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Abstract

Interferon regulatory factor 4 (IRF4) is an essential regulator in the develop-

ment of many immune cells, including B- and T-cells and has been implicated

directly in numerous hematological malignancies, including adult T-cell leuke-

mia/lymphoma (ATLL). Recently, an activating mutation in the DNA-binding

domain of IRF4 (IRF4K59R) was found as a recurrent somatic mutation in

ATLL patients. However, it remains unknown how this mutation gives rise to

the observed oncogenic effect. To understand the mode of IRF4K59R-mediated

gain of function in ATLL pathogenesis, we have determined the structural and

affinity basis of IRF4K59R/DNA homodimer complex using X-ray crystallogra-

phy and surface plasmon resonance. Our study shows that arginine substitu-

tion (R59) results in the reorientation of the side chain, enabling the

guanidium group to interact with the phosphate backbone of the DNA helix.

This markedly contrasts with the IRF4WT wherein the K59 interacts exclu-

sively with DNA bases. Further, the arginine mutation causes enhanced DNA

bending, enabling the IRF4K59R to interact more robustly with known DNA

targets, as evidenced by increased binding affinity of the protein–DNA com-

plex. Together, we demonstrate how key structural features underpin the basis

for this activating mutation, thereby providing a molecular rationale for

IRF4K59R-mediated ATLL development.
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1 | INTRODUCTION

Adult T-cell leukemia/lymphoma (ATLL) is an aggres-
sive, non-Hodgkin lymphoma characterized by frequent
patient relapses and poor survival outcomes. ATLL
develops as a result of infection with human T-cell leuke-
mia virus type 1 (HTLV-1), with approximately 5% of

20 million patients infected with of HTLV-1 developing
the disease.1 The genomic integration of HTLV-1, charac-
teristic of ATLL, is central to disease pathogenesis,2 with
HTLV-1 driving expression of the Tax trans-activator/
oncoprotein, which in turn, results in activation of the
NF-κB pathway, the critical initiator in ATLL develop-
ment.1,3 Another key HTLV-1 derived protein important
for tumorigenesis is the HTLV-1 basic zipper protein
(HBZ) whose expression has been shown to induceSrinivasan Sundararaj and Sandali Seneviratne contributed equally.
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proliferation and malignant transformation of CD4 T-
cells.4 However, from the low rate of HTLV-1 infected
people that develop ATLL, it is clear that other factors
besides expression of Tax and HBZ are required for the
development of ATLL.

Interferon regulatory factor 4 (IRF4), a canonical lym-
phoid transcription factor (TF) is a key candidate for
ATLL development. It co-occupies regulatory elements
with NF-κB and coordinates the expression of several tar-
get genes, including MYC, CCR4, and BIRC3, and
together with NF-κB was identified as a master regulator
for ATLL development.5 Overexpression and genetic
alterations of IRF4 have been identified as one of the
most common factors underpinning ATLL development
and are associated with poor prognosis and treatment
outcome. Knockdown of IRF4 expression in ATLL cells
results in increased apoptosis, suggesting the requirement
of IRF4 for ATLL cell viability.6 Furthermore, treatment
with either IRF4 antisense oligonucleotides (ASOs) or
lenalidomide, an FDA-approved drug for multiple mye-
loma which indirectly affects IRF4 expression, have been
shown to reduce the proliferation of ATLL cells.1 Collec-
tively, these studies have identified a key role for IRF4 in
the pathogenesis of ATLL.

IRF4 is a member of the IRF family of TFs that are
associated with the development of immune cells, includ-
ing B- and T-cells. This family consists of eight other TFs,
IRF1 through to IRF9, all of which recognize promoters
consisting of the IRF consensus sequence 50-GAAA-30.7

