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ABSTRACT

The transcription factor hXBP-1 belongs to the family
of basic region/leucine zipper (bZIP) proteins and
interacts with the cAMP responsive element (CRE) of
the major histocompatibility complex (MHC) class I
Aa, DRa and DP 3 genes. However, the developmental
expression of hXBP-1 as revealed by in situ hybridiza-
tion in mouse embryos, has suggested that it interacts
with the promoter of additional genes. To identify other
potential target genes of this factor, we performed
binding site selection experiments with recombinant
hXBP-1 protein. The results indicated that hXBP-1
binds preferably to the CRE-like element GAT-
GACGTG(T/G)NNN(A/T)T, wherein the core sequence
ACGT is highly conserved, and that it also binds to
some TPA response elements (TRE). hXBP-1 can
transactivate multimers of the target sequences to
which it binds in COS cells, and the level of transactiva-
tion directly correlates with the extent of binding as
observed in gel retardation experiments. One target
sequence thatis strongly bound by hXBP-1is the 21 bp
repeat in the HTLV-1 LTR, and we demonstrate here
that hXBP-1 can transactivate the HTLV-1 LTR. Further,
the transactivation domain of hXBP-1 encompasses a
large C-terminal region of the protein, containing
domains rich in glutamine, serine and threonine, and
proline and glutamine residues, as shown in transient
transfection experiments using hXBP-1-GAL4 fusion
proteins and a reporter gene under the control of
GAL4-binding sites.

INTRODUCTION

these elements. Indeed, hXBP-1 interacts with highest affinity with
the mouse A promoter, containing the CRE sequence TGACGT-
CA, with somewhat less affinity to the humanddstomoter, which
contains the TRE sequence TGCGTCA, and with even less affinity
to the DB promoter whose TRE sequence is TGACTCA. MHC
class Il gene promoters to which hXBP-1 does not bind include
DQa (GATGTCA) and D@ (TGAGGTC). Gel retardation
experiments using TRE and CRE elements from other genes
revealed that hXBP-1 binds only to a very limited set of these
consensus sequences. For example it does not bind to the TRE
element in the metallothionein I, collagenase and fos promoters
(unpublished observations). Neither does it bind to the TRE element
in its own promoter (TGCGTCA), which is identical to the TRE
element present in the BRpromoter, to which it does bin@)(

Thus, it seems that hXBP-1 interacts with only a very limited
number of TRE or CRE sequences and that flanking sequences are
important.

Several experiments have been undertaken to investigate the
function of this bZIP protein. Antisense experiments have shown
that transient transfection of a construct expressing antisense
hXBP-1 RNA into cells that are MHC class Il positive leads to a
significant decrease of surface MHC class Il antigens DR and DP,
but not DQ B). These results correlate with the observation that
hXBP-1 bindsn vitro to the promoters of DiRand DB, but not
to the promoter of DQ genes and suggest that hXBP-1 is required
for expression of some MHC class Il genes.

In further experiments to define the role of hXBP-1, we
analyzed the expression of the corresponding gene during mouse
embryogenesis bin situ hybridization ). Unexpectedly, we
found that this gene is expressed at very high levels in two
developing organ systems: (i) in bone and cartilage cells of the
developing skeleton and toothbuds, and (ii) in exocrine glands
including the pancreas, salivary and submandibular glands. High
level of expression was also found in whisker follicles and in

Human X box binding protein 1 (hXBP-1) is a basic region-leucinselected cells from brown adipose tissue. In the skeletal system,
zipper (bZIP) protein originally isolated by Southwestern screenifgXBP-1 is expressed in matrix secreting chondroblasts and at
by virtue of its ability to bind to a regulatory element, termed X2yigher levels in osteoblasts and preosteoblasts. The pattern of
in the promoter of several major histocompatibility complex (MHCExpression of hXBP-1 in the developing skeleton was found to be
class Il genedlj. The X2 boxes of MHC class Il promoters to whichvery similar to that of the genes encoding the tissue inhibitor of
hXBP-1 bindsn vitro are closely related to CRE and TRE elementsnetalloproteinases (TIMP) and alkaline phosphatase throughout
whereas those to which it does not bind are only distantly relateddevelopment. Interestingly numerous genes that are expressed in
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osteoblasts, such as osteocalcin, osteopontin, osteonectin &CTTGAATTCGGC. The two following oligonucleotides were
TIMP are either co-expressed with hXBP-1 or expressed latased as PCR primers: primer A, GCCGAATTCAAGCTTGAC and
than hXBP-1 during osteogenesis and contain CRE- or TRE-lil@imer B, AGATGGATCCCTCGAGATG.
sequences in their promoters. Since hXBP-1 interacts with somé&he template oligonucleotide was rendered double stranded by
CRE- and TRE-like sequences, it is possible that it regulates thenealing with primer A and extension of the primer with the
expression of at least some of these genes. Klenow enzyme for 30 min at room temperature. Brieflyg3f

In order to define more precisely the sequences to whigiolyacrylamide gel purified template oligonucleotide was mixed
hXBP-1 binds, we performed a binding site selection experimewnith 12ug primer A in X sequencing buffer (20 mM Tris—HCI pH
using recombinant hXBP-1 protein. This bZIP protein was found.5, 10 mM MgCJ, 25 mM NacCl) in a final volume of 44, and
to preferentially recognize a CRE-like element having a corannealed by boiling and cooling. Deoxynucleotides were then added
sequence ACGT and also some TRE-like sequences. Tteea final concentration of 200 nM, DTT to a final concentration of
relevance of the interaction of hXBP-1 with these sequences wasnM, and 6 U Klenow enzyme. The double-stranded template
demonstrated by the ability of hXBP-1 to transactivate multimeiBNA was purified by polyacrylamide gel electrophoresis and
of selected sequences and to transactivate the HTLV-1 LTR labelled by one cycle of PCR (protocol adapted from Blackwell and
transient transfection experiments. The transactivating potentiakintraub §) and Koet al (6) with 100 ng of each primer, L&i
of hXBP-1 was also confirmed in transfection experiments witfu-32P]JdCTP, 50uM deoxynucleotides, 5 ng template DNA in a
GAL4-hXBP-1 fusion proteins and a reporter construct containetal of 20ul, and annealing at 3C. The probes were then extracted
ing the CAT gene downstream of consensus GAL4-binding sitefgst with phenol-chloroform (50:50), then with chloroform before
Moreover, the transactivation domain of hXBP-1 was localizeBeing subjected to a Sephadex G50 spun column to remove the
to a large C-terminus part of the protein containing several motifgimers and unincorporated nucleotides. Incorporation of radioactiv-

