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Functional Importance of Sequence in the
Stem-Loop of a Transcription Terminator

SHEAU-WEI C. CHENG, E1LEEN C. LyNcH, KENNETH R. LEASON,
DonNaLD L. Court, BRUCE A. SHAPIRO, DAVID I. FRIEDMAN*

Intrinsic transcription terminators of prokaryotes are distinguished by a common RNA
motif: a stem-loop structure high in guanine and cytosine content, followed by multiple
uridine residues. Models explaining intrinsic terminators postulate that the stem-loop
sequence is necessary only to form structure. In the tR2 terminator of coliphage A,
single-nucleotide changes reducing potential RNA stem stability eliminated tR2 activity,
and a compensatory change that restored the stem structure restored terminator activity.
However, multiple changes in the stem sequence that should have either maintained or
increased stability reduced terminator activity. These results suggest that the ability of the
stem-loop structure to signal transcription termination depends on sequence specificity and

secondary structure,

ARLY WORK ON GENE REGULATION

focused interest on promoters, the

sites of transcription initiation; fur-
ther work has expanded interest to the study
of termination and the generation of the 3’
ends of transcripts (1). Two classes of ter-
minators have been defined for Escherichia
coli (2, 3), those that require p protein
(p-dependent) (4) and those that do not
(intrinsic or p-independent) (5). The hall-
mark features of the DNA sequence of an
intrinsic terminator are a region of hyphen-
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ated dyad symmetry, followed by multiple T
residues, yielding an RNA with a stem-loop
structure followed by a run of U residues
(6-8). Lytic growth of coliphage A\ requires
read-through of multiple transcription ter-
minators, including the tR2 intrinsic termi-
nator (Fig. 1A). To assess the role of the
hyphenated dyad symmetry in signaling ter-
mination, we systematically changed nucle-
otides in the N tR2 terminator (9) and
measured the in vivo effectiveness of these
mutated terminators by using plasmid vec-
tor pKL600, designed to quantitate termi-
nator activity (10) (Fig. 1B), and N con-
structs with mutated tR2 regions, designed
to test in situ terminator activity.

We cloned the tR2 terminator into
pKL600 on a 434-bp Sau 3AI fragment,
generating pKL600tR2*, which places tR2
between the lac promoter (P,,.) and the galK
reporter gene. This allows us to use galK
expression as a measure of terminator activ-
ity. Mutations were introduced only in the
sequences encoding the stem-loop structure;

therefore, differences in galK expression
yielded a direct measure of the effects on
termination of alterations in this region of
hyphenated dyad symmetry. A derivative of
pKL600tR2* with an 18-bp deletion that
removes most of the. stem-loop region
(pKL600tR248) (Fig. 2) served as the ter-
minator-deficient control; the expression of
galK from this plasmid was set as the 100%
read-through transcription or as the 0%
termination base line. On the basis of this
comparison, tR2* allowed 15% read-
through transcription.

We next assessed the importance of the
RNA stem structure using derivatives of
pKL600tR2* with mutations in tR2 (Fig.
2). Mutants tR2" and tR27, with single base
changes that weakened the stem structure,
climinated terminator activity. A double
mutation (tR22%), which re-created a G:C
base pair eliminated in tR27, restored termi-
nator activity. Mutations that reduce the
number of distal U residues or the strength
of the stem-loop structure of an intrinsic
terminator reduce termination (2, 7, 11).
This offers strong evidence that RNA struc-
ture plays a role in intrinsic terminator ac-
tion. Two other mutants, tR2° and tR2°,
had compensatory changes in the nucleotide
sequence of the stem structure that made the
sequences of their stems equivalent to the
wild type in number and quality of paired
residues. Unexpectedly, tR2° and tR2° ex-
hibited little terminator activity. This sug-
gests that the secondary structure is not the
only characteristic of the tR2 stem sequence
that is important for transcription termina-
tion. We introduced mutations in the loop
of tR2 (tR2*) to determine if the sequence
of the loop influenced termination. Al-
though the number of nucleotides that com-
posed the loop remained the same, the se-
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Fig. 1. Location of the tR2 terminator in A and pKL600. (A) B
Map of the right side of the \ regulatory region. The transcrip-

tion patterns in the presence (long arrow) and absence (short
bar) of the A N gene product and host Nus factors are shown
above the map. The extent of the nin5 and roc deletions are

