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ABSTRACT. Several proteins that specifically bind to DNA modified by cisplatin, including those containing
HMG-domains, mediate antitumor activity of this drug. Oligodeoxyribonucleotide duplexes containing a
single, site-specific interstrand cross-link of cisplatin were probed for recognition by the rat chromosomal
protein HMGB1 and its domains A and B using the electrophoretic mobility-shift assay. It has been
found that the full-length HMGB1 protein and its domain B to which the lysine-rich region (seven amino
acid residues) of the A/B linker is attached at the N-terminus (the domain HMGB1b7) specifically recognize
DNA interstrand cross-linked by cisplatin. The affinity of these proteins to the interstrand cross-link of
cisplatin is not very different from that to the major 1,2-GG intrastrand cross-link of this drug. In contrast,
no recognition of the interstrand cross-link by the domain B lacking this region or by the domain A with

or without this lysine-rich region attached to its C-terminus is noticed under conditions when these proteins
readily bind to 1,2-GG intrastrand adduct. A structural model for the complex formed between the
interstrand cross-linked DNA and the domain HMGB1b7 was constructed and refined using molecular
mechanics and molecular dynamics techniques. The calculated accessible areas around the deoxyribose
protons correlate well with the experimental hydroxyl radical footprint. The model suggests that the only
major adaptation necessary for obtaining excellent surface complementarity is extra DNA unwinéliflg (

at the site of the cross-link. The model structure is consistent with the hypothesis that the enhancement
of binding affinity afforded by the basic lysine-rich A/B linker is a consequence of its tight binding to the
sugar-phosphate backbone of both DNA strands.

Sufficient evidence has accumulated to identify DNA as toxicity of cisplatin originates from the 1,2 intrastrand CLs
the relevant pharmacological target of antitunc@diam- although relative antitumor efficacy of these and other CLs
minedichloroplatinum(ll) (cisplatif)(1—3). Cisplatin binds formed on DNA by this drug still remains unknow8, (LO).
to DNA, forming mainly intrastrand cross-links (CLs) Interestingly, in negatively supercoiled DNA the frequency
between adjacent purine residue90%) @, 5). The minor of interstrand CLs is noticeably higher than that in the
adducts are monofunctional lesions, 1,3-GNG intrastrand CLs corresponding relaxed or linearized formd); The mech-

N = A, C, T) and interstrand CLs (for instanee6% in anism by which interstrand CLs formed by cisplatin in DNA

( y y Cisp

linear DNA in cell-free media) formed preferentially between elicit their biological responses has not been clarified. To
guanine residues in thé-&C/3-GC sequences(-8). In all shed light on this question, these interstrand lesions have
adducts, cisplatin is coordinated to the N7 atom of purine been intensively analyzed, although in a lesser extent than
residues. Several discoverie9) (have suggested that the more frequent DNA intrastrand CLs.

A structure of the interstrand CL formed in DNA by
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DNA Interstrand Cross-Link of Cisplatin
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Domain A (HMGB1a):  'MGKGDPKKPRGKMSSYAFFVQTCREEHKKKHPDASVNFSEFS

KKCSERWKTMSAKEKGKFEDMAKADKARYEREMKTYIPPKGE®
HMGB 12+ STKKKF® (residues 1- 89)

8TKKKFKDS!
2PNAPKRPPSAFFLFCSEYRPKIKGEHPGLSIGDVAKKLGEMW
NNTAADDKQPYEKKAAKLKEKYKEDIAAY 62
15RAKGKPDAAKKGVVKAEKSKKKK1es

Acidic C tail: 186EEEDDEEDEEL DEDEEEDDDDE?15

Domain B' (HMGB1b):  SSTKKKFKD®*+HMGB1b (residues 85-162)

Domain B3 (HMGB1b3): *FKD*"+HMGB1b+'5RAKGKPDAAKKGVVKAEK™ (residues 89-180)
Domain B7 (HMGB1b7): HMGB1b'+5:RAKGKPDAAKKGVVKAEK!® (residues 85-180)

Ficure 1: The domain organization of the rat HMGB1 protein
(A) and sequences of the HMGB1 domains and linker regions from
this protein as used in the present work with their abbreviations

Domain A (HMGB1a):
Region of A/B linker:
Domain B (HMGB1b):

BIC linker:

(B). Numbers at the start and end of each amino acid sequence
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intrastrand CL is modulated by the nature of the bases that
flank the platinum lesion21, 22).

The domain HMGB1a binds to the minor groove of the
DNA double helix opposite the cisplatin 1,2-intrastrand CL
located in the major groovel9, 23). Distortions such as
prebending, unwinding at the site of platination, and pre-
formation of a hydrophobic notch as a consequence of the
CL formation are important for the recognition and affinity
of the proteins that specifically bind DNA damaged by
cisplatin (19, 23). Intercalating residues in HMG-domain
proteins influence both the affinity and orientation of the
protein binding to this CL 19). Moreover, the lysine-rich
region of the A/B linker in the full-length HMGB1 protein
attached to the N-terminus of the domain HMGB1b markedly
enhances binding of this domain to DNA containing site-
specific 1,2-GG intrastrand CL of cisplatin stressing an

represent the residue numbering in the full-length protein (see Importance of this domain for specific binding of the

GenBank accession no. Y00463).

bent by 26-45° toward the minor groove, the minor groove
is enlarged to>1.0 nm, and the square planar platinum
coordination remains preserved.

Gel mobility shift assays have revealed the presence of

proteins in mammalian cellular extracts that bind specifically
to DNA modified by antitumor cisplatin and its direct
analogues 3, 15, 16). It has been suggested5 16) that

HMGBL1 protein to this platinum lesior2). It has been also
proposed 25) that binding of the A/B linker region within
the major groove of DNA helps the two HMGB1 domains
anchor to the minor DNA groove facilitating their DNA
binding.

