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ABSTRACT: Interferon response factor 3 (IRF-3) is a
transcription factor that plays an essential role in controlling
the synthesis of interferon-f (IFN-B) and is a protein
consisting of two well-defined domains, the N-terminal
DNA-binding and the C-terminal dimerization domains,
connected by a 7S-residue linker, supposedly unfolded.
However, it was not clear whether in intact IRF-3 this linker
segment of the chain, which carries the nuclear export signal
and includes a region of high helical propensity, remains
unfolded. This has been investigated using nuclear magnetic

resonance by ligating the *N-labeled linker to the unlabeled
N-terminal and C-terminal domains. It was found that, while
the linker alone is indeed in a completely unfolded state, when ligated to the C-terminal domain it shows some ordering, and this
ordering becomes much more pronounced when the linker is also ligated to the N-terminal domain. Thus, in intact IRF-3, the
linker represents a folded structural domain; i.e., IRF-3 is a three-domain globular protein. Light scattering studies of wild-type
IRF-3 showed that these three domains are tightly packed, and therefore, the dimer of IRF-3, which is formed upon
phosphorylation of its C-terminal domains following virus invasion, must be a rather rigid and compact construction. One would
then expect that binding of such a dimer to its tandem recognition sites PRDIII and PRDI, which are located on opposing faces
of the IFN-f enhancer DNA, should result in deformation of the DNA. Analysis of the characteristics of binding of the
monomeric and dimeric IRF-3 to the enhancer DNA indeed showed that formation of this complex requires considerable work
for deformation of its components, most likely bending of the DNA. Such bending was confirmed by atomic force microscopy of
dimeric IRF-3 bound to the PRDII-PRDI tandem recognition sites placed at the middle of a 300 bp DNA probe. Bending of
DNA by IRF-3 must be significant in the assembly and function of the IFN-# enhancer.

Interferon response factor 3 (IRF-3) is a transcription factor
that plays an essential role in the organism’s defense against
pathogens: virus invasion triggers phosphorylation of the C-
terminal domain of IRF-3, which leads to its dimerization and
translocation as a dimer to the nucleus, where it binds by its
two N-terminal domains to the PRDIII-PRDI tandem sites of
the interferon-f (IFN-f) enhancer DNA (Figure 1a)."”® The
C-terminal dimerization domain (CTD) of IRF-3 is connected
to the DNA-binding N-terminal domain (NTD) by a 75-
residue linker (Figure 1b), which was supposed to be
unfolded.””~" When isolated, the linker indeed appears to
be in a completely unfolded state, and it was found that the
DNA binding ability of the N-terminal domain does not change
upon activation and removal of the CTD.'>'® It was thus
natural to assume that the CTD holds the NTD on a long
leash, which is needed to permit the two N-terminal domains of
dimeric IRF-3 to bind to the PRDIII and PRDI sites that are
rotationally displaced on the faces of the enhancer DNA
(Figure 1c,d).
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On the other hand, analysis of the sequence of the linker
shows it has a very strong helical propensity in the central
region and an unusually high content of regularly arranged
proline residues (Figure 2). Moreover, it was found that this
linker includes the nuclear export signal, (NES), which is
responsible for the transportation of IRF-3 out of the nucleus,
and deletions in the linker region result in autoimmune
disease,'” indicating that the linker plays some essential role in
IRF-3 function. These considerations raised doubts about
whether the 75-residue linker in IRF-3 is unfolded in the intact
protein. However, if the linker is not unfolded, one would
expect that binding of the two NTDs of the IRF-3 dimer to
their tandem binding sites located on the opposite faces of the
DNA should induce considerable deformation of the DNA, i.e.,
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Figure 1. (a) IFN- DNA. The PRDIII and PRDI target sites to which IRF-3 binds are colored red; the NF-kB site is colored blue, and the binding
site for the bZIP pair is colored green. The underlined AT sequences are the proposed binding sites for HMGA1 molecules. (b) Structures of the
DNA-binding N-terminal domain (NTD)® and the C-terminal dimerization domain (CTD) of IRF-3” connected by the 76-residue Pro-rich linker
containing a nuclear export signal (NES), shown here as having a disordered conformation.”® (c and d) Cartoons showing the relative position of
two IRF proteins bound to the PRDI and PRDIII binding sites on the face of the IFN-# enhancer DNA in the B-form and the disposition to be
expected if the linker domains are folded. Formation of an IRF-3 dimer mediated by the CTDs would seem to require considerable distortion of the
DNA.

