
Vol. 10, No. 6MOLECULAR AND CELLULAR BIOLOGY, June 1990, p. 2619-2624
0270-7306/90/062619-06$02.00/0
Copyright ©D 1990, American Society for Microbiology

The Immunoglobulin Heavy-Chain Enhancer Functions as the
Promoter for I,u Sterile Transcription

LI-KUO SUt AND TOM KADESCH*
Howard Hughes Medical Institute and the Department ofHuman Genetics, University of Pennsylvania School of

Medicine, Philadelphia, Pennsylvania 19104-6072

Received 14 December 1989/Accepted 7 March 1990

We demonstrate that the immunoglobulin heavy-chain enhancer functions as the promoter for I,u sterile
transcription. The enhancer itself, when placed 5' to the bacterial cat or neo genes, is able to direct
transcription by using heterogeneous start sites that are generally the same as those found with bona fide Ii,
transcripts. In general, promoter activity is dependent on the same sequence motifs important for enhancer
activity. However, it appears that a mutation within the conserved octanucleotide ATTTGCAT has a much
more severe effect on the promoter activity of the enhancer than the same mutation has on its enhancer activity.
This result is consistent with the known role of the octanucleotide as a promoter element, and this is discussed
in relation to the biological role of sterile transcription.

Transcription within the immunoglobulin heavy-chain
(IgH) locus in B lymphocytes consists primarily of two
classes of transcription units. One class results from the
transcription of rearranged genes, initiating at the V (vari-
able) region promoter and proceeding through the V, D
(diversity), J (joining), and C (constant) regions (for a
review, see reference 37). This transcription is thought to be
stimulated by the IgH enhancer located in the intron be-
tween the J and C regions (3, 9, 25) and, in the case of
productively rearranged genes, it leads to the synthesis of
heavy-chain protein. A second class includes the "sterile
transcripts"; for convenience, this nomenclature will refer
to transcripts that have an inherent inability to encode
functional antibody proteins. One type of sterile transcript
originates from the V region promoters of unrearranged
genes and is detected only during early fetal development
(36). It is not known how these transcripts arise, since the
promoters of unrearranged V regions are not known to be
linked to enhancers. Another type of sterile transcript orig-
inates either within the introns that immediately precede the
constant regions (13, 18, 24, 33, 34, 38) or 5' to some
D-J-joined regions (31). Certain sterile transcripts can be
observed throughout B-cell development (13). It has been
postulated that the presence of sterile transcripts reflects (or
establishes) a form of chromatin that is permissive for the
initial rearrangement of the genes and for subsequent class
switching (5, 18, 33, 34, 38). Hence, it is possible that sterile
transcription plays a pivotal role in B-cell development.
The I,u transcripts are sterile transcripts whose start sites

are heterogeneous and map to the vicinity of the IgH
enhancer within the J-C intron (13, 17, 24). It has been
proposed that these transcripts arise as a consequence of
transcriptional elements within the enhancer (17). In partic-
ular, the conserved octanucleotide (AlTTTGCAT) within the
enhancer falls in a position relative to the start sites that
approximates its other locations within the V region promot-
ers of both heavy- and kappa light-chain genes (7, 27). The
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heterogeneous 5' ends of the IF transcripts may reflect the
fact that, unlike the V region promoters, there is no apparent
TATA element 3' to the octanucleotide within the enhancer.
Here we demonstrate that the IgH enhancer does, in fact,

directly serve as the promoter for lI, transcripts. Further-
more, by testing a variety of enhancer mutants, we have
defined the enhancer motifs important for this activity. Our
results indicate that the octanucleotide is much more critical
as a promoter element than it is as an enhancer element.

