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ABSTRACT. The mammalian high mobility group protein AT-hook 2 (HMGAZ2) is a transcriptional factor
involved in cell differentiation and transformation. Disruption of its normal expression pattern is directly
linked to oncogenesis and obesity. HMGA2 contains three “AT-hook” DNA binding domains, which
specifically bind to the minor groove of AT-rich sequences. Using a PCR-based systematic evolution of
ligands by exponential enrichment (SELEX) procedure, we have identified two consensus sequences for
HMGA2, 5-ATATTCGCGAWWATT-3 and 3-ATATTGCGCAWWATT-3', where W represents A or

T. These two consensus sequences have a unique and interesting feature: the first five base pairs are
AT-rich, the middle four base pairs are GC-rich, and the last six base pairs are AT-rich. Our results
showed that all three of these segments are critical for high-affinity binding of HMGAZ2 to DNA. For
example, if one of the AT-rich sequences is mutated to a non-AT-rich sequence, the DNA binding affinity
of HMGAZ is reduced at least 100-fold. Intriguingly, if the GC-segment is replaced by an AT-rich segment,
the binding affinity of HMGAZ is reduced approximately 5-fold. Identification of the consensus sequences
for HMGAZ2 represents an important step toward finding its binding sites within the genome.

The mammalian high mobility group protein AT-hook 2 in fat cell proliferation and is a potential target for treatment
(HMGAZ2?Y) is a transcriptional factor regulating mesenchymal of obesity Q).
cell development and differentiatiorl{4). It was first HMGA?2 is a member of the HMGA family, which also
discovered as a nuclear protein in proliferating fibroblasts includes another two proteins, HMGAla and -1b. HMGAla
and embryos and also in transformed thyroid cells infected and -1b are splice variants of the same gene, the HMGA1
by oncogenic viruses5( 6). The aberrant expression of gene R0). HMGA? is the product of a separate gene, the
HMGAZ has been attributed to the formation of a variety of HMGA2 gene 21). One unique feature of HMGA proteins

tumors, including benign tumors, such as lipomagj and is that all have three “AT-hook” DNA binding domains.
uterine leiomyomasd—11), and malignant tumors, such as These DNA binding domains contain a consensus sequence,
breast cancerl@), lung cancer13—15), and leukemiaX2, PRGRP, flanked on each side by one or two positively

16). The expression level is correlated with the degrees of charged amino acids (arginine or lysine). The AT-hook DNA
malignancy and metastatic potential of the transformed cells binding domain, in the absence of DNA, is “unstructured”
(17), suggesting that HMGAZ2 can be used as a biomarker (22, 23). However, when it binds to the minor groove of
for diagnosing the neoplastic transformation and the meta- AT-rich sequences, this domain adopts a defined conforma-
static potential of many cancers3 18). HMGAZ2 is only tion (23). The central core, RGR, deeply penetrates into the
expressed in proliferating, undifferentiated mesenchymal cellsminor groove of AT base pairs with two arginine residues,
and is undetectable in normal fully differentiated adult cells forming extensive electrostatic and hydrophobic contacts with
(1, 19). Disruption of its normal expression patterns causes the floor of the minor groove2@). Two prolines on each
deregulations of cell growth and differentiation. For example, side of the RGR core direct the protein away from the floor
hmga2knock-out mice developed the pygmy phenotype (  of the minor groove and position the positively charged
These mutant mice were severely deficient in fat cells and arginine or lysine near the negatively charged phosphate
other mesenchymal tissues. Breaking of tiraga2gene backbone, thereby making further contacts. This disordered-
caused a dramatic reduction in obesity of leptin-deficient to-ordered conformational change significantly increases
mice (Lep/Lep) in a gene-dosage-dependent man@gr ( HMGA proteins’ adaptability and allows them to participate

These results suggest that HMGA2 plays an important role in & variety of nuclear activities, such as gene transcription,
DNA replication, chromatin remodeling, and DNA repal (

24).
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the minor groove configuration of AT base pairs rather than a 61 bp double-stranded DNA library that contains 15
specific sequences. However, more recent studies showedandom nucleotides. This DNA library was constructed
that HMGA proteins should have sequence specificity. For through amplification of a 61 base synthetic oligodeoxy-
example, the high-affinity binding of HMGA proteins nucleotide FL-250,SCATGGTACCTCTAGAGGCTCGAG-
requires two or three appropriately spaced AT-rich sequencesN);sGCTAGCTGGCATGCAAGCTTCAC-3N;5 repre-

as a single multivalent binding sit@). The DNA binding sents the 15 random nucleotides and underlined sequences
affinity of this multivalent binding is much higher than that are cleavage sites fétpn | andHind Ill, respectively), using

