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A Bacterial Enhancer Functions to Tether a 
Transcriptional Activator Near a Promoter 

The nitrogen regulatory protein NtrC of enteric bacteria activates transcription of the 
glnA gene by catalyzing isomerization of closed complexes between RNA polymerase 
and the glnA promoter to open complexes. NtrC binds to sites upstream of glnA that 
have properties of eukaryotic transcriptional enhancers. NtrC-binding sites were 
found to facilitate open complex formation when these sites and the glnA promoter 
were located on different rings of a singly linked catenane, but not when the two rings 
were decatenated. The results provide evidence that NtrC contacts RNA polymerase- 
promoter complexes in a process mediated by formation of a DNA loop. NtrC-binding 
sites serve to tether NtrC near the glnA promoter, thereby increasing the frequency of 
collisions between NtrC and polymerase-promoter complexes. 

E UKARYOTIC TRANSCRIPTIONAL EN- 

hancers are DNA sequences that 
serve as binding sites for proteins 

that increase (or in some cases decrease) the 
rate of transcription of nearby genes (1). 
Defining characteristics of enhancers include 
their ability to function efficiently over large 
distances, at least in vivo (Z), and to function 
downstream as well as upstream of tran- 
scriptional start sites. 

Sequences analogous to transcriptional 
enhancers have been identified in prokary- 
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otes (3). One of the best studied of these is 
the enhancer upstream of the glnA gene of 
enteric bacteria ( 4 ) ,  which encodes gluta- 
mine synthetase. This enhancer, which is 
composed of multiple binding sites for the 
nitrogen regulatory protein NtrC ( 5 ) ,  is 
amenable to detailed analysis because glnA 
transcription can be studied in a purified in 
vitro system with well-defined DNA tem- 
plates. Moreover, the functions of the en- 
hancer-binding protein NtrC and its target 
protein a54-holoenzyme, an alternative ho- 
loenzyme form of RNA polymerase, are 
comparatively well understood. NtrC cata- 
lyzes isomerization of closed recognition 
complexes between c ~ ~ ~ - h o l o e n z ~ m e  and the 
glnA promoter to open complexes in which 
DNA around the transcription start site is 
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locally denatured (6, 7 ) ;  formation of open 
complexes requires adenosine triphosphate 
(ATP) (6). 

Models for the mechanism of enhancer 
action can be grouped into two classes ac- 
cording to the function ascribed to the 
DNA that connects an enhancer to its conju- 
gate promoter (8). In models of one class, 
communication between the enhancer and 
the promoter is specifically mediated by the 
DNA between them, whereas in models of 
the second class, this intervening DNA func- 
tions only to tether the enhancer and pro- 
moter together. Examples in the first class 
are the trackmg and topoisomerase models. 
In terms of NtrC function, the trackmg 
model would postulate that NtrC first binds 
to its specific enhancer-like sites and then 
tracks (slides) along the DNA to contact 
~~~-ho loenzyme  bound in a closed complex 
at the glnA promoter. The topoisomerase 
model would postulate that NtrC binds to 
its sites and then alters the superhelical 
tension of the DNA to facilitate open com- 
plex formation. The only example in the 
second class that pertains for our in vitro 
studies is the looping model, which would 

postulate that NtrC remains bound to its 
specific sites and contacts the RNA polymerase- 
promoter complex directly when the DNA 
between sites and promoter forms a loop. 

To distinguish between models of the two 
classes, we used a strategy originally used to 
study the interaction of distant binding sites 
for the resolvase from transposon Tn3 (9) 
and to study the interaction of such sites for 
the transposase from phage Mu (10, 11). We 
placed NtrC-binding sites and the glnA pro- 
moter on separate rings of a singly linked 
catenane, thereby interrupting the pathway 
between them but keeping them tethered. 
We then determined whether the NtrC sites 
could facilitate the formation of open com- 
plexes by ~ ~ ~ - h o l o e n z y m e  in vitro. 