MATERIALS AND METHODS

Plasmids. All plasmids were constructed by using standard
techniques (20). Plasmids A and B (Fig. 1) were derived from
plasmids carrying IgH enhancer fragments 1 and 16, respec-
tively (14). Those fragments were isolated by first digesting
with TaqI, and the resulting 5' overhangs were then blunted
by treatment with deoxynucleoside triphosphates and the
large fragment of Escherichia coli DNA polymerase. After
subsequent digestion with BamHI, the BamHI-TaqI frag-
ments were used to substitute the P-globin promoter frag-
ment (BamHI to HindIII) in the plasmid pSVAPGcat(X) (12)
with the Hindlll site of the plasmid being blunted (as
described above). Plasmids carrying the simian virus 40
(SV40) enhancer (A-SV and B-SV; Fig. 1) were derived from
pSVAiGcat-XLRS, a plasmid carrying the S40 enhancer 3'
to the cat gene. The pSVAPGcat-XLRS plasmid was con-
structed as follows. The SV40 enhancer was isolated from
pSV232Aneo-LR (11) as a BamHI fragment and was inserted
into the BamHI site of M13mpl8, and the orientation of the
inserts was determined by DNA sequencing. The enhancer
was then removed from M13mpl8 as an EcoRI-to-SalI
fragment and inserted into the region between the Sall and
EcoRI sites 3' to the cat gene in pSVAPGcat(X). The
orientation of the SV40 enhancer in these plasmids is the
same as that of the 0-globin promoter. All plasmids carrying
the neo gene (32) in place of the cat gene have the SV40
enhancer situated 3' to the neo gene. Plasmids carrying
mutant IgH enhancers 5' to the cat gene were constructed
generally as described above by using the mutant enhancer
fragments described previously (14). Plasmids used for the
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FIG. 1. Relative promoter activities of IgH enhancer fragments. Transient transfections of P3-X63Ag8 cells and cat assays were carried
out as described in the text. The enhancer sequence motifs (RE1, p.E2, puE3, the core sequences, ,uE4, and the octanucleotide [Octa]) are

indicated. Relative promoter activities were derived from five separate transfections after subtracting values obtained with the promoterless
plasmid pSVOAcat.

generation of riboprobes were all derived from pGEM3
(Promega Biotec). One of these plasmids contains the XbaI-
to-EcoRI fragment of the IgH enhancer and was used to
generate the riboprobe for mapping endogenous I,u tran-
scripts. A second plasmid contains a XbaI-to-DdeI fragment
with both enhancer and neo gene sequences. The enhancer
sequences in this second plasmid extend from a mutant ,uE4
site (made into a XbaI site at position 529 [14]) to the TaqI
site, and the neo sequences extend from the HindIlI site to
the DdeI site within the neo gene at +24 (the TaqI and
HindIlI sites were linked as described for the plasmids
outlined above). The DdeI site was blunted, and the frag-
ment was inserted into pGEM3 between XbaI and a blunted
HindIII site. This plasmid was used to generate riboprobes
for mapping the transcripts from transfected chimeric en-
hancer-neo genes.

Cell lines and transfections. Mouse cell lines P3-X63Ag8
(15) and J558L (26) were grown in Dulbecco minimal essen-
tial medium containing 10% fetal bovine serum. P3-X63Ag8
and J558L cells were transfected by electroporation (30) as
follows. Cells were suspended in 1X Hanks balanced salt
solution (25 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid], 140 mM NaCl, 1.5 mM Na2HPO4 [pH
7.05]) at a density of 107 cells per ml. One milliliter of
suspended cells was mixed with 20 to 50 ,ug of linearized
plasmid and then subjected to an electric discharge of 500
V/cm for P3-X63Ag8 cells or 625 V/cm for J558L cells at
room temperature (both at 1,080 ,uF). For transient assays,
cells were harvested 2 days after transfection. Stable trans-
formants containing the neo plasmids were transfected as
described above and then selected in medium containing
G418 (GIBCO Laboratories) at the effective concentrations
of 0.3 mg/ml for P3-X63Ag8 cells and 0.5 mg/ml for J558L
cells. Selective medium was applied 2 days after transfec-
tion.
CAT assays and RNase protection assays. Chloramphenicol

