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The introns separating the variable and constant regions of 
active immunoglobulin genes contain tissue-specific transcriptional 
enhancer elements 1-3, DNA segments which act in cis in an orienta
tion- and distance-independent (up to a few kilobases (kb» manner 
to enhance transcription initiation at adjacent promoters4-9, The 
immunoglobulin heavy-chain enhancer is active only in lymphoid 
cells: in transfection assays it is capable of controlling in cis 
transcription from the simian virus 40 (SV40) T-antigen, rabbit 
p-globin and immunoglobulin gene promoters up to at least 2 kb 
awayl-3, Genetic deletion analysis suggests that a region of as few 
as 140 base pairs (bp) is sufficient ror the enhancement efl'ect l

•
2

, 

These functional characteristics and DNA sequences are conserved 
between mouse and manlO-IS

, However, it is not known whether 
tissue-specific proteins bind to the enhancer, Proteins that interact 
with DNA at specific sequences can prevent or enhance the reac
tions or individual guanines or adenines with dimethyl sulphate 
(DMS)16, and this property has been used to display the DNA 
contacts or various regulatory proteins1

t>--26, Here we apply this 
DMS strategy in experiments involving single-copy genes within 
intact mammalian nuclei using genomic sequencing27, 

Nuclei were isolated from tissue culture cells and treated with 
DMS at 20°C (Fig. 2A legend). The DNA was then isolated, 
cleaved with EcoRI, electrophoresed, after appropriate chemical 
treatment, on a denaturing sequencing gel, and the lanes of 
DNA were electrophoretically transferred and crosslinked to 
nylon membranes using ultraviolet light. Hybridization with a 
short single-stranded probe (Fig. I) complementary to the ter
minal 110 nucleotides of one strand produced the image of a 
DNA sequencing ladder extending from the 3' or 5' end of the 
appropriate EcoRI site in the genome. 

Figure 2A shows the genomic sequence pattern for the upper 
strand of the enhancer region of J558L, an immunoglobulin A 
(IgA) messenger RNA-producing myeloma, M104E, an IgM 
mRNA-producing myeloma, and L-cells. Figure 2A, lanes f, g, 
display the pattern produced by DMS treatment of J55L nuclei 
for I and 2 min, respectively. A band is present for every guanine 
(or cluster of guanines) expected from the known sequence, 
from positions 483 to 551; bands do not appear at any other 
position. The band at the position of the open circle in Fig. 2A, 
lane g (nuclei), is light (protected from DMS) relative to the 
band at the corresponding position in lane h (isolated DNA). 
The band just below this is darker (enhanced DMS reactivity) 
in the myeloma nuclei relative to the isolated DNA. Figure 4 
shows the positions of these effects in the enhancer sequence, 
at guanine 404 (protected) and at the guanine doublet 406-407 
(enhanced); the 406-407 doublet was not resolved. The IgM
producing MOPC-I04E myeloma ascites tumour displays a 
similar pattern of protected and enhanced guanines (Fig. 2A, 
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Fig. I Immunoglobulin heavy-chain gene structure and DNA 
probe strategy. The top line displays an overview of the locus, 
including variable, diversity and joining regions (respectively VH , 

DH • JH ) and eight constant-region exon clusters (}L-a, dark boxes). 
The enhancer region (EH , open circle) is shown relative to ftanking 
exons (DH, JH, C ... , dark boxes) and switch regions (SH, open 
boxes) present in the unrearranged germline configurations. 
Beneath it is an expansion of the enhancer region showing the 
positions of restriction sites used relative to the Xba I site. The 
sense of the single-stranded 32P-Iabelled DNA probes is indicated 
by large arrows pointing 5' to 3'. The probe names refer to the type 
of sequence they will produce. For example, Eco 3' upper will 
produce the sequence ladder expected of 3' end-labelling the Eco RI 
site. The 112-bp EcoRI/ HinfI fragment cloned in both orientations 
into Sma I-cut MI3 mp8 phage vector provided the single-stranded 

templates for probe syntheses as described elsewhere21
. 

lanes j, k), while nuclei from fibroblastic non-lymphoid L-cells28 

do not show this effect (Fig. 2A, lanes n, 0) . 
Figure 2B shows the opposite strand obtained by reprobing 

the same membrane with the Eco 5' lower probe. No effects 
were seen in the region near 404-407 on the other strand. 
However, 125 bp away, guanine 530 shows enhanced reactivity 
relative to isolated DNA or L-cell nuclei. Three guanines are 
indicated in Fig. 2B (positions 531 , 533, 534) which showed 
DMS protection in Fig. 3A (lanes a, d, f, m, n) and Fig. 3D 
(lanes a, e-h). The two clusters of affected bases, centred about 
positions 404 and 533 (Fig. 4), show similar (inverted) sequence 
and protection patterns. 