of the single valent binding2@). More significantly, each  two primers, FL-248 (sCATGGTACCTCTAGAGGC-3)
HMGA protein always simultaneously binds to two or three and FL-249 (5GTGAAGCTTGCATGCCAG-3), which

runs of AT base pairs in the regulatory transcription regions, correspond to the first 18 bases (top strand) and the last 18
such as the human interfergh enhancer 27, 28), the bases (bottom strand). For the first round of selection, 80
promoter regions of interleukin-2 gen29dj and interleukin-2 nM of DNA (9.6 x 107 mol of DNA molecules) was
receptoro-chain gene 30), and the promoter region of incubated with increasing amount of HMGA2 in L2 of
interleukin-15 gene31). These results suggest that HMGA 1x DNA binding buffer containing 20 mM Tris-HCI (pH
proteins bind to specific DNA sequences as transcriptional 8.0), 0.5 mM EDTA, 1 mM DTT, 0.5 mM MgG| 50 mM
factors. More evidence for sequence-specific DNA binding NaCl, and 5% glycerol. After 30 min incubation at 22,

of HMGA proteins comes from the NMR structural studies the DNA samples were loaded on a 12% native polyacry-
(23). The structure of an HMGAXaDNA complex showed lamide gel to separate the bound and free species. Band shifts
that the AT-hook DNA binding domain binds to the were detected by SYBR Gold staining. The bound DNA was
5'-AAATT-3' sequence in a fixed orientation with the excised and eluted in an elution buffer containing 10 mM
N-terminal arginine of the core RGR sequence located nearTris-HCI (pH 8.0), 1 mM EDTA, and 100 mM NacCl and
the 3-end of the sequence and the C-terminal arginine purified by phenol extraction and ethanol precipitation. The
located near the '|end of the sequence. This binding purified DNA was dissolved in water and PCR-amplified
orientation resulted from hydrophobic interactions of the for the next round of SELEX selection. Twenty cycles of
arginine side chains of the RGR core with the adenine basesPCR amplification were performed for 1 min each at 95,
of the DNA sequence and from hydrogen bonding between 55, and 72C with an additional step of 3 min at 7Z for

the AT-hook DNA binding domains and the bases of the the final cycle of the PCR reaction. The PCR products were
binding site. These results suggest that HMGA proteins do purified by phenol extraction and ethanol precipitation. Ten
not randomly bind to any AT-rich DNA sequences. In this rounds of SELEX selection were performed. After the eighth
study, we used an in vitro systematic evolution of ligands round, the concentration of NaCl was increased to 200 mM,
by exponential enrichment (SELEX) experiment to further and 30uM (bp) of poly(dG-dC) was added to the binding
investigate the DNA binding specificity of HMGA2. Our reactions as a competitor to promote selection toward a high-
results showed that HMGAZ2 specifically recognizes a type affinity and specificity pool of DNA fragments. After the

of 15 bp AT-rich DNA sequence: the first five base pairs 10th round of selection, the PCR-amplified products were
are AT-rich, the middle four or five base pairs are GC-rich, cloned intoHind IIl —Kpn| sites of pUC18, which were used
and the last five or six base pairs are AT-rich. Interestingly, to transformk. coli strain DH%x. The plasmid DNA of each

all three segments are critical for high-affinity binding of transformed colony was purified and sequenced. DNA

HMGAZ2 to DNA. sequences, corresponding to the 15 random nucleotides, were
analyzed using the programs ClustalX 1.88)(and MEME
MATERIALS AND METHODS 3.5.3 @34).
Preparation of PHJ[HMGA2 (*H-Labeled HMGA2. Es- Electrophoretic Mobility Shift Assay (EMBAEMSA

