTRACT

The gut-enriched Krippel-like factor (GKLF) is a
recently identified eukaryotic transcription factor that
contains three C ,H, zinc fingers. The amino acid
sequence of the zinc finger portion of GKLF is closely
related to several Krippel proteins, including the lung
Kruppel-like factor (LKLF), the erythroid Krtppel-like
factor (EKLF) and the basic transcription element
binding protein 2 (BTEB2). The DNA sequence to which
GKLF binds has not been definitively established. In the
present study we determined the DNA binding
sequence of GKLF using highly purified recombinant
GKLF in a target detection assay of an oligonucleotide
library consisting of random sequences. Upon repeated
rounds of selection and subsequent characterization of
the selected sequences by base-specific mutagenesis

a DNA with the sequence 5 '-G/5C/AGGC/tGC/+-3" was

found to contain the minimal essential binding site for

GKLF. This sequence is present in the promoters of two
previously characterized genes: the CACCC element of
the B-globin gene, which interacts with EKLF, and the
basic transcription element (BTE) of the
which interacts with Spl and several Spl-like
transcription factors. Moreover, the selected GKLF
binding sequence was capable of mediating
transactivation of a linked reporter gene by GKLF in
co-transfection experiments. Our results establish

GKLF as a sequence-specific transcription factor likely

involved in regulation of expression of endogenous

genes.

INTRODUCTION

CYP1A1 gene,

structure of a gH» zinc finger consists of two antiparalektrands
followed by ana-helix (5). This structure in turn contacts 3 bp of
DNA (2). Most zinc finger transcription factors contain multiple
tandem repeats of the fingers, which confer the sequence specificity
of the DNA that the individual factor recognizes.

A subset of @GH» zinc finger proteins contains additional
homology to theDrosophila segmentation gene product Krippel
(6). This homology is present in the region between two adjacent
fingers and contains the highly conserved sequence TGEKP
Examples of Krlppel-related proteins include Sp1if268/Egr-1
(8), WT-1 (9) and EKLF (0). These proteins are collectively
involved in diverse aspects of eukaryotic gene regulation during
growth, development and differentiation.

We recently identified a novels8» zinc finger protein with
Krippel homology, which we named the gut-enriched Krippel-
like factor (GKLF) (L1). Expression of GKLF is enriched in
epithelial cells of the gastrointestinal tradfl,(2) and in the
epidermal layer of the skii®). In cultured cells expression of
GKLF is induced under conditions that promote growth arrest,
such as serum deprivation and contact inhibitldh (n addition,
enforced expression of GKLF in transfected cells results in
inhibition of DNA synthesis](1). Taken together, these findings
suggest that GKLF may have an important function in regulating
proliferation of epithelial tissues.

Although the amino acid sequence of GKLF outside the zinc
finger region is unique, that of its three zinc fingers is closely
related to several Kriippel proteins, including LKIB) EKLF
(10) and BTEB2 {4). Recently, by comparing the amino acid
sequences necessary for nuclear localization, we observed that
GKLF is more closely related to LKLF and EKLF than to BTEB2
(15). The DNA sequences with which these transcription factors
interact also appear to share some degree of similarity; GKLF was
shown to interact with the CACCC sequence that binds EKLF and
the basic transcription element (BTE) that binds BTEB?. (

The zinc finger is a common structural motif used by transcriptioNevertheless, no methodical analysis of the DNA recognition

factors to bind DNAZ,2). The CysHisp (CoH») type zinc fingers,
initially identified in theXenopus laevisanscription factor TFIIA

sequence for GKLF has been performed to date. We therefore
undertook the task of empirically determining the GKLF binding

(3), represent the most abundant DNA binding motif of zinsequence, since we deemed this information essential for eventual
finger-containing proteins4j. A characteristic three-dimensional deciphering of the biological functions of GKLF.
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MATERIALS AND METHODS of 96°C for 5 min, 96C for 1 min, 50C for 1 min and 72C for
) ) 1 min. Two hundred nanograms of purified His—-GKLFZn were
Production of recombinant GKLF then used in a gel shift reaction with the newly created probe as

cDNA encoding the C-terminus of GKLF between amino acids 35BScribed above. The same procedure was repeated for four
gdmonal rounds, at which time shifted oligonucleotides were

and 483, which contains the three zinc fingers, was subcloned i . X .

