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The S box (also known as at the H, W, or Z box) is the 5*-most element of the conserved upstream sequences
in promoters of major histocompatibility complex class II genes. It is important for their B-cell-specific and
interferon gamma-inducible expression. In this study, we demonstrate that the S box represents a duplication
of the downstream X box. First, RFX, which is composed of the RFX5-p36 heterodimer that binds to the X box,
also binds to the S box and its 5*-flanking sequence. Second, NF-Y, which binds to the Y box and increases
interactions between RFX and the X box, also increases the binding of RFX to the S box. Third, RFXs bound
to S and X boxes interact with each other in a spatially constrained manner. Finally, we confirmed these
protein-protein and protein-DNA interactions by expressing a hybrid RFX5-VP16 protein in cells. We conclude
that RFX binds to S and X boxes and that complex interactions between RFX and NF-Y direct B-cell-specific
and interferon gamma-inducible expression of major histocompatibility complex class II genes.
refers to the physiologically relevant RFX5-p36 heterodimer
that binds to the X box in the presence of the Y box (11). Ets-1
binds to the pyrimidine tract (18), B-cell factor 1 (BCF1) binds
to the X3 box (49), and members of the Fos/Jun (3) and
ATF/CREB families of proteins (21) and X2-binding protein
(X2BP) bind to the X2 box (16, 23, 27). NF-Y binds to the Y
box (45) and members of the Oct family of transcription factors bind to the octamer-binding site (34, 39, 47). However,
proteins that bind to the S box have not been identified (1, 4,
6, 7, 13, 24).
The S box, which was named for Servenius (32) and is also
known as the heptamer, septamer, W, H, or Z box, contains
seven nucleotides (GGACCCT) (6, 7, 13, 44). Some of the
confusion caused by these other names is due to their inclusion
of its 59-flanking sequence, which is required for the function
of the S box (44). Not only is the S box required for the
B-cell-specific and IFN-g-inducible expression of the DRA
promoter, but also the X box could compete for the binding of
proteins that are bound to the S box (44). This suggested that
the S box is in part a duplication of the X box. In this study, we
demonstrate that RFX from nuclear extracts and DNA affinity
purification forms similar complexes on S and X boxes. The
binding of RFX to the S box was increased by the presence of
the Y box. These protein-DNA interactions were confirmed in
cells by using a fusion protein between RFX5 and the activation domain of VP16. Moreover, RFX bound to the S box
interacted in a spatially constrained manner with RFX bound
to the X box. Taken together with previous observations, these
data support and extend the importance of RFX in the B-cellspecific and IFN-g-inducible regulation of class II promoters.

Class II genes of the major histocompatibility complex (class
II) code for proteins that initiate and propagate immune system responses (19, 30, 31). They present antigenic peptides to
the T-cell antigen receptor and direct helper T cells to appropriate target B cells (10). The end result of these interactions
is to activate and differentiate antigen-specific B cells to plasma
cells (2). Expression of class II is carefully regulated at the level
of transcription such that high levels of these proteins are
observed on the surface of B cells, activated human T cells, and
many somatic and antigen-presenting cells after their induction
by the T-cell lymphokine gamma interferon (IFN-g) (1, 4, 8,
13, 24).
Since the DRA gene is invariant and is expressed at the
highest levels of all class II genes, its promoter has been studied extensively (1, 8, 24). Lessons learned with the DRA promoter hold for other class II promoters (1, 4, 8, 13, 24, 48).
Mapping of cis-acting elements revealed that the sequences
from positions 2140 to 260 are sufficient for its B-cell-specific
and IFN-g-inducible expression (44). From the 59 to the 39
direction, these conserved upstream sequences (CUS) consist
of the S box (also known as the H, W, or Z box), the X box, and
the Y box (1, 4, 8, 13, 24, 48). Further downstream, the DRA
promoter contains an octamer-binding site and an initiator
element (Inr) (4, 13, 22, 44, 50). The X box and its flanking
sequences have been subdivided into the pyrimidine tract and
the X1, X2, and X3 boxes (24). For the purposes of this study,
the X box refers to the X1 box. Whereas S and X boxes are
most important for the B-cell-specific and IFN-g-inducible expression (39, 43), the Y box, octamer-binding site and Inr
sequences also determine the site of initiation of DRA transcription (4, 13, 22, 50).
