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ABSTRACT: Major histocompatability complex class II (MHCII) molecules are an essential component of
the mammalian adaptive immune response. The expression of MHCII genes is regulated by a cell-specific
multiprotein complex, termed the MHCII enhanceosome. The heterotrimeric RFX complex is the key
DNA-binding component of the MHCII enhanceosome. The RFX complex is comprised of three proteins,
RFXB, RFXAP, and RFX5, all of which are required for DNA binding and activation of MHCII gene
expression. Static light scattering and chemical cross-linking of the three RFX proteins show that RFXB
and RFXAP are monomers and that RFX5 dimerizes through two separate domains. One of these domains,
the oligomerization domain, promotes formation of a dimer of dimers of RFX5. In addition, we show
that the RFX complex forms a 2:1:1 complex of RFX5‚RFXAP‚RFXB, which can associate with a further
dimer of RFX5 to form a 4:1:1 complex through the oligomerization domain of RFX5. On the basis of
these studies, we propose DNA-binding models for the interaction between the RFX complex and the
MHCII promoter including a DNA looping model. We also provide direct evidence that the RFX5(L66A)
point mutation prevents dimerization of the RFX complexes and propose a model for how this results in
a loss of MHCII gene expression.

The human adaptive immune system serves as the primary
defense against a host of pathogenic bacteria, viruses, and
fungi. The major histocompatability class II (MHCII)1

molecules have a central role in the initiation of this immune
response (1). MHCII molecules are heterodimeric glycopro-
teins that present antigens on the surface of antigen-
presenting cells such as B-cells, macrophages, and dendritic
cells. The interaction of the MHCII-antigen complex with
CD4+ T cells leads to T cell activation, differentiation, and
proliferation. There is a direct correlation between the level
of expression of MHCII molecules in antigen-presenting cells
and the ability of the immune system to mount a response
against infection. This correlation is highlighted in the bare
lymphocyte syndrome (BLS), a severe immunodeficiency
disorder characterized by a lack of expression of MHCII
genes (2).

There are three MHCII isotypes expressed in humans. The
promoters of the genes that code for the MHCII isotypes
contain four highly conserved DNA sequences, the S-box,
the X1-box, the X2-box, and the Y-box, all of which are
required for efficient regulation of expression of the MHCII
genes (3, 4). A highly specific multiprotein complex was
identified to assemble on the MHCII promoters and regulate
expression of the MHCII genes in a cell-specific manner.
The term “enhanceosome” has been used to represent
multiprotein complexes that regulate the expression of
eukaryotic genes (5, 6), and thus this complex has been
described as the MHCII enhanceosome.

The X1-box sequence and, potentially, the S-box sequence
are bound by the heterotrimeric RFX complex. The RFX
complex is comprised of three proteins: RFX5, RFXB, and
RFXAP (Figure 1A). All three proteins are required to obtain
high-affinity binding to the X1-box sequence and to recruit
the other components of the MHCII enhanceosome (7-10).
The importance of the RFX proteins is highlighted in the
BLS. Patients suffering from BLS are classified into four
complementation groups: A, B, C, and D. Groups B, C, and
D are characterized by point mutations or deletions in RFXB,
RFX5, and RFXAP, respectively (11-16).

RFX5 is the fifth member of a small family of mammalian
transcription factors that share sequence homology in their
DNA-binding domain (17). RFX5 can be separated into five
distinct regions: the oligomerization domain, the RFX DNA-
binding domain, the helical domain, the proline-rich region,
and the transactivation domain (Figure 1A). The oligomer-
ization domain, residues 1-90, has two distinct roles in RFX
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complex assembly. It mediates dimerization between RFX
complexes, which is important for binding to the MHCII
promoter (18, 19), and it encompasses the primary region
of RFX5 that interacts with RFXB and RFXAP (20).
Chemical screening for point mutations of RFX5 that
inhibited MHCII gene expression identified the importance
of a leucine-rich region between residues 62 and 68 in the
oligomerization domain (18). A single point mutation within
this region, RFX5(L66A), inhibited DNA binding without
preventing assembly of the RFX complex (19). The RFX
DNA-binding domain of RFX5, hereafter referred to as the
RFX5-RFX domain, is the major DNA-binding component
of the RFX complex. The RFX5-RFX domain is a member
of the winged-helix subfamily of helix-turn-helix proteins
(21). Residues 168-330 are predicted to form a helical
structure from secondary structure predictions of the amino
acid sequence. This region may be involved in interactions
with RFXB, RFXAP, and other components of the MHCII
enhanceosome (20; J. M. Boss, personal communication).
The remainder of RFX5 comprises a proline-rich region and
the transactivation domain, which are involved in activation
of expression of the MHCII genes and contacting other
proteins in the MHCII enhanceosome (20, 22).

The second component of the RFX complex, RFXB, is a
260 amino acid protein that contains four ankyrin repeats
(23). Ankyrin repeats are common protein-protein interac-
tion motifs and have been found in numerous proteins (24).
The ankyrin repeats of RFXB are essential for assembly and
for DNA binding of the RFX complex (2, 20, 23, 25, 26).

The final component of the RFX complex, RFXAP, is a
272 amino acid protein that shows no sequence homology
with proteins of known structure. RFXAP interacts with both
RFXB and RFX5 through a glutamine-rich region at its
C-terminus (12, 20, 23, 27). Cross-linking studies of the RFX
complex bound to DNA suggest that RFXAP is directly
involved at the RFX-DNA-binding interface (28).

RFXAP can form a complex with RFX5 and RFXB
individually, but it is not clear whether RFX5 can interact

with RFXB in the absence of RFXAP (19, 20, 25, 27, 29).
Recent studies have shown that RFX5 and RFXAP assemble
in the cytoplasm prior to translocating into the nucleus, where
they form the full RFX complex with RFXB (30).

Three models exist for the binding of the RFX complex
to the MHCII promoter (Figure 1B). In the first model, two
RFX complexes bind cooperatively to the S-box and the X1-
box. This model is supported by the ability of the RFX
complex to bind individually to both sites on the MHCII
promoter and to be able to dimerize through the RFX5
oligomerization domains (10, 19). In the second model, a
single RFX complex binds to the X1-box, and an as yet
unidentified factor binds to the S-box (31). This model is
supported by experiments that show the same amount of the
RFX complex is bound to the MHCII promoter even when
the S-box is mutated. Recently, other (distal) X1-box sites
that are potentially involved in regulating expression of the
MHCII genes have been identified upstream of the (proximal)
X1-box located closest to the transcription initiation site (32-
34). Binding of RFX to the proximal X1-box and one of the
distal X1-boxes induced looping of the DNA, leading to a
third model for RFX interaction with the MHCII promoter
(34).

All of the RFX proteins contact other components of the
MHCII enhanceosome. The stoichiometry of the RFX
complex will therefore have a direct impact on the assembly
of the entire MHCII enhanceosome. The stoichiometry will
also directly influence how the RFX complex will bind to
the MHCII promoter. Previous attempts to determine the
oligomeric states of RFX5 and the complexes it forms with
RFXAP and RFXB have been complicated by the formation
of multiple oligomeric states (29). We have characterized
the oligomeric state of the RFX proteins and the stoichiom-
etries of the complexes they form. From these studies, we
propose models for assembly of the RFX complex on the
MHCII promoter. We also show the effect of the RFX5-
(L66A) point mutation on complex assembly and propose a
model for how it prevents MHCII gene expression.

FIGURE 1: Summary of the RFX protein domains and how the RFX complex interacts with DNA. (A) Schematics of the RFX protein
domain structures and the constructs expressed. For RFX5, OD stands for oligomerization domain, DBD stands for the RFX DNA-binding
domain, HD stands for helical domain, P-rich refers to the proline-rich region, and AD stands for the activation domain. For RFXB, Ank
represents an ankyrin repeat. For RFXAP, Q-rich represents the glutamine-rich region. (B) Models for the interaction of the RFX complex
with DNA. Model I: Two RFX complexes binding cooperatively to the S-box and X1-box. Model II: One RFX complex bound to the
X1-box and an unknown factor bound to the S-box. Model III: Two RFX complexes bound to the proximal and distal X1-box sequence.
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MATERIALS AND METHODS