the Xhd—BarHI sites of the bacterial expression vector PET-16t5/19€sted withPst and BarHI and subcloned into pBluescript
(Novagen; Madison, WI) to produce a GKLF fusion protein tagged/9€Stéd with the same enzymes. After transformation of
with 10 histidine residues at the N-terminus. This protein was namggrmPetent host cells DNA from individual clones was isolated
His—GKLFZn.Esherichia colistrain BL21(DE3)pLysS (Novagen) and the insert within each clone sequenced.

was transformed with the recombinant plasmid and induced with ) . )

2mM isopropylB-D-thiogalactopyranoside (IPTG) to produce Electrophoretic mobility shift assay (EMSA)

recombinant His-GKLFZn protein. Five hundred millilters of ;g o of synthetic oligonucleotides was performed in BB using
logarithmically growing bacteria were pelleted by centrifugation an pmol end-labeled double-stranded oligonucleotide and 100 ng

Begul\s/lpﬁndceld éano ml buf(fjegcor;\\}la_ini_rég 20| m_l\l_/IhTris—HCI, PH 7.9y irified His—GKLFZn per reaction. Control reactions contained
: at, urea and > mvl imidazole. 1he SUSPENSIon Wagyn g poyine serum albumin. In reactions that included

sonicated with a Fisher Scientific 550 Sonic Dismembrator at d1abeled oligonucleotides as competitors a 1- to 20-fold molar

setting of 50% for 20 s at a time for a total of 20 times, chilling tQ. cess of unlabeled DNA was added to the protein in BBt 4
4°C between sonications. The sample was then flowed throughd 1 min pefore addition of the probe. In reactions in which

N!—NTA—agarose column (Qiagen, Santa Clarita, CA)_ equilibrate htiserum or preimmune serum was used the serum was
with the above buffer. After washing the column with & buffet, . \hated with the protein in BB at@ for 10 min before
containing 20 mM Tris—HCI, pH 7.9, 0.5 M NaCl, 6 M urea an%ddition of the probe
60 mM imidazole the bound protein was eluted with the same buffer '
with the exception that the concentration of imidazole was raised

1 M. The eluted fractions containing His—GKLFZn were dialyze

exhaustively against a solution of 10 mM Tris—HCI, pH 7.4Transient transfection of COS-1 cells with the eukaryotic expression
100 mM NaCl, 1quM ZnCl; and 10% glycerol. The protein was vector containing the full-length GKLF, PMT3-GKLF, was

ransfection

stored at —78C at an approximate concentration of 2 mg/ml.  performed by the lipofection method as previously describd (
Twenty four to 48 h following transfection whole cell extracts were
Target detection assay prepared by resuspending centrifuged cell pellets in BB containing

) 0.05% NP40 and sonincating the cell suspensions at 20% intensity
The target detection assay (TDA) was performed based onfgk 20 s in a 550 Sonic Dismembrator. After a brief centrifugation
protocol by Thiesen and Bachd), with some modifications. A glycerol was added to 10% to the supernatant and the extracts were

library of single-stranded oligonucleotides containing thestored at—70C. Twenty micrograms of crude extracts were used for
sequences' ECAAGCTTACTGCAGATGC(N).CGTAGGAT-  aach EMSA reaction.

CCATCTAGAGT-3 (N is any nucleotide) was generated. The
invariable 5 and 3flanking sequences contained unique

restriction sites. Fifteen micrograms of the library were madeR eporter assay

double-stranded with j3g reverse primer of sequence®CTC- A lucifierase reporter plasmid driven by a minimal TATA box,
TAGATGGATCCTACG-3 in a reaction that contained 20M pGL2-TATA-Luc, was constructed by ligating the adenovirys E
each of the four deoxynucleoside triphosphates, 25 mM Tris—HQIATA box derived from plasmid CAT (17) into theXhd and

