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ABSTRACT: Hydroxyl radical footprinting has been used to probe interactions in complexes between the
ets domain of the murine transcription factor PU.1 and three different DNA restriction fragments, each
containing one copy of the recognition sequene&&AA-3'. Two natural PU.1 binding sites, the SV40
enhancer site and thB motif of Ig 12—4 enhancer, were used as well as the PU.1 binding site present
in the crystallized PU.2DNA complex [Kodandapani, R., Pio, F., Ni, C.-Z., Piccialli, G., Klemsz, M.,
McKercher, S. R., Maki, R. A., and Ely, K. R. (1998)ature 380 456-460]. The footprints obtained

for the three different DNA sequences are almost identical. The extent of contact with the protein was
monitored for every base in the complex. Two concentration-dependent cleavage sites on the
complementary TTCC strand are evidence of a specific interaction between PU.1 and the DNA. Two
more protection sites and a hypersensitive cleavage site on the GGAA strand were observed. Although
these data confirm the global structure of the PtDINA complex as suggested by crystallography, the
footprinting data reveal differences between the prot&NA contacts in solution and in the crystal
state. An additional interaction site not present in the crystal structure was observed by hydroxyl radical
footprinting.

The PU.1 transcription factor is a member of the ets gene fragment. The protein domain consists of thredelices
family. It plays an important role in normal development and a four-stranded antiparall@isheet. Three regions of
by regulating the differentiation of mast cells and macro- the protein make contact with the DNA: the recognition helix
phages and in the maturation of B celly.( The ets proteins  (a3), the loop betweep-strands 3 and 4 (a “wing”), and
share a conserved 85 amino acid DNA binding domain, the the loop between helices 2 and 3, which is actually the turn
so-called ets domain, that recognizes the seqUERGEBRA- in the helix-turn—helix motif. Four highly conserved amino
3 flanked by more variable but not random &nd 3 acids are involved in these contact sites. Two conserved
sequences. These proteins bind the DNA as monomers. PU.&rginines from the recognition helix interact directly with
is the least conserved member of the ets family and shareshe major groove of the core GGAA sequence. A lysine
a 35% homology with ETS-1, the first ets protein that was from the wing binds the DNA phosphate backbone upstream
characterizedX(, 2). from this sequence and another lysine from the loop between

The secondary structure of the ets domain was solved bya2 ando3 forms a salt bridge with the backbone downstream
NMR for ETS-1 @) and Fli-1 @). Therein, the ets domain  and on the opposite strand. It was also reported that mutation
is characterized as a “winged hefiturn—helix” DNA of any of these amino acids abolished DNA binding.
binding motif. Recently, the three-dimensional structures Furthermore, a network of well-ordered solvent molecules
of ets proteir-DNA complexes have appeared in the was observed in the major groove of the DNA.

literature ¢—7). The crystal structure of PU.1 bound to  The structure of the ets domain of another ets protein, Fli-
D_NA preser_nts a new pattern for_ a hehturn—hel_lx DNA 1, has been studied in the presence of a 16-bp oligonucleotide
binding motif that is better described as a ledgelix—loop by NMR spectroscopy4). The comparison of the ets
architecture ). In the crystal the DNA is bent toward the  gomains of PU.1 and Fli-1 demonstrated the importance of
protein by 8 and curved almost uniformly along the 16'bp  interactions mediated by amino acids conserved between the
ets family in DNA recognition§). The structure of the ets
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Hydroxyl radical footprinting has been shown to resolve
the interactions in protetnkDNA complexes on a single base
level. Hydroxyl radicals react with the backbone of the DNA
with almost no sequence specificity, yielding a very uniform
cutting pattern. Bands with reduced intensities in the

Gross et al.

binding site of pBluescript Il SK plasmid (Stratagene, Inc.)
yielding three new plasmids: pCRYSK, pPUSK, and pLB-
SK. The orientation of the inserts in these plasmids was
determined by chemical sequencing using the base specific
reactions for G and G+ A (13). The end-labeled DNA

footprinting gel pattern reveal bases that are protected fromfragments used in the footprinting experiments were prepared

radical-induced cleavage by protein contacts or conforma-

tional changes in the DNA structure. Since a hydroxyl

as follows. Two PCR primers, P1;-EGAGGTCGACG-
GTATCGATA-3, and P2, 5CAGGAATTCGATATCAA-

radical is roughly the size of a water molecule, the footprints GCTTG-3, were synthesized (Biotech Service Centre,

accurately reflect the accessibility of solvent to the DNA in
a given complex§).

