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Regulatory elements involved in the bidirectional activity of an immunoglobulin promoter
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A.BSTPFC
We show that the promoter from the mouse VH441 heavy-chain immunoglobulin gene,
when present on plasmids transiently introduced into myeloma cells, promotes
transcription bidirectionally, due to the presence on both strands of TATA-like sequences
bracketting the highly conserved decanucleotide element. The two divergent promoters
compete for the transcriptional machinery, their relative strength ultimately reflecting
the likeness of the two TATA boxes to the consensus sequence. Moreover, their relative
activity is also strongly influenced by certain point mutations within the distally located
heavy-chain enhancer. The bearing of these results on current concepts of promoter
function is discussed.

INTRODLCTION
Two major classes of cis-acting elements are required for the efficient initiation of

transcription by RNA polymerase 11, i.e. promoters and enhancers (reviewed in 1-3).
Promoters are short DNA regions (< 200 bp) which are located immediately upstream of
transcription units and contain all the information required for an accurate initiation in
viyo, whereas enhancers potentiate the activity of nearby promoters, mainly irrespective

of both orientation and distance. Promoters can usually be further dissected into the

"TATA" box (consensus sequence TATAAA ; cf 4)) and the "upstream promoter element"
(UPE), which are located 25-30 and 40-110 bp upstream from the cap site,
respectively. The TATA element presumably serves to identify the sense strand, as well as

the precise transcription start point (5). In constrast, the UPEs, which in many cases

endows the promoter with its inductibility and/or tissue-specificity, can frequently be

varied in position and/or orientation without much effect on promoter strength.
Perhaps not unexpectedly given these properties of UPEs, many promoters have

been found to cause transcription from both DNA stands. These bidirectional promoters
either are bracketted by divergently orientated TATA-like elements (6-8) or consist in

UPEs which promote transcription even in the absence of an associated TATA box (9-12).
Several studies have analyzed the factors governing the relative strength of the two

divergent promoters. It appears that, at least in some cases, competition takes place
*between them, since the deletion of the TATA box or cap site from one strand stimulates
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SEQUENCE OF SOME IgH PROMOTERS

-80 -70 -60 -50 -40 -30 -20 -10 +1

MOUSE ATTGCTTCCiTATrCTCTCAGGAACCTcCCCCA ATGCAAAGCA OCCCTCAGGCAGAGCATAAAAGCTCACACTAACTGAGAAGCTCCATCCINBaAAAfATA-AA

-80 -70 -60 -50 -40 -30 -20 -10 * 1

MOUSE TAGGTGTTCATCTAMTATGTATCCTGCTCATGAAT ATGCAAATCC TCTGAATCTACATGGTAAATATAGGTTrGTCTATACC4A^ACAGAAM MCAT0AGATC0
IIB° ATTATA -LAAAAACTAAC

-90 -80 -70 -60 -50 -40 -30 -20 -10 +1

MOUSE ATGTCCTrAT&TAGAAAAGCCTTGCCTCATGAGT ATGCAAATCA TGTGCGACTGTGATGATTAATATAGGGATATCCACACC6AACATCAT;.
IICC ATACATr

-80 -70 -60 -50 -40 -30 -20 -10 +1

MOUSE CTTCAATCCTAGAGCTUTCATATAGCAGAAAGAC ATGCAATTA GGCCACCCTCATCACATGAAACCAGCCCAGAGTGACTCTAGCAGTGG
IIIAa ATrACTATAT

-80 -70 -60 -50 -40 -30 -20 -10 +1

MOUSE CCTGCTCAGTiGAGGTTGCTiTATAGCAGG6AAAC ATGCAMATAA GGCCTTCTCTTCTCATGAAMCGACTCCTGAACTiACCTTGAATCTGAA
IlIBe ATATAT

-80 -70 -60 -50 -40 -30 -20 -10 +1

MOUSE GCATGCTATAAGGAAGAT ATGCAATAA TTCTTCTCTGAGTTCATATAAACCAGCCCTGCCCCGAGTATGTAGCTCTGACA
MISCELLANEOUSf ATAT

-90 -80 -70 -60 -50 -40 -30 -20 -10 +1

HUMAN CCCTrTrTACCTACCCATACAAAGGCACCACCCAC ATCCAAATCC TCACTTACGCACCCACAGGAAATGACTACACATT'rCC'TAAAATCAGGGTCCAGCrCAC
I1g AAAkAT