A large number of proteins that interact with the CUS have
been described. Regulatory factors X (RFX1 to RFX5 and
p36) bind to the X box (25, 29, 36). Although the RFX1
homodimer binds better to the isolated X box (11, 44), RFX

MATERIALS AND METHODS
Cell culture, transfections, and CAT assays. Raji cells (ATCC CCL86), which
are human Epstein-Barr virus-positive Burkitt’s lymphoma cells, express high
levels of class II antigens on their cell surface. COS cells are African green
monkey kidney cells. Raji and COS cells were maintained in RPMI 1640 and
Dulbecco’s modified Eagle’s medium, respectively, supplemented with 10%
heat-inactivated fetal bovine serum, L-glutamine, penicillin, and streptomycin.
Raji cells (107) were transfected with 40 mg of plasmid DNA by electropora-
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tion at 300 V and 960 mF. Each transfection was done in triplicate and repeated
with two separate preparations of plasmid DNA. COS cells were transfected with
Lipofectamine (Gibco-BRL, Gaithersburg, Md.). The cells (5 3 105) were placed
into 100-mm petri dishes 24 h before transfection. A total of 5 mg of DNA was
used in each transfection. A 1-mg sample of pACTHCG was also added as an
internal control to measure the efficiency of transfection. After 40 to 48 h in
culture, the cells were harvested and lysed. Cell lysates were assayed for chloramphenicol acetyltransferase (CAT) activity, and levels of human chorionic
gonadotropin were measured in supernatants as described previously (18).
Plasmid constructions. pDRASCAT contains the DRA promoter from positions 2150 to 131 linked to the CAT reporter gene. Regions from nucleotides
at positions 2150 to 2116 and positions 2116 to 288, which contain the extended S and X boxes, respectively, are flanked by unique restriction endonuclease sites that facilitate the construction of mutated promoters (44).
pDRASCAT(DS) was constructed by deleting the HindIII-ApaI (2150 to 2116)
fragment (Fig. 1B). pd(2115,298) and pd(2112,2100) were constructed by
substituting this HindIII-ApaI fragment with oligonucleotides (Fig. 1B). Insertions pI(10), pI(15), pI(20), pI(30), and pI(40) were created by placing the
oligonucleotides listed in Fig. 1C into the ApaI site of pDRASCAT. pDRASmX
CAT contains clustered point mutation at the X box of the DRA promoter and
was described previously as M6 (44). The plasmid vectors pBCAT, which does
not contain any DRA promoter sequence, and pREP-4CAT (pRSVCAT) were
used as negative and positive controls, respectively. pSVRFX5 contains the
entire RFX5 cDNA (amino acids 1 to 616) under the control of the simian virus
40 early promoter. pSVRFX5-VP16 was created by fusing the activation domain
of VP16 from herpes simplex virus (amino acids 413 to 490) (9, 17) in frame 39
to the RFX5 cDNA. This hybrid construction codes for RFX5 followed by the
activation domain of VP16. pACTHCG contains the human chorionic gonadotropin gene under the control of the b-actin promoter.
Affinity purification of RFX from B-cell extract. RFX was purified from B-cell
nuclear extracts as described previously (11). Nuclear extracts were prepared
from leukocytes obtained by leukapheresis (33). After dialysis, extracts were
applied to a hydroxylapatite column and the 0.2 M and 0.3 M salt eluants were
dialyzed, tested for their activity by electrophoretic mobility shift assay (EMSA),
and loaded onto an xx2 oligonucleotide affinity column. After the elution, active

fractions were pooled, dialyzed, and loaded onto an xmx2y oligonucleotide affinity column. Active fractions were dialyzed and stored at 2808C. The activity of
the extracts was monitored by EMSA with the labelled xx2 oligonucleotide.