University of Toronto) and separately end-labeled at their
5 ends using §-*?P]JATP and T4 polynucleotide kinase.

Detailed information about the structure and the energetics Three different 100-bp DNA fragments were synthesized by

of protein—DNA interactions have been obtained from
hydroxyl radical footprints. Theé bacteriophage repressor

PCR using the plasmids pCRYSK, pPUSK, and pLBSK as
templates and on€‘&nd-labeled primer and the other one

and Cro proteins were shown to bind only to one side of the Unlabeled as PCR primers.

DNA helix at their target sequencd)( Analysis of gel

PU.1 DNA Binding Domain.The PU.1 DBD consists of

patterns produced by hydroxyl radical cleavage were usedthe amino acids 161272 of murine PU.1. It was overex-

to determine DNA contacts of the archetypal zinc finger
protein TFIIIA (9). A binding model of the transcription
factor TFIIB to the TATA binding protein complex with
DNA was proposed using hydroxyl radical footprinting and
the gel pattern was mapped to a crystal structure mddil (
The hydroxyl radical protection assay for an ETSEINA
complex exhibited protection sites on both stran@)s (

In this paper, we present high-resolution hydroxyl radical

pressed and purified as described by Cheng el d). (This
PU.1 construct contained an additional amino acid sequence
at the N-terminus, a (His}ag that facilitated the purification
process. The (His)tag was linked to the amino acid
sequence of the PU.1 DBD with a thrombin cleavage site.
This allowed us to remove the (Hisbag in the following
procedure: The PU.1 DBD was dialyzed against a thrombin
cutting buffer containing 50 mM Tris-HCI, pH 7.6, 150 mM

footprinting data on complexes between the ets domain of NaCl, and 2.5 mM CaGl For every 10 mg of PU.1 DBD,

murine PU.1 and DNA restriction fragments containing a

20 uL of thrombin (1 unit/mL) was added in a total volume

single ets consensus sequence. The sequence of the ef¥f Protein solution of 10 mL. The cutting reaction was

domain of murine PU.1 is identical to that of the human
PU.1 ets domainl). Three different target DNA sequences
were analyzed in the footprinting experiments: the DNA

carried out overnight at 4C. Afterward, the PU.1 solution
was dialyzed at £C against a buffer containing 25 mM
NaHPQ,, pH 6.5, and 0.1 mM PMSF. The cleavage of the

sequence used in the crystal structure, allowing direct (HiS)s tag improved the stability of the PU.1 samples and

comparison to the crystal structurg);(a 17-bp region of
the SV40 enhancerl(); and a 23-bp region within théB
site of an 1gA2—4 enhancerX1, 12. The DNA bases on

increased the possible storage duration.
Hydroxyl Radical Footprinting. The procedure used in
the present experiments was modified from the original

both strands that are in close contact with the protein are Protocol §). To 1uL (20 000 cpm~10 ng) of end-labeled
monitored. Three contact sites, in agreement with the crystal PNA in a buffer containing 10 mM Tris HCI, pH 7.6, 50

structure, and an additional binding site were foubg (

MATERIALS AND METHODS

Enzymes and Chemical®\ll restriction enzymes, BSA,

mM NacCl, 1 mM EDTA, 1ug of BSA, and 1ug of poly-
(dI-dC)-poly(dl-dC) in a volume of 1L, 1 uL of PU.1
DBD at various concentrations was added, and the mixture
was allowed to equilibrate at room temperature for 1 h. The
footprinting reaction was carried out by addinguB of

and T4 polynucleotide kinase were purchased from New cleavage solution containing 138V ammonium iron(ll)

England Biolabs Inc.; T4 DNA ligase was from Boehringer
Mannheim;Taq DNA polymerase came from Gibco BRL.
DNase |, the dNTPs, and poly(dl-d@ply(dl-dC) were
obtained from Pharmacia Biotech. Thrombin came from

sulfate hexahydrate solution, 2681 EDTA, 6.7 mM sodium
ascorbate, and 0.1% hydrogen peroxide. The cleavage
reaction was allowed to proceed for 2 min at room temper-
ature. It was stopped by adding: of a solution containing