galK
Pac PKL600

Bam HI

shown below the map, and we constructed the A variants using plasmids with the cloned tR2 mutants
(29). (B) Relevant features of the pKL600 terminator test vector. In addition to Py, the cloning site,
and galK, the vector contains the amp® gene and the replication machinery of pBR322. The amount of
galK expression reflects the strength of the terminator within the fragment from (A) cloned in the
polycloning site (indicated by the wedge). The stronger the terminator, the lower the amount of
galactokinase activity (10). The tR2 variants were all contained in Sau 3AI fragments that extended
from base pairs 40,235 to 40,669 of the standard A sequence (27). We used the galK™ bacterial strain
K3443 as the host to generate galactokinase values (30).

quence was different. Read-through with
tR2* was 20%, approximately the same as
for wild-type tR2.

Lytic growth of A requires read-through
of all terminators in the nin region of the A
genome. These include tR2, as well as tR3
and tR4 (12, 13) (Fig. 1A). Read-through is
mediated by the N antitermination system
that acts at the nutR site upstream of nin to
render RNA polymerase termination resist-
ant (14). This modification, requiring the
phage N and host nus gene products, pro-
duces a polymerase that can extend tran-
scription past the nin terminators through
the Q gene, whose product turns on essen-
tial downstream genes (15). Because N
modification is defective in hosts that carry a

Fig. 2. RNA sequences G
of wild-type and mutant G
tR2 constructs with po- Y
tential stem-loop struc- G
tures displayed as duplex- p
es. The tR2! mutation c
was genetically selected, 3
whereas all of the other

CO0OP00q

AAUAACA -UUUUUAUUUGG

mutations were generat- +

ed by site-directed muta- 2™ (15%)
genesis (28). Boxed nu-

cleotides denote changes cUA,

from wild type. Numbers AL

in parentheses represent c-G
read-through of the ﬁ:ﬁ
cloned fragments in g-]%
pKL600, as measured by G-C

the galactokinase assay,  ,,uaach - Suuuuautuce
relative to the read-

through observed with tR2! (98%)
pKL600tR24'8, In a

representative  experi- UA

ment, pKL600 expressed §

464 units of galactoki- uc

nase activity, whereas 8:8
pKL600tR248 expressed U-a

404 units. A measurement -

of plasmid copy number i
revealed no significant dif-  AAUAACA-UUUUUAUUUGEG
ferences  between  the

pKL600 varians. tR2° (88%)
1206

nus mutation [such as nusE71 (16)], N will
grow in nus mutants only if the function of
all three nin terminators is eliminated. The
Anin5 variant has a deletion of all three termi-
nators (12, 17) and grows well in the nusE71
mutant host, whereas AAroc, with a deletion
that removes tR3 and tR4 and leaves tR2
intact, grows poorly in this nus mutant (18).
We examined the in situ effect of tR2 muta-
tions on tR2 terminator activity by replacing
wild-type tR2 in Mroc with mutant forms of
tR2 and determining the effect on phage
growth in the nusE71 mutant under conditions
normally restrictive for NAroc growth. We
found that all of the mutations that did not
cause transcription termination (tR21, tR25,
tR25, and tR2”) (Fig. 2), allowed growth in

é-c
U-A
C-G
C-G
GC G-C
G-C G-C
AAUAACA -UUUUUAUUUGG AAUAACA - UUUUUAUUUGG
tR2A18 (100%) tR24 (20%)
GUAA GUAA
G U G U
U C U C
C-G C-G
G-C G-C
g-é U-A
@ ¢ B
" G-C G-C
G-C G-C
AAUAACA -UUUUUAUUUGG AAUAACA -UUUUUAUUUGG
tR27 (95%) tR22 (28%)
UA
G A
GUAy G U
G U U C
U C C-G
C-G G-C
G-C U-A
AAUAACA - JAUUUGG AAUAACA -UUUUUAUUUGG
tR26 (83%) tR2° (54%)

the nusE71 host under restrictive conditions
where AAroc normally fails to grow. Moreover,
those changes in tR2 that caused termination
(tR2? and tR2*) prevented Mroc from grow-
ing in nusE71. Thus, all of the tR2 variants
functioned in situ as they did in the test vectors.

