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ABSTRACT. High-mobility group (HMG) domain proteins bind specifically to the major DNA adducts
formed by the anticancer drug cisplatin and can modulate the biological response to this inorganic
compound. Stopped-flow fluorescence studies were performed to investigate the kinetics of formation
and dissociation of complexes between HMG-domain proteins and a series of 16-mer oligonucleotide
probes containing both a 1,2-intrastrand d(GpG) cisplatin cross-link and a fluorescein-modified deoxyuridine
residue. Rate constants, activation parameters, and dissociation constants were determined for complexes
formed by HMG1 domain A and the platinated DNA probes. The sequence context of the cisplatin adduct
modulates the value of the associative rate constant for HMG1 domain A by a factedopt@ntributing
significantly to differences in binding affinity. The rates of association or dissociation of the protein
DNA complex were similar for a 71 bp platinated DNA analogue. Additional kinetic studies performed
with HMG1 domain B, an F37A domain A mutant, and the full-length HMG1 protein highlight differences

in the binding properties of the HMG domains. The stopped-flow studies demonstrate the utility of the
fluorescein-dU probe in studying protetnDNA complexes. The kinetic data will assist in determining
what role these proteins might play in the cisplatin mechanism of action.

Protein-platinated DNA complexes can mediate biological the cisplatin 1,2-intrastrand cross-lir®) (In addition to their
responses to the anticancer drug cisplatip 2), which is binding specificity, they inhibit the repair of cisplathibNA
used to treat a variety of human malignancies, including adducts in vitro and in vivo71—10), suggesting one pos-
testicular, ovarian, and cervical tumo8s 4). The biological sibility for how these proteins could modulate the biological
activity of this drug stems from its ability to bind DNA, response to cisplatin.
where it forms predominantly 1,2-intrastrand cross-links with  The interaction between HMG-domain proteins and cis-
the platinum bound to the N7 positions of adjacent purine pjatin-modified DNA has been examined in many studies
bases §). These adducts distort DNA structure by inducing that have focused on thermodynamic issues, revealing
bending and unwinding of the duplex and can inhibit information about their binding affinities for cisplatin-
replication and transcriptioril( 2). The recognition of the  modified DNA (11—17). The dissociation constants for these
DNA adducts by cellular proteins is presumed to be an complexes can vary by orders of magnitude depending on
important step in the mechanism of actidn 2). the HMG-domain protein itself and the DNA sequence

A leading class of proteins proposed to participate in the flanking the cisplatin adduct1@). In contrast, kinetic
cisplatin mechanism is the high-mobility group (HMG) parameters that characterize the formation of these protein
domain protein family Z). These proteins contain at least DNA complexes have only just begun to be examined. A
one homologous 80-amino acid DNA-binding motif known  stopped-flow study using fluorescence resonance energy
as an HMG domain §). Some HMG-domain proteins transfer (FRET) techniques revealed the binding of HMG1
function as transcription factors, whereas others serve asjomain B to cisplatin-modified DNA to be diffusion-
chromatin architectural componen®).(HMG-domain pro-  controlled (8). Fluorescence stopped-flow kinetic studies
teins bind DNA in the minor groove, recognizing specific performed here provide additional information concerning
DNA sequences and/or distorted DNA structures, including the interaction between HMIG1 domains A and B and DNA
probes with a 1,2-intrastrand d(GpG) cisplatiDNA adduct
N aft imi; Véc;ﬁcgalsnigt%?grtngbg (iasra;trgc'?gia?zof(sz:{J\'/\%i/)eILc-)Eyé?set and_a fluorescein-modified deoxyu.ridir)e (dU) residue. In
American Chemical Socieiy Division of Medicinal Chemistry Predoc- particular, the dependence of th_e kme_tlc parameters on the
toral Fellowship. DNA sequence context of the cisplatin adduct and on the
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anisotropy 22) or changes that occur due to FREZB(24).

The experiments performed here monitor fluorescence
changes from a fluorescein molecule, attached to a deoxy-
uridine and located in the major groove, upon protein binding
in the minor groove of DNA. Similar studies were performed
to investigate netropsin binding to a DNA dodecanis, (

26) and the interaction of UvrA and UvrB with DNA
damaged by tetramethylrhodamin@U (27). The kinetic _
parameters obtained from these stopped-flow fluorescence
experiments complement the results of studies that use
techniques such as gel mobility shift assays to gain thermo-
dynamic information about proteifDNA complexes.

The kinetic data also pertain to the question of how HMG-

Probe A: 5'-CCT CU™C T@'GA CCT TCC-3' Probe D: 5'-CCU™ CTC TG'G'A CTC TCC-3°

domain prOtEinS mlght hEIp sensitize cells to CiSpIatin. The 3/-GGA GA G ACCT GGA AGG-5° 3'-GGA GAG AC C T GAG AGG-5'

rates of formation and dissociation of different proteibNA - , . ,

. . e . . Probe B: 5’-CCT CU™C TG'G'T CCT TCC-3' Probe E: $'-CCT CUC TG GA CTC TCC-3

complexes, not only binding affinities, are important in any 3/-GGA GA G ACC A GGA AGG-5’ 3'-GGA GA G ACC T GAG AGG-S’

proposed mechanism. Competition between various pretein - o S ,

. . . . Probe C: 5/-CCT CUPC TG'G'C CCT TCC-3’ Probe F: 5'-CCT CTC TG G A CUC TCC-3

DNA complexes could be kinetically controlled, making it 3 -GGA GA G ACC G GGA AGG-5’ 3 -GOA GAG ACCT GA G AGG-S’
important to delineate this aspect of complex formation. . .

. . . . . . Probe G: 5’'-CCT CTC TGGA CTC U™CC-3’

Pooling the information from thermodynamic and kinetic 37-GGA GAG ACC T GAG A GG-5'

studies provides a more detailed understanding of the ggure 1: Diagram of the fluorescein-modified deoxyuridine
protein-DNA complexes and allows one to determine residue (fluoresceindU) and platinated, fluorescent 16 bp DNA
whether a proposed mechanism of action is reasonable. probes. The location of the fluoresceidU moiety is denoted by
UFL, and the position of the cisplatin adduct is denoted by asterisks.
EXPERIMENTAL PROCEDURES ) )
are denoted in the sequences. The fluorescein-labeled top
Materials and MethodsDistilled, deionized water from  strands and complementary bottom strands were synthesized
either a Milli-Q (Millipore) or a Nanopure (Barnstead) on a lumol scale by using standard cyanoethylphosphora-
system was used to prepare all aqueous solutions. Atomicmidite chemistry with the coupling time for the fluorescein
absorption spectrometry was performed on a Varian AA1475 dU (Glen Research) extended to 10 min. Following depro-
instrument with a GTA-95 graphite furnace. High-perfor- tection, the oligonucleotides were purified on 20% denaturing
mance liquid chromatography (HPLC) was carried out with polyacrylamide gels.
a Waters system, which included a model 600E controller ~ An activated cisplatin solution was made by reaction with
and a model 486 detector. A Branson sonifier 450 was used1.97 molar equiv of AgN@in distilled, deionized water with
to lyse Escherichia colicells for protein expression. Oligo- ~ agitation at room temperature overnight in the dark followed
nucleotides were synthesized on an Applied Biosystems 392by filtration through a 0.2um filter to remove the AgClI
DNA/RNA synthesizer. A Bio-Rad Econo liquid chroma- precipitate. A portion of each of the top strands was allowed
tography system and Amersham Pharmacia Biotech FPLCto react with 1.2 equiv of the activated cisplatin solution in
instrument were used for protein purification. Cerenkov 10 mM sodium phosphate buffer (pH 6.8) fer8 h at 37
radioactivity was measured in a Beckman 6500 liquid °C. The platinated DNA was isolated by ethanol precipita-
scintillation counter, and Kodak X-Omat film was used for tion.
autoradiography. Double-stranded probes were prepared by combining equal
Expression and Purification of HMG-Domain Proteins. &mounts of top and bottom strands in 10 mM Tris (pH 7.0),

