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ABSTRACT

We have investigated the mechanism of transcription
termination in vitro by spinach chloroplast RNA
polymerase using templates encoding variants of the
transcription-termination structure (attenuator) of the
regulatory region of the threonine (thi) operon of
Escherichia coli. Fourteen sequence variants located
within its d(G+C) stem-loop and d(A+T)-rich regions
were studied. We found that the helix integrity in the
stem-loop structure is necessary for termination but
that its stability is not directly correlated with
termination efficiency. The sequence of the G+C
stem-loop itself also influences termination. More-
over, the dA template stretch at the 3' end of the
terminator plays a major role in termination efficiency,
but base pairing between the A and U tract of the
transcript does not From the studies using deletion
variants and a series of mutants that alter the
sequences immediately downstream from the tran-
scription termination site, we found that termination of
transcription by spinach chloroplast RNA polymerase
was also modulated by downstream DNA sequences in
a sequence-specific manner. The second base
immediately following the poly(T) tract is crucial for
determining the termination efficiency by chloroplast
RNA polymerase, but not of the T7 or E.coli enzymes.

INTRODUCTION

Most plastid genes contain inverted repeat sequences at their 3'
ends that are thought to confer upon their transcripts the ability to
form stem-loop structures. Such structures were initially pre-
sumed to be transcription terminators, analogous to bacterial
factor-independent terminators. However, when they were ana-
lyzed in ahomologous in vitro transcription system, no significant
termination activity was observed (1,2). It was subsequently
concluded that the 3' ends of the rbcL, atpB, psbA, petD and rpoA
transcripts from spinach chloroplast are primarily the result of
RNA processing and not transcription termination (2,3). In
contrast, a recent report indicates that the stem-loop structure of

the 3' ends of the Chlamydomonas chloroplast rbcL and psaB
genes appear to have significant termination activity in vivo (4).
In addition, the prokaryotic factor-independent terminators that
contain a typical d(G+C)-rich region of dyad symmetry and are
followed by a poly(T) tract in the sense strand, such as the
terminator for the threonine attenuator, thra from Escherichia
coli, efficiently terminate transcription in vitro by spinach
chloroplast RNA polymerase (1,5). This indicates that the
transcription termination process in chloroplasts may have at least
some features in common with the mechanism used in prokary-
otes and that the stem-loop-dependent termination is probably
sometimes functional in chloroplasts.
The mechanism of transcription termination for E.coli factor-

independent terminators has been well characterized. A classical
thermodynamic model (6,7) for factor-independent terminators
proposes that termination occurs after the G+C-rich region forms
a stable base-paired stem-loop structure in the RNA. This causes
the polymerase to pause and release the elongating transcript.
Release may also be enhanced by the instability of the dA-rU base
pairs that often comprise the remainder of the transcript/template
hybrid (8,9). Many studies involving base analogues (10,11)
heteroduplexes (12) and mutant terminators for E.coli thra
terminator (13-16) support this model. Transcription termination
by the E.coli thra terminator with T7 RNA polymerase indicates
that the dyad symmetry, the poly(T) tract and many other sequence
elements also affect termination (13,14). However, studies indicat-
ing that the sequences downstream from the termination site affect
termination efficiency (17,18) can not be explained by a simple
thermodynamic model. Recent findings about the cleavage of the
nascent RNA in the transcriptional complex (19-21), the existence
ofRNA binding sites on RNA polymerase (19) and the observation
of discontinuous movements of DNA and RNA with respect to
RNA polymerase during elongation (22-25) and pausing (26) led
to an alternative model of tanscription termination (27). This
inchworming model describes transcription termination as
coupling pulsate RNA polymerase movement, and the poly(T)
tract that follows the stem-loop structure acts as an inchworming
signal (27).

Since the E.coli thra terminator is functionally recognized by
spinach chloroplast RNA polymerase, the study of the thra
terminator variants in a transcription system using chloroplast
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RNA polymerase should help us further understand transcription
termination in chloroplasts. In this work, we studied the effect of
a series of mutations in the thra terminator on transcription
termination with spinach chloroplast RNA polymerase. Included
in this study were 14 mutants with single base substitutions in the
d(G+C)-rich and d(A+T)-rich regions and seven nested deletion
variants in the poly(T) tract region. Many other variants in the
downstream region of the thra terminator were also used. The
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(AICATCcAACTGTGAGGAGGCrCACGGACGAAGAACAGGCACGCGTACAGGAAA
BamHI BaniHi
CACAGAAAAAAGCCCGC,ACCFGACAGTGCGGGC1-III-1-1--lCGACTCTAGAGC1CC

T8 'TIITIIT----------TAGAGGATCC
T6 TrT=---------CTAGAGGATCC
TS T1T= ----------CTAGAGGATCC
T4 =TIT -----------CTAGAGGATCC
T3 TT ------------CTAGAGGATCC
T2 TT -----------------CTAGAGGATCC
Ti T ---------------TAGAGGATCC