...~ VveDFSQPTDSPDTNGGGESTSDTQED ILDELLGNMVLAPL PDPGPE-
eeccccccceccctteccccechhhhhhhhhhhhhhecccccecce

SLAVAPEPCPQPLRSPSLDNPTPFPNLGPSE-. ..
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Figure 2. Sequence of the IRF-3 linker, residues 114—189 (first row) and its helical propensity (second row): h denotes a residue with strong helical
propensity, t turn, e extended, and ¢ random coil. The segment representing the NES has strong helical propensity and is shown in blue capital
letters. It shows a regular arrangement of apolar residues typical for polypeptides that form helical coiled coils.*® The expressed linker has an
additional Cys-Trp dipeptide at its N-terminus.

its bending. The question is then whether bending of the DNA ment of the IRF-3 linker, was chemically synthesized by Peptide

is required for assembly of the IFN-f enhanceosome. 2.0 Inc.

The state of the linker is thus of principal importance for Cloning and Expression of the '°N-Labeled IRF-3
understanding the mechanism of IFN-# enhanceosome Linker. The linker domain of IRF-3 was amplified via
assembly and function. Crystallography has so far been unable polymerase chain reaction (PCR) from a clone of intact wild-

to determine the state of the linker because both monomeric type IRF-3 using 5-GGAGGTGCTCTTCTGTTGGGTT-
and dimeric IRF-3 have failed to crystallize. Hydrodynamic and GGTGATTTTTCTCAACCT-3' as the forward primer and
optical measurements presented here suggest a folded state for 5'-GGAGGTTGCTCTTCATTTTCAGAAGGACCAAGA-

the linker domain, and this has been deﬁl’lltlvel?iS Conﬁrmed by TTAGG-?,, as the reverse primer' The forward primer includes
nucléar magnetic resonance (NMR). S_pec.iﬁc N labeling of an extra cysteine (TGT) for chemical ligation and an extra
the linker was followed by its chemical ligation to unlabeled C- tryptophan (TGG) for concentration determination, and both

and N-terminal domains to generate an intact IRF-3 molecule include a Sapl restriction site. The amplified product was

showing strong dispersion of chemical shifts in the linker purified, digested with Sapl, and cloned into the pTWINI
spectrum. Furthermore, atomic force microscopy (AMF) vector (New England Biolabs), generating the linker fused with
indicates bending of the DNA in complex with an IRF-3 dimer. Inteins I and II at the N- and C-terminal ends, respectively.
This was transformed into BL-21 Gold DE-3 and a single

B MATERIALS AND METHODS colony grown in S mL of LB medium containing 100 yug/mL
Protein and Peptide Constructs. The wild-type IRF-3 ampicillin overnight at 37 °C and tested for IPTG induction.