However, IRF4 is distinct within this family of TFs as it is
the only IRF that is not regulated by interferons (IFNs)
and it has distinct roles in determining immune cell line-
age and fate.8 Despite its unique functional role, the
structure of IRF4 shares many conserved functional
domains with other members of the IRF family.9 The
general domain arrangement within this family consists
of an N-terminal DNA-binding domain (DBD) and a C-
terminal IFN association domain (IAD) (Figure 1). The
DBD is highly conserved within the IRF family,

comprising of a pentad repeat of tryptophans that forms
a type of winged helix–turn–helix structure10,11 facilitat-
ing its interaction with DNA. Intriguingly, in almost all
the cases, mutations are detected in the DNA-binding
domain, implying that the IRF4/DNA interaction is a key
driver for malignant transformation. IAD is a protein–
protein interaction domain that enables its interaction
with other TFs. Connecting these two functional domains
is a flexible linker. Additionally, the distal C terminal
region comprises an autoinhibitory domain, a short
sequence of amino acids believed to play a role in the reg-
ulation of IRF4 interactions with DNA.12

Several DNA regulatory elements were identified as a
targets for IRF4 interaction.13 Notably, IRF4 can bind its
target DNA as either a homodimer or heterodimer in
association with other TFs. For instance, it engages IFN-
stimulated response elements (ISRE) DNA as a homo-
dimer. Conversely, it binds erythroblast transformation
specific (Ets) IFN composite elements (EICE), and AP-
1-IRF composite elements (AICE1 or 2) as a heterodimer
and requires the engagement of PU.1 and BATF TF,
respectively, for these interactions.8

Due to its critical role in the development of B- and
T-cells, IRF4 dysfunction has been implicated in several
lymphoid malignancies, including chronic lymphocytic
leukemia, multiple myeloma and adult T-cell leukemia.
Markedly, the pathogenic mutations are often detected in
the DNA-binding domain, implying that the IRF4/DNA
interaction is a key driver for malignant transformation.
In the case of CLL, a recurrent somatic heterozygous
mutation affecting the IRF4 DBD (IRF4 L116R) was iden-
tified in 1.5% of CLL patients.14 Likewise, recurrent
somatic mutations (L116R, K123R) in the IRF4 DBD are
observed in MM patients.15,16

Molecular analysis of ATLL cells has identified IRF4
as one of the most frequently mutated genes in ATLL
development.17 Notably, mutations that result in the
amplification of the IRF4 gene were observed in 1 in
4 patients, while 1 in 7 had activating single-nucleotide

FIGURE 1 Schematic

representation of the IRF4 domain

structure. The functionally critical DNA

binding domain and IRF association

domain are depicted in yellow and blue,

respectively. Clinically relevant arginine

substitution mutations that occur within

the IRF4 DNA-binding domain are also

presented using individual symbols to

represent the relevant disease
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variations (SNV).1,17 Previous studies have shown
IRF4K59R as a recurrent somatic mutation in ATLL. In
wildtype, lysine 59 lies in the DBD of IRF4 and is fairly
conserved amongst the IRF family of TFs. Interestingly,
Irf4K59R is almost exclusive to ATLL development,
suggesting a very specific effect of the mutation.6 Nota-
bly, the Irf4K59R mutation was shown to enhance nuclear
expression and transcriptional activity of IRF4.6 Never-
theless, the mechanistic basis of the IRF4K59R-mediated
gain of function in ATLL remains unknown.

To understand the molecular basis of IRF4K59R and its
implication in ATLL development, we have determined
the crystal structure of the IRF4K59R homodimer in com-
plex with the well-characterized ISRE DNA found in the
murine Prdm1 gene (50-CAACTGAAACCGAGAAAGC-
30) comprising two overlapping consensus IRF (GAAA)
recognition sequences.18 Our study has shown that the
arginine substitution resulted in increased DNA interac-
tions and greater DNA distortions, thereby providing a
rationale for altered transcriptional regulation and onco-
genic effects.

2 | RESULTS

2.1 | Arginine substitution increases
DNA affinity

To determine how the arginine substitution can influence
the affinity of the IRF4/DNA interaction and rationalize

the basis for the observed gain of function in the ATLL
patients, we measured the direct binding affinity of this
interaction by SPR. Purified IRF4K59R protein was titrated
against the known IRF4 DNA target motifs and disassoci-
ation constant (KD) values were calculated on the basis of
equilibrium analysis. We observed a varying degree of
binding between IRF4K59R and the target motifs, ranging
from low nanomolar to low micromolar affinities.
IRF4K59R binds robustly to the canonical ISRE DNA
sequence with a KD of 0.09 ± 0.01 μM. This indicates a
two- to threefold increase in binding affinity compared to
the WT (0.25 ± 0.15 μM). A similar trend was also
observed for other DNA motifs (EICE and AICE) with
the IRF4 mutant binding with a KD of 0.18 ± 0.01 μM
and 0.91 ± 0.17 μM, respectively. These binding affinities
were consistently higher when compared to their WT
counterparts19 (Figure 2). Together, the affinity study
showed that lysine 59 to arginine substitution
strengthens the IRF4 DNA-binding domain’s interaction
with the target DNA, providing a potential rationale
linking the oncogenic effects of this mutation to the
observed enhanced DNA interaction.