In order to assess the function of NtrC- 
binding sites, we quantitated formation of 
open complexes by means of a single-cycle 
transcription assay (6, 12). Briefly, appropri- 
ate supercoiled DNA templates (see below), 
all of which contained the glnA promoter 
upstream of a strong transcriptional termi- 
nator (13), were combined with ~ ~ ~ - h o l o e n -  
zyme and NtrC. Formation of open com- 
plexes was initiated by addition of 2',3'- 

Fig. 1. Templates for testing the ability of NtrC- glnA 
binding sites to function as transcriptional en- promoter 

hancers. Plasmid pJES350 was constructed by 
inserting NtrC-binding sites 1 to 4 (nucleotide 
positions -259 to -60 relative to the start site of 
transcription in the wild-type glnA promoter re- 
gion) into pJES304 (see below) at a location 3.1 
kb to upstream the NtrC-bindmg of the glnA region promoter in pJES350 (1 6). We refer as a res os 7.8 kb 

"high-affinity" region (5). Plasmid pJES304 (7.6 
kb; not shown) contains theglnA promoter (posi- NtrC 
tions -32 to t 17 relative to the start site of sites 
transcription) upstream of a strong transcriptional 
terminator from phage T 7  (13). Plasmid pJES305 
(7.6 kb; not shown) was constructed by inserting 1 Resolutioil 
NtrC-binding sites 1 and 2 (nucleotides -200 to 
- 101 relative to the start site of transcription in 
the wild-type glnA promoter region) into 
pJES304 at a location 3.0 kb downstream (equiv- 
alent to 4.0 kb upstream) of the glnA promoter 
(16). We refer to the NtrC-binding region in 
pJES305 as a "low-affinity" region because site 2 NtrC 
contains a point mutation (9, and hence is proba- sites 

(-Jj-J :ghOter 

bly not a high-affinity binding site. Each of the 
above plasmids contains two directly repeated 350cat 
binding sites (res sites) for the resolvase from 
transposon Tn3, and this site-specific recombin- 1 Decatenation 
ase was used to convert them (9, 15, 17) to the 
singly linked catenanes 350cat, 304cat, and glnA 
305cat, respectively. These catenanes contain an 
identical 4.4-kb ring bearing the glnA promoter 
but differ in the number of NtrC-binding sites on 
the companion ring. Although indicated here as NtrC 
open circles, both parent plasmids and catenanes sites 
were supercoiled. Decatenation was accomplished 

0 + opromoter 
by linearizing one ring of a catenane with an 
appropriate restriction enzyme and isolating the 350 ling ring 
remaining ring. The ring bearing the glnA promoter (promoter ring) was isolated from 304cat after 
digesting with Ava I, which linearizes the companion ring. Companion rings lacking NtrC sites (304 
companion) or having such sites (350 companion and 305 companion) were isolated from the 
corresponding catenanes after digesting with Bgl 11, which linearizes the promoter ring. The intact 
supercoiled circles were separated from linear molecules by gel electrophoresis and recovered as for 
catenanes (1 7). 

dideoxy ATP and was terminated by addi- 
tion of heparin, which sequesters free RNA 
polymer as^ and thereby hrevents multiple 
rounds of transcription on a single template. 
Open complexes, which are stable to hepa- 
rin, were then detected by their ability to 
give rise to radiolabeled transcripts on addi- 
tion of ribonucleoside triphosphates. 

To obtain templates fbr comparing the 
function of NtrC-binding sites in cis to the 
glnA promoter and in trans on a catenane, 
we inserted the promoter and different num- 
bers of NtrC-binding sites into plasmid 
pAB7.0 (14), which can be converted to a 
singly linked catenane by the resolvase from 
transposon Tn3 (9, 15). Plasmid pJES304 
carries only the glnA promoter and lacks 
specific binding sites for NtrC; plasmid 
pJES305 contains a low-affinity NtrC-bind- 
kg region located 3 kb downstream (4  kb 
upstream) of the glnA promoter, and plas- 
mid pJES350 contains a high-affinity NtrC- 
binding region 3 kb upstream of the pro- 
moter (Fig. 1) (5, 16). The singly linked 
catenanes derived from these plasmids by 
resolution contained one ring bearing the 
glnA promoter, identical in all cases, and a 
second (companion) ring either lacking 
(304cat) or containing (305cat and 350cat) 
specific binding sites for NtrC (Figs. 1 and 
2) (17). After gel purification, catenane 
preparations contained <7% of the residual 
parent plasmid (Fig. 2) and, like the parent 
plasmids, contained <5% nicked molecules 
at the time transcription assays were per- 
formed (18). 