monomer and its SD phosphomimetic mutant that sponta- Cells were then transferred into 2000 mL of LB medium and
neously forms a dimer were expressed and purified as described grown at 30 °C until the OD reached 0.5—0.7. After being
previously.'® The 18-residue peptide Ac-WDTQEDIL- pelleted at 6000 rpm for 10 min, cells were washed and
DELLGNMVLA-NH,, representing a potentially helical seg- repelleted in a 1X M9 salt solution (0.22 M KH,PO,, 0.48 M
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Na,HPO,, and 86 mM NaCl in 1000 mL). The cell pellet was
resuspended in M9 minimal medium,"® containing 10% (w/v)
“N-labeled ammonium chloride (Cambridge Isotope Lab),
transferred into 2000 mL of minimal medium, and grown for
20—30 min at 37 °C. IPTG (0.8 mM) was then added and the
culture grown overnight at 18 °C, the cells being harvested at
8000 rpm for 15 min and resuspended in 25 mL of 20 mM
phosphate buffer (pH 7.0), 1 mM EDTA, S00 mM NacCl, 0.1%
Tween 20, 20 uM PMSF, and 1 mM DTT. Cells were
disrupted by two passages in a French press at 10000 psi, and
the crude lysate was centrifuged at 15000g for 20 min. The
double-intein fusion protein was purified using a chitin column
equilibrated with 20 mM phosphate buffer (pH 8.5), S00 mM
NaCl, and 1 mM EDTA. The cell lysate was applied to the
column at a flow rate of 0.5 mL/min at 4 °C, and the column
was then washed with 10 volumes of 20 mM phosphate buffer
(pH 8.5), 500 mM NaCl, 0.1% Tween 20, and 20 uM
phenylmethanesulfonyl fluoride (PMSF) to remove unbound
protein. The Intein I tag was removed by heating the column to
room temperature overnight and then washing with 20 mM
phosphate buffer (pH 7), 500 mM NacCl, 0.1% Tween 20, 20
uM PMSF, and 1 mM EDTA. Intein II was removed by
equilibrating the column with S volumes of 20 mM phosphate
buffer (pH 8.5), 500 mM NaCl, 1 mM EDTA, and 50 mM 2-
mercaptoethanesulfonate, sodium salt (MESNA), overnight at
4 °C and the linker eluted with 20 mM HEPES buffer (pH 8.5),
500 mM NaCl, 1 mM EDTA, and 50 mM MESNA. The linker
was purified on a Propac WCX-10 cation-exchange column and
the eluted protein dialyzed into 20 mM phosphate buffer (pH
7.3), 500 mM NaCl, and 1 mM EDTA and stored at 4 °C for
chemical ligation reactions.

Cloning and Expression of the C-Terminal Domain of
IRF-3. The CTD was amplified via PCR from a clone of intact
wild-type IRF-3 using S'-GGAGGTTGCCTCTC-
CAACTGTCCTCTTAAACGTCTTCTT-3' as the forward
primer and 5'-GGAGGTCTGCAGTTAAGATTCACCAG-
GACCTTG-3' as the reverse primer. An extra cysteine residue
and a Sapl restriction site were included in the forward primer,
and a Pstl site was introduced into the reverse primer. The
amplified PCR product was cloned into the pTWINI vector
and transformed into BL-21 Gold DE-3 Escherichia coli
competent cells to express the CTD with a cysteine residue
on its N-terminal end, essentially as described above. The
Intein tag was removed from the fusion protein by on-column
cleavage, flushing quickly with 3 volumes of 20 mM phosphate
buffer (pH 7) containing 500 mM NaCl, 50 mM MESNA, and
1 mM EDTA. The flow was then stopped and the column
heated to room temperature for overnight incubation. The
carboxy-terminal domain was eluted with 20 mM phosphate
buffer (pH 7) containing S00 mM NaCl and 1 mM EDTA in 1
mL fractions. Homogeneous purified fractions were pooled and
stored at 4 °C.

Cloning and Expression of the N-Terminal Domain of
IRF-3. The NTD was amplified via PCR from a clone of intact
wild-type IRF-3 using S'-GGAGGTCATATGATGGG-
TACTCCTAAA-3" as the forward primer and §'-
GGAGGTTGCTCTTCCGCAACCAGAATTAACAAATTC-
3’ as the reverse primer. An Ndel site is included in the forward
primer and a Sapl site in the reverse primer. The amplified PCR
product was cloned into the pTWIN1 vector to express a
carboxy-terminal Intein II fusion protein with the NTD and a
C-terminal CBD, essentially as described above. The fusion
protein was purified and then the Intein tag removed by on-
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column cleavage, as described above. Finally, the N-terminal
domain was eluted and dialyzed into 20 mM phosphate buffer
(pH 7.3), 500 mM NaCl, and 1 mM EDTA and stored at 4 °C
for further use.