Construction of the RFX Protein Expression Vectors.PCR
was performed on vectors containing full-length RFXB,
RFXAP, and RFX5 (20). The constructs made are sum-
marized in Figure 1A, and the primers used to PCR amplify
the constructs are listed in Table 1. The PCR product for
RFX5(168-330) was inserted into the pProExHT vector
(Invitrogen), which attaches a 20 amino acid affinity tag
(HTT) to the N-terminus of the inserted protein. This affinity
tag is comprised of six histidines, a short linker, and a
tobacco etch virus (TEV) protease cleavage site. The PCR
products for the remaining RFX5 constructs and RFXB were
inserted into the pHTCBD vector. The pHTCBD vector was
constructed from the pET21a vector and encodes an N-
terminal 70 amino acid affinity tag (HTCBD). The HTCBD
affinity tag is comprised of six histidines, the chitin binding
domain (CBD), and a TEV protease cleavage site. The
primers were purchased from Integrated DNA Technologies
(Coralville, IA). The PCR products were purified with the
QIAquick PCR purification protocol (QIAGEN). After
cleavage with the appropriate restriction enzymes (see Table
1), the PCR products and the vectors were purified by
agarose gel electrophoresis and extracted from the gel using
Geneclean (BIO101). DH5R cells were transformed with the
ligated PCR product and vector and were plated onto an LB-
agar plate containing 100µg/mL carbenecillin. Colonies
containing the PCR insert were identified by PCR screening
with the T7 promoter primer and an antisense strand
corresponding to the related insert (Table 1). Two colonies
were transferred to 1 mL of LB/ampicillin growth media and
grown for 12 h at 37°C. Cell culture (1 mL) was used to
inoculate 100 mL of LB/ampicillin media, which was grown
for a further 14 h at 37°C. Afterg the cells were harvested
by centrifugation, the vectors were purified following the
Midi-prep protocol (QIAGEN). The correct insertion of the
PCR product was confirmed by DNA sequencing (Center
for Biosystems Research at the University of Maryland
College Park, MD). The RFXAP and RFXAP(135-272)
PCR products were inserted into the vector pCBD in an
identical manner as for the RFX5 proteins. pCBD differs
from pHTCBD by the absence of the six histidine sequence
N-terminal to the CBD.

Site-Directed Mutagenesis of RFX5.The L66A mutant was
introduced into the relevant vectors using the QuikChange

site-directed mutagenesis protocol (Stratagene). PCR was
performed with the vectors encoding RFX5(1-90), RFX5-
(1-170), and RFX5(1-330) using the RFX5-L66A-1 and
RFX5-L66A-2 primers given in Table 1. In addition to
introducing the L66A mutation into the RFX5 genes, the
primers inserted anFspI restriction site. The PCR products
were treated withDpnI to degrade the parent plasmid prior
to transforming DH5R cells. Colonies were screened for the
presence of the point mutation by PCR amplification of the
respective RFX5 gene followed by addition ofFspI. Two
of the colonies that showed cleavage of the PCR product by
FspI were transferred to 1 mL of LB/ampicillin media and
grown for 12 h. Extraction and purification of the vectors
were performed as described for the wild-type proteins, and
the presence of the mutation was confirmed by DNA
sequencing.

Expression and Purification of RFX5 Fragments.The
vectors encoding the RFX5 constructs were expressed in
Escherichia coliunder the control of the T7 promoter. BL21-
(DE3) CodonPlus(DE3)-RP cells (Stratagene) were grown
at 37°C to mid-log phase before being induced with IPTG
to a final concentration of 0.5 mM. The cells were grown
for a further 3 h at 37 °C before being harvested by
centrifugation. The cells were resuspended in lysis buffer
that was comprised of 50 mM Tris buffer, pH 8.0, 500 mM
NaCl, 50 mM imidazole, and 1 mM DTT and lysed with a
microfluidizer (Microfluidics Corp., Newton, MA). The
soluble protein was extracted by centrifugation followed by
filtration with a 0.45µm filter. All six protein constructs
were initially purified by loading onto a nickel-charged
HisTrap column (GE Healthcare) and eluting with a gradient
of 0-1 M imidazole. After the eluted fractions were
combined, the affinity tag was cleaved by addition of TEV
protease and incubation for 5 h at room temperature. The
protein was dialyzed to remove the imidazole and passed
over the nickel-charged HisTrap column to remove the
affinity tag and TEV protease, which contained an N-terminal
polyhistidine sequence. RFX5(168-330) was further purified
by dialyzing into 50 mM Tris, pH 8.0, 50 mM NaCl, and 1
mM DTT followed by loading onto a MonoQ cation-
exchange column (GE Healthcare). RFX5(409-616) was
dialyzed into the same buffer but was loaded onto a MonoS
anion-exchange column (GE Healthcare). The two proteins
were eluted from their respective ion-exchange columns

Table 1: Oligonucleotide Primers Used in PCR

primer name sense/antisense primer sequence (5′-3′)
RFXB-1-NCOI sense ATGGACCCCATGGAATGGAGCTTACCCAGCCTGCA
RFXB-260-BAMHI antisense GGCACGGAGGGATCCTCACTCAGGGTCAGCGGGCACCAG
RFXAP-1-NCOI sense ATGGACCCATGGAATGGAGGCGCAGGGTGTAGCG
RFXAP-135-NCOI sense GACTTACCATGGCAGCATGAGCAAGACC
RFXAP-272-BAMHI antisense AGTGACGGATCCTCACATTGATGTTCCTGGAAACTG
RFX5-1-BSPHI sense CGACTAGCATGAAGATGAGCCTGATGCT
RFX5-88-NCOI sense CAGTTACCATGGAGAGTACATGTATGCCTAT
RFX5-168-SFOI sense CACTGGAGGCGCCACCTTGGTGTCTATGCCA
RFX5-409-BAMHI sense CACTGACGGATCCCCGGGGCACAGAGAACAGA
RFX5-90-HINDIII antisense CACTGGAAAGCTTTTACATGTACTCCTCATTGCTCAG
RFX5-170-HINDIII antisense GGCACTGCCAAGCTTCACACCAAGGTCTTCCTCCTTAT
RFX5-330-HINDIII antisense CACTGGAAAGCTTTTAAGGCAGCCGAGCCACTAGGGC
RFX5-616-HINDIII antisense CACTGGAAAGCTTATGGGGGTGTTGCTTTTGGGTC
RFX5-L66A-1 sense GACAAGCTGTATCTCTATGCGCAGCTCCCCTCAGGACCCACC
RFX5-L66A-2 antisense GGTGGGTCCTGAGGGGAGCTGCGCATAGAGATACAGCTTGTC
T7 promoter sense TAATACGACTCACTATAG
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using a 0-1 M gradient of NaCl. All of the proteins were
dialyzed into 20 mM phosphate buffer, pH 7.0, 150 mM
NaCl, and 1 mM DTT and then concentrated prior to loading
onto a size exclusion column. RFX5(1-90), RFX5(1-90,-
L66A), RFX5(88-170), and RFX5(409-616) were purified
with a 16/60 Superdex 75 column (GE Healthcare). The
remaining RFX5 constructs were purified with a 16/60
Superdex 200 column (GE Healthcare). The proteins were
concentrated and stored at-20 °C until use.

Expression and Purification of RFXB.RFXB was ex-
pressed in an similar manner to the RFX5 constructs. Once
the mid-log phase had been reached, the growth temperature
was reduced to 30°C, and the cells were induced for 3 h.
The protein was lysed and purified with a nickel-charged
HisTrap column as for the RFX5 proteins, except the lysis
buffer contained 10 mM imidazole to ensure maximum
binding of protein to the nickel column. The protein was
further purified on a MonoQ column as described for RFX5-
(168-330). RFXB was dialyzed into 20 mM phosphate
buffer, pH 7.0, 150 mM NaCl, and 1 mM DTT and then
concentrated prior to loading onto a 16/60 Superdex 75
column. RFXB was concentrated and stored at-20 °C until
use.

Expression and Purification of RFXAP and RFXAP(135-
272). The CBD-RFXAP fusion proteins were expressed in
a similar manner to the RFX5 proteins except BL21(DE3)-
pLysS cells (Stratagene) were used to optimize protein yield.
Cells containing overexpressed CBD-RFXAP and HTCBD-
RFX5(1-90) were resuspended in the lysis buffer described
previously, and the cells were lysed with a microfluidizer.
The two fusion proteins form a highly stable complex and
were purified over a nickel-charged HisTrap column. After
elution, urea was added to the combined fractions to give a
final concentration of 6 M urea. The denatured protein was
dialyzed to remove the imidazole and passed back over the
nickel-charged HisTrap column under denaturing conditions
in order to separate CBD-RFXAP and HTCBD-RFX5(1-
90). CBD-RFXAP was refolded by reducing the concentra-
tion of urea to 0 M over a period of 2 days. Initially, the
protein was diluted to 0.1-0.2 mg/mL before dialyzing into
3 M urea, 50 mM Tris, pH 8.0, 500 mM NaCl, 1 mM DTT,
and 1 mM EDTA. After 6 h the protein was transferred to
a similar solution but containing 2 M urea, 1 M urea, and
finally 0 M urea. The affinity tag was cleaved by addition
of TEV protease. The TEV protease was removed by passing
the protein over a nickel-charged HisTrap column. RFXAP
was dialyzed into 20 mM phosphate buffer, pH 7, 150 mM
NaCl, and 1 mM DTT and concentrated prior to loading over
a 16/60 Superdex 200 column. RFXAP(135-272) was
expressed and purified in an identical manner to full-length
RFXAP. Both proteins were stored at-20 °C until use.