Calbiochem-Novabiochem Corp. Ammonium iron(ll) sulfate 50 mM thiourea and 0.1 M EDTA and then kept on ice.
hexahydrate and-ascorbic acid (sodium salt) were from The reaction solutions were lyophilized and subsequently
Aldrich; EDTA (disodium salt) and hydrogen peroxide (as dissolved in a loading buffer containing 90% formamide.
a 30% aqueous solution) came from Fisher Biotech. Ra- DNase | Footprinting. End-labeled DNA (1L, 20 000
dioactive [y-*2P]ATP was purchased from Amersham Corp. cpm,~10 ng) was incubated with 30 ng (or 300 ng) of PU.1
DNA Preparation. Single-stranded 61-base oligonucle- in 17 uL of the buffer described above, but NaCl was
otides containing the following central sequences were replaced by 10 mM MgGland EDTA was omitted. The
synthesized (Biotech Service Centre, University of Tor- complex was cleaved for 30 s at room temperature after the
onto): A, 5-AAAAAGGGGAAGTGGG-3; B, 5-TC- addition of 0.5 unit of DNase I. The reaction was stopped

CCACTTCCCCTTTT-3 C, 5-CTGAAAGAGGAACTTGG-
3,; D, 5-CCAAGTTCCTCTTTCAG-3, E, 5-AAATAAAA-
GGAAGTGAAA-3'; F, B-TTTCACTTCCTTTTATT-3. Each

oligonucleotide was phosphorylated using T4 polynucleotide

kinase and A was annealed with B, C with D, and E with F.
The resulting dsDNA inserts were ligated into tHendlll

by adding 1uL of a 0.2 M EDTA solution. Afterward the
solution was kept on ice. The samples were dried and
dissolved in loading buffer as described above.

Gel Electrophoresis.DNA samples were denatured (90
°C, 3 min) prior to loading on an 8% polyacrylamide
denaturing gel (7 M urea) and run at 2000 V for 2 h. After
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Ficure 1: Titration of the TTCC strand with PU.1 followed with
hydroxyl radical footprinting®2P-end-labeled DNA (L) at 20 000
cpm (~10 ng) was used in each lane. Amount of PU.1 used: lane
1, no protein; lane 2, 0.3 ng; lane 6, 3 ng; lane 16, A4g5 The
location of the footprint was verified using the chemical sequencing
reactions for G and G- A (data not shown).

Intensity

electrophoresis the gels were dried and the band pattern was
visualized using an Ambis model 4000 radioanalytic imaging
system.

0 100 200 300 400

RESULTS

lane length (pixel)

The three DNA fragments used in our experiments have Ficure 2: Hydroxyl radical protection pattern for the different DNA
been shown to bind to PU.1. pCRYSK contains the DNA fragments used. (a) Gel region that contains the footprints observed
sequence of the DNAPU.1 ets domain complex in the for different DNA fragments. Each lane contains 20 000 cpm of

; . 32p-end-labeled DNA10 ng). The amount of PU.1 used was none
crystal structureq). pPUSK contains a 17-bp region of the (— lanes) or 300 ng+ lanes). pCRYSK is used in lanes 1 and 2

SV40 enhancer known to bind PU.11j. The specific (GGAA strand) and lanes 7 and 8 (TTCC strand), pLBSK in lanes
binding of the ets domain of PU.1 to this DNA region has 3 and 4 (GGAA strand) and lanes 9 and 10 (TTCC strand). The
been shown by mobility shift assayk4j and NMR experi- protection sites observed for these DNA fragments are marked with
ments (P. E. Morin and C. H. Arrowsmith, personal arrowheads on the left site of the gel. pPUSK is shown in lanes 5

L . and 6 (GGAA strand) and lanes 11 and 12 (TTCC strand). The
communication). The third DNA target sequence used here pqtection sites obtained for this DNA fragment are indicated with

is found on thelB site of an Ig 2—4 enhancer¥2). The arrowheads to the right. (b) The cleavage protection on the GGAA
sequence-specific binding of PU.1 to thB site has been  strand of the pCRYSKPU.1 complex (lanes 1 and 2 in panel A)