cherichia colistrain BLR(DES3), which has plasmid pMGM1, experiments were used to determine the apparent DNA
was grown in 200 mL of a supplemented M9 medium binding constant of HMGA2. DNA oligomers containing
containing X M9 salts, 0.4% glucose, 2 mM MgS(Q0.1 AT-rich DNA sequences were labeled witfP at the 5
mM CaCl, 0.1 ug/mL thiamine, 40ug/mL L-leucine, 150 termini by T4 polynucleotide kinase in the presence of
ug/mL L-proline, 50ug/mL each of the other 18-amino y-[3?P]-ATP. The proteirr-DNA complexes were formed by
acids, and 50ug/mL kanamycin. The cell growth was addition of appropriate amounts of the protein to a solution
monitored by measuring Ok At ODsgs ~ 1, cells were containing 1 nM of?P-labeled DNA in the ¥ DNA-binding
harvested by centrifugation at 4000 rpm and°@ and buffer containing 20 mM Tris-HCI (pH 8.0), 200 mM NacCl,
resuspended in 100 mL of the supplemented M9 medium in 1.5 uM (bp) poly(dG-dC), 0.5 mM EDTA, 1 mM DTT,
the absence af-lysine. After 40 min incubation at 37C, 0.5 mM MgCh, and 5% glycerol. After equilibration for
another 100 mL of the supplemented M9 medium (pre- 60 min at 22°C, the samples were loaded on a 12%
warmed to 37°C) containing 10 mCi of JH]-L-lysine (10 native polyacryamide gel in 0:5 TBE buffer (0.045 M
ug/mL) was added into the cell culture. When the D  Tris—borate (pH 8.3) and 1 mM EDTA) to separate free
reached~0.8, HMGAZ2 expression was induced by addition and bound DNA. The gels were subsequently dried and
of 1 mM of IPTG into the cell culture. After an additional visualized by autoradiography or quantitated using a Fuji
3 hincubation, the cells were harvested by centrifugation at FLA 3000 image analyzer. The radioactivity of the free
4000 rpm for 25 min at 4C. PHJHMGAZ2 was purified as and bound DNA was determined and used to calculate the
described previously3@Q). The specific activity of H]- binding ratio R), which is equal to the ratio of the
HMGA2 was determined to be 375 cpm/pmol. radioactivity of the bound DNA divided by the sum of the
Systematic Eolution of Ligands by Exponential Enrich-  radioactivity of the bound and free DNA. The apparent
ment (SELEX) Experimer8S8ELEX experiments started with  DNA binding constanti{.,) was obtained by nonlinear-least-
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squares fitting the following equation using the program
Scientist

e (@+x+ 1K) — J@+x+ 1K gpp” — 4ax
2a

1)

wherea andx represent the total DNA and the total protein
concentration, respectively.

EMSA experiments were also used to determine binding
stoichiometries of HMGA2 binding to DNA using?P-
labeled ologonucleotides antH[HMGAZ2. In these experi-
ments, 200 nM of?P-labeled AT-rich DNA oligomers with
a specific activity of~700 cpm/pmol were mixed with 0.5
uM of [BHJ[HMGAZ in 50 uL in the 1x DNA binding buffer
as described above. After incubation at 22 for 1 h, the
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Ficure 1. Determination of DNA-binding stoichiometries of the
HMGA2—DNA complexes by the double-label experiment. EMSA
experiments using?P-labeled FL-AT15 (A) or FL-AT30 (B) and
[BHJHMGA2 were performed as detailed under Materials and
Methods. The autoradiograms of tk#-labeled DNA oligomers
shown were used to excise the DNA bands for scintillation counting.
Lane 1 is the free DNA. Lanes 2 and 3 contaifiéRHabeled DNA

samples were loaded on a 12% native polyacryamide gel inoligomers andJHJHMGAZ2. F is the free DNA; C represents the

0.5x TBE buffer to separate free and bound DNA. The gels
were subsequently stained by SYBR Gold. DNA bands
corresponding to the HMGA2DNA complexes were ex-
cised and electroeluted into a dialysis bag (8000 MWCO,
BioDesign, NY) in Ix TBE containing 0.1% SDS. The
eluents in the dialysis bag were mixed with 15 mL of
Aguasol 2 (Perkin-Elmer, MA) and counted i#P and®H
channels in a liquid scintillation spectrometer to determine
the molar ratio of HMGAZ2 to DNA oligomers. Alternatively,

a method previously described by Car&p)(was also used

to determine the binding stoichiometries. After EMSA

experiments, the DNA bands were located by autoradiog-

raphy and excised. Gel slices containing the HMGAMNA
complex were solubilized by oxidation in 1 mL of 21%®}/
17% HCIQ in a tightly sealed scintillation vial at 68C for
24 h. Vials were cooled to 22C, mixed with 15 mL of
Aquasol 2, and then stored at €€ for 48 h in dark.
Radioactivities offH and 3P were counted ifH and 2P

HMGA2—FL-AT15 complex; C1 and C2 represent the first and
second shifted bands of HMGAZL-AT30 complexes, respec-
tively.

and FL-AT30 (5CATGGTACCTTCAGAGGCTCGAG-
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGCTGACT-
GGCATGCAAGCTG-3), to determine the stoichiometries
of HMGAZ binding to AT-rich DNA sequences. FL-AT15
contains a 15 bp A-track (one HMGAZ2-binding site) and
FL-AT30 contains a 30 bp A-track (two HMGAZ2-binding
sites). As an initial step, the apparent DNA binding constants
of HMGA2 (Kapp Were determined using an electrophoretic
mobility shift assay (EMSA). Figure S1A (Supporting
Information) shows the results of HMGA2 titrating into a
solution containing FL-AT15. In this EMSA experiment,
only one shift band was observed (the bands at the top, Figure
S1A). The apparent DNA binding constant of HMGA2
binding to FL-AT15 was estimated to be 2:2 10° M~!
according to the method as described under Materials and

channels using the method as described above. Backgroungsethods. Since we used 200 mM of NaCl and 1M (bp)
was determined by counting the control gel slices excised ¢ poly(dG-dC) (as a competitor) to reduce the nonspecific

from the unused regions.

