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ABSTRACT

High mobility group proteins HMG-I(Y) and HMG-1, as
well as histone H1, all share the common property of
binding to four-way junction DNA (4H), a synthetic
substrate commonly used to study proteins involved

in recognizing and resolving Holliday-type junctions
formed during in vivo genetic recombination events.
The structure of 4H has also been hypothesized to
mimic the DNA crossovers occurring at, or near, the
entrance and exit sites on the nucleosome. Further-
more, upon binding to either duplex DNA or chromatin,

all three of these nuclear proteins share the ability to
significantly alter the structure of bound substrates. In
order to further elucidate their substrate binding
abilities, electrophoretic mobility shift assays were
employed to investigate the relative binding capabilities

of HMG-I(Y), HMG-1 and H1 to 4H in vitro . Data indicate
a definite hierarchy of binding preference by these
proteins for 4H, with HMG-I(Y) having the highest
affinity ( Kyq (6.5 nM) when compared with either H1 ( Ky
(16 nM) or HMG-1 (K4 [BO nM). Competition/titration
assays demonstrated that all three proteins bind most
tightly to the same site on 4H. Hydroxyl radical
footprinting identified the strongest site for binding of
HMG-I(Y), and presumably for the other proteins as
well, to be at the center of 4H. Together these  in vitro
results demonstrate that HMG-I(Y) and H1 are co-
dominant over HMG-1 for binding to the central
crossover region of 4H and suggest that  in vivo both
of these proteins may exert a dominant effect over
HMG-1 in recognizing and binding to altered DNA
structures, such as Holliday junctions, that have
conformations similar to 4H.

INTRODUCTION

factors and ancillary chromatin proteins such as members of the
high mobility group (HMG) proteins.

Histone H1 1, (23 kDa) and its variants (e.g H5,°;étc.) are
commonly referred to as linker histones because of their ability
to preferentially bind to the linker DNA of nucleosoméas4j),
although their exact placement with respect to the nucleosome
core particle is still unknowrb£13). The crystallographic structure
of the globular domain of histone HS) (indicates that its three
a-helices assume a ‘winged’ configuration with two potential
regions of contact with DNA, a prediction confirmed by recent
mutagenesis studie$). The linker histones play a pivotal role
in chromatin compaction (recently reviewed¥nand can exert
either a positive or negative role on gene transcriptionibaiitro
(14,15) andin vivo (16,17). H1 binds to DNA in a sequence-
independent fashion yet has been shown to preferentially bind to
supercoiled plasmids over either linear or relaxed DNAsA0).

In addition, H1 is known to preferentially bind to certain altered
DNA structures such as four-way junctions (4B)Y)([The
nomenclature for four-way junction used here is that defined in
Lilley et al (22) and in Materials and Methods.] H1 not only
recognizes certain altered forms of DNA but is able to induce
changes in DNA structure, as demonstrated by its ability to both
unwind naked DNAZ3,24) and to compact chromatifi-3).

HMG-1/-2 proteins ¥I; (25 kDa) are the largest and most
abundant of the HMG proteins and have been implicated in both
positive and negative regulation of gene transcriptional activity
in vitro andin vivo, but their precise biological functions are still
uncertain (reviewed ia5). They interact with DNA through their
two DNA binding domains, known as HMG-1 boxes, a conserved
set of amino acids folding into threse-helices forming an
L-shaped structure6,27). HMG-1/-2 proteins bind to the minor
groove @8) of double-stranded DNA in a sequence-independent
manner £5). HMG-1/-2 binding affects DNA structure by
inducing bends in linear substrat@$431) and by introducing
supercoils into topologically constrained molecul8g&-84).
Recently HMG-1 has been shown to preferentially bind to altered

Recognition and alteration of DNA structure plays a significanDNA structures which contain sharp bends, such ass8Haad
biological role in regulating transcription, replication, genetighose found in cisplatin~-DNA adductg].

recombination and repair in both prokaryotes and eukaryotes. IIHMG-I (M, [O11.7 kDa) and HMG-Y N, [110.5 kDa) are
eukaryotes the overall folded structure of DNA is determinetsoform proteins produced by alternative splicing of mRNA
primarily by its association with ‘core’ and H1-type linker transcripts from a single geng7(38). For convenience and to