To determine if the IRF4K59R mutation influences the
structural stability of the IRF4 protein, thermal stability
measurements of both IRF4WT and IRF4K59R in the pres-
ence and absence of DNA were examined using DSF.
IRF4K59R has a Tm of 57.06 ± 0.60�C which is lower than
the Tm of WT (Tm = 59.12 ± 0.25�C). Using the same
technique, we also measured the structural stability of
these proteins in the DNA-bound state. It is apparent that

FIGURE 2 Affinity measurement of IRF4/DNA interactions. Top panel corresponds to a typical sensorgram for IRF4WT for specific

DNA targets. The bottom panel shows the sensorgram for the same DNA targets for IRF4K59R
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when bound to ISRE motif, the thermal stability of both
the IRF4WT and IRF4K59R is comparable (Figure 3a,b).
Although both DBDs show a significant increase in sta-
bility upon ISRE binding, it is of particular note that the
stability of the IRF4K59R DBD was affected more than
that of the IRF4WT. While the IRF4WT DBD showed an
average increase of 3.38�C upon complexation, the Tm for
IRF4K59R DBD increased by nearly double that of the
IRF4WT (increase of 6.14�C). We further assessed the pos-
sible implication of reduced stability of the unbound
IRF4K59R on the secondary structural elements by testing
WT and mutant IRF4 proteins using Far-UV CD spec-
troscopy. Globally, as expected the spectrum for both
IRF4WT and IRF4K59R were comparable (Figure 3c),
suggesting that mutation has no impact on the folding of
the protein.

2.2 | Structural determination

To characterize the structural basis of the observed
IRF4K59R gain of function, we purified and co-complexed
IRF4 and DNA using size exclusion chromatography
(Figure 4a–c) and determined the crystal structure of the
IRF4K59R-ISRE DNA homodimer. The complex crystal-
lized in the space group of P31 2 1 with the unit cell
dimension of a = 117.8, b = 117.8, c = 154.58 and
α = 90�, β = 90�, γ = 120�. The co-crystals were grown
by hanging drop vapor diffusion from 1:2 M ratio (pro-
tein: precipitant) of well solution containing 4% PEG
4000 and 0.1 M Na acetate pH 4.8. The structure was
determined by molecular replacement and refined to the
final Rwork and Rfree of 20.3% and 24%, respectively

(Table 1). The final model comprised of four IRF4 DBDs
namely IRF4-A (aa 22–129), IRF4-B (aa 21–129), IRF4-G
(aa 21–129), and IRF4-H (aa 21–129), and two DNA

FIGURE 3 IRF4 protein structural and thermal stability of IRF4WT (black) and IRF4K59R (red). (a) Representative melting curves of

IRF4WT (upper panel) and IRF4K59R (lower panel) DBD proteins showing Tm on curve. (b) Comparison of the Tm of IRF4 proteins between

unbound and DNA–bound complexes. A two-tailed T test was performed to determine degree of statistical difference between conditions.

(c) CD spectrum of IRF4WT and IRF4K59R

FIGURE 4 Purification of IRF4K59R protein: (a) Size exclusion

elution profile of IRF4K59R protein eluted from S200 16/600 gel

filtration column. (b) 15% SDS PAGE showing the purity of the

SEC-eluted IRF4K59R protein. (c) SEC elution profile for IRF4K59R

protein and IRF4K59R/ISRE DNA complex eluted from S200 16/600

gel filtration column
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duplexes, namely DNA-1 (chains D and E) and DNA-2
(chains C and F). Together, these represented two homo-
dimer complexes in the asymmetric unit. Superimposi-
tion of wild-type and mutant homodimer complexes gave
a root-mean-square (RMS) deviation of 0.183 Å for all
atoms, indicating both complexes were very similar but
not identical. For subsequent structural analysis, the
IRF4K59R homodimer structure consisting of IRF4-A,
IRF4-B, and DNA-1 (chains D and E) was used and were
compared with the respective chains in the IRF4WT

homodimer complex (PDB 7JM4), unless otherwise
mentioned.