RESULTS AND DISCUSSION

Determining the Binding Stoichiometries of HMGA2
Binding to AT-Rich DNA Oligonucleotideglouse HMGA2

binding between HMGA2 and the oligomers (see Figure S1
legend for details), the relatively low value &, may
represent specific binding of HMGAZ to the AT-rich region
of FL-AT15. Figure S1B shows results of HMGAZ2 titrating
into a solution containing FL-AT30 in which two shift bands

is a small basic protein containing 108 amino acid residues. were generated. Because FL-AT30 contains two HMGA2-
One unique feature of HMGAZ2 is the asymmetric charge binding sites, it is reasonable to assume that these two shift
distribution of its primary structure (Figure 1 of r82). The bands represent HMGA2 occupying one and two sites on
positive charges are mainly concentrated in the three AT FL-AT30, respectively. Interestingly, the apparent binding

hooks and the negative charges at the C-terminus. In solution,constant of HMGAZ2 binding to the first site of FL-AT30

HMGA2 may self-associate into homodimers or homo-
oligomers through electrostatic interactions and may bind
to AT-rich DNA as a homodimer3p, 37). Thanos and

was estimated to be 2:0 10’ M1, 10-fold higher tharKap,
of FL-AT15. These results indicate that HMGA2 may
cooperatively bind to DNA containing multiple AT-rich sites.

colleagues showed that HMGAla, another member of the An alternative explanation would be that FL-AT30 contains

HMGA family with similar physical properties, interacts with
itself in a glutathioneStransferase (GST)-pull down experi-
ment B6). Our preliminary results showed that free HMGA2
in solution may be a homodimer (data not shown). We,
therefore, decided to determine whether HMGA2 binds to
AT-rich DNA as a monomer or as a homodimer.

As demonstrated in our previous publicatid@B), each
HMGAZ2 (monomer) binds to 15 AT base pairs in aqueous
buffer solution. In this study, we used two DNA oligomers,
FL-AT15 (5-CATGGTACCTTCAGAGGCTCGAGAAA-
AAAAAAAAAAAAGCTGACTGGCATGCAAGCTG-3")

15 HMGAZ2 binding sites, which should result in an order
of magnitude higher apparent binding constant for FL-AT30.
The binding stoichiometries of HMGAZDNA complexes
were measured directly in EMSA experiments usifid]{
HMGAZ2 and®?P-labeled FL-AT15 or FL-AT30 (the double-
label experiments). In these experiments, high concentrations
of HMGAZ2 and DNA oligomers were used for stoichiometric
binding (Figure 1). In addition, 200 mM of NaCl (physi-
ologically relevant salt concentration) and 3™ (bp) of
poly(dG-dC) (as a competitor for nonspecific binding) were
added to the binding reactions. The shifted bands were
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Table 1: DNA Binding Stiochiometries of HMGA2 Binding to Two these two methods. Our results are Summ_a”ZEd in Table 1.
AT-Rich DNA Oligomers Determined by the Double-Label For the HMGA2-FL-AT15 complex, the shifted band gave
Experiment a 1:1 molar ratio of HMGA2 per FL-AT15 molecule. For
HMGA2—FL-AT30 complex the HMGA2-FL-AT30 complex, the first shifted band
yielded a 1:1 molar ratio of HMGAZ2 per FL-AT30 molecule

HMGA2—FL-AT15

complex first shift second shift and the second shifted band produced a 2:1 molar ratio of
method 092+ 017 098+ 0.05 197¢ 0.23 HMGA2 per FL-AT30 mc_)leculg. These results indicate that
method 1P 093+ 0.05 092+ 0.05 188+ 0.13 HMGA?2 binds to AT-rich sites as a monomer under

= HMGA2—DNA complexes were excised from the polyacrylamide physiologically relevant salt conditions. Similar results were

gels after EMSA experiments as described under Materials and /SO obtained by using DNA oligomers containing one or
Methods. The®2P-labeled DNA and HJHMGA2 were eluted from two HMGA2 DNA binding sites determined by SELEX
the gel in Ix TBE containing 0.1% SDS at 50 mA for 4 h. The binding  experiments (data not shown; see below for the SELEX

stoichiometries were calculated from the radioactivitie®Bfand®H, experiments).
determined by scintillation countin§ The gel slices containingH]H- . . . .
MGA2 and 3?P-labeled DNA oligomers were dissolved in 1 mL of In Vitro Selection of DNA Oligomers That Bind to HMGA2

solution containing 21% kD, and 17% HCIQ at 65°C for 24 h. The with High Affinity. We next used SELEX39—42) experi-
binding stoichiometries were calculated from the radioactivitie€mf ments to determine the consensus DNA binding sequences

and*H, determined by scintillation counting. for HMGAZ2 (Figure 2A). In these experiments, we utilized
a library of DNA oligonucleotides containing a central
excised; the radioactivities dH and 2P in the proteir- randomized region of 15 bp, flanked by two 23 bp regions