-80 -70 -60 -50 -40 -30 -20 -10 41

Rn-cdh CCCTGGGGTAATAATCAAAGCAGAT ATGCAAATAA CCTGTGATACATGGTGTGTATAAAAGAAGGCTCA(,GGGGTCTGGGCTIACAGCTCTTAGAAA

Figure 1: Sequence of some heavy-chain promoters for which the precise transcription
start point has been mapped. Only one gene is listed for each of the different VH subgroups,
which are named according to Ref. 41. The cd element, as well as possible TATA boxes on
both DNA strands, are indicated in boldface. The sequences are numbered from the main
transcription start point, which is indicated in each case by a closed arrow. Positive
numbers correspond to the regions transcribed in the heavy-chain mRNA. The VH441
promoter studied here is shown under the heading Illb. The sequence of the renin-cd
chimaeric promoter (Rn-cd) is also shown for comparison.a Ref. 42; b Ref. 43; c Ref.
15 ;d Ref.44 ;e Ref. 17 and this work; f Ref. 45 ; 9 Ref. 46; h Ref. 22

opposite transcription (8, 13). The generality of this feature remains to be established.
Moreover, we ignore whether other, more distally located cis-acting elements such as

enhancers, can affect the balance between the divergent promoters: different promoters

have been shown to respond preferentially to certain enhancers compared to others (14),

but it is not known whether this also applies to overlapping promoters that share

regulatory elements.
The promoters of the immunoglobulin heavy chain genes (IgH) only direct

transcription in cells of the B lymphocyte lineage, even if associated with an enhancer

which is active in many cell types (15-17). These promoters contain an UPE which fits

closely to the consensus sequence ATGCAAATNA, and is here referred to as "cd" as in Ref.

(18). The cd element is present in reverse orientation (dc) in the promoters of
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immunoglobulin K light chain genes, which are also B-specific ; moreover, a dc element is

also part of the heavy-chain enhancer (18, 19). Together with an associated TATA box,
the cd/dc element is both necessary and sufficient for the activity of immunoglobulin
promoters in B cells (20-23) and it has recently been shown to be the target for a B-cell
specific activator (24, 25).

During the course of our work (17, 22) we noted that, like many other heavy-chain
promoters, the subgroup IIIB mouse promoter which we used as a reference, carried a

divergently orientated TATA-like box upstream of the cd element, in addition to the
"physiological" TATA box (Fig. 1). Given the orientation-independent character of the cd
element, we conjectured that it might promote transcription bidirectionally. Here we

show that such is the case and we also examine some of the elements which affect the
balance between the two directions of transcription.

MATERIALS AND METHODS

Techniques for plasmid construction, oligonucleotide directed mutagenesis, culture and
transfection of the myeloma cell line X63Ag8, as well as chloramphenicol
acetyltransferase (CAT) assays, have been described (17, 22). Similarly, the
transcription start point of the Qd gene was mapped using primer extension as described
previously (22)

The origin of the DNA fragments used in this work has been already described.
Briefly, the 1 kb Xba1-Xbal fragment encompassing the heavy chain (IG) enhancer, and

the 220 bp fragment carrying the promoter of the VH441 gene (Vl fragment) were
described (17). The renin-cd promoter (Rn-cd) used here is the R6-cd fragment (22):
it extends from -83 to +30 with respect to the renin transcription start point. The Uk
promoter (nt.-196 to +52 with respect to the start) has been described in (17). For
inversion experiments, promoter fragments were provided at both ends with Hind IlIl
linkers and cloned in either orientations in the Hlind IlIl site of pSBI-IG, a derivative of
pSBI (27) carrying the IG enhancer in the BamH1 site. In the various constructs, the cat
initiation codon was the first AUG encountered downstream from the cd (or dc) element,
except in the reversed tk fragment which carries an AUG codon in phase with the cat gene.

However, adding extra aminoacids to the N terminal of chloramphenicol acetyltransferase
does not usually impairs Its activity (P. Herbomel, personnal communication).