Expression and purification of HMG28), HMG1 domains 50 mM NaCl, and 10 mM MgG] heating to 90°C, and

A and B (L3), and the HMG1 domain A F37A mutar2q) slowly cooling to 4°C over several hours. The duplex DNA
were carried, out as described was purified by ion exchange HPLC using a Dionex

. . Nucleopac PA-100 (9 mnx 250 mm) preparatory column
Synthesis of a Platinated, Nonfluorescent 16 bp Duplex 4t 5 flow rate of 4 mL/min. The DNA was eluted with a

Probe. The synthesis and purification of the top-(BCT linear gradient of 70% buffer A (0.025 M N¥Ac in 10%
TCT TG*G*A CCT TCC-3, where G* represents the site CHsCN)/30% buffer B (buffer A ad 1 M NaCl) to 45%
of platinum binding) and complementary bottom strands for p, tfer A/55% buffer B over the course of 30 min, followed
a nonfluorescent 16 bp DNA duplex probe were carried out by 45% buffer A/55% buffer B to 100% buffer B over the
as described previouslQ). Duplex DNA was prepared by coyrse of the next 10 min. Under these conditions, the
combining equal amounts of top and bottom strands in 10 gyplexes eluted at-23 min. The collected samples were
mM Tris (pH 7.0), 50 mM NaCl, and 10 mM Mg&lheating  gesalted and reannealed in 10 mM Tris (pH 7.0), 50 mM
to 90 °C, and slowly cooling to #C over several hours.  NaCl, and 10 mM MgGl by heating to 9C°C and slowly
The purity of the final duplex material was examined by cooling to 4°C over several hours. The purity of the final
analytical ion exchange HPLC. duplex material was examined by analytical ion exchange
Synthesis of Platinated, Fluorescent 16 bp DNA Probes. HPLC. The platinated 16-mer DNA strands were character-
Figure 1 depicts the fluorescein-modified deoxyuridine (dU) ized by platinum atomic absorption spectroscopy and elec-
residue and the DNA probes used in these studies. Thetrospray mass spectrometry (see Supporting Information,
positions of the cisplatin modification and fluoresceaiJ Tables S1 and S2).
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Synthesis of a Platinated, Fluorescent 71 bp DNA Probe. observe the fluorescein fluorescence emission. The platinated,
Three oligonucleotides, a 37-mer, 18-mer, and 71-mer, werefluorescent DNA probes described above were used at a final
prepared on a kmol scale by using standard cyanoeth- concentration of 25 or 50 nM in 10 mM HEPES (pH 7) and
ylphosphoramidite chemistry. Following deprotection, the 200 mM NaCl. Pseudo-first-order kinetic conditions were
oligonucleotides were purified by denaturing polyacrylamide maintained by using an at least 5-fold excess of protein in
gel electrophoresis. The synthesis of the platinated, fluores-all experiments. Unless otherwise noted, experiments were
cent 16-mer (top strand, probe A, Figure 1) is described performed at £C.
above. Supplied as Supporting Information (Figure S1)isa Concentration-dependent studies were performed with the
schematic diagram of the synthesis and purification of the cisplatin-modified probes and HMG1 domains A and B to
fluorescent 71-mer DNA probe. determine the rate constants for the binding and dissociation

Equal amounts (25 nmol) of the 16-mer and 18-mer probesof the proteinr-DNA complexes. In these experiments, a
were phosphorylated on thé-&nds in a reaction mixture fluorescent, platinated DNA probe was combined with a
containing 70 mM Tris-HCI (pH 7.6), 10 mM Mggl5 mM range of HMG-domain protein concentrations. Multiple shots
DTT, 12 mM ATP, and 1000 units of T4 polynucleotide were taken at each protein concentration. The observed rate
kinase (New England Biolabs). The reaction mixture was constants for the protein concentrations were determined by
incubated at 37C for 45 min, and then another 1000 unit fitting individual traces with the Kinet-Assyst software
aliquot of kinase was added. The reaction mixture was package (Hi-Tech) and averaging the results. The observed
incubated at 37°C for an additional 45 min and then rate constantk.,s was plotted against the total protein
extracted twice with one portion each of a 25:24:1 phenol/ concentration, [[. The resulting linear plot is described by
CHCly/isoamyl alcohol mixture followed by ethanol pre- eq 1, wherek,, is the second-order rate constant for protein
cipitation. binding and k. is the first-order rate constant for the

Double-stranded DNA probes were prepared by combining dissociation of the proteintDNA complex. The rate con-

5 nmol of 37-mer, 25 nmol of phosphorylated 16-mer, 25 stants, determined by fitting the data to eq 1, were used to
nmol of phosphorylated 18-mer, and 5 nmol of 71-mer in calculate a dissociation constaK, for the protein-DNA

50 mM Tris (pH 7.9), 10 mM MgGl 100 mM NaCl, and 1 ~ complex according to eq 2.

mM DTT, heating to 90C, and slowly cooling to 4C over

several hours. The annealed oligonucleotides were ligated Kobs = Korl Pl + Kott 1)

in a reaction mixture containing 2.7 mM ATP, 0.06/uL Ky = kyqlk, )
BSA, and 30 000 units of T4 DNA ligase (New England d = Toffon

Biolabs) in 50 mM Tris (pH 7.9), 10 mM MgG| 100 mM Temperature-dependent studies were performed with some

NaCl, and 1 mM DTT. The ligase reaction mixture was of the platinated DNA probes in Figure 1 and HMG1 domain
incubated at room temperature for 45 min followed by A to reveal activation parameters for these protddiNA
incubation for 16 h at 16C The I|ga.t|0n reaCtion miXture Comp'exes_ Values fdc)n andkof_f over the temperature range
was extracteq twice with one portion each of a 25:24:1 of 420 °C were determined by performing concentration-
phenol/CHCYisoamyl alcohol mixture followed by ethanol  gependent studies as described above at different tempera-
precipitation. The precipitated DNA was further desalted by tyres. The activation enthalpjH*, and activation entropy,
using a Centricon 10 apparatus (Millipore). AS, were determined from a plot &[In(k/T) — In(ke/h)]

A small aliquot of the desalted DNA was radioaCtiVEly against 1T (eq 3), whereR is the ideal gas Constamjs the
labeled on the 'Sends and run next to the unlabeled ligation rate constant (eithég, or ko), ks is the Boltzmann constant,
reaction mixture on a 10% denaturing polyacrylamide h s Planck’s constant, arilis the temperature (in kelvin).
sequencing gel for purification. The gel was visualized by
autoradiography, and the film was used as a guide to excise RIn(K/T) — In(kg/h)] = AS — AH* @am (3)
the purified 71-mer DNA strands from the ligation reaction.