- intensity profile obtained in the absence of PU.1; the solid line
interference assayd%). For all three DNA fragments, we represents the cutting pattern in the presence of 300 ng of protein.

have analyzed the hydroxyl radical cleavage patterns of bothThe overall intensities of the lanes were normalized to eliminate
strands. variation due to loading errors resulting in the intensity profiles
Hydroxyl Radical Cleaage Pattern for the DNA Sequence shown here. The intensity plot of the control lane was moved along
Used in the Crystal StructureThe results for the DNA the abscissa to visualize both profiles more easily.
strand containing the antisense TTCC sequence are shown
in Figure 1. Lane 1 shows that in the absence of protein a & specific interaction between DNA and PU.1. The protected
uniform cleavage pattern of the DNA is observed. Lanes region includes one nucleotide of the antisense TTCC core
2—16 show the effect of increasing PU.1 concentration on (T at position 10) and the three nucleotides upstream, C(11),
the cleavage pattern. At a PU.1 concentration of 150 pg/ A(12), and C(13); the numbering system for the DNA
ulL (lane 6) a clear protection site can be detected. A second,positions is shown in Figure 3. The weak protection site on
weaker protection site is also visible. The appearance of athis strand includes the nucleotides at positions 2 and 3,
concentration-dependent cleavage protection is evidence ofT(2)T(3).
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FiGURE 3: Comparison of the interactions between ets domains Hypersensitive sites are marked with arrowheads, and cleavage sites
and their target sequences. (a) The sequence of the PU.1 binding}h,at are a]most unchanged in the presence of PU.1 are indicated
region of the restriction fragment pCRYSK contains the DNA With asterisks.

sequence used for crystallography of the PtDNA complex 6). ]

The consensus sequence is shown in boldface type; the backbone Hydroxyl Radical Cleaage Pattern for the SV 40 arid

positions protected from hydroxyl radical cleavage are indicated DNA Sequences.Figure 2a shows the hydroxyl radical
with solid arrowheads. The basé t each indicated position is cutting patterns obtained for the three different DNA

missing in the gel pattern and is discussed in the text as a protecte . : .
nucleotide. DNase | hypersensitive sites are marked with arrows;dfragments used. Lanes-B give the footprints for the

DNase | cleavage sites that are unchanged in the complex are'®Spective GGAA strands. With one exception, the position
marked with an asterisk. The corresponding bands in the gel patternand the extent of the two protection sites are identical for
are the bases % an arrow or an asterisk, respectively. The contact the different sequences. The footprint downstream of the

sites described in the crystal structure are marked with open symbols it ; f two nucleoti in
(5). (b) DNA sequence and footprints obtained for the pPUSK GGAA recognition sequence consists of two nucleotides

PU.1 complex. The sequence shown here is identical to that of thethe case of pCRYSK (lane 2) and of three _nucleoti_des for
SV40 enhancer sitel (). (c) Footprints obtained for the pLBSK pPUSK and pLBSK (lanes 4 and 6). The interactions of

PU.1 complex. The sequence aligned here corresponds tBthe PU.1 with the different DNA sequences are summarized in
site of the Ig42—4 enhancer 12). The protection pattern sum-  Figure 3.