RESULIT
Bidirectionality of the VH441 promoter
In our previous work, we showed that a DNA fragment extending from nucleotides -118 to
+59 with respect to the transcription start site of the VH441 gene (mouse subgroup
IIIB), behaves as an efficient promoter in myeloma cells (17, 22). This fragment,
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A

Amp R

cat

PROMOTER

B
-119 -50

VI ATGCAiATAA

VI TATA+ --- ----- ----------

-83 -50

inC-d*C_ A

bl-cd TATA- --// -- ----------

-30 +1 +60

GGCCTCTCTCTTCTCATGAAAACGAGTCCTGAACTiACCTTGAATC--/ /---
-----------------TATAAA------------------------- //---

-30 +1 +30

CCTGTGATACATGGTGTGTATAAAAGAAGGCrCAGGGGGTCTGGGCri--//---
-------------------TCTACA--------------------------//---

-196 -138 -26 +52

Tk --|/-- jTAT T ---------//---------------TAAA-------- // ------------

Figure.2: (A): General structure of the plasmids used in this work. The starting plasmid,
pSB1 (27) is similar to pSVO CAT (28), except that it lacks the pBR322 "poison"
sequences. Various promoters and enhancers are inserted upstream and downstream from
the Qa gene, respectively. Thin line: pBR322 sequences. Stippled box: at gene. Open box:
SV40 sequences. H3, Si and B stand for Hi*ndill, Sall and BamHl cleavage sites,
respectively. (B): Schematic structure of three promoter fragments used in this work,
the origin of which is described in Materials and Methods. The mutated fragment Vi-
TATA+ and Rn-cd-TATA- are shown schematically below their unmutated counterparts.
Numbering is from the main transcription start point, as determined in (22) for Rn-cd,
in (26) for Tk, and in this work for Vi. The cd/dc element is indicated in boldface.

hereafter referred to as VI, bears a perfectly canonical cd, but its TATA homology is not

particularly striking, an A-rich element TGAAAA being found in the same location as the
TATA box of most heavy-chain promoters (Fig. 1). Vi also carries the TATA-like sequence

TATATA, 11 nucleotides upstream from the cd element, on the opposite strand (Fig. 1).
To assess whether this promoter could work in both directions, the fragment was

inserted in either orientation into pSBi-IG, a promoterless cat plasmid bearing the

immunoglobulin heavy chain enhancer (Fig. 2A). The corresponding constructs were

transfected into the mouse myeloma cells X63Ag8, and the transient CAT activity which
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PROMOTER \fli - .' ..... V-I TATA+

ENHANCER 113,1 IGI iGI 3

313io~ 2 20 21

Fig.ure.. CAT activity in extracts of myeloma cells (X63Ag8) harvested 48 h after
transfection with various plasmids. The promoter (first line) and the enhancer (second
line) present in each construction are indicated under the corresponding lane. IGi stands
for the immunoglobulin heavy-chain enhancer (1Kb Xbail-Xb.ai fragment :see Materials
and Methods) in the same orientation with respect to transcription as in the heavy-chain
gene. The lower line indicate relative CAT activities (Vl promoter and IGi enhancer=
100), averaged from two to five independent experiments.

developed over a period of 48 h was taken as a measure of promoter strength (28). As
seen in Fig. 3, a nearly equal CAT activity was recorded for the "sense" or "antisense"
orientations of the fragment (denoted Vi and V-i, respectively), thus demonstrating the

bidirectionality of this promoter. Using primer extension (22), the main transcription
start points were mapped at 46 and 40 nt downstream from the cd/dc element for the
"sense" and "antisense" transcription, respectively, i.e. at the expected distance from the
TATA-like element in each case (Fig. 4). The fact that bidirectionality rests on the

presence of these TATA elements, was further demonstrated by inverting two promoters
which carry a cd/dc element, but lack an antisense TATA box. We have previously inserted
the cd element within the promoter of the mouse renin 1 gene (Rn-cd promoter, see Ref.