pH 8.3, 50 mM KCI, 2 mM MgGl 1 mM dithiothreitol (DTT) and  Bglll sites of the pGL2-Basic vector (Promega, Madison, WI). Two
20 U Tag DNA polymerase (Boehringer Mannheim, Indiannoplisiandem copies of either the wild-type GKLF binding sequence as
IN) for one cycle of 98C for 3 min, 94C for 1 min, 47C for  determined by TDA or a mutated sequence which failed to bind
2 min, 72C for 1 min and 72C for 30 min in a Perkin EImer GKLF (M6; Fig. 3) were subcloned into pGL2-TATA-Luc, giving
thermocycler. Fifty nanograms of the double-stranded libraryise to TDA(WTX2-pGL2-TATA-Luc or TDA(M6-Mutx2-pGL2
were end-labeled with T4 polynucleotide kinase and {OD  -TATA-Luc. Co-transfection experiments were performed with
[y-32P]ATP in a reaction containing 70 mM Tris—HCI, pH 7.6,5ug/10 cm dish each of the luciferase reporter and PMT3
10 mM MgCbhb and 5 mM DTT at 37C for 30 min. Four hundred expression constructs containing GKLF, together witig/tlish
nanograms of purified His—GKLFZn were added to the labeledternal standard pCMV-SPORBFgalactosidase  (Life
library in a binding buffer (BB) of 10 mM Tris—HCI, pH 7.5, Technologies, Gaithersburg, MD). In addition to full-length
150 mM NaCl, 20 mM KClI, 10 mM Mggland 5uM ZnClp at ~ GKLF, two truncated GKLF constructs in expression vector PMT3
4°C for 20 min, following which the mixture was electrophoresedvere used in the experiments. They included PMT3-GKLF(1-401),
in a 7% non-denaturing polyacrylamide gel inr<OIBE (1x TBE  which had all three zinc fingers deleted, and
is Tris—HCI, pH 8.0, 89 mM boric acid and 2 mM EDTA). After PMT3-GKLF(350-483), which contained the zinc finger region
autoradiography the region of the gel above the free probe wasly (15). Lucifierase activity was determined as recommended by
excised and the DNA eluted electrophorectically and concentratBdomega (Madison, WI). Transfected cells were lysed with Cell
by ethanol precipitation. The eluted DNA was then amplified bulture Lysis Reagent (Promgega) and the lysates cleared by
PCR in a reaction containing 10 ng end-labeled reverse primemjcrocentrifugation. Assays were performed on cell lysates using
10 ng forward primer with sequence ACAAGCTTACTGCA-  Luciferase Assay Substrate and Luciferase Assay Buffer
GATGC-3, 25 mM Tris—HCI, pH 8.3,50 MM KCI, 2 mM Mg&!  (Promega) in a Monolight 2010 luminometer (Analytical
1 mM DTT and 10 U Tag DNA polymerase for 30 PCR cyclet uminescence Laboratory, San Diego, CB)Galactosidase
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activity was determined by chemiluminescent as&&y (sing

Lumi-Gal 530 (Lumigen Inc., Southfield, MI). All luciferase | % 10 1112 13 3
activities were standardized agaifigjalactosidase activitesin 2 2 -3
transfected cells. 6 -3
: 3
10 -3
RESULTS oS -3
14 -3
TDA of GKLF binding sequence 5og

To empirically determine the DNA sequence to which GKLF 3,
binds we performed TDA on a library of oligonucleotides with 2
randomized sequences at 14 nt positions. Multiple rounds of
EMSA using highly purified recombinant protein containing the 33
zinc finger portion of GKLF and amplification by PCR of the 3
oligonucleotides shifted by the recombinant protein were performe¢f
to enrich for GKLF recognition sequences. After a total of five 4
rounds the shifted oligonucleotides were subcloned into thes
multiple cloning sites of the pBluescript plasmid and the sequenc
of the 14 nt insert in individual clones was determined. Inserted?
sequences from 80 clones were analyzed and the ability of eagh
insert to bind GKLF was verified by EMSA. Figuteshows the =
inserted sequences from 49 clones, each of which was able to bigh
GKLF with high affinity. With the exception of two invariable &
guanine residues at thé-rBost location of 46 of the 49 e
oligonucleotide inserts, the sequences selected by GKLF werg
fairly relaxed, although adenine and guanine residues werg
evidently preferred over thymidine and cytosine residues. Iee
would appear that the core binding sequence for GKLF mays
include at least an additional 2 nt, CG, situated at the beginning
of the 3-flanking sequence (the shaded area on the right hand sigg
of Fig.1). This assertion was substantiated by the observation that
the same invariable sequence@sCG-3 was also present
independent of the'bs and 3-flanking sequences in three
individual clones (#30, #32 and #54; Fiy. Shown at the bottom