2.3 | IRF4K59R/DNA homodimer complex
structure

The overall structure revealed the IRF4 DBD binds to the
opposite face of DNA in a head to tail orientation
(Figure 5a–f). Both domains adopted a conserved α/β

TABLE 1 Data collection and

refinement statistics
IRF4K59R homodimer complex

Wavelength

Resolution range 41.84–2.475 (2.563–2.475)

Space group P 31 2 1

Unit cell 114.874 114.874 154.788 90 90 120

Total reflections 432,755 (44,104)

Unique reflections 42,586 (4,077)

Multiplicity 10.2 (10.2)

Completeness (%) 99.68 (97.30)

Mean I/sigma(I) 15.4 (1.7)

Wilson B-factor 59.80

R-merge 0.072 (0.850)

R-meas 0.076 (0.894)

R-pim 0.024 (0.275)

CC1/2 0.998 (0.832)

Reflections used in refinement 42,579 (4,077)

Reflections used for R-free 2,001 (191)

R-work 0.2035 (0.2874)

R-free 0.2400 (0.3567)

Number of non-hydrogen atoms 5,209

Macromolecules 5,196

Ligands 0

Solvent 13

Protein residues 435

RMS(bonds) 0.011

RMS(angles) 1.29

Ramachandran favored (%) 96.25

Ramachandran allowed (%) 3.75

Ramachandran outliers (%) 0.00

Rotamer outliers (%) 1.03

Clashscore 3.42

Average B-factor 64.87

Macromolecules 66.14

Solvent 51.40

Number of TLS groups 31

Note: Statistics for the highest-resolution shell are shown in parentheses.
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structural topology and were comprised of three α-helices
(α1–α3) with four standard antiparallel β-sheets (β1–β4)
and three long loops (L1–L3). The overall structural fea-
tures were comparable to the previously determined
IRF4WT/DNA homodimer complex structure.19 Since
IRF4K59R substitution occurs in the connecting IRF4 loop
L1, we assessed the conformational rearrangement of this
region. Superimposition of both the IRF4WT and
IRF4K59R structures showed minimal structural
rearrangement in this loop region (L1) with an RMS devi-
ation of 0.308 Å for all atoms, indicating that the muta-
tion has little effect on the overall conformation of L1.
However, closer inspection of the mutation site in the
IRF4 DBD (IRF4-A) revealed considerable repositioning
of the arginine side-chain. Specifically, in the case of the
IRF4WT, Lys 59 is positioned more centrally in the minor
groove of the DNA, enabling it to contact both the DNA
strands (chains D and E). Namely, the positioning has
resulted in a hydrogen-bonded contact with the adenine
(A7) (underlined) of the GAAA consensus sequence
(chain D). Furthermore, a second hydrogen bond forms
with the cytosine (C14) of the chain E. Conversely, in the
case of IRF4K59R complex, the side chain of Arg 59 has
moved ~4 Å away from its wildtype counterpart and
interacts exclusively with the chain E of the DNA.

Notably, this distinctive change in orientation has
resulted in an obvious difference in the DNA contact.
Specifically, the repositioning has led to the formation of
two hydrogen bonds, one between Nη2 of the arginine
with the O4 of the adenine (A15) and the other with the
O2 of the cytosine (C14). Additionally, the repositioning
of the side chain has allowed the guanidium group to
interact intimately with the backbone of guanine (G16)
through two salt bridges, which are further enhanced by
the van der Waal’s (VDW) interactions (Figure 6a,b, S2).
For IRF4-B, both the residues in the equivalent structures
sit at the edge of the DNA and while a similar pattern
was observed in side-chain positioning, no direct DNA
contact was evident in both WT and IRF4K59R (cutoff
<5 Å, figure not shown). Together, it shows that arginine
substitution is confined to changes in the side-chain ori-
entation and affects the local environment of the DNA-
binding domain thereby resulting in an overall increase
in the DNA interaction.