D) Sequences of the thra terminator and T8WT, T8A and YNANN variants

GGATCCTCAACTGTGAGGAGGCTCACGGACGAAGAACAGGCACGCGTACAGGAAA
BaiiiHI BamHI
CACAGAAAAAAGCCCGCACCTGACAGTGCGGGCi-i-----ITrCGACTCTAGAGGATCC

T8WT(r8CGAC1) 1-TI-ITITl-CGACrCTAGA
YNANN variants GT1r4 AA
T8^(T8AC1AGA) T-T---------CIAGAGGATCC

T8ACfiAGA T5ITITIT----------- CfAGAGGATCC
T8ACAAGA ITITIT----------- CAAGAGGATCC
T8ACCAGA ITTr------ CCAGAGGATCC

results indicate that the specific sequence as well as the helix
stability within the d(G+C)-rich region, and the length of the
poly(T) tract affect termination efficiency. In addition, we made
the unexpected observation that untranscribed sequence(s) down-
stream of the thra terminator play a significant role in termination
efficiency with spinach chloroplast RNA polymerase.

MATERIALS AND METHODS

Plasmid DNA constructions

The plasmid pTZ19-PLSTa contains the 5'-end of the spinach
rbcL gene promoter (PLS) and the terminator from the threonine
attenuator region (Ta) as previously described (1). The terminator
variants were originally from the pTZ- 19thr variants and
pTZ-19T series as described by Jeng et al. (13). The 110 bp
BamHI DNA fragments containing the various terminator
mutants were purified and ligated to the BamHI site of plasmid
pTZ19-PLSTa. The orientation of the BamHI DNA fragments in
each clone was confirmed. For all of the nested deletion variants,
the sequence immediately following the template deoxyadeno-
sine tract had the 5 deoxynucleotides CGACT deleted. In these
nested deletion variants, the variant contains an 8 T tract was
designated T8A. Other similar variants that contain wild-type
downstream sequences were designated T8WT. A schematic
diagram for the construction of terminator is presented in Figure
1 and their characteristics are summarized in Table 1.
Besides the terminator variants that have sequences changed in

d(G+C)-rich hairpin and d(A+T)-rich regions, a series of mutants
that have sequences changed downstream of the termination site
were constructed. These downstream sequence mutants were
created by PCR with a degenerate primer YNANN (Fig. ID, Y
=C or T,N = G, A, C or T) and a reverse primer, the variantT8WT
was used as template for DNA fragment amplification. The
YNANN primer will theoretically create 128 mutants. The 110 bp
DNA fragments that may contain all the 128 different down-
stream sequence combinations were cut out from the PCR
amplified products with BamHI and then cloned into the BamHI
site of pTZ-PLSTa. The different downstream sequence com-
binations in each isolated clone was identified by sequencing. The
other set of mutants T8ACGAGA, T8ACCAGA and
T8ACAAGA, were also constructed by PCR with a primer that
has the nucleotides G, A or C mixed at the position indicated; the
variant T8A (also designated as T8AC7AGA) was used as template.

Figure 1. Schematic diagrams of plasmid DNAs pTZ19-PLSTvarTa and
structure of thra terminator RNA stem-loop and its variants. (A) The terminator
variants were constructed by inserting the various 110 bp BamHI DNA
fragments from pTZ-19T series, pTZ-19thr variants (13) and YNANN mutants
into the BamHI site of plasmid pTZ19-PLSTa (1). The sizes for transcripts
initiating at the 'PLS' promoter and terminated at the terminator variants (227
nt) or at the wild-type terminator (335 nt) were indicated. (B) The secondary
structure of the wild-type thra terminator is presented as the conformation that
maximizes potential base pairing. The RNA numbering system is same as in
Table 2 and the nucleotide positions are relative to the transcription initiation
site of T7 RNA polymerase as described previously (13). The changed bases
in each variant are indicated as italics and shown in Table 2. (C) The nested
deletion variants with shortened d(T) tract are shown. Five nucleotides located
downstream from termination release sites were deleted as indicated by dash
line. (D) The relative location of sequences changed for YNANN mutants is
shown. A degenerate primer contain mixed nucleotides are indicated by the
letter Y = C or T andN = G, A, T orC and the variant T8WT was used as DNA
template. The single base change for terminator variants T8ACGAGA,
T8ACAAGA and T8ACCAGA are shown.
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Table 1. Vectors and the thra terminator variants used in this study