of Figure 1 is the relative frequency of appearance of each
nucleotide in the 14 positions of the 46 clones and a compiled
sequence of the 14 nt.
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OP> POOPPOOOFPOP00POOPPOA0PPOOPPPPOOAPP>P00OP>PPOP =
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Figure 1. Compilation of GKLF binding sequences. TDA of GKLF binding

Specificity of binding of GKLF to the selected sequences sequences was performed as described in Materials and Methods. After five
rounds of selection shifted oligonucleotides were subcloned into pBluescript

We next examined the specificity of the selected sequence gfid their sequences determined. Shown are 49 clones that gave rise to high

T ; - : affinity binding to GKLF (high affinity binding was defined as50%
blndlng to GKLF by performlng competition experiments. As aconversion of radioactivity from the free probe to the shifted complex). The

probe we selected the insert sequence from cloneé-AGGA- shaded boxes contain thé- Jand 3-flanking sequences present in the
GAAAGAAGGG-3'), which represented a high affinity binding oligonucleotide library. The ‘core’ binding sequence is present toward the
site for GKLF. A double-stranded oligonucleotide containing this3-end of the inserts in a majority of clones, although in three clones it is present
sequence,dubbed the TDA sequence, was synhesized,labelefecenr e e (centfed b o e 5,92 ) Tl
high specific activity and "_’malyzed by EMSA. One picomole c_)frepresented?n the 14 positions in the 42 cIongs. The bottom sequence represents
probe and 100 ng recombinant GKLF were used in each reactiofpe compiled most favored sequence in the 14 nucleotide positions.

which also contained variable amounts of unlabeled specific or

non-specific competing DNA. As shown in Fig@gncubation

of GKLF with the probe alone without any competitors resulteghdicate that the sequence selected by TDA binds to GKLF in a
in formation of a single DNA—protein complex (C, lanes 1 and Shighly specific manner.

Addition of increasing amounts of unlabeled probe (WT, Big.
resulted in a gradual diminution of complex formation (Iane§d
2-4). In contrast, the addition of an unlabeled non-specific
oligonucleotide, poly(dl-dC), failed to compete for formation ofAlthough each insert of the 49 clones shown in Figureas

the DNA—protein complex (lanes 6-8). The specificity of bindingcapable of binding to GKLF with high affinity, it was unclear
was evident from the fact that at a 5-fold molar excess the&hether each of the 14 nt selected was necessary for binding. To
wild-type oligonucleotide was able to compete for the majority ofletermine the minimal essential nucleotide sequence required for
binding (lane 4), yet at a molar ratio as high as 200-fold (lane 8jnding a series of mutant oligonucleotides, each with base
poly(dl-dC) failed to compete for binding entirely. These resultsubstitution at two positions, were synthesized and analyzed by

entifying the minimal essential binding sequence for GKLF
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Figure 2. EMSA of GKLF binding sequence. An oligonucleotide, called the TDA ¢
oligonucleotide, that contained the insert and the flanking sequence of clone 47 a4
(Fig. 1; see also Fig. 3 for the exact sequence of the oligonucleotide) was used ¢ mz
probe. One picomole of labeled probe and 100 ng recombinant GKLF were use¢ M3
in each reaction. Lanes 1 and 5 contained no competitors; lanes 2—4 contained
1-, 2- and 5-fold molar excess of the unlabeled wild-type (WT) oligonucleotide
respectively; lanes 6-8 contained 10, 100 and 1000 ng poly(dl-dC) (Sigma, mr
St Louis, MO) respectively. With an average molecular weight of 5000 these &
quantities of poly(dl-dC) represent @, 20- and 200-fold molar excess of the ~ M@
labeled probe. C indicates complex and F indicates free probe. M

