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Quantitative Hydroxyl Radical Footprinting Reveals Cooperative Interactions
between DNA-Binding Subdomains of PU.1 and IRF4
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ABSTRACT: Quantitative hydroxyl radical footprinting and fluorescence polarization measurements have
been used to determine the dissociation const#)sof complexes between tlegsdomain of the murine
transcription factor PU.1 and three different DNA fragments. Two natural PU.1 binding sites, the SV40
enhancer site and thB motif of 1g;2—4 enhancer, were used as well as the PU.1 binding site present in
the crystallized PUADNA complex. With the use of quantitative hydroxyl radical footprinting we
obtained binding isotherms for individual protected nucleotides and contact sites on both strands of the
DNA. Kg values of (1.53+ 0.12) x 10°8 M were found for thelB element, (3.6Qt 0.65) x 1078 M

for the SV40 enhancer site, and (2.280.27) x 10°8 M for the sequence used in the crystal structure.

In addition, the binding of a second protein, the DNA binding domain of IRF4, tolBhsite by itself

and in the presence of PU.1 was analyzed. The IRF4 DBD shows three footprints on the TTCC strand
and one footprint on the GGAA strand of thB element. The dissociation constant for the binary IRF4
DBD—AB complex equals (5.5¢ 0.60) x 10-7 M. TheKg value of the IRF4-AB interaction is reduced

by a factor of 5 in the presence of two different DNA-bound PU.1 protein constructs, PU.1 DBD and a
PU.1 construct containing the PEST domain (PU.1-PEST). A similar decreaselqfthkie was observed

for the binding of PU.1-PEST in the presence of DNA-bound IRF4 DBD demonstrating a cooperative
interaction between the PU.1-PEST and IRF4 DBD. On the basis of the hydroxyl radical footprints in
the ternary PU.1/IRF4AB complex, a model for the interactions between the two proteins antBtisée

was developed. The DNA binding domains of both proteins bind the DNA in the major groove with
potential protein-protein interactions near the intervening minor groove.

The transcription factor PU.1 is a member of #tegene sites are bound by PU.1 and a second nuclear fadjor (
family (1). The ets proteins share a conserved 85-amino IRF4 (5). IRF4 is also referred to as Pip (PU.1 interacting
acid DNA binding domain, thetsdomain, that recognizes protein) @), LSRIF @), NF-EM5 (7), and ICSCAT 8). IRF4
the core DNA sequence'-&GAA-3 (1, 2). The three- belongs to a growing family of transcription factors called
dimensional structure of tretsdomain of PU.1 in a complex interferon regulatory factors (IRF) (for review, see Bf
with a 16-bp DNA fragment has been resolved by X-ray IRF4 is closely related to the interferon consensus sequence
crystallography §). In the crystal the DNA is bent toward binding protein (ICSBP) and, like ICBSP, IRF4 is expressed
the protein by 8 and curved almost uniformly along the specifically in lymphoid tissues in both B- and T-cell lines
DNA fragment. The DNA binding motif of PU.1 has been (4, 6).
described as a winged loop-helix-loop architect@k ( IRF4 and PU.1 bind adjacent sites on the Ig light-chain

PU.1is involved in the expression of numerous genes thatenhancer sequenceQ, 11). Whereas PU.1 binds the DNA
regulate the maturation of B-cells and the differentiation of within the enhancer element by itself, the binding of the full-
mast cells and macrophage§.( The immunoglobulin (Ig)  length IRF4 protein to DNA depends on the presence of
light-chain gene enhancerssEand E,-4 contain a conserved  DNA-bound PU.14, 7). Furthermore, the formation of the
DNA element essential to their activitied)( These DNA  ternary complex requires phosphorylation of S148, an amino
acid within the PEST domain (Pro-, Glu-, Ser-, Thr-rich
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addition, protein-protein interactions between the DNA acids 106-272. Except for the longer PU.1 construct, the
binding domains of PU.1 and IRF4 in the ternary complex (His)s tag which facilitates the purification process was

were proposedl). cleaved off the protein construct®(d). The purity of the
Hydroxyl radical footprinting is a useful method to Pprotein samples was verified by polyacrylamide gel electro-
elucidate specific interactions within protei®NA com- phoresis. The bands were visualized by Coomassie Blue

plexes on a single base level. The footprints accurately staining. The DBD of PU.1 and IRF4 were stored in a buffer
reflect the solvent environment around the DNA in a complex containing 25 mM sodium phosphate, pH 6.5, and 0.1 mM
(14). The thermodynamics of DNA binding by one or more PMSF. The longer PU.1 construct was dialyzed &G4
proteins is accessible by quantitative footprinting. The free against a buffer containing 10 mM Tris HCI, pH 7.6, 50
energy of binding has been obtained for several pretein MM NaCl, 1 mM EDTA, 1 mM DTT, and 0.1 mM PMSF.
DNA systems (for a recent review, see ). Whereas The protein concentrations were estimated from the absor-
most quantitative footprinting studies have used DNase | asbance at 280 nm based on molar extinction coefficients
a cleaving agent, only a few investigations have employed calculated using the GCG software package (Genetics
hydroxyl radical footprinting to obtain more detailed ther- Computer Group, Inc): 22190 Mcm™* for the PU.1 DBD,
modynamical and structural information about protediNA 24810 Mt cm* for PU.1 (106-272), and 33690 M cm™*

complexes 16—19). for the IRF4 DBD. All protein samples were stored-&20
In this article, we present isotherms obtained by quantita- °C in aliquots until needed. _
tive hydroxyl radical footprinting for the binding of thets Hydroxyl Radical Footprinting The procedure used in