histones to form nucleosomal chromatif2), but with additional

distinguish them from HMG-1/-2 proteins, members of this

and often localized contributions being made by both transcripticamily will be referred to as HMG-I(Y). HMG-I(Y) proteins have
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been demonstrated to be involved in both positive and negatiteg 4, TTTATCAGACTGGAATTCAAGCGCGAGCTCGAA-
gene regulation, possibly by functioning as accessory ‘architecturBAGAGCTACTGT.
transcription factors’ (reviewed i25). HMG-I(Y) proteins  The oligonucleotides were synthesized using an Applied Biosys-
preferentially bind to the minor groove of A-T-rich B-form DNA tems DNA synthesizer and subsequently purified by electro-
by recognition of substrate structure rather than nucleotigghoresis on a denaturing 1.5 mm thicks TBE, 16%
sequence?5,39-44). In vivo HMG-I(Y) recognizes the structural polyacrylamide (19:1 bisacrylamide) gébj. Complete 4H, as
features of DNA through its DNA binding domains, known aswell as incomplete junctions, were formed by annealing equal
A-T hooks, which also bind to altered DNA structures such as 4idolar amounts of the appropriate gel-purified oligonucleotides in
(45), those found on the front face of native (random sequencahnealing buffer (10 mM Tris, pH 7.2, 50 mM NaCl, 10 mM
nucleosome core particle&) and on the surface of nucleosomesMgCly) and treating the products as previously descriBed (
reconstituted from defined sequence DNAS)(In addition to  Prior to annealing, if needed, one of the oligonucleotides was
recognizing structure, HMG-I(Y) has the ability to induce5'-end-labeled using T4 kinase. Stable formation of complete 4H
structural changes in DNA substrates. For example, HMG-I(Y)as well as incomplete junctions) was demonstrated by gel
can unwind DNA, induce both positive and negative supercoilsectrophoresis (data not shown). Nomenclature for four-way
into topologically constrained plasmid DNA&] and introduce DNA junctions are defined in Lillegt al (22) to be HHHH or 4H,
bends and/or other distortions into linear substrate moleéidtes ( representing four helixes converging to a central point. However,
G.Schroth and R.Reeves, unpublished data). in addition to using complete 4H constructs in this study we also
Even though the three-dimensional structures of the DNA bindingsed incomplete junction constructs, i.e. those lacking one or
domains of the H1/H5 linker histones),( of the HMG-1/-2 more legs. The standardized nomenclature for our incomplete
proteins £6,27,31) and of HMG-I(Y) @9-51) are all quite junction molecules is as follows: incomplete junction formed by
different, they share many common DNA binding characteristicennealing only oligonucleotides 3 and 4 (legs 3:4),4%5q; the
including the ability to bind 4H substrates. The structure of 4khcomplete junction formed by annealing only oligonucleotides
has been rigorously analyzed and many structural featurés3 and 4 (legs 1:3:4), 2H$S:6. This nomenclature indicates
elucidated and characterized (revieweédh that there are either one or two converging DNA helixes with two
Although synthetic 4H substrates are not associated with cosingle-strand extensions, the length of which are numerically
histones, they do contain two converging DNA strands whichndicated as subscripts (see Hdor an illustration).
have been proposed to imitate the structure of DNA found at, or
near, the entrance and exit points of the nucleosome and haM@duction and purification of proteins
therefore been suggested as a simple model system for studyinlgI i .
chromosomal proteins that bind to such regiehg1(3053. HMG-1 and H1 proteins were purified from calf thymus and
Perhaps more importantly, 4H simulates vivo Holliday fract!onated using a polybuffer BI?E-94 column as described in
junctions and has therefore been used extensively as an intermedigi@il by Adachet al (60). Recombinant human HMG-I(Y) was
substrate for genetic recombination eveB&54-58). prepared as previously described by Nisstesl (61).
With these potential biological contexts in mind, we performed
quantitativein vitro binding and competition experiments to Competition electrophoretic mobility shift assay

investigate the relative strengths and specificities of the phySicé|ectro ; o ;

. ’ ; . phoretic mobility shift assays (EMSA) were performed by
mteriatct:jons of HMG_lr(]Y)ﬁ&AGG?ya%q ';1 protemsr:/vInh 42'40[.” described proceduresd) by incubating 8 or 17 fmol labeled 4H
re;u t‘;’ emor:\itr:\tﬁt atj X H_l( ) d Ilr—]ll\/? mgst t&g tylto ¥V'thNith a target protein at room temperature in a total volume pf 20
aKgq of [5.5 nM, followed by H1 an G-1 witky values o rotein binding buffer (10 mM Tris—HCI, pH 8.0, 1 mM EDTA,
(116 and (BO nM respectively. We also demonstrate tha 5 mM NaCl, 0.28ig sheared salmon sperm DNA, AgBSA).

HMG-I(Y) is far more effective in competing with H1 than is Competiti ; ;
- . - petitions were performed by adding unlabeled competitor
HMG-1 for binding to 4H substrates. Hydroxyl radical footprinting ;5 (either 4H or incomplete junctions) or competitor proteins

of HMG-I(Y) on 4H indicates that the protein protects 4H at thg, e reaction and incubating the combined mixture for an
crossover, thereby demonstrating for the first time that HMG-I(Y gditional 10 min prior to electrophoresis. Glycerol was then