-ATGCAGGAGAf HIGAAGGGCGTAGTATCTACTAG-
-ATGCAGGAGAAA[l t/AGGGCGTAGTATCTACTAG -
-ATGCAGGAGAAAGAL ([GEGCGTAGTATCTACTAG -
-ATGCAGGAGAAAGAAGLICGTAGTATCTACTAG-
-ATGCAGGAGAAAGAAGGE |TAGTATCTACTAG -
-ATGCAGBAGAAAGAAGGGCGa t{|STATCTACTAG -
-ATGCAGGAGAAAGAAGGGCGTAIaATCTACTAG -
-ATGCAGGAGAAAGAAGGGCGTAGTta|CTACTAG -

=

“h
Uy e @) e A o) @
R R

Figure 3. Mutational analysis of GKLF binding sequence. EMSA was
performed with 1 pmol labeled GKLF TDA oligonucleotide (WT) and 100 ng

" . : . ecombinant GKLF. Unlabeled competitor oligonucleotides were added in
competition experiments. In all, 10 mutant OllgOHUdeOt'deS Weréo-fold molar excess over the probe. The boxed lower case italic letters indicate

obtained, which extended from the beginning of the 14 nt insefhe mutated sequences in each mutant oligonucleotide. C is DNA—-protein

to eight bases into thé-Banking sequence. Figufshows the  complex and F is free probe.

result of one such competition experiment. When present the

amount of competitor DNA was in 10-fold molar excess over the

probe. As seen, the unlabeled wild-type oligonucleotide (lane Zinucleotide is essential for binding, although a T residue is

competed efficiently for formation of the DNA-protein complex,permitted in place of the C residue.

as were mutants M1-M4, M9 and M10, suggesting that the Figure4, lanes 7-12, shows the potential participation of the

mutations within these oligonucleotides were not essential farA flanking residues in binding to GKLF. Although a double

binding. In contrast, mutants M5-M7 failed to compete (lanegmutation at this position to AT affected binding to an appreciable

7-9). Mutant M8 (lane 10) competed to some extent, although nektent (M8, Fig4, lane 9), changing TA to CA (M8A2, lane 11)

as efficiently as the wild-type sequence. This partial competitiopr TT (M8B, lane 12) had no effect on binding. In contrast,

by the M8 mutant oligonucleotide has been repeatedly observeshanging TA to AA seemed to decrease the binding activity

The results from Figur8 indicate that the sequence altered insomewhat (M8AL, lane 10), but not to the extent seen with the M8

M5-M7 and in part in M8, i.e.' BAGGGCGTA-3, contains the mutant. These results suggest that a T or C residue is preferred

minimal essential binding site for GKLF. over an A residue at the first position of the TA dinucleotide and
As four of the eight minimal essential nucleotides for GKLFthat the last A residue in the dinucleotide is probably not critical

were derived from the'3lanking sequence, we sought to furtherfor binding.

clarify whether each of these four bases was absolutely required

for binding. A series of mutant oligonucleotides with single basg;p,ing of GKLF to previously established DNA sequences

substitutions in the four'3lanking positions were synthesized h4t interact with known transcription factors

and analyzed by competition experiments. The M7 series o?

mutants involved changes in the@G dinucleotide and the M8 The minimal essential binding sequence for GKLF established by

series of mutants involved changes in thd/8 dinucleotide. the mutagenesis experiments is similar to a number of previously

Figure4 shows the result of one such competition experiment.established DNA sequences which interact with known
As in Figure 3, the unlabeled wild-type oligonucleotide transcription factors. One example is BTE (basal transcription

competed effectively for formation of the complex (WT, Big. element19), which is present in the promoters of and is essential

lane 2). Again, the M7 mutant oligonucleotide failed to competéor basal transcription of a number of genes encoding the

(M7, Fig.4, lane 3). A mutation changing the C residue in the CGuperfamily of cytochrome P450 (CYP) enzymes, including

dinucleotide to a T residue was able to partially compete (M7ALTYP1A1(19,20). A second example is the CACCC sequence