acetyltransferase (CAT) assays were carried out essentially
as described by Gorman et al. (10). For each transfection
experiment, promoter activity was determined after sub-
tracting CAT levels obtained with cells transfected with the
plasmid pSVOAcat (constructed from pSVOAdhfr; 11),
which carries no promoter 5' to the cat gene. Poly(A)+ RNA
was isolated as described by Badley et al. (1). Preparation of
RNA probes (see pGEM plasmids, as described above) and
RNase protection assays were carried out by the methods of
Melton et al. (23) and Zinn et al. (39). Hybridizations were

performed at 40°C overnight and RNase digestion was car-
ried out at 20°C for 2 h. Protected probe fragments were
resolved on 10% polyacrylamide-urea gels.

RESULTS

To determine whether the IgH enhancer possesses pro-
moter activity, we constructed a series of plasmids in which
segments of the enhancer were placed immediately 5' to the
bacterial cat gene (10). Initially, two different enhancer
fragments were tested, each in the presence or absence of
the SV40 enhancer (Fig. 1). One fragment extends from the
XbaI site (position 1) to the TaqI site (position 662) by the
numbering system of Gillies et al. (9). The other extends
from the third enhancer core element (modified by mutation
into an XbaI site at position 473 [12]) to the TaqI site. This
second fragment corresponds to what we previously de-
scribed as enhancer domain B (14). The TaqI site was chosen
specifically to avoid an enhancer-encoded AUG being incor-
porated into the mRNA to thus ensure proper translational
initiation of the cat RNA. Plasmids were transiently trans-
fected into the mouse plasmacytoma cell lines P3-X63Ag8
and J558L, and CAT activity was measured in crude extracts
prepared 2 days later. As a negative control, a plasmid
containing no potential promoter sequences was also trans-
fected.
The intact enhancer does indeed drive expression of the

cat gene (Fig. 1, plasmid A). The levels were approximately
5% of those we obtained with an SV40 early promoter
(pSV2cat [10]; data not shown). The overall promoter activ-
ity was slightly increased (to 150%) by adding the SV40
enhancer 3' to the cat gene (plasmid A-SV) and was dramat-
ically reduced (to 13%) when only enhancer domain B was
used to drive cat expression (plasmid B) (Fig. 1). This latter
activity can be stimulated roughly fourfold by adding the
SV40 3' enhancer (plasmid B-SV). Similar results were
obtained with J558L cells (data not shown). It is known that
enhancer domain B lacks several positive-acting enhancer
motifs (e.g., piE1, 1LE2, and ,uE3; 14, 16, 28, 35), so it is not
surprising that this domain has weaker promoter activity and
that this activity is stimulated by the SV40 enhancer.
To determine whether the enhancer is indeed acting as the

promoter for the production of I,u transcripts, we mapped
the 5' ends of the enhancer-promoted transcripts and com-

pared these directly with the 5' ends of bona fide I,u
transcripts. This mapping was fortuitously simplified by the
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transformed with the plasmids carrying the IgH enhancer
fragments 5' to the neo gene (lanes 5 and 6). The results
demonstrate that most of the 5' ends derived from each of
the two plasmids transfected into P3-X63Ag8 cells are iden-
tical to one another and correspond very well to those seen

* r within the endogenous enhancer that resides in J558L cells
* * _ (compare lanes 5 and 6 with lane 7; the slight differences in

apparent mobility are due to a difference of one nucleotide in
v Z Z the protected regions of the two different probes used). It is

possible that some of the moderate differences in relative
band intensities (e.g., note bands at 100 nucleotides) are due
to differences between the P3-X63Ag8 and J558L cell lines.
This type of cell line-specific difference for Ilk. transcripts has

^>_ * ~ ~ ~~~~~~been noted previously (17). The major differences in 5' ends
map approximately to positions 530 and 645 in the enhancer
(protecting fragments of approximately 130 and 35 nucleo-
tides, respectively) which are seen only with the transfected