The 71-mer strands were eluted from the gel by crush and Competition Stopped-Flow Kinetic Studi€ompetition
soak methods and isolated by ethanol precipitation. The 71-stopped-flow studies were performed by using a Hi-Tech
mer strands were dissolved in 10 mM Tris (pH 7.0), 50 mM SF-61 DX2 double-mixing stopped-flow apparatus. The
NaCl, and 10 mM MgGCJ, and annealed by heating to 90 excitation wavelength was 480 nm, and a 520 nm band-pass
°C, followed by slow cooling to 4C over several hours. A interference filter (Oriel) was placed over the exit to the
small aliquot of the annealed 71-mer was radioactively photomultiplier tube to observe the fluorescein fluorescence
labeled on the ®sends and run next to the unlabeled, annealed emission.

71-mer on a 15% native polyacrylamide gel for purification. ~ Displacement kinetics experiments with HMG1 domain
The radioactive bands were visualized by autoradiography, A were carried out by mixing a proteirDNA complex

and the film was used as a guide to excise the purified 71- solution with an excess of platinated, competitor DNA. Over
mer DNA duplex. The 71-mer was eluted from the gel by atemperature range of£20 °C, dissociation rate constants,
crush and soak methods and isolated by ethanol precipitationk.s, were measured as the protein leaves the preformed

Stopped-Flow Studies with Respect to the Kinetics of complex and binds to the competitor DNA. Two protocols
Protein—DNA Binding.Stopped-flow studies were performed were adopted. In the first, a solution containing 50 nM probe
by using a Hi-Tech SF-61 DX2 double-mixing stopped-flow A (Figure 1) and 50 nM HMG1 domain A in 10 mM HEPES
apparatus. The excitation wavelength was 480 nm. Either a(pH 7) and 200 mM NaCl was combined with a 500 nM
GG495 glass cutoff filter with a Wratten gel filter #58 solution of nonfluorescent, platinated, competitor DNA of
(Kodak) or a 520 nm band-pass interference filter (Oriel) the same sequence in the same buffer. The situation was
was placed over the exit to the photomultiplier tube to reversed in the second set of experiments. Here a solution
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of 50 nM nonfluorescent, platinated 16-mer and 50 nM A 240
HMG1 domain A in 10 mM HEPES (pH 7) and 200 mM ’

NaCl was mixed with a 500 nM solution of probe A in the 220 o an
same buffer. Several shots were taken at each different ANMAAA
temperature. Each trace was fit to a single-exponential 200
equation by using the Kinet-Assyst software (Hi-Tech) to
obtain the observed rate constant. The values were averaged
to determinekys for the protein-DNA complex at each
temperature that was studied.

An additional set of competition experiments was per- 140
formed to examine whether the fluorescent label inhibits
protein binding. A solution of 50 nM probe A (Figure 1) in 120
10 mM HEPES (pH 7) and 200 mM NaCl was combined
with 0.5 or 1 equiv of HMG1 domain A in the same buffer 100 0 e o1 015
at 4°C. The fluorescence change was monitored over time,
and these results were compared to those obtained from Time (s)
mixing a solution of 25 nM probe A and 25 nM nonfluo- 130 . l T T
rescent, platinated 16-mer probe with the same concentrations g .
of protein.

Finally, protein competition studies were performed with 110 | 3
HMG1 domains A and B and the F37A domain A mutant .
protein at 4°C. In these experiments, a solution of 50 nM 100 |
probe E (Figure 1) and one of the three HMG-domain P
proteins (at 50 nM) in 10 mM HEPES (pH 7) and 200 mM ~
NaCl was combined with one of the two remaining proteins 80 k£ 3
(at 50 or 500 nM). The fluorescence change of the fluorescein .
in probe E was monitored over time to measure the effect 7
of adding a competitor HMG-domain protein.

Modeling the Interaction of the Fluorescein with the HMG-
Domain ProteinsThe interaction of the fluorescetdU with 502(;0 200 500 S0 1000 1200
an HMG-domain protein was modeled by using the program .
Insight Il (Molecular Simulations, Inc.). The PDB coordinates [HMG domain A] (nM)
for the X-ray crystal structure of a platinated 16-mer duplex FiGURe 2: Stopped-flow results for HMG1 domain A binding to
with HMG1 domain A @9) were loaded into Insight. The  Platinated 16-mer probes with a fluoresce@lU moiety at position
fluorescein moiety was built in Quanta 97 (Molecular T5. Panel A shows the fluorescence change that occurs upon mixing

- . . rotein and DNA. Panel B pl he resul f concentration-
Simulations, Inc.), minimized by using the CHARMm gecggnd:ntdstudies inawtra]ich qutlsvsai uesSeLclittso %efgrn?iiet t?itncc)iing
routine, imported into Insight I, and attached to the DNA and dissociation rate constants.
from the X-ray structure at either the fifth or twelfth
nucleotide of the platinated strand to create a fluoresecein
dU. After the appropriate potentials had been set, the position
of the fluorescein dye was minimized by using a Newton
Raphson conjugate gradient in the Discover module with the
cvff. The positions of the DNA and protein from the crystal

structure were fixed during the minimization.

180

160

Fluorescence

120 [ ]

90 | 3

60 b b

L L 1

different protein concentrations and different temperatures.
Average values fok.ps Were obtained as described above
and plotted against the protein concentration according to
eq 1, affording the bindings,, and dissociationk., rate
constants for proteinDNA complexes with DNA probes
A—C and E. An example of one such plot is given in Figure
2B. Thek,, data obtained from these plots are listed in Table
RESULTS 1, andk. values are reported in Table 2. Equation 2 was
used to calculate dissociation constanks, for these
DNA Probes with the FluoresceindU Moiety at Position ~ Protein-DNA complexes. The results are given in Table 3.
T5 The kinetic and thermodynamic data in Tables3lclearly
demonstrate a dependence on the DNA sequence flanking
A Sequence-Dependent Study of HMG1 Domain A with the cisplatin adduct. Probes A and E, with a TGGA sequence,
16 bp ProbesAn example of the stopped-flow results from consistently havé, values for HMG1 domain A binding
rapid mixing of HMG1 domain A with a platinated DNA  that are 2-4 times larger than those determined for probes
probe having fluoresceindU at T5 is given in Figure 2A. B and C with TGGT and TGGC sequences, respectively.
When the protein and DNA solutions were mixed, a large Theky values obtained for all the probes are more similar.
increase in fluorescein fluorescence intensity is observed. Thus,kon is the major contributor to differences observed in
This change is not observed with fluorescently labeled the K4 values calculated with eq 2.
oligonucleotides that do not contain a cisplatin adduct and Temperature-dependent studies allowed activation param-
is therefore attributed to a change associated with proteineters to be determined. Figure 3 displays an example of a
binding to platinated DNA. The stopped-flow data were fit plot used to determine the activation parameters. In this
to a single-exponential equation to obtain an observed rateanalysisR[In(k/T) — In(ks/h)] is plotted versus T/, and the
constantk.ps Several such experiments were performed at activation enthalpy and entropy were determined from the
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Table 1: Binding Rate Constari,, (M~ s71), Values for HMG1 Domain A and 16 bp Probes with the Fluoresedid Moiety at