marized in panels -ac are obtained from several independent — pa hyqroxyl radical footprints of the PU.1 complexes on
footprinting experiments that gave identical results. (d) Sequence ) .
positions protected from hydroxyl radical cleavage as observed in the TTCC strands of theB site and the SV40 enhancer site
an ETS-EDNA complex; sites showing=40% protection are are shown in lanes-912 in Figure 2a. To allow a direct
indicated ). comparison with the footprints of the pCRYSiU.1
complex, lanes 7 and 8 contain the footprinting data already
The cleavage pattern obtained for the DNA strand contain- presented in lanes 1 and 15 of Figure 1. It is evident that
ing the recognition sequence is shown as raw data in Figurethe cleavage patterns are identical.
2a (lanes 1 and 2) and as intensity profiles in Figure 2b.  The apparent shift in the protected regions of the SV40
Two protection sites are found. One is upstream from the enhancer site (as seen in lanes 6 and 12) relative to the
GGAA site and consists of the DNA positions A(2) and A(3). footprints observed for pCRYSK and pLBSK arises because
The second protection site is downstream and includes thethis sequence is inserted into pPUSK in the opposite
nucleotides at the positions G(11), T(12), and G(13). direction. In addition, the primers used for amplification of
Compared to the intense protection site obtained for the the DNA fragments are not equally distant from tHiadll|
TTCC strand, the protected regions in the sense strand arecloning site resulting in a different position of the recognition
less pronounced. Their position and the extent of protection site on this DNA fragment.
can be determined by comparison of the normalized intensity DNase | Footprinting We also compared the hydroxyl
profiles of the lanes as shown in Figure 2b. Thus, despite radical footprints with those obtained by DNase | cleavage
some apparent interactions with the protein, the nucleotidesfor the three different DNA-PU.1 complexes. The cutting
of this strand are more accessible to attack by the hydroxyl patterns observed on both strands of the DNA fragments are
radicals than those of the TTCC strand. Interestingly, no shown in Figure 4. The protected regions are much larger
protection occurs at the GGAA recognition site; in fact, the and include 16 nucleotides; the entire regions shown in
DNA positions G(8) and the adjacent A(9), both within the Figure 3 are protected through interactions with the protein.
recognition sequence, are hypersensitive toward the cleavagé\n expansion of the apparent protection region is expected
reaction. when a larger cutting reagent, such as an enzyme, is used.
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An interesting feature of the DNase | footprint is the The hydroxyl radical cutting pattern obtained for the
appearance of a hypersensitive band on the TTCC strandGGAA strand of pCRYSK also reveals differences in the
almost in the center of the protected region. The position protection sites compared to those expected on the basis of
of this band is identical for the three DNA fragments used direct protein contacts reported in the crystal structure. In
and corresponds to nucleotide position 6. Additional DNase the crystal structure, one contact downstream from the core
| hypersensitive sites are seen in the DNA fragment pCRYSK sequence was observed at the nucleotide T(12). In the
at position C(5) and another one in the DNA fragment footprinting experiments, this DNA position, T(12), and the
pPUSK at position T(3. The intensity of the latter two  two adjacent nucleotides, G(11) and G(13), are protected
hypersensitive sites is less pronounced than that of positionfrom cleavage. Both of these guanines are complementary
6 but nevertheless evident. The DNase | footprints observedto DNA positions protected on the TTCC strand. The
for the GGAA strands show that the cleavage of the DNA GGAA strand shows a second site located upstream from
backbone at positions 8 and 9 remains almost unchanged irthe recognition sequence that is protected by the presence
the presence of PU.1. These DNA positions are marked with of the protein. The crystal structure reveals contacts flanking
asterisk. the B8 sequence of the core at the DNA positions A(3), A(4),
and G(5). In solution, only A(3) and A(2) are protected from
DISCUSSION radical cleavage. Nucleotide position A(4) is protected in
Hydroxyl Radical Protection Pattern for the pCRYSK  the two other PU.£DNA complexes; this is the only
PU.1 Complex. The cutting patterns observed for the difference observed between the hydroxyl radical protection
pCRYSK—PU.1 complex are discussed in light of the patterns of the different DNA sequences used here. The
crystallographic data for the PUZDNA complex (Figure nucleotide position G(5) is not protected in any of the PtJ.1
3a). The DNA sequence used in both methods is identical DNA complexes analyzed despite the interactions described
in the region of protein interaction. Direct contacts observed in the crystal structure.
in the crystal structure between the phosphate backbone of From the gel pattern it is evident that, overall, the GGAA
the DNA and the protein are expected to block the accessstrand is more accessible to the hydroxyl radicals than the
of hydroxyl radicals to those DNA positions and result in TTCC strand, resulting in a weaker footprint and the
the protection of the corresponding nucleotides in the gel observed hypersensitivity of the DNA at positions 8 and 9
pattern. On the other hand, the water-mediated contacts(intensity profile in Figure 2b). This observation coincides