2.4 | DNA structure deformation

We and others have shown that IRF4 engages its target
DNA by distorting its structure.19,20 This distortion and

FIGURE 5 Overall structure of the IRF4K59R/ISRE DNA complex. (a) Standard view, (b) top view, (c) side view. IRF4K59R, lightblue

α3-recognition helix, olive; DNA, light teal, respectively. (d) and (e) represent the electrostatic view of the IRF4K59R protein in standard, top,

and side view, respectively
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changes in the related conformational parameters have
been identified as one of the prerequisites for the optimal
engagement of the interacting IRF4 monomer. The avail-
ability of the IRF4WT/ISRE homodimer complex struc-
ture has enabled us to compare the extent of the DNA
distortion and conformational changes upon arginine
substitution using the nucleic acid-based analysis pack-
age, Curves+.19,21 The analysis showed that mutation
increases the overall bending of the DNA, with a bending
angle of approximately 21� (WT 15�). Differences were
also observed in other helical parameters, including an
average propeller twist accounting to �10.3�

(WT �11.7�) and base pair tilt of 1 Å (compared to 1.5 Å
for the WT). However, other parameters such as mean
axial rise per turn (3.38 Å) and average helical twist
(30.8�) were comparable to the WT (Figures S3A and
S3B). Collectively, the IRF4K59R/DNA complex structure
shows that the arginine substitution is not only associ-
ated with changes in the side-chain orientation and the
local DNA-binding environment, but extends to have a
more global structural effect.

3 | DISCUSSION

IRF4 is a key immune regulator that has been identified to
have a direct impact on the development of lymphoid
malignancies, including ATLL. Several recurrent muta-
tions have been identified in the DBD of IRF4 and were
experimentally shown to have an oncogenic effect in the
malignant transformation of the target cell.6 Of particular
relevance is the IRF4K59R mutation, which is exclusive to
ATLL development and is the most frequent mutation in
the IRF4 DBD sited in the COSMIC database. Lys 59 has
been identified as a highly conserved residue across evolu-
tionary diverse species and we have recently shown that it
interacts directly with the IRF consensus sequence in the
formation of the IRF4 homodimer complex.6,19 Although
previous studies have recognized the importance of this

mutation in disease development, the underlying molecu-
lar basis has not been explored. In the current study, deter-
mination of the IRF4K59R/ISRE DNA homodimer crystal
structure has provided a rationale for the observed gain of
function in the IRF4K59R mutant.

Our affinity data revealed that the arginine substitu-
tion causes a notable impact on DNA-binding affinity.
We found that the replacement of lysine with arginine
increased the overall binding strength of the IRF4–DNA
interactions to all DNA targets included in the study. The
conclusions from our affinity study are consistent with a
previous finding which indicated that the IRF4K59R leads
to increased nuclear expression and transcriptional
potency compared to the IRF4WT,6 linking disease devel-
opment to direct IRF4-DNA interaction. Further, we
evaluated the impact of the arginine substitution on the
overall structural stability of the IRF4 proteins which
showed that although arginine substitution led to a mod-
erate decrease in protein stability in the unbound state,
this is more than compensated for by the increased stabil-
ity of the protein–DNA complex. This observed DNA-
induced structural stabilization is a feature commonly
observed in other transcription factors.22,23

Several prominent structural differences were also
observed in the homodimer structure upon arginine sub-
stitution. At a local level, a seemingly conservative muta-
tion from a lysine to an arginine residue resulted in the
reorientation of the arginine sidechain so that it now par-
ticipates in hydrogen bond and salt bridged interactions
with the opposing DNA strand, compared with the WT
lysine residue. Globally, a major transformation lies in
the extent of DNA deformation, in particular DNA bend-
ing. Comparison of IRF4WT and IRF4K59R has identified a
significant increase in the DNA bend upon arginine
mutation. It is well-known that DNA bending plays an
essential role in transcriptional regulation by bringing
promoters and enhancers into close proximity, thereby
facilitating co-transcriptional regulation.24 In addition,
distortion of the DNA may also mediate interactions

FIGURE 6 Cartoon representation

of IRF4WT and IRF4K59R structure

highlighting the arginine and lysine

interaction. (a) IRF459R–DNA
interaction. (b) IRF4WT–DNA
interaction. IRF4WT, yellow; IRF4K59R,

green; DNA, lightblue; Arg59, pink

Lys59, deep teal, hydrogen bond and

electrostatic interactions are represented

by black-dashed lines
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between the transcription factors by wrapping the DNA
into large protein–DNA complexes.24 Based on the struc-
ture, it is likely that the increased bending may promote
altered binding of other TFs potentially targeting regula-
tory elements which may affect the oncogenic outcome.