preferentially binds to the altered structure at the center region to 2% final concentration and th moles | nt
the 4H structure. Our findings suggest that HMG-I(Y) and Hﬁol(i/z((j:rﬁamide Selc((i.g iwmef[h(i)ckalgls (e:n"sn aang Egmop?idsiotlj gf > e
exert a dominant effect over HMG-1 in binding to altered DN 5<TBE. 4 or 6.5% ponacryIamiée at 29:1 bisacrylamide). Gels
structuresn vivo and therefore have important implications forWere pre-’run for at least 1 h at 10 V/cm and the electrode buffer
their possible biological roles in regulation of chromatin structurg placed before loading samples. Samples were electrophoresed
and fun.ction, as well as for participation in recombination an £ 10 V/cm for 3-6 h at*4, following which the gels were dried
Integration events. on Whatman filter paper and exposed to either Amersham
hyperfilm or to a Molecular Dynamics (Sunnyvale, CA) phosphor-
MATERIALS AND METHODS imager screen. Visual reproductions of the gels were created
using a Textronix Phaser 440 printer. Quantification of band
densities was performed using ImageQuant Peakfinder (Molecular
Oligonucleotides 1—4 previously described by Biangh)j (vere  Dynamics Corp., Sunnyvale, CA) to locate the bands and then the

Preparation of oligonucleotides

used to create 4H: individual peaks were deconvoluted and analyzed using Peakfit
Leg 1, CCCTATACCCCTGCATTGAATTCCAGTCTGATAA; (Jandel Scientific Corp., Corte Madera, CA). Further analysis,
Leg 2, GTAGTCGTGATAGGTGCAGGGGTTATAGG; manipulations or plots were performed using Excel (Microsoft),

Leg 3, AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCA- Sigmaplot (Jandel Scientific) or Enzfitter (Niles & Associates,
CGACTA,; Berkeley, CA) software.



Nucleic Acids Research, 1997, Vol. 25, No. 13525

A)
o - 1.2 1
A - -
[ - - 1.0
0 2 4 6 8 10 15 20 30 40 60 80
i HMG-1(Y)
0.8
B L]
) v
d — - 0.6
C — - LB
—weeSEEN
Q0 20 40 60 B0 100 150 200 250 300 350 04 -
o HMG-1 :
C) 0.2
e — L
F““..‘.-'“-HH" 0.0 T T T T T T T
0 07 16 3264 96 13 16 19 22 25 0 5 10 15 20 25 30 35 40
nM Histone H1 nM I’IMG-I(Y)

Figure 1. EMSA using 8 fmol labeled 4H titrated with increasing concentrations Figure 2. Binding curve of HMG-I(Y) on 4H. The relative band intensities of

of (A) HMG-I(Y), (B) HMG-1 and C) H1 proteins. Free migrating 4H is the first complex afr(_)m Flgure 1A ‘(and other gels not shown) were analyzed
labeled F and the protein concentrations (in nM) are indicated at the bottom ofand plotted as described in Materials and Methods. The average number of
each lane. (A) HMG-I(Y) formed two distinct complexes with 4H, labeled a and protein molecules bound to a single 4H molecyl&s(indicated on the ordinate

b. (B) HMG-1 also formed two distinct complexes with 4H, labeled c and d. (C) and mo_Iar concentration of HMG-I(Y) on the abscissa. The least squares fit
H1 only formed one complex with 4H, labeled e. curve (line) through the data points (dots) forms a rectangular hyperbola which

indicates that binding of HMG-I(Y) to 4H is not cooperative andkhet
YVmax HMG-I(Y) is 6.5 nM.

Determination of binding constants (previously described) and electrophoresed. The DNA in the

. - remaining reaction mixture was extracted with phenol:chloroform,
Disassociation constants for HMG-I(Y), HMG-1 and H1 werey ;o gissolved in formamide loading buffer, boiled for 5 min and
determined by evaluating the relative band densities froqp1en equal counts were loaded onto a 15% polyacrylamide

EMSAs produced by titrating 4H with HMG-I(Y), HMG-1 and sequencin e gel. The gels were electrophoresed at 18 000 V
H1 (Fig. 1A-C). Prior to electrophoresis the reaction mixturesf rq1.5 h,gﬁt)ilgd ?n '8% a?:etic acid, 8% rﬁethanol, dried on

were incubated sufficiently long to reach equilibrium, so standax hatman paper and exposed to Amersham hyperfim or a

equilibrium equations describing ligand—substrate comple ; ;
formation were used@,63). The equilibrium equation used to Molecular Dynamics phosphorimager screen.

describe the first, or tightest binding, DNA—protein complex

(bands a, c and e in Fif).isP + A+ PA whereP is the substrate RESULTS

(4H), Ais the ligand (protein) anBA is the substrate—ligand patermination of the binding affinities of HMG-I(Y)

complex. The average number of bound ligand molecules pPgiviG-1 and H1 for 4H '

substrate molecule s wherev = [PAJ/[P] + [PA] and is related to

the dissociation constaly by the equatiom= ([Al/Kg)/(1+[AV/Kg).  Specific protein interactions with 4H were studied using an
Kqdeterminations were confirmed by plottingersusf\], which  EMSA. Radiolabeled 4H was titrated with increasing amounts of
produces a rectangular hyperbola that approaghgs (total HMG-I(Y), HMG-1 and H1 proteins (Fid.A—C) to demonstrate
ligands bound per substrate molecule). Extrapolation through ttigat all three proteins specifically bind to 4H under identical
curve at/aVmax gives theKq for the test proteint@,63). conditions, but with different affinities. It is apparent from Fiduke

