
JOURNAL OF BACTERIOLOGY, OCt. 1988, p. 4681-4692 Vol. 170, No. 10
0021-9193/88/104681-12$02.00/0
Copyright © 1988, American Society for Microbiology

In Vivo Analysis of puf Operon Expression in Rhodobacter
sphaeroides after Deletion of a Putative Intercistronic

Transcription Terminator
BRADLEY S. DEHOFF,lt JEONG K. LEE,' TIMOTHY J. DONOHUE,2

RICHARD I. GUMPORT,3 AND SAMUEL KAPLAN'*
Departments of Microbiology' and Biochemistry,3 University of Illinois at Urbana-Champaign, Urbana, Illinois 61801,

and Bacteriology Department, University of Wisconsin, Madison, Wisconsin 537062

Received 31 May 1988/Accepted 7 July 1988

The intercistronic region of the mRNA derived from the pufoperon of Rhodobacter sphaeroides is capable of
forming two stable stem-loop structures, the first of which resembles a factor-independent transcription
terminator. A puf operon construction lacking the putative transcription terminator was made in vitro and
crossed into the chromosome of R. sphaeroides PUFB1 to yield a single chromosomal copy in the terminator-
deleted strain. The mutant strain, designated PUFA348-420 which was otherwise isogenic with the wild-type
strain 2.4.1, showed a normal growth rate at high light intensity compared with the wild type, with the levels
of the B875 and reaction center spectral complexes being approximately 7% and 25%, respectively, of those
found in the wild type. The deletion mutation correlated with a reduction in the size of the fixed photosynthetic
unit from 15:1 in the wild type to 4:1 in the mutant. The level of the B800-850 complex was increased
approximately twofold in the mutant strain. However, substantial amounts of the B875 and reaction center
polypeptides were not incorporated into spectrally active complexes, suggesting the importance of other factors
in the assembly of these complexes. Removal of the intercistronic stem-loops resulted in increased readthrough
of the puf operon terminator to regions downstream, as well as altering the stability of the resulting puf
operon-specific transcripts. A model is proposed which links ribosome stalling within the open reading frame
K leader region of the puf operon transcript with chain termination.

Rhodobacter sphaeroides is a purple nonsulfur photosyn-
thetic bacterium capable of growth under diverse physiolog-
ical conditions, including both chemoheterotrophic and pho-
toheterotrophic growth. When growing photosynthetically,
R. sphaeroides synthesizes an intracytoplasmic membrane
system that contains all the necessary components for pri-
mary photochemistry. These include the B800-850 and B875
light-harvesting complexes that function to absorb light
energy and transfer it to the reaction center (RC) (31). The
ratio of the B800-850 to RC complexes found in isolated
intracytoplasmic membrane varies inversely with the inci-
dent light intensity used for growth, whereas the ratio of
B875 to RC is fixed at approximately 15:1 and is independent
of light intensity (1).
The genes encoding the B875 polypeptides, as well as the

RC-L and RC-M polypeptides, have recently been identified
and are clustered in a transcriptional unit, designated the puf
operon (20, 47, 48). The genes encoding the B875 a and a
polypeptides, pufB and pufA, respectively, are proximal to
the genes encoding the RC-L and RC-M polypeptides, puff
and pufM, respectively.

Recently, an open reading frame (ORF) (designated pufX)
located immediately downstream of pufM and capable of
encoding an 82-amino-acid polypeptide has been sequenced
(J. K. Lee, B. S. DeHoff, R. Gyure, T. J. Donohue, R. I.
Gumport, and S. Kaplan, manuscript in preparation). One
transcript of 0.5 kilobases (kb) derived from the puf operon
encodes the structural genes for the B875 1 and a polypep-
tides. A larger transcript of 2.6 kb, recently identified as
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t Present address: Eli Lilly and Company, Lilly Corporate Cen-

ter, Indianapolis, IN 46285.

being approximately 2.7 kb by sequence analysis and S1
nuclease mapping (Lee et al., in preparation), also encodes
the B875 1 and a polypeptides, as well as the distal RC-L
and RC-M polypeptides (53), and it includes the pufX ORF.
Additionally, a third minor transcript, of 0.7 kb, terminating
within the proximal region of the puff gene has been
detected. The ratio of the 0.5-kb transcript to the 2.7-kb
transcript is between 8:1 and 15:1 under photosynthetic
conditions and has been attributed to transcriptional regula-
tion (53). The ratio of B875 to RC complexes under photo-
synthetic growth conditions would thus be regulated at the
transcriptional level.