Position T5
temp
(°C) probe A probe B probe C probe E
4 9+ 2) x 107 2.5+ 1) x 107 (4+1) x 107 (9+2) x 107
8 (1.5+0.3) x 108 3.7+ 1.4)x 107 (5+1) x 107 (1.24+0.4)x 108
10 (1.6 0.3) x 108 (4.840.3) x 107 (7.2+2) x 107 (2.1+0.3) x 108
12 (2.3+£0.3) x 108 6.6+ 1.9) x 107 (5.2+ 0.5) x 107 (1.8+0.5) x 108
15 (3+£0.5) x 108 (1.2£0.2) x 10° (1.2£0.2) x 108 (2.5+0.5) x 108
16 (3+£0.3) x 108 (1.6+0.1) x 108 (1.44 0.6) x 108 (2.74+0.4)x 108
20 (4.7£1.3)x 108 (21+£0.3)x 108

(1.9+0.5) x 108

(4.740.4) x 10

Table 2: Dissociation Rate Constakgi (s1), Values for HMG1

Table 4: Activation Parameters for Binding and Dissociation of
Domain A and 16 bp Probes with the Fluoresesitty Moiety at

HMG1 Domain A with 16 bp Probes with the FluoresceaiJ

Position T5 Moiety at Position T5
temp fluorescentnonfluorescent probe A probe B  probe C  probe E
(°C) probe A probe B probe C probe Eompetito? competitof binding
4 30+11 35+4 26+5 26+5 27+ 4 19+ 1 AH* (kJ/mol) 66+ 3 96+ 7 68+ 12 64+7
8 34+1 54+8 44+7 37+8 38+4 31+ 2 ASF(JKImol™Y) 148+ 12 243+26 144+41 139+ 26
10 64+8 63+2 72+6 63+13 dissociation
12 52+ 16 73+5 101+16 61+11 49+11 44+ 5 AH* (kJ/mol) 62+ 8 53+2 80+ 8 67+ 10
15 88+ 18 86+ 9 103+7 117+22 AS (J K- mol™?) 7+29 —-24+38 76+ 27 25+ 34
16 88+27 97+4 123+2 89+5 49+12 60+ 10
20 130450 137+ 14 1974+ 37 122+ 28 153+ 91 76+ 9 150
aProbe A. A.
Table 3: Dissociation Constarity, Values for HMG1 Domain A
and 16 bp Probes with the Fluorescealy Moiety at Position T5 5
=
temp 5
(°C) probe A probe B probe C probe E $ 100
Tl
4 333+143nM 1.4+ 0.6u4M 650+ 205nM 289+ 85nM g
8 227+46nM 1.4+ 0.6uM 880+225nM 308+ 122 nM T
10 400+ 90 nM 1.3+ 01uM 1.0+ 0.3uM 300+ 76 nM
12 226+ 76 nM 1.1+ 03uM 1.9+ 04uM 339+ 123nM
15 293+ 77nM 717+ 141 nM 858+ 154nM 468+ 128 nM
16 293+ 94nM 606+45nM 8784+ 377 nM 330+ 52 nM
20 277+£131nM 652+115nM 1.0+ 0.3uM 260+ 64 nM s0 L ) ) 4 ) | ,
0 0.05 0.1 015 0.2 0.25 03
75 : : . : Time (s)
130
o B. 125
<
~
v o 120
£ :
- g 115
3
i 5 110
= 2
=) B 105
=
100
95
'95 L L L : 90 W 1 I 1 1 L ]
0.0034  0.00345 00035 000355 0.0036  0.00365 0 0.0 01 015 02 025 03
1T Time (s)

Ficure 3: Example of data from temperature-dependent stopped- . L .
flow studies with HMG1 domain A. Activation parameters are FIGURE 4: Data from displacement kinetics experiments. Panel A
determined from this plot according to eq 3. shows data from an experiment with nonfluorescent competitor

. . . DNA, and panel B displays the results from experiments with probe
slope and intercept on the ordinate according to eq 3. o Py P P

A as the competitor.

Activation parameters for DNA probes#C and E are listed
in Table 4. A dependence on the DNA sequence flanking o ) ) S
the cisplatin adduct is also noted here, the activation displacement kinetics experiments are given in Figure 4.
parameters for the TGGA sequences varying somewhat fromPanel A displays the results of experiments performed with
those of the TGGT and TGGC sequences. excess nonfluorescent, platinated competitor DNA. The

Stopped-Flow Experiments with HMG1 Domain A and fluorescence decreases over time as HMG1 domain A
Competitor Oligonucleotidesxamples of the results from  dissociates from probe A (Figure 1) and binds to the excess
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nonfluorescent DNA. Panel B shows data from the converse  , 130
experiment with excess probe A. Here, the fluorescein
fluorescence increases over time as the HMG1 domain A 125
dissociates from the nonfluorescent DNA and binds to the
excess probe A. Both sets of data were fit to a single-
exponential equation to give an observed rate constayt,
Under conditions wher&,, is sufficiently large, thesgps
values are equivalent tky, because the rate-limiting step
in the displacement is dissociation of the protein from the
original protein-DNA complex. Thus, these experiments
provide an independent measure kf; values for the
proteir—-DNA complex that can be compared with those
determined through the concentration-dependent studies

. . 100
described above. These experiments were performed at 0 0.05 01 0.15
several different temperatures, and g values that were Time (s)
obtained are included in Table 2. The results are similar for
both experimental procedures, indicating that the presence g
of the fluoresceir-dU moiety does not significantly affect
the binding of HMG1 domain A. Thky values obtained in

120

115

Fluorescence

110

105

300

these studies are also in agreement with the results obtained 250
from the concentration-dependent experiments.