domain of murine PU.1 to different DNA fragments. We the present experiments was carried out as previously
also present data on the interaction of the DNA binding described Z0), with the following minor modifications.
domain of human IRF4 to théB element on a single base Aliquots of known protein concentration were serially diluted
level. TheiB DNA composite contains a PU.1 binding site  UP to 10000-fold. From each diluted solution 1, 2, 5, or 7
and, downstream from the core recognition sequence GGAA 4L were transferred to a reaction vial containing/2 of a

a binding site for IRF4. The interactions of IRF4 with the 10x binding buffer and JuL of end-labeled DNA at-0.75
DNA are monitored in the absence of PU.1 and in the "M (20000-30000 cpm). The total volume of the binding
presence of two different PU.1 constructs, one containing Slution was adjusted to ZiL by addition of sterile water,
the etsdomain of murine PU.1, and the other containing the @nd the reaction was allowed to equilibrate at@Xor 1 h.
etsdomain plus the PEST domain of murine PU.1. Coop- The final concentrations of buffer were 10 mM Tris-HCI,
erative interactions between the DNA binding domains of PH 7.6, 50 mM NaCl, 1 mM EDTA, g BSA, 1ug poly-
IRF4 and both PU.1 constructs were determined and quanti-(dl-dC)-poly(dl-dC). In the experiments in which two

fied. proteins are studied, the first protein was added at saturating
concentrations (0.24M PU.1 DBD, 0.3uM PU.1-PEST, and
MATERIALS AND METHODS 7 uM IRF4 DBD) and allowed to equilibrate in the binding

_ ) solution with the end-labeled DNA for at ldak h prior to

Enzymes and ChemicalsBSA and T4 polynucleotide  the addition of the titrant protein. Then, a second 1-h
kinase were purchased from New England Biolabs lhaq incubation step followed.
DNA polymerase came from Gibco BRL. The dNTP'sand  after equilibration, the footprinting reaction was carried
poly(dl-dCypoly(di-dC) were obtained from Pharmacia oyt by adding 3L of a cleavage solution containing 133
Biotech. Ammonium iron(ll) sulfate hexahydrate and  ,\ ammonium iron(ll) sulfate hexahydrate solution, 26@
ascorbic acid (sodium salt) were from Aldrich, EDTA EDTA, 6.7 mM sodium ascorbate, and 0.33% hydrogen
(disodium salt) and 30% aqueous hydrogen peroxide cameperoxide. The cleavage reaction was allowed to proceed for
from Fisher Biotech. §-*P]JATP was purchased from 2 min at 22°C. It was terminated by adding AL of a
Amersham Corp. solution containing 50 mM thiourea and 0.1 M EDTA, and

DNA Preparation The cloning of the three different  then kept on ice until all samples were cleaved. The reaction
plasmids used in this study, pPCRYSK, pPUSK, and pLBSK, solutions were lyophilized and subsequently dissolved in
and the amplification of the 100-bp DNA fragments using |oading buffer containing 90% formamide and heat denatured
PCR have been previously describ@®)( pCRYSK con-  at 95°C for 4 min. The DNA samples were resolved by
tains the 16-bp sequence that was used for the crystallographyelectrophoresis on an 8% polyacrylamide denaturing gel (7
of the ets domain of PU.1 §), pPUSK contains a 17-bp M urea). The gels were dried and the band pattern was
region of the SV40 enhancer)( and pLBSK contains the  visualized using an Ambis model 4000 radioanalytic imaging
central 23-bp region of théB site of the murine Ig—4 system.
enhancerq, 11). The DNA concentration was estimated  Numerical Data Analysis The device we used to visualize
from the intensity of the ethidium bromide-stained band of the gel patterns directly detegfisparticles by their ability
a control PCR reaction. to ionize gas atoms. Typically, an exposure time of 16 h

Proteins Different C-terminal PU.1 constructs and the was sufficient to clearly visualize all bands of interest.
N-terminal DNA binding domain (DBD) of IRF4 were  Further analysis and quantification was performed with ONE-
overexpressed and purified according to published protocolsdscan software (Scanalytics Inc., Billerica, MA). The density
(21). The DBD of IRF4 contains amino acids 2037 of profiles for each lane consist of a series of peaks and valleys
human IRF4 protein, which are identical to murine IRF4 in corresponding to maxima and minima of tF® intensity
this region of the protein. The DBD of PU.1 consists of and hence the location of bands and interband spaces on the
amino acids 163272 of murine PU.1, the longer PU.1 gelimage. The peak intensities were obtained by integrating
construct includes the PEST domain and contains aminoa Gaussian fit to each peak. The accuracy of the calculated
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Gaussian profile and the original density profile was verified  The concentration of double-stranded DNA was deter-
for each lane. To allow a comparison of integrated band mined from the absorbance at 260 nm assuming that an
densities from different lanes, the lanes were normalized to optical density equal to 1 at 260 nm was equivalent to 0.15
eliminate pipetting and loading errors. In each lane the mM nucleotides. Protein concentrations were estimated as
integrated band densities of at least six bands well outsidedescribed above. The binding buffer used in these experi-
the footprinting region were summed. The integrated density ments contained 25 mM sodium phosphate adjusted to pH

of each peak was then multiplied by a normalization factor
equal to the quotient of the integrated normalizing peaks of
the control lane (lane without any protein) over the sum of

6.5. A volume of 700uL of PU.1 DBD (30 uM) was
equilibrated with 1 nM fluorescein-labeled DNA at 22,
and the fluorescence polarization was measured using a

the integrated normalizing peaks in the respective lane beingBeacon2000 Analyzer (Pan Vera Corp., Madison, WI) in
analyzed. Then, the normalized, integrated band densitiesaccordance with the manufacturer's recommendations (Bea-

were converted to fractional protectiop) (@ccording to eq
1!