EMSAs and Western blotting. The following oligonucleotides were used in this
study. The s, xx2, x2, and y oligonucleotides contain sequences from positions
2150 to 2114, 2124 to 270, 295 to 282, and 287 to 256 in the DRA
promoter, respectively. The xmx2y oligonucleotide, which contains X and Y
sequences with a shorter spacing between X and Y and a mutated X2 box, was
described previously (TGCAAGAACCCTTCCCCTAGCAACAGATGGTATC
TTTTTCTGATTGGCCAAAGA) (11). The mpBR oligonucleotide contains the
methylated sequence from pBR322 (CTAGATCGTCACGGCGAT). The sxy
and smxy oligonucleotides contain DRA promoter sequences from positions
2150 to 256, except that smxy contains clustered point mutations (by transversion) of the X box (44). These two oligonucleotides were isolated from plasmids
pDRASCAT and pDRASmXCAT, respectively.
Nuclear extracts from Raji cells were prepared as described previously (14).
The amounts of protein were quantified by the Bradford assay (Bio-Rad Inc.,
Hercules, Calif.). DNA-binding assays were as described previously (26) with
slight modifications. Reactions were carried out in a final volume of 20 ml with
10 mg of crude nuclear extract or 3 ml of affinity-purified RFX and 20 fmol of
g-32P-labelled oligonucleotide, 1 mg of poly(dI-dC) z poly(dI-dC), 0.5 mg of sonicated denatured Escherichia coli DNA, 50 ng of mpBR (see below), and 100 mg
of bovine serum albumin BSA fraction V. The reaction mixtures were incubated
for 30 min at 158C and electrophoresed on 5% native polyacrylamide gels for 4 h
at 200 v. Prior to the loading of samples, the gels were prerun for 1 h in the cold.
Unless otherwise indicated, unlabelled oligonucleotides were added at 100-fold
molar excess and the mpBR oligonucleotide was used to eliminate the binding of
RFX1 to the DNA probe. All our binding-reaction mixtures also contained 50 ng
of the x2 oligonucleotide to prevent the binding of X2BP to the X2 box (27).
RFX5 was synthesized in a coupled in vitro transcription and translation
reaction from pSVRFX5 by using a TNT kit and T7 RNA polymerase (Promega,
Madison, Wis.). RFX translated in the rabbit reticulocyte lysate (5 ml), from the
hydroxylapatite column (80 ml), first DNA affinity column (20 ml), and second
DNA affinity column (10 ml), was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide). Proteins were then blotted
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FIG. 1. Deletion and substitutions of the S box and insertions between S and X boxes in the DRA promoter. (A) Diagrammatic representation of the DRA
promoter from positions 2150 to 131. Boxes represent the S, X, X2, and Y boxes, the octamer-binding site (O), and the initiator sequences (Inr). Dotted lines indicate
the 59-flanking sequences of the S box. The arrow indicates the site of initiation of DRA transcription. (B) Nucleotides from positions 2146 to 289 for both strands
of the DRA promoter. Conserved boxes shown in panel A are diagrammed underneath the nucleotide sequences. The sequence of the deletion of the S box is placed
below the wild-type sequence. Next are sequences of duplicated X boxes 39 to the S box [pd(2115,298)] and within the S box [pd(2112,2100)], which maintained the
wild-type spacing between S and X boxes with duplicated X boxes. Nucleotides that are not found in the native DRA promoter are given in lowercase letters. (C) Into
the ApaI site were inserted 10, 15, 20, 30 and 40 irrelevant nucleotides, some of which code for convenient restriction endonuclease sites. These plasmid constructions
are called pI(10), pI(15), pI(20), pI(30), and pI(40), respectively.
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onto nitrocellulose paper, and RFX5 was detected by Western blotting (immunoblotting) with a rabbit polyclonal antibody against a C-terminal polypeptide
from RFX5.

RESULTS

FIG. 2. Levels of expression from DRA promoters which contained the deletion and substitutions of the S box and insertions between the S and X boxes
in Raji cells. (A) Names of plasmid constructions are given to the left. The
activity of the wild-type DRA promoter is shown by the solid bar next to
pDRASCAT. Deletion of the S box and its 59-flanking sequence reduced the
activity of pDRASCAT by 75%. The duplication of the X box in the S box
pd(2115,298) had the same phenotype, but the duplication pd(2112,2100)
restored and increased the levels of expression from the DRA promoter. (B)
CAT activities are given for insertions of 10 to 40 nucleotides between the S and
X boxes. All insertions from pI(10) to pI(40) resulted in less than 20% of
wild-type levels. Experiments are representative of three sets of transfections
done in duplicate, with standard errors of the mean less than 20%.