and B that HMG-I(Y) and HMG-1 are capable of forming two
distinct complexes with 4H [labeled a and b for HMG-I(Y) and
¢ and d for HMG-1], whereas H1 forms only one complex (fig.
Hydroxyl radical footprinting of HMG-I(Y) on 4H was carried band e). The composition of the putative 4H-HMG-I(Y)
out following published protocols5{). Each 100ul reaction complexes was confirmed in a reciprocal control experiment in
mixture containing 0.068 nM labeled 4H and enough HMG-I(Y)which unlabeled 4H was titrated with increasing amourits\aro

to form either one or two DNA—protein complexes was incubatetfP-radiolabeled HMG-I(Y) protein and again, as expected,
at room temperature for 10 min prior to sequential additionubf 4 formation of the same two DNA—protein complexes was observed
each of: (i) a freshly prepared mixture of 0.75 mM Fe(ll) anddata not shown). In each of the above titrations ((Ag-C) the

15 mM EDTA; (i) 37 mM ascorbate; (i) 1.25% hydrogen band densities of the free DNA as well as the first retarded
peroxide. The complete reaction mixture was incubated at rooBNA—protein complexes (i.e. bands a, ¢ and €) were quantitatively
temperature for exactly 2 min and stopped by addition of glyceranalyzed as described in Materials and Methods. Using one-site
to 5%. To demonstrate the formation of a 4H-HMG-I(Y)binding parameters as descriptors for formation of the first
complex, 5ul of the mixture was loaded onto an EMSA gelretarded complex for HMG-I(Y), HMG-1 and H1 with 4H, the

Hydroxyl radical footprinting of HMG-I(Y) on 4H
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Figure 3. Competition EMSAs between 4H-HMG-I(Y) complexes and el e ]DS:] 5.5:1 ;” _.fl 3_2” ._,_'f” Rl ,,_'._.2” l"l
competitor DNAs were performed by incubating 17 fmol labeled 4H with HMG-1 : Histone H1 Molar Ratio

(A) 10 or B) 70 nM HMG-I(Y). Free radiolabeled 4H is labeled F and the first
and second 4H-HMG-I(Y) complexes are labeled a and b respectively. ) N . )
Unlabeled competitor DNA, whether incomplete junction iS (legs 3:4), Figure 4. (A) Protein competition EMSA in which 17 fmol labeled 4H was
2HS14/S16 (legs 1:3:4) or complete 4H, were formed by annealing the Preincubated with 80 nM HMG-1 (lanes 3-13) and titrated with increasing
appropriate legs together and added to the reaction mixtures at 100- anddmounts of H1 (lanes 4-13) at the concentrations indicated above each lane. F
500-fold molar excess, as indicated above each lane, prior to gel electrophoresidndicates free migrating 4H, c indicates the position of the first 4H-HMG-1

The arrows on the 4H structure indicate thergl of the oligonucleotides. complex and e indicates the position of the 4H-H1 complex bBdhe
relative band densities of bands ¢ and e from (A) (lanes 3—14) were plotted

versus molar HMG-1:H1 ratios. The labeled 4H is equally partitioned between
the two proteins when the HMG-1:H1 molar ratid¥s1.

binding affinities for these proteins were determined to be
6.5 nM for HMG-I(Y),[116 nM for HMG-1 and B0 nM for H1.

The graph shown in FiguBslearly demonstrates that HMG-I(Y)
does not bind cooperatively to 4H at its high affinity site, since the
curve is not sigmoidal. In addition, this plot indicates thakthe e - -
for HMG-I(Y) binding to 4H isJ 6.5 nM, as determined by 1= .-

extrapolation through the point on the curvé/gfnay TheKq r—-@vEaEESEENN.

A)
nMHI - 30 - 5 10 15 20 25 30 35 40 45 50

values for HMG-1 and H1 binding to their high affinity site on 4H 1 2 3 456 7 8 910111213
were determined in a similar manner. These binding results  p) g
indicate, as will be demonstrated below, that in competitive 5 11

binding experiments HMG-I(Y) should have a dominant advan-
tage over the other two proteins for binding to either 4H or to other
DNA substrates with similar structural features.

Successive complex formation with increasing protein con-
centration, as demonstrated in Figli‘e and B, indicates that
both HMG-I(Y) and HMG-1 have both a high affinity site (band
aor c) and a lower affinity site (band b or d). For technical reasons ol . Tl L
based on the limitations of EMSA we were unable to quantitative- HMG-I(Y) : Histone H1 Molar Ratio
ly determine the binding affinity of HMG-I(Y) and HMG-1 to
thelr. Io_wer aﬁlmty sites @5). Nevertheless, from. a _careful Figure 5. (A) Protein competition EMSA in which 17 fmol labeled 4H was
qualitative evaluation of the EMSA results shown in Fidike preincubated with 10 nM HMG-I(Y) (lanes 3-13) and increasing amounts of
and B and other EMSAs not shown, the affinities of these proteing1 were added to the reaction mixtures (lanes 4—13) at the concentrations
for their low affinity sites appear to b80 nM for HMG_|(Y) and indicated above each lane (nM). F indicates the location of the free migrating