The fact that a single realignment of a positively
charged sidechain can exert such global structural effects
on the protein–DNA complex points to the precise role
the DNA-binding region of IRF4 plays in the recognition
of its DNA-binding partners. In the context of other
disease-causing mutations in the IRF4 DBD, this region
represents a mutant hotspot for lymphocytic leukemias.
Notably, arginine substitution is more recurrent in sev-
eral other lymphoid malignancies, including chronic
lymphocytic leukemia (L116R)14 and multiple myeloma
(K123R).16 On the basis of the IRF4WT homodimer crystal
structure, it is apparent that Leu 116 and Lys 123 are in
close proximity to the DNA backbone. Although at this
stage, the exact structural effects of these arginine substi-
tutions are not known, we hypothesize these arginine
mutations would likely increase the local electropositive
charge and potentially enhance the interaction with the
phosphate backbone in a manner similar to IRF4K59R.
This raises the possibility that the oncogenic effects
attributed to these mutations could be driven by the
increase in the electrostatic contact.

The most common genetic mutations (>50%) in
human cancers occur in the P53 gene25 with most of the
mutations presenting in the DNA-binding core of the
protein.26 The P53 mutation R280K is a loss of function
mutant and involves a loss in transcriptional activity and
has been related to different cancer types, including ure-
ter, gallbladder, bladder, and prostate cancers (http://
www-p53.iarc.fr/). From a structural viewpoint, this loss
of function mutation can be rationalized by the inability
of the lysine mutation to maintain two hydrogen bonds
with DNA as depicted in (Figure S4). This mutation rep-
resents a mirror image of the situation encountered by
the IRF4K59R mutant and highlights the structural and
functional effects that may be imposed from a seemingly
conservative mutation.

Collectively, we have shown that the gain of function
incurred due to the arginine substitution in IRF4K59R can
be attributed to its enhanced DNA interaction coupled
with its local and global structural changes. This has pro-
vided a molecular rationale for the IRF4K59R-mediated
oncogenic effect in ATLL pathogenesis. It will be interest-
ing to map the structural changes of other clinically rele-
vant IRF4 arginine mutations, which will clearly
underpin the molecular basis for their observed gain of
function and could provide a basis for the development
of IRF4-centric therapeutics.

4 | MATERIALS AND METHODS

4.1 | Expression and purification

Codon-optimized IRF4WT and IRF4K59R gene con-
structs were cloned into pJ411KanR (ATUM) and over-
expressed as an N-terminal His6-tag fusion protein in
Escherichia coli BL21(DE3) (Novagen) at 18�C following
induction with 0.5 mM IPTG. The cells were
resuspended in 50 mM sodium phosphate buffer
(pH 7.0), 500 mM NaCl, 3 mM β-mercaptoethanol, 0.5%
Triton X-100, 4 mM MgCl2, and protein inhibitor cock-
tail (Roche), lysed by French press at 1,500 psi and
cleared by centrifugation, and IRF4 proteins were puri-
fied using a 5 ml HisTrap column (GE Healthcare) in
50 mM sodium phosphate buffer (pH 7.0), 500 mM NaCl
and 20–500 mM imidazole gradient. To cleave the
His6-tag, the eluted fractions were pooled and subjected
to an overnight HRV3c protease digestion at 4�C in
50 mM sodium phosphate buffer (pH 7.0), 500 mM NaCl
and 20 mM imidazole. The His6-tag cleaved IRF4 pro-
teins were subsequently loaded and purified by passing
through a 5 ml HisTrap column (GE Healthcare). The
flow-through was later dialyzed into 10 mM Tris buffer
(pH 7.0), 150 mM NaCl and 1 mM TCEP and purified
subsequently using size exclusion chromatography. The
co-complexation of IRF4 and DNA was performed as
described previously.19