Vectors or variants Characteristics Reference or source

TZ19T series Contains the nested deletion variants (13)

pTZl9 thr variants Contains the 14 variants in G+C rich and A+T rich regions (13)

pTZ19PLSTa Contains a chloroplast promoter and the wild-type thra terminator (1)

pTZ19PLSTvarTa All thra terminator variants in this study are cloned between the This work

chloroplast promoter and the wild-type thra tenninator

YNANN variants Contains the thra terminator variants with various downstream This work

sequences combinations

T8ACNAGA variants Contains four variants that each has only one base changed at the This work

position indicated

Analysis of in vitro transcripts

Transcriptionally active extracts of spinach chloroplasts were
prepared as previously described (1). Each standard in vitro
transcription reaction (40 g1) contained 12 mM Hepes-KOH
(pH 8), 40 mM KCl, 10mM MgCl2, 10mM DTT, 1 U/g1 RNase
inhibitor, 500jM ATP, UTP andCTP and 10 jiM GTP containing
10 jCi [a-32P]GTP (800 Ci/mmol, 10 ,uCi/4l; NEN, Dupont) and
the following components: one-tenth of the volume (4 pl) was
supercoiled or linearized DNA (0.4 jig) in 10 mM Tris-HCl
(pH 8), 0.1 mM EDTA and two-fifths of the volume (16 ,l) was
chloroplast RNA polymerase high-salt extract in DEAE buffer
[50 mM Tricine-KOH (pH 8), 50 mM KCl, 0.5 mM EDTA,
0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM
benzamidine, 5 mM s-amino-n-caproic acid, 5% (v/v) glycerol]
or 12.5 U of T7 RNA polymerase (in DEAE buffer). The DEAE
buffer contributed an additional 20 mM of KCI to the final
reaction volume. The in vitro transcription reaction was incubated
at 30°C (for chloroplast RNA polymerase) or at 37°C (for T7
RNA polymerases) for 60 min. The reaction was then stopped by
the addition of40 gl ofRNA extraction buffer [6M urea, 0.36M
NaCl, 20 mM EDTA, 10 mM Tris-HCl (pH 8) and 1% SDS].
E.coli tRNA (15 jg/reaction) was added as carrier and the in vitro
RNA extracted twice with phenol:chloroform and ethanol-pre-
cipitated. The nucleic acid pellet was rinsed once with cold 80%
ethanol, dried and resuspended in 80% fomamiide, 0.1% bromo-
phenol blue and 0.1% xylene cyanol. The in vitro transcription
products were analyzed by electrophoresis through 8% polyacryl-
amide-8.3 M urea DNA sequencing gels and subsequent
autoradiography.

Quantification of termination efficiency

The autoradiograms were scanned with an LKB Ultroscan XL
Laser Densitometer or the 32p in RNA-containing gel slices was
measured by liquid scintillation counting. Densitometry of
multiple autoradiographic film exposures was performed to
ensure that the autoradiographic signal was within the linear
response range of the film. Each dataset was corrected for
background and normalized according to the length and guanosine
composition of each tanscript. The data from multiple experi-
ments were expressed as the average value ± one standard error.
The number of repetitions for each experiment is indicated in the
tables. The termination efficiency for each variant was calculated
essentially as described by Chen (28). After the absolute efficiency

of termination for each variant was obtained, the termination
efficiency for each variant relative to the wild-type was calculated
(Table 2).

RESULTS

Transcription in vitro with thra tenrinator variants by
spinach chloroplast RNA polymerase

We used 21 thra terminator variants, including point substitutions
in the d(G+C) rich region of dyad symmetry, point substitutions
in the d(A+T) rich region (Fig. IB) and a set of nested deletions
in the poly(T) tract (Fig. IC) of the thra terminator to study
transcription termination by spinach chloroplast RNA polymer-
ase. Each thra terminator variant, consisting of a 110 bp BamHI
DNA fragment, was cloned into the BamHI site of plasmid
pTZ19-PLSTa to get the plasmids designated pTZ19-PLSTvarTa
(Fig. lA). Thus, each construct contained two terminator
sequences: (i) an altered thra terminator located at the BamHI
site, and (ii) immediately downstream, a wild-type thra termin-
ator (from the plasmid vector pTZ19-PLSTa) to serve as an
internal control (Fig. lA). The CsCl-prepared supercoiled
plasmid DNAs were used as DNA templates. Transcription
reactions and their products were analyzed as described in Materials
and Methods and the results are shown in Figure 2. All thra
teminator variants, no matter where the mutation was located,
decrased the amount of termination when compared with the
wild-tpe terminator (Fig. 2, lanes 2 and 3-16). Their relative
efficiencies of transcription tennination by spinach chloroplastRNA
polymerase and T7 RNA polymerase are presented in Table 2.
The wild-type thra-terminated RNAs (Twt) synthesized from

templates encoding the terminator variants in the d(A+T)-rich
region (131G, 1316UA, 160A, 160C and 160G) and variant
BD16, which does not create a mismatch in the G+C region of the
transcript, migrated at the same rate as the transcript fonmed by
the wild-type template (Fig. 2, lane 2 versus lanes 3-8). The
RNAs synthesized from variant 1316GC, which created one
potential GC base pair in the A+T-rich region and accordingly
increased the calculated helix stability, migrated more slowly
than the wild-type transcripts (Fig. 2, lane 9 versus lanes 2-8).
Conversely, the RNAs synthesized from the terminator variants
that caused mismatches in the G+C-rich hairpin region migrated
more rapidly than the transcript formed by wild-type template
(Fig. 2, lanes 10-16). These mobility anomalies have been
attributed to differences in stability of the RNA helices (13,16).
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Table 2. Relative termination efficiencies of thra terminator variants