Chemical Ligation of the '>N-Labeled Linker with the
CTD and NTD. The '*N-labeled linker domain was first
chemically ligated to the CTD by means of the latter’s N-
terminal cysteine residue and the carboxy-terminal thioester
group of the expressed linker. The ligation was induced by S0
mM MESNA in 20 mM HEPES buffer, 200 mM NaCl, 100
mM DTT, and 1 mM EDTA (pH 7.3) at 4 °C. The initial
trans-thioesterification reaction was followed by a spontaneous
intramolecular S—N acyl shift to generate an amide bond at the
ligation junction.'*?® Subsequently, the cysteine residue present
at the N-terminal end of the linker, now part of a linker—CTD
fusion, was induced to react with the carboxy-terminal thioester
of the NTD by treatment with MESNA as described above,
leading to an intact IRF-3 molecule with only the linker
containing "*N. The integrity of the final product was checked
by matrix-assisted laser desorption ionization mass spectrom-
etry: a single peak at 47554 Da was observed. The calculated
mass is 47611 Da, a difference of 0.1% and well within
experimental error.

Synthesis of a 300 bp DNA Fragment Containing the
IFN-f Enhancer Sequence. A 300 bp DNA fragment
containing the centrally located 74 bp enhancer sequence was
synthesized by Integrated DNA Technology. After digestion
with EcoRI and Sall, the product was gel purified and ligated
into the pIDTSMART cloning vector (IDT). This was
transformed into DHSa competent cells and grown on LB
plates containing 100 pg/mL ampicillin. Ten bacterial clones
were picked and separately grown in S mL of LB containing
100 pug/mL ampicillin. The presence of the correct insert was
verified by sequencing and an individual clone grown in 250
mL of LB medium containing 100 pg/mL ampicillin at 37 °C.
The plasmid was purified using a QIAfilter Maxi kit (Qiagen,
Inc.) and 10 pg digested with EcoRI and Sall to release the 300
bp insert, which was purified using a Qiaquick gel extraction kit
(Qiagen, Inc.) and quantified photometrically.

Measurement of Two-Dimensional (2D) "H-"°N HSQC
NMR Spectra. The 'H—""N HSQC spectra were acquired at
20 °C on a 600 MHz ('H) Bruker Avance spectrometer
equipped with a triple-resonance TCI cryoprobe. Parameters
used for the 'H and '*N dimensions were as follows: spectral
width, 18.3 ppm for 'H and 28.0 ppm for '*N; acquisition time,
60.0 ms for "H and 44.0 ms for '°N; time domain data points
(complex), 652 for 'H and 77 for *N; number of scans/FIDs,
192; relaxation delay, 1.0 s. Water suppression was achieved
using a flipback-watergate sequence,””*> and States—TPPI
quadrature detection” was employed in the t, (*N)
dimension. Data were processed using nmrPipe.

Atomic Force Microscopy. The 300 bp DNA fragment
and IRF-3-SD were mixed in a 1:2 molar ratio (25 nM:50 nM)
in 10 mM phosphate buffer, 138 mM NaCl, and 2.7 mM KCl
(pH 7.4) and incubated for 1 h at room temperature. Sample
solutions (S uL) were deposited on clean mica substrates (12
mm muscovite, grade V-1 mica disks), left to incubate for 10
min, and then gently rinsed with ~0.5 mL of ultrapure,
deionized water to remove salts and unattached molecules
before being dried in a stream of argon. All imaging was
performed under ambient conditions using a Multimode-
Picoforce atomic force microscope equipped with a NS-V
controller (Bruker Nano-Surfaces). Silicon probes (OTESPA,
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Bruker Nano-Surfaces) with a nominal stiffness of 42 N/m and
resonance frequencies of 300 kHz were used in the oscillating
(tapping) mode. Images were acquired at ~1 nm/pixel
resolution. The mica surfaces had previously been modified
by being incubated with a 0.17 mM solution of 1-(3-
aminopropyl)silatrane (APS) in ultrapure water.>* The
modified mica surface possesses positive charges and is also
hydrophobic. IRF-3-5D was imaged on freshly cleaved mica.
Atomic force microscopy (AFM) images were preprocessed
with the instrument software and then imported into NIH
Image] for particle volume estimation.

Volumes were estimated by first thresholding the measured
objects at half-height to minimize sample dilation caused by the
finite probe size. The volumes of the thresholded particles were
then estimated by summing the height values at every pixel
within the particle base. The molecular mass of the particles
was then computed by assuming a partial specific volume of
0.74 cm®/ g for the proteins and a 30% mass ratio of residual
hydration water under ambient conditions. DNA lengths were
measured by tracing the most probably maximal heights along
the DNA contours.”