These studies have been extended to DNA interstrand CLs
produced by cisplatin by using 110-base pairs (bp) oligode-
oxyribonucleotide probe containing five equally spaced
interstrand adduct6). It has been found that calf thymus

these proteins mediate cisplatin cytotoxicity. One class of fy|l.length HMGB1 protein binds to this interstrand cross-
these proteins has been identified as proteins containing ajpked probe with an affinity similar to that of the similar

high mobility group (HMG) domain, HMGB1 and HMGB2
proteins. These structure-specific DNA-binding proteins

DNA probe, but containing five equally spaced 1,2-GG
intrastrand CLs. On the other hand, no binding of the

belong to architectural chromatin proteins that play some H\GB1 protein to the probe containing transplatin-inter-

kind of structural role in the formation of functional higher
order proteir-DNA or protein—protein complexesl(’). The
HMGBL1 protein contains two tandem HMG-box domains,
A and B (HMGB1a and HMGB1b), and an acidic C-terminal
tail (schematic representation of the domains of HMGB1

protein as used in the present work is shown in Figure 1)

(18). The domains A and B in the HMGBL protein are linked
by a short sequence (A/B linker) containing a short lysine-

rich segment of seven amino acids at the N-terminus of the
domain B, whereas the domain B and C tail are linked by a

longer chain (containing 23 amino acids, B/C linker region)
(Figure 1).
The initial studies were focused on recognition by these

proteins of 1,2- and 1,3-intrastrand CLs and monofunctional

adducts. It has been found®) that full-length HMGB1
protein and each domain HMGBla and HMGB1b (both
lacking the lysine-rich region of the A/B linker) bind
selectively to the 1,2-GG or AG adducts of cisplatin, but
not to the 1,3-intrastrand CLs or monofunctional adducts.

At the same time, HMG-domain proteins have been reported

not to bind to 1,3-intrastrand CLs and monofunctional
adducts of clinically ineffective transplatinrgns-diam-
minedichloroplatinum(ll)]. The affinity of the domain
HMGB1a for DNA containing 1,2-GG intrastrand CL is
generally higher than that of the domain HMGB1b, and it
has been proposed9, 20) that HMGB1a is the dominating
domain in the full-length HMGBL1 protein that binds to the
site of the intrastrand CL, while the domain HMGB1b
facilitates binding providing additional proteibDNA inter-
actions. Also, interestingly, the binding affinity of HMGB1a
and HMGB1b domains to the duplex containing 1,2-GG

strand CL has been noticed.

A later study 27) has also proposed binding of the full-
length HMGBL1 protein to DNA containing interstrand CLs,
whereas it has been reported quite recently that interstrand
CLs of cisplatin are not recognized and bound by full-length
rat HMGB1 and its domain AZ8) and that HMGB1b does
not exhibit a distinct gel shift in the presence of 15-bp duplex
containing interstrand CL of cisplatin in a conventional
electrophoretic mobility shift assag9). In the present work,
we have reexamined recognition and binding of the inter-
strand CL of cisplatin by full-length rat HMGB1 protein and
its domains A and B by using various DNA probes
containing single, site-specific interstrand CL of cisplatin as
a substrate. We have found that the full-length HMGB1
protein and its domain B to which the lysine-rich region of
the A/B linker is attached do bind to DNA interstrand cross-
linked by cisplatin with an affinity similar to major 1,2-GG
intrastrand CL of this drug. On the other hand, the domains
HMGB1a or HMGB1b lacking this region of the A/B linker
do not bind to the interstrand CL under conditions when these
proteins readily bind to 1,2-GG intrastrand adduct. In
addition, a structural model based on hydroxyl radical
footprinting and molecular modeling of the complex formed
between DNA interstrand cross-linked by cisplatin and the
domain HMGB1b containing the A/B linker is proposed.

MATERIALS AND METHODS

Preparation of Oligonucleotide Probes Containing Single,
Site-Specific Interstrand and 1,2-GG Intrastrand CILse
synthetic oligodeoxyribonucleotides (Table 1) were pur-
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Table 1: Oligodeoxyribonucleotide Sequences and Abbrevidtions

abbreviation sequence
TGGT 5-CCTCTCTCTGGTCTTCTTCT-3
ACCA(1) 5-AGAAGAAGACCAGAGAGAGG-3
TGCT 5-TCTCCTTCTGCTCTCTTCTC-3
AGCA(1) 5-GAGAAGAGAGCAGAAGGAGA-3
ACCA(2) 5-GCTCAGAAGAAGACCAGAGAGAGGTCAG-3
AGCA(2) 5-GCTCGAGAAGAGAGCAGAAGGAGATCAG-3
64-mer(1) 5GGGACCTGAACACGTACGGAATTCGATATCCTCGAGCCAG ATCTGCGCCAGCTGGCCACCCTGA-3
64-mer(2) 5GAGCGCCAAGCTTGGGCTGCAGCAGGTCGACTCTAGAGG ATCCCGGGCGAGCTCGAATTCGCCC-3
61-mer 5 GGGGCGAATTCGAGCTCGCCCGGGATCCTCTAGAGTCGA CCTGCTGCAGCCCAAGCTTGGC-3
59-mer 5GGTGGCCAGCTGGCGCAGATCTGGCTCGAGGATATCGAA TTCCGTACGTGTTCAGGTCC-3

aBoldface indicates the sites of platination.

chased from IDT, Inc. (Coralville, 1A), and purified as
described previoush3(Q, 31); in the present work, their molar
concentrations are related to the whole duplexes.

The 20-bp oligonucleotide duplexes uniquely and site-
specifically interstrand and intrastrand cross-linked by cis-

polyacrylamide gels [29:1 acrylamide:bisacrylamide,x0.5
TBE buffer (45 mM Tris-HCI, 45 mM boric acid and 1 mM
EDTA, pH 8.3)]. Gels were electrophoresed &ttand 300

V for ~1.5 h, dried, exposed to a molecular imaging plate,
and analyzed on a Molecular dynamics phosphor imager

platin were prepared and characterized as described previ{Storm 860 system), and the bands were quantitated with

ously 26, 30, 32, 33). The 148-bp duplex containing the

the ImageQuant software. The experiments with the full-

single and central 1,2-GG intrastrand CL was prepared by length HMGBL1 protein were performed in the same way,

using the 20-mer oligonucleotide TGGT containing the single
1,2-intrastrand CL of cisplatin at the GG site. The uniquely
modified 20-mer was 'send-labeled, annealed with a set of
five complementary and partially overlapping oligonucle-
otides [ACCA(2), 64-mer(1), 64-mer(2), 61-mer, and 59-
mer], and ligated with T4 DNA ligase. The 148-bp duplex

but with small modifications. The labeled DNA probes were
titrated with the protein in the presence of 0.1 mg/mL
sonicated calf thymus DNA in buffer Il composed of 10 mM
HEPES, pH 7.9, 10 mM MgG] 150 mM NacCl, 0.2 mg/mL
bovine serum albumin, 20% v/v glycerol, and 1 mM
dithiothreitol.