Template Positions Base pair AG Spinach T7

altereda change kcal/molb %c %d

wild-type -23 looe loof
131G 93 AU - GU -22 77 ± 5 100

153A 115 CG - CA -16 48 ± 5 30

151A 113 CG -CA -17 43 ± 2 16

BDI6 98;117 CG -GC -23 29 ± 3 42

138U 100 CG - UG -21 28 ± 2 33
140A 102 CG- AG -17 26 ± 3 14
1316UA 93;122 AU- UA -23 20 ± 4 44
160A 122 AU-AA -21 18 ± 2 47

1316GC 93;122 AU - GC -25 15 ± 3 30

160C 122 AU - AC -21 13 ± 3 31

160G 122 AU- AG -21 12 ± 3 30

ADI 117 CG-CC -16 10 ± 4 9

BC10 98 CG-GG -16 <10 12

156AC 115 CG - CA

122 AU - AC -14 <10 9

aThe positions correspond to those shown in Figure 1.
bAG values were calculated according to Freier et al. (29).
cTranscription termination was calculated as described in the Materials and methods. Each data represents the average of three individual experiments.
dThese transcription termination data were derived from Jeng et al. (13).
eThe absolute termination efficiency is 63% (28).
fThe absolute termination efficiency is 43% according to Jeng et al. (13).

Our results confirm that calculated stability was well correlated
with relative mobility of the terminator variant transcripts (Fig. 2
and Table 2). The anomalous migrations we observed were

obtained for the transcripts produced by terminating at the Twt.
The transcripts that terminated at the variant terminators (Tvar)
migrated normally. In contrast, others have reported that the
anomalous migrations were observed in the smaller transcripts
due to the terminator variants, while the longer run-off transcripts
migrated normally (13,16). The presence of tandem hairpins, due
to the two terminators, may contribute to the different conforma-
tions observed in this study.

Termination with variants at the d(G+C)-rich hairpin
region

Seven variants (138U, 153A, 140A, 151A, BD16, BC1O and
AD1) in the d(G+C)-rich region were studied. The efficiency of
termination from these variants ranged from <10 to 48% of the
wild-type terminator. Among these variants, BD16, BC10 and
ADI existed in a slightly different sequence context than the
remainder of the constructions. In these three variants the
template poly(T) tract was shortened from 9 nucleotides (nt), as

it in the wild-type thra terminator, to 8 nt. The termination
efficiencies of two of these variants, BC1O (<10%) and ADI
(10%), were substantially less than those of other mismatch
variants 140A (26%), 153A (48%) and 151A (43%). It is
plausible that the decreased termination efficiencies in these
variants were due to both the mismatches in d(G+C)-rich region
and a one-T shortening of poly(T) tract length. However,
efficiencies of termination by both E.coli and T7 RNA polymer-
ase (13,16) and spinach chloroplast RNA polymerase (Fig. 3,

lanes T9WT versus T8WT, and Table 3) were unaffected by
changes in poly(T) template from 9-T to 8-T. Hence, the low
termination efficiencies for BC1O and ADI variants are more

likely due to the changes in the d(G+C)-rich hairpin and are
affected only slightly by the length of the poly(T) tract. The
mismatch variants (140A, 153A, 151A, BC1O and AD1)
destablize the helix and decrease termination, suggesting that
helix integrity in the stem of the stem-loop structure is necessary
for efficient termination.

Table 3. The termination efficiency of the thra terminator variants
transcribed with chloroplast or T7 RNA polymerase

Variants Composition of Termination efficiency %a

downstream sequences Chloroplast T7

T9WT T9CGACT 62.6 ± 4.0 64.4 ± 2.4

T8WT T8CGACT 61.8 ± 4.5 63.3 ± 1.6

T8ACTAGA T8CTAGA 9.2 ± 1.1 63.2 ± 1.9

T8ACGAGA T8CGAGA 54.4 ± 3.7 65.1 ± 1.6

T8ACAAGA T8CAAGA 8.4 ± 1.3 62.3 ± 0.8

T8AC_AGA T8CCAGA 11.7 ± 2.9 58.9 ± 2.0

aTranscription termination was calculated as described in the Materials and
Methods. Each data represents the average of three individual experiments.