Fig. 4, lane 4), but a € G change abolished binding (M7A2, within the promoter of thB-globin gene Z1) with which EKLF

Fig. 4, lane 5). Similarly, a mutation changing the G residue in thimteracts {0). To determine whether GKLF binds to these two

CG dinucleotide to a T residue also adversely affected bindirgites competition experiments were performed using synthetic

(M7B, Fig. 4, lane 6). These results indicate that the C®ligonucleotides containing published sequences. As shown in
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Comp. GKLF BTE EKLF Sp1 AP2
- ] ) ] ] —]

WT
M7
M7A1
M7A2
M7B
M8A1
M8A2
MsB

Comp.

b w

C»

F—>
12345678 910 111213141516
F—> KLF 5 - ATGCAGGAGAMAGAAGGGCGTAGTATCTACTAG -3
ITE & - [CGAGAGAAGGAGGCGTGGCCAACAGATC - 3
1 2 3 4 5 ﬁ T B 910’?112 KLF =& TAGCTTCAGGGTGTGGCTAGCTGGATG - 3
WT E.ATGCAGGAGCAAAGAAGGGCETACGTATCTACTAG -3 ipl 5 ATTCGATCGGGECGEGEGHECGAGE 3
MT  5-ATGCAGGAGAAAGAAGGEI YJTAGTATCTACTAG-3 LE AEEGGEEEGEESEGEEESTEAS TGS LATE=S
MIAT 5. ATGCAGGAGAAAGAAGGGIGTAGTATCTACTAG-3
MAZ 5 -ATGCAGGAGAAAGAAGGGEIGTAGTATCTACTAG -3
MIB & ATGCAGGAGAAAGAAGGGC[t]TAGTATCTACTAG-3
:.:Hm :'f‘:G“’:‘GG"f’:':’:'sf“:‘c’b:‘fcuf"U”‘fci-“-cz”G 8 Figure 5. Competition experiments using established transcription factor binding
I'"‘I:.F\E Sonl EE “22 : ann g’j " 2;; CEaAGTA el "2 r :2 - sites. EMSA was performed as in Figures 3 and 4 using 1 pmol labeled GKLF
(] o - A ¥ ] L3 v - H . H 1
: N ARAGA COEAGTATETALT " TDA oligonucleotide and 100 ng recombinant GKLF. With the exception of lane

BB -ATGCAGGAGAAAGAAGGGCGT||GTATCTACTAG -

1, all lanes contained unlabeled competitor oligonucleotides. For each established
binding sequence increasing amounts of competitor DNA, in the order 1-, 5- and
10-fold molar excess over the probe, were added to the reaction. The sequence
Figure 4. Additional mutational analysis of GKLF binding sequence. EMSAwas shown for EKLF contains an inverted CACCC box sequence. The
performed as in Figure 3. Unlabeled oligonuceotides were added in 10-fold molaroligonucleotides containing the Sp1 and AP2 binding sites were purchased from
excess over the probe. The boxed lower case italic letters indicate the mutate@romega. The minimal essential binding sequence for GKLF and the
sequences in each mutant oligonucleotide. C is complex and F is free probe. corresponding sequences in the other transcription factor binding sites are in bold.

Figureb, BTE (lanes 5-7) competed as efficiently for binding akbetween the probe and extracts from PMT3-GKLF-transfected
the wild-type GKLF TDA sequence (lanes 2—4). Although to &ells (lane 1). This complex was completely disrupted when the
somewhat lesser degree, the CACCC sequence (EKLF, lanesction was performed in the presence of an anti-GKLF serum
8-10) also competed. The slightly lower efficiency of binding oflane 3), but not in the presence of a preimmune serum (lane 2).
the CACCC sequence to GKLF is consistent with the result iilm contrast, no complexes were apparent when extracts from
Figure4, when the M7A1 mutant oligonucleotide, which alsoPMT3-transfected cells were analyzed (lanes 4-6). These results
contains an inverted CACCC sequence, was used as competitaticate that full-length GKLF is capable of binding to the
(Fig.4, lane 4). In contrast, a synthetic oligonucleotide containingelected GKLF binding sequence and that anti-GKLF serum is
the binding site for Spl (lanes 11-13) or AP2 (lanes 14-1@Gble to interact with the formed complex and disrupt its
competed poorly for binding. Of note is that a major differencéormation.