between the protein and the DNA may allow hydroxyl with the proteir-DNA contacts observed with the GGAA
radicals access to the corresponding DNA phosphate posi-strand in the crystal structure, where almost all interactions
tions to at least some extent. of the protein are with the bases at the recognition site,
For the antisense strand we have observed a protected5GAA (3). The phosphate backbone is exposed in the wide
region of five bases upstream from the “anticonsensus” minor groove of the bent DNA helix, which would allow
sequence, TTCC. The crystal structure data also suggest thaattack by hydroxyl radicals even at a protein interaction site,
there are numerous contacts between four phosphates in thaucleotide position G(5). In addition, the presence of
DNA backbone of this strand and the proteB).( These numerous water molecules in the major groove around the
contacts arise from interactions of both the main-chain and recognition site would enhance the access of the hydroxyl
side-chain atoms of the protein with the DNA. Comparison radicals and lead to the hypersensitivity observed in the
of the binding sites obtained by the two methods reveals the recognition site, since the hydroxyl radicals attack the DNA
protected region determined by footprinting (nucleotides 10 backbone via the major and the minor grooves.
14) to be shifted upstream relative to that expected from the It is not clear whether the differences between observed
crystal structure data (nucleotides 82). Starting fromthe  and expected protection sites are due to real differences in
5' end, the first three DNA positions of the footprint, T(10), the solution and crystal forms of the PU-DNA complex
C(11), and A(12), are protected as expected from the contactor to the fact that phosphates need not be in direct contact
presented in the crystal structure. However, despite thewith the protein in order to be protected from hydroxyl
defined contact in the crystal structure from lysine 223, the radical cleavage. Examination of the crystal coordinades (
phosphate group of T(9) is not protected from hydroxyl PDB accession code 1PUE) shows that all the protected sites
radical cleavage. There are several possible explanationshere are in close proximity to the protein, specifically to the
for this result. The observed cleavage of the DNA backbone two loops N-and C-terminal to the recognition helix of PU.1.
reflects the accessibility of water in this region of the DNA It is possible that the close proximity of the protein to the
PU.1 complex and the crystal structure shows a network of phosphate backbone in these regions could slow the cleavage
water molecules at the recognition sequence in this region.reaction enough to create a footprint. Additional detailed
In solution, these water molecules exchange rapidly with the comparisons between other crystal structures and high-
bulk solvent and would allow hydroxyl radicals access to resolution footprinting data are needed to understand the
the DNA backbone. Furthermore, the bending of the DNA, correspondence between these two methods.
shown in the crystal structure, would distort the DNA helix,  The following factors may also contribute to the observed
widening the minor groove by 23 A and making the  differences. The crystal structure was defined for amino
backbone more accessible to hydroxyl radic&)s (On the acids 171258 of a PU.1 fragment containing amino acids
other hand, several phosphate groups on the TTCC strandl60-272. Residues 160170 are not resolved in the crystal
are protected from hydroxyl radical cleavage that do not have structure, presumably due to the absence of an ordered
direct protein contacts in the crystal structure. These include conformation. The PU.1 DNA binding domain used in our
C(13) and C(14) within the main protection site as well as experiments also contained these amino acids. The greatest
T(1)T(2)T(3) at the distal end of the complex. difference between the footprinting data and the direct
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contacts in the crystal structure occur in the vicinity of lysine molecule widens the minor groove of the DNA, presumably
171, the first amino acid resolved in the crystal structure. facilitating access by the DNase | to the backbone between
Crystallographically unresolvable interactions between the C(5) and T(6) and in the pCRYSKPU.1 complex between
DNA and the protein in this region may be responsible for T(4) and C(5) as well. However, the presence of a specific
the differences. hypersensitive site is difficult to rationalize on the basis of
The crystals of the PUADNA complex were obtained the crystal structure data, which indicate uniform bending
under experimental conditions that vary markedly from our and no apparent local distortion of the DNA hel®.( The
experimental procedurd®). Within the crystal, there isend- second hypersensitive site in the PU.1 complex with the
to-end stacking of the DNA strands, as well as interactions DNA sequence (pCRYSK) further underscores this contra-
between the protein and DNA in neighboring unit cell§)( diction. Elsewhere in the binding site, the presence of bound
In a single PU.£DNA complex as present in our footprint- PU.1 blocks enzymatic activity of DNase I. Since hydroxyl
ing experiments, the DNA might wrap around the protein radical footprinting did not give excess cleavage at the
even more tightly, resulting in additional interactions that position of DNase | hypersensitivity, the aqueous environ-