characteristic of transcriptional activators. ity was measured by TCA precipitation.
The gel retardation experiment was performed as follows: 100 ng
MATERIALS AND METHODS recombinant protein (ul) was first incubated with non-specific

] - ) competitor in binding buffer for 5 min at room temperature,
Expression and purification of bacterially expressed hXBP-1 100 000 c.p.m. of the probe was then added and binding was

The murine hXBP-1 protein was expresse&soherichia coli carried on for another 20 min at room temperature. The binding

i ; i tion containedyg dl-dC, 1 mg/mI BSA, 1 mM DTT, 10 mM
using the bacterial expression vector PET28c (Novagen). ThrEe¢ , ’ ,
constructs were made: constructs 2 and 4 encoded proteins wi PESpH 7.9,1 mMEDTA, 50 mM KCl, 2mM Mgind 5%
a histidine tag (6 histidine residues) at the N-terminus of t ycerol (these salt concentrations do not include the salt added
protein, whereas construct 3 encoded a protein having a histidi®é the prooteln extract). The binding reactions were then loaded
tag at both ends of the protein. The hXBP-1 DNA of construct @110 & 4% polyacrylamide gel in 8.3BE, dried onto 3 MM
started at th&larl site at nucleotide 12 of the cDNA (nucleotide P2Per, and exposed overnight. _ _
1 corresponding to the initiation of translation) and contained the”® Pi€ce of dried gel corresponding to the region where a
natural stop codon of the hXBP-1 DNA (at nucleotide 795). Theetarded bgnd is expected to migrate was cut out and incubated for
hXBP-1 DNA of construct 3 started at fBag site at nucleotide 2N at37Cin0.5mlof 065 M ammonium acetate, 10 mM MgCl
75 of the cDNA and ended at thed site, at nucleotide 753. The 1 MM EDTA and 0.1% SDS. The elution buffer was then
hXBP-1 DNA of construct 4 contained a fragment of hXBp_bejeCI.Ed to two phenol—chlorpfprm extractions, one chloroform
cDNA starting at the restriction siag and contained the €xtraction and the DNA precipitated by adding EDtRNA,
natural stop codon of the hXBP-1 DNA. The cDNA sequencéOd'Um acetate to a fln<’_:1| concentration of_0.3 M a_nd 2.5 vol

The recombinant proteins were produced frénsoli as MM Tris-HCI pH 7.5, 50 mM NaCl. _
follows. Large cultures of transformed bacteria were grown in The eluted DNA was PCR amplified as follows: two separate
fich media to an Oy [0.8. IPTG was then added to a final féactions were performed with 1 andl(f the eluted DNA
concentration of 1 mM and the cultures were incubatec*& 37 €ach, 15QM of each primer, 20p@M deoxynucleotidesTaq
for an additional 3 h. The bacteria were collected by centrifug&action buffer (Boehringer), and @bTagenzyme in a total of
tion and proteins were purified using a Qiagen QIA Express kk0O il and subjected to 25 cycles of PCR usingG@s the
(Qiagen, Inc., Chatsworth, CA), following the manufacturer@nnealing temperature. Ten microlitres of each reaction was then
instructions. The proteins recovered weB8% pure, as deter- loaded onto a 12% polyacrylamide gel and the DNA viewed by
mined by SDS—PAGE. The proteins were renatured by step wig&ining with ethidium bromide. The rest of the reaction which
dialysis at 4C against buffers (20 mM HEPES—KOH pH 7.9,9ave a clean band was subjected to a 12% polyacrylamide gel
500 mM NaCl, 0.2 mM EDTA, 1 mfd-mercaptoethanol, 0.5 mM €lectrophoresis and the amplified DNA was eluted from the
PMSF) containing 6, 4, 2 and 0 M urea. Renatured protein waglyacrylamide by incubation of the gel slice in 30®.5 M
mixed with an equal volume of 100% glycerol, aliquoted, an@mmonium acetate pH 7.5, 10 mM Mg acetate, 1 mM EDTA,

frozen at —80C. The protein concentration was determined by.-1% SDS at 37C for 5-15 h, and recovered by precipitation.
Bradford assay. Recovered PCR amplified DNA (5 ng) was then labelled by a

single round of PCR as described above, and 100 000 c.p.m. usec
for the next round of gel retardation as described above.

After four rounds of gel retardation and amplification, the
The degenerate template oligonucleotide used contained a core ofé&@rded band was amplified, restriction digestedBatiHI and
random nucleotides flanked by conserved sequences containing &amR|, and cloned into Bluescript. The DNA of individual clones
restriction sites: AGATGGATCCCTCGAGATG—(py-GTCAA-  was sequenced with the reverse and forward primers of M13.