The presence of specific NtrC-binding 
sites on the catenanes or their correspondmg 
parent plasmids stimulated the formation of 
open complexes similarly (Fig. 3) (19, 20) 
(compare 305cat or 350cat, which have 
specific sites, with 304cat, which lacks them, 
and compare pJES305 or pJES350 with 
pJES304). On both the catenanes and the 
parent plasmids, the presence of specific 
sites reduced the concentration of NtrC 
required for half-maximal formation of open 
complexes by three- and sevenfold for the 
low- and high-affinity NtrC-binding re- 
gions, respectively (21). Maximum utiliza- 
tion of each tem~late was -40%. Because 
the assay does not allow any template to be 
used more than once, the stimulatory effect 
of sites in the catenated contiguratidn can- 
not be accounted for by use of residual 
parent plasmid (<3%) (Fig. 2)  in the caten- 
ane preparations. 

To determine if NtrC-binding sites had to 
be catenated to the glnA promoter in order 
to function in trans, we performed the fol- 
lowing control experiment. We purified in- 
dividual catenane rings (Fig. 1) and com- 
pared the activity of the promoter-bearing 
ring alone with that of the promoter-bearing 
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Fig. 2. Purity of catenane preparations. 
Catenanes (lanes 3 and 5) and arent 
plasmids (lanes 2 and 4) yield Aerent  
restriction fragments when digested with 
Nco I. (Parent plasmids contain two sites 
for this enzyme, which segregate to differ- 
ent circles of the catenanes.) The amounts 
of contaminating parent plasmid in caten- 
ane preparations were assessed by compar- 
ing the amounts (intensities of ethidium 
bromide-stained bands) of parental Nco I 
fragments in digests of catenane prepara- 
tions (lanes 3 and 5) to those in digests of 

Plasmid + 
Catenane -t 

Catenane -W 

Plasmid + 

parental standards (lanes 6 to 9). DNA 
concentrations were determined with a Hoefer TKO 100 DNA fluorimeter. Lanes 2 to 5 contained 300 
ng of Nco I-digested pJES304,304cat, pJES305, and 305cat, respectively. Lanes 6 to 9 contained 10, 
20, 30, and 60 ng of Nco I-digested pJES304, respectively. Parental bands in lane 5 were less intense 
than those in lane 6, indicating that 305cat was <3% contaminated by residual parent plasmid. Similar 
comparisons indicated that 304cat and 350cat were <7% and <3% contaminated, respectively. Lanes 1 
and 10 contained A DNA digested with Hind I11 as size standards. 

ring mixed in equimolar concentration with 
companion rigs having or lacking N G  
binding sites. As expected, high concentra- 
tions of NtrC were required for the forma- 
tion of open complexes on the isolated 
promoter-bearing ring (Fig. 4); these con- - - 
centrations were comparable to those need- 
ed with other templates that lacked specific 
NGbinding sites (for example, pJES304 
in Fig. 3, A and B). The presence of NtrC 
sites on an unlinked companion ring did not 
decrease the concentrations of NtrC re- 
quired for open complex formation (19), 
indicating that the simple presence of NtrC- 

40 80 120 160 200 
NtrC (nM) 

Fig. 3. The efect of catenation on the ability of 
NtrC-binding sites to function as transcriptional 
enhancers. Formation of open complexes on vari- 
ous supercoiled DNA templates (19 finol) was 
measured as a function of NtrC concentration 
[mutant form Nu€ (constitutive) = NaC610 
(6)]. Open complexes, which were formed in the 
presence of dideoxy ATP, were detected by their 
ability to yield transcripts in a single-round tran- 
scription assay (6, 12). (A) The templates were 
pJES305 (+), 305cat (O), pJES304 (A), and 
304cat (A). (B) Templates were pJES350 (W), 
350cat (0) (22), pJES304 (A), and 304cat (A). 