SEC-SLS Studies of the RFX Proteins.SEC-SLS was
performed using an AKTA purifier (GE Healthcare) with
the following components: a size exclusion column, a
Monitor UV-900 UV detector (GE Healthcare), a 0.2µm
online filter, and a miniDAWN tri-star light scattering
detector (Wyatt Technologies, Santa Barbara, CA). A 10/30
Superdex 200 column was used for all proteins except for
RFX5(1-330), RFX5(1-330,L66A), and the complexes they
formed. In these cases, a 10/30 Superose 6 column was
connected in series with a 10/30 Superdex 200 column. Size
exclusion was performed at 0.2 mL/min with a running buffer

of 20 mM phosphate buffer, pH 7.0, 150 mM NaCl, and 1
mM DTT. Two hundred microliters of between 50µM and
0.5 mM protein was loaded onto the column after filtering
with a 0.2µm centrifugal spin filter. The concentrations of
the proteins were calculated on the basis of the theoretical
extinction coefficient at 280 nm for a monomer (35) (Table
2) and were chosen to optimize the static light scattering
signal. As the protein eluted from the column, its absorbance
at 280 nm was measured using the Monitor UV-900 detector,
and the scattering of light was measured using the miniDAWN
light scattering detector. The concentration of the protein was
calculated using the absorbance at 280 nm and the theoretical
extinction coefficient for the protein. The concentration was
used together with the light scattering data to calculate the
solution mass of the protein using the ASTRA software
(Wyatt Technologies). The protein typically eluted with a
peak width corresponding to 1-2 mL. Light scattering data
were collected over this entire peak. For each data point on
the peak, the solution mass was calculated. The final mass
for each protein was determined as the average mass obtained
over the entire eluted peak, which was typically comprised
of at least 100 independently measured data points. The SEC-
SLS experiments were repeated three times to obtain an
accurate estimate of the solution mass.

SEC-SLS Studies of the RFX Complexes.The experimental
setup for SEC-SLS analysis of the RFX protein complexes
was identical to that of the RFX proteins alone. To analyze
complex formation between RFXB and RFXAP, as well as
between the RFX5 constructs and RFXAP, each protein (100
µM), calculated on the basis of monomer concentration, was
mixed in a 1:1 ratio, and 200µL was loaded onto the size
exclusion column. Excess of one or other of the two proteins

Table 2: SEC-SLS Analysis of the RFX Proteins

protein

ε280

(M-1

cm-1)a
mass from
SLS (kDa)b

oligomeric state
(theoretical
mass, kDa)c

RFXB(1-260) 23950 28.4( 0.4 monomer (28.4)
RFXAP(1-272) 11460 28.6( 1.0 monomer (28.5)
RFXAP(135-272) 9970 18.2( 0.4 monomer (15.8)
RFX5(1-90) 4470 33.3( 0.9 trimer (28.9)-

tetramer (38.6)d

RFX5(1-90),
cross-linked

4470 38.4( 0.4 tetramer (38.6)

RFX5(88-170) 17420 11.4( 0.7 monomer (10.1)
RFX5(168-330) 5500 31.8( 0.4 dimer (35.2)
RFX5(409-616) 16500 24.2( 0.5 monomer (22.2)
RFX5(1-170)

peak 1
20400 72.7( 1.0 tetramer (76.3)

RFX5(1-170)
peak 2

20400 50.9( 2.1 dimer (38.1)-
trimer (57.2)d

RFX5(1-330)
peak 1

25900 132.3( 7 tetramer (144.9)

RFX5(1-330)
peak 2

25900 81.1( 0.3 dimer (72.4)

RFX5(1-90,L66A) 4470 17.9( 1.1 dimer (19.2)
RFX5(1-170,L66A) 20400 33.5( 1.5 dimer (38.2)
RFX5(1-330,L66A) 25900 73.9( 2.2 dimer (72.3)

a The theoretical extinction coefficient was calculated using the
equation proposed by Pace et al. (35). b The solution mass and error
were calculated from the results of at least three independent SEC-
SLS experiments.c The theoretical mass was calculated on the basis
of the number of polypeptide chains and the theoretical mass of a
monomer. The theoretical mass of a monomer was calculated using
the amino acid sequence.d These constructs gave observed masses
between two oligomeric states (see text for discussion).
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was separated from the complex during size exclusion. To
determine the ratio of the two proteins in each complex,
extinction coefficients that corresponded to different ratios
of each protein were calculated. The ratio that gave the
closest agreement between the theoretical molecular mass
and the mass calculated by the light scattering measurements
was selected (Table 3). To analyze complex formation
between all three RFX proteins, the complexes formed
between the RFX5 constructs and RFXAP in the previous
experiments were concentrated to between 50 and 100µM.
The concentration was calculated on the basis of the
extinction coefficients for each respective complex. For the
RFX5(1-90) + RFXAP complex, the extinction coefficient
for the 1:1 complex was used. For the RFXAP(1-170) +
RFXAP and the RFX5(1-90) + RFXAP complexes, the
extinction coefficient for the 2:1 complex was used. The
RFX5 + RFXAP complex solutions were mixed in an
equimolar amount with RFXB, and 200µL was loaded onto
the size exclusion column. The ratio of the three proteins in
the complex was calculated as described for the complexes
containing two proteins (Table 3).

Cross-Linking Studies of the RFX Proteins and Protein
Complexes.Chemical cross-linking of the RFX proteins was
performed using 1-ethyl-3-[3-(diethylamino)propyl]carbo-
diimide hydrochloride (EDC). The efficiency of the cross-
linking was improved by the addition ofN-hydroxysuccin-
imide (NHS). A stock solution of 100 mM EDC and 100
mM NHS in 20 mM phosphate, pH 7.0 and 150 mM NaCl
was prepared prior to each cross-linking experiment. For
analysis of the cross-linking reaction by SDS-PAGE 16µL
of the 100 mM EDC/NHS solution was added to a 64µL
solution containing the individual RFX proteins. Aliquots
(16µL) were removed after 0, 20, 40, and 60 min and added
to 4 µL of SDS loading buffer. The SDS loading buffer
contained 2.5 M 2-mercaptoethanol and 250 mM tris-
(hydroxymethyl)amine, both of which inhibit the cross-
linking reaction. Samples (20µL) were loaded onto SDS-
PAGE gels and were stained either with Coomassie blue or
silver stain (Bio-Rad), depending on the concentration of
protein used during cross-linking (Figure 2). For each protein,
a variety of concentrations were analyzed to determine the

effect of protein concentration on oligomerization. The lower
limit on protein concentration used depended on the ef-
ficiency of staining of the silver stain. All proteins were tested
down to a concentration of 2.5µM or less. The cross-linking
studies of the RFX complexes were performed in an identical
manner to the individual proteins. The complexes used for
the cross-linking experiments were obtained from the SEC-
SLS experiments. For analysis of the cross-linking reaction
of RFX5(1-90) + RFXAP and RFX5(1-170) + RFXAP
by mass spectrometry, 800µL of the 100 mM protein
complex was mixed with 200µL of 100 mM EDC/NHS
cross-linking solution. After 40 min the cross-linking reaction
was stopped by addition of 100µL of 1 M tris(hydroxym-
ethyl)amine at pH 7.0. The solution was dialyzed into 10
mM ammonium acetate, pH 7.0, concentrated to 50µL, and
stored at-20 °C until use. Mass spectrometry data were
collected on a Bruker Autoflex MALDI-TOF mass spec-
trometer (Center for Structural Biochemistry in the Chemistry
Department at UMBC).