are seen on the edges of the footprint of the TTCC strand, ment around these nucleotides, C(5) and T(6), is not
C(13)C(14) and T(1)T(2)T(3). significantly different from the environment surrounding
Footprinting Results for the Three Different DNA Se- other unprotected DNA positions.
guences.The complexes formed between PU.1 and the three  Our data also show the existence of a second but less
DNA sequences presented here result in similar hydroxyl hypersensitive band at the distal end of the DNase | footprint
radical footprints. The number of protein interaction sites of the pPUSK-PU.1 complex. Since no other bands outside
and their position is the same for the DNA sequence usedthe footprint region increase in intensity in the presence of
in the crystal structure as for the two natural PU.1 target the protein, the excess cleavage at therl of the PU.%+
sites. The only difference observed is a missing protection pPUSK complex and also at position C(5) in the PU.1-
of one nucleotide in the pCRYSKPU.1 complex. The  pCRYSK complex is the result of a PU.1-induced change
different flanking sequences in the DNA fragments we used of the DNA structure and not the consequence of mass action.
can be compared to a Spi-1/PU.1 consensus binding site, The DNase | footprints observed for the GGAA strands
AAAA(A)(G/c)(AIC/IG) GGAA(G/C)T(A/G)(G/C), where agree with the results from hydroxyl radical footprinting. The
lowercase letter indicate less-favored nucleotidés).( lack of protection of the nucleotides at positions G(8) and
Interestingly, only the DNA sequence used in the crystal A(9) from DNase | cleavage is consistent with the excess
structure agrees completely with the consensus binding site cleavage of the recognition region by hydroxyl radicals.
whereas both natural PU.1 binding sites differ to some extent. Comparison with Footprinting Data of Other Et®NA
The close correspondence in the footprinting data for all three Complexes.The hydroxyl radical protection pattern of the
PU.1 binding sequences shows that PU.1 binds to variousPU.1-DNA complex is comparable but not identical to high-
GGAA sites in a very similar manner. We hypothesize that resolution footprinting data of the ETS-DNA complex @).
the interaction sites of PU.1 presented here can be extrapo-This is illustrated in Figure 3d. Two protection sites were
lated to other PU.£DNA complexes with different flanking ~ found on the TTCC strand of the ETS-DNA complex.
sequences. Quantitative hydroxyl radical footprinting re- Their positions are identical to the protection sites found in
vealed that the ets domain of PU.1 bound the sequence usethe PU.:-DNA complexes, although the nucleotides pro-
in the crystal structure (pCRYSK) and the SV40 enhancer tected from cleavage vary. The interaction sites of ETS-1
sequence (pPUSK) with almost identical binding affinities, and PU.1 on the GGAA strands are comparable as well.
whereas it bound significantly more strongly th® DNA Again, two protection sites are observed; however, their
sequence (pLBSK) (P. Gross et al., unpublished results). Thepositions and the number of nucleotides involved differ in
identical binding mode of PU.1 to the three different DNA the ETS-1-DNA complex and the PU:ADNA complexes.
sequences and the high sequence homology (comparéThe comparable interaction sites of ETS-1 and PU.1 with
pCRYSK and pLBSK) that results in different binding DNA demonstrate a similar binding mode of both proteins
affinities indicate that the affinity of PU.1 to its target with DNA.
sequences is at least partially also determined by additional Ethylation interference data of a PU:DNA complex
factors that still have to be elucidated. suggest that a number of DNAphosphate groups form
DNase | Footprinting. The DNase | protection pattern interactions with the protein that are not observed in the
for the TTCC strand of PU:2ADNA complexes agrees with  hydroxyl radical footprinting experiment&?). The smaller
previous observations of a DNase | hypersensitive site nearsize of hydroxyl radicals allows them to react with the DNA
the TTCC sequencd {—19). DNase | footprints including  backbone at positions that are inaccessible to the somewhat
the existence of a hypersensitive site are the same for othellarger ethyl groups. Therefore, hydroxyl radical footprinting
ets domains (ETS-1, Fli-1, and GABP), implicating a similar yields a higher resolution footprint than that obtained by
DNA binding mode for all ets protein®(20. Our results ethylation interference assays. Since it reflects the acces-
are consistent with these previous findings. The analysis of sibility of water to DNA molecules, only close contacts
three different PU.2DNA complexes shows a highly  between the protein and the DNA result in the presence of
conserved DNase | hypersensitive site one base downstreana protection site, whereas more distant interactions do not
from the TTCC site. Its position relative to the recognition protect the DNA from radical cleavage.
core was identical despite its different sequences. The use of these two different footprinting methods,
The appearance of a hypersensitive site may be aethylation interference and hydroxyl radical footprinting, also
consequence of the bend in the DNA introduced by protein revealed different apparent interactions in the EFIDNA
binding. Bending the DNA fragment toward the protein complex. The presence of a second protection site in
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hydroxyl radical footprinting of on the TTCC strand in the 4. Liang, H., Olejniczak, E., T., Mao, X., Nettesheim, D. G., Yu,