_ In(n)

In,o(N)

(1)

wherely (n) is the normalized integrated density of nucle-
otide n in the presence of protein anko (n) is the
normalized integrated density of the same nucleotide from
a lane without any protein. Fractional saturatior o©f
individual nucleotides and binding sites was determined from
the fractional protection dat&2?—24). The binding data
were fit simultaneously for the binding constant and the upper
and lower transition endpoints according to eq 2 using
SigmaPlot 4.0 software (SPSS Inc., Chicago, IL)

f=mY +b )
where

_ Kg[P]

T 1 KglP] )

andm = Y-y, andb = "+/q —y) where LL and UL are

the lower and the upper titration endpoint&s is the
equilibrium binding constant, and [P] is the concentration
of free protein. The dissociation constaki( equals the
reciprocal value oKg. Since the DNA concentration used
was much lower than the resultingy, [P] is very close to

the total protein concentration. The binding curves presented
in the figures were scaled 16 using the best-fit transition
endpoints.

Fluorescence Anisotropy Measuremenigie DNA frag-
ments used in the fluorescence experiments were fluorescein
labeled at the '3end of the GGAA strand. The DNA
oligonucleotides given below were purchased from Dalton
Chemical Laboratories (Toronto, ON), and the respective
fluorescein-labeled strands were annealed with their comple-
mentary DNA strands.

CRYSK  5'AAA AAG GGG AAG TGG G 3'-Fluorescein
3'TTT TTC CCC TTC ACCC 5

PUSK 5'CTG AAA GAG GAA CTT TGG TA 3'-Fluorescein
3'GAC TTT CTC CTT GAA ACC AT 5'

LBSK 5" ATA AAA GGA AGT GAA ACC AAG 3'-Fluorescein

3'TAT TTT CCT TCA CTT TGG TTC 5'

con Application Guide, 1995). Then 1Qd of binding
buffer containing fluorescein-labeled DNA (1 nM) was
added, and the fluorescence polarization was determined
again. This addition of binding buffer with fluorescein-
labeled DNA was repeated until the polarization readings
approached those of the binding buffer containing only the
fluorescein-labeled DNA. The resulting polarization data
were converted to anisotropy as described by Lundblad et
al. (25). Dissociation constants were determined by fitting
the anisotropy data to eq 2 as described for the footprinting
data. The anisotropy value of the free DNA was used as
the lower endpoint of the binding curve.

RESULTS

Figure 1 shows the different DNA fragments used for
footprinting. The binding sites of PU.1, marked with
arrowheads, are almost identical among the different target
sequences2().

Binding Isotherms for the Interaction of the PU.1-DBD
to Different DNA SequencesEach of the three double-
stranded DNA sequences was titrated with ¢tedomain
of PU.1. Figure 2 shows a representative titration footprint-
ing gel usingiB DNA labeled on the TTCC strand. Binding
curves were calculated for each nucleotide within the S1
protection site of the complex and representative binding
isotherms for T(10), A(12), and C(13) are shown in Figure
3A. Less protected nucleotides (for example, position 14)
and the weaker footprint (S2 in Figure 2) had a lower signal-
to-noise ratio and were not quantified.

In addition to the binding isotherms for single nucleotides,
a titration curve for the entire S1 footprinting region was
determined. The normalized band densities of nucleotides
10—14 were summed and further processed as described for

single nucleotides. The binding isotherm obtained for the

footprinting region in the PU:21B complex is shown in
Figure 3B. In comparison to Figure 3A, it shows improve-
ment in the signal arising from summation of several peak
intensities. The dissociation constaritg)(calculated from
the binding isotherms of th&B site are summarized in Table
1 (column 3). The antisense strand of th® DNA was
also used to quantify the interactions of the longer PU.1-
PEST construct, amino acids 16872, and the resultingy
values are given in column 4 of Table 1. Table 1 also
contains the&y values obtained from the binding isotherms
for individual nucleotides and the entire footprinting region
of the pCRYSK and pPUSK fragments (columns 1 and 2).
The interactions of PU.1 with the GGAA strands of the
three DNA fragments were also monitored. Figure 4A shows
the result of titration of PU.1 with the sequence used in the
crystal structure (pCRYSK) labeled on the GGAA strand.
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PU.1 DBD

]

A S2* Nk
vv \AA4
5’ -AAAAAGGGGAAGTGGG

_3’

posi(ion 012 34567 8 910111213141516
3’ -TTTTTCCCCTTCACCCT-5"
AAA AAA AA
S2 S1
B S2* Si*
vvv vy
5’ -TGAAAGAGGAACTTGG-3' ;\
position 01234567 89101112131415 T <$2
3’ -ACTTTCTCCTTGAACC-5' 1
AAA AAAA A T
S2 Sl g
7
C S2* S1* (": <31
\AA4 vvv A
5’ -AATAAAAGGAAGTGAAACCAACC-3' <T3
position 01234567 8910111213141516171819202122 T/*
3 -TTATTTTCCTTCACTTTGGTTGG-5" T
AA A AAA AA
S2 S1
D S6 S5 1 23 4567 8910111213 14 1516
v vvvy FiGurE 2: Titration of the TTCC strand of the pLBSK fragment
57 _AATAAAAGGAAGTGAAACCAACC-3" with PU.1 DBD monitored with hydroxyl radical footprinting.
position 01234567 8910111213141516171819202122 30000 cpm of**P-end-labeled DNA at-0.75 nM were used in

3" -TTATTTTCCTTCACTTTGGTTGG-5"
AAA AA AAA
S2 S4 S3

each lane. Lane 1 contains no protein; in lanes 2 to 16, increasing
amounts of PU.1 DBD are used. The two protected sites of PU.1
are marked with S1 and S2, respectively.