b i n h a  sites in trans is not su5cient to 
stimulGe open complex formation at low 
NtrC concentrations. 

Finallv. we demonstrated that NtrC-bind- 
ing site; 'at large distances from the glnA 
promoter (for example, in both parent plas- 
mids and singly linked catenanes) stimulate 
open complex formation almost as well as 
they do in the wild-type glnA promoter- 
regulatory region (Fig. 5). NaC titrations 
on plasmid pJES350, which carries the 
high-alKnity NtrC-binding region at a dis- 
tance of 3 kb from the glnA promoter, were 
strikingly similar to those on plasmid 
pJES131, which carries these sites in their 
normal location within 150 bp of the pro- 
moter (22). Successively high& conc&tra- 
tions of NtrC were required for the forma- 
tion of open complexes on plasmid 
pJES305, which contains a low-alKnity 
binding region for NtrC at a distance of 3 kb 
from the glnA promoter, and on plasmid 
pJES304, which lacks specific NtrC-binding 
sites. The maximum template utilization was 
the same in all cases, provided the NtrC 
concentration was su5iciently high. 

Taken together, our resdts-show that 
Nu€-binding sites function almost as well 
fiom a singly linked catenane as in their 
wild-type location in cis to the glnA promot- 
er. This provides evidence that NtrC acti- 
vates transcription by contacting RNA poly- 
merasepromoter complexes directly, with 
such contact being mediated by a DNA loop 
(23). Evidence obtained in vivo led to the 
same conclusion (24, 25). Moreover, the 
DNA loop predicted to exist when NtrC 
interacts with the polymerase-promoter 
complex has been visualized directly by elec- 
tron microscopy (26). 

The finding that NtrC sites are stimula- 
tory on a singly linked catenane contrasts 
with the fact that the ends of transposon Mu 
and binding sites for Tn3 r&lvase can 
function in trans only on multiply linked 
catenanes (9-11). In the latter two cases, 

NtrC (nM) 

Fig. 4. The effect of decatenation on the ability of 
NtrCbinding sites to function as transcriptional 
enhancers. Formation of open complexes on vari- 
ous DNA templates was assessed as a function of 
NtrC concentration as described in the legend to 
Fig. 3. (A) Templates were 305cat (0), promoter 
ring alone (A), and promoter ring plus equimolar 
304 companion ring (A) or 305 companion ring 
(+). (B) Templates were 350cat (0) (22), pro- 
moter ring alone (A), and promoter ring plus 
equimolar 304 companion ring (A) or 350 com- 
panion ring (H). Template concentrations were 
0.8 nM (19 fmol) in all  cases except for the 
promoter and companion rings in (A), for which 
the concentrations were 1 n M  (24 fmol). 

supercoiling-which is mimicked by the in- 
terlinks of a multiply linked catenane-is 
presumably required to direct the formation 
of functional synaptic complexes; supercoil- 
ing is apparently not required to direct 
interaction between NtrC-binding sites and 
the glnA promoter. 

Because NGbinding sites do not func- 
tion in trans unless they are catenated to the 
glnA promoter, the DNA between sites and 
promoter apparently serves as a tether to 
increase the frequency of collisions between 
NtrC and polymerase-promoter complexes. 
Tethering of regulatory proteins that form 
DNA loops is important in controlling the 
rate of transcription of a number of prokary- 
otic genes (27). Whereas our results indicate 
that tethering is important in NtrC func- 
tion, they do not rule out additional roles 
for DNA binding in transcriptional activa- 
tion. For example, DNA may be an alloste- 
ric activator of NtrC, or multiple NtrC 
binding sites may direct assembly of several 
NtrC dimers into a complex that is required 
for dc ien t  activation of transcription (26, 
28). 