To study the relationship between the termination efficiency
and helix integrity, stability values were calculated by the method
ofFreier et al. (29). These calculations indicated that although the
variants 138U (stability =-21 kcal/mol) and 140A (-17 kcallmol)
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Figure 2. In vitro transcription of the thra stem-loop terminator variants and
the poly (T) tract shortened variants with chloroplast RNA polymerase. The
transcripts were prepared and analyzed as described in Materials and Methods.
The transcripts terminated at the terminator variants (Tvar) and at the wild-type
terminator (Twt) are indicated. Lane 1, no DNA; lane 2, wild-type (T9WT)
terminator located atthe Tvar site; lane 3, 1316UA; lane 4, 13 1G; lane 5, BD16;
lane6, 160A;lane7, 160C;lane8, 160G;lane9, 1316GC;lane 10, 156AC;lane
I1, BC1O; lane 12, 138U; lane 13, 140A; lane 14, l51A; lane 15, 153A; lane
16, AD1; lanes T8, T6, T5, T4, T3, T2, T1 are 8, 6, 5, 4, 3, 2, 1 deoxyadenosine
variants, respectively.

are thermodynamically stable, they have low termination effi-
ciencies, whereas the variants iSlA (-17 kcal/mol) and 153A
(-16 kcallmol) with similar or lower stability, have much higher
termination efficiency (Table 2). These finding indicated that
there is no direct correlation between the decrease in helix
stability and the decrease in termination efficiency. In addition,
the variants 138U and 140A, which have their sequences altered
at positions #100 and #102, respectively, had lower termination
efficiencies than the variants 151A and 153A with the same
mismatch base pairing but with their sequences altered at
positions #113 and #115 on the opposite side ofthe stem structure.
This finding indicated that not only the mismatch but the
sequence itself influenced termination. Consistent with this
interpretation, the variant BD16, that forms an inverted GC base
pair and has the same calculated stability value (-23 kcal/mol) as
the wild-type, had a termination efficiency of only 29% of the
wild-type value.

Termination with variants at the d(A+T)-rich region

Seven variants that have sequences altered in both the runs of
(dA) and (T) residues were used to determine the effects of
changes in the sequence of the d(A+T) rich region of the thra
terminator (Fig. 1B). Three variants (160A, 160C or 160G),
which disrupted the T tract (U tract in transcript) by substituting
A, C or G for U at position 122, decreased termination to ' 18%
of the wild-type value (Table 2). Two variants, 1316UA and
1316GC, which change both theA and U stretches at positions 93
and 122, respectively, allow base pairing at this site; they
nevertheless decrease termination efficiencies. The termination
efficiency of 1316UA (20%) is nearly the same as that of 160A
(18%), which contains a substitution of A with U at position 122
that creates a mismatch. Similarly, variant 160C, which disrupts
the poly-U tract and creates a mismatch, terminates with the same
efficiency as does the variant 1316GC. In addition, the variant
131G that changes A to G at position 93 in the poly-A tract has

Figure 3. In vitro transcription of the thra terminator variants T9WT, T8A and
T8WT with chloroplast RNA polymerase. Lane M: 4X174-Haeml molecular
size standards. The lengths of denatured DNA size standards are shown as well
as the positions of the transcripts that terminated at the terninator variants
(Tvar) and at the wild-type terminator (Twt). The transcript in lane PLSTa,
which contain only a wild-type tenninator as described in Chen and Orozco (1),
is the transcript that terminates at the wild-type terminator.

a minor effect on termination. These results indicate that the
poly-U stretch plays a major role in termination efficiency and
that the base pairing between the A and U tract of the transcript
does not play a crucial role in termination.
Another variant (156AC), which contains two AC mismatches,

one in the G+C-rich region (as in 153A) and one in the A+T-rich
region (as in 160C), decreases termination to barely detectable
levels suggesting that the two base changes may independently
contribute to disrupting termination.

Effects of the length of T tract and of the variants T8A
and T8WT

Lynn et al. (16) reported that the length of the deoxyadenosine
tract of the template, encoding the stretch of uridines at the 3' end
of the transcript, affects the termination efficiency with E.coli
RNA polymerase. A series of nested deletion variants that
successively shorten the deoxyadenosine tract in the terminator
template (13 and Fig. IC) were used to test their function with
chloroplast RNA polymerase. The nested deletion variants exist
in a slightly different sequence context than does the wild-type
construction. In all of the nested deletion variants, the sequence
of 5 deoxynucleotides that immediately following the template
deoxyadenosine tract in the wild-type, d(CGACT), were deleted
as a result of the cloning procedures (13). In this study, we have
cloned these nested deletion variants of the thra terminator in a
series ofplasmids that also contains the wild-type thra terminator
immediately downstream as the internal control (Fig. lA). The
results of successively shortening the run of deoxyadenosines in
the terminator template are shown in Figure 2 (lanes T8-Tl).
There was only a background level of termination at Tvar for
variant T8, and no detectable signal for any of the other shortened