Binding site selection
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Gel retardation experiments with the DNA from individualand the reaction buffer for 5 min at room temperature. The probe
clones were performed with 0.1 ng PCR amplified DNA(2 ul) was then added and the reaction left to proceed for 20 min
radiolabelled by kinasing and 10 ng recombinant protein a room temperature. A 20-fold excess of cold competitor (same
described above. DNA as the one used to prepare the probe) was added to some
reactions after incubation with the non-specific competitor and
left for 5 min at room temperature before adding the probe. In the
reactions containing antibody, 2 of anti-hXBP-1 polyclonal
The hXBP-1 eukaryotic expression vector was constructed I§jpicken serum or pre-immune serum was added at the end of the
inserting a full length human hXBP-1 cDNA into the pcDNA1binding reaction and left for another 10 min at room temperature.
plasmid. Effective expression of hXBP-1 from this plasmid wadhe binding reactions were then loaded onto a 4% polyacryl-
verified by immunoprecipitation &S labelled transiently trans- amide gel in 8 TBE buffer.
fected COS cells using a polyclonal antiserum against hXBP-1. A
negative control expression constrdittXBP-1) was prepared by Cell lines, transfections and CAT assays
inserting the hXBP-1 cDNA into which an out of frame mutation _ .
was created (the cDNA was restriction digested Bétiill and ~ HeLa and COS cells were grown in DMEM 10% fetal bovine
Avd and religated) into pcDNAL. An additional negative controS€rum. Transfections were performed by electroporation at 250 V
plasmid was obtained by inserting the hXBP-1 cDNA in opposi@"d 960 uF in DMEM 10% serum. Three micrograms
orientation into the pCDNAZ plasmid (as hXBP-1). CMV—B-gaIacto&dase plasmid was mclu_ded in each transfec-

Multimers of five copies of selected binding sites were inserten- The amount of reporter construct varied from 24g &nd
into the pE1bCAT plasmid upstream of the adenoviral E1B'€ @mount of effector plasmid varied from 0.3 iy slepending
promoter. on the experiment and the cell line. Total amount of DNA was

The GAL4-hXBP-1 expression constructs were prepared ptconstantin each transfection by adding Bluescript DNA. The
inserting the full length human cDNA, or fragments thereof, into thgansiently transfected cells were harvested 48 h after the
multiple cloning site of the pBXG vector, downstream of DN AtransfectlonB-Galactosuda_se activity was determined and CAT
encoding the DNA binding region of the GALA4 protein (amino acidgSSays performed as previously descrigdipe percentage of
1-147). The individual constructs were prepared by restriction dig&Qnversion of choramphenicol was determined by counting
of the cDNA or PCR amplification to obtain defined fragmentdndividual spots and the data was then normalized to the
which were then inserted into the expression vector. B-galactosidase activity.

The reporter plasmids (kindly provided by Dr Michael Green)
used in transactivation experiments with the GAL4 fusion proteifSESULTS
were pE1bCAT plasmids containing zero (pE1bCAT), on . i .

(PGLE1bCAT), two (pG2E1bCAT) and five (NG5E1bCAT) copies>l€ction of preferred hXBP-1 binding sites
of the 17 bp binding sequence of GAL4. hXBP-1 is known to bind to some CRE- and TRE-like sequences

All plasmid constructions were verified by DNA sequencing andych as the Xsequences in some MHC class Il promoters and the
purified by double CsCl gradient centrifugation for use in transfe@RE site in the promoter of the adenovirus E4 gene. However,

Plasmids

tions. hXBP-1 does not bind to numerous other CRE- and TRE-like
sequences, and it is not known which bases are critical for binding
Gel retardation with GAL4—hXBP-1 fusion proteins of hXBP-1. We have recently obtained results that suggest that

hXBP-1 plays a role during the development of several organ

Synthesis of the fusion protein from the expression plasmids wagstems during embryogenesis. In order to identify target genes
verified by performing a gel retardation assay using whole cefif hXBP-1, we performed a binding site selection experiment.
extracts of transiently transfected Cos cells. Whole cell extractsFor this assay, hXBP-1 protein was producel.aoli. Three
from cells transiently transfected withu§ expression plasmid murine hXBP-1 proteins (recombinant proteins 2, 3 and 4)
and 3ug CMV-3-galactosidase expression plasmid were precontaining both the basic domain and the leucine zipper,
pared by lysis of the cells scraped off the dish indl000%  delimited by amino acids 58-95 and 95-135, respectively and
glycerol, 0.4 M KCI, 20 mM Tris—HCI pH 7.4, 2 mM DTT, 0.1% differing slightly from each other in both the N- and C-terminus
NP-40 and proteinase inhibitors through three cycles of freezevere prepared. Recombinant protein 2 contained a histidine tag
thaw. After an additional 20 min rocking of the lysed cellupstream of an hXBP-1 protein lacking only the four N-terminal
suspension at°€, these were centrifuged and the supernatamamino acids. Recombinant protein 3 contained a histidine tag at
used in gel retardation experiments. The amount of extract udaeoth ends of a hXBP-1 protein lacking the 25 N-terminal amino
in gel retardation was normalized to the amourft-gélactosi- acids and the C-terminal 14 amino acids. Recombinant protein 4
dase activity. contained a histidine tag upstream of a hXBP-1 protein lacking

The probe used in the gel retardation experiments was a 94thp 25 N-terminal amino acids. Separate binding site selection
Hindlll-Xbd fragment containing five GAL4 binding sites from experiments were done with the three proteins, but since no
the G5E1bCAT plasmid and labelled by extending the recessdifference between the proteins was observed, the experiments
ends in the presence af-f2P]JdCTP and Klenow enzyme. The will not be described separately.
binding reaction was performed by incubating 0.4 ng of the The binding site selection experiment consisted of four cycles
labelled probe (% 10* c.p.m.) with(6 pug whole cell protein of gel retardation followed by PCR amplification of the retarded
extract, 2ug dI-dC, 10 mM Tris—HCI pH 7.5, 50 mM NaCl, 75 mM band. The first step consisted of incubating the hXBP-1 protein
KCI, 1 mM EDTA, 10% glycerol, 1 mM DTT andiM ZnCl. The  with the labelled double-stranded probe containing a degenerate
protein extract was first incubated with the non-specific ctitope core of 20 nucleotides (nt). No retarded bands were observed.
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However, after elution of the DNA from a region of the dried getelated to each other, and are each represented only a single time ir
where the retarded band was expected (determined by compére selected oligonucleotides, they are probably not bound by

son with a retarded band obtained using a@X probe), PCR  hXBP-1 with high affinity.