The two myelomas J558L and MOPC-104E produce high 
levels of immunoglobulin heavy-chain mRNA. There is only 
one allele of the enhancer in MOPC-I04E ; the other is deleted 
(Y. Kurosawa and S.T. , unpublished) . In J558L, we see the 
average of two allelic enhancers in two different chromosomal 
locations; one is producing heavy-chain mRNA, the other has 
been translocated to within the c-myc oncogene 5' non coding 
region29

• In L-cells, both enhancer alleles should be in the 
germ line configuration. 

The effects observed cannot reflect the inherent variations in 
the DMS reactivity of guanines in double-stranded DNA or 
variations due to DNA sequence polymorphisms or somatic 
mutations, because DMS and piperidine treatments were per
formed on isolated DNA from each cell line in the same type 
of buffer as used for the nuclei (Fig. 2A, B, lanes a, h, I) . Could 
the changes in DMS reactivity be the consequence of transcrip
tion opening up short stretches of single-stranded DNA? Certain 
guanines, such as the middle guanine of a 5' GGA 3' sequence, 
have a weak reaction in native DNA which can be increased in 
denatured DNA20. The RNA polymerase increases the reaction 
of a guanine in the lac promoter by this mechanism20

. Reactions 
in denaturing formamide for the enhancer guanines assayed 
here36 result in slight enhancements relative to native DNA at 
four 5' GGA 3' sequences, but not at the sites we find enhanced 
in nuclei . Thus, DNA secondary structural changes do not 
explain these effects. 
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Fig.2 A, DMS reactions in myeloma, and fibroblast nuclei. Lanes a-g, DNA from J558L myeloma cells' (a, A producers); lanes h-k, DNA 
from MOPC-104E myeloma cells32 (IL, A producers); lanes 1-0, DNA from L-cells (tk- aprt-)28 (no immunoglobulin production). Nuclei 
were prepared by Dounce homogenization with the loose pestle at 4°C in 250 mM sucrose, 60 mM KCI, IS mM NaCl, 3 mM MgCI2, 15 mM 
Tris pH 7.5,0.5 mM J3-mercaptoethanol, 20 ILM EGTA, 0.05% Triton X-lOO, followed by addition of 2 M sucrose to a final concentration of 
500 mM and pelleting at 800g for 5 min. The loose nuclear pellet is easily resuspended in the same buffer lacking Triton, transferred away 
from the lower packed cell and debris pellet, then repelleted and resuspended at 10" nuclei ml-'. Tris buffer and J3-mercaptoethanol do not 
interfere with the DNA reaction with DMS. In lanes J.j, n, nuclei were incubated with 0.5% DMS (50 mM) at 20°C for I min. In lanes g, k, 0, 

nuclei were incubated with 0.5% DMS at 20°C for 2 min. Lanes a, h, I are control DMS reactions on isolated DNA. In lanes e, i, m, control 
nuclei were incubated without DMS at 20°C for 2 min. Lanes bod are A> G, T and C reactions33

-", respectively, using isolated J558L DNA. 
The reactions were analysed by cleavage with EeoRI enzyme, ethanol precipitation and the direct genomic sequencing procedure27

, loading 
15-30 ILg of DNA per lane. The lanes were transferred and crosslinked to a nylon membrane and probed with the Eeo 3' upper probe described 
in Fig. I. The arrows indicate positions of all guanines. Positions 1-190 (see Figs 1,5) were assayed. Shown here are 483 (topmost arrow) to 
551 (bottom). Clusters of two, three or four guanines which were not well resolved are indicated by numbers beside the arrows. Guanines are 
indicated which are either protected (0) or enhanced (e) in a lymphoid-specific fashion . • , Those lanes where these altered reactivities are 
observed. MOPC-104E has only a single copy per cell of the region displayed; we detect I fg (2 X 104 molecules) of probe complementary 
DNA in each band (there are 6 x 10- 18 molecules per lane). B, After autoradiography, the membrane used in A was stripped of the first probe 
and reprobed with the Eeo 5' lower probe. The lanes and symbols are as in A. The topmost arrow indicates position 384, the bottom-most 

indicates position 494. 