B RESULTS AND DISCUSSION

Helicity of the Linker. The part of the IRF-3 linker having
strong helical propensity (Figure 2) might play a role in

40-
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Figure 3. CD spectra of the polypeptide Ac-WDTQEDIL-
DELLGNMVLA-NH, measured at different concentrations of
trifluoroethanol (TFE). The inset shows the dependence of the
mean residue ellipticity [@] at 222 nm upon the concentration of TFE.

Table 1. Hydrodynamic Radii (Ry) of the WT IRF-3
Monomer, the Dimeric SD Mutant, and the Separate NTD

protein no. of residues Ry (nm)
WT 427 3.9
SD 854 49
NTD 113 2.3

forming a folded conformation. To test this possibility, the
linker (with an extra Trp residue at its N-terminus for
concentration determination) was investigated by CD. Whereas
in buffer alone the spectrum of the isolated 75-residue linker is
that expected for a random coil conformation (a negative
minimum at 198 nm), upon addition of trifluoroethanol (TFE)
there is clear evidence of helix formation with a transition
centered at ~16% TFE (Figure 3). Inspection of the 17-residue
sequence shows that the helix would be highly amphipathic,
with acidic residues along one side and hydrophobics along the
opposite face, the latter perhaps interacting with a hydrophobic
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Figure 4. Electrophoresis (4 to 20% gradient polyacrylamide gel
electrophoresis) of expressed IRF-3 constructs: lane 1, NTD; lane 2,
5N-labeled linker; lane 3, CTD; lane 4, '*N-labeled linker—CTD two-
domain fusion; lane 5, NTD—N"*-labeled linker—CTD three-domain
fusion; lane 6; wild-type IRF-3. The numbers for the marker lane are
in kilodaltons.
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Figure 5. 2D 'H—""N HSQC spectrum of the *N-labeled linker in 20
mM phosphate buffer (pH 7.0) and 100 mM NaCl at 25 °C. The
NMR spectra were recorded on a 600 MHz ('H) Varian Inova
spectrometer.

patch on the NTD such as the four-stranded f-sheet,”® thereby
helping to hold together the two terminal domains.
Compactness of IRF-3. An approach to deciding if IRF-3 is
a compact globular protein, rather than an extended two-
domain dumbbell species, is to measure hydrodynamic radii
(Ry) by dynamic light scattering (Table 1). A disordered linker
between the NTD and CTD would give rise to much greater
apparent radii than a fully compact species. The IRF-3 WT
monomer exhibited an Ry value that was 1.70 times that of the
isolated NTD. If both species are considered as compact
spheres of the same density, their relative radii would be (427/
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Figure 6. 2D 'H—"*N HSQC spectrum of the '“N-labeled linker
ligated with the CTD in 20 mM phosphate buffer (pH 7.0) and 100
mM NaCl at 25 °C, showing that when bound to the CTD the linker
partially adopts a folded conformation that is in slow exchange with an
unstructured conformation.
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Figure 7. 2D 'H—"*N HSQC spectrum of the '“N-labeled linker
ligated with both the NTD and CTD in 20 mM phosphate buffer (pH
7.0) and 100 mM NaCl at 25 °C showing that the linker adopts a
predominantly folded structure.

113)'3, ie, 1.56. The introduction of five phosphomimetic
mutations to aspartate in the C-terminal dimerization domain
of IRF-3 (designated IRF-3-SD) leads to its dimerization.'®
When the IRF-3 SD dimer is compared to the NTD in a like
manner, their relative Ry values were found to be 2.1, whereas
the predicted ratio is (854/113)", i.e,, 1.96. These data imply
that the IRF-3 monomer and dimer are both fully compact
species.