Analytical Ultracentrifugation Studies. Equilibrium sedi-
mentation analytical ultracentrifugation was performed on
RFX5(1-90), RFX5(1-90,L66A), RFX5(1-170), RFX5-
(1-170,L66A), and the RFX5(1-90) + RFXAP + RFXB
complex using a Beckman XL-I Optima system (Beckman

Table 3: SEC-SLS Analysis of the Complexes Formed by the RFX Proteins

complex ratio
ε280

(M-1 cm-1)a
theoretical

mass (kDa)b
mass from

SEC-SLS (kDa)c

RFXB‚RFXAP 1:1 35910 56.8 41.7( 3.2
RFX5(1-90)‚RFXAP 1:1 15930 38.1 40.2( 0.3
RFX5(1-90)‚RFXAP‚RFXB 1:1:1 39880 66.5 66.3( 2.3
RFX5(1-90)‚RFXAP(135-272) 2:1 18910 35.0 32.9( 0.8
RFX5(1-90)‚RFXAP(135-272)‚RFXB 2:1:1 42860 63.4 59.3( 0.8
RFX5(1-170)‚RFXAP 2:1 52260 66.6 62.2( 2.0
RFX5(1-170)‚RFXAP‚RFXB 2:1:1 76210 95.0 94.7( 3.5
RFX5(1-330)‚RFXAP peak 1 4:1 115060 173.3 168.7( 8.7
RFX5(1-330)‚RFXAP peak 2 2:1 63260 100.9 95.2( 1.4
RFX5(1-330)‚RFXAP‚RFXB peak 1 4:1:1 139010 201.7 227.2( 7.4
RFX5(1-330)‚RFXAP‚RFXB peak 2 2:1:1 87210 129.3 125.9( 4.4
RFX5(1-90,L66A)‚RFXAP 1:1 15930 38.1 37.9( 2.1
RFX5(1-90,L66A)‚RFXAP‚RFXB 1:1:1 39880 66.5 54.1( 0.5
RFX5(1-170,L66A)‚RFXAP 2:1 52260 66.5 56.2( 2.2
RFX5(1-170,L66A)‚RFXAP‚RFXB 2:1:1 76210 94.9 95.7( 9.2
RFX5(1-330,L66A)‚RFXAP 2:1 63260 100.8 77.2( 0.7
RFX5(1-330,L66A)‚RFXAP‚RFXB 2:1:1 87210 129.2 122.8( 1.2

a The theoretical extinction coefficient was calculated using the equation proposed by Pace et al. (35). b The solution mass and error were calculated
from the results of at least three independent SEC-SLS experiments.c The theoretical mass was calculated on the basis of the number of polypeptide
chains and the theoretical mass of a monomer. The theoretical mass of a monomer was calculated using the amino acid sequence.

FIGURE 2: Coomassie-stained SDS-PAGE gel of the purified RFX
proteins. The asterisk represents proteins containing the L66A
mutation. Lanes: 1, molecular mass markers; 2, RFX5(1-90); 3,
RFX5(1-90,L66A); 4, RFX5(1-170); 5, RFX5(1-170,L66A); 6,
RFX5(1-330); 7, RFX5(1-330,L66A); 8, RFXAP; 9, RFXB; 10,
RFX5(88-170); 11, RFX5(168-330); 12, RFX5(409-616); 13,
RFXAP(135-272).
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Coulter). The proteins were prepared in 10 mM sodium
phosphate buffer at pH 7.0 containing 150 mM NaCl and 1
mM DTT. Equilibrium sedimentation experiments were
performed at 20°C using rotor speeds between 15000 and
25000 rpm for 80µM RFX5(1-90), 25µM RFX5(1-170),
40 µM RFX5(1-170,L66A), and 5µM RFX5(1-90) +
RFXAP+ RFXB complex. Rotor speeds between 20000 and
30000 rpm were used for 145µM RFX5(1-90,L66A).
Radial scans at 280 nm were collected between 6.3 and 7.3
cm as the average of five measurements, with a step size of
0.001 cm. The samples were allowed 19 h to achieve
sedimentation equilibrium, which was confirmed by super-
imposing the scans collected after 18 and 19 h. Partial
specific volumes and buffer densities were calculated in
SEDNTERP (36) and the resultant data were processed using
NONLIN (37).

RESULTS

Production of the RFX Proteins.All of the RFX proteins
and protein fragments that were expressed and purified are
summarized in Figure 1A. Full-length RFXB and RFXAP
were expressed inE. coli bacterial cells and purified to
homogeneity. Full-length RFX5 and RFX5 constructs con-
taining the proline-rich region gave very low levels of
expression in bacterial cells and did not produce sufficient
yields for biophysical studies. RFX5(1-330) was the longest
fragment that gave milligram quantities of protein with high
purity. In addition to RFX5(1-330), several other constructs
of RFX5 were expressed and purified in order to analyze
their effects on oligomerization and complex formation.
RFXB and the RFX5 constructs were expressed with an
affinity tag containing a polyhistidine sequence and a TEV
protease cleavage site. These proteins were purified using a
nickel-charged HisTrap affinity column, ion exchange, and
size exclusion chromatography. The affinity tag was removed
during purification by the addition of TEV protease.

Full-length RFXAP could not be expressed alone in
bacterial cells. Addition of a TEV protease cleavable
N-terminal affinity tag, containing the 50 amino acid chitin
binding domain (CBD), resulted in significant overexpression
of RFXAP. Upon lysis of cells containing expressed RFXAP,
RFXAP was immediately subjected to proteolysis from the
C-terminal end, despite the presence of protease inhibitors.
When RFXAP was lysed in the presence of RFX5(1-90),
the proteolysis was prevented. This supports observations
that RFX5 interacts with the C-terminal region of RFXAP.
RFXAP was therefore expressed with an affinity tag contain-
ing the CBD but no polyhistidine sequence. The cells
containing RFXAP were lysed with RFX5(1-90), which
contained a polyhistidine sequence. The two proteins coeluted
from a nickel-charged HisTrap column as a stable complex.
To isolate RFXAP from RFX5(1-90), a second nickel
column run was performed under denaturing conditions.
RFX5(1-90) bound to the nickel column whereas RFXAP
was located in the flow through. RFXAP was renatured by
slowly removing the urea used to denature the proteins.
Renatured RFXAP was shown to form a complex with RFX5
in an identical manner to protein that was purified by a
nondenaturing method, confirming that RFXAP was folded
correctly. The affinity tag was removed by addition of TEV
protease, and RFXAP was further purified by size exclusion

chromatography. Purification of RFXAP by this method
significantly reduced the previously observed proteolysis and
allowed full-length RFXAP to be purified.

Oligomeric State of the RFX Proteins.The oligomeric state
of the RFX proteins was identified using size exclusion
chromatography (SEC) with static light scattering (SLS).
Static light scattering differs from dynamic light scattering,
which is commonly used to analyze the behavior of proteins
in solution, by providing a direct measure of a protein’s mass
in solution (38). The intensity of light scattered by a
homogeneous sample of protein is directly proportional to
the mass and concentration of the protein. The concentration
can be determined by the Beer-Lambert law through
measuring the absorbance of the sample at 280 nm and using
the extinction coefficient of the protein at that wavelength.
Measurement of the intensity of light scattered by a protein
sample can therefore provide a direct method to calculate
the solution mass and has been shown to be accurate to
within 5-10% of the protein’s actual mass (38). Comparing
the solution mass with the theoretical mass of the protein
monomer, which is calculated from its amino acid sequence,
allows the oligomeric state to be identified. Coupling a size
exclusion column with the light scattering detector allows
separation of different oligomeric species that may be present.
A Superdex 200 HR 10/30 column was used for all of the
RFX proteins except RFX5(1-330). For RFX5(1-330), a
Superdex 200 HR 10/30 column and a Superose 6 HR 10/
30 column were coupled in series. The light scattering signal
was measured by a miniDAWN Tristar light scattering
detector. Table 2 summarizes the results of the SEC-SLS
experiments for the RFX proteins.

RFXB and RFXAP both eluted as single species from the
Superdex 200 column with SLS calculated masses essentially
identical to the monomer mass of each protein (Table 2).
The oligomerization domain of RFX5, residues 1-90, eluted
as a single species (Figure 3A) with a SLS calculated mass
of 33.3 ( 0.9 kDa. This value lies between the mass of a
trimer (28.9 kDa) and a tetramer (38.6 kDa), suggesting that
RFX5(1-90) forms a tetramer in solution but partially
dissociates during size exclusion. The RFX5-RFX domain,
residues 88-170, also eluted as a single species, and the
mass calculated from SLS was close to that predicted for a
monomer. Coupling the oligomerization domain to the
RFX5-RFX domain, residues 1-170, resulted in two species
eluting from the size exclusion column (Figure 3B). The SLS
calculated mass of the major species was 72.7( 1.0 kDa,
which is in good agreement with the theoretical mass of a
tetramer (76.3 kDa). The second minor species had an SLS
calculated mass of 50.9( 2.1 kDa, which lies between the
mass of a dimer (38.1 kDa) and a trimer (57.2 kDa). This
likely reflects an inability to resolve the different oligomeric
species. Repeating size exclusion at different concentrations
of RFX5(1-170) showed that the tetrameric form of RFX5-
(1-170) was in excess at 20µM, but as the concentration
was reduced, the smaller oligomeric form was the dominant
species (Figure 3C). The helical domain, residues 168-330,
eluted as a single species with a SLS calculated mass of 31.8
( 0.5 kDa, which is in close agreement to the theoretical
mass of a dimer (35.2 kDa). Coupling the oligomerization
domain, the RFX5-RFX domain, and the helical domain,
residues 1-330, resulted in a mixture of two major species
eluting from the Superose 6-Superdex 200 columns (Figure
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3D). The higher molecular mass species gave a SLS
calculated mass of 132.3( 7 kDa, which agrees with the
theoretical mass of a tetramer (144.9 kDa). The second
species gave a SLS calculated mass of 81.1( 0.3 kDa, which
is similar to the theoretical mass of a dimer (72.4 kDa).
Comparison of the elution profiles for different concentra-
tions of RFX5(1-330) revealed that the tetrameric species
was in slight excess at 10µM, but the two species formed
in equivalent amounts at 2.5µM. This suggests that at lower
concentration the dimeric form of RFX5(1-330) will likely
predominate. The activation domain, residues 409-616,
eluted from the Superdex 200 column as a single species
with an SLS calculated mass of 24.2( 0.5 kDa, which is in
close agreement with the theoretical mass of a monomer
(22.2 kDa).