The dark bands interpreted as enhanced guanines are not 
caused by crossreacting or contaminating restriction fragments 
of the appropriate lengths, as no enhanced bands of equal length 
appear on the opposite strand. Also, BeoRI low-specificity nick
ing, cell-type-specific endogenous nuclease or depurination 
activities are ruled out by the omission of DMS from the incuba
tions in Fig. 2A, B (lanes e, i, m). Figure 3A, limes e, e, h, k, 
which omits the piperidine step, demonstrates controls for any 
DMS-activated cell-type-specific nucleases. The tissue-specific 
effects on DMS reactivity are best explained by molecules (pro
teins) making contacts near guanine N-7 atoms in the major 
groove of the enhancer DNA. These experiments do not prove 
that the binding of such molecules is the cause, rather than an 
effect, of the transcriptional activity. 

To provide additional controls and as a step towards isolating 
the molecules responsible for the protection patterns, the 
stabilities of the putative DNA-protein interactions were moni
tored as a function of buffer composition and ionic strength. 
Figure 3A shows that the cell-type-specific patterns at guanines 
530-534 in the J558L myeloma are resistant to modest alterations 
in the DMS reaction protocol, for example a fourfold higher 

Tris concentration (lanes a-o), O°C (lanes a, b), 150mM 
monovalent cation concentration (lanes!, g) or 6 mM EGT A 
(lanes m-o). The controls in these experiments use the non
immunoglobulin-expressing30 Friend virus-transformed MEC1 

erythroleukaemic cells, which are non-adherent and closer than 
L-cells in developmental lineage to lymphoid cells. The interac
tion responsible for the altered DMS reactivity at the lower site 
is sensitive to 250 mM monovalent cation concentration (Fig. 
3A, lane i) and higher (lane I). The upper site at 404-407 shows 
the same sensitivity on reprobing the membrane in Fig. 3B. The 
striking difference between the enhanced and the protected 
guanines visible at 75 and 150 mM (Fig. 3A, B, d,!, m, n) is 
eliminated at 250 and 500 mM salt (Fig. 3A, B, lanes i, I). Note 
the similarity of the myeloma and erythroid patterns at high salt 
concentrations (Fig. 3A, B, lanes i,j). Figure 3C shows that 
small shifts in the lymphoid pattern of residues 404-407 towards 
the pattern seen with isolated DNA do not begin until about 
225 mM salt. The protection pattern of residues 530-534 is lost 
at the same concentrations on the other strand (not shown). 
Some loss can occasionally be seen at both sites at concentrations 
as low as 75 mM (Fig. 3D, lane e). The patterns are clearest in 
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Fig. 3 A, Effect of NaCI on OMS reaction patterns in lymphoid and erythroid nuclei. Nuclei isolation conditions were as for Fig. 2. Lanes 
a, b, nuclei were incubated with 0.5% OMS at 4·C for 8 min. Lanes c-o, nuclei were incubated with 0.5% OMS at 20·C for 4 min. Lanes 
a, c-f, h-i, k-n, DNA from J558L cell nuclei. Lanes b, g,j, 0, DNA from MEL-02-745-JGI-PC4 erythroleukaemic31 cell nuclei. Lanes c, e, h, Ie, 
controls where piperidine cleavage at modified guanine bases was omitted. The Na+ plus K+ concentrations were as follows: 75 mM in lanes 
a-d and m-o; ISO mM in lanes e-g; 250 mM in lanes h-j; 500 mM in lanes k-l. The basic reaction buffer (75 mM Na+ plus K+) consisted 
of (in mM) 250 sucrose, 60 KCI, IS NaCl, 3 MgCI2, 60 Tris pH 8.2, 0.5 {3-mercaptoethanol and 20 ILM EGTA. Other solutions contained higher 
NaCI concentrations. The solutions used in lanes m-o contained 6 mM EGTA. B, Mter autoradiography, the membrane was stripped of the 
first probe and reprobed' with the Eco 3' upper probe, The lanes and symbols are as for A The enhancement/protection symbols are at positions 
404-407. C, As for A and B, adjusting only NaCI concentrations to achieve total monovalent cation concentrations indicated at the head of 
each lane (in mM). The site at 404-407 is shown using the Eco 3' upper probe. D, The lower strand of guanines near site 531-534, showing 
effects of very low salt and transient high salt treatment. OMS reactions for lanes a and e were done in standard (75 mM) conditions as in 
previous figures. Lane b, OMS reaction at 250 mM salt; lane c, at 75 mM after dilution from 250 mM; lane d, at 75 mM after washing nuclei 
at 250 mM; lane f, OMS reaction on cells in growth medium36