31*-
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T variants, while the wild-type thra terminator at Twt terminated
transcription normally (Fig. 2, bands Twt). Although these data
might be explained by extreme sensitivity of the chloroplast
enzyme to a shortened T tract, the variant BD16, which also
contained a shortened 8-deoxyadenosine tract, had a termination
efficiency of -29% of the wild-type value. BD16 differed from
the deletion mutants, however, in that its sequence downstream
of the poly-T was intact. Taken together, the loss of termination
function in these nested deletion variants with chloroplast RNA
polymerase could be attributed to the combination of changes in
the 5 deoxynucleotides immediately downstream from the
transcription termination site as well as the shortened T tract.
To test how the downstream sequences affect the termination

efficiency, a variant T8WT, which contain the wild-type down-
stream sequences and 8 deoxyadenosine tract, was used along
with a T8 variant, one of the nested deletion variants which
contained 8 deoxyadenosine tract and has 5 deoxynucleotides
CGACT deleted (we have renamed this variant T8A for easy
comparison; Fig. ID). These two variants contain an identical
structure in the d(G+C)-rich region and the T tract. The only
difference between them is that in T8A the sequence CGACT has
been deleted resulting in the T8 tract being adjacent to the
sequence CTAGA (Fig. ID). T8WT had about the same
efficiency of termination as T9WT (Fig. 3 and Table 3), whereas
no detectable termination was observed for T8A. The wild-type
thra terminator, that acts as an internal control, functioned
normally (Fig. 3). Therefore, changes of deoxynucleotides down-
stream from the transcription termination site were probably
responsible for the decrease in the termination efficiency between
T8A and T8WT. Such changes can also explain why the
chloroplast enzyme failed to terminate at Tvar in the nested
deletion variants which lacked the 5-nt downstream sequence
(Fig. 2, lanes T8-T1).

In Figure 3, the transcripts that terminate at the wild-type thra
terminator (Twt) with T8A template migrated more rapidly and
were more abundant than the transcript terminated at templates
T9WT and T8WT. The smaller product could be due to the 5 nt
deleted in the Tvar region, and its greater abundance was likely
due to the lack of any transcript termination at the Tvar
terminator, causing more transcripts to terminate at Twt.

Downstream sequence affects termination in a
sequence-specific manner

The 3' ends of the transcripts produced by chloroplast RNA
polymerase at the thra terminator corresponded to the 7th or 8th
deoxyadenosines downstream with respect to the d(G+C)-rich
region (1,31). This site of termination was essentially the same as
that produced by E.coli RNA polymerase. When the sequences
downstream from termination site in the wild-type (T8WT) and
the deletion variant (T8A) are compared, only 3 out of 5 nt are
different (CGACT versus CTAGA). Thus, it becomes of interest
to investigate further how these downstream sequences affect the
termination efficiency. To address this question, we introduced
several mutations within these 5 nt by PCR with a degenerate
primer YNANN (Fig. ID, Y = C or T, N = G, A, C or T). DNA
fragments amplified with PCR were isolated and cloned into the
BamHI site of pTZ-PLSTa as described in Materials and
Methods. More than 80 transformants that contained various
sequences in this 5-nt region were identified and tested in vitro for
transcription termination by chloroplast RNA polymerase.
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Figure 4. In vitro transcription of the thra terminator YNANN variants with
chloroplast RNA polymerase. Transcription results of some of the YNANN
variants are shown. The sequences composition for each YNANN variants is
shown on top of each lane. Other designations, see the legend to Figure 3.

Examples ofthe transcription results are shown in Figure 4. These
results indicate that when G appeared in the second nucleotide of
this region, transcription terminated efficiently, whereas any
other ofthe 3 nt (A, C, T) in the second position failed to terminate
(Fig. 4). A mutant that contained a 10-T tract (2 additional Ts)
terminated to some extent, but less efficiently than CGNNN-
containing templates. In contrast, mutants having those variations
in the 4th or 5th nucleotide contributed no significant effect on
termination under the standard reaction conditions.

Changing T to G in T8A restores the termination
efficiency to near wild-type value

To demonstrate further that the nucleotide located in the second
position after the poly(T) tract plays an important role in
transcription termination, we constructed three variants designated
T8ACGAGA, T8ACAAGA and T8ACCAGA in addition to the
original variant, T8ACTAGA (Fig. ID). Their sequences were
confirmed to be identical except at the nucleotide underlined (Fig.
ID). These three variants along with T8ACIAGA (the same as
T8A) were subjected to in vitro transcription by chloroplast RNA
polymerase (Fig. SA) or T7 RNA polymerase (Fig. SB). The
results (Fig. SA) indicated that with chloroplast enzyme the
variantT8ACGAGA had a termination efficiency nearly the same
as the wild-type construct, whereas the original template clone
T8ACTAGA and the other two variants T8ACAAGA and
T8ACCAGA had very inefficient or undetectable termination
efficiency. These results clearly demonstrate that the G nucleotide
in the second position of the downstream sequence plays an
important role in termination efficiency. Whereas T7 RNA
polymerase is not influenced by the specific nucleotide present at
this position (Fig. SB and Table 3).