in the binding sites for GKLF/BTE/EKLF and for Sp1/AP2 is the

presence of a T residue in then3ost position in the minimal GKLF transactivates a reporter gene driven by the

essential binding sequence (bold, B)dn the former group. These  TDA-selected sequence

results therefore establish that this T is an important residue for o

binding to GKLF. Lastly, the first two nucleotides in the minimal T0 demonstrate that the sequence selected by TDA is important for
essential binding sequence of GKLF (AG) are interchangeab@KLF—medlated transcriptional activity co-transfection experiments

with GA, as demonstrated by the equal binding affinity of GKLFVere performed in CHO cells using an expression vector containing
to the TDA sequence and to BTE (Fi). full-length or truncated GKLF and a reporter gene driven by two

tandem copies of the wild-type or a mutated site that no longer binds
GKLF (M6, Fig.3). As shown in Figur&, full-length GKLF was

able to activate the reporter gene driven by the wild-type GKLF
The TDA used to select the GKLF hinding sequence involved lasinding site (shaded bar, lane B) but not by the mutated GKLF
truncated form of GKLF, a portion that contained only the zindinding site (open bar, lane B). In contrast, neither empty vector
fingers. To determine whether full-length GKLF also binds to thélane A) nor a truncated GKLF construct that lacked either the zinc
same sequence extracts were prepared from COS-1 cdiigers (lane C) or the region outside the zinc fingers which contains
transfected with an expression vector containing full-lengtithe putative transactivation domain (lane D) of GKLF was able to
GKLF (PMT3-GKLF) and analyzed by EMSA using the GKLF activate the reporter gene driven by either the wild-type (shaded
TDA oligonucleotide as probe. As a control extracts werdars) or mutated (open bars) sequence. These results indicate tha
prepared from similarly transfected cells with vector (PMT3)ull-length GKLF alone is capable of activating transcription
alone. Figureés shows that a DNA—protein complex was formedmediated by the selected binding sequence.

Full-length GKLF also binds to the sequence selected by TDA
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Figure 7. GKLF transactivates a reporter gene driven by the wild-type GKLF

binding sequence. CHO cells were co-transfected with a PMT3 construct that

contained no insert (PMT3; lane A), full-length GKLF (PMT3-GKLF; lane B),

a truncated GKLF that lacked the zinc fingers [PMT3-GKLF(1-401); lane C]
Qo a truncated GKLF that lacked the putative transactivation domain
[PMT3-GKLF(350-483); lane D] and a luciferase reporter gene driven by two
copies in tandem of either the wild-type (shaded bars) or a mutated (M6; open
Apars) GKLF binding site in conjunction with a TATA box. Shown are the means

of fold activation of the reporter activity from four independent experiments in

the presence and absence of each expression construct after normalizing for
activity of a co-transfected internal control, pCMV-SPR®dalactosidase.

Lines on top of the bars represent standard errors.

Figure 6. EMSA of GKLF TDA sequence with full-length GKLF. Extracts
were prepared from transiently transfected COS-1 cells with PMT3-GKLF or
PMT3 as described in Materials and Methods. Twenty micrograms were use
for each reaction, which also contained 1 pmol labeled probe. In reactions
containing serum 1l lIgG-enriched polyclonal anti-GKLF serum (11) or
preimmune serum was added 10 min prior to addition of probe. Lanes 1 and
contained no added serum.