Models of termination focus on mecha-
nisms for disrupting a hybrid formed be-
tween the coding strand of DNA and the 3’
end of the RNA within the RNA polymer-
ase (2, 6). The DNA-RNA hybrid in the
open DNA duplex (the transcription bub-
ble) has been postulated to extend for 12
nucleotides (nts) [although studies suggest it
might be shorter (19)]. One accepted model
used to explain the action of intrinsic termina-
tors, such as tR2, postulates that formation of
the RNA stem-loop structure shortens the
RNA-DNA hybrid (6), leaving only the run of
U residues weakly paired to the coding strand
(20). This facilitates release of the RNA, refor-
mation of the DNA duplex, and termination of
transcription. The effects of the tR2%, tR248
tR27, and tR22 mutations on RNA stem sta-
bility and termination are consistent with such
a model. However, because the differences in
the calculated free energies between wild-type
tR2 and the tR2° and tR2° mutants are negli-
gible, the failure of these mutants to terminate
is unexplained by this model. Thus, contribut-
ing stem-loop stability per se may not be the
only role for the nucleotide sequences that
make up the tR2 dyad symmetry.

The structures of the eight tR2 sequences
were computationally determined by means
of an algorithm (21) that uses defined ener-
gy rules (22) and can generate many subop-
timal solutions for a given sequence. For
each tR2 variant, we analyzed a 130-nt
region that included the version of tR2 in
question and ~50 nt of upstream and down-
stream sequence. There was no significant
difference in the structure or base-stacking
energy of tR2*, tR2%, tR2°, tR2° or tR2*
(tR2* has the altered loop); the free energies
of these structures varied between —17.7
and —17.9 kcal/mol. Moreover, in no case
was an alternative structure favored over the
terminator stem. Thus, either subtle differ-
ences in stem-loop structure not currently
understood influence terminator action or
the sequence per se plays a role in the signal
to terminate transcription. There are prece-
dents for postulating that both the sequence
and structure of a region of dyad symmetry
are important for single-stranded nucleic
acid signals. One example is the $X174
origin of replication, which is required for
conversion of single-stranded $X174 DNA
to duplex replicative form. This origin of
replication contains a region of dyad sym-
metry that can potentially form a stem-loop
structure but is only active in one of its two
possible orientations (23). A second exam-
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ple is a region of dyad symmetry that serves
as substrate for E. coli ribonuclease III. Both
the sequence and the structure of the target
RNA appear to be important for enzyme
action (24).

To further assess the role of stem structure
in tR2 terminator activity, we constructed
tR2%, a variant of tR25 that has additional A
and U nucleotides positioned so that they
pair in the stem. The calculated free energy
of this new stem structure, —18.7 kcal/mol,
is less than that of the wild-type structure,
—17.9 kcal/mol. Using the pKL600 test
vector, we found that tR2° allowed 54%
read-through. This indicates that although
tR2 has a stronger stem structure than the
wild-type tR2, it exhibits significantly less
terminator activity and that the small in-
crease in termination over that observed
with tR2° presumably reflects the increase in
stem stability.

The simple model of intrinsic terminator
function based on destabilization of the
RNA-DNA hybrid by an RNA stem-loop
and a run of U residues has been challenged.
Sequences both upstream and downstream
of the stem-loop and run of U residues
influence the action of intrinsic terminators
(25). Algorithms derived from analysis of
148 proven and suggested terminator se-
quences, as well as similar sequences without
terminator activity, suggest that some char-
acteristic of the terminator in addition to its
ability to form a stem-loop structure is nec-
essary for efficient termination (8). A formal
representation based on contributing factors
that predicts efficiency of known intrinsic
terminators indicates that terminator efficien-
cy may be affected by proteins and other
environmental factors (26).

Because sequences surrounding tR2
were not changed, our in vivo studies
directly assess the effect on termination of
variations in the region of dyad symmetry
of tR2. The importance of structure is
shown by the fact that termination can be
restored by a compensating mutation that
restores the dyad symmetry with a mutant
sequence. Our studies also show, however,
that not all mutations can be so compen-
sated even if this stem structure is strength-
ened, suggesting that the sequence per se
might also be important. We offer two
plausible scenarios, both based on recogni-
tion by RNA polymerase, for action of a
sequence-specific element. The signal could
be a double-stranded sequence in the RNA
stem, or it could be a sequence in one of
the single strands of DNA formed by the
open complex in the region of the hyphen-
ated dyad symmetry. One function of the
latter signal might be to influence the
binding of RNA polymerase to the non-
template strand in the open complex. Ac-
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cordingly, more tightly bound sequences
might be more effective at holding the
DNA of the open complex apart, favoring
elongation, whereas weaker polymerase in-
teractions might allow renaturation of the
DNA duplex, especially at stems in the
RNA, favoring termination.