DISCUSSION

The transcription termination model of the factor-independent
terminator for E.coli RNA polymerase proposed by Yager and
von Hippel (6,7) required the d(G+C)-rich hairpin and the
downstream poly(T) tract for efficient termination (6,8,30).
Requirement of a stable G+C hairrpin has been demonstrated for
E.coli (16,34) and T7 (13,14) RNA polymerases with various

,-a ivaF



4696 Nucleic Acids Research, 1995, Vol. 23, No. 22

A IT RNA pdymerase

..<
CD z O(o C:

C .)
T

X~ a, co a

__-TTwl

i

Om Om

;8

-TvarI

Figure 5. In vitro transcription of the thra tern
T8ACNAGA with chloroplast orT7 RNA polym
T8ACTAGA, T8AC-jAGA, T8ACAAGA, T8A
with (A) chloroplast or (B) 17 RNA polymer
nucleotide changed for each variants are show
designations, see the legend to Figure 3. For the
template T8ACTAGA gave less Twt transcript th,
with template T8ACTAGA in Fig. 3); however,
absence of Tvar transcript, is as before.

terminator mutants that destroy the heli,
the hairpin structure. However, the rol
dA-rU base pairs in the transcription cc

into question by the findings that functi(
as short as two base pairs (32) and ti
terminators that lack the poly(T) tract (

In this study, using chloroplast RNA r
even thouigh mutations that alter helix in
G+C-rich hairpin region can decrease
there is no consistent correlation b
efficiency and helix stability (Table 2).'
with previous observations for termin
enzyme using different E.coli terminat
stabilities (1). Transcription by T7 RI
same thra terminator variants (13) use
vivo study of the tR2 terminator of colip]
that factors in addition to helix stability
termination.
The lack of direct correlation betv

termination obtained in this study impli
helix stability might be involved in tei
example, variant 138U (-21 kcallmol) (
100 to U to give a UG base pair and
efficiency value of 28%, whereas vari
changes this CG base pair to a CA misri
a 48% termination efficiency. Anothc
different termination efficiency occuI

(26%) and 151A (43%). Both have their
same base pair positions (position 102 a
IB) and have the same calculated helix
These observations vividly demonsate
the G+C-rich region can also influen
chloroplast enzyme. However, the resu

plast RNA polymerase are slightly diffi

i RNA 2oymexb with T7 RNA polymerase (13 and Table 2). In that study, using
T7 RNA polymerase, the termination efficiency of 138U is
similar to that of 153A; likewise, the termination efficiency of

~ ':F , <.140Ais similar to that of 151A (Table 2). Therefore, the
differences in termination in these mutants can be attributed to

- _ 9 F W differences between chloroplast RNA polymerase and T7 RNA
polymerase.

In addition to the G+C-rich hairpin, the roles of sequence
_ - * telements of the poly(T) stretch and poly(A) tract preceding the

hairpin that might affect the termination efficiency of thra
___0v__ ~ ~'r terminator have also been rpored with E.coli (16,34) or T7

(13,14) RNA polymerases. In transcription by T7 RNA
polymerase, mismatches in the G+C-rich region (variants 140A,
l51A, ADI, BC10, 138U and 153A) resulted in lower termina-

tion efficiencies than observed in the variants (160A, 160C,
160G, 1316UA and 1316GC), which contained a mismatch in the
A+T-rich region (Table 2). In contrast, the results with the

ninator variants derived from chloroplast enzyme reveal that three mismatch variants 140A,
ierase. Transcription results of 151A, 153A and variant 138U in the G+C-rich region had
iCCAGA and T8WT, T9WT
rase are shown. The specific terminaton efficiencies of 2648%, whereas the variants (160A,
n on top of each lane. Other 160C, 160G, 1316UA and 1316GC) that each has an altered
experiment shown in (A), the nucleotide in the middle of T tract terminated transcription with
an usually observed (compare efficiencies between 12 and 20% (Table 2). These observations
the qualitative result, i.e., the indicate that, in general, mutations located at the T tract region

affect termination efficiency by the chloroplastenzyme more than
mutations located in the G+C-rich hairpin.