4.2 | Microplate thermal shift assay

Thermal shift data was acquired via differential scanning
fluorimetry (DSF) performed using a Quant Studio
3 qPCR machine (Life technologies). The SEC-purified
IRF4WT and IRF4K59R proteins, both unbound and
bound to ISRE DNA, were concentrated to 0.3 mg/ml
and mixed with Sypro Orange 1X Protein Thermal Shift
dye (Life technologies) in 20 mM Tris buffer (pH 7.4),
150 mM NaCl, 1 mM TCEP buffer. Twenty microliter of
the protein–dye mixture was then distributed into wells
of a 96-well FAST-block optical plate (Life technologies)
in four technical replicates. Emissions at 610 nm were
monitored as the temperature was increased from 25 to
95�C, at a rate of 0.05�C/s. For DSF data of protein–DNA
complexes, IRF4WT and IRF4K59R DBD constructs were
incubated with ISRE motif (Integrated DNA technolo-
gies) in a 1:0.5 M ratio overnight at 4�C to ensure full
complex formation. Other procedures for obtaining ther-
mal shift data for the protein–DNA complexes are as
above. The data was analyzed using Protein Thermal
Shift software (ThermoFisher) with GraphPad Prism
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Version 8.0 used for data presentation and the melting
temperature, Tm calculated.

4.3 | Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were car-
ried out at 20�C on a Biacore 8,000 instrument (Cytiva)
using HBS buffer (10 mM HEPES-HCl, pH 7.4, and
150 mM NaCl) with 3 mM EDTA and 0.05% P20 as a run-
ning buffer. The biotinylated DNA motifs (ISRE, EICE,
AICE) (Integrated DNA technologies) (Table S1) were
coupled (up to ~2,000 RU) onto a streptavidin (SA) chip.
Measurement of IRF4/DNA interaction affinity was per-
formed by injecting incrementally increasing concentra-
tions of IRF4K59R (up to 5 μM) at 30 μl/min flow rate.
The final response unit was calculated by subtracting the
response unit of the reference flow cell. The steady-state
multi cycle affinity data were fitted using the Biacore 8 K
BIAevaluation software. GraphPad Prism Version 8.0 was
used for data presentation.

4.4 | Far-UV circular dichroism
(CD) spectroscopy

CD spectra were acquired using a Chirascan spectrome-
ter (Applied Photophysics) with a circulating water bath
at 20�C using a cuvette with a 0.1-mm optical path
length. For CD experiments, IRF4 proteins were prepared
in 10 mM potassium phosphate and 50 mM sodium fluo-
ride (pH 6.8) at a concentration of 0.15 mg/ml. Samples
were prefiltered and spectra recorded from 180 to 260 nm
using a scanning speed of 15 nm/min. Similarly, spectra
were acquired with buffer alone which and subtracted
from IRF4 spectra. A total of four independent scans
were recorded and the mean residue ellipticity was calcu-
lated from the protein absorbance at 280 nm, residue
number, and molecular weight.

4.5 | Crystallization and structural
determination

The homodimer isolated from SEC were concentrated up
to 7 mg/ml and initially screened using 200 nanoliter
sitting-drop format with commercially available 96-well
screens at 19�C. The initial crystallization hits were sub-
sequently optimized and the complexes were crystallized
using a hanging drop vapor diffusion method in 3–9%
PEG 4000, 0.1 M Na acetate pH 4.8 at 18�C. Single dif-
fraction quality crystals were cryoprotected using the
mother liquor plus 25% PEG 4000, and flash-frozen in liq-
uid nitrogen. Diffraction of the crystals was carried out at

the MX2 beamline (Australian synchrotron). The dataset
was processed with the XDS software package and scaled
using Aimless27,28 in the CCP4 suite.29 The crystal struc-
ture of the IRF4K59R-ISRE homodimer complex was
determined by molecular replacement using the Phaser-
MR program with IRF4 Protein Data Bank (PDB) ID code
7JM4 and ideal B DNA as a separate search model. Itera-
tive model building and subsequent refinement cycles
were performed with the program COOT and Phenix
refine, respectively.30,31 The quality of the structure was
validated at the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank Validation and
Deposition Services. All presentations of molecular
graphics were created with the programme PyMOL.
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