Ficure 1: Comparison of the interactions between ¢tedomain . . L .
of PU.1 and different target sequences. The consensus sequence is Interaction of IRF4 with DNA.The DNA binding domain

shown in bold, and the backbone positions protected from hydroxyl of human IRF4 (amino acid residues-2037) was investi-
radllcalt'gle%vtage akr1€ lﬂdlcﬁlte% with solid er%WheaF@-t(t'rhe g gated with regard to its ability to bind tmB site. Figure
nucleotide 5to each arrowhead is missing in the gel pattern an : - ;
discussed in the text as a protected nucleotide. Groups of contiguous6A shows the dens'to_memc traces obtained for the TTCC
protected nucleotides are labeled as protection sitesSB1 (A) strand of theiB DNA in the presence of the IRF4 DBD.
The sequence of the PU.1 binding region of the DNA fragment Three protected sites are evident, T(1)A(2)T(3) marked as
gﬁRlYSD'f\l Xontamsl thegeq(lé?n%eNxsed for CWSta"?jgffap?y _O‘; the 52, C(8)T(9), two nucleotides within the recognition se-
1- complex @). sequence and footprints : :
obtained for the pPUSKPU.1 complex20). The sequence shown quence (marked as S4), and a region of three nucleotides
here is identical to the SV40 enhancer sitg (C) DNA sequence  further upstream from the TTCC core sequence, G(17)G-
and footprints for the pLBSKPU.1 complex 20). The sequence  (18)T(19) (indicated as S3, see also Figure 1D). Interest-
?lgg);rl;el\(lehere CO”ESPOS‘;S t?“.“ats'fte ?agwellglzlegré%ancerxll). ingly, while PU.1 does not show any close contacts with
sequence and footprints for tAB— complex. » .
The protected sites are marked as described in the text. the phosphates of the, GGAA recognition ;equence m_ the
. ) PU.1-DNA complex (Figure 1C), the DNA binding domain
As previously reported20), the protection of the GGAA o |RF4 does contact phosphates within the PU.1 core
strand by the binding of PU.1 results in a less pronounced rocqgnition sequence. A second interesting characteristic of

gocitprir}t cg;r;}pabr_ec(ij_to t_he t;TCC ]:strand. ‘ Ne\fertthéalesszt;]/\_/e the IRF4-DNA interactions is that S2, T(1)A(2)T(3), is also
etermined the binding isotherms for most nucleotides within protected by PU.1 (Figure 1, panels C and D). The

the two protection sites S1* and S2* (marked in Figure 4A). .
: o protection pattern for the GGAA strand of tH& DNA
The resulting binding curves for A(2), T(12), and G(13) are sequence is shown in Figure 6B. The IRF4 construct protects

displayed in Figure 4B. Table 2 contains thg values — o\ x5 (8)A(9)A(10) within the recognition sequence,

obtained for the interaction of PU.1 DBD with the GGAA " .
strand of pCRYSK together with the data for the sense marked as S5, af‘d at pgsmon .A(4)’ marked as 36 (Figure
b 9 1D). The IRF4 interactions with S4, C(8)T(9), and S3,

strands of pLBSK and pPUSK calculated from corresponding
G(17)G(18)T(19), on the TTCC strand of thHé&3 DNA

footprinting gels (gels not shown). - oD
Fluorescence Anisotropy Measurementhe binding of fragment were quantified from corresponding titration foot-

PU.1 to DNA was also measured with fluorescence aniso- Printing gels. The protection at the S2 site on the TTCC
tropy. Figure 5 shows the dependence of the fluorescencestrand and at the S5 and S6 sites on the GGAA strand were
anisotropy of the three different fluorescein-labeled sequenceshot intense enough to yield satisfactory binding curves.
on the concentration of the PU.1 DBD. The dissociation Figure 7B shows binding isotherms for the S3 and S4 sites
constants from the binding curves are given in the bottom (closed symbols), and column 1 of Table 3 summarizes the
row of Table 2. TheKy values are 1 order of magnitude dissociation constants for these sites as well aKthealues
higher than those determined in the footprinting experiments derived from binding curves of the individual nucleotides
(Tables 1 and 2). within S3.



9806 Biochemistry, Vol. 37, No. 27, 1998

A

0.5 -

Fractional saturation

0.0 4

0.5

Fractional saturation

0.0

100 10% 107 10

PU.1 DBD concentration (M)

Ficure 3: Binding isotherms for the interaction of PU.1 DBD with
the TTCC strand of pLBSK. (A) Protection curves of single
nucleotides, ®) T(10), (a) A(12), and () C(13) were determined

as described in Material and Methods. The solid lines represent
the fitted binding curves using eq 2. (B) The binding curve for the
entire binding site shown in Figure 1C. The solid line is the fitted
binding isotherm.