Competition experiments were performed to examine P
whether the fluorescetirdU moiety affects protein binding. ~” 200

Solutions that were 50 nM in platinated DNA were combined
with HMG1 domain A. In one set of experiments, the
platinated DNA was 100% fluorescently labeled. The results 150
were compared with data from experiments where only 50% L
of the DNA had a fluoresceindU moiety (Figure S2). The
100% labeled DNA exhibited approximately twice the overall 100 I . . L
fluorescence change of the 50% labeled solution, as expected 200 300 400 500 600 700

for the protein binding equally to both fluorescent and [HMG domain B] (nM)
nonfluorescent DNA. The data demonstrate that the fluo- Ficure 5: Stopped-flow results for HMG1 domain B binding to
resceir-dU moiety does not adversely affect protein binding, platinated 16-mer probes with a fluorescetiiJ moiety at position

a finding independently confirmed by gel mobility shift T5. Panel A shows the fluorescence change that occurs upon mixing
studies (Figure S3) protein and DNA. Panel B plots the results of concentration-

. . dependent studies in which eq 1 was used to determine bindin
HMG1 Domain A with a 71-mer DNA ProbeThe  of discociation rate constant. g

dependence of the length of the probe on the binding and

dissociation kinetics of the protetDNA complex was adjacent guanine base29. Gel mobility shift assays with
investigated by using a 71-mer fluorescent, platinated oli- a mutant HMG1 domain A, where the phenylalanine was
gonucleotide with a TGGA sequence. When the protein and changed to an alanine residue (F37A), demonstrated that F37
DNA solutions were mixed, a large fluorescein fluorescence was important for binding. In those studies, the binding
increase was observed, just as with the 16 bp probes. Theaffinity of the F37A mutant was significantly reduce2dy.
stopped-flow data were analyzed as described above to obtairStopped-flow studies were performed here with the F37A
the binding kon, and dissociatiorky, rate constants for this  domain A mutant and probe A (Figure S5). The fluorescence
proteinr—DNA complex at 4°C. The second-order binding change for the F37A mutant was largely extinguished

rate constantk,, was determined to be (14 0.2) x 10° compared to that obtained with the wild-type protein,
M~ s™1, and the first-order dissociation rate constdos, indicating that protein binding to the DNA, while not totally
was 31+ 4 s1 The dissociation constanKg, for this abolished, is significantly diminished. The observed rate
protein—~DNA complex was calculated to be 28263 nM constant values with the F37A mutant were somewhat larger

using eq 2. These results are very similar to those obtainedthan with HMG1 domain A. For exampl&,s was 86+ 13
with the 16-mer oligonucleotides with a TGGA sequence s at 350 nM F37A, compared tokays of 55 4+ 2 s with
(probes A and E, Figure 1), suggesting that the length of 368 nM HMG1 domain A.
the oligonucleotide does not affect the kinetics of protein HMG1 Domain B with 16 bp Probeg&n example of the
DNA complex formation. An example of the stopped-flow stopped-flow results from an average of several shots of
data obtained at 4C with this oligonucleotide and HMG1 HMGL1 domain B binding to a platinated, fluorescent DNA
domain A is presented in Figure S4. probe with the fluoresceindU moiety at T5 at £C is given
Stopped-Flow Studies with a F37A HMG1 Domain A in Figure 5A. As with the F37A domain A mutant, there is
Mutant. A recent X-ray crystal structure determination of only a small fluorescein fluorescence change, indicating that
HMG1 domain A bound to a 16 bp cisplatin-modified the binding of HMG1 domain B differs somehow from that
oligonucleotide revealed that phenylalanine 37 (F37) of the of HMG1 domain A. Despite the small magnitude of the
HMG-domain intercalates into a hydrophobic notch created fluorescence change, the stopped-flow data could be fit to a
by a platinum atom binding to the N7 positions of two single-exponential equation to obtain an observed rate
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Table 5: Rate and Dissociation Constant Data for HMG1 Domain ~ Probably due to HMG1 domain A replacing domain B or
B and 16 bp Probes with the FluoresceitJ Moiety at Position T5 the F37A mutant in the initial proteinDNA complex. Only

a very slight fluorescence change occurred when a preformed

oligonucleotide kon(M~1s7t Koit (571 Kg (nM i . .
g Y 1 9i( 13 )108 8;(1 5)6 4;3; 4;8 domain B complex was mixed with the F37A mutant or when
g:gbg 5 ((2"& 1:5g§ 1¢ 73134 304% 37 a preformed F37A complex was mixed with domain B.
probe C (2.7 15)x 10° 77450 285+ 244 ) . . "
probe E (2.2 1) x 108 1344+ 72 609+ 430 DNA Probes with the FluorescetrdU Moiety at Position

T3, T12, or T14

constantk.ps Several shots were taken at different protein ~ Up until this point, all the stopped-flow fluorescence
concentrations, and average valueskfggwere obtained as  results were obtained with the fluoresceunl base at
described above. These averdgges values were plotted  position T5, three bases to thedide of the cisplatin cross-
against the protein concentration, according to eq 1, to link. To observe what effect the position of the fluoreseein
calculate the bindinds.n, and dissociatiork.s, rate constants ~ dU moiety might have on the fluorescence signal, additional
for proteinr—DNA complexes at 4C with DNA Probes A-C stopped-flow studies were performed with probes D, F, and
and E. An example of one of these plots is given in Figure G (Figure 1). No fluorescence signal change occurred upon
5B. The kon, ko, and Ky values for these proteirDNA mixing HMG1 domain A or B with probes D and G. In these
complexes are listed in Table 5. For the TGGA sequences,oligonucleotides, the fluorescettlU moiety is positioned
the kon values are similar for HMG1 domains A and B, but two bases away from the ends of the duplex, sites T3 and
the ko values are larger with HMG1 domain B. Unlike the T14, respectively. In addition, the fluorescein fluorescence
results with HMG1 domain A, there is no clear dependence did not change when HMG1 domain B was combined with
of kon on the DNA sequence flanking the cisplatibNA probe F, in which the fluoresceirdU moiety is placed three
adduct. Hence, thé,, values for the TGGT and TGGC bases to the 'Sside of the cisplatin cross-link, T12. The
sequences are significantly larger with HMG1 domain B than overall fluorescence change observed when probe F was
with HMG1 domain A. combined with HMG1 domain A was significantly dimin-
Stopped-Flow Studies with HMGIThe fluorescence ished compared to those of probes having the fluorescein
intensity changes observed here in stopped-flow experimentsdU moiety at T5 (Figure S8). The data were fit to a double-
for the two individual HMG domains from HMG1 are €xponential equation to obtain two observed rate constants.
significantly different. We were therefore interested in Only the first, larger rate constant varied with protein
examining the results obtained with the full-length HMG1 concentration. Several shots were taken at different protein
protein, where domains A and B are both present in tandem.concentrations, and average values for the first rate constant
A comparison of stopped-flow data for HMG1 domain A Were obtained. These averagg;values were plotted against
and the full-length HMG1 protein binding to probe E the protein concentration, according to eq 1, to calculate the
revealed the overall fluorescein fluorescence intensity changebinding, ko, and dissociationkss, rate constants for this
to be similar for both proteins (Figure S6). These results proteir-DNA complex at 4°C. The second-order rate
suggest that domain A may ultimately control binding of constant for bindingk,,, was determined to be (5:5 2) x
the full-length protein. The kinetic behavior of these two 10® M~* s7%, and the first-order dissociation rate constant,
proteins, however, is distinctly different. The trace for HMG1 Kotr, was 103+ 30 s*. The dissociation constarig, for
domain A is best described by a single exponential, whereasthis protein-DNA complex was calculated to be 18787
the data for HMGL1 are clearly multiexponential. This result hM using eq 2. Thes&, and kot values are several-fold
may be due to a more complex binding interaction occurring larger than those obtained with the fluoreseeity moiety
in the full-length protein, where both HMG domains could at T5. Taken together, the results presented above clearly
be participating. dgmonstrate that the interat;tion of the HMG-domain.proteins
Protein Competition Stopped-Flow Experimeriitfer- with the fluoresceir-dU moiety depends on the position of

ences in the binding of the HMG domains were further the fluorescent probe.
highlighted through protein competition stopped-flow studies
(Figure S7). In these experiments, a preformed complex of DISCUSSION

probe E and HMG1 domain A was allowed to react with  Flyorescence Change of the Fluoresceity Moiety upon
HMG1 domain B or the F37A domain A mutant. When 1 HMG-Domain Protein Binding to Cisplatin-Modified DNA.