[B0O nM for HMG-1. Regardless of the actual values, it is readily*" Pand, a indicates the location of the first 44-HMG-I(Y) complex and e
.“indicates the position of the 4H-H1 complex baBj.The relative densities

a_ppa_lrent from these_ electrophor_et[c r,eSU|ts that HMG"_(Y) ISf bands a and e from (A) (lanes 3-12) were plotted versus HMG-I(Y):H1
binding much more tightly to 4H in its first complex than in its molar ratios. The labeled 4H is equally partitioned between the two proteins
second complex. The same is true of HMG-1 and its twowvhen the HMG-I(Y):H1 ratio i1:2.5.
DNA—protein complexes.

The substrate titration results shown in Figlkedemonstrate
that HMG-I(Y) forms two specific retarded DNA—protein clearly demonstrate that the first 4H-HMG-I(Y) complex
complexes with 4H. Since under identical conditions HMG-I(Y)observed during electrophoretic mobility shift assays (i.e. com-
protein does not physically associate with itself (unpublisheglex a in Fig.1A) contains only one tightly bound HMG-I(Y)
observations), these results suggest that there is more than araecule rather than a complex of protein molecules bound to a
binding site for the protein on 4H. Importantly, for bothsingle DNA substrate. These results are also consistent with the
theoretical considerations and for the competition analysesbservation that HMG-I(Y) does not bind cooperatively to 4H
discussed below, these quantitative ligand binding analysésig. 2). Similar quantitative analyses indicate that complex c

e
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A T Footprint of HMG-I(Y) on Leg #1

= Footprint

—

Footprint of HMG-I(Y) on Leg #2

Footprint

Figure 6.Hydroxyl radical cleavage data of 4H while in a 1:1 DNA—protein complex with HMG-I(Y). Densitometry scans of cleaved tiekd ttland complexed
(solid) 4H-HMG-I(Y) on legs 1A4) and 2 B) are overlaid to demonstrate the difference in peak areas. The crossover of 4H is indicated by an arrow. The regions ¢
greatest protection are indicated with a bar and the sites with minor protection are indicated with dots. The centerdiatildsy an arrow.

shown in FigurelB contains a single HMG-1 molecule and that the HMG-I(Y) protein does not bind tightly to either the
complex e shown in FigurgC contains a single H1 molecule single-stranded regions or the elbows of the incomplete junction

(data not shown). molecules.
A second competition series (FRB) was performed exactly
Specificity of HMG-I(Y) for 4H like the first except that in this case a much higher concentration

of HMG-I(Y) (70 nM) was initially incubated with labeled 4H to
Competition experiments were performed to determine thirm both the high affinity (a) and the lower affinity (b)
binding specificity of HMG-I(Y) to 4H. In these experiments 4H-HMG-I(Y) complexes. This competition series demonstrates
HMG-I(Y) was incubated with labeled 4H and then titrated witithat the second 4H-HMG-I(Y) complex (b) is competed slightly
increasing amounts of various unlabeled competitor DNAs. Theith the incomplete junction HFSyq (legs 3:4) and to a greater
competitor DNA molecules were either complete 4H or incomextent with the incomplete junction 2iH#5;6 (legs 1:3:4). This
plete constructs, i.e. those lacking one or more legs3fig.the  result indicates that incomplete junctions possess some structural
first competition series (Fig3A) 20 nM HMG-I(Y) was component that is weakly recognized by HMG-I(Y) but that this
incubated with 4H to form only the first high affinity 4H-HMG- binding is not strong enough to dissociate the tightly bound
I(Y) complex (a), which was subsequently competed with eithgsrotein from the first complex. The oligonucleotides used to form
a 100- or 500-fold molar excess of unlabeled competitor DNAhe incomplete 4Hs used in these competition assays contain a
These results clearly show that the 4H-HMG-I(Y) complex (a) i§ bp stretch of A-T residues, the minimal length of duplex DNA
not effectively competed with either of the incomplete junctionsequired for specific binding of the HMG-I(Y) proteiad-44).
HS14S0 (legs 3:4) or 2HE/S:6 (legs 1:3:4) (Fig3A, lanes  However, the binding of HMG-I(Y) to this stretch of A-T residues
2-6), however, it is effectively competed with 4H (F34, lanes  in the duplex of legs 3:4 is relatively weak since neither of the
7 and 8). Similar results were obtained when incomplete junctioscomplete junction constructs effectively competed with the first
containing other combinations of legs were used in the compettH—HMG-I(Y) complex, as demonstrated in both Fig@re
tion assays (data not shown). These competition EMSA$anes 2—6) and Figur@B (lanes 2—6). Only the complete 4H
demonstrate that high affinity binding of HMG-I(Y) to 4H construct effectively competed with the high affinity 4AH-HMG-
requires an intact crossover-containing structure and also shéfy) complex (a) (Fig3B, lanes 7 and 8).
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Competition between HMG-1 and H1

The results of competition EMSAs between HMG-1 and H1
demonstrated that: (i) H1 and HMG-1 cannot bind simultaneously
on the same 4H substrate; (ii) H1 can effectively displace HMG-1
from 4H (Fig.4). The competition was conducted by incubating
labeled 4H with only enough HMG-1 to form the first complex
(c) and then titrating with increasing amounts of H1 (B#).