amplification, labelling, and use of the labelled DNA in a second In conclusion, the analysis of the 102 selected sequences in the
gel retardation experiment, a retarded band was observed. Hirding site selection experiment revealed that hXBP-1 binds most

intensity of the retarded band became progressively strongerfiequently to sequences containing a core element ACGT and the
the third and fourth gel retardation experiments, as expected if thanking sequences GTGATGACGTG(T/G)NNN(A/T)T.

population of DNA becomes enriched in sequences for which

hXBP-1 has a higher affinity. . - - .
The DNA that was recovered after the fourth gel retardatiolﬁ‘ vitro binding of hXBP-1 to the selected binding sites

experiment was PCR amplified, and cloned into the BIuesCrigyy test our conclusions regarding the optimal DNA binding
vector. The inserts from 60 clones were sequenced. SinCe&gyence for hXBP-1 derived from the sequence analysis, we
significant number of the plasmids contained three or even fiv@narately used several of the selected DNA elements as probes
inserts, we obtained the DNA sequence-af0 oligonucleotides  j, e retardation experiments. The results of two experiments
that were present in the gel retarded band. Out of a total of 108y hropes corresponding to sequences in which the ACGT core
sequences, 93 (91%) contained a CRE-like element characterizgdyent is either located adjacent to one of the conserved
by the presence of #4CGT element. Since t&CGT sequence sequences of the oligonucleotide template or in which the ACGT
was present in >90% of the selected oligonucleotides, these Wefge element is locates 3 nt away from them are represented in
aligned accordingly. Figure2A. hXBP-1 interacted with most of the probes, but the
_ Among these sequences, 27 (29%) had@®@T core located  amount of retarded complex varied depending on the probes.
just downstream of the conserved sequence CTCGAGATG of thgriously, the gel retardation pattern obtained with hXBP-1
template oligonucleotide, forming the sequence CTCGAGAT¢qnsists of two bands regardless of the probe used. Both bands are
GACGT (Fig. 1A), suggesting that these nucleotides formed apecific since they are competed away with excess cold
favorable binding site for hXBP-1. Among the other sequenceympetitor and since inclusion of anti-hXBP-1 antiserum in the
containing an ACGT core, 13 (14%) had the ACGT core locatgglnding reaction eliminates both bands (data not shown).
immediately adjacent to the second conserved flanking sequenggreover, the same pattern is observed with all the recombinant
of the template oligonucleotide, forming the sequencgxpp-1 proteins, including one recombinant protein in which
ACGTGTCAAGCTT (Fig.1B). Thus, this flanking sequence hyman hXBP-1 is fused to the bacterial TrpE protein. The
may also be favorable for binding of hXBP-1 toA®GT core  presence of various concentrations of reducing agent does not
sequence. Seven other sequences contained the ACGT as pastfett the gel shift pattern either (data not shown).
one of the two conserved flanking sequences of the oligonucleotiderhe relative intensity of binding of hXBP-1, as judged by the
template, forming the sequer®@GT CAAGCTT (Fig.1C). The  amount of hXB:-1 bound to each of the sequences in which the
sequences that did not contain the ACGT core element direCACGT core element is locates3 nt away from either conserved
flanking either of the conserved sequences of the oligonucleotiggquence in the template oligonucleotide is indicated in Figure
template, but in which this core element was locat8t away  2B. The sequences to which hXBP-1 binds with most intensity
from such sequences, were compared with each othelllfjig. closely resemble the predicted consensus sequence. Interestingly
This comparison revealed that nucleotides located just upstreaXBP-1 binds only weakly to the sequence ‘2’ whereas it binds
of the ACGT core element that are found most frequently argrongly to the sequence ‘21’, which differs from the former
TGATG and that the nucleotides located just downstream of tRequence only in nucleotides that are located >3 nt from the
ACGT core that are found most frequently are GTCCTAT. SOm&CGT core element (Fig2C). This clearly indicates that
of these nucleotides are more conserved than others. In particut@yeleotides located more distantly than 3 nt from the ACGT core
the most conserved residue in the ACGT flanking sequencesai® important for binding. In this particular case, nucleotide —4
the residue at position +5 (+1 being defined as the A residue fra@lative to the ACGT, which in 64% of the selected sequences is
the ACGT core), since in 28 out of 33 sequences (85%) it issaG, and which is a G in the better-binding sequence ‘21’ is
guanine. The other most conserved residues are: the residuaatially a T in the weaker binding site ‘2". The T in position +8
position +6 which is most frequently a thymine (17/33) or anstead of the more frequent C could also be responsible for the
guanine (10/33); and the 4 nt upstream of the ACGT core, whifdwer intensity of binding of hXBP-1 for the sequence ‘2’
were most often a guanine (21/33), an adenine (16/33), a thymigempared with the sequence ‘21'.
(24/33) and a guanine (21/33). Thus, these results suggest th&imilarly, when gel retardation experiments were performed
hXBP-1 binds preferably to the sequence GATGACGTGwith DNA sequences having the ACGT core element immediate-
(T/G)NNN(A/T)T. This result is further confirmed by the fact thatly adjacent to the conserved sequence GTCAAGCTT of the
the same optimal binding sequence was derived from themplate oligonucleotide, we found that intensity of binding was
comparison of the selected sequences in which the core elemg highest when the other flanking sequence of the ACGT core
ACGT was located directly next to either of the conservedvas closer to the consensus hXBP-1 binding sequenc@Afig.
flanking sequences of the template oligonucledffite 1A and  However, the binding of hXBP-1 to these sequences was slightly
B). weaker than that for the sequences in which the ACGT core does
Among the sequences to which hXBP-1 binds and which do nabt immediately flank either of the conserved sequences,
contain an ACGT core element (9/102) (Eig), several contain a suggesting that the conserved sequence GTCAAGCTT is not an
sequence related to a TRE element, in particular the sequenptimal flanking sequence for the ACGT core element.
ATGAGTCAT (sequence ‘33"). Other sequences do not seem to bdn the case of the sequences in which the ACGT core element
related to either a CRE or a TRE element, but since they are mats immediately adjacent to the conserved sequence CTCGA-
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Figure 1. Sequences obtained from the binding site selection experiment. The conserved flanking sequences of the template DNA are underlined. The total nur
of each nucleotide at each position is indicated at the bottom of the figure. inv stands for ileBeduénces in which the ACGT core is located immediately
downstream of the conserved sequence CTCGAGABLSéquences in which the ACGT core is located immediately upstream of the conserved sequence
GTCAAGCTT. C) Sequences in which the ACGT core overlaps the conserved sequence GTCAARGEGuUences in which the ACGT core is locatefint