Terminator strength likely reflects the
sum of the contributions of each of the
components (26). One explanation for the
sensitivity of tR2 to changes in stem se-
quence may be that the sum of the contri-
butions of its components is just barely
tilted toward termination and that a slight
change in one of the elements could be
sufficient to tilt activity away from termi-
nation. A similar change in a stronger
terminator might not eliminate activity.
Although we cannot rule out stem stability
as the only role for the hyphenated dyad
symmetry, our results suggest that models
of termination based only on that idea
warrant re-examination.
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We constructed pLR31Aroc by inserting the Bam
HI-Eco RI fragment from MAroc (nucleotides
41,732 to 44,972) into pBR325. [Numbers repre-
sent nucleotide positions according to the standard
nucleotide sequence of N (27)]. Site-directed muta-
genesis on an M13mpl8 derivative carrying the
wild-type tR2 region on a Sau 3AI fragment that
extends from base pairs 40,235 to 40,669 of
(pKL600tR2*) was essentially as described [T. A.
Kunkel, J. D. Roberts, R. A. Zakour, Methods
Enzymol. 154, 367 (1987)].  Plasmids
pKL600tR22, pKL600tR2%, pKL600tR25,
pKL600tR2%, and pKL600tR2° were constructed
by ligation of the small Sst I-Xba I fragments from
the appropriate M13mp18tR2 derivatives into Sst
I-Xba I digested pKL600. Plasmid pKL600tR2418
was generated by complete Stu I digestion and
religation of pKL600tR2*. The resulting 18-bp
deletion was confirmed by DNA sequencing [M. D.
Biggin, T. J. Gibson, G. F. Hong, Proc. Natl. Acad.
Sci. U.S.A. 80, 3963 (1983)]. We constructed
pKLG600tR27 by cloning a synthetic oligonucleotide
with the altered sequence into the Stu I site of
pKL600tR24'8, We constructed pBR325 deriva-
tives containing regions with tR2 mutations (tR2*
and tR2*) using the Eco RI-Bam HI fragment
(nucleotides 39,168 to 41,732) from M13 deriva-
tives with a cloned nin region, yielding pST4 and
pST6, respectively.

The characteristics of plasmids used in the construc-
tion of these N derivatives are listed in (28).
AtR2*Aroc was selected from MAroc as a spontaneous
mutant that grows in the nusE71 host at 42°C.
AtR2418Aroc was obtained by homologous recom-
bination between AAroc and pKL600tR22!8. We
constructed AtR2? and MR2* using AtR22!'8 Pam3
to rescue the tR2 mutations tR2? and tR2* by
selecting for the linked P* allele from plasmids pST4
and pST6, and appropriate clones were identified by
plaque hybridization with DNA probes. We con-
structed AtR2%Aroc and MR2*Aroc by crossing Aroc
into AtR2? and MR2* from g)lasmid pLR31Aroc.
We obtained AtR25Aroc, AtR2%Aroc, and MR27Aroc
by a similar marker rescue using AAroc and
pKL600tR25, pKL600tR26, and pKL600tR27, re-
spectively.

S. Adhya and W. Miller, Nature 279, 492 (1979).
We thank J. Kilpatrick, C. Thompson, D. Engelke,
and S. Brown for helpful suggestions on the manu-
script; and R. Weisberg, M. Savageau, and A.
Granston for helpful discussion. Supported by NIH
grant AI1459-10 (to D.LF.) and a contract from the
National Cancer Institute (NO1-CO-74101) with
Bionetics Research. The contents of this publication
do not necessarily reflect the views or policies of the
Department of Health and Human Services nor
does mention of trade names, commercial products,
or organizations imply endorsement by the United
States government.

20 June 1991; accepted 15 August 1991

REPORTS 1207


file:///Aroc
file:///Aroc
file:///Aroc
file:///Aroc