DNA complexes were determined by scintillation counting. with defined sequences in each end (total 61 bp; Figure 2A).
As described under Material and Methods, two methods wereFifteen base pair randomized sequences were chosen because
used to elute 3 H]HMGAZ2 and 3?P-labeled oligomers into  each HMGA2 molecule binds to 15 AT base pal#8)( For
solutions. We either electroelutetH|HMGA2 and the3?P- the first round of the SELEX experiments, 961013 mol
oligomers into X TBE containing 0.1% SDS or dissolved of DNA oligonucleotides{5.8 x 10'* molecules) were used

the gel slices into a solution containing 21%d4 and 17% to ensure a completely random population for selection
HCIO, by oxidization. No difference was found between (approximately 500 copies of each of thé® 4ossible

A
5-CATGGTACCTCTAGAGGCTCGAGNNNNNNNNNNNNNNNGCTAGCTGGCATGCAAGCTTCAC-3'

—1"
-

) . Reverse Primer
Primer extension

Forward Primer

>
5-CATGGTACCTCTAGAGGCTCGAGNNNNNNNNNNNNNNNGCTAGCTGGCATGCAAGCTTCAC-3'
3-GTACCATGGAGATCTCCGAGCTCNNNNNNNNNNNNNNNCGATCGACCGTACGTTCGAAGTG-5'

—1

iHMGAz Reverse Primer

Isolate Protein-DNA complex by EMSA
Amplify DNA by PCR

'

Repeat EMSA, DNA isolation and PCR for 10 cycles

'

Cloning, sequencing, and analysis

B 1 3 5 10 Cycle

ki -
il ¢

1 12 18 | 4| B

FiGurRe 2: The SELEX experiments. (A) Strategy for SELEX analysis of HMGA2 DNA binding sites. (B) Representative EMSA analysis
used to monitor the progress of enrichment for HMGA2 binding sites. About 80 nM of the DNA samples isolated after the first (lane 2),
third (lane 3), fifth (lane 4), and tenth (lane 5) rounds of the selection were incubated with 200 nM of HMGAZ2 in an EMSA buffer
containing 20 mM Tris-HCI (pH 8.0), 200 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 0.5 mM MgGind 5% glycerol. EMSA experiments

were performed as described under Materials and Methods. Following electrophoresis, the PAGE gels were stained with SYBR Gold,
destained, and photographed under UV light. Lane 1 is the free DNA library before the selection. The HIM@AZomplex and the

free DNA were designated as C and F, respectively.
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sequences on average). This library of oligonucleotides wasA B
mi>ied with inqreasing amounts of HMGA2, incubgted at ATATT CGCGE ATATT GOTGT TEOLT STAGE
22 °C for 60 min, and loaded on a 12% polyacrylamide gel  ppanp ccoer TAATT TGOTG CCOTG TCGET
to separate free and bound DNA. FL-AT15 was used as @ amamr cecce TAATT AGCTA GGCCC TCAGC
control to define the position to which the HMGADNA ATATT CGCGG TAAAT GGGAG CCTCG TACCG
complex was migrated. The gel containing the HMGA?2 ATATT CGCGC AATTT CAGTA TCTGT TTGTG
DNA complexes was excised; DNA was eluted from the gel =~ ATATT CGCGT TAAAT CGGTG GGCGT GTGCC
and amplified by PCR according to methods as described ~ATATT CGCGT AATAT GTCGT TGCCT TTGGT
und_gr Materials' and Methods. The PCR produpts were :;:E ggggg iﬁ:i gﬁiﬁﬁ gg;:i ;ﬁgggg
purified and subjected to the next round of selection. After  apapr cecea ATaTT CGGCT GGAAA TGGAA
the eighth round, the concentration of NaCl was increased ararr ccece TAATT GCTGC CTTTG CAATT
to 200 mM, and 3QtM (bp) of poly(dG-dC) was added to ATATT GCGCA TTATT TTCGT GGAGT GGTCT
the binding reactions to increase the binding specificity. The  ATATT GCGCC ATATT TCCTG GTCGG CGTTT
progress of the enrichment of DNA molecules recognized  ATATT GCGCG ATATT GCGTT TTGTA CCTAG
by HMGA2 was assessed by an EMSA experiment in ~ ATATT GCGCA ATATT TTIGT TGCGC GCCAT
v_vhich no HMGA2-DNA complt_ax of the original _DNA ﬁ:ﬁ ggggz ;;“:_,‘E g:zgi gg‘;‘gg gg‘;gg
library and the DNA pool of the first round of selection was ABATA CCCGA TAATT TGTTG TGCGE GGCCE
visible in the presence of 200 nM of HMGAZ2 (lanes 1 and AAAAT CGCGA TTAAT CTAAG TCTTG TGTGC
2, Figure 2B). In contrast, the DNA pools of rounds 3, 5, TTAAT CGCGA TTATT TGCCG TGCGT GTGTG
and 10 gave approximately 7.1%, 17.5%, and 35.2% of
HMGA2—DNA complexes under the same conditions (lanes
3—5, Figure 2B). 2