away from the conserved sequencé¥ Sequences that do not contain an ACGT core.

GATG in the oligonucleotide template, it seemed less importanbnsensus hXBP-1 binding site, the sequence of the other
that the other flanking sequence of the ACGT core element Hanking site is less critical.

close to the derived consensus sequencefjgsince hXBP-1 Among the sequences that did not contain an ACGT core

bound strongly to most of these sequences. This observation nedgment, binding of hXBP-1 was observed in the case of

reflect the fact that the 4 nt of the conserved element closest to isgjuences most closely resembling TRE elements, such as
ACGT core correspond perfectly to the consensus hXBPsequence ‘33’, although binding to that sequence was weaker than
binding sequence. Thus, it is possible that if one flankinginding of hXBP-1 to the sequences closely related to the ACGT

sequence of the ACGT core element is closely related to thentaining consensus sequence. The few sequences devoid of an
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Figure 2. Binding of hXBP-1 to individual sequences) Gel retardation experiments performed with individual sequences obtained from the binding site selection.
The name of the sequence used as probe is indicated above each lane and the corresponding sequences are indicated in the tables of Figure 1. The indivi
retardation reactions have been grouped according to the position of the ACGT element, as indicated above the photos of the gel retarBatitile-agsays. (
sequences according to the intensity of binding of hXBP-1 as determined by gel retardation exp€&)riénaist ¢omparison of the related sequences ‘2’ and ‘21’

and of the sequences ‘28’ and AD) Homology between sequence ‘45" and the middle of the 21 bp repeats in the promoter of the Tax gene oEjQAI-1. (
retardation assay comparing the intensity of binding of hXBP-1 to selected sequencescaadd®R.

resemblance to either the ACGT consensus sequence or TREsIahsactivation of the selected binding sites and the
not significantly bind hXBP-1 (FigA). HTLV-1 LTR
Comparison of the sequences to which hXBP-1 binds well with
sequences in the Eukaryotic Promoter database and with sequengesider to determine whether the sequences to which hXBP-1
in GenBank revealed one striking homology. The 14 nt of thinds wellin vitro are functionain vivo, we performed transient
sequence ‘45, comprising the core ACGT element and the 5 transfections of COS cells with an hXBP-1 expression construct
flanking the core ACGT element on both sides, is identical to @nd the reporter construct pE1bCAT in which five copies of the
sequence present in the middle 21 bp repeat element of the HTL¥dlected binding sequences ‘21’, *2’, ‘45’ and ‘33’ were inserted
(LTR) (Fig. 2D). No other relevant homologies were found. upstream of the CAT gene. As negative control, a reporter
We have directly compared the intensity of binding of hXBP-1 teonstruct was prepared that contained five copies of a mutated
some of the selected sequences to the intensity of binding of hXBRetm of sequence ‘21’ (high affinity sequence), in which the core
to the X element of the MHC class Il genes And DRx (Fig.2E)  ACGT element was replaced by the sequence AATT.
in gel retardation experiments. These experiments revealed thalransfection into COS cells of 3, 0.3 or Quy hXBP-1
hXBP-1 binds less well to both MHC class Il promoter elementsxpression plasmid or negative control plasmid together with the
than to the sequences most closely related to the consensus sequeserter construct resulted in transactivation of the reporter
This was not surprising in the case of theoDéement, since no construct by the hXBP-1 expression construct, but not by the
sequence closely related to it was present among the sequemeggative control expression plasmid (FY. Thus, hXBP-1 is
obtained from the binding site selection experiment. Interestingbapable of transactivating a promoter containing a consensus
however, the & X, element contains the same 10 nt sequendeXBP-1 binding site. The transactivation was strongest with 0.3
comprising the ACGT core element as does sequence 282@ig. pg plasmid. As shown in Figu® the sequences ‘21’ and ‘45’
to which hXBP-1 bound well. We conclude that nucleotides momere transactivated to a similar extent with @gBexpression
distant from the ACGT core affect the intensity of binding ofplasmid (110-fold) and were not significantly transactivated by
hXBP-1 to the 10 nt long sequence. the expression vector containing an out of frame deletion in the
In conclusion, the gel retardation experiments performed witmXBP-1 cDNA. No transactivation of pE1bCAT was observed.
individual sequences confirmed that the optimal binding seéNo transactivation of the sequence ‘21’ in which the core ACGT
guence for hXBP-1 is GATGACGTG(G/T)NNN(A/T)T and that was modified to AATT (sequence ‘21n’) was observed either, thus
nucleotides located 3 or 4 nt away from the ACGT core elemeadnfirming our hypothesis that the core ACGT is absolutely required
can affect the intensity of binding. for transactivation by hXBP-1. Interestingly, no transactivation of
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é'p" & o o Transactivation of the sequence ‘33’ containing a TRE element
4 ‘9‘5‘,‘-": ﬁ ﬁ could not be evaluated because of very high background
¥ T = A & transactivation of the expression vector in the absence of the
# hXBP-1 expression vector (not shown). The high background
' ' was probably due to binding of numerous cellular transactivating

factors to the TRE element.