Table 1: Dissociation Constanti€y (x 1078 M), for the Interactions
of PU.1 DBD and PU.1 (106272) with the TTCC Strands of the
Different DNA Fragments

pLBSK
PU.1 PU.1
nucleotidé pCRYSK pPUSK DBD (106—-272)
10 T 2424077 T 2.764+0.38 T 1.15+0.10 6.69+ 2.07
11 C 3.36+1.04 G 4.14+1.36 C 2.01+0.18 4.55+ 0.96
12 A 252+ 0.38 A 4.39+1.18 A 1.61+0.16 4.66+ 1.03
13 C 2.66+0.64 A 3.77+£1.02 C 1.24+0.14 4.77+1.48
10-14° 2.28+0.27 3.60+0.65 1.53+0.12 5.83+1.28
+ IRF4 1.08+ 0.11 1.22+ 0.66
DBD¢

aNumeration system for the nucleotides is shown in FigufeMean
=+ standard error¢ Corresponds to the entire binding site including the
nucleotides 1614, theKq was determined as described in Restilte
Kgq values for the entire binding site (nucleotides-1@) in the presence
of DNA-bound IRF4 DBD.

Interactions of IRF4 and PU.1 with theB Site These
experiments were designed to elucidate the interactions in
the ternary complex of PU.1 and IRF4 with thB site. The
first set of experiments investigated the interactions of the
IRF4 DBD construct with thelB element, labeled on the
TTCC strand, in the presence of tkeés domain of PU.1.
Figure 7A shows the result of a titration of the IRF4 DBD

Gross et al.

A PU.1 DBD

G

G

G

T

G

A

A_

G

G

G

G

A

A

A

A

A
B

Fractional saturation

A O

10710 100 10% 107 10°

PU.1 DBD concentration (M)

FiGure 4: (A) Titration of the GGAA strand of the pCRYSK
fragment with PU.1 DBD followed with hydroxyl radical foot-
printing. 30000 cpm of?P-end-labeled DNA at-0.75 nM were
used in each lane. In lanes-15 and 1719, increasing amounts

of PU.1 DBD are used. Lane 16 shows the cutting pattern in the
absence of PU.1, and lane 20 contains the uncleaved DNA fragment.
The two protection sites of PU.1 DBD are marked with S1* and
S2*, respectively. (B) The protection curves fa)(A(2), () T(12),

and () G(13) were determined from the gel shown in Figure 4A.
The binding data were fit with the use of eq 2 (solid lines).

ensure an equilibrated PU-DNA complex. The two
contact sites in the PU-ADNA complex are clearly visible
(labeled S1 and S2), a third footprint arises in lane 9 due to
the interaction of IRF4 with the nucleotides G(17)G(18)T-
(19) (marked with S3). Two additional bands, C(8)T(9),
become partially protected from hydroxyl radical cleavage
with increasing IRF4 concentration (S4). The binding of
IRF4 at T(1)A(2)T(3) is not visible in this gel since this DNA
region is already protected by PU.1 (S2). The dissociation

in the presence of a saturating constant concentration of PU.1constants for the two footprint regions S3 and S4, and those

DBD. The DNA was incubated with PU.1 DBD at a final
concentration of 0..«M prior to the addition of IRF4 to

derived from the binding curves of individual nucleotides
within S3, were determined from the gel in Figure 7A and
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Table 2: Dissociation Constant€g (x 1078 M) for the Interactions A
of PU.1 DBD with the GGAA Strands of the Target DNA
Sequences

nucleotidé pCRYSK pPUSK pLBSK
2 A 3.33+070 A 1154014 T nd ﬁ:
3 A 233+054 A 194+0.36 A 2.40+0.31 2
4 A npf A nd A 2.78+0.30 a
2—4 3.28+0.71 1.28+0.14 3.33+ 0.66 °
11 G nd C nd G nd

12 T 238+040 T 225£038 T 2.26:0.72

13 G 217£045 T 1.39+0.18 G 1.4&0.28

11-13 2.14+ 0.26 1.404+ 0.20 2.00+ 0.31
fluorescence 66.8+ 11.6 18.9+ 2.3 69.2+ 8.7

aNumeration system of nucleotides is given in Figuré Mean+ B
A

standard error¢ Not protected? Not determined® Kq were determined i ,
f

using fluorescence polarization as described in Materials and Methods. - ‘1 I | , Ag , \ ‘\
sl | \ [
hapha el alls N
025 VYA A IR g e iy
> V) “\J\I lll'\,U”‘[\ H“['”\J
g (N A
0.20 1 £
5. 015
% o
direction of electrophoresis —

0.05 Ficure 6: Intensity profiles for the interaction of IRF4 DBD with
the B DNA element. (A) The intensity profile for the TTCC strand
of AB DNA is shown in the absence of protein (dashed line) and

0.00 : . . i in the presence of IRF4 DBD (3.8M, solid line). The overall

10% 107 10% 10 intensities of the lanes are normalized, the intensity plot of the
control lane was moved along the abscissa to visualize both profiles
more easily. The binding sites of IRF4 with thi8 element are
Ficure 5: Binding of PU.1 DBD to different target sequences marked with S2, S3, and S4, respectively. (B) The intensity profiles
determined by fluorescence anisotropy. Three different oligonucle- obtained for the GGAA strand ofB DNA are displayed. The
otides were used: ) PUSK, 20-bp DNA sequence identical to  dashed line represents the control lane (no protein) and the binding
SV 40 enhancer site (Figure 1B\ CRYSK, 16-bp sequence  of IRF4 DBD (7uM) is shown in the solid line profile. The contact
used in the crystal structure (shown in Figure 1A), enjl(BSK, sites of IRF4 are indicated with S5 and S6, respectively.