After the 10th round of selection, the purified PCR
products were cloned intblind 1l —Kpn | sites of pUC18 £1
and sequenced. We repeated the SELEX experiment twice T T C TT T
and sequenced 102 individual clones in which 71 sequences I _SALEA 1 (C C_AAYAL
are unique. Figures 3A and S2 (Supporting Information) s -~ & © ¥ © ¢ " ® ® 2 o = 2 F ey

show our sequencing results. To our surprise, all sequencec Position
have a common unique feature: the first five base pairs areFicure 3: Sequence analysis of the SELEX experiments for

AT-rich, the middle four or five base pairs are GC-rich, and HMGAZ. (A) HMGAZ binding sequences identified after 10 rounds

the last five or six base pairs are AT-rich. The 71 unique of the SELEX experiments. Twenty sequences are shown here. The
furth lvzed by t : ltio| other 51 sequences are shown in Figure S2. (B) DNA sequences
sequences were further analyzed Dy two multiple-SequUence+,om the randomized oligonucleotide library before selection. (C)

alignment programs, ClustalX 1.883) and MEME 3.5.3  sequence logo of the 71 SELEX sequences shown in Figures 3A
(34), and two consensus sequenceésABATTCGCGAW- and S2. Sequence conservation, measured in bits of information (2

WATT-3' and 3-ATATTGCGCAWWATT-3, where W bits is the highest), is illustrated by the height of stacking of the

represents A or T, were identified. These two Consensusfourletters for each position in the binding sites. The relative heights
are proportional to their frequencies shown in the 71 SELEX

sequences are identical to those obtained from manualsequences. The sequence logo was generated by WebLogo (avail-
alignment of the SELEX sequences (Table 2). Another able at www.bio.cam.ac.uk/cgi-bin/seglogo/logo.cgi).

striking feature of these sequences is that, although each

clone is unique, certain sequence motifs appeared multipleround of selection to increase the randomness of the DNA
times. For examplea 5 bpAT-rich sequence, '5SATATT- library. As mentioned above, we repeated our SELEX
3, occurred 58 times; two GC-rich sequencésC&CG-3 experiment twice and used different batches of FL-250 to
and 3-GCGC-3, appeared 22 and 13 times, respectively produce the starting DNA library. Sequences obtained from
(Figures 3A and S2). This finding further suggests that we these two independent SELEX experiments have the same
have identified HMGA2 binding sites with high affinity. We  feature: the first five base pairs are AT-rich, the middle four
also sequenced 20 clones from the original library to or five base pairs are GC-rich, and the last five or six base
demonstrate that there is no inherent bias in favor of our pairs are AT-rich. All this evidence suggests that our starting
SELEX experiments. These sequences are shown in FigureDNA library should contain all possible sequences for the
3B. As expected, none of these sequences contains theSELEX experiments. We also performed quantitative analy-
consensus motifs, such asATATT-3' and 3-CGCG-3. ses to show that we have obtained HMGA2 binding
A simple addition analysis showed that this pool of sequencessequences with high binding affinity (see below for detail).
has more G-C base pairs (173 &C base pairs) than-AT For example, if one of the AT-rich sequences is mutated to
base pairs (129 AT base pairs), further suggesting that this a non-AT-rich sequence, the DNA binding affinity of
pool of DNA oligonucleotides was not produced in favor of HMGAZ2 is reduced at least 100-fold. A single A to G point
our selection. Although more sequence data are required formutation at the 10th position of FL-SELEX1 (Tables 2 and
a meaningful statistical analysis to demonstrate the unbiased3) significantly lowered the DNA binding constant of
nature of the starting library, we believe that our DNA library HMGA2 (Wilson, W. D., and Leng, F., unpublished col-
was generated randomly. First, the middle 15 bp of the DNA laboration results). Addition of one or two AT base pairs to
oligonucleotide FL-250, which was used to generate the either end of the SELEX sequences does not significantly
starting DNA library (Figure 2A), were synthesized ran- change the DNA binding affinity of HMGA2 (data not
domly. In addition, we included, on average, approximately shown). These results suggest that we have likely obtained
500 copies of each of thé¥possible sequences in our first  the “optimal” sequences for HMGA2 under our experimental
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Table 2: Occurrence of Nucleotides (%) in the Consensus Sequences Obtained from the SELEX Experiments