Characterization of the transactivation domain of hXBP-1

Trai feab e Fuibior
2

In order to characterize the transactivation function of hXBP-1,
A and in particular to localize the region of the protein that is
required for transactivation, we analyzed the level of transactiva-
L ) I35 Fajgid EdgeE Pagia PE{Ed tiorj ofa GA_L4 dependent reporter construct by GAL4-hXBP-1
! i il ey L i fusion proteins.

e To prepare the expression construct, full length or fragments of
Figure 3. Transactivation by hXBP-1. Histogram representing the amount ofthe human hXBP-l CDNA Were Inserted dt_)wnstream of a
CAT activity from COS cells cotransfected with 0.3 or Quf of sequence e_ncodmg the DNA blndlr_‘lg domain of the GAL4
hXBP-1-expressing plasmid (hX) or negative control plashtix @nd ashX) protein (amino acids 1-146). Protein sequence analysis had
and CAT reporter constructs under the control of multimers of sequences ‘21’previously revealedl] that hXBP-1 contains several domains
21, '2" and *45’ or the reporter construct without an insert, pE1bCAT. characteristic of transcription factors in addition to its basic
domain and leucine zipper: an acidic region, a glutamine rich
region, a serine/threonine rich region, and a glutamine/proline
rich region. We prepared expression constructs encoding

Hooos 7 GAL4-hXBP-1 fusion proteins containing one or more of these

o] W oBas |l regions to define the relative contribution of each of these
domains to overall transactivation function. These expression

'|' vectors were co-transfected into COS cells with the CAT reporter

plasmid pG5E1bCAT containing five copies of the GAL4 DNA
binding sequence. The results of a representative experiment are
presented in Figure
These results indicate that full length hXBP-1 fused to GAL4
(construct 1-260) is capable of transactivating the reporter
construct by a factor afL0. Removal of the N-terminal 58 amino
acids located just upstream of the basic region (construct 58—260)
pEONA-T  AMBA  ashMBP1 ARNEPA did not affect the level of transactivation. However, transfection of
the expression construct in which the basic domain (amino acids
Figure 4. Transactivation of the HTLV-1 LTR by hXBP-1. Histogram 58-95) was deleted (constri&B8—-95), increased transactivation by
re?gzsentri&gB tgelamount of CAIT acti_\éity from Ct?OS 0r|t4e|L61I Cellsdcotrafs]ig%ech factor of=10-fold compared with full length hXBP-1. Thus,
Wi -1-eX] - H H H
e e omvanbime ravA” e basic domain of hXBP-1 has a strong repressive effect on
LTR. The meart SD of three experiments is shown. transactivation. Further deletion removing the leucine zipper
domain (construct 135-260) did not significantly affect the level
of transactivation of the constru&8—95 (it is actually increased
the sequence ‘2’, which closely resembles sequence ‘21’ butllg a factor of(R). Similarly, further deletion removing the
which hXBP-1 does not bind wetl vitro, was observed either. N-terminal half of the acidic region (construct 151-260) did not
Thus, the extent of transactivation of specific sequences Bignificantly change the level of transactivation, thus suggesting
hXBP-1 in the transfection experiments correlates with th#hat the acidic domain in hXBP-1 does not play an important role
intensity of binding of hXBP-1 to these sequenitewitro.  in transactivation. Interestingly, further deletion removing the
Moreover, the same pattern of transactivation of the sequengggtamine rich domain (construct 172—-260) completely abro-
was observed when they were transfected into Raji cells (@ated transactivation by the fusion protein, thus suggesting an
lymphoma), thus suggesting that transactivation of sequendaegportant role of the glutamine rich domain of hXBP-1 in
containing a core ACGT element is not cell type specific (ndtansactivation.
shown). Since the sequence ‘45’ is closely related to the middleTo assess the importance of the C-terminal domains, we
element of the 21 bp repeats present in the HTLV-1 LTR, thesssayed constructs in which C-terminal parts of hXBP-1 were
results suggest that hXBP-1 is capable of transactivating tdeleted. Deletion of the glutamine/proline rich domain from the
HTLV-1 LTR (8) in viva To directly test this, an hXBP-1 strong transactivating construct 135-260 (thus construct
expression construct was co-transfected into COS and HelLa cdlB5-228) led to a significant reduction in transactivation (by a
with a construct containing the HTLV-1 LTR fused to the CATfactor of about 50). Further deletion of C-terminal domains
reporter gene. The sense hXBP-1 expression plasmid transatduced transactivation even more (construct 135-287), and
vated the HTLV-1 LTRB-fold (Fig.4). Neither the antisense down to background levels (construct 135-171). Specific dele-
hXBP-1 expression plasmid or a construct containing a deletidion of the glutamine rich domain (construct 135-2802-187)
mutant hXBP-1 cDNA transactivated the HTLV-1 LTR. or the serine/threonine rich domain (construct 135-260,

Felaiva CAT Aclivily
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Figure 5. Localization of the transactivating domain of hXBPA]). $chematic representation of the GAL4—-hXBP-1 fusion prot@&hslistogram representing the
amount of CAT activity from COS cells transfected with expression constructs encoding the GAL4-hXBP-1 fusion proteingfsfevdaiCAT reporter construct
containing five GAL4 DNA binding sites (0GRECAT) or zero GAL4 binding sites (pECAT).