22). Moreover, a dc element occurs naturally within the Herpes virus thymidine kinase

(us.) promoter (26). These promoters were inserted in either orientations into pSB1 -IG

but in neither case did the "antisense" transcription exceed 1 % of the "sense"

transcription (not shown)
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Figure 4: Mapping of the transcription start point from the two divergent VH441
promoters. (A): Strategy for the preparation of the single-stranded DNA probe. A 450 bp
Sall-EcR1 fragment corresponding to the Vi fragment followed by the first third of the
= gene (Fig. 2) was subcloned into M13 mp 9 and used to prepare a single stranded,
uniformly labelled DNA probe (open arrow) complementary to position 1-71 with
respect to the most 5' nucleotide of the Hind Ill site. Thin line: M13 DNA. Open box: Vl
fragment folowed by the Hind Ill linker. Black box: fia sequences. Wavy line: mRNA. Ri
stands for iMRI, other symbols as in Fig. 1. (B): Primer extension mapping. Myeloma
cells were transfected with pSBI-IG plasmids carrying the indicated promoter. Poly(A)+
mRNA (20 gg), extracted 40 h later, was hybridized with an excess of single-stranded
probe and the hybrids were elongated with reverse transcriptase in the presence of all
four dNTP and analyzed on a sequencing gel. The figures +29 and +61 indicate the distance
between the main transcription start observed here, and the 3' end of the probe. In lane K,
the probe was hybridized with 20 gg of mouse kidney poly(A)+ mRNA. S: calibrating
sequencing lanes.
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r R'0MilTER vi VI V.I V--1 V- i Rn-cd Rn-cd Rn-cd VI TATA+ Vl TATA
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FigEuei: Effect of the dc enhancer mutation on the activity of various promoters. IGI*
and IG2* refer to the two possible orientations of the mutated enhancer with respect to the
direction of -transcription, with "1" referring to the orientation found in the heavy-chain
gene. Other notations as in Fig. 3.

Competition between the two directions of transcription from the VH441 promoter
To establish whether the two divergent promoters direct transcription independently or

compete with one another, the canonical TATAAA element was substitued for the natural

sequence ranging from 18 to 23 nt downstream from the cd element, i.e. at a position
typical for the TATA box in other heavy-chain promoters (this engineered fragment is
referred to as Vl TATA+ in Fig. 2B). The substitution increased promoter strength two-

fold (Fig. 3) and did not alter the main transcription start point (Fig. 4). However, when

inverted, this promoter (V-1 TATA+ in Fig. 3) proved much weaker that V-1. As a

result, the total transcription from both strands remains approximatively constant for

the VI and Vl TATA+ fragments. Apparently, the divergent promoters compete for the
transcriptional machinery, the balance between them reflecting the closeness of the two
TATA boxes to the consensus sequence.

As stated above, the Rn-cd or tk promoters failed to promote transcription in the
wantisensew direction. To insure that these inverted promoters are truly inactive rather
than simply silenced by an unfavorable competition with the "sense" transcription, we

constructed a derivative of the Rn-cd promoter carrying an altered TATA box (Rn-cd

Nucleic Acids Research
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TATA- promoter: cf Fig. 2B). As expected, this promoter was inactive in either

orientation (not shown).
The transcription from the VH441 promoter is strongly affected by a point mutation in

the enhancer-borne dc element

It has been shown previously that heavy-chain promoters require an associated enhancer
for activity when transfected into myeloma cells. Therefore, all plasmids used in this
work contain a 1 kb Xbai -Xbal fragment bearing the heavy-chain enhancer (17, 22). As

an attempt to determine whether the nature of the enhancer affect the balance between the

two divergent VH441 promoters, we converted the enhancer-borne dc element from

TAATTTGCAT into TAAGATCTAT. This change depressed dramatically (40 fold) the promoter

activity of the VI fragment whereas the antisense transcription was much less affected

(4-5 fold), (Fig. 5). Again, this differential effect seems to reflect indirectly the

likeness of the two TATA boxes to the consensus sequence: apparently, the less typical the

TATA box, the more severe the effect of the dc mutation. Thus, the effect of this mutation is

dramatic for promoter activity of the Vi fragment (possible "TATA boxes": CATGAA or

TGAAAA), intermediate for the V-1 fragment ("TATA" box: TATATA), and only marginal

for the VI TATA+ and Rn-cd promoters, which bear the consensus TATAAA sequence (Fig.
5 ).