position 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
A 96.2 236 953 193 2.8 1.4 1.4 0 0.9 429 49.1 36.8 83.5 28.8 0.5
C 0 0 0 0 2.8 54.7 44.3 61.3 40.1 15.1 0 0 0 0 1.4
G 0 0 0 1.4 0 42.9 52.8 35.9 59.0 255 1.4 0 0 0 0
T 3.8 76.4 4.7 79.2 943 1.0 1.4 2.8 0 16.5 495 63.2 16.5 71.2 98.1
consensus A T A T T C G C G A W W A T T
sequence’l
consensus A T A T T G C G C A W W A T T
sequence2

aNumbers in this table represent the percentage of the 71 unique clones from the SELEX experiments with the indicated bases at that position.
Bold numbers correspond to the consensus nucleotides at each pdshiem.consensus sequences are derived from the SELEX analysis, where
W=AorT.

Table 3: DNA Binding Constants for HMGA2 Binding to Different A //,,__.‘
DNA Oligomers [HMGA2]

O—NMm<
-

DNA oligomers sequence (top strafd) Kapp(M 1) B —TNOTNON~DOD
FL-SELEX1 B-ATATTCGCGATTATT-3  7.454+0.77x 1Cf

FL-304 B-TATATATATATATAT-3' 216+ 0.14x 10° & M
FL-AT15 5-AAAAAAAAAAAAAAA-3 ' 2.19+0.24x 10°

FL-308 B-ATATTTATATTTATT-3'  1.44+0.27x 1¢F

FL-306 B-ATATTAAAAATTATT-3 ' 146+ 0.40x 10F

FL-315 B-ATATTCGCGACTGTC-3  <1.0x 1C° R -
FL-317 B-GTGTCCGCGATTATT-3  <1.0x 1C°

FL-GC 5-GGGGGGGGGGGGGGG 30 il

a All DNA oligomers are 59 bp double-strand DNA oligonucleo-
tides with the sequencé&-EATGGTACCTTCAGAGGCTCGAGNGC-

TGACTGGCATGCAAGCTG-3 where Nsrepresents the 15 bp DNA B 10
sequence listed in the table. Only top strands are shbivne apparent
DNA-binding constants of HMGA2 were measured as described under 08
Materials and Methods. The values are the average of at least three .2 |
independent determinations. G
X e,
-g / +
conditions. Our SELEX results are summarized in Figure 2| g ’ 9
3C as a sequence logo. m ;/ 5t
Quantitative Analysis of HMGAZ2DNA Interactions by 024 Pl 0
EMSA . We previously demonstrated that HMGAZ2 binds with fff;l" 2
very high affinity to pon(dA-QT) and poly(dA)pon(dT) 0.0 s A Xx : . |
under low-salt buffer conditions, and the DNA-binding 19 1e8 17 16 MBS B4
constant of HMGAZ2 is strongly dependent on the salt [HMGAZ2] (M)

qoncentratlon 8). At phys_lolqglcally rele\_/ant salt andl' FiIGURE 4: Quantitative EMSA experiments to determine the DNA
tions, i.e., 200 mM NaCl, it binds to AT-rich DNA with @  pinding constants of HMGA2 binding to different DNA oligomers.
binding constant from X0to 10' M~* (38). In the present  (A) Binding of HMGA2 to the DNA oligomer FL-SELEX13?P-
study, we employed quantitative EMSA to measure the DNA Iabeledt Ftl__-SELfE>|_|<%/I élA 2n_M)5QVtan inctfzbﬁtseg bwlg_l mt():r%asung

H H H i concentrations o n or 1x Inaing outrrer
plndg]gﬁconStatm.s .Of Hzg/l(?AfAtE déf;‘e\rﬁnt El)NA Olllg(;)ngje:[SS containing 20 mM Tris-HCI (pH 8.0), 200 mM NaCl, 0.5 mM
N a butter containing 24 mii fvat.l. We aiso inciuced 2.5 epTa, 1 mM DTT, 0.5 mM MgCh, 5% glycerol, and 1.5M
uM (bp) of poly(dG-dC}) (about 25-fold over 1 nM of?P- (bp) poly(dG-dC). EMSA experiments were performed as de-
labeled oligonucleotides) as a competitor to reduce nonspe-scribed under Materials and Methods. The autoradiogram of the
cific binding. In this case, the DNA-binding constant should *P-labeled FL-SELEX1 was shown. The radioactivities were

e e ; quantified with a Phosphorimager. Lane 1 is the free FL-SELEX1.
reflect specific recognition of different DNA sequences by In addition to FL-SELEXL, lanes-214 also contain 10, 20, 40,