containing the single and central interstrand CL formed by  Apparent dissociation constanks, were estimated in the

cisplatin between guanine residues in thel@C)/3-d(GC)

same way as described9). EachKy is the average of at

site was prepared by using the 20-mer oligonucleotide TGCT least three measurements.

containing the single monofunctional adduct of cisplatin at
the G site 80). This 20-mer monofunctionally modified by
cisplatin was 5 end-labeled and annealed first with the
partially overlapping purine-rich bottom strand ACCA(2)
(28-mer) to evolve the interstrand CR§, 33). The duplex
was purified by FPLCZ6, 33) and further annealed with a
set of four complementary and partially overlapping oligo-

Hydroxyl Radical Footprinting Assay§hese assays were
performed in the same way as describ&d) (with small
modifications. Labeled 20-bp duplexes with or without
protein (20-fold excess protein over DNA) were incubated
at 4°C for 30 min in the buffer I. A fresh mixture of sodium
ascorbate (20 mM), Fe(N§H(SQy)2:6H,0 (5 mM), EDTA
(20 mM), and HO; (0.6%) was added to a 20 aliquot to

nucleotides [64-mer(1), 64-mer(2), 61-mer and 59-mer], and initiate the reaction. After 5 min at 25, 10uL of thiourea

ligated with T4 DNA ligase. Full-length substrates containing (1 M) was added to stop the reaction. DNA was extracted
the single intrastrand or interstrand CL were separated fromwith phenol/chloroform and then precipitated with ethanol.
unligated products in a 6% denaturing polyacrylamide gel, The DNA samples were electrophoresed on 20% denaturing
purified by electroelution, reannealed, and stored in annealingpolyacrylamide/8 M urea gels. Gels were dried and quanti-
buffer [50 mM Tris-HCI (pH 7.9), 100 mM NaCl, 10 mM  tated on a Molecular dynamics phosphor imager (Storm 860
MgCl,, and 1 mM DDT] at—20 °C. Other details of the  system). The peak areas corresponding to each band were
purification of the 148-bp DNA substrates for recognition compared, and when the difference between the control and
by full-length HMGB1 were the same as described previously protein-added lanes was more than 10%, the corresponding
(34, 35). base was scored as being protecteéd @3). Other details
Proteins.Expression and purification of recombinant rat were the same as in previously published pap&gs 23).
full-length HMGB1 protein (Figure 1) and its domains Molecular Modeling.The molecular modeling used the
(Figure 1) were carried out as described, (36). program AMBER Version 637). The force-field file Parm98
Electrophoretic Mobility-Shift Assays with HMGB1 Do- (38) was supplemented by parameters defining the platinum
main Proteins Radioactively labeled probe DNAs (4 nM) coordination sphere as described previousBg).( The
were titrated with the domains HMGBla, HMGBla Generalized Born (GB) solvation mode#Q) was used
HMGB1b3, HMGB1b7, or HMGB1bin 10 uL sample throughout. The molecular dynamics (MD) simulations were
volumes in buffer | composed of 10 mM HEPES, pH 7.5, carried out at a constant temperature of 300 K and used the
10 mM MgCh, 50 mM LiCl, 100 mM NaCl, 1 mM Berendsen algorithm for temperature control. The analysis
spermidine, 0.2 mg/mL bovine serum albumin, and 0.05% of the MD trajectories used the CARNAL module of
v/v Nonidet P40. For all gel mobility shift experiments, AMBER 4.1 and, for the DNA part, the program CURVES
samples were incubated on icer fb h and made 7% in  (42).
sucrose and 0.017% in xylene cyanol prior to loading on a A model of the 20-bp duplex TGCT/AGCA(1) (Table 1)
running, precooled (4C), prerun (300 V, £2 h) 5% native bearing an interstrand CL formed by cisplatin at the central
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d(GC)/d(GC) sequence was constructed by fitting the no Pt intrastrand CL __interstrand CL
backbone of the inner 10-bp part to the X-ray coordinates - - V- ——————Ihuea
of a similarly cross-linked 10-bp duplex (entry 1A2E of the - - - - -
Protein Data Bank) 14). The coordinates of the inner [r—— --

dinucleotide bearing the CL were taken directly from the 12345678 910111213141516

X-ray data. This approach is sustained by similarity of all Ficure 2: Gel mobility shift assay analysis of the titration of 148-
three X-ray and NMR structures of DNA interstrand CL of bp DNA probe containing single, central site-specific 1,2-GG
cisplatin so far available1p—14). A similarly distorted intrastrand CL of cisplatin (Iar_1es—39_) or single, central_ site—sp_ecific _
structure was thus expected for the 20-bp interstrand cross-{ﬂf?f&%‘%_&'&fgég"lfgngg (f;iﬂglr&g)emehﬁﬂIﬂgig't?}eHrﬁgdBules n
linked duplex tested in the present work. A starting structure protein. Protein concentration was 0 nM (lanes 1, 3, 10), 97 nM
for the protein was based on one of the NMR-derived models (lanes 4, 11), 480 nM (lanes 5, 12), 970 nM (lanes 6, 13), 2170
proposed for the 77 amino acids long (residues 884) part ~ nM (lanes 7, 14), 3500 nM (lanes 8, 15), and 6900 nM (lanes 2, 9,
of the full-length HMGB1 protein (entry 1HMF, structure 16). The assay of the unplatinated 148-bp probe (containing the
N°2 of the Protein Data Bank}#@) which was extended by central sequence TGCT/AGCA) is shown in lanes 1 and 2.
attaching three additional amino acids to the N-terminus andwith the protein [the intensity of which increased with
16 amino acids to the C-terminus in an unstructured linear growing protein concentration (Figure 2, lanes-1B)], the
form so that the final protein corresponded to the domain protein exhibited affinity for uniquely interstrand cross-linked
HMGB1b7 (amino acids 85180 in Figure 1). DNA. Not surprisingly, the HMGBL1 protein also exhibited
Both DNA and protein parts were first relaxed separately affinity for the same probe containing single 1,2-GG intra-
using energy minimization and MD techniques. The MD strand CL of cisplatin in the central sequence TGGT/ACCA
simulation of the protein part showed high mobility of the (Figure 2, lanes 49). The interaction between the protein
unstructured segment attached to the C-terminal; from theand the interstrand cross-linked DNA was not a result of
variety of positions, we chose one where this segment did general DNA affinity for the protein because the protein
not loop back onto the part where the DNA was supposed failed to bind the unmodified 148-bp duplexes under identical
to bind. The duplex containing the interstrand CL was then conditions (Figure 2, lane 2). Thus, these results are
manually docked onto the protein surface with the phenyl- consistent with our previous finding obtained with a different
alanine F103 from the helix | protruding into the cleft DNA probe, namely, a 110-bp oligodeoxyribonucleotide
delimited by the two cross-linked guanines (see also the duplex containing five equally spaced interstrand adducts
section Results). This procedure yielded two initial structures (26).
of the complex differing in the orientation of the DNA Since only a single shifted band formed following incuba-
strands relative to the protein. Of the two resulting models, tion of the 148-bp probe containing either interstrand or 1,2
that in a qualitative agreement with the hydroxyl radical intrastrand CL of cisplatin, detailed titration studies were
footprint was selected for further refinement. carried out (Figure 2). Evaluation of the titration data for