State of the Linker. Folded and unfolded polypeptide
chains are readily distinguished by their NMR spectra because
the variety of chemical environments surrounding the
individual amino acids in the folded form is manifested as a
wide dispersion of chemical shift values. To observe a spectrum
from the linker without interference (overlap) from the larger
N-terminal and C-terminal domains of IRF-3, the protein
chemical ligation procedure was adopted to construct an IRF-3
molecule having only the central linker domain labeled with
5N, leaving the two flanking domains unlabeled (see Materials
and Methods). First, the '*N-labeled linker was expressed and
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Figure 8. Dependencies of log(K,) on log[NaCl] for association of the
IRF-3 NTD (red line 1) with a 13 bp duplex representing the single
site. of PRDI and the IRF-3 SD dimer with a 26 bp duplex
corresponding to the PRDI-PRDIII double site (blue line 2). The
dotted line 3 shows the 5D binding data recalculated for one IRF
molecule in the dimer, i.e., divided by 2. Because this is parallel to line
1, it follows that the dimer forms twice the number of salt links formed
by the monomer. The slope of line 1 is —3.2, a value that corresponds
to the formation of four or five salt links between DNA phosphate
groups and basic residues of the NTD.”” The crystal structure of the
NTD bound to the enhancer DNA? shows four contacts in three of
the four subunits bound.

then chemically ligated to the CTD to form an intermediate
species, and this was subsequently ligated to the NTD to
generate the complete IRF-3. After purification, all three species
together with the separate CTD and NTD, and also wild-type
IRF-3, were assessed for their size and chemical integrity by
electrophoresis (Figure 4).

Figure 5 shows a '"H—"*N HSQC spectrum of the isolated
N-labeled linker in 20 mM phosphate buffer and 100 mM
NaCl (pH 7.3). Essentially all the resonance peaks are quite
sharp and lie at a chemical shift of 8—8.5 ppm in the proton
dimension, including the seven glycines clustered at a shift of
~110 ppm in the '*N dimension. Bearing in mind the presence
of 16 proline residues, we expect a total of 61 resonances from
peptide groups. Resonances from nonpeptide groups are the
pair of peaks at 6.8 and 7.5 ppm in the proton dimension
deriving from the amide groups of the four asparagine and three
glutamine groups, plus the single tryptophan peak at 10 ppm in
the proton dimension. The lack of chemical shift dispersion in
this spectrum indicates an essentially random coil, ie.,
unfolded, conformation for the isolated linker at room
temperature.

Figure 6 shows a 'H—""N HSQC spectrum of the
intermediate species, i.e, the '*N-labeled linker attached to
the CTD, also in 20 mM phosphate buffer and 100 mM NaCl
(pH 7.3). It is apparent that there is a significant increase in the
dispersion of the chemical shifts, as compared with the
spectrum of the isolated linker, indicating that some folding
of the linker has occurred. However, the spectrum appears as
the superposition of two subsets, one consisting of sharp peaks
(those in the region of 8—8.5 ppm in the proton dimension)
displaying poor dispersion and corresponding to a dynamic
unstructured state, embedded on a background of broader but
well-dispersed peaks corresponding to a folded, rigid
conformation. Thus, the linker when bound to the CTD
exhibits some propensity to form a folded conformation, which
is in slow exchange with the unstructured conformation. This
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Figure 9. (A) AMF images of the complex of the 300 bp DNA, having the 74 bp IFN-/ enhancer sequence in the middle, bound to the IRF-3 SD
dimer showing that the protein bends the DNA considerably. (B) AFM images of the unbound 300 bp DNA.

explains the observation of more peaks than the 61 amide NH
groups in the linker.

Figure 7 shows an equivalent spectrum for protons of the
tridomain NTD—'"N linker—CTD construct, ie, with the
NTD added and corresponding to the wild-type IRE-3
monomer. It is clear that the dispersion of chemical shifts has
increased very considerably. In contrast to the previous two
constructs, the “strip” of resonances at 8—8.5 ppm in the
proton dimension is no longer evident, nor is the cluster of
seven glycines at a shift of ~110 ppm in the "N dimension.
This indicates that the linker has folded to a much greater
extent upon further addition of the NTD to generate the whole
IRF-3 monomer. The observation of more than 61 resonance
peaks implies that this construct is not fully conformationally
homogeneous: it appears that the folded conformation is in
slow-exchange equilibrium with one or other conformations.
The continuing presence of multiple peaks in the 8.0—8.5 ppm

6325

region suggests that some random coil segments might remain,
but weak (i.e., minor component) peaks at the more extreme
chemical shifts (10—12 ppm) imply an alternative folded
conformation is present. Further experiments will be required
to determine if this is an intrinsic property of the linker with
functional consequences.