• Lanes g, h, nuclei at 10 mM NaCl, 0.05% Triton X-IOO with 10 mM Tris-HCI 
pH 7.5 and 50 mM Tris pH 8.2, respectively. 

very low salt, 10 mM (lanes g, h) and these are comparable to 
what is seen in whole cells treated with DMS36

• The salt sup
pression of the tissue-specific reaction patterns observed might 
be due directly to titration of electrostatic interactions or 
indirectly to changes in DNA conformation or to the major 
release of unrelated chromosomal proteins. In any case, these 
data support our suggestion that the two sites have similar 
properties, including salt elution. 

The similarities in DNA sequence and DMS reactivity pattern 
between the two putative binding sites noted above could rep
resent binding by a single recognition protein. If this protein 
were necessary for a lymphoid-specific function, we would pre
dict that similar DNA sequences would be found in other known 
immunoglobulin enhancers and homologous regions in other 
species. A human heavy-chain enhancer which functions in 
mouse lymphoid cells lies within a 279-bp Alul fragment l3 and 
contains two homologous sequences at positions similar to those 
in the mouse gene (Fig. 5). A mouse K enhancer is contained 
on a 475-bp Alul fragment between the K joining (JK) and 
constant (CK ) region. Within this region, a 130-bp stretch is 
conserved among mice, rabbits and man II, and contains two 
homologous lO-bp sequences in all three species. Outside this 
region there are two further matches. Figure 5 derives a con
sensus sequence, GCCAGGTGGC, from these comparisons. 

We interpret the broad variety of deletion studies'·~·Ii).L1 as 
showing that other sequences as well as the consensus sequences 
are necessary for enhancer action. A single 10-bp immuno
globulin consensus element alone is probably not sufficient for 
enhancement because single examples of similar sequences (Fig. 
5) occur in pBR322 and SV40, while these vectors in transfection 
assays have little or no lymphoid-specific transcription back-

ground. If the 10-bp element does contribute to Iymphoid
specific transcriptional enhancement, one must be cautious in 
interpreting the deletion data. For example, the 140-bp 
Pvu 11/ Dde I enhancer fragmene inserted 80 bp from the 
pBR322 match could represent an unanticipated duplication of 
the 10-bp elements synergistically producing some enhancement 
activity. 

The significance of the reiterated consensus sequence can be 
tested by examining the DMS reactivity of the other 
immunoglobulin enhancers in various cell types and by analys
ing the effects of point mutations on DMA protection/ enhance
ment patterns and transcription levels after transfection. The 
DMS reactivity patterns provide assays for isolating enhancer 
binding molecules. 

In conclusion, we have detected a factor that binds to an 
enhancer element in a tissue- and sequence-specific fashion. 

31~ 39~ 4ll1. • 41~ 42~ 43~ 441 4!~ 461 

GCAGCAGGmGCAGGANJ~CTATTlGGGGAAGGGAAMTAAAACCAcrAOOTAAAcrmTAGcrG'mG'lTroM 
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Fig. 4 Summary of positions of G nucleotides with altered OMS 
reactivities within the immunoglobulin heavy-chain enhancer 
region. Altered OMS reactivities of guanines specific for lymphoid 
nuclei are indicated for protected (0) and enhanced (e), relative 
to isolated DNA. Thin lines indicate homologies to viral enhancer 
core sequences38 noted in previous workl.2.IO-IS. Numbering is 
from the XbaI site as in Fig. I. Sequence data are from refs 1,2. 