Cross-Linking Analysis of the IndiVidual RFX Proteins.
Chemical cross-linking was used to provide independent
evidence of the oligomeric state of the RFX proteins. Cross-
linking was performed with EDC, a zero-length cross-linking
agent that promotes formation of a peptide bond between
carboxyl groups and primary amines. The reaction was
performed in the presence ofN-hydroxysuccinimide to
improve the efficiency of peptide bond formation. Samples
were taken out over a period of an hour, and the cross-linking
was quenched by the addition of excess tris(hydroxymethyl)-
amine. The cross-linking was then analyzed as a function of
time using SDS-PAGE.

RFXB, which was shown to be a monomer by SLS, was
rapidly cross-linked to an aggregated species that was trapped
in the loading well of the gel (Figure 4A). The aggregated
species was still evident when the EDC/NHS reaction was
performed at 10µM RFXB (data not shown). This suggests
that RFXB has a weak propensity to self-associate. RFXAP
remained unchanged on exposure to EDC/NHS (data not
shown), in agreement with the SLS results that RFXAP is a

monomer. Cross-linking of RFX5(1-90) gave four bands
on the SDS-PAGE gel, which is indicative of the formation
of a tetramer (Figure 5A). The presence of the second and
third bands on the gel does not imply the presence of a dimer
or trimer but simply intermediates formed during cross-
linking. SEC-SLS was also performed on the cross-linked
RFX5(1-90) and revealed that it had a mass of 38.4( 0.4
kDa, which is in excellent agreement with the mass of a
tetramer (38.6 kDa) (Table 2). This supports our hypothesis
that RFX5(1-90) forms a tetramer but partially dissociates
during SEC. The cross-linking of RFX5(1-90) prevents this
dissociation from occurring. Cross-linking of RFX5(1-170)
also suggested the formation of a tetramer, which agreed
with the SEC-SLS studies (Figure 5B). The EDC/NHS
reaction for RFX5(1-170) was not as efficient as it was for
RFX5(1-90), which likely reflects the dissociation of RFX5-
(1-170) to lower oligomeric states that was observed during
SEC. Cross-linking of RFX5(168-330), the helical domain,
showed two bands on the gel, which supports the SLS studies
that the helical domain forms dimers (Figure 5C). The EDC/

FIGURE 3: Size exclusion of the RFX5 constructs at different concentrations. The concentrations given are for the monomer. Panels: (A)
RFX5(1-90), (B) RFX5(1-170) at high concentration, (C) RFX5(1-170) at low concentration, (D) RFX5(1-330), (E) RFX5(1-90,-
L66A), (F) RFX5(1-170,L66A), and (G) RFX5(1-330,L66A).

FIGURE 4: Analysis of RFXB and its interaction with RFXAP. (A)
Cross-linking of RFXB. (B) Size exclusion of RFXB (white peak),
RFXAP (light gray peak), and RFXB+ RFXAP (dark gray peak).
The gels are stained with Coomassie blue.
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NHS reaction of RFX5(1-330) showed four bands, which
is indicative of four cross-linked monomers (Figure 5D). This
agrees with the SEC-SLS experiments that showed RFX5-
(1-330) exists in an equilibrium between a dimeric and a
tetrameric species. Exposing RFX5(88-170) and RFX5-
(409-616) to EDC/NHS did not result in cross-linking (data
not shown), which supports the SLS experiments that they
form monomers in solution. The same pattern of cross-linking
was observed for RFX5(1-90), RFX5(1-170), RFX5(168-
330), and RFX5(1-330) for concentrations in the range of
1-5 µM (data not shown).

RFX5(1-170) Exists in a Dimer-Tetramer Equilibrium.
The SEC-SLS studies of RFX5(1-90) and, in particular,
RFX5(1-170) suggested that they exist in an equilibrium

between a tetramer and a lower order oligomeric species.
To investigate this further, we performed sedimentation
equilibrium (SE) analytical ultracentrifugation experiments
on RFX5(1-90) and RFX5(1-170) at three centrifugal
speeds (Figure 6A,B). The SE data for RFX5(1-90) was
best fit as a single species with an estimated mass of 39.2(
1.5 kDa, which is in excellent agreement with the predicted
mass of a tetramer (38.8 kDa). The SE data for RFX5(1-
170) gave the best fit for a dimer-tetramer equilibrium with
a dissociation constant (Kd) for the tetramer of 1.7( 0.7
µM. These results suggest that the presence of domains
C-terminal to the oligomerization domain destabilizes the
formation of a dimer of dimers. This is potentially due to
steric hindrance between the RFX5-RFX domains, which are

FIGURE 5: EDC cross-linking of RFX5 constructs: (A) 100µM RFX5(1-90), (B) 50µM RFX5(1-170), (C) 100µM RFX5(168-330),
(D) 25 µM RFX5(1-330), (E) 100µM RFX5(1-90,L66A), (F) 50µM RFX5(1-170,L66A), and (G) 25µM RFX5(1-330,L66A). The
gels are stained with Coomassie blue.

FIGURE 6: Sedimentation equilibrium data for RFX5. The absorbance versus radius profile is shown in the lower panel with the curved line
representing the fit for the model applied to each protein (discussed in the text). The residuals of the fit are shown in the upper panels. (A)
Representative data for RFX5(1-90) (circles), which was fit as a single species, and RFX5(1-90,L66A) (triangles), which was fit to a
monomer-dimer equilibrium. (B) Representative data for RFX5(1-170) (circles), which was fit to a dimer-tetramer equilibrium, and
RFX5(1-170,L66A) (triangles), which was fit to a monomer-dimer equilibrium. (C) Data for the RFX5(1-90)‚RFXAP‚RFXB complex,
which was fit as a single species.
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likely located in close proximity to each other as a result of
the tetramerization of the oligomerization domains.

RFXB Forms a Weak Complex with RFXAP.SEC-SLS
and cross-linking experiments were used to determine which
RFX proteins formed complexes and what the stoichiometry
of the resultant complexes was. The results of the SEC-SLS
experiments are given in Table 3. Size exclusion of RFXB
and RFXAP showed they formed a complex, but the
interaction was weak and the complex partially dissociated
during the size exclusion (Figure 4B). To confirm that the
second peak was not due to an excess of RFXB and RFXAP,
the fractions for the complex were concentrated and passed
over the Superdex column a second and third time. Identical
elution profiles were obtained each time. The ratio of RFXB‚
RFXAP that gave a SLS-calculated mass closest to the
theoretical mass was 1:1, although the two mass estimates
differed significantly (theoretical mass was 56.8 kDa, the
SLS calculated mass was 41.7( 3.2 kDa). This supports
the observation that the complex partially dissociates during
size exclusion, resulting in a mixture of complexed and free
RFXB and RFXAP. The rapid cross-linking of RFXB with
itself made the analysis of the EDC/NHS cross-linking
experiments of RFXB+ RFXAP and other complexes
containing RFXB difficult to interpret.

RFX5(1-90) Is Sufficient To Form a Complex with
RFXAP and RFXB.RFX5(1-90) and RFXB were not
observed to interact during size exclusion and eluted at
volumes identical to the proteins alone (data not shown). In

contrast, RFX5(1-90) and RFXAP eluted together as a
complex (Figure 7A), which confirms that the oligomeriza-
tion domain of RFX5 is sufficient to form a complex with
RFXAP. The SLS calculated mass for a 1:1 complex was
40.2( 0.3 kDa, which agrees with the theoretical mass of
38.1 kDa. In contrast to the interaction between RFXAP and
RFXB, the RFX5(1-90) + RFXAP complex bound tightly
to RFXB, suggesting that the affinity of RFXB for RFXAP
is increased when RFXAP is bound to RFX5(1-90). The
SLS calculated mass for a 1:1:1 complex was 66.3( 2.3
kDa, which gave excellent agreement with the theoretical
mass of 66.5 kDa.