DISCUSSION

Within the last decade molecular techniques such as TBA ( and EKLF was substantiated by the competition experiment, as
and other closely related methods, including SAAB (selected arilistrated in Figureb. However, GKLF appeared to bind to an
amplified binding sites2?2) and CASTing (cyclic amplification established Sp1 binding site much more poorly, despite the highly
and selection of target&3), have proven to be potent tools in similar nature of the binding sites for these two transcription factors
identifying the binding sequences for transcription factors. IfFig. 5). We attributed this difference to the single T residue at the
particular, a considerable number of publications have utilized th&-most end of the GKLF binding site, which was substituted with
principal of target site selection and established the putative bindiagG residue in the Spl binding site. A conversion of this T residue
sites for a diverse group of zinc finger-containing transcriptiomo an A residue also reduced binding affinity, although a change to
factors (16,21,24-27). Similarly, in the present study we were ablea C residue was much better tolerated @iglrhese results indicate
to establish a binding site for GKLF using highly purifiedthat GKLF binds to only a subset of previously established ‘GC
recombinant GKLF that contained the three zinc fingers. Theox’-containing sequence®g,29), due to its ability to discriminate
identified binding sequence should facilitate characterization of tiengle base changes.
biological functions of GKLF, including the target genes that it The ability of GKLF to bind to the BTEB2 and EKLF binding
regulates. sites but not to the Sp1 binding site is of particular interest. It has

The TDA and subsequent mutational analyses &@sd4) previously been shown that Spl is capable of binding to both
helped established a minimal essential binding sequenBIEB2 (20) and EKLF 1) binding sequences. The failure of
(5'-C/nCIAGGCITGC/-3) to which GKLF exhibited high affinity GKLF to bind to a Sp1 binding site then suggests that GKLF is
binding. This sequence not only bound to recombinant GKLF thatore restrictive in terms of its binding requirement. This result is
contained the zinc finger portion only of GKLF but to full-lengthreminiscent of a previous observation that EKLF recognizes its
GKLF (Fig.6). Moreover, only the full-length and not truncatedcognate CACCC binding sequence much better than a Spl
forms of GKLF was able to activate a reporter gene driven by thending site 21). These findings further substantiate the close
selected GKLF binding sequence (FHYy. These results indicate relationship between GKLF and EKLF, as previously established
that the selected sequence is able to mediate binding abg sequence homology in the zinc finger regidh) énd in the
transactivation by the full-length protein. nuclear localization signal f).

The minimal essential sequence selected by TDA is very similar The ability of GKLF to interact with BTE (Fi) raises another
to the previously predicted binding sequence for GKLF based dnteresting facet of the present study. BTE was initially identified
conservation of amino acid sequences in the zinc finger regi@s acis sequence element that is required for basal promoter
between GKLF and several known Krippel-like transcriptioractivity of the rat cytochrome P-450c gene, also known as
factors, including BTEB2, EKLF and Spl1). The abilty of CYP1AL(19). Since its identification, BTE has been shown to
GKLF to bind to the previously identified binding sites for BTEB2interact with a multitude of transcription factors, including Spl
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(20), BTEB (20) and BTEB2 {4). It now appears that GKLF is 9
another transcription factor that recognizes this sequence with
high affinity. Recent studies from our laboratory suggest that thg
base contacts between GKLF and BTE (Zhang and Yang,
unpublished observations) are similar to those between BTEB
and BTE as well as between Spl and B3§).(Of note is that 12

Call,K.M., Glaser,T., Ito,C.Y., Buckler,A.J., Pelletier,J., Haber,D.A., Rose,E.A.,
Kral,A., Yeger,H., Lewis,W.H., Jones,C. and Housman,D.E. (18800)60,
509-520.

Miller,1.J. and Bieker,J.J. (199B)al. Cell. Biol, 13, 2776-2786.

Shields,J.M., Christy,R.J. and Yang,V.W. (192@iol. Chem 271,
20009-20017.

Garrett-Sinha,L.A., Eberspaecher,H., Seldin,M.F. and de Crombrugghe,B.

BTE is a highly conserved sequence element and is present in (1999 J. Biol. Chem 271, 31384-31390.

several other cytochrome P-450 genes, including P-450b ah
P-450e 81). Of further interest is that these cytochrome P-45Q,
genes are highly expressed in the epithelial cells of the intestinal
tract 32-34) with a very similar distribution to GKLFL(). Itis 15
therefore a formal possibility that GKLF is a major regulator oft6
this family of genes in the intestinal epithelium. Studies td’
understand the contribution of GKLF to expression of thgg
cytochrome P-450 family of genes are currently in progress in our
laboratory. 19
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