4W plasmids. At present we have no explanation for these
apparently new transcription start sites, although they may
also reflect cell line-specific differences. It is also possible
that the start site that maps to position 645 is somehow
facilitated by the neo sequences that reside only 15 nucleo-

__ ~ tides away. We have noted that the major 5' ends seen in our
* cell lines correspond well to those previously reported for I,u

transcripts in other cell lines (17). We conclude from these
results that the enhancer alone is sufficient to drive the
synthesis of sterile I,utranscripts.
To investigate the cis elements required for the promoter

;__'__'__'__'__activity of the enhancer, we examined the effects of mutating
the E motifs (,uE1, ,uE2, ,uE3, and ,uE4) and the octanucle-

; -- otide. The plasmids used and the results obtained from
transient transfections of P3-X63Ag8 cells are shown in Fig.
3 (similar results were obtained with J558L cells [data not

cription start sites within transfected and endoge- shown]). Because of the way these plasmids were con-
cers. P3-X63Ag8 cells (Ag8) were stably trans- structed, all of these enhancers also carry a mutation within
nids similar to A-SV and B-SV (Fig. 1), except that the third enhancer core element. However, there is no
-used in place of the cat gene. PolyA+ RNA was detectable effect of this mutation (compare plasmids A and
ransformed J558L cells, and P3-X63Ag8 cells were C). With the possible exception of the ,uE1 element, muta-
,d with each plasmid. The sources of RNA used in tions in the E motifs reduced the overall promoter activity of
tection assay are indicated at the top left of the the enhancer. However, mutation of any single E motif
sponding signs above each lane. The probes used reduced the promoter activity no more than twofold, and,
indicated above each lane and are shown below the with the exception of the ,uE4 motif (see Discussion), the
ane 1, Undigested probe N alone; lanes 2 and 10, results in this regard are similar to those from experiments in
s (nucleotide lengths are indicated at left); lanes 3 which thes re are were tte fr therients onN incubated with, respectively, tRNA, RNA from which these same mutations were tested for their effects on
g8 cells, RNA from Ag8 cells transformed with enhancer activity per se (14). The activity of the ,uE2-,uE3
o), and RNA from Ag8 cells transformed with double mutation was approximately the same as that of
o); lanes 7 through 9, probe E incubated with, domain B alone (Fig. 1). Mutation of the octanucleotide had
[A from untransformed J558L cells, RNA from the most deleterious effect among all single motif mutations,
g8 cells, and tRNA; lane 11, undigested probe E reducing the promoter activity about fourfold. Deletion of

both,uE4 and the octanucleotide (and sequences in between)
further decreased the promoter activity to only 10% of that

rticular line of P3-X63Ag8 cells does not itself of the wild type. Transcription initiation sites of most of the
scripts. We determined by Southern analysis mutant promoters were mapped by using plasmids carrying
to a deletion of enhancer DNA within the the neo gene as described above. The initiation sites from the

I IgH locus in these cells (data not shown). mutant promoters tested showed no significant change (Fig.
the deletion extensively disrupted what was 4); the faster-migrating band at approximately 120 nucleo-

ive heavy-chain locus because we could not tides (Fig. 4, lane 9) can be explained possibly by mutations
globulin in the medium of these particular introduced into the octanucleotide element being incorpo-
these cells to make stable transformants with rated into RNA and therefore resulting in a specific discon-
;ous to A-SV and B-SV (Fig. 1), except that tinuity with the nonmutant RNA probe.
Ls replaced with the neo gene. Transformants
were selected in G418.
otection assay that maps RNAs complimen-
{ enhancer is shown in Fig. 2. RNA was
r558L cells (Fig. 2, lane 7), untransformed
as (lanes 4 and 8), and P3-X63Ag8 cells