The DNA—protein complex was subjected to a 1080 ps the probes containing either interstrand or intrastrand CL
MD simulation. The last 480 ps of production were retained afforded the values of apparent dissociation constanof
for analysis. Snapshots were stored every 1 ps. A structure? 2nd 0.2:M, respectively, indicating a slightly lower affinity
averaged over the last 480 ps was subjected to 1000 cycle&f the full-length HMGBL protein to the interstrand CL than
of GB energy minimization; this structure was used for t0 the 1,2-GG intrastrand adduct. .
calculations of the solvent-accessible-surface (SAS). The Isolated HMGB1 Domain A (HMGB1a) Does Not Bind

reference structure of free DNA (not bound to the protein) t0 20-bp DNA Duplex Containing a Single, Site-Specific
was obtained in a similar way. Interstrand CL of Cisplatinit has been demonstrateti(

19, 23) that single domains HMGBla and HMGB1b are
sufficient for binding the 1,2-GG intrastrand CL of cisplatin
fand that these single domains bind to the duplexes containing
the single, site-specific intrastrand CL as small as 15 bp.
Therefore, in the present study we also investigated recogni-
tion and binding of single domains HMGBl1a and HMGB1b
(Figure 1) to a short 20-bp duplex TGCT/AGCA(1) (for its
nucleotide sequence see Table 1) containing a single, site-
RESULTS specific interstrand CL formed by cisplatin between guanine
residues at the central sequent&&/5-GC. In these studies

Full-Length HMGB1 Protein Binds to a 148-bp DNA we employed in bandshift assay the domain HMGBla
Duplex Containing Single Interstrand CL of Cisplatifio (residues 84, Figure 1), the domain HMGB1é&esidues
examine the affinity and specificity of the full-length 1-89, Figure 1), and various HMGB1 domains B containing
HMGBL1 protein for interstrand CL of cisplatin, a 148-bp the minimal HMGB1b (residues 92162, Figure 1) to which
probe (see the section Materials and Methods), nonmodifiedseveral residues of the linker regions A/B or B/C were
or containing single, site-specific interstrand CL formed attached [HMGB1b(residues 85162), HMGB1b3 (residues
between guanine residues in the centtal GCT/5-AGCA 89—180), and HMGB1b7 (residues 84.80), Figure 1]. For
sequence was used in electrophoretic mobility-shift assay comparative purposes, the EMSAs under the same conditions
(EMSA) with recombinant rat HMGB1 protein (Figure 1). were also performed with the 20-bp duplex TGGT/ACCA-
As indicated by the presence of a shifted band of the 148- (1) containing a single, site-specific 1,2-GG intrastrand CL
bp probe containing the single interstrand CL of cisplatin of cisplatin (for its nucleotide sequence see Table 1).

SAS calculations were performed using the program msms
(43) with probe radius value of 1.4 A and a 3.0 density value.
Contact surfaces were measured with the GBSA module o
the Amber6 program. Hydrogen bonds were detected with
the Carnal module of Amber6. The criterion used was a
distance of<4.0 A between the heavy atoms and a M-

--Y angle of more than 1 rad.
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Ficure 3: Gel mobility shift assay of 20-bp probes TGGT/ACCA(1) or TGCT/AGCA(1) containing single, site-specific 1,2-GG intrastrand
CL of cisplatin or interstrand CL formed by this drug between guanine residues inr@@e/5-GC sequence, respectively, with the domains
HMGB1a (A), HMGB1b3 (B), HMGB1b7(C), HMGB1h(D), and HMGB1a (E). The DNA probes were at the concentration of 4 nM.
Lanes in panel A: *4, unplatinated duplex TGCT/AGCA(1);-38, the duplex containing interstrand CL:-32, the duplex containing
intrastrand CL; protein concentration was 0 nM (lanes 1, 5, 9), 9.6 nM (lanes 2, 6, 10), 24 nm (lanes 3, 7, 11), and 48 nM (lanes 4, 8, 12).
Lanes in panels B and D: -4, the duplex containing intrastrand CL:+-B, the duplex containing interstrand CL; protein concentration was
0 uM (lanes 1, 5), 2.2«M (lanes 2, 6), 5.4«M (lanes 3, 7), and 10.8M (lanes 4 and 8). Lanes in panel C:4, the duplex containing
intrastrand CL; 5-8, the duplex containing interstrand CL; protein concentration wadl Qlanes 1, 5), 0..M (lanes 2, 6), 0.%M (lanes
3, 7), and 1.5uM (lanes 4 and 8). Lanes in panel E:=-4, the duplex containing intrastrand CL:-B, the duplex containing interstrand
CL; protein concentration was 0 nM (lanes 1, 5), 9.6 nM (lanes 2, 6), 24 nm (lanes 3, 7), and 48 nM (lanes 4, 8).