21-bp sequence containing tA® site DNA (Figure 1C). The

anisotropy of the free DNA was taken as the lower endpoint of . .
each binding curve. The data were normalized and fitted as the presence of the IRF4 DBD at saturating concentrations.

described in Materials and Methods. To acquire additional evidence for a cooperativity between
IRF4 and PU.1, the titration experiments were repeated with
a longer PU.1 construct that included the amino acids of the
PEST domain. The PEST domain is apparently required for
é)rotein—protein interactions with IRF47j. The PU.1
construct we used was not phosphorylated at amino acid
_ . ) S148, since gel mobility shift assays have shown that the
This apparent coope_ratlwty_shourlld also be ObfssaleldD'%tgebinding of the IRF4 DBD did not require phosphorylation
:e\:gsgl\ltltArqtlczQ experiment, ]:.e., tte tlt_rauon 0 t. " ¢ at this position 26). The contacts of PU.1-PEST with the
0 In the presence ot a saturating concentralion ot s g A sequence are identical to those obtained with the
IRF4. The result of this footprinting experiment is shown : -
S : PU.1 DBD (gel not shown). The resulting binding curves
in Figure 8A. The concentration of IRF4 used wag. h i Fi 9B (closed bol dieal
At this concentration théB site is saturated by IRF4 as can are shown in Figure (closed symbols), andihea ues
are summarized in column 4 of Table 1. The footprinting

be seen from the binding isotherm shown in Figure 7B . . .
(closed symbols). The cutting pattern in the presence of only 9€! demonstrating the effect of increasing IRF4 DBD

IRF4 is shown in lane 2. With increasing concentration of concentration on the PU:1B complex was indistinguish-
PU.1 DBD the presence of an additional footprint becomes @ble from the titration gel in Figure 7A (data not shown).
evident (marked S1), this region corresponds to nucleotide The IRF4 interaction sites S3 and S4 were quantified and
positions 16-14 (Figure 1C). This contact site in the ternary the binding isotherms obtained for both binding sites are
complex was analyzed, and in Figure 8B the resulting binding shown in Figure 9A (open symbols). As found for tbs
curve (open symbols) is compared to the binding isotherm domain of PU.1, the binding of the IRF4 DBD to the DNA
for S1 in the binary PU42DNA complex, already shown is facilitated in the presence of DNA-bound PU.1. However,
in Figure 3B (closed symbols). It is apparent that the binding contrary to the result for the PU.1 DBD, the titration of PU.1-
of the etsdomain of PU.1 to théB site is not affected by ~ PEST in the presence of IRF4 DBD at a saturating

PU.1 DBD concentration {M)

are given in Table 3 (column 2). Figure 7B demonstrates
the influence of theets domain of PU.1 on the binding
isotherms of IRF4. The dissociation constants of both
contact sites, S3 and S4, decrease indicating a cooperativ
interaction in the ternary complex.
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Ficure 7: Binding of IRF4 DBD to thelB—PU.1 DBD complex.

(A) IRF4 DBD is titrated with the TTCC strand of thdB—PU.1
DBD complex. 20000 cpm ofP-end-labeled DNA at0.75 nM
were incubated with PU.1 DBD at a final concentration of @M
prior to the addition of IRF4 DBD. Lane 1 shows the cutting pattern
of PU.1 DBD at 0.1uM. In lanes 2-16, increasing amounts of
IRF4 DBD are used, the appearance of a third footprint is evident

(S3). Lane 17 corresponds to the control lane (no protein), and lane

18 gives the cutting pattern with IRF4 at 3. The protection
sites of PU.1 DBD with thelB DNA are marked with S1 and S2,

Gross et al.

Table 3: Influence of DNA-Bound PU.1 on the Dissociation
ConstantsKy (x10°7 M), for the Interactions of IRF4 DBD with
the TTCC Strand of pLBSK

nucleotidé —PU.1  +PU.1DBD +PU.1(106-272)
G(17) 7.60£ 1.30 1.24+0.30 2.97+ 0.60
G(18) 7.18+1.08 1.05:0.18 1.66+ 0.32
T(19) 5.91+0.65 1.24+0.72 2.01+ 0.44
G(17)G(18)T(19) 5.5% 0.60 1.17+0.16 1.90+ 0.48
C(8)T(9) 5.05+1.87 0.59+0.19 2.14+ 0.86

aNumeration system of nucleotides is shown in Figure 1Bean
+ standard error.

reduced in the presence of the IRF4 DBD (column 4 of Table
1).

To better understand how the data relate to the molecular
structure of the IRF4/PU.AB ternary complex, we produced
a model of thelB element bound to thetsdomain of PU.1
using the atomic coordinates from the crystallographic study
of PU.1 @). Since the footprints of the PU.1 DBD wi#tB
DNA element were the same as those in the crystal sequence,
the three-dimensional structure was assumed to be the similar
for both complexes20). Figure 10 shows the resulting
model of the binary PUADNA complex. The positions
protected from hydroxyl radical cleavage in thB—PU.1
DBD complex are indicated with small spheres (S1, S1*,
S2*). These positions map well to sites where the loops of
the loop-helix-loop motif of thetsdomain of PU.1 contact
the phosphate backbone. Sites S3, S4, and S5 protected by
the DNA binding domain of IRF4 in the binary IRF4B
complex and in the ternary IRF4/PULE complex are shown
as large spheres. These three IRF4 protection sites map to
one face of the DNA helix downstream and roughly §0m
the PU.1 binding surface. The S4/S5 and S3 sites also
straddle the edges of the major groove centered around the
ISRE element (TGAA, positions 1215, see Figure 1D). The
S2 protection site shared by both proteins and the S6 site,
both indicated with medium-sized spheres, is one helix turn
upstream from the PU.1 recognition sequence, GGAA.