the S box (44). However, RFX1, which is now also known as
the methylated DNA-binding protein (52) and polyomavirus
enhancer factor C (35), plays no role in the transcription of
class II genes (29). Rather, RFX5, which contains a similar
DNA-binding domain to the one that is found in RFX1 and is
mutated in complementation group C of the type II bare lymphocyte syndrome (36), and p36, as yet uncloned, are the
relevant regulators of class II transcription (11, 29, 36). Unlike
RFX1, the RFX5-p36 heterodimer (RFX) by itself binds
weakly to the X box. However, the presence of the Y box
greatly increases the binding of RFX to the X box (28). NF-Y,
which contains NF-YA, NF-YB, and NF-YC, binds to the Y
box in all cells examined (4, 8, 13, 24, 28, 29).
By using the labelled xx2 oligonucleotide, which contained X
and X2 sequences, a single faint RFX complex was observed
(Fig. 3, lanes 1 to 4). Excess unlabelled xx2 but not mpBR
oligonucleotides competed for this binding. In contrast, with
the labelled xmx2y oligonucleotide, which contained X, mutated X2, and Y sequences, three major complexes were observed (lanes 5 to 10). The lower, strong complex corresponded to the binding of NF-Y and RFX since a 500-fold
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Deletion and substitutions of the S box and insertions between S and X boxes inactivate the DRA promoter. To determine the functional importance of the S box in the B-cellspecific expression from the DRA promoter, a number of
plasmid constructions were made. As diagrammed in Fig. 1B,
the S box and its flanking sequences were deleted in the synthetic DRA promoter (pDRASCAT) resulting in the construction pDRASCAT(DS). Previously, we demonstrated that clustered point mutations of these flanking sequences, which were
incorporated into pDRASCAT, had no effect on the constitutive or IFN-g-inducible expression from the DRA promoter
(44). Since the nucleotide sequence 39 to the S box (TTGCAA)
is similar to that found in the X box (TAGCAA), the X box was
also duplicated centered on this sequence, resulting in the
plasmid pd(2115,298) (Fig. 1B). The final construction, pd
(2112,2100), was identical to pd(2115,298), but the spacing
between the duplicated X boxes was changed so that it was
identical to that between the S and X boxes in the wild-type
DRA promoter (Fig. 1B). These plasmids were tested in Raji
cells, which represent a good model for the B-cell-specific
expression of class II genes.
When compared with the plasmid with the deletion of the S
box [pDRASCAT(DS)], pDRASCAT had fivefold-higher activity in Raji cells; i.e., pDRASCAT(DS) was expressed at 20%
of the level of the wild-type promoter (Fig. 2A). Surprisingly,
the duplication of the X box 39 to the S box [pd(2115,298)]
resulted in equally diminished levels of expression. However,
transfections with pd(2112,2100), which preserved the wildtype spacing between the S and X boxes in duplicated X boxes,
resulted in 1.8-fold-higher levels of expression than did transfections with pDRASCAT (Fig. 2A). Thus, although there is
little similarity in sequence between them, the X box can functionally replace the S box in the DRA promoter.
To investigate further the importance of the spacing between the S and X boxes, we inserted random oligonucleotides
of 10, 15, 20, 30, and 40 nucleotides between these two elements in pDRASCAT. Confirming a previous observation
(44), insertions of full- and half-helical turns inactivated the
DRA promoter in B cells. Interestingly, CAT activities with
these plasmids were lower than those observed with the deletion of the S box alone (Fig. 2B). We conclude that the duplication of the X box at the S box is dependent on the precise
spacing between these two elements. Our data also indicate
that the sequences most highly conserved between 39 to the S
box and the X box (TTGCAA and TAGCAA do not represent
a functional duplication of the X box. Since other point mutations further upstream of the S box and between the S and X
boxes had no phenotype (reference 44 and data not presented), the 15 nucleotides 59 to and including the S box represent
the DNA-binding site for factors that interact with the S box.