Techniques similar to those we used to 
study the function of NtrC-binding sites 
have been applied to study the function of 
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Fig. 5. The effect of number and position of 
NtrC-binding sites on their ability to h c t i o n  as 
transcriptional enhancers. Formation of open 
complexes on various DNA templates was as- 
sessed as a function of NtrC concentration as 
described in the legend to Fig. 3. Templates were: 
pJES131 (@), pJES350 (m) (22), pJES305 (*), 
and pJES304 (A). Plasmid pJES131 carries the 
wild-type glnA promoter-regulatory region (posi- 
tions -1570 to +30). The most upstream NtrC 
site in this template (site 1) is centered at position 
- 140 with respect to the startpoint of transcrip- 
tion. 

two eukaryotic transcriptional enhancers. 
The simian virus 40 (SV40) enhancer was 
shown to function in trans to the p-globin 
promoter in nuclear extracts when the two 
were linked together by a protein bridge 
(29), and the ribosomal RNA enhancer of 
Xenopus laevis was shown to function in 
trans to its cognate promoter in oocytes 
when the two were carried on different rings 
of a multiply linked catenane (30). These 
findings and others (1, 31) are consistent 
with the view that at least some eukaryotic 
enhancers reach their targets (as yet unde- 
fined) by means of DNA loops. Because 
there is no a ~r ior i  reason to think that all 
transcriptional enhancers act in the same 
manner, it will be of interest to learn how 
widely the looping mechanism pertains. 
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Primary Structure of the y Subunit of the DHP- 
Sensitive Calcium Channel fiom Skeletal Muscle 

Affinity-purified, polyclonal antibodies to the y subunit of the dihydropyridine 
(DHP)-sensitive, voltage-dependent calcium channel have been used to isolate comple- 
mentary DNAs to the rabbit skeletal muscle protein from an expression library. The 
deduced primary structure indicates that the y subunit is a 25,058-dalton protein that 
contains four transmembrane domains and two N-linked glycosylation sites, consistent 
with biochemical analyses showing that the y subunit is a glycosylated hydrophobic 
protein. Nucleic acid hybridization studies indicate that there is a 1200-nucleotide 
transcript in skeletal muscle but not in brain or heart. The y subunit may play a role in 
assembly, modulation, or the structure of the skeletal muscle calcium channel. 

T HE DHP-SENSITIVE C A ~ +  CHANNEL 

from skeletal muscle consists of four 
subunits: a1 (170 kD), a 2  (175 kD, 

nonreduced; 150 kD, reduced), P (52 kD), 
and y (32 kD) (1). The a1 subunit contains 
the binding sites for the three classes of 
Ca2+-channel blockers (DHPs, phenylalkyl- 
mines, and benzothiazepines) (2) and is a 
substrate for protein kinases, as is the p 
subunit. The a 2  and y subunits are glyco- 
proteins and bind wheat germ agglutinin. 
Upon disulfide bond reduction, the a2 sub- 
unit undergoes a characteristic mobility shift 
by SDS-polyacrylamide gel electrophoresis 
(PAGE) analysis with the concurrent ap- 
pearance of the 6 peptides (19 to 30 kD). 
The cDNAs for the ai ,  a2, and p subunits 
have been isolated and characterized (3-5). 
The ai subunit, with 24 putative mem- 
brane-spanning segments, is the principal 
transmembrane subunit of the complex and 
has significant sequence homology with sev- 
eral other members of the voltage-depen- 
dent ion channel family, including the a 
subunit of the Na+ channels and the Dro- 
sophila K +  channel (3, 4, 6). The transmem- 
brane properties of the a 2  and P subunits are 
quite different from the al subunit, with the 
a 2  subunit predicted to have as many as 
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three transmembrane domains (4) and the p 
subunit to have none (5). Although active 
DHP-sensitive Ca2+ channels have been re- 
constituted in lipid bilayers (7)  and the 
microinjection of an expression plasmid car- 
rying the a1 subunit cDNA restores a DHP- 
sensitive Ca2+ current and excitation-con- 
traction coupling in dysgenic muscle ( 8 ) ,  it 
is unknown which subunits are required for 
a native functional DHP-sensitive caZ+  
channel. 