or 10 equiv of either protein was mixed, there was only a A |arge, dramatic fluorescence change is observed in the
small decrease in the fluorescence intenSity over time. This Stopped-ﬂow experiments with the fluoresceuhU probe
result could be due to a small amount of HMG1 domain A placed at the T5 position of a 16 bp cisplatin-modified duplex
being replaced by HMG1 domain B or the F37A mutant. ypon binding HMG1 domain A. A similar fluorescence
The observed rate constants in all of these eXperimentSincrease was observed upon bmdmg of UvrA and UvrB
ranged from~30 to 40 s™*. proteins to a tetramethylrhodamindU DNA probe 7).

A different result was obtained upon mixing a preformed This effect is diminished in experiments performed with
complex of probe E and HMG1 domain B or the F37A HMG1 domain B and depends on the position of the
mutant with HMG1 domain A. In this case, a large fluorescein-dU moiety. All of the stopped-flow data ob-
fluorescence increase occurred that varied with the amounttained with the fluoresceindU probes follow pseudo-first-
of HMG1 domain A. The observed rate constantaf5 + order kinetics in the presence of excess HMG domain and
1 st with 1 equiv of domain A increased 639 + 1 s¢ exhibit the expected linear dependence on protein concentra-
with 10 equiv of protein. The large fluorescence increase is tion. In addition, the kinetic studies with HMG1 domain A
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Ficure 6: Stereoview of models of fluoresceidU DNA probes drawn with MOLSCRIPT5(). DNA is depicted in blue, and the HMG
domain is in red. The fluorescein is in green, and the [PHBA moiety is in yellow. The upper model is for the fluorescedlJ moiety

at position T5, and the lower model has the fluoreseeid moiety at position T12.

exhibit a dependence on the DNA flanking sequence contextof the fluorescein dye clearly differs at these two positions.
of the cisplatin cross-link that agrees with data from gel The asymmetry of domain A binding causes there to be more
mobility shift assay studiesl8). Thus, the results suggest proteinr—-DNA contacts in the vicinity of T1229), which

that the fluorescence change is related to a protein bindingmay be responsible for the positioning of the fluorescein in
event, the magnitude of which depends on the position of the minimization. Thus, differences in the potential to interact
the fluorescent probe and the nature of the HMG-domain with the HMG domain at these two positions, illustrated by

protein. these modeling studies, most likely underlie the different
Molecular modeling studies were performed to examine experimentally observed fluorescein fluorescence results.
the differences when the fluoresceidU moiety was placed The fluoresceir-dU probe employed in this work is

at residue T5, where the largest change occurred, comparedimilar to a dansytdU probe used to examine local polarity
to T12 in a complex with HMG1 domain A. The final in the major groove of DNA 31). In both cases, the
minimized structures for these models are presented in Figurefluorophore is linked to the C5 position of a deoxyuridine
6. In both cases, the fluorescein is initially in a position where base, positioning it in the major groove of the DNA.
it has the potential to interact with the HMG domain. After Differences in fluorescence intensity were observed with
minimization, the fluorescein at T5 is located along the different placements of the dansydU probe @5, 26), as
sugar-phosphate backbone pointing toward tHeebd of occurred in the stopped-flow studies presented here. In fact,
the platinated strand. In contrast, in the minimized T12 the results of the studies with the dansglJ probe showed
structure, the fluorescein wraps around the DNA to interact the local polarity of the major groove to be sequence-
more directly with the protein in the minor groove. These dependent. Fluorescein is an environment-sensitive probe
simple modeling studies demonstrate that the environmentwith a marked pH dependenc82-34). Therefore, it is
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HMG1 domA PRGEMSSYAFFVQTCREEHKRKKHPDASVNFSEFSKKCSERWRKTMSAREKGKFEDMAKADKARYEREMKTY
HMG1 domB PKRPPSAFFLFCSEYRPKIKGEHPGLS--IGDVAKKLGEMWNNTAADDKQPYEKKAARLKEKYEKDIAAY

NHP6A PRRALSAYMFFANENRDIVRSENPDIT--FGQOVGRKKLGERWKALTPEEKQPYEAKAQADKKRYESEKELY
HMG-D PKRPLSAYMLWLNSARES IKRENPGIK~-VTEVAKRGGELWR--AMKDKSEWEAKAAKAKDDYDRAVKEF
SRY VERPMNAF IVWSRDQRRKMALENPRMR--NSEISKQLGYQWKMLTEAERWPFFQEAQKLOAMHREKYPNY
LEF-1 IRKPLNAFMLYMKEMRANVVAECTLRE~-SAAINQILGRRWHALSREEQARYYELARKERQLHMQOLYPGH

FIGURe 7: Sequence alignment of selected HMG domains. Positions 16 and 37 in the HMG1 domain A numbering scheme are in boldface
type.

possible that the variations in fluorescence intensity observedin HMG1 domain A induces a distinct positioning of the
with the fluorescein-dU probe are due to differences in the protein, causing a unique interaction with the fluoreseein
environment of the major groove at the T5 and T12 positions. dU moiety and a large fluorescence change.

In addition to varying with the position of the fluorescein An alternative explanation for the fluorescence change is
dU moiety, the fluorescence intensity change also dependsthat, instead of a direct interaction with the protein residues,
on the choice of HMG-domain protein. Only with HMG1 the environment of the fluorophore is perturbed through local
domain A is a large fluorescein fluorescence change ob- structural changes caused by protein binding in the minor
served. HMG1 domain B and the F37A domain A mutant groove of the DNA. The dansyldU probe discussed above
produce more modest fluorescence changes. Some insightvas used to examine the binding of the antitumor antibiotic,
into these differences may be gained by examining the resultsnetropsin, to a DNA dodecame?§, 26). The presence of
from structural and modeling studies of DNA complexes of the dansyt-dU moiety in the major groove does not appear
structure-specific HMG-domain proteins, such as HMG1 to affect the binding of netropsin in the minor grooas,
domain A, HMG-D, and NHP6AZ9, 35-37). 26). This result contrasts with data from experiments using