DISCUSSION

Dissociation Constants for Different PU-DNA Com-
plexes. We have used two techniques to obtain equilibrium
dissociation constants for different PWU:DNA complexes.
Fluorescence anisotropy measurements gave a dissociation
constant Kg) for the interaction of theetsdomain of PU.1
with three different target sequences. With quantitative
hydroxyl radical footprinting we obtained dissociation con-
stants based on binding isotherms of particular nucleotides
and of binding sites individually for both DNA strands.
Within the primary S1 protection site on the TTCC strands
(positions 16-14, Figure 1), no significant difference was

respectively. S3 and S4 correspond to the protected sites of IRF4observed betweeKy derived from the binding curves of

DBD. (B) The influence of DNA-bound PU.1 DBD on the binding
curves for IRF4 is shown for two binding sites. The binding data
indicated with closed symbols represent the bindin@p&(17)G-
(18)T(19) and M) C(8)T(9) of the AB DNA element. The
corresponding binding curves in the presence of DNA-bound PU.1
DBD are shown with open symbolsOf G(17)G(18)T(19) and
(O) C(8)T(9). The data were fitted to eq 2 yielding the solid lines
for S3, G(17)G(18)T(19), and the dashed lines for S4, C(8)T(9),
respectively.

concentration (ZM) revealed cooperativity (Figure 9B, open
symbols). The dissociation constant of PU.1-PEST is

individual nucleotides and of the entire S1 protection site
(see Table 1). This demonstrates that the protection of these
nucleotides is part of the same molecular binding event. This
is also true for the GGAA strands, for which both S1* and
S2* protection sites were quantified. For a specific DNA
sequence, most dissociation constants derived from binding
isotherms for individual nucleotides and for the two protected
sites are comparable within the error limits (see Table 2).
The weaker protection of the nucleotides on the GGAA
strands increases error in the analysis of those binding
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Ficure 9: Interactions of IRF4 DBD and PU.1-PEST with thig
site. (A) The influence of DNA-bound PU.1-PEST on the binding
of IRF4 DBD is shown. The binding data indicated with closed
symbols represent the binding o®) G(17)G(18)T(19) andX)
C(8)T(9) to theAB DNA element. The corresponding binding curves
in the presence of PU.1 (16@72) at 0.«M are shown with open
symbols: ©O) G(17)G(18)T(19) and@) C(8)T(9). The data were
fitted to eq 2 and yielded the solid lines for S3, G(17)G(18)T(19),
. , . and the dashed lines for S4, C(8)T(9), respectively. (B) The
10710 10° 10 107 10% influence of DNA-bound IRF4 DBD on the binding of PU.1-PEST
is demonstrated: data in the absence of IR®, @nd in the
presence of IRF4 DBD at #ZM (O). The resulting fitted curves
FiGURE 8: Binding of PU.1 DBD to thelB—IRF4 DBD complex. are shown as a solid line (without IRF4) and as a dashed line (with
(A) The titration of PU.1 DBD to the TTCC strand of thH&— IRF4).

IRF4 DBD complex is followed with hydroxyl radical footprinting.

20000 cpm of?P-end-labeled DNA at0.75 nM were incubated  affinity of the PU.1-PEST construct (amino acids +@&72)
with IRF4 DBD at a final concentration of ZM prior to the to the TTCC strand ofB DNA was lower than that for the

addition of PU.1 DBD. Lane 1 gives the cutting pattern in the .
presence of only PU.1 DBD. Lanes-24, 16, and 17 demonstrate PU.1 DBD construct (column 4 of Table 1) possibly due to

the effect of increasing amounts of PU.1 DBD to th@—IRF4 the net negative change of the PEST domain.
complex and the appearance of a third footprint (S1). Lane 15 For the different GGAA strands we observed a lougr
corresponds to the control lane, no protein was used. The protectionfor the interactions in the PU-ApPUSK complex, whereas

sites of IRF4 are marked as S2 and S3. (B) The influence of DNA- o binding affinities of PU.1 DBD for pCRYSK and pLBSK
bound IRF4 DBD on the binding curve of PU.1 DBD is displayed: L ' .
data in the absence of IRF®Y, and in the presence of tHB— were similar (compare columns 1 and 3 with column 2 of

IRF4 DBD complex ©). The fitted curves are shown as a solid Table 2)- o
line in the absence of IRF4, and as a dashed line in the presence of The dissociation constants for the PHNA complexes

IRF4, respectively. that we obtained with fluorescence polarization measure-
ments are approximately 1 order of magnitude higher than
isotherms and is most likely the reason for the discrepancy those determined by footprinting (Figure 5 and Table 2). We
of Kq values within one DNA fragment. attribute this discrepancy to the different length of the DNA
A comparison of the binding affinities determined by fragments used in both techniques and variations in the buffer
footprinting for the three different DNA sequences indicates conditions used in the two experiments. The DNA fragments
that theetsdomain of PU.1 binds most strongly to the TTCC used in the fluorescence measurements were 20-bp long and
strand of theAB site (pLBSK) (Table 1). The binding started with nucleotide position 0 (Figure 1) immediately

Fractional saturation

PU.1 DBD concentration (M)
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proteins were added to the DNA (lanes 15 in Figures 7A
and 8A).

The binding affinity of IRF4 DBD for the DNA is
increased about 5-fold by the presence of the PU.1 DBD
(Figure 7B); however, the binding of the PU.1 DBD is not
affected by the presence of the IRFBNA complex (Figure
8B). This is not compatible with a mutually cooperative
interaction between the DNA binding domains of PU.1 and
IRF4 which should be independent of the explicit order in
which the ternary complex was formed. Quantitative
evidence for cooperativity was found in titrations employing
the longer PU.1-PEST construct in the presence of RF4
AB (Figure 9B).