HMGA2. Figure 4A shows a typical EMSA experiment in g 100, 200, 300, 400, 500, 1000, 2000, 5000, and 10 000 nM of
which HMGA2 was titrated into 1 nM of?P-labeled FL- ~ HMGA2, respectively. (B) Quantification analysis of the binding
SELEX1, a consensus sequence obtained from our SELEXdata from the EMSA experiments. The bound ratio of DNA was
experiments. The binding constants were obtained by fitting plotted against the protein concentration. The curves are generated
the binding data_to eq 1as describeq under Materials andg{/:ggg?;r: d,:flﬁfistgfgififjiicggg?ﬁ ngfrsl\gi;tg,lalli%nodel;wve,th()ds'
Methods. Our binding curves and binding constants are i 308: x, FL 315;+, FL317.

summarized in Figure 4B and Table 3, respectively. As

expected, HMGAZ2 binds to FL-SELEX1 with the highest for high-affinity binding of HMGA2 to DNA. Mutation of
affinity. Intriguingly, when the middle GC-rich sequence was either AT-rich sequence of FL-SELEX1 to a non-AT-rich
mutated to an AT-rich sequence (eithésTATA-3' or 5- sequence significantly decreases the apparent DNA binding
AAAA-3"), the DNA binding affinity was reduced 5-fold.  constant. These results suggest that all three segments in FL-
These results indicate that the middle GC-rich sequence iSSELEX1 are critical to high-affinity binding. Consistent with
required for high-affinity binding. Our results also demon- our previous results3g), HMGA?2 also tightly binds to 15
strated that one 5 or 6 bp AT-rich sequence is not sufficient bp A-track and alternate AT sequence, although the binding
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affinity is 3-fold lower than that of FL-SELEXZ; it does not
bind to GC-rich sequences.

Biological Implication.The identification of the consensus
sequences for HMGAZ2 is an important step toward charac-
terization of its biological functions in vivo. As demonstrated
previously, HMGAZ is a transcriptional factor involved in
adipocytic proliferation and differentiation during embryo-
genesis 1, 19, 43). However, the mechanism by which

HMGAZ2 regulates fat cell proliferation and differentiation 1

is still unknown. Knowing the DNA binding specificity of
HMGA2, it is possible to locate its binding sites within the 2
genome and map its regulatory network in the cell. Further-

more, the discovery of the preferred binding sites of HMGA2 ~ 3-

may provide essential information for designing new anti-
cancer or antiobesity drugs. It has been shown that HMGA2

is an oncoprotein associated with many benign and malignant 5.

tumors @4); it is also involved in obesityd). These studies
suggest that HMGAZ2 is a potential target for treatment of
cancers and obesity. We showed here that HMGAZ2 strongly
and specifically binds to the minor groove of the two AT

sites in the SELEX sequences, presumably through interac- ©-

tions with three of the AT-hook DNA binding motifs,
suggesting that the minor groove binding agents are good

inhibitors of HMGA2—-DNA interactions. Indeed, we have 7.

recently demonstrated that netropsin, a well-known minor
groove hinder, competitively inhibited HMGAZ2 binding to
the SELEX sequences (Wilson, W. D., and Leng, F.,

unpublished collaboration results). It is possible to design 8.

new minor groove binders to alleviate tumor development
and progression through inhibition of the important HMGA2
DNA interactions. 9

CONCLUSION

Our results, presented in this paper, represent a systematic
and unbiased analysis of HMGA2 DNA binding sites under
physiologically relevant conditions [200 mM NaCl and 30
uM (bp) of poly(dG-dC})]. Using a SELEX procedure, we
have demonstrated that HMGA2 preferentially binds to a
type of 15 bp AT-rich DNA sequence: the first 5 bp are
AT-rich, the middle 4 or 5 bp are GC-rich, and the last 5 or
6 bp are AT-rich. Alignment of 71 unique SELEX sequences
revealed two consensus sequences for HMGA2ABAT-
TCGCGAWWATT-3 or 5-ATATTGCGCAWWATT-3,
where W= A or T. Our quantitative EMSA assays showed
that the three segments in the consensus sequences (two AT-
rich segments and one GC-rich segment) are required for
high-affinity binding; mutations of these sequences signifi-
cantly reduced the DNA-binding affinity of HMGA2. These
results indicate that HMGA2 does not randomly recognize
any AT-rich sequences. In contrast, it binds to specific AT-
rich DNA sequences. We also showed that HMGAZ2 binds
to AT-rich sites as a monomer under physiologically relevant
salt conditions.
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