Studies with the nested deletion variants have been reported
K integrity and destabilize with E.coli (16) and T7 (13) RNA polymerases. The results
e of the instability of the indicated that with the T7 enzyme, templates with a (dA) tract of
amplex has been brought four or fewer fail to terminate transcription, whereas templates
Dning dA-rU runs may be with a deoxyadenosine tract of 25 increase the termination
iat there are very strong efficiency from 30% (T5) to 90% (T8) of the wild-type value
33). (13). Termination with the T8 construct is similar to that with the
xolymerase, we show that wild-type T9, suggesting that the sequences immediately down-
itegrity and stability in the stream from the transcription termination site do not greatly affect
e termination efficiency, termination with T7 RNA polymerase (13). This view is
etween the termination supported further by transcription with the T7 enzyme of variants
This finding is consistent T8ACGAGA, T8ACTAGA, T8ACAAGA, T8AC-CAGA (Fig.
iation by the chloroplast SB and Table 3); the YNANN mutants (data not shown); and the
tors having varying helix wild-type ofT8WT and T9WT (Fig. SB and Table 3). In contrast
N4A polymerase with the with E.coli or T7 RNA polymerase, the spinach chloroplastRNA
d in this study and the in polymerase had little or no termination with any of the shortened
hageX (35) demonstrated T tract variants (Fig. 2, lanes T8-T1). Sequences downstream
are necessary for efficient from the termination release site, however, were crucial for

termination efficiency. An observation with E.coli RNA poly-
veen helix stability and merase also showed that the sequences between 3 and 7 nt
ies that factors other than downstream of the T7Te terminator release site affected the
rmination efficiency. For strength of that terminator (r7). However, the sequence
converts the C at position requirement for transcription termination with chloroplast RNA
results in a ternination polymerase is much more specific than that with E.coli RNA

ant 153A (-16 kcaIlmol) polymerase. Tenmination efficiency with the chloroplast enzyme
iatch and surprisingly has was largely influenced by a single nucleotide at a defined position.
Dr example with a quite Several plausible mechanisms explain how sequences down-
rred with variants 140A stream from the release sites could affect termination effciency.
sequences changed at the Transcriptional pausing during transcription may play a role in
and 113, respectively, Fig. inducing termination, and several reports demonstrate that certain
c stability (-17 kcal/mol). pause sites are encoded by sequences distal to the site ofthe pause
that the sequence itself in (36,37). Therefore, the specific downstream sequences that are
ice the termination with responsible for the termination efficiencies in this study could be
ilts obtained with chloro- those that induce the RNA polymerase to pause and thus to
erent from those reported enhance termination. Since transcriptional elongation requires



Nucleic Acids Research, 1995, Vol. 23, No. 22 4697

opening of the DNA double helix, the downstream sequences
might also function by affecting the ability of the two DNA
strands to be separated during elongation (17).
Levin and Chamberlin (36) have reported that transcriptional

pausing can be determined by efficiency with which polymerase
utilizes its nucleotide substrates. The utilization of nucleotide
substrates is sequence-dependent and the sequence-dependent Ks
(dissociation constant) differences have been estimated to vary up
to 500-fold (36). The mechanism that determines the sequence-
dependent Ks differences for pausing is unknown; however,
changing nucleotide concentrations in the transcription reaction
affects the termination efficiencies of various terminators with
E.coli RNA polymerase (33). Telesnitsky and Chamberlin (17)
also reported that sequences downstream of T3Te affect
termination efficiency dramatically as a function ofthe nucleotide
concentrations. Therefore, it is possible that specific downstream
sequences of the thra terminator affect the ability of chloroplast
RNA polymerase to utilize substrates efficiently when it is paused
at the hairpin, and consequently alter its termination efficiency.
Based on the model for transcription termination of Nudler et

al. (27), the downstream sequences that are covered in the
transcription complex may also function as inchworming signals
to induce the termination possibly in conjunction with the poly(T)
tract. The specific downstream sequences that affect the termina-
tion of chloroplast RNA polymerase may also act as a site for
binding to the RNA polymerase, providing the front-end signal
that halts the 3' edge of the transcription complex to facilitate
inchworming and termination.
The chloroplast RNA polymerase used in this study is only

partially purified and contains proteins other than those strictly
required for transcription. Thus, it is possible that protein factors
recognizing the downstream sequences might be involved in
termination. Further investigation will be required to explore this
possibility and the effects of nucleotide concentration variations.

In conclusion, this study demonstrates how changes in sequence
and secondary structure can affect the way chloroplast RNA
polymerase recognizes a classic rho-independent terminator. In
Chlamydomonas chloroplast DNA, stem-loop structures can
function as transcription terminators in vivo (4). This report
demonstrates, by site-directed mutagensis, the importance of a
stem-loop structure for transcription termination by a higher
plant chloroplast RNA polymerase. In many cases the spinach
enzyme responded like the E.coli and T7 RNA polymerases to
variations in terminator sequence and secondary structure.
However, in addition to helix stability, the specific sequence of
the stem-loop was important for termination efficiency by the
chloroplast RNA polymerase. Unexpectedly, we also observed
that efficient termination by the spinach enzyme was critically
dependent on sequence downstream from the thra termination
site, in particular, on the presence of guanosine as the second
nucleotide 3' to the oligo-dT tract.
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