Chemical cross-linking of RFX5(1-90) + RFXAP gave
five bands on an SDS-PAGE gel (Figure 7D). The band at
13 kDa likely corresponds to a monomer of RFX5(1-90).
The second band, at approximately 26 kDa, has the same
mobility as two cross-linked RFX5(1-90) monomers. The
band at 36 kDa likely corresponds to RFXAP, which has
previously been observed to run anomalously on SDS-
PAGE gels relative to its actual mass (20). The shift in the
RFXAP band to 32 kDa during cross-linking of the complex
is consistent with intramolecular cross-linking of RFXAP,
which was observed when cross-linking was performed with
RFXAP alone (data not shown). Relative to the mass
observed for the individual proteins on the gel, the band that
occurs at approximately 47 kDa likely corresponds to cross-
linking between a monomer of RFXAP and a monomer of
RFX5(1-90). Similarly, the band at 59 kDa is likely to

FIGURE 7: Size exclusion and cross-linking of the RFX5 complexes. (A) Size exclusion of RFX5(1-90), RFX5(1-90) + RFXAP, and
RFX5(1-90) + RFXAP + RFXB. (B) Size exclusion of RFX5(1-170), RFX5(1-170) + RFXAP, and RFX5(1-170) + RFXAP +
RFXB. (C) Size exclusion of RFX5(1-330), RFX5(1-330) + RFXAP, and RFX5(1-330) + RFXAP + RFXB. (D) EDC cross-linking
of 25 µM RFX5(1-90) + RFXAP. (E) EDC cross-linking of 25µM RFX5(1-170)+ RFXAP. (F) EDC cross-linking of 12.5µM RFX5-
(1-330) + RFXAP. The size exclusion peaks for the RFX5, RFX5+ RFXAP, and RFX5+ RFXAP + RFXB are shown in white, light
gray, and dark gray, respectively. The identities of the cross-linked species are shown on the right of the SDS-PAGE gels. The gels are
stained with Coomassie blue.

Characterization of the RFX Complex Biochemistry, Vol. 46, No. 6, 20071605



represent to cross-linking between two monomers of RFX5-
(1-90) and a monomer of RFXAP. The cross-linking there-
fore suggests that a dimer of RFX5(1-90) interacts with a
monomer of RFXAP.

In addition to SDS-PAGE, the cross-linking of the
complex was analyzed by MALDI-TOF mass spectrometry
(Figure 8A). In the resulting spectrum, each cross-linked
species is represented by a cluster of peaks. The set of peaks
in each cluster corresponds to the same overall cross-linked
species, but their mass differs as a result of a different number
of intramolecular and intermolecular cross-linked amino acids
present. The spectrum for RFX5(1-90) + RFXAP shows
five clusters, which are centered at 9, 20, 29, 41, and 50
kDa. Relative to the mass of the individual proteins, each
peak could be assigned to a cross-linked species observed
in the SDS-PAGE gel (Figure 8A), which supports the
prediction of a 2:1 complex.

Chemical cross-linking experiments of the RFX5(1-90)
+ RFXAP + RFXB complex were not possible due to the
extensive cross-linking of RFXB. We therefore performed
a sedimentation equilibrium experiment on the complex using
three centrifugal speeds (Figure 6C). The complex gave an
excellent fit as a single species with a mass of 72.4( 3.3
kDa, which is in agreement with the predicted mass for a
2:1:1 stoichiometry of RFX5‚RFXAP‚RFXB (76.1 kDa).

The 2:1 ratio of RFX5‚RFXAP obtained from cross-
linking and the 2:1:1 ratio obtained for RFX5‚RFXAP‚RFXB
from sedimentation equilibrium experiments are in contrast
to the 1:1 and 1:1:1 ratios observed for the same complexes
by SLS. Intriguingly, SEC-SLS experiments of the complex
formed between RFX5(1-90) and a version of RFXAP that
still had the CBD affinity tag attached gave a SLS calculated
mass that corresponded to a 2:1 ratio of RFX5(1-90)‚
RFXAP (data not shown). This suggests that the N-terminal
region of RFXAP may be able to affect the oligomeric state
of RFX5(1-90) within the complex. To investigate the effect
of the N-terminal end of RFXAP further, we expressed and
purified RFXAP(135-272), which has previously been
shown to complement the activity of full-length RFXAP in
vivo (39). Size exclusion showed that RFX5(1-90) formed
a complex with RFXAP(135-272), and the RFX5(1-90)
+ RFXAP(135-272) complex bound to RFXB (data not
shown). The SLS calculated mass for the RFX5(1-90) +
RFXAP(135-272) complex was 32.9( 0.8 kDa for a 2:1

ratio, which is in good agreement with the theoretical mass
of 35.0 kDa. The SLS calculated mass for the RFX5(1-90)
+ RFXAP(135-272) + RFXB complex gave a SLS
calculated mass of 59.3( 0.8 kDa for a 2:1:1 ratio, which
is in close agreement with the theoretical mass of 63.4 kDa.
These results support our hypothesis that the N-terminal
region of RFXAP can modulate the oligomeric state of
RFX5(1-90).

RFX5(1-170) Interacts with RFXAP and RFXB in a 2:1:1
Complex Ratio.Size exclusion showed that RFX5(1-170)
eluted as a complex with RFXAP and that RFXB bound to
the RFX5(1-170)+ RFXAP complex (Figure 7B). The SLS
calculated mass for a 2:1 ratio of the RFX5(1-170)‚RFXAP
complex was 62.2( 2.0 kDa, which agrees with the
theoretical mass of 66.6 kDa. Similarly, the SLS calculated
mass for a 2:1:1 ratio of RFX5(1-170)‚RFXAP‚RFXB was
calculated to be 94.7( 3.5 kDa, which is in excellent
agreement with the theoretical mass of 95.0 kDa. A second
small peak was observed at higher molecular mass during
size exclusion of both the RFX5(1-170)+ RFXAP and the
RFX5(1-70) + RFXAP + RFXB complexes. The concen-
trations of these species were too low to obtain an accurate
reading of their mass by light scattering.

Chemical cross-linking analysis using SDS-PAGE sup-
ported the SLS calculated ratio of 2:1 for RFX5(1-170)‚
RFXAP (Figure 7E). Analysis of the cross-linking by mass
spectrometry gave six peaks, which were located at 20, 30,
38, 50, and 68 kDa (Figure 8B). These peaks can be
correlated with the five cross-linked species observed from
SDS-PAGE and support the 2:1 ratio of RFX5‚RFXAP.
Two further cluster of peaks were observed, one at 58 kDa
and another at 78 kDa. These peaks correspond to the mass
of three and four cross-linked monomers of RFX5(1-170),
respectively, and are likely due to excess free RFX5(1-170)
that was not removed during purification.

RFX5(1-330) Interacts with RFXAP and RFXB in a 2:1:1
and 4:1:1 Ratio.Addition of RFXAP to RFX5(1-330)
resulted in a shift in position of the peaks corresponding to
both the dimer and the tetramer (Figure 7C). For the first
peak, a 4:1 ratio of RFX5(1-330)‚RFXAP gave a SLS
calculated mass of 168.7( 8.7 kDa, which is in excellent
agreement with the theoretical mass of 173.3 kDa. The
second peak gave a SLS calculated mass of 95.2( 3.5 kDa
for a 2:1 ratio of RFX5(1-330)‚RFXAP, which is in close

FIGURE 8: MALDI-TOF mass spectrometry analysis of cross-linked RFX5+ RFXAP complexes. (A) Mass spectrum of cross-linked
RFX5(1-90) + RFXAP. (B) Mass spectrum of cross-linked RFX5(1-170) + RFXAP.
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agreement to the theoretical mass of 100.9 kDa. Interpretation
of the cross-linking studies of the RFX5(1-330)+ RFXAP
complex was made difficult by the broadening of bands due
to the length of the proteins involved and by the fact that
RFXAP and RFX5(1-330) migrate at the same molecular
mass on the SDS-PAGE gel. One major cross-linked species
that was clearly evident corresponded to three cross-linked
subunits, which would agree with the presence of the 2:1
complex of RFX5(1-330) + RFXAP (Figure 7F). The
observation of further cross-linking would agree with the
presence of the 4:1 complex as well as the 2:1 complex.
Addition of RFXB to the RFX5(1-330)+ RFXAP complex
similarly resulted in a shift in both peaks to higher molecular
mass (Figure 6C). The SLS calculated mass for the first peak
was 227.2( 7.4 kDa for a 4:1:1 complex of RFX5(1-330)‚
RFXAP‚RFXB, which is close to the theoretical mass of
201.7 kDa. The second peak gave a SLS calculated mass of
125.9( 4.4 kDa for a 2:1:1 complex, which is in excellent
agreement with the theoretical mass of 129.3 kDa.