Boxes enclose 10-bp sequences aligned in Fig. 5. 
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locus " 3' •• tell. reference 
0 • 

aoul' R 404 AGGTCATGTGG CAAG I 1,2 
o 0 o • 

aOll" R 533 TACCCAGGTGGTGTT I 1,2 

a01& •• R 353 AGTCAAGATGGCCGA 7 1,2 
aoul. R 385 GCAGCAGCTGGCAGG 7 1,2 
haa&ll R 89 ACAGCAGGTGGCAGG I 12-14 
h1lllan R 226 TGTCCAGGTGTTGTT 7 12-14 

.ou •• 10 77 < CTGCCAGATGGCCTC 9 11 
h.alL 10 77 < CTGCCAGGTGGCCTC 10 11 
rabbit 10 77 < CTGCCAGATGGGCCC I 11 
ao ••• 10 129 ) C A G G C A G G T G G C C C A 9 10,11,15 
JI1 .. an 10 129 ) TAGGCAGGTGGCCAA 9 11 
rabbit 10 129 ) GAGGCAGGTGACCCA I 11 
aoa. •• 10 180 ) GTCCCATGTGGTTAC 7 10,11,15 
rabbit 10 199 ) CGGCCAGGTGCAGGT I 11,37 

I. a1lh."Gora G C C A G G T G G C 
froque .. .,.: 36 57 93 79 100 79 50 29 

29 57 100 71 100 64 29 

"iral a1lha"Gera GTGGAAAG 
TTT 

4 3. 

... 40 T 4073 TTGCCAGGTGGGTTA 9 39,40 
pBR322 4281 ACGTCAGGTGGCACT , 41 

Fig. 5 A consensus sequence for immunoglobulin intron enhan
cers. The position of guanines with altered DMS reactivity in the 
mouse heavy-chain enhancer in nuclei are indicated: 0, protected; 
., enhanced. Beneath the consensus sequence is the percentage 
of the matches found atthat nucleotide position for the 14 enhancer 
segments aligned as shown. A weak similarity with a viral con
sensus39 is also shown. The positions of the centres of the sequences 
are numbered in accordance with the references given. The symbols 
( , ) indicate whether the sequence shown has been inverted relative 
to the original report or not, respectively. The column marked 
'match' indicates the number of matches to the 10-bp consensus 

for the enhancer segment on that line. 

This supports the hypothesis that tissue-specific genes make 
products that act on enhancers to tum on sets of genes during 
differentiation. 
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Similarity between the vaccinia virus 
19K early protein 
and epidermal growth factor 

A. H. Reisner 

CSIRO, Division of Molecular Biology, North Ryde, 
New South Wales, PO Box 184, Australia 2113 

An analysis of the 1,217-amino acid residue sequence of the 
precursor of mouse epidermal growth factor (mEGF)1 revealed 
regions of considerable similarity with bovine factor X, a blood 
coagulation factor. Similarities of mEGF itself with factor Xl, 
pancreatic secretory trypsin inhibito~ and, most strikingly, trans
formin& growth factor I (TGF-It,5 have been observed. On the 
basis of the comparisons described here, it seems that the pre
sumptive 140-residue 19K early protein (relative molecular mass 
(M.) 19,000) of vaccinia virus6 from residues 40-91 shows an 
overall identity of 36% (19/53 residues) with both mEGF and 
urogastrone (human epidermal growth factor, hEGF); a single 
deletion is assumed for vaccinia virus 19K protein which allows 
the six Cys residues (positions 45-80) to be aligned with those of 
mEGF or bEGF. This protein is encoded in the 10.3-kilobase (kb) 
inverted terminal repeat6

• Because it is an early protein with an 
EGF-Iike central portion, the 19K vaccinia virus protein may have 
an autocrine function and may be required for DNA synthesis. 

The double-stranded DNA genome of vaccinia virus consists 
of -182,000-186,000 nucleotide base pairs (bp) 7,8 and can 
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Fig. 1 a, Amino acid residue sequences for mEGF, urogastrone 
(hEGF), TGF-I and residues 40-92 of vaccinia virus 19K protein. 
The values on the right indicate the ratio of matches found with 
inEGF after alignment. Alignments were performed using the 
SEQA programme of Kanehisa et al. IS

, b, Complete sequence of 
the vaccinia virus 19K protein. Apart from the six Cys residues 
comparable with those in EGF, two additional ones are present 
at positions 118 and 119. Residues 6-15 and 106-123 are strongly 

hydrophobic. 