Cooperative binding between RFX and NF-Y from B-cell
nuclear extracts. To find which of the proteins that bind to the
X box also bind to the S box, EMSAs were performed with
crude and fractionated nuclear extracts from Raji cells and a
variety of labelled oligonucleotides. However, before performing DNA-binding studies with the S box, we wanted to demonstrate the binding of the functionally relevant RFX complex
to the X box. Previously, we and others detected only the
binding of the RFX1 homodimer to the X box (25, 44). Thus,
RFX1 was a good candidate for the protein that also bound to
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molar excess of the unlabelled y oligonucleotide, which contained the Y sequence, competed for the binding of NF-Y but
left a complex of similar mobility to the RFX bound to xx2
(lane 9). The xx2 oligonucleotide also competed for the remaining RFX complex (data not presented). That the upper
complex contained both RFX and NF-Y was revealed by the
competition with the unlabelled xx2 (lanes 6 and 7) and y
(lanes 8 and 9) oligonucleotides. In our hands, RFX and NF-Y
comigrated and NF-Y obscured the RFX complex, so that its
binding to xmx2y was unmasked only in the presence of excess
unlabelled y oligonucleotide (lane 9). Excess unlabelled mpBR
did not affect the binding of RFX, NF-Y, or RFX/NF-Y to our
labelled oligonucleotides (lanes 4 and 10). Thus, RFX binds
specifically to the X box and RFX and NF-Y form a higherorder complex on X and Y boxes.
Binding of RFX to the S box is visible only when binding to
the X box is blocked. From previous data, we knew that the
binding of RFX1 to the S box is much weaker than that to the
X box (44). Thus, it was not surprising that with our nuclear
extracts, we could not observe any binding to the s oligonucleotide, which contained only the S box and its flanking
sequences (data not presented). Conversely, no additional
binding was observed with the sxx2y oligonucleotide, which
contained the S, X, and Y boxes (28, 44). However, since NF-Y
could increase the binding of RFX to the X box, NF-Y should
also increase the binding of RFX to the S box in the absence
of the X box. Because the spacing between the X and Y boxes
can be increased by full-helical turns without affecting the
function of the DRA promoter (46), we reasoned that the
increased distance between the S and Y boxes should not
impede these interactions.
To assay the binding of RFX to the S box in the presence of
the Y box, we performed EMSAs with labelled sxx2y or smxx2y

oligonucleotides, which contained the wild-type X or mutated
X, X2, and Y sequences, respectively; excess unlabelled xx2, s,
or methylated pBR oligonucleotides; and nuclear extracts from
Raji cells. As noted in Fig. 4, RFX, NF-Y, and RFX/NF-Y
bound to the wild-type sxx2y as well as to smxx2y oligonucleotides (Fig. 4, lanes 7 to 10 and lanes 1 to 6, respectively). A
100-fold molar excess of unlabelled xx2 (lanes 2 and 8) competed for the binding of RFX/NF-Y complexes. In the presence of the mutated X box, a 5,000-fold molar excess of unlabelled s oligonucleotide also competed for the binding of RFX/
NF-Y complexes (lanes 3 to 5), which did not occur with the
same molar excess of mpBR (lane 6). In the presence of the X
box on the labelled sxx2y oligonucleotide, the s oligonucleotide
did not compete for this binding (lane 9). Thus, RFX binds to
the S and X boxes from the DRA promoter and its binding to
the S box is weaker than to the X box. In both cases, the
binding of RFX is stabilized by NF-Y.