As expected the domain HMGB1a readily formed a the B/C linker (residues 163180) is attached (Figure 1).
complex with the 20-bp probe containing 1,2-GG intrastrand The proteins HMGB1b3 and HMGB1b7 differ in the number
CL (Figure 3A, lanes 1612). The proteirrDNA complex of the residues contained in the fragment of the A/B linker
was already apparent at the protein concentration as low asattached to the N-terminus of the minimal domain HMGB1b.
1 nM (not shown), and evaluation of the titration data While HMGB1b7 contains seven residut§KKKFKD ! of
affordedKy value of 10 nM. In contrast, the binding of the the A/B linker, the HMGB1b3 contains only three residues
domain HMGB1a to the interstrand cross-linked 20-bp probe from this sequence (residué¥KD®Y) (Figure 1). Both
TGCT/AGCA(1) was not observed even at the protein HMGB1b7 and HMGB1b3 bound the duplex containing the
concentration of 48 nM (Figure 3A, lanes-8), and it intrastrand CL (Figure 3B and C, lanes2), whereas they
exhibited no binding to the unplatinated duplexes at the exhibited no binding to the unplatinated duplexes at the
protein concentration as high as u® (shown in Figure protein concentration as high as @M (shown in Figure
3A for the protein concentrations in the range of-948 3C, lane 8 for HMGB1b7). Titration experiments revealed
nM). Thus, we have confirmed the previous findinds,( that the affinity of the domain HMGB1b7 to the 1,2-GG
19, 23) that the domain HMGB1a binds to the 1,2-GG intrastrand CL was highekK( values were 0.4 or @M for
intrastrand CL of cisplatin, whereas it does not bind to the HMGB1b7 or HMGB1b3, respectively). This result is in
single interstrand CL of this drug contained in the short accord with the previously published result®4) also
oligonucleotide duplexe<8). indicating that attachment of seven amino acid residues of

Isolated HMGB1 Domain B (HMGB1b) to Which the the lysine-rich region of the A/B linker to the minimal
Lysine-Rich Region of the A/B Linker is Attached at its domain HMGB1b increases the binding affinity of HMGB1b
N-Terminus Binds to the 20-bp DNA Duplex Containing the to the 1,2-GG intrastrand CL of cisplatin. Interestingly, the
Single, Site-Specific Interstrand CL of Cisplatirhe 20-bp attachment of thi§STKKKFKD °! region of the A/B linker
duplexes TGCT/AGCA(1) or TGGT/ACCA(1) containing to the HMGB1b also markedly enhanced its binding to the
either single interstrand or 1,2-GG intrastrand CL, respec- interstrand CL of cisplatin (Figure 3C, lanes-B). While
tively, were also screened for binding by the domain no binding of the domain HMGB1b3 to the duplex contain-
HMGB1b to which residues of the flanking linker regions ing the interstrand CL of cisplatin was noticed even at the
A/B and/or B/C were attached (Figure 3®). Panels Band  concentration of the protein of 108/ (Figure 3B, lane 7),

C of Figure 3 show the gel mobility shift assay of both the concentration of the domain HMGB1b7 as low as 50
duplexes with the domains HMGB1b3 and HMGB1b7, nM was sufficient to observe its binding to the interstrand
respectively, at various protein concentrations. Both proteins cross-linked duplex (Figure 3C, lane H4(was 1.0uM).

contain the minimal domain HMGB1b (residues-9162), As the domain HMGB1b7 also contained 18 residues from
to which at its C terminus the fragment of 18 residues from the B/C linker attached to its C-terminus, we also examined
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the affinity of the domain HMGB1hto the interstrand CL

of cisplatin. Both domains HMGB1land HMGB1b7 have
attached to their N-terminus all seven residtfi@&KKFKD !

of the A/B linker, but they differ in that the former contains
no additional residues from the B/C linker (Figure 1). The
domain HMGB1b also bound the 20-bp duplex TGCT/
AGCA(1) containing the interstrand CL of cisplatin (Figure
3D, lanes 5-7) with an affinity Kq was 1.4uM) which was
almost identical to that of the domain HMGB1b7. Thus, the
enhanced affinity of the domain HMGB1b7 to the interstrand
CL of cisplatin is mainly a consequence of the attachment
of the lysine-rich region of the A/B linker to the N-terminus
of the minimal domain B, whereas the attachment of the
residues to its C-terminus from the B/C linker has a
negligible effect. Hence, the results of the present work
indicate that the attachment of the lysine-rich region of the
A/B linker (residue$TKKKFKD %) to the minimal domain
HMGB1b not only augments its binding to both types of
cisplatin CLs, but also plays a fundamental role in the binding
of the domain B of HMGBL1 to the interstrand CL of this
platinum drug.

It could be argued that the lysine-rich part of the A/B linker
could also increase affinity of the domain A to the interstrand
CL of cisplatin. Therefore, we also examined the affinity of
the domain HMGB14a(the residues189, Table 1), i.e., the
HMGB1 domain A to which the lysine-rich part of the A/B
linker was attached to its C-terminus. The domain HMGB1a
readily formed a complex with the 20-bp probe containing
1,2-GG intrastrand CL (Figure 3E, lanes4). The complex
formed between DNA and protein was already apparent at
the protein concentration as low as 1 nM (not shown), and
evaluation of the titration data affordéq; value of 10 nM.
Hence, it is evident that the attachment of the lysine-rich
part of A/B linker to the C-terminus of the domain HMGB1a
does not affect affinity of this domain to the 1,2-GG
intrastrand CL of cisplatin. In contrast, the binding of the
domain HMGB1ato the interstrand cross-linked 20-bp probe
TGCT/AGCA(1) was not observed even at the protein
concentration of 48 nM (Figure 3E, lanes-8). This result
indicates that the attachment of the lysine-rich part of the
A/B linker to the C-terminus of the HMGB1a domain does
not considerably affect its affinity to the interstrand CL of
cisplatin, in contrast to the case when this lysine-rich region
is attached to the N-terminus of the HMGB1b domain. The
values of apparent dissociation constaKtg,determined for
HMG-domain proteins interactions with oligonucleotide
duplexes containing single, site-specific CLs of cisplatin used
in the present work are summarized in the Table 2.