This gel clearly shows that during titration the intensity of the
4H-HMG-1 complex band (c) decreases concomitantly with an
increase in intensity of the band corresponding to the 4H-H1
. .. complex (e). Experiments using higher initial concentrations of
CCCTATAACCCCTGCA  GCGCGAGCTCGAATAAGAGCTACTGT bound HMG-1 (e.g. 100 nM) were also conducted and produced
GGGATATTGGGGACSY W CECOCTCGAGCTTATTCTCGATOAC similar results (data not shown), however, slightly higher

—

MEARFHEEAAPO=SOSEQR >
PrAa=HPPAQEAPQARPO=EP -

5

(o]

G

§$ amounts of H1 were necessary to completely compete the

TA HMG-1 from the preformed complex, which is expected under
2 é(T; 3 the given equilibrium conditions62,63,65). These results

éé- indicate that H1 and HMG-1 compete with each other for the

cc same binding site on 4H and that H1 easily out-competes HMG-1

gg for this site. Plotting the relative band intensities of the 4H-HMG-1

AT complex (¢) and the 4H-H1 complex (e) from Figdfe as a

Te function of HMG-1:H1 molar ratio demonstrates that it takes an

[b molar excess of HMG-1 over H1 to compete equally for the
. o ) . 4H substrate (FigiB). We also conclude from these experiments
Figure 7. A composite figure showing th n nd regions of the 4H th .
nglllé;‘—al(Y) p(r:gtegtgsfrtgm ?:;/derjx;; rad?ctal ilzgsggecﬁh?leci‘n Zgl?l Eaﬁt\—groteitn atand the _faCt that tHed_ of H1 for 4_H '_SDlG nM, whereas that of
complex. Bars represent the regions of major protection and dots indicate areaslMG-1 is[BO nM (Fig.1), that binding of the H1 and HMG-1
of minor protection. proteins to 4H is mutually exclusive. Furthermore, it is evident
from these results that H1 is clearly dominant over HMG-1 in
in vitro competition assays using 4H as substrate and they suggest
that this may likewise be the case for binding of these proteins to

These titration experiments clearly demonstrate that HMG[—) NA crossover structures existimgvivo.
I(Y) is more tightly associated with the first (a) complex than with N
the second (b) complex; they also indicate that the protein pres&fmpetition between HMG-I(Y) and H1

in the b complex is actually binding to the duplex leg formed btompetition EMSAs between HMG-I(Y) and H1 demonstrated

legs 3 and 4 rather than to some other part of the incompl Y%tHMG—I(Y) is very effective at competing with H1 for binding

structure. Furthermore, the first 4H-HMG-I(Y) complex (&) isyg 4H. Under equilibrium conditions 10 nM HMG-I(Y) was
only eff_ectlvely competed by the intact fOU.r'Wé?y Junction,incyhated with labeled 4H (i.e. enough protein to form only the
suggesting that the HMG-I(Y) protein in this high affinity {ightest binding complex (a) and increasing amounts of H1 were
complex is associated with the junction or crossover region of 4ihay added (FigA). The result of this competition clearly shows
As will be seen below, footprinting experiments with thegisappearance of 4H-HMG-I(Y) band a with a concomitant
HMG-I(Y) protein on 4H confirm these interpretations. appearance of 4H-H1 band e, indicating that H1 directly
competes with HMG-I(Y) for the same site on 4H and that
. ) binding to this site by the two proteins is mutually exclusive.
Strategy of the competition experiments Other titrations using higher HMG-I(Y) concentrations (20 nM)
were also performed and similar results were obtained (data not
To investigate a possible hierarchy of binding of HMG-I(Y),shown), however, somewhat greater amounts of H1 were needed
HMG-1 and H1 we performed a number of competition EMSAso completely compete with the preformed complex of HMG-I(Y),
by first incubating labeled 4H with one protein and then titrating: result that is expected under equilibrium conditi68%5(,65).
the preformed 4H-protein complex with a second protein. Bjgain, as shown in FiguréB, we plotted the relative band
design, in all of the competition experiments protein concentratiogiensities versus the molar ratio of protein concentrations. This
were such that only competition for binding to the highest affinityraph clearly indicates that H1 must be in at least a 2.5 molar
site for each protein was monitored. Two possible results weexcess over HMG-I(Y) to compete equally for substrate binding,
anticipated under these binding conditions: (i) direct competitioa result consistent with the relatiigvalues of these two proteins
between the titrated protein and the prebound protein for 4tdr 4H substrates (Fid). It is therefore evident from these results
binding, as evidenced by depletion of the original preformeehat HMG-I(Y) is able to out-compete H1 for binding to #H
DNA-protein complex band and concomitant appearance ofvitro and, most likely, alsm vivo.
new complex band comprised of only the added competitor
protein and 4H; (ii) simultaneous binding of the two proteins t‘?:ompetition between HMG-I(Y) and HMG-1
the same 4H as evidenced by depletion of the preformed complex
band and concomitant appearance of a new band representingamnpetition EMSAs were conducted using HMG-I(Y) and HMG-1
ternary complex comprised of 4H and both proteins. proteins. However, because the 4H-HMG-I(Y) and 4H-HMG-1
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| Footprint of HMG-1(Y) on Leg #3
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Figure 8. Hydroxyl radical footprint data of HMG-I(Y) on 4H in a 1:2 DNA—protein compl&j.A densitometry scan from lanes 2 (dotted is naked DNA) and 3
[solid is complexed 4H-HMG-I(Y)] indicating relative band densities of the footprinting gelRBTHe autoradiogram showing the footprint of HMG-I(Y) on leg
3 of 4H (lanes 3 and 4). Lanes 1, 2, 5 and 6 are control lanes which were treated in the absence of HMG-I(Y) (nakedwié$y [&he B is a Maxam-Gilbert G
lane used as a marker. Electrophoresis is from left to right. Footprinted regions were determined by calculating thardifiea&rareas between the footprinted
and naked DNA, the regions of greatest protection are indicated with bars and the areas of minor protection are indiotgedveittrossover of 4H is indicated
by an arrow.