DNA affinity-purified RFX binds to S and X boxes of the
DRA promoter. Although our conditions mimicked those that
revealed the functional RFX complex and not the binding of
RFX1 to the X box, we still wanted to prove that our complexes on S and X boxes contained RFX5 and not RFX1. To
this end, we prepared RFX by DNA affinity chromatography
and observed complexes of identical mobilities with s and xx2
oligonucleotides (Fig. 5, lanes 4 and 11). To determine the
specificity of this binding, we performed competition experiments with unlabelled xx2 and s oligonucleotides, which contained clustered point mutations in the S box (m3) and its eight
59-flanking nucleotides (m2) (44). In Fig. 5A (lanes 1 to 6), s
and xx2 but not m2 and m3 competed for the binding of RFX
to the labelled s oligonucleotide. Slightly different results were
obtained with the labelled xx2 oligonucleotide, for which the
unlabelled s, m2, and m3 oligonucleotides did not compete
(lanes 2, 9, and 10). Identical results were previously observed
with RFX1 (reference 44 and data not presented), and so
antibodies against RFX1 (18) were included in the binding-

FIG. 4. RFX binds to the S box in the presence of the Y box. Presented are
the results of EMSAs with oligonucleotides which contained S, wild-type, or
mutated X, X2, and Y sequences (sxx2y and smxx2y) and Raji nuclear extracts.
Lanes 1 to 6 and lanes 7 to 10 contain oligonucleotide probes which had a
mutation in the X box (smxx2y) and the wild-type X box (sxx2y), respectively.
Lanes 1 and 7 also contain nuclear extracts alone, and lanes 2 and 8 additionally
contain a 100-fold molar excess of the unlabelled xx2 oligonucleotide as the
competitor. Lanes 3 to 5 contain a 100-, 1,000- and 5,000-fold molar excess,
respectively, of the unlabelled s oligonucleotide. Lane 9 contains a 5,000-fold
molar excess of the s oligonucleotide. Lanes 6 and 10 additionally contain a
5,000-fold molar excess of an irrelevant oligonucleotide (mpBR). Arrows denote
the three major complexes (NF-Y, RFX, and RFX/NF-Y) and the free probe.
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FIG. 3. Cooperative binding between RFX and NF-Y in the DRA promoter.
Presented are the results of EMSAs with oligonucleotides which contained X
and wild-type or mutated X2 boxes (xx2 [lanes 1 to 4] or xmx2y [lanes 5 to 10])
for the binding of RFX or RFX/NF-Y complexes, respectively, with nuclear
extracts from Raji cells. Lanes 2 and 5 contain nuclear extracts alone. Lanes 3, 6,
and 7 contain the same nuclear extracts with a 100-fold (lanes 3 and 6) or
500-fold (lane 7) molar excess of unlabelled xx2 oligonucleotide as the competitor. Lanes 8 and 9 contain a 100- and 1,000-fold molar excess, respectively, of the
unlabelled y oligonucleotide. Lanes 4 and 10 contain a 1,000-fold molar excess of
an irrelevant oligonucleotide (mpBR). Arrows denote three major complexes
(NF-Y, RFX, and RFX/NF-Y) and the free probe.
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reaction mixture as a control. No modification of the binding
was observed in the presence of anti-RFX1 or normal rabbit
immunoglobulin antisera (lanes 6 and 7 or 13 and 14). From
this analysis, we conclude that RFX binds to the S box and its
59-flanking sequence.
DNA affinity-purified RFX restores the binding to the X box
by SJO nuclear extracts. To prove conclusively that RFX5 was
present in our complexes, we also complemented nuclear extracts from SJO cells with DNA affinity-purified RFX fractions. SJO cells belong to complementation group C of the
class II bare lymphocyte syndrome, in which the RFX5 gene is
mutated and the RFX5 protein is not expressed (36). Therefore, class II promoters are bare in in vivo footprinting analyses
and no RFX complexes are observed in EMSAs (20, 28).
However, the introduction of the wild-type RFX5 gene into
SJO cells and exogenously added RFX5 protein to nuclear
extracts restores class II expression and the binding of RFX,
respectively (11, 28, 36).
Since cooperative binding was observed between RFX and
NF-Y (28) (data in Fig. 3 and 4), we performed EMSAs with
the xmx2y oligonucleotide and nuclear extracts from SJO cells.
A single shifted complex, corresponding to NF-Y, was observed with these extracts. However, the addition of the DNA
affinity-purified RFX to the SJO nuclear extracts resulted in
the appearance of a lower-mobility complex, which was identical to that observed with nuclear extracts from Raji cells, in
which it was identified as RFX/NF-Y (Fig. 6A, compare lane 2
with lane 5). Thus, our DNA affinity-purified fractions also
restored the binding of RFX to nuclear extracts from SJO cells.