DISCUSSION

The studies of Lennon and Perry (17) proposed that sterile
I,u transcripts result from transcription elements within the
IgH enhancer. We have demonstrated here that the IgH
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FIG. 3. Mutational analysis of the promoter activity of the IgH enhancer. Transient transfections of P3-X63Ag8 cells were carried out as
described in the text. The enhancer sequence motifs (,E1, ,uE2, ,uE3, the core sequences, ,E4, and the octanucleotide [Octa]) are indicated.
Mutations of these motifs are identical to those described previously (14) and are indicated by the lack of the corresponding symbol. Relative
promoter activities (means ± the standard deviations) were derived from five separate transfections. *, Plasmid C, without the SV40
enhancer, was used to calculate relative promoter activities.

enhancer functions as the I,u promoter per se on the basis of
its ability to direct the transcription of linked genes by
employing the authentic I,u initiation sites. The promoter
activity of the enhancer can be divided into a basal element
(consisting of p.E4 and the octanucleotide) and an upstream
stimulating element (consisting of at least the p.E2 and ,uE3
motifs).
These results are consistent with our previous suggestion

that the composition of the enhancer as two functional
domains may reflect a dual role of this element as both a
promoter and an enhancer (14). Although the ,uE1, ,uE2, and
p.E3 motifs appear to be about equally important for en-
hancer and promoter function, the ,uE4 and octanucleotide
motifs appear to be much more important for promoter
activity. Our ,uE4 and octanucleotide mutations decrease
overall enhancer activity less than 10 and 20%, respectively
(14), while these same mutations reduce promoter activity
two- and fourfold, respectively. In addition, in contrast to a
very slight effect on enhancer activity (14), simultaneous
deletion of ,uE4 and the octanucleotide motifs almost com-
pletely abolishes promoter activity. The finding that the
octanucleotide is very important for the promoter activity of
the enhancer is not surprising, since it has been shown to be
essential for both IgH and IgK promoter activities (2, 6, 7, 22,
27). What may be more surprising is that the octanucleotide
can, be itself, function at a distance as an enhancer element
(8). It is becoming increasingly clear that this is a property of
some, but not all, transcription elements (4, 21). Unlike the
octanucleotide, the p.E4 motif does not have an obvious
counterpart in either heavy- or light-chain promoters. A
conserved heptanucleotide which is found adjacent (5') to
the octanucleotide in a variety of immunoglobulin promoters
has been shown to be important for promoter activity (2, 6).

Interestingly, this element has been shown to stimulate
cooperative binding of the OCT-2 protein to adjacent hep-
tamer and octamer sites, even though it bears no sequence
similarity to the octanucleotide (29). Although binding of
proteins (including OCT-1 and OCT-2) to the ,uE4 motif has
not been observed in vitro (8), its position adjacent (5') to the
octanucleotide and its important role as a promoter element
raise the possibility of a parallel relationship with the hep-
tamer.

It has been suggested that sterile transcription is a prereq-
uisite for DNA rearrangement events within both heavy- and
light-chain immunoglobulin loci. A variety of correlative
observations and direct experiments support this. Alt and
co-workers have demonstrated with plasmid substrates that
recombination efficiency correlates with transcription activ-
ity (5); they have also shown that certain unrearranged V
regions are transcriptionally active at a specific stage during
early fetal development (36). Moreover, a number of reports
indicate that class switching correlates with the presence of
very specific sterile transcripts (19, 33, 34, 37). Finally,
Lennon showed that I,u transcripts can be detected in fetal
liver before appreciable transcription of rearranged heavy-
chain genes has taken place (Ph.D. thesis, University of
Pennsylvania, Philadelphia, 1988). Taken together, these
results lead to a model in which transcription itself renders
chromatin accessible to the recombination machinery. Our
results are consistent with the general notion that at least Il,
transcription is important. The composition of the enhancer
supports the idea that promoter activity has been specifically
designed into its structure. Again, this is most clearly
demonstrated by the position of the octanucleotide which,
by our assays, is not particularly important for overall
enhancer function but is crucial for Ilp transcription.
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