To isolate cDNA clones for the y subunit 
of the DHP-sensitive CaZ+ channel, affinity- 
purified guinea pig polyclonal antiserum, 
specific for the gel-purified y subunit (Fig. 
1) ( 9 ) ,  was used to screen expression librar- 
ies constructed from rabbi; back skeletal 
muscle RNA. Overlapping cDNA clones 
were isolated to determine the nucleotide 
sequence encoding the protein (Fig. 2A) 
(10). ~, 

The 1171-nucleotide (nt) cDNA se- 
quence contains a 666-nt open reading 
frame coding for 222 amino acids (Fig. 2B). 
The deduced amino acid sequence indicates 
a calculated molecular weight of 25,058, 
which is in approximate agreement with the 
observed molecular mass of 32 kD for the 
glycosylated (1) and 20 kD for the chemical- 
ly deglycosylated forms (1 I), determined by 
SDS-PAGE. The deduced amino acid se- 
quence agrees with the authentic NH2-ter- 
minus of the y subunit, as determined by 
protein sequencing of the purified skeletal 
muscle protein (12). An analysis of the 
predicted amino acid sequence of the y 
subunit for local hydrophobicity revealed 

four putative transmembrane domains (Fig. 
2C). These segments are designated I (resi- 
dues 11 to 29), I1 (residues 105 to 129), I11 
(residues 140 to 155), and IV (residues 180 
to 204). Unlike many of the transmembrane 
segments in the a1 subunit (3),  none of the 
above predicted segments contain any 
charged residues. The length of the predict- 
ed transmembrane segments varies from 16 
to 25 amino acids. The NH2-terminal se- 
quence does not resemble a hydrophobic 
signal sequence. 

On the basis of the local hydrophobicity 
and the lack of an NH2-terminal signal 
sequence, the predicted secondary structure 
of the y subunit includes four transmem- 
brane segments separating intracellularly lo- 
cated NH2- and COOH-terminals. Consist- 
ent with biochemical studies (I) ,  the two 
potential N-lmked glycosylation sites (Fig. 
2B) reside on the extracellular face of the 
membrane. Of the six consensus phospho- 
rylation sites (Fig. 2B), only Se? and Se?I4 
are predicted to be intrac~llular. The ob- 
served decreased mobility of the y subunit 
on SDS-PAGE in the presence of reducing 
agents, and the resistance of the protein to 
proteolytlc digestion in the absence of disul- 
fide bond reduction, indicate that disulfide 
bonds play a major role in determining the 
secondary structure of the native protein. 
The deduced primary structure o i  the y 
subunit contains ten cysteine residues, one 
in the COOH-terminal intracellular sea- 
ment, five within the hydrophobic trani- 
membrane segments, and the remaining 
four in the first extracellular loop between 

Fig. 1. Rabbit skeletal muscle D H P  receptor 
subunit composition and y subunit antibody 
probe specificity. (A) Coomassie blue-stained, 
reduced SDS-acrylamide gel showing crude (100 
k g  of  microsomes) (lane l ) ,  enriched (100 k g  o f  
triads) (lane 2), and purified (20 k g  o f  D H P  
receptor) (lane 3) preparations o f  DHP-sensitive 
CaZ+ channel (20). (B) Irnmunoblot of  identical 
samples as in (A), stained with GP16 polyclonal 
antiserum that had been &ty-purified (9) .  Ar- 
rows show the positions of  the four subunits; the 
positions of the prestained molecular weight stan- 
dards (BRL) are o n  the left ( M ,  x 

SCIENCE, VOL. 24.8 