Hydroxyl Radical Footprint of the Domain HMGB1b7
Bound to the 20-bp Duplex Containing the Single, Site-
Specific Interstrand CL of Cisplatin Gers Five Base Pairs
and Is Asymmetrid-igure 4 shows the detailed analysis of
hydroxyl radical footprints of the domain HMGB1b7 on the
20-bp duplex TGCT/AGCA(1) containing the single, site-
specific interstrand CL of cisplatin. In this duplex the top
(pyrimidine-rich) or bottom (purine-rich) strands were la-
beled. The regions of protection from the hydroxyl radical
cleavage reactions are shown schematically in Figure 4D.

Biochemistry, Vol. 42, No. 5, 20031239

Table 2: Kq Values Determined for HMG-Domain Protein
Interactions with Oligodeoxyribonucleotide Duplexes Cross-Linked
by Cisplatin

protein 1,2-GG intrastrand CL interstrand CL
HMGB1a 10 nM >48 n\V¢
HMGB1d 10 nive >48 n\ve
HMGB1b 0.6uM? 1.4uM?
HMGB1b3 3uM? >10.8uM?
HMGB1b7 0.4uM? 1.0uM?
full-length HMGB1 ~ 0.5uMP 2 uMb

aDNA probe was a 20-bp duplex containing central single, site-
specific CL.Kq4 values were obtained in the absence of competitor DNA.
b DNA probe was a 148-bp duplex containing central single, site-specific
CL. Kq values were obtained in the presence of 0.1 mg/mL sonicated
calf thymus DNA as competitor DNA.

(TGCT) [or toward the 5side of the platinated nucleotide
in the bottom strand (AGCA(1)].

Structural Model for the Complex Formed between DNA
Containing Interstrand CL of Cisplatin and the Domain
HMGB1b7.The structural studies of the interstrand CL of
cisplatin have demonstrated that this adduct induces a bend
in the direction of the minor groove, with extrusion of the
two cytosines of the cross-linked d(GC)/d(GC) sequence
(12—14). Thus, a reasonable assumption is that the HMGB1b
domain, which has the L-shape characteristic of HMGB
proteins 42), recognizes the CL by binding to the convex
side of the kinked helix. This would mean that the protein
makes the contacts mainly with the groups located in the
major groove of the DNA near the CL. In contrast, in all
cases examined to date, HMG-domain proteins bent DNA
in the direction of the major groove, and the protein made
contacts with the groups in the minor groove. We were
interested to know whether such a recognition complex
involving DNA bent toward the minor groove is structurally
and energetically feasible without a major adaptation of either
the DNA duplex or the protein. A recent X-ray crystal
structure of the 10-bp DNA containing an interstrand CL of
cisplatin (L4) and an NMR structure of the HMGB1b domain
(residues 88164) @42) was used as a basis for the modeling
of the recognition complex formed between the interstrand
cross-linked duplex TGCT/AGCA(1) and the domain
HMGB1b7.

Models for the two parts (constructed and relaxed as
outlined in the sections Materials and Methods) were docked
together, fitting the convex side of the kinked DNA into the
concave side of the L-shaped protein. These docking
experiments have revealed that phenylalanine F103 fits very
well into the cavity delimited by the two cross-linked guanine
residues. F103 protrudes from helix | of the HMGB1b
domain and corresponds to the “primary intercalating
residue” ((8) used by HMG-domain proteins to stabilize
kinked DNA in recognition complexes. It was therefore
reasonable to assume that this classical intercalation mode
could be used in the present complex as well. Both of the
two possible orientations of the DNA duplex with respect
to the protein were initially considered. However, relaxation
of the structures revealed that only in one of the two
orientations the protein binds to that side of the interstrand
CL where the footprinting analysis indicated inhibition of

An asymmetric protection pattern was observed, in which cleavage. Hence, finally only this model was retained and
the binding site of the HMGB1b7 protein extends toward further refined. The model was subjected to an unconstrained
the 3 side of the platinated nucleotide in the top strand MD simulation at a simulated temperature of 300 K for 1080
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calculated excluded SAS is 1763,Avhich is a typical value
found for protein-DNA recognition modules44). Figure 5
shows the perfect fit of the duplex bent in the direction of
the minor groove into the L-shaped structure formed by the
three helices of the domain HMGB1b7. Specifically, the helix
| fits into the major groove of the branch of the kinked DNA

7
= extending from the interstrand CL toward th'eehid of the
top strand of the duplex TGCT/AGCA(1) and toward the
3'-end of its bottom strand ($ranch). On the other hand,
e the helix Il is inserted into the major groove of the other
branch (3-branch).
Consistent with the structures of other complexes formed
between HMG-domains and DNAL®), in our model both
: the A/B and B/C linkers participate in the recognition of
T interstrand CL of cisplatin, contacting mainly the sugar
c phosphate backbone of thé&l®anch (Figure 5). The B/C
' . linker is wrapped around the suggvhosphate backbone of

the top strand of the duplex TGCT/AGCA(1), while the basic
18 lysine-rich A/B linker binds very tightly to the sugar
phosphate backbone of both DNA strands. The tight binding
of the lysine-rich region of the A/B linker gives a plausible
rationale for the reduced affinity of the domain HMGB1b3
in which the three N-terminal lysines from the sequence
08 85TKKKFKD °! of the A/B linker are missing (vide supra).