In this work, we have shown that the promoter of the VH441 mouse heavy-chain gene,

acts-bidirectionally due to the presence on both DNA strands of TATA-like boxes

bracketting the cd/dc element. Modification of one of the TATA boxes affects the strength of
both promoters in opposite ways, demonstrating that they do not work independently, but
in competition. Finally, we report that a point mutation within the dc element borne by

the associated heavy-chain enhancer alters 10 fold the balance between the two directions
of transcription. The bearings of these different points will be separately discussed.
Competition between the two divergent VH441 promoters
The replacement of the upper strand TATA-like element TGAAAA by the canonical TATAAA

not only results in a two-fold increase in the sense transcription but also impairs the

antisense transcription. In this respect, the VH441 promoter resembles other systems in

which overlapping promoters share common UPE(s): thus, in the two SV40 early

promoters EEP and LEP, the disruption of the EEP TATA box stimulates transcription from

LEP (29). In the chicken skeletal a-actin promoter, which exhibits bidirectionality,

antisense transcription greatly increases after deletion of the sense TATA box (8), and the
same holds for the adonovirus IV a2 gene, which cannot be transcrited in vitro unless the

cap site from the divergent major late promoter is deleted (13). We hypothesize that, in

these systems, the overlapping promoters compete for the transcriptional machinery:
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conceivably, in the case of the VH441 promoter, the cd-bound factor might have a single
binding site for some other element of the transcriptional machinery (perhaps the TATA
binding factor: see below), so that transcription cannot be initiated on both strands

simultaneously.
Whatever the interpretation, these data show that the effect of deletions or

mutations on promoter activity should be interpreted with caution: would the alteration
of a particular sequence increase promoter strength, this sequence could be part of an

overlooked competing promoter, rather than the target for a repressor, as usually
assumed.
The activity of the VH441 promoter is dependent upon the presence of an intact dc element
in the heavy-chain enhancer

Altering the enhancer-borne dc element impairs the sense transcription, while affecting

only moderately the antisense one. Again, this differential effect presumably reflects the
nature of the two divergent TATA boxes :the activity of cd/dc dependent promoters bearing
"consensus" TATA boxes seem generally less sensitive to the dc mutation than that of "non
consensus" promoters (Fig. 5).

The striking effect of the dc point mutation on the activity of the VH441 promoters

was unexpected: natural enhancers carry multiple binding sites for transcriptional

activators, the function of which is largely redundant (30, 31), and indeed, previous
mutational analyses (32-34) of the heavy-chain enhancer have failed to reveal any
crucial role of the dc element, provided that sufficiently long versions of the enhancer are

used, as here. However, in these studies, the dc-deficient enhancer was assayed in

conjunction with conventional promoters unrelated to the immunoglobulin genes, rather
than with cd/dc dependent promoters.

The presence of the dc sequence, i.e. of a promoter element, within the heavy-chain
enhancer has long been an intriguing and, until recently, unique feature of the heavy-
chain gene (but see 35). Following procaryotic precedents, Ptashne suggested that the
fixation of the dc-binding factor to the enhancer might in some way facilitate its

productive binding to the promoter (36, 37). Our results (Fig. 5) suggest that the
enhancer-borne dc element is not actually necessary for heavy-chain promoter function,
unless the TATA box diverges from the consensus. Although a definitive molecular
interpretation of these observations will ultimately require mechanistic studies with

purified components, we suggest that the transcriptional factor(s) bound to the cd/dc

element can make specific contacts with the TATA-binding protein, and that two of these
contacts are required to compensate for a weak interaction between the TATA-binding
factor and its non-consensus target. Indeed, such direct interactions between factors

bound to the TATA box and to UPEs have been documented in several cases (38-40).
Whatever its exact mechanism, the differential effects of the dc mutation on the
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activity of the divergent VH441 promoters, or that of the derivative carrying the

consensus TATAAA sequence, illustrate quite dramatically the emerging concept that each

promoter will respond preferentially to certain enhancers compared to others (14). As

documented here, this holds even for promoters carrying the same UPE, but differing in

the region of TATA homology.
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