complexes have nearly identical mobilities under the severfhne 3) were quantitatively analyzed by densitometry, normalized
different gel electrophoretic conditions examined, we were unablnd the resulting scans overlaid to produce the composite results
to determine the precise HMG-I(Y):HMG-1 molar ratios containedhown in Figure8A. The bars indicate the regions of greatest
in the shifted band, rendering the gel systems employed unsuitapl@tection of 4H by HMG-I(Y) from cleavage and the dots
for quantitative competition comparisons. Nevertheless, we did napresent less protected regions. All four legs of the oligonucleotide
observe any ternary complex formation in any of the competitiotrands comprising the 4H structure were independently radio-
titrations, indicating that HMG-I(Y) also competes with HMG-1 |abeled, formed into DNA-protein complexes, subjected to
for binding to the high affinity site on 4H (data not shown).  hydroxyl radical footprinting, analyzed and the composite results
of numerous such experiments are depicted in Fjure
Hydroxy! radical footprinting of HMG-I(Y) on 4H Hydroxyl radical footprinting was also carried out on only the

Hydroxy! radical DNA cleavage experiments were employed t§ign affinity 4H-HMG-I(Y) complex (i.e. a in FiglA). As
determine the placement of binding of HMG-I(Y) protein on 4HprQV|oust desprlbed, 4Hwas complexgd with HMG-I(Y) ata 1:1
at base pair resolution. Our footprinting of HMG-I(Y) on 4H is'atio and subjected to hydroxyl radical cleavage. The band
the first of its kind, since, to our knowledge, no other mammaliafiténsities from the hydroxyl radical cleavage reactions of naked
HMG proteins have been footprinted on 4H. The results shown fH and complexed 4H-HMG-I(Y) were quantitatively analyzed
Figures6-9 indicate that HMG-I(Y) binds most strongly to 4H by densitometry and the resulting scans overlaid to produce the
near the junction of the four oligonucleotide strands. Figires COMposite results shown in FigueAll four legs were likewise
and7 show the results of hydroxy! radical footprinting of a 1:1analyzed and the composite results of numerous such experiments
4H-HMG-I(Y) complex (i.e. complex a in Fig), whereas are depicted in Figuré. _
Figures 8 and 9 depict the results of footprinting a 1:2 Footprinting of the 1:1 and 1:2 (DNA-protein) complexes of
4H-HMG-I(Y) complex (i.e. complex b in Fid). 4H-HMG-I(Y) indicate that HMG-I(Y) binds preferentially to
The results of a typical hydroxyl radical footprint of HMG-I(Y) the crossover at the center of 4H. However, the footprint of the 1:2
on 4H can be seen in the autoradiogram shown in FRiye complex differs somewhat from that of the 1:1 complex, since in
where 4H containing a single labeled oligonucleotide (i.e. 3) wdbe 1:2 complex there is greater protection of the 4H legs
incubated with enough HMG-I(Y) protein to form both high andemanating out from the central area of the crossover. In addition,
low affinity DNA—protein complexes (i.e. complex b in Fiy. in the 1:2 4H-HMG-I(Y) complex there is an increase in
The band intensities from the hydroxyl radical cleavage reactiomsotection of short (5 bp) runs of A-T sequences located on the
of naked 4H (lane 2) and protein-complexed 4H-HMG-I(Y)duplex legs formed by oligonucleotides 1:2 and 3:4 @iglue
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that H1 might likewise participate in genetic recombination
and/or retroviral integration events.