We also confirmed the presence of RFX5 in DNA affinitypurified fractions by using an antibody against a C-terminal
synthetic peptide from RFX5 and Western blotting (Fig. 6B).
This antibody reacted with a 75-kDa protein that comigrated
with the RFX5 protein translated in the rabbit reticulocyte
lysate (Fig. 6B, lanes 2 to 4). From these data and Fig. 5, we
conclude that our DNA affinity-purified fraction contains
RFX5 and that RFX binds to both S and X boxes.
RFX5-VP16 fusion protein activates expression of the DRA
promoter from S and X boxes. To extend our observations on
the binding of RFX5 to the S box and to study the relevance of
this binding in cells, we expressed a fusion protein between the
full-length RFX5 and the activation domain (amino acids 413
to 490) of VP16 from herpes simplex virus (pSVRFX5-VP16)
in COS cells (9, 17). The activation domain of VP16 had to be
added because RFX5 does not itself contain an activation

FIG. 6. (A) Complementation of nuclear extracts from SJO cells (an RFXdeficient cell line) with the DNA-affinity purified RFX. EMSAs were performed
with the oligonucleotide, which contained a mutation in the X2 box (xmx2y), and
nuclear extracts from SJO cells (lane 1), extracts complemented with the affinitypurified RFX (lanes 2 to 4), or nuclear extracts from Raji cells (lane 5). Unlabelled oligonucleotides used as competitors are indicated above the lanes. Arrows indicate RFX, NF-Y, RFX/NF-Y complexes, and the free probe. (B)
Western blot analysis of proteins obtained at different steps of RFX purification.
Lane 1 represents RFX5 translated in the rabbit reticulocyte system. Lanes 2, 3,
and 4 contain 80 ml of 0.2 M salt elution from the hydroxylapatite column (HAP),
20 ml of the first affinity column eluant (AC1), and 8 ml of the second affinity
column eluant (AC2), respectively. The arrow denotes the 75-kDa protein that
corresponds to RFX5. Molecular weight standards are given to the right of the
blot (in thousands).
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FIG. 5. DNA affinity-purified RFX binds to the S and X boxes in the DRA promoter. RFX binds to the S box and its 59-flanking sequence (lanes 1 to 7) and to
the X box (lanes 8 to 14). Above the lanes are indicated unlabelled oligonucleotides used as the competitor. They were added at a 100-fold molar excess over the labelled
probe. In lanes 4 and 11, no competitor was added. Competitors were as follows: s (lanes 1 and 8); m2 and m3, which contained mutations in seven 59-flanking
nucleotides and the s box, respectively (lanes 2, 3, 9, and 10); and xx2 (lanes 5 and 12). In lanes 6 and 13, the same extracts were incubated with an anti-RFX1 antibody
raised against the N-terminal 20 amino acids of RFX1 (aRFX1). This antibody causes a supershift of the RFX1 complex. In lanes 7 and 14, an irrelevant rabbit
antiserum (RIgG) was used. Arrows denote RFX complexes.
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domain (36) (see below). Effector plasmids coding for RFX5
or the RFX5-VP16 fusion protein were cotransfected into
COS cells with target plasmids pDRASCAT, pDRASmXCAT,
or pDRASmSXCAT, which contained the wild-type DRA promoter, mutated X box, or mutated S and X boxes, respectively.
The ratio of effector to target plasmids was 4:1. Figure 7 depicts the effector plasmids used in this study.
pSVRFX5 had no effect on the expression from any of these
plasmids. However, the expression of the RFX5-VP16 fusion
protein resulted in 43-fold trans-activation of the DRA promoter. Mutation of the X box (pDRASmXCAT) resulted in
70%-decreased effects of pSVRFX-VP16, and the chimera had
less than 5% of the wild-type activity on the target plasmid
lacking both S and X boxes (pDRASmSXCAT). Since RFX
could not bind to the mutated X box (Fig. 5) and since the
chimera could not activate a promoter lacking both S and X
boxes, the residual activity of the RFX5-VP16 fusion protein
on pDRASmXCAT was due to its binding to the S box. Thus,
RFX5 binds to the S and X boxes in vitro and in vivo. Finally,
since this chimera had no effect on the expression from an
irrelevant promoter (pRSVCAT), the effect of the RFX5VP16 fusion protein was specific to the DRA promoter (data
not presented).