The RFX5(L66A) Point Mutation Disrupts Oligomerization
of RFX5.The point mutant RFX5 (L66A) is predicted to
affect oligomerization of the RFX complex and inhibit
MHCII gene expression (19). To study the effect of RFX5-
(L66A), the point mutation was introduced into RFX5-
(1-90), RFX5(1-170), and RFX5(1-330) by site-directed
mutagenesis, and the proteins were expressed and purified
in a similar manner to the wild-type proteins. Size exclusion
of RFX5(1-90,L66A) showed it eluted later than the RFX5-
(1-90), suggesting its oligomeric state had been modified
(Figure 3E). The SLS calculated mass for RFX5(1-90,-
L66A) was 17.9( 1.1 kDa, which corresponds to the mass
of a dimer (19.2 kDa) (Table 2). RFX5(1-170,L66A) gave
one peak during size exclusion and eluted at the same volume
as the second peak of RFX5(1-170) (Figure 3F). The SLS
calculated mass for RFX5(1-170,L66A) was 33.5( 1.5
kDa, which corresponds to a dimer (38.2 kDa). RFX5-
(1-330,L66A) eluted from the Superose 6-Superdex 200
columns as a single species with the same elution volume
as the RFX5(1-330) dimer (Figure 3G). The SLS calculated
mass for this peak was 73.8( 2.2 kDa, which is in excellent
agreement with the theoretical mass of a dimer (72.3 kDa).
A small peak was evident at the elution volume correspond-
ing to the RFX5(1-330) tetramer, but its concentration was
too low to measure the mass by SLS.

Cross-linking of RFX5(1-90,L66A), RFX5(1-170,-
L66A), and RFX5(1-330,L66A) all showed two bands on
the SDS-PAGE gel, which indicates they form dimers
(panels E, F, and G of Figure 5, respectively). This agrees
with the SEC-SLS studies of the same fragments. Formation
of the dimeric forms was also evident in cross-linking
experiments performed with concentrations between 1 and
5 µM protein (data not shown). The cross-linking and SEC-
SLS experiments provide direct evidence that the L66A point
mutant inhibits dimerization between two RFX5 dimers.

The deviation between the predicted mass and the SLS
calculated mass of RFX5(1-90,L66A) and RFX5(1-170,-
L66A) suggested that the dimer may dissociate to form an
amount of monomer as well. To investigate this, we repeated
the equilibrium sedimentation experiments using RFX5-
(1-90,L66A) and RFX5(1-170,L66A) (Figure 6A,B). The
SE data for RFX5(1-90,L66A) fit best to a monomer-dimer
equilibrium with aKd of 2.1 ( 1.1 µM for the dimer. The

SE data for RFX5(1-170,L66A) gave the best fit for a
monomer-dimer equilibrium with aKd of 0.21( 0.13µM
for the dimer. These results suggest that both RFX5(1-90,-
L66A) and RFX5(1-170,L66A) exist as dimers at micro-
molar concentration and that the RFX5(1-170,L66A) dimer
is more stable than the RFX5(1-90,L66A) dimer.

The RFX5(L66A) Point Mutation Does Not PreVent
Formation of the RFX Complex.To determine the effect of
the point mutation on complex assembly, we tested the ability
of RFX5(1-90,L66A), RFX5(1-170,L66A), and RFX5-
(1-330,L66A) to interact with RFXAP and RFXB. SEC
experiments showed that RFX5(1-90,L66A) and RFX5-
(1-170,L66A) behaved in an identical manner to the wild-
type proteins (panels A and B of Figure 9, respectively),
and SLS studies showed they formed similar complexes
(Table 3). RFX5(1-330,L66A) formed a stable complex with
RFXAP similar to RFX5(1-330) but gave one major
complex species that eluted at the same location as the 2:1
complex of RFX5(1-330)‚RFXAP (Figure 9C). A ratio of
2:1 gave the closest agreement between the SLS calculated
mass of 77.2( 0.7 kDa and the theoretical mass of 100.8
kDa. The cause of the difference in the two masses is unclear.
Addition of RFXB to this complex resulted in the complex
eluting at the same location as the 2:1:1 complex of RFX5-
(1-330)+ RFXAP + RFXB. The SLS calculated mass for
a 2:1:1 ratio was 122.8( 1.2 kDa, which is in good
agreement with the calculated mass of 129.2 kDa.

Cross-linking of the RFX5(1-90,L66A) + RFXAP and
RFX5(1-170,L66A) + RFXAP complexes gave identical
results to the wild-type complexes (Figure 9D,E). The RFX5-
(1-330,L66A) + RFXAP complex gave similar results as
the wild-type complex but did not show appreciable cross-
linked species past the band corresponding to the 2:1
complex, in agreement with the inability of this complex to
further oligomerize (Figures 9F). The results of the SEC-
SLS and cross-linking provide direct evidence that the point
mutation does not affect complex formation but does inhibit
dimerization between an RFX complex and a second RFX5
dimer.

DISCUSSION

We have used static light scattering, chemical cross-
linking, and analytical ultracentrifugation to characterize the
oligomeric states of the individual proteins that make up the
RFX complex and to determine the ratios of their subsequent
complexes.

Oligomeric State of the RFX Proteins.We have shown
that both RFXB and RFXAP form monomers in solution,
which is in agreement with previous analytical ultracentrifu-
gation experiments on insect cell expressed RFXB and
RFXAP (29). The EDC/NHS cross-linking experiments also
revealed that RFXB has a propensity to self-associate in
solution, although this interaction is presumably weak as it
is not observed during size exclusion. Whether the ability
of RFXB to self-associate has a physiological role is yet to
be determined.

Previous studies of RFX5 and the complexes it forms by
analytical ultracentrifugation have been complicated by the
formation of multiple oligomeric states (29). We have
resolved and characterized the different oligomeric states that
RFX5 adopts, and we have identified the regions of RFX5
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that promote the oligomerization. RFX5 contains two dimer-
ization domains, the oligomerization domain (residues 1-90)
and the helical domain (residues 168-330). The constructs
containing only the oligomerization domain, RFX(1-90) and
RFX5(1-170), both formed tetrameric species, but as the
concentration was lowered, RFX5(1-170) was observed to
dissociate to a dimer. TheKd for the tetramer to dimer
dissociation was determined by sedimentation equilibrium
experiments to be 1.7µM, suggesting that at physiological
concentrations this domain is likely to form a dimer. The
helical domain was shown to form dimers at all concentra-
tions analyzed. Coupling the oligomerization domain and the
helical domain together in the RFX5(1-330) construct gave
a mixture of two species: a dimer and a tetramer. We
therefore propose that at submicromolar concentrations
RFX5(1-330) forms a dimer via the oligomerization domain
and the helical domain, and we propose that RFX5(1-330)
has the propensity to form a dimer of dimers through contacts
made between the oligomerization domains from two RFX5
dimers (Figure 10A). Being unable to analyze constructs
containing the proline-rich region, we cannot definitively
state what effect this region will have on the oligomeric state
of RFX5(1-330). However, the proline-rich region is
comprised primarily of Pro (27%), Leu (15%), Ala (13%),
and Gly (10%), and this amino acid composition strongly
suggests that the region is unstructured. Together with the
observation that RFX5(409-616) forms a monomer, this
implies that the region between 330 and 616 is also
monomeric and is unlikely to contribute to further oligo-

merization of RFX5. We therefore propose that RFX5-
(1-330) represents a good model for full-length RFX5.

Interactions between the RFX Proteins.Previous studies
have proposed that both the oligomerization domain and the
helical domain of RFX5 contribute to the interaction with
RFXAP and RFXB (20). We did not observe any interaction
between the helical domain of RFX5 with either RFXAP,
RFXB, or RFXAP+ RFXB (data not shown). In contrast,
the RFX5 oligomerization domain formed a stable complex
with RFXAP in the absence or presence of RFXB. The
interaction between RFX5 and RFXB in the literature is
inconclusive as various studies suggested that they do interact
(19, 20, 25) while others suggest they do not interact (27,
29). We did not observe any interaction between the RFX5
constructs and RFXB. RFXAP and RFXB were observed to
interact with each other, in agreement with several studies
(19, 20, 25, 27, 29). This interaction is clearly weak as the
complex readily dissociated during size exclusion at high
micromolar concentration. In contrast, RFXB formed a very
stable interaction with the RFX5+ RFXAP complexes. This
implies that the RFX5+ RFXAP complexes form a higher
affinity binding site for RFXB than RFXAP does on its own.
This could occur as a result of an RFX5-induced conforma-
tional change in RFXAP that increases its affinity for RFXB,
or RFX5 could contribute to the RFXAP-RFXB binding
interface. These observations suggest that RFX5 and RFXAP
are likely to form a complex prior to interacting with RFXB.