03 The Formation of the Complex between DNA Containing
Interstrand CL of Cisplatin and the Domain HMGB1b7
Requires Relatiely Moderate Adaptation of DNA and the
Protein A comparison of our model of the complex formed
between the cross-linked duplex and HMGB1b7 (Figure 5)
0.6 with the optimized structures of the cross-linked duplex and
the protein not contained in the complex (not shown) has
12 revealed that both have undergone relatively moderate
15 structural changes as a consequence of the complex forma
tion. The main alterations that occur in the protein moiety
concern the two flexible tails which got fixed in the complex
D 5 -caG CAGAAGGAGA-3~ through electrostatic contacts with the sugphosphate
3/ _CTCTTCTCTCSTCTTCCTCT-5 backbone (vide supra). As for the DNA part, the most striking
change is an extra unwinding of40° at the CL site
FiGURE 4: Hydroxyl radical footprint of the domain HMGB1b7  (increasing the total unwinding angle tdl10°), apparently
bound to the TGCT/AGCA(1) duplex containing the single, site- optimizing the positions of the phosphate residues interacting

specific interstrand CL formed by cisplatin between guanine wjith the protein.

residues in the 'sGC/5-GC sequence in which the top (A) or . )
bottom strand (B) was'&nd radioactively labeled; black and red ~ The Sakent-Accessible Surface (SAS) around Deoxyribose

lines are the traces for a control sample without protein added andProtons and Amino AcidPhosphate Hydrogen Bonding
for the footprint with protein added, respectively. (C) The quantita- Contacts Correlate with the Hydroxyl Radical Footprint

tive representation of the evaluation of the peak areas (in arbitrary ; it ; ;
units, AU) corresponding to each band in panels A and B: black Hydroxyl radical footprinting makes it possible to map areas

and red bars represent the peak areas of the bands correspondingf @ DNA whose accessibility has been reduced by fixation
to the control samples without protein added and to the footprint Of @ recognition protein. Both majoA%) and minor §46)

with the protein added, respectively. Only when the difference groove binding can be detected with this method. Hydroxyl
between the control and protein-added lanes was more than 10%yadicals induce strand breaks abstracting a deoxyribose

was the corresponding base scored as being protected (19, 23) - .
Boxed letters in panels 4AC indicate the protection areas. (D) proton. The contribution of the individual hydrogen atoms

Summary of footprint results. Bold letters indicate the protected iN deoxyribose residues to the overall DNA cleavage by
areas and a short line linking two G bases in the different strands hydroxyl radicals has been shown to be determined almost

of the duplex indicates the sites of platinum interstrand cross- exclusively by the accessibility of these aton#,(48).
linking. Hence, the experimental footprint (Figure 4) has been
correlated with the sum of the SAS calculated over all

ps. The fluctuations pf atomic positions reached a plateau deoxyribose protons. A similar approach was recently used
after 600 ps and during the last 480 ps the model showedq correlate footprinting experiments with MD simulations

stable behavior (rms 3.0 A). No signs of dissociation were when the TATA-binding protein bound to its high-affinity

observed. DNA sequence49). The difference between the sum of the
The final optimized model obtained by time-averaging SAS in the platinated DNA alone and that in the complex

over the 480 ps production period is shown in Figure 5. The shows a good agreement with the relative cleavage observed
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A

Ficure 5: Two representations of the time-averaged structure of the complex formed between the domain HMGB1b7 and DNA containing
the interstrand CL of cisplatin calculated over the last 480 ps of the MD simulation and energy-minimized. (A) The protein part is shown
in a ribbon representation (in red), whereas the platinated DNA is displayed as a stick model (the top and bottom strands in pale and dark
blue, respectively). (B) The protein part is shown as the Conolly surface (in red), whereas the platinated DNA is displayed as a stick-and-
ball model (in blue). The DNA is oriented with thé-Branch (comprising the'&nd of the top strand and thé-&nd of the bottom strand)

pointing upward in both figures. The heliceslll in the HMGB1b7 protein are indicated with Roman numbers.

A Relative TGCT/AGCA(1) (C31) and its '3neighbor (A32) where the
f[:gavage [%] A(SAS) Wlo calculated SAS reduction seems overestimated. The small
NS o SAS calculated for these two nucleotides is due to the
01 X W o contacts of arginine R110 to the phosphate residues of the
80 WA ,’\\ y ‘\ ! | 20 G30pC31pA32 fragment. It is possible that in the GB
70 | VAN solvation model used in the present work, the individual
o i 1 30 hydration of the arginine and phosphate residues is under-
| 4o estimated and the direct contact exaggerated.
] Another interesting correlation was observed between the
Y Srsserae scogreeres 5‘“ reactivity of OH radicals and hydrogen bonding contacts.

Figure 7, in which the H-bonding contacts of the time-

B Relative averaged model (Figure 5) are summarized, indicates that

cleavage [%] A(SAS) [A%) these contacts are made mainly by thé@nch of the cross-

100 . .

linked duplex (see the text above for the definition of the 3
1 10 and 3 branches), where the nucleosides are protected from
cleavage (Figure 4). A more sophisticated analysis consisted
in counting the hydrogen bonding contacts that each nucle-
1 a0 otide makes with the protein and averaged the counts over
all snapshots of the MD trajectory. The average numbers of
140 hydrogen bonds counted for a given nucleotide and its
0 - reactivity toward hydroxyl radicals are inversely correlated
5983885888388 388588¢ (Figure 8). This suggests that the hydrogen bonding contacts,

FIGURE 6: Comparison of the relative OH radical cleavage [% of although formed with phosphate and base residues (not with
the cleavage observed in the complex formed between the domainsugar residues), are the main forces keeping the amino acid

HMGB1b7 and DNA containing the interstrand CL of cisplatin - sjde chains in the close proximity of sugar residues sufficient
(Figure 4) relative to free DNA (not bound in the complex with

the protein) containing interstrand CL of cisplatin (squares)] and o protect these residues from being attacked by hydroxyl
solvent-accessible surface (SAS) around all deoxyribose CH protonstadicals. The van der Waals contacts between amino acid
[difference between the complex and free DNA containing the side chains and DNA bases in the major groove (which
interstrand CL (triangles)]. Top strand (A), bottom strand (B).  extend to both sides of the interstrand CL of cisplatin) do
not apparently prevent hydroxyl radicals from reacting with
in hydroxyl radical footprinting experiments (Figure 6). The the sugar residues. The inverse correlation between the
only site where the correlation is less satisfactory involves number of hydrogen bonds and reactivity toward OH radicals
the extrahelical cytosine of the bottom strand of the duplex is again less obvious at the pC31pA32 fragment, whose
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interaction with arginine R110 is apparently overestimated
by our simulation (vide supra).

Influence of the Base Sequence on Recognifitwe. top
strand of the duplex containing the interstrand CL used in
this study [TGCT/AGCA(1)] contains mainly pyrimidines,

DNA bases predicted by our model (Figure 7) may at least
in part explain this selectivity in the orientation of the protein
relative to the CL. These bonds include persistent hydrogen
bonding between the ammonium group of lysine K88 and
the N7 atom of adenine A25, which could also contribute to
the strong inhibition of hydroxyl cleavage at this nucleotide.