As discussed above, the HMG-I(Y), HMG-1 and H1 proteins
have all been demonstrated to specifically associate with nucleo-
somal chromatinin vitro and 4H has been suggested to
structurally resemble linker DNA near the entrance and exit points
of nucleosomes. Nevertheless, results from our quantitatigiang
studies for each of these individual proteins to 4H do not closely

4 correlate with the previously reported binding affinities of these
proteins to nucleosomal substrates. For example, we find that H1
binds to 4H with #&y of (1.6 nM, which is similar to thkKq value

of (118 nM reported by others for H1 binding to naked B-form

== ARREEAARAEANAR >
Pra-E-EPEAQANARAPO=» -

@ — - ¢ —
5'CCCTATAACCCCTGCA GCGCGAGCTCGAATAAGAGCTACTGT

CCCATATTCCGCACGT CGCGCTCGAGCTTATTCTCGATGAC DNA in vitro (14). In contrast, H1 has been reported to have a
T . gg —_— higherin vitro binding affinity for both reconstitutedenopu$S
AT rDNA mononucleosomes§ (2 nM) (10) and dinucleosomes
RS (Kg 07.4 nM) (L4). In the case of HMG-1 we find that it binds to
2 GcC 3 4H with aKy of [BO nM, whereas HMG-1 has been reported to
(T;é have a much lower affinity for reconstituted 5S rDNA dinucleo-
?f somes Kq (300 nM) (L4). In marked contrast to histone H1,
GC HMG-I(Y) protein binds more tightly to 4Hg (6.5 nM) than
" N to random sequence nucleosome core parti€lgsS50 nM) (46).
GC Thus our data suggest thatvitro the binding of HMG-I(Y),

HMG-1 and H1 to 4H probably more closely relateintoivo
Figure 9. A composite figure showing the sequence and regions of 4H thatpiological events such as genetic recombination or retroviral
HMG-I(Y) protects from hydroxyl radical cleavage while in a 1:2 DNA-protein integration than to binding of these proteins to linker DNA near
Z(r)g;[;l%);.rgﬁgsr Fr)(igtr‘(:st?g;-the regions of greatest protection and dots |nd|catﬁ1e entrance_ an(_j e_xit points of_rjucleoso_mes. -

Our protein binding competition studies are also consistent
with a previous report indicating that HMG-I(Y) has the ability
to displace H1 from duplex linear B-form DNA containing

to low affinity binding of the protein. These footprinting experimentsA-T-rich MAR/SAR sequences4,75). In combination, these
unequivocally demonstrate that HMG-I(Y) binds most tightly tofindings indicate that HMG-I(Y) is able to out-compete H1 for
the center of the junction, which is relatively free of A-T residuedjinding to different substrates, whether they are the A.T-rich,
indicating that HMG-I(Y) recognizes the non-B-form structure,B-form DNA sequences found in MAR/SAR regions or the
rather than the sequence, of the DNA in this region of thkinked, distorted DNA structures found at the crossover of 4H. In
molecule. The results also show that HMG-I(Y) binds less tightlypoth cases HMG-I(Y) has the capacity to effectively displace H1
but, as expected!P—44), to a region of duplex DNA containing from such substrates. These observations are significant because

short runs of A-T nucleotides located on the legs of 4H. DNA in the living cell is believed capable of assuming many
different configurations and it is likely that, regardless of its
biological form, HMG-I(Y) will have the abilityin vivo to

DISCUSSION out-compete, or displace, H1 from such DNA structures.

Four-way junction DNA was used as a substrate irirouitro Finally, it should also be noted that our hydroxyl radical

protein binding studies because it is thought to mimic thEOOtp.rIntS oft_he high af_ﬂmty binding site OfHMG'I(Y) on 4H are
Holliday-type recombination crossover structures folmdvo ~ consistent with a previously reported footprint of a prokaryotic
(52,66-69) and also because it has been hypothesized to simul&¥G-1-like protein, HU, on 4H. In this instance HU, which
the structure of the linker DNA strands near the entrance and e3fSOCiates as a dimer, binds on opposite s!des of the crossover
points of nucleosomes2{,30,70). With these biological '€gionof4H{6). Bothourresults and those with HU prot&if)(
connections in mind, it is significant that the HMG-1/-2 proteind'€ consistent with the suggestion by Lilléy,62) that 4Hin

have recently been shown to participate in genetic recombinatigir® has & 2-fold symmetrical structure that provides independent
events during immunoglobulin gene rearrangeniendgro (71).  Pinding sites, located on opposite sides of the junction, for
Because HMG-I(Y) out-competes HMG-1 for binding to 4H it jsStrUcture-recognizing proteins.

also reasonable to expect that HMG-I(Y) may likewise facilitate

genetic recombinatiom vitro. In addition, HMG proteins have ACKNOWLEDGEMENT
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involving 4H structures. For example, HMG-1 has been shown to

be required for efficient integration of avian sarcoma virus into

host cell DNAIn vitro (72) and, likewise, HMG-I(Y) has been REFERENCES

demonstrated to be required for integration of HIV-1 cDNA into . N
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in the light of our present findings it seems reasonable to suspect New York, NY.
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