An X-ray crystal structure of HMG-D binding to linear the fluorescent base analogue, 2-aminopurine, where the
DNA displays a smooth DNA bend over several base pairs amino group partially blocks the minor groove binding site
accompanied by a widening of the minor groo&s)( In (40, 41). Similarly, the results of the stopped-flow studies
this protein-DNA complex, the bend locus is near the center with the competitor oligonucleotides and the gel mobility
of the protein binding site, similar to the situation found for shift assays presented here demonstrate that the presence of
sequence-specific HMG-domain proteins such as LEF-1 andthe fluoresceirrdU moiety does not affect the binding of
SRY (38, 39). Other structure-specific HMG-domain proteins HMG-domain proteins to any great extent.
adopt a different conformation when binding to distorted, = The binding of netropsin widens the minor groove and
prebent DNA targets, however. Studies with cisplatin- bends the helix axis, without unwinding DNA4Z). In
modified DNA (29) and DNA containing a dAbulge @5) addition, the spine of hydration in the minor groove is
show that the DNA bends sharply at the site of modification disrupted at the binding sitd8, 44). Many of these changes
and the HMG-domain protein binds asymmetrically on one are similar to the effects observed when an HMG-domain
side of the bend. Structure-specific HMG-domain proteins, protein binds 29). The dansyltdU moiety exhibits an
with the exception of HMG1 domain A, have hydrophobic increase in fluorescence upon the binding of netropsin that
residues near the start of helix I, position 16 in the HMG1 is attributed to the results of local minor groove structural
domain A numbering schem@9), that can partially inter-  changesZ5, 26). A similar effect could be occurring in the
calate into the DNA (Figure 7). In addition, these proteins stopped-flow studies here because the structural changes in
have a second set of intercalating residues at the aminothe minor groove are comparable. The ability of HMG-
terminus of helix 1l, position 37. Differences in the identity domain proteins to bind in different manners, discussed
of these intercalating residues have been suggested tabove, could affect structural changes in the minor groove
contribute to the different DNA binding activities of HMG- and consequently change the fluorescence intensity of the
domain proteins 29, 36) and may be relevant to the fluoresceir-dU moiety.
fluorescence changes observed in the stopped-flow studies Kinetic Parameters and Their Implication$he results
presented here. of kinetic studies performed with HMG1 domain A exhibit

In the X-ray crystal structure of HMG1 domain A bound a strong dependence on DNA sequence context at the
to a 16 bp cisplatin-modified oligonucleotide prot#&9), a cisplatin cross-link. There is good agreement with data from
phenylalanine residue is intercalated into the hydrophobic gel mobility shift assays where sequence context modulated
notch created by the cisplatin-modified guanine rings. The the dissociation constant value by orders of magnitd@g (
ability of domain A to effect the large fluorescence change The flanking base on the-3ide of the cisplatin adduct has
observed here might be due to the intercalation of this the largest influence on complex stability, with the strongest
phenylalanine residue. HMG1 domain B has an isoleucine binding occurring with dA followed by T and dC13).
at the equivalent position, and the F37A domain A mutant Dissociation constants obtained from the stopped-flow data
has this phenylalanine mutated to an alanine. Neither residug(Table 3) follow this trend. The differences Ky depend
has the ability to provide a stacking interaction with the entirely on ko, the ko values being similar for all the
guanine rings that has been suggested to be important in thesequences. An interesting observation is that an alteration
binding of HMG1 domain A 29). Consequently, these in DNA sequence at the third and fourth bases to thaice
proteins could bind in a different manner and not perturb of the cisplatin-adduct does not appear to affect the binding
the fluoresceirrdU environment to the same extent. Thus, of HMG1 domain A. The sequence was altered by switching
it may be that the presence of the intercalating phenylalaninepyrimidine bases in probes A and E, and it would be
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interesting to observe what effect would arise if a pyrimidine information about the kinetics of HMG-domain proteins
base were exchanged with a purine. binding to cisplatin-modified DNA. Very little kinetic
Overall, the binding of HMG1 domain A is fast, witq, information is available for HMG-domain proteins binding
values nearing the diffusion limit. Dissociation of the protein to DNA in general. Data obtained through competition kinetic
also occurs relatively quickly. The half-life for the protein gel shift experiments revealed a dissociation rate constant
DNA complex, calculated from thie values, is~20 ms at of 1.1 x 104 s! for LEF-1 binding to its target DNA
4 °C and~5 ms at 20°C. The length of the oligonucleotide  sequence47). From theKy of 1 nM determined in that work,
does not affect the rate of binding or dissociation, since the the binding rate constant is calculated to be £.10° M~
rate constants obtained for a 71-mer DNA probe are s’ Surface plasmon resonance techniques were used to
essentially the same as those measured for a 16 bp probeneasure the binding of HMG1 and HMG2 to a 30 bp
with the same flanking DNA sequence. Because of this oligonucleotide 48). Thek,, andky values for both of these
observation, it is unlikely that a “sliding” mechanism, where proteins were~2 x 10* Mt s and~6—7 x 102 s?,
the protein diffuses along the DNA molecule, is occurring respectively. These results demonstrate that the binding and
here. Such a process exhibits a characteristic dependence odissociation of LEF-1, HMG1, and HMG2 proteibDNA
the length of the DNA molecule4f). The quality of the complexes with unmodified DNA occur much more slowly
stopped-flow data with HMG1 domain A allowed temper- than for complexes with HMG1 domains A and B and
ature-dependent studies to be performed to determine activacisplatin-modified DNA.
tion parameters. Similar values were obtained for both the Kinetic parameters for HMG-domain proteins binding to
binding and dissociation activation enthalpiésf*, which cisplatin-modified DNA have been determined more directly
explains why, within error, th&y values are invariant with through stopped-flow FRET studieg§). In these experi-
temperature. The activation entropieeS', for the binding  ents, a 20 bp cisplatin-modified DNA probe was labeled
event are larger than for dissociation of the protein from the ;i 4ne end with a donor and at the other end with an acceptor
DNA. T.his result can be rationalized by C(_)nsidering that dye. Distance changes between the donor and acceptor,
counterions and c_>rdered water molecul_es will be'released alcaused by protein binding and bending of the DNA, were
the prote!H—II_)NA |'nt('erface, causing an increase In entropy o nitored via fluorescence intensity changes. The associative
upon their dissociation. _ _ rate constants for HMG1 domains A and B binding to a
The fluorescence signal change obtained with HMG1 o aiin-modified probe at 2C in these FRET studies were
domain B was significantly diminished compared to that for (1.0 + 0.3) x 10° and (L.1+ 0.1) x 1® Mt s%,

HMG1 domain A. The lower signal-to-noise ratio afforded oqhactively. These values are about 10-fold larger than those
lower-quality data and did not allow studies to be performed yatarmined here with the fluoresceidU probes. Thek

above 4°C. Nonetheless, as with HMG1 domain A, the 5165 measured for domains A and B were532 and 30
blnd|.ng of HMel. dOfT‘a'.” B is fast with théo, values + 4 s'1, respectively, similar to those determined here.
nearing the diffusion limit. In fact, the rate constants for ) ) )