A188-228) from a strong transactivating construct (construct o
135-260) decreased transactivation to near background levels. |
the particular experiment shown in Figdreonstruct 135-260, =
A188-228 can transactivate slightly the reporter construct. b4
However, this was the case only in this particular experiment anc =
was not observed in other experiments. Transfection of HeLa anc &
Raji cells led to transactivation results very similar to those i
obtained by transfection of COS cells (not shown). ﬁ
It was possible that the absence of transactivation by certair
GAL4-hXBP-1 fusion proteins resulted from the absence of . .,
synthesis of the fusion protein. To test this, we performed gel frigred R T B T L
retardation assays with whole cell extracts from COS cellS emmsmcamiaes  maLsvFIE @ALS ALA-hHER A
transiently transfected with the different expression constructs and
a probe containing binding sites for GAL4. We observed retardetigure t6. fér}fTrgiSii_C_:rafnsact(izlgtison t|>|y ?XBPf-l-t Tdhe _ftlrilsmgrgn&rzei;rg; t{le
complexes for every construct, except for the constructs 172—260“?“” ion na‘r? iy o ) ff_\slprfns fc eAL‘AV' B; e
and 188-260, which ,dld not tra_\nsactlvate the reporter constru Es?rsusc?s a(r:1c()1 é%#ﬁﬁ?)nge?)c'oﬁstructs cor?taoinng zero(,p one(,at)w((e) gr?i\SIZOGAM
Therefore, no conclusion regarding these constructs can be drawya binding sites.
However, the importance of the glutamine rich domain in transac-

tivation was also shown with other deletion constructs such as . ) i .
construct 135—26(\172—187. Thus, we conclude that the g|utayvhat is observed with a GAL4-VP16 fusion construct. Specifically,

mine, the serine/threonine, and the glutamine/proline rich domaif¢ construct with two GAL4 binding sites was transactivated

of hXBP-1 are required for transactivation and that transactivatidi-fold, whereas the reporter construct containing five binding sites
is not cell type specific. was transactivated 100-fold, compared with the construct containing

To further characterize the transactivation function of hXBP-1, we0 Pinding sites.
performed cotransfection assays of COS and Hela cells with
reporter constructs containing zero, one, two or five GAL4 DNAISCUSSION
binding sequences and expression constructs containing the : — )
length hXBP-1 (construct 1-260) or an hXBP-1 protein lacking thggrt:srgilﬂegtlénbgﬂ'r? gszegg;:] :r? Cgl;hXBP Land
basic domain58-95). The results (Fif) indicate that transactiva-
tion of the reporter construct was increased synergistically when tmeorder to determine the optimal DNA binding sequence for
number of binding sites was increased from two to five, similar toXBP-1, we performed a DNA binding site selection experiment
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with hXBP-1 protein synthesizedtncoli. We found that 93% of even though hXBP-1 can interact with some TRE sequences,
the 102 selected sequences contained the sequence ACGT. TBIRE:-like sequences containing an ACGT core sequence are the
hXBP-1 seems to preferably interact with sequences containipgeferred binding sequences.
an ACGT element. A comparison of the nucleotides flanking the We had previously shown that hXBP-1 binds to the mouse
ACGT element in the selected sequences revealed that certsliIC class Il A1 CRE element and also, but with less affinity to
nucleotides in the flanking regions are more conserved thdme TRE elements of the human MHC class Il genes Bivl
others. The most conserved residue in the flanking sequence®R3. A functional role for hXBP-1 in transactivation of these
aguanine located at position +5 (+1 being defined as the A residiggiuencesn vivo had also been demonstrated in transient
from the ACGT element) which is found in 28 out of 33transfection experiments using an antisense expression construct.
sequences (85%). The other well conserved residues are: Yie now show that hXBP-1 binds better to, and transactivates,
residue at position +6, which is most often a thymine (17/33) sequences that differ from these sequences. These new result:
a guanine (10/33); the residue at position 11, which is most oftesnggest that hXBP-1 transactivates genes in addition to MHC
a thymine (17/33); and the 4 nt upstream of the ACGT corelass Il genes. To begin to identify some of these target genes, we
which, listed from 5to 3, are most often a guanine (21/33), anhave searched GenBank and the Eukaryotic Promoter database
adenine (16/33), a thymine (24/33) and a guanine (21/33). Thugth the sequences to which hXBP-1 binds best. This search
the consensus DNA binding site for hXBP-1 is GAT-indicated that the middle of the three 21 bp sequences in the LTR
GACGTG(T/G)NNN(A/T)T. of HTLV-1 contains a 14 nt sequence identical to the 14 nt
Gel retardation assays performed with individual sequencegquence of sequence ‘45’ (CCGAGGTGTCCC). Here we
confirmed that hXBP-1 interacts best with sequences mogdemonstrate that hXBP-1 interaictsivowith the HTLV-1 LTR.
closely related to the consensus sequence. For example, hxBEansistent with our results, Yoshimwal (9) had previously
bound strongly to the sequence GGAYGGTGTACA (se- reported the cloning by the Southwestern method of several
quence ‘21’). Interestingly, hXBP-1 bound only weakly to anammalian proteins that interact with the 21 bp sequence in the
sequence having the same 10 core nt, but differing from it ETLV-1 LTR. One of these proteins was the hXBP-1 protein.
residues —4 and +8, and in nucleotides located outside these 1¥ateover, these authors showed in a footprinting experiment that
(Fig. 2C). Similarly, hXBP-1 binds with much stronger intensityhXBP-1 interacts with a sequence centered at the ACGT core,
to the sequence ‘28’ than to the CRE element ofthgeke, even thus confirming the crucial importance of this core element for
though both sequences share 9 adjacent nt comprising the AC@Tding of hXBP-1 to target sequences. Here we report that
core (Fig.2C). Thus, nucleotides located as distant as 4 MXBP-1 not only binds to a sequence ('45’) in which 14 nt are
upstream or downstream of the ACGT element are important igientical to a 14 nt sequence in the middle of the 21 bp repeat in
establishing the intensity of binding. the HTLV-1 LTR, but also strongly transactivates both a multimer