Refinement of the Model for the IRF4 Interaction with
PU.1. The model illustrated in Figure 10 indicates that the
IRF4 DBD hinds to the helix surface defined by the
protection sites S3, S4, and S5. The similarity of e
values for the interaction of IRF4 DBD with S3 and S4
(Table 3) indicates that the protection of both sites is part of
the same molecular binding event. In the ternary PU.1/IRF4/
AB complex, the PU.1 DBD lies in the adjacent major groove
on the opposite side of the DNA helix. The centers of the
protected surfaces in the PU.1 DBD site and those in the
IRF4 binding site are offset by about 90 The proximity
of the DNA binding domains of PU.1 and IRF4 in the ternary
complex supports the possibility of proteiprotein interac-
tions between both domains as proposed previodsy Qur

Ficure 10: Model of theAB—PU.1 DBD complex showing the model also agrees with the cooperative interactions we

sites protected from hydroxy! radical cleavage in the ternary PU.1/ Observed between the longer PU.1 construct containing the
IRF4/2B complex. The atomic coordinates from the PUONA PEST domain and the DNA-bound IRF4 DBD. In PU.1,
crystal structure were used to display the PLDINA complex with the PEST domain is located N-terminal to the DNA binding
s induced 8tt;lent in tth‘le E:NAtB’ PDB acctesséor& %Odeadl_PUE)- 5 domain (“N" in Figure 10) and even closer to the presumed
e in the crystal structure was extende adding on - ; ; .

base pairs of the ap);)ropriate sequence modelecBefsyﬂn duplgex b'”d'r.‘g .S'te of l.RF4 than thetsdomain of PU'l.' Protein
DNA with a helical repeat of 10.5 bp/turn using Insight I  Protein interactions between the PEST domain of PU.1 and
(Molecular Simulation Inc., San Diego, CA). The phosphate groups the IRF4 DBD are therefore probably the source of additional

at positions protected by PU.1 DBD are shown as small sphereshinding energy that yield the observed cooperativity.
and labeled with S1, S2, S1*, and S2* as in Figure 1. The phosphate - ..
groups of the major contact sites of IRF4 DBD are indicated as | n€ model in Figure 10 also shows the position of contact

large spheres and marked as S3, S4, and S5 (large bold print)site S2, shared by both DNA binding domains, and another
corresponding to Figures 1D, 6A, and 6B. The S2 and S6 sites protected site, S6. Since S6 on the GGAA strand is close
which are weakly protected are illustrated with medium size spheres.; 52 on the TTCC strand it can be considered part of the
(PNL;.ilgssr:%(-}ti%n’gf Zf]dagif ﬁg?;c[ilgr?osri]tg: ce with the N-terminus, protectiqn site and will be di.scussed. together with S2.
The protection of S2 by PU.1 in the binary and ternary
adjacent to the protected site S2. Fraying of the DNA ends complexes arises from the proximity of the second loop of
could result in a weaker interaction between PU.1 and the the loop-helix-loop binding surface. However, the distance
S2 site on the short DNA fragments relative to the respective of S2 from the presumed binding site of IRF4 DBD (between
contact with the longer DNA fragments. S4/S5 and S3) appears to rule out the possibility that S2
Interactions of IRF4 with DNA.The dissociation constant ~ protection in the binary IRF4AB complex originates from
for the interaction of IRF4 DBD withiB site determined  the same binding event that leads to protection at the S3,
here is approximately five times lower than tkgvalues of S4, and S5 sites. Note that the protection of S2 by IRF4
the PU.1 DBD and PU.1-PEST. Our hydroxyl radical DBD was markedly weaker than the protection observed for
footprinting results are consistent with methylation protection the other IRF4 sites (S3S5). Also, an equally weak
data which showed that all guanines in the S3 and S5 protection of the corresponding nucleotides was observed
protection sites were protected from methylatidn 11). in the three different binary PU.1 DBEDNA complexes
Interactions of IRF4 and PU.1 in the PU.1/IRF& DNA (Figure 1). This raises the possibility that the weak protec-
Complex We determined the interactions of the DNA tion of the nucleotides within S2 originates from a structural
binding domains of PU.1 and IRF4 in their ternary complex change in the DNA rather than from protein contacts.
with the AB DNA element. As demonstrated in Figure 7A, However, according to the PU-DNA crystal structure, the
the contact sites in the ternary complex are the sum of the DNA helix in vicinity of S2 is not visibly altered compared
contact sites that are observed in the respective binaryto other regions of the complex (Figure 10) although a small
proteinr-DNA complexes. Importantly, the resulting foot- structural distortion of the DNA helix resulting in weak
print is identical, regardless of the order in which the two protection of the phosphate backbone cannot be ruled out.

LT
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The model we present for the interactions between

subdomains of IRF4 and PU.1 and i element provides
detailed information about the spatial relation of both DNA

binding domains in the ternary complex. It should be noted,
that previously described cooperative interactions between

the full length PU.1 and IRF4 involved the phosphorylated
PEST domain and the C-terminal domain of IRE&)( The

model presented in Figure 10 is entirely consistent with

increased proteinprotein interactions between the full-length
proteins which would likely result in greater cooperativity.

The extension of quantitative investigations such as those
presented here to longer protein constructs and to the full-

length proteins will help identify the relative contributions
of individual domains of each protein in the cooperative

interactions that take place between the two proteins in.vivo
Such studies will also aid in the quantitative analysis of the

role of phosphorylation in cooperativity and in the transcrip-
tional function of the PU.1/IRFAB DNA complex.
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