DISCUSSION

We have shown in the present work that affinity of the
full-length HMGBJ1 protein to the interstrand CL of cisplatin
is only roughly 4 times lower than to the 1,2-GG intrastrand
CL of this drug (Figure 2). Thus, we have confirmed our
previous finding 26) that interstrand CLs of cisplatin are
recognized by the full-length HMGB1 protein with an affinity
which is not markedly different from the affinity of this
protein to the major 1,2-GG intrastrand CL of this platinum
drug. Importantly, the results of the present work and those
reported previouslyA6) were obtained by using principally
different DNA probes, which reinforces the validity of our
finding. It has been reported recent®8] that the full-length
HMGBL1 protein does not bind the interstrand CL of cisplatin.
This conclusion was deduced from the results of the
experiments in which binding of the full-length HMGB1
protein to DNA interstrand cross-linked by cisplatin was
examined using a short 18-bp oligodeoxyribonucleotide
probe containing single, interstrand CL of cisplatin. It has
been, however, demonstratesD) that the minimum length
of the cisplatin-modified DNA probe should b&60 bp. This
probe size limitation very likely reflects a minimum require-
ment for a flanking DNA domain in order for the full-length
HMGBL1 protein binding to occur. Hence, it is not surprising

whereas the bottom strand is purine-rich. Thus, although thethat the full-length HMGBL1 protein did not bind to the single

central interstrand CL-containing sequence-&(GC)/3—

interstrand CL of cisplatin contained in a duplex that was

d(GC) is intrinsically centrosymmetric, the whole duplex is too short £8).

not. The observation that the hydroxyl radical footprint is

The most striking result of the present work is the

highly asymmetrical (Figure 4) indicates that the protein is observation that attachment of the lysine-rich region of the
bound to DNA in one preferential orientation (relative to A/B linker to the domain HMGB1b results in its markedly

the site of the interstrand CL) (vide supra). Several sequence-enhanced affinity to the interstrand CL of cisplatin (Figures
specific hydrogen bonds between amino acid residues and3C,D and Table 2). Thus, the affinity to the interstrand CLs
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of cisplatin of the domain HMGB1b to which residues footprint. This agreement was not only qualitative but also
85TKKKFKD °* of the A/B linker are attached (HMGB1b7 quantitative, as shown by the correlation between accessible
domain) is only slightly lower than that to 1,2-GG intrastrand areas around protected sugar protons and cleavage inhibition
CL of this drug (Table 2). This is in a deep contrast to the (Figure 6).
affinity of HMGB1a which binds with a high affinity to 1,2- The fact that the molecular modeling yielded a model
GG intrastrand CL of cisplatin but does not bind to the accounting for the experimental footprint does not prove, of
interstrand CL (Table 2). Hence, the domain B of the course, that this is the only possible structure of the complex
HMGB1 protein with the A/B linker attached to its N- formed between DNA interstrand cross-linked by cisplatin
terminus should play a crucial role in the interaction between and HMGB1b7 protein. However, the model does show that
full-length HMGBL1 protein and DNA interstrand cross-linked a stable complex could be formed without major structural
by cisplatin. changes of either partner. Moreover, the assumption used
An eventuality raised by the reviewer that also the affinity for its construction (fitting the convex side of the kinked
of the domain A of HMGB1 (HMGB1a) to the interstrand DNA into the interior of the L-shaped protein) is plausible,
CL of cisplatin could be enhanced by attaching the lysine- and the resulting model shows all features of a physically
rich part of the A/B linker to the C-terminus of this domain reasonable structure: good surface complementarity, ex-
deserves further discussion. The nonsequence specific HMG<cluded SAS typical for complexes formed between HMG-
boxes interact with DNA via the N-terminus (and conse- domain proteins and DNA, and intercalation of a hydropho-
quently the binding affinity of the HMG-box is strengthen bic residue of the protein at the site of the kink in DNA,
by the extension of this region with basic amino acid residues which is a classical recognition element used by HMG-
of the sequence TKKKFKD) and helices | and II, rather than domain proteins. Finally, the model suggests a rationale for
via the helix 1lI. For this reason, the attachment of a part of the stabilizing role of the A/B linker in HMGB1 protein when
the linker region, TKKK sequence, to the C-terminus of helix the complex between this protein and DNA interstrand cross-
Il of HMGB1 domain A has only very little, if any, effect  linked by cisplatin is formed.
on binding of the domain A to 1,2-GG intrastrand C24) HMGB1 and HMGB2 proteins have been implicated in
or supercoiled/linearized plasmid DN&4, 25). On the other  activation and repression of transcriptidi8). The capability
hand, the attachment of the same linker sequence to theof HMG-domain proteins to induce bends in DNA has been
N-terminus of the HMGB1 domain B significantly increases proposed to play a role in the assembly of transcription factor
affinity of this HMG-box for 1,2-GG intrastrand cross-link complexes: the bend could bring two transcription factors
(24) and promotes the ability of the HMGB1 domain B to bound to initially remote sites of DNA to a close proximity
efficiently bend DNA @86, 51). Thus, these data strongly and make their direct interaction possible. So far, bending
support the view that affection of the affinity of HMGB1 toward the major groove has been considered as the unique
domain A (HMGB1a) to DNA containing interstrand CL of DNA-structuring property of HMG-box proteins. Although
cisplatin by attaching the TKKK sequence to the C-terminus the interstrand CL caused by cisplatin represents a very
of this domain is unlikely. Nevertheless, to further support particular structure, our results suggest that the palette of
the latter view, the affinity of the protein HMGB1a to which DNA-binding motifs used by HMG-domain proteins may
a short sequence of TKKKF was attached to its C-terminus be broader than so far assumed and may include bending
(i.e., the protein HMGBZathe residues189, Table 1) was  toward both the major and the minor grooves.
examined (Figure 3E), and no binding of this protein to DNA
probe containing the interstrand CL of cisplatin under ACKNOWLEDGMENT
conditions when this protein readily binds to 1,2-GG  The authors acknowledge that their participation in the
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