The consensus binding sequence defined for hXBP-1 diffe@$ the ‘45’ sequence and the HTLV-1 LTR in transient transfec-
from the classic CRE element defined by the sequend@n experiments. Thus, our results demonstrate that the HTLV-1
TGACGTCA in the nucleotides located downstream of thd-TR is a functionally important target for hXBP-1. .
ACGT core element. In the hXBP-1 consensus binding sequencélone of the other selected sequences to which hXBP-1 binds
(GATGACGT G(T/G)NNN(A/T)T), the nucleotide immediately Well, i.e. the top 14 sequences in Figute, showed any
downstream of the ACGT element is a guanine which is followegighificant homology to known promoter sequences. Thus, the
by a thymine or a guanine, whereas in the classic CRE, theaiber target genes of hXBP-l_ remain to be identified, in partlcular
nucleotides are a cytidine and an adenine, respectively. Unlike ff mammalian genes implicated in bone and exocrine gland
classic CRE, the hXBP-1 consensus sequence is not a pafi§velopment, sites where hXBP-1 is expressed at very high
drome. One explanation for this fact could be that hXBP-1 bindgVels. The determination of the preferred DNA binding sequence
DNA as a monomer. We have some indications that this couff "XBP-1 should facilitate their identification.
indeed be the case. In gel retardation experiments in which the
probe was incybated yvith a mixturoe of two different recombinanty -jization of the domains in the hXBP-1 protein that
hXBP-1 proteins pre-incubated at°€7 the pattern of retarded 5.0 required for transactivation
bands was identical to the superposition of the gel retardation
patterns obtained separately for each of the proteins. No retardegfurther characterize hXBP-1, we have performed experiments
bands migrating at an intermediary position were observetb localize the portion of the protein that is responsible for its
These results suggest that hXBP-1 binds to the DNA ast@nsactivation capacity. This characterization was done by
monomer. hXBP-1 can form a heterodimer wito$(3), butwe  measuring the level of transactivation of a reporter construct
have not been able to demonstrate binding of this heterodimerdientaining GAL4 DNA binding sites by GAL4—-hXBP-1 fusion
CRE or TRE sequences. proteins, containing various portions of hXBP-1, in transient

Among the sequences selected by hXBP-1, a few were simitaansfections. These experiments revealed that the region of the
to a TRE element. Gel retardation experiments have confirmggotein required for transactivation is located at the C-terminal
that hXBP-1 binds to these sequences, although relatively poodyd of the protein (amino acids 151-260) and contains three
(sequence ‘'33’). This is in accordance with our previousegions typically found in transcription factors: a glutamine rich
unpublished results in which we found that hXBP-1 was able ttomain (amino acids 177-187), in which 46% of the amino acids
bind to a modified CRE element of thetAene in which one are glutamines, a serine/threonine rich domain (amino acids
nucleotide was deleted to create a TRE sequence (TGACTCAP7-220), in which 39% of the amino acids are either serines or
However, we had found that hXBP-1 did not bind to TREhreonines), and a glutamine/proline rich domain (amino acids
elements of most other promoters, such as those in the collag83—260), in which 49% of the amino acids are either glutamines
nase gene and the fos promoter (unpublished observations). Tharsprolines. Since these results were obtained independently in
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COS, Hela and Raji cells, hXBP-1 seems to transactivate targst in the case of GAL4-hXBP-1 fusion protein bound to DNA
genes in a non cell type specific manner. through GAL4. Thus, a possible role of the inhibitory or attenuator
Transactivation by hXBP-1 required the presence of all three dbmain may be to repress the activation domains when hXBP-1 is
these domains, none of which functioned efficiently alone. Suchrat bound to DNA or when it is binding to DNA through a domain
situation is different from numerous transcription factors in whicthat is different from the basic domain.
one particular domain seems to be sufficient for transactivation, forln summary, we conclude that the bZIP factor hXBP-1 is a
example in the transactivator proteins Spl and Oct-2/OTFim@nsactivator that binds to sequences related to a CRE, having the
(10,11). However, a situation similar to that of hXBP-1 in whichconsensus sequence GAIGST G(T/G)NNN(A/T)T and also to
transactivation requires the presence of more than one domair$9she TRE elements. In particular, we have demonstrated that
seen in other transactivators, such as TEE2L I the case of this hXBP-1 can specifically bind to and transactivate a sequence
transactivator, cooperation between two activating domains §@ntaining a 14 nt sequence identical to the central region of the
required. middle 21 bp repeat sequence in the promoter of the Tax gene from
hXBP-1 also contains another domain present in numerofil LV-1. The identification of the preferred DNA binding site of
transcription factors, i.e. an acidic domain, which is located betweBfBP-1 will be helpful in isolating additional target genes of
amino acids 142 and 167 and in which 29% of the amino acids &&BP-1, in particular those that are implicated in bone and exocrine

either glutamate or aspartate. Based on our resdullts, it does not s8&#id development, organ systems in which hXBP-1 is expressed at
that this particular domain is required for transactivation sincé"Y high levels, and thus probably plays an important role. Analysis
deletion of half of this domain at the N-terminal end (amino acidg mutant mice which have sustained a targeted disruption of the

142-151) did not significantly affect the extent of transactivatio XBP-1 gene sho.uld also help to determine the role of this

compared to transactivation by a fusion protein containing the wh fgnscnptlon factor in the development of these organ systems.

acidic domain. It is however possible that the C-terminal end of this

domain is required for transactivation. The inertness of the acidic
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