Two simple conclusions follow from these spectra. (a) The
IRF-3 linker becomes largely folded upon incorporation
between the two terminal domains, and (b) this is a property
of the monomer, ie., folding of the linker does not require
dimerization of IRF-3.

Interaction of IRF-3 with the Target DNA. A compact
ordered linker means that the dimeric CTD must effectively
keep the two N-terminal domains on a short and fairly rigid
leash, allowing them little freedom of movement. In that case,
because the two PRDIII-PRDI binding sites are not on the
same face of the DNA (Figure lc,d), binding might result in

dx.doi.org/10.1021/bi300260s | Biochemistry 2012, 51, 6320—6327
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some deformation of the complex, e.g., twisting and/or bending
of the DNA. Additional evidence of distortion of the
components upon formation of the complex is provided by a
thermodynamic analysis of binding of IRF-3 to the IFN-B
enhancer.

Using fluorescence anisotropy titrations to determine
binding constants, a Ky value of 1.20 uM (ie, AG = —33.1
kJ/mol) was observed for association of the IRF-3 SD dimer
with a 13 bp target duplex, 5-GAGAAGTGAAAGT-3/,
corresponding to the PRDI site.'® This represents binding of
a single subunit, as evidenced by the fact that for binding of just
the NTD to this 13 bp duplex Ky = 280 nM (i.e., AG = —36.7
kJ/mol), i.e., an only 10% difference. In contrast, for binding of
the IRF-3 SD dimer to a 26 bp target duplex, 5'-
GCGAACTGAAAGGGAGAAGTGAAAGT-3/, corresponding
to the double PRDIII-PRDI sites, the measured K4 = 5.8 nM
(ie, AG = —46.1 kJ/mol). One might expect that the Gibbs
energy of binding an IRF-3 dimer is twice that of a monomer,
ie, 2 X =33.1 = —66.2 kJ/mol, but in fact, it is only —46.1 kJ/
mol; i.e., there is a deficit of 20 kJ/mol, representing free energy
lost on binding the dimer. This must result from distortion, i.e.,
conformational changes, in the protein and/or DNA
components.

To decide whether this free energy loss results from changes
in electrostatic or nonelectrostatic interactions, the salt
dependence of the binding constants was measured (see Figure
8) and plotted according to the relationship

log(K*) = log(K:,

nel

— N X log[salt] €))

The slope of such plots, N, is a measure of the total number
of electrostatic contacts between the protein and phosphate
groups of the DNA,*” and it is seen that the slope of the dimer
plot (—6.5, corresponding to approximately nine salt links) is
twice that for the binding of a monomer; i.e., the dimer forms
twice the number of salt links formed by the monomer. There
is therefore no difference in the electrostatic interactions of
each monomer (salt links formed to DNA) in the dimer and
the monomer conformations. The free energy deficit is
therefore entirely nonelectrostatic in origin, and this must
derive from conformational changes in the DNA or the protein.

IRF-3-Induced DNA Bending. DNA bending induced by
the bound IRF-3 dimer was observed directly by an atomic
force microscope using a 300 bp DNA with the entire 74 bp
enhancer DNA (see Figure la) located in the center (see
Materials and Methods). For this purpose, the phosphomimetic
SD mutant (S396D, S398D, S402D, and T40SD) was
expressed: this forms the dimer and interacts with the
PRDIII-PRDI sites.*'® Images of the complex (Figure 9A)
showed protein bound at the center of the DNA, and in many
of the images (but not all), the DNA was bent at the point of
protein binding. Such sharp bending was not seen in images of
the free 300 bp probe (Figure 9B).

B CONCLUSION

The linker of the monomer IRF-3 is folded, and the activated
IRF-3 dimer represents a compact, rigid construct that, when
bound to the IFN-f enhancer DNA, bends it considerably.
Bending of the enhancer DNA by the activated IRF-3 must be
significant for the assembly and function of the IFN-§
enhanceosome.
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