ETS-1-DNA complex is not demonstrated in ethylation ;Eazh%”gilf’sgrg X- fﬁ&%‘éﬁiﬂ?,gs” W. (199%)oc. Natl.

g‘é%:{}en@ge eé&imﬁgtsirﬁ]tetr?:rfeurllcleenfgfgaisofl 23?(;:5;;5 5. Kodandapani, R., Plo, F., Ni, C. Z., Piccialli, G., Klemesz,
. s X > M., McKercher, S., Maki, R. A., and Ely, K. R. (1998Jature

domains, Fli-1, GABP, and ETS-1, with different target 380, 456-460.

sequences are almost identical, indicating one protein contact 6. Werner, M. H., Clore, G. M., Fisher, C. L., Fisher, R. J., Trinh,

site on the TTCC strandl@). However, these data also L., Shiloach, J., and Gronenborn, A. M. (19921l 83 761~

suggest the existence of only a single protein interaction site _ 771; erratum (1996Lell 87 (2).

on the GGAA strand, whereas hydroxyl radical footprinting - ,\F;I'O' F., Kodandapani, R., NI, C.-Z., Shepard, W., Klemsz, M.,
cKercher, S. R., Maki, R. A, and Ely, K. R. (1998) Biol.

of the ETS-1-DNA complex and as presented here for the Chem 27123329-23337.

PU.1-DNA complex showed that there is a second inter- g Tullius, T. D., and Dombroski, B. A. (1986)oc. Natl. Acad.

action site. From the global structure of the complexes Sci. U.S.A. 835469-5473.

formed by these two proteins and the information obtained 9. Tullius, T. D. (1988)Nature 332 663-664.

from the application of different footprinting techniques to ~ 10. Lee, S., and Hahn, S. (1998hture 376 609-612.

other ets proteins, it is evident that the complexes of ets 11-Pongubala, J. M. R., Nagulapalli, S., Klemsz, M., McKercher,
teins with DNA are comparable S: R., Maki, R. A., and Atchinson, M. L. (199ol. Cell.
pro P : Biol. 12, 368-378.

In summary, hydroxyl radical footprinting reveals detailed 15 gisenbeis, C. F., Singh, H., and Storb, U. (198®). Cell.
information about specific contacts between the DNA and Biol. 13, 6452-6461.
the ets domain of PU.1 that are not easily accessible with 13. Maxam, A., and Gilbert, W. (1988)lethods Enzymol. 65
other techniques. These data together with previously " ‘8?—560)-( Vorin. B E. H A C B LE B
published work support a model for a similar mode of -Lheng, A., Monn, . £, [arms, A. L., bruce, J. =., 5en-
binding for all ets proteins with small but significant David, Y., and Smith R. D. (1996jnal. Biochem. 2335~

. . . . . 40.
differences in the contacts flanking the GGAA site depending 15 pijg, F., Ni, C.-z., Mitchell, R. S., Knight, J., McKercher, S.,

on sequence and experimental conditions. Klemsz, M., Lombardo, A., Maki, R. A., and Ely, K. R. (1995)
J. Biol. Chem. 27024258-24263.
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