One explanation for the differences in tlkg, values

HMG1 domain B are all either the same as or larger than ) . !
obtained in the FRET stopped-flow studies and the values

those obtained for HMG1 domain A. The sequence of the )
bases flanking the cisplatin cross-link did not influence the €POrted here is that the two types of fluorescent DNA probes

kinetic data with domain B, consistent with the results of May monitor two different phases of the binding event. A
gel mobility shift studies where the flanking nucleotide possible scenario is that initial binding of the protein induces

preference was much less pronounced with HMG1 domain & DNA bend. The protein is subsequently locked into place

B than with domain A {3). The dissociation of this protein by intercalation of protein residues, producing a further
DNA complex is almost 3 times faster than with HMG1 conformational change. DNA probes used in the FRET study
domain A with a half-life of~7 ms at 4°C. would respond to the DNA bend produced in the initial

The kinetic data obtained here provide some insight into Pinding event. Any subsequent conformational changes
the different DNA binding properties of HMG1 domains A Would_not be de_tected if _the distance between the ends of
and B. Data collected with probes A and E (TGGA central the oligonucleotide remamed uqaltered. The fluorescence
sequence) demonstrate that both proteins have similar binding?hange of the fluoresceirdU moiety, on the other hand,
rate constants. The dissociation rate constants for HMG1 May not be responsive to the initial binding event, but should
domain B are~3—4 times larger than those obtained with qletect subsequent C(_)nformational changes due to intercala-
domain A, however. Thus, it is the off rate that is responsible tion. The conformational change would depend on the
for the larger dissociation constant. This binding affinity Position and degree of intercalation, explaining why the
difference between domains was highlighted in the protein fluorescence change is diminished for the F37A domain A
competition stopped-flow studies. Excess domain B could Mutant and HMG1 domain B compared to HMG1 domain
not effectively displace the prebound domain A protein, but A- A similar two-step mechanism has been proposed for the
excess domain A could displace the prebound domain BTATA binding prote_ln, which intercalates phenylalanine
protein. The overall fluorescence change in studies with the "esidues from the minor groove4).
full-length HMG1 protein indicates that it is domain A that It would be interesting to compare the rate constants
controls the binding when both domains are present. Theseobtained from the stopped-flow experiments with the fluo-
results are consistent with a recent footprinting study, where rescein-dU moiety to those from stopped-flow anisotropy
domain A mediated the structure-specific binding of an experiments. Such studies should reveal a decrease in the
HMG1 AB didomain to four-way junction DNA46). rotational correlation time due to initial protein binding that

Comparison with Rate Information from Other Kinetic would be detected as an anisotropy change. By comparing
StudiesThe results of these experiments provide important the rate constants from the anisotropy experiments with those
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Ficure 8: Kinetic simulation of the hijacking (A and B) and repair shielding (C and D) models. The forward and reverse rate constants
for forming the HMG-Pt—DNA complexes (dashed lines) were set t 08 M~1 s71 and 50 s, respectively. The forward and reverse

rate constants for forming the HMGarget DNA and repaitPt—DNA complexes (solid lines) were set tox1 10° M~ s 1 and 0.1 s?,
respectively. In panel A, the initial concentrations of the Hii@rget DNA complex and PIDNA were set to 1Q:M. In panel B, the

initial concentration of the HMGtarget DNA complex was set to 46M and the concentration of PDNA was set to 1Q:M. In panel

C, the initial concentrations of repair protein, HMG protein, andPNA were set to 1Q«M. In panel D, the initial concentrations of repair
protein and Pt-DNA were set to 1M, and the concentration of HMG protein was 4M.

obtained from fluorescence intensity changes, one couldHMG1 with cisplatin-modified DNA 49). The results
determine whether the two-step model presented here isrevealed that, when both proteins were present, HMG1
feasible. Nonetheless, the data from both the FRET andselectively bound the platinated DNA at the expense of RPA
present studies have determined a relatively narrow rangecomplex formation. One possible explanation for this result
for the binding and dissociation rate constants for complexesis that the competition is kinetically controlled, and HMG1
between HMG-domain proteins and cisplatin-modified DNA. binding to cisplatin-modified DNA occurs at a rate that is
Implications for the Mechanism of Action of Cisplatin. faster than the rate of RPA binding9). Thek,, values for
Examining the kinetics of HMG-domain protein binding to domains A and B of HMG1 determined here are consistent
cisplatin-modified DNA provides important fundamental with such an explanation, since they approach the diffusion
information about the resulting complexes. The data are limit.
potentially valuable for understanding what role these Kinetics simulations performed with the program Hop-
proteins might play in sensitizing cells to this anticancer drug. KINSIM, shown in Figure 8, demonstrate that HMG-domain
One proposed mechanism of action for cisplatin has HMG- proteins can compete in mechanisms such as those presented
domain proteins diverted from their natural DNA binding above. In these models, rate constants for complexes between
sites to cisplatirr-DNA adducts 2). The subsequent inability ~ HMG-domain proteins and platinated DNA were based on
of such proteins to perform their normal functions contributes those determined experimentally. A model for the hijacking
to cell death. Another proposal is that HMG-domain proteins mechanism, where an HMG-domain protein can bind com-
shield cisplatir-DNA adducts from damage recognition petitively to both its natural target and platinated DNA, is
proteins involved in nucleotide excision repair, and the presented in panels A and B of Figure 8. In these simulations,
persistence of the cisplatin cross-links on the DNA causes the HMG-domain protein is initially bound to the natural
cell death 2). The kinetics of proteirDNA complex  target site. Over time, some of the HMG-domain protein is
formation and dissociation are important in both of these diverted to the platinated DNA, showing this model to be
leading hypotheses. feasible for both concentrations of HMG-domain protein that
Competition between various proteiDNA complexes is were examined. The repair shielding model is presented in
important to both the hijacking and repair shielding mech- panels C and D. Here, repair and HMG-domain proteins
anisms, as highlighted by an experiment that examined thecompete for the platinated DNA target. Under all of the
interactions of RPA, a protein involved in DNA damage conditions that were examined, HMG-domain protein-
recognition in the nucleotide excision repair pathway, and platinated DNA complexes dominate at early time points.
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With 1 equiv of HMG-domain protein (panel C), the levels
of the platinated DNA complex eventually are diminished

and level out as the repair complexes are formed; however,

with excess HMG-domain protein (panel D), the platinated
DNA complexes dominate over the repair complexes.

The availability of kinetic data obtained from studies such

as those presented here allows modeling studies to be

performed in an effort to examine the hijacking and repair
shielding models. It is not known exactly what levels of
HMG-domain protein-platinated DNA complexes would be

necessary to produce a cytotoxic response in vivo. Moreover,
we recognize that the parameters for HmG domains could 12.

differ from those of the full-length proteins. These simula-

tions demonstrate, however, that complexes between HMG-

domain proteins and platinated DNA can form at significant

levels and potentially interfere with cellular processes through
both of these proposed mechanisms. For example, a 2-fold

elevation in the level of HMG1 in human, MCF-7 breast

cancer cells effected by treatment with estrogen or proges-
terone is accompanied by a 2-fold sensitization of these cells

to cisplatin £0). This result is consistent with a repair
shielding mechanism.
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results of stopped-flow studies with the F37A domain A

mutant and HMG1 (Figures S5 and S6, respectively); data
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