FIG. 8. A model of protein-protein and protein-DNA interactions with CUS
from class II promoters. The S, X, and Y boxes are spaced two helical turns from
each other. RFX (RFX5-p36 heterodimer) binds to the S and X boxes. NF-Y
binds to the Y box. X2BP was not studied and is not depicted. NF-Y selects and
stabilizes the binding of RFX to S and X boxes (arrows). RFXs bound to S and
X boxes also interact with each other on the DNA (arrows). Presumably, these
protein-protein and protein-DNA interactions with CUS increase the subsequent binding of CIITA, which activates the transcription of class II genes. Since
binding between CIITA and RFX has not been demonstrated, these contacts are
denoted by broken arrows. Circles above CIITA represent the N-terminal activation domain of CIITA. Fixed distance and helical turns refer to invariant
spacing between the S and X boxes and the ability of the X and Y boxes to be
moved full helical turns away from each other, respectively.
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FIG. 7. RFX5-VP16 fusion protein activates expression from the S box of the
DRA promoter. A schematic representation of the plasmid effectors used in the
assay is shown at the top. pSVRFX5 was created by inserting the full-length
RFX5 (amino acids 1 to 616) with the addition of the myc epitope tag at the 59
end into pSVSport-1. pSVRFX5-VP16 is similar to pSVRFX5 except that the
activation domain of VP16 (amino acids 413 to 490) was linked to the 39 end of
the RFX5 cDNA. The RFX5-VP16 fusion protein was tested on three targets,
the wild-type DRA promoter (pDRASCAT)-mutated X box (pDRASmXCAT)
and mutated S and X boxes (pDRAmSXCAT). The absolute CAT values are
representative of three transfections done in triplicate, and the standard error of
the mean was less than 20%. Bar patterns for each plasmid effector are given at
the top right-hand panel.

The S box is required for the optimal expression of class II
in B cells and antigen-presenting cells following the administration of IFN-g. In this study, we demonstrated that the S box
is a duplication of the X box and that it binds RFX. Since the
spacing between these two boxes could not be changed, RFXs
at S and X boxes must also interact directly with each other.
Additionally, NF-Y stabilizes the binding of RFX to both the
X and S boxes. This finding was demonstrated first in vitro and
confirmed in an in vivo binding assay, in which a fusion protein
between RFX5 and the activation domain of VP16 could activate expression via the S and X boxes of the DRA promoter
in cells. We conclude that RFX also binds to the S box and that
complex assembly on CUS requires direct interactions between
proteins bound to the S, X, and Y boxes (see Fig. 8).
In the DRA promoter, RFX binds to the sequence TGTG
TCCTGGACCCT, which contains the S box and its eight 59flanking nucleotides (44) (Fig. 1 and 5). Centered on the thymidine, 5 of 7 nucleotides form a perfect palindromic sequence.
However, the conserved sequence of the S box [GGACCT(C/
T)], has little similarity to the conserved sequence of the X box
[CC(C/T)AG(C/A)(A/G)ACAGATG] (4). Moreover, the 59flanking sequence of the S box, which is also required for the
binding of RFX to the S box, is even less well conserved among
all class II genes. Thus, it is not surprising that RFX binds to
the S box much more weakly than to the X box and that both
require NF-Y for efficient interactions with DNA. Recently, we
obtained evidence that NF-Y not only selects RFX for the
binding to the S and X boxes but also prevents the binding of
RFX1 homodimers to the same sites (12). However, since p36
is the primary determinant for the binding of RFX, the assignment of exact contact points of RFX on the S box and its
59-flanking sequence must avait the cloning of p36.
Thus, the S and X boxes represent reiterated motifs in class
II promoters (Fig. 8). Optimal binding of RFX and NF-Y to
DNA and spacing constraints between the S, X, and Y boxes
constitute conserved interactions between RFX, NF-Y, and
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