Anomalous BehaVior of the RFX5(1-90) Complexes
during SEC.The chemical cross-linking studies of the RFX5-

FIGURE 9: Size exclusion and cross-linking of RFX5(L66A) complexes. (A) Size exclusion of RFX5(1-90,L66A), RFX5(1-90,L66A) +
RFXAP, and RFX5(1-90,L66A) + RFXAP + RFXB. (B) Size exclusion of RFX5(1-170,L66A), RFX5(1-170,L66A)+ RFXAP, and
RFX5(1-170,L66A) + RFXAP + RFXB. (C) Size exclusion of RFX5(1-330,L66A), RFX5(1-330,L66A) + RFXAP, and RFX5-
(1-330,L66A)+ RFXAP + RFXB. The dashed line represents the wild-type RFX5(1-330) + RFXAP + RFXB complex for reference.
(D) Cross-linking of 25µM RFX5(1-90,L66A)+ RFXAP. (E) Cross-linking of 25µM RFX5(1-170,L66A)+ RFXAP. (F) Cross-linking
of 12.5 µM RFX5(1-330,L66A) + RFXAP. The size exclusion peaks for the RFX5, RFX5+ RFXAP, and RFX5+ RFXAP + RFXB
are shown in white, light gray, and dark gray, respectively. The identities of the cross-linked species are shown on the right of the SDS-
PAGE gels. The gels are stained with Coomassie blue.
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(1-90) + RFXAP complex and the sedimentation equilib-
rium studies of the RFX5(1-90) + RFXAP + RFXB
complex gave a 2:1 and a 2:1:1 ratio of RFX5‚RFXAP and
RFX5‚RFXAP‚RFXB, respectively. This is in agreement
with the SEC-SLS studies of longer RFX5 fragments. In
contrast, the SEC-SLS studies of the same complexes gave
a 1:1 and a 1:1:1 ratio for the RFX5(1-90) + RFXAP and
RFX5(1-90) + RFXAP + RFXB complexes, respectively.
Formation of the 1:1 and 1:1:1 complexes during SEC
appears to be dependent on an interaction between the
N-terminus of RFXAP with RFX5(1-90) since modifying
the N-terminal region of RFXAP, either by increasing its
length with an affinity tag or deleting the N-terminal 134
amino acids, results in formation of 2:1 and 2:1:1 complexes.
Taken into account all of the experimental observations made
on the complexes formed by RFX5(1-90) and the other
RFX5 constructs, we propose the following: We propose
that a dimer of RFX5(1-90) interacts with a monomer of
RFXAP and RFXB to form a 2:1:1 complex of RFX5‚
RFXAP‚RFXB, but under certain circumstances the N-
terminal region of RFXAP can modify the oligomeric state
of RFX5(1-90).

Stoichiometries of the RFX Complexes.Both RFX5-
(1-90) and RFX5(1-170) form tetramers in solution.
Addition of RFXAP results in the two proteins forming a
2:1 complex of RFX5‚RFXAP. This suggests that RFXAP
binds at or near the dimer-dimer interface and prevents
formation of the tetramer. From these results we would

predict that RFX5(1-330), which also forms a tetramer,
would also interact with RFXAP in a 2:1 ratio. A complex
containing a 2:1 ratio of RFX5(1-330)‚RFXAP does occur,
but a second species, comprising a 4:1 ratio, is also observed.
The presence of a tetramer of RFX5(1-330) in the second
complex suggests that RFXAP may bind to RFX5(1-330)
in a different manner in the 4:1 complex compared to in the
2:1 complex. Alternatively, the dimer-dimer interface of the
RFX5(1-330)4‚RFXAP complex may be different from that
observed in the RFX5(1-330) tetramer. Although we could
not identify the ratio of RFXB to RFXAP in the RFXB+
RFXAP complex, RFXB is observed to bind to all of the
RFX5 + RFXAP complexes in a 1:1 ratio with RFXAP,
suggesting it interacts with RFXAP in a 1:1 ratio in the
absence of RFX5. On the basis of these results, we propose
the following model for RFX complex assembly (Figure
10A): A dimer of RFX5 interacts with a monomer of
RFXAP through the RFX5 oligomerization domains. The
interaction between RFX5 and RFXAP forms a high-affinity
binding site for a monomer of RFXB. This binding site is
likely to be comprised primarily of contacts from RFXAP.
The entire RFX complex therefore has a RFX5‚RFXAP‚
RFXB ratio of 2:1:1. The RFX complex can also interact
with a further RFX5 dimer through intermolecular contacts
made between the oligomerization domains of RFX5 to give
a RFX5‚RFXAP‚RFXB ratio of 4:1:1.

DNA-Binding Models for the RFX Complex Binding to
the MHCII Promoter. Previous studies of the MHCII

FIGURE 10: Models for the assembly of the RFX complex and how it interacts with the DNA. (A) Equilibrium of RFX5 and the complexes
it forms. Acronyms are the same as described in Figure 1. RFXAP (AP) is shown in dark gray, and RFXB (B) is shown in light gray. (B)
Potential models for the interaction between the RFX complex and DNA. RFXAP and RFXB are not shown for clarity. Model I: One RFX
complex bound to both the S-box and the X1-box. Model II: Two RFX complexes bound to the S-box and X1-box. Model III: Two RFX
complexes induce DNA looping through contacts to two X1-box sequences. The effect of the RFX5(L66A) point mutation is also shown
for model III. OD* represents the mutated oligomerization domain.
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promoter have suggested that the RFX complex can bind
either to both the S-box and the X1-box DNA sequences or
only to the X1-box sequence (19, 31). The evidence
supporting the latter model was based on evidence that
mutation of the S-box sequence has no effect on the amount
of RFX complex bound to the MHCII promoter. We propose
two potential models for RFX binding to the S-X1-box
sequence that agree with the experimental data from both
earlier models (Figure 10B). In the first model, the RFX
complex contacts both the S-box sequence and the X1-box
sequence through the two RFX5-RFX domains. Mutation
of the S-box would result in loss of binding of one RFX5-
RFX domain to DNA but would not affect the DNA binding
of the second RFX5-RFX domain. Thus the amount of RFX
bound to the MHCII promoter would be unchanged. In the
second model, an RFX complex and a RFX5 dimer could
bind cooperatively to the S-box and the X1-box through
contacts made between the oligomerization domains. Muta-
tion of the S-box would result in a loss of DNA binding of
one RFX complex, but it would still remain associated with
the other RFX complex through contacts made between the
oligomerization domains.

Recently, the RFX complex has been proposed to induce
DNA looping through contacts made to the proximal X1-
box and to distal X1-box binding sites (34). We propose that
this loop could be formed by the dimerization between an
RFX complex bound to the proximal S-X1-box sequence
with an RFX5 dimer bound to the distal X1-box sequence
(Figure 10B). The formation of the loop would have a direct
effect on the chromatin structure in the vicinity of the MHCII
genes and, therefore, on their expression (33). The looping
may also be necessary to bring together distal components
required for regulating MHCII gene expression (40). The
role of RFXB and RFXAP in DNA binding is not clear,
although previous studies clearly show they have an impor-
tant role in DNA binding of the RFX complex (20, 28, 41).

The importance of dimerization between RFX complexes
in DNA binding and MHCII gene expression is supported
by previous studies (18, 19) and by our studies of the RFX5-
(L66A) point mutation. Mutation of any of the leucine
residues in the sequence 62-LYLYLQL-68 of RFX5 results
in the loss of expression of the MHCII genes (18). This
correlates with a loss in DNA binding of the RFX complex
to the MHCII promoter (19). We directly show that the
RFX5(L66A) point mutation does not inhibit assembly of
the RFX complex but instead disrupts dimerization between
two RFX5 dimers. The RFX5(L66A) mutation could there-
fore prevent cooperative interactions between an adjacently
binding RFX complex and an RFX5 dimer, which may be
essential for stability of the MHCII enhanceosome. Alter-
natively, RFX5(L66A) could prevent DNA looping, which
may be necessary for chromatin remodeling at the MHCII
genes or for bringing distal components together that are
required for MHCII gene regulation (Figure 10B).

CONCLUSIONS

The studies presented here have characterized the assembly
of the RFX complex and have connected the importance of
dimerization between RFX complexes to MHCII gene
expression. Future studies will address the stoichiometry of
the interactions between the RFX complex and other

components of the MHCII enhanceosome, as well as the
details of the RFX-MHCII promoter interaction.
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