In addition to transcriptional control, the steady-state
levels ofmRNA species depend on the stability of mRNAs in
procaryotes, which may be enhanced by the presence of
regions of dyad symmetry capable of forming strong RNA
stem-loop structures at their 3' ends (36). Such regions have
also been proposed to stabilize upstream mRNA derived
from the degradation of a larger transcript (40). Additionally,
G+C-rich stem-loop structures followed by uracil residues
may act as rho-independent transcription terminators (2).
The intercistronic region between pufBA and pufLMX con-
tains two potential stem-loop structures, one of which re-
sembles a rho-independent transcription terminator with a
G+C-rich hairpin followed by the sequence -ATTC- (Fig. 1)
(53).
We have deleted the putative transcription terminator

residing in the intercistronic region of the puf operon from
the chromosome of R. sphaeroides and have shown that the
stability and ratios of the resulting puf-specific transcripts
have changed during steady-state photoheterotrophic
growth. We have also examined the physiological effects of
this deletion on the light-harvesting and RC spectral com-
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FIG. 1. Diagram of the proposed RNA secondary structures of the pufoperon intercistronic region and a deleted derivative. (A) The upper

portion shows the location of the relevant genes of the puf operon. The lower portion is the RNA sequence depicting the proposed
intercistronic stem-loop structures. Restriction endonuclease recognition sites for the corresponding DNA sequence are also shown. (B)
Proposed RNA secondary structure when the 73-bp NaeI-BssHII fragment is deleted. An ApaI restriction endonuclease recognition site was
created when the filled-in BssHII site and the Nael site were joined. The Gibb's free energy value for each proposed RNA stem-loop was

calculated by the methods of Tinoco et al. (43). The proposed Shine-Dalgarno sequence for the pufL gene is shaded.

plexes and have quantified the amount of individual proteins
present in the membrane by Western immunoblot analysis.
Our results support the hypothesis that the proper stoichi-
ometry of puf mRNAs provides the proper ratio of spectral
complexes to functional RCs.
We also propose that the more 5' proximal of the two

stem-loop structures lying between pufBA and pufLMX acts
as a transcription terminator when ribosome movement is
uncoupled from RNA transcription. Readthrough of this
terminator is proposed to occur when ribosome movement
and RNA transcription proceed in tandem, but termination
occurs when these processes are uncoupled due to ribosome
stalling.
(A preliminary report of this work has been presented

[B. S. DeHoff, J. K. Lee, T. J. Donohue, and R. I. Gumport,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1988, H-106, p.
162].)

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacte-
rial strains and plasmid vectors are described in Table 1. R.
sphaeroides strains were grown either chemoheterotrophi-
cally, photoheterotrophically, or under low oxygen condi-
tions as previously described (10, 14, 27); special care was

taken for RS103 growth (23). Cell growth was monitored by
using a Klett-Summerson colorimeter (no. 66 filter) as de-
scribed previously (41).
When necessary, kanamycin and tetracycline were added

to Sistrom succinic acid minimal medium A (SSM) at final
concentrations of 25 and 1 ,ug/ml, respectively, for selective
conditions during growth of R. sphaeroides containing anti-
biotic resistance determinants. E. coli strains were grown at
37°C in Luria broth (28). Ampicillin and tetracyline (final
concentrations, 25 and 15 p.g/ml, respectively) were added to

A
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TABLE 1. Bacterial strains and plasmids
Source orStrain or plasmid Relevant characteristic(s) rcereference

E. coli
S17-1 Pro- Res- Mod' recA, integrated plasmid RP4-Tc::Mu-Km::Tn7 38
JM83 ara A(lac-proAB) strA thi 480 lacZAM15 33

R. sphaeroides
2.4.1 Wild type 44
RS103 RS2 derivative (B875-) 31
PUFB1 2.4.1 derivative (Puf- ORF Q-) Kmr 10
PUFA348-420 2.4.1 derivative (deletion 348 to 420 bp from start of pufl) This study

Plasmids
pUC8 Apr 45
pUC19 Apr 50
pRK404 Tcr 11
pBS Apr, pUC19 with T3 and T7 promoters flanking polylinker Stratagene
pUI710 Apr, pUC19/PstI,KpnI 1.30-kb PstI-KpnI (+)a 20
pUI580 Tcr, pRK404/PstI, 4.50-kb PstI (-) This study
pUI581 Tcr, pRK404/PstI, 4.50-kb PstI (+) This study
pUI900 Apr, pUC19/PstI,KpnI, 1.23-kb PstI-KpnIj(A&)b (+) This study
pUI902 Apr, pUC19/PstI,c 4.43-kb PstI-(A) (+) This study
pUI904 Apr, pUC8/PstI, 4.50kb PstI (-) This study
pUI909 Tcr, pRK404/PstI, 4.43-kb PstI-(A) (+) This study
pUI910 Tcr, pRK404/PstI, 4.43-kb PstI-(A) (-) This study
pUI655 Apr, pBS/HincII, 0.48-kb Styld (-)e This study
pUI662 Apr, pBS/HincII, 0.29-kb AluI-PvuII ()e This study
pUI658 Apr, pBS/SmaI,SalI, 0.48-kb PvuII-SalI (-)e This study
pUI663 Apr, pBS/SmaI, 0.49-kb NcoI-SmaI (+)e This study
a (+), puf operon orientation is in the same direction as lac promoter; (-), opposite orientation.
b (A) denotes the 73-bp NaeI-BssHII fragment deleted from puf intercistronic region.
C pUI902 does not contain the complete pUC19 polylinker (see Materials and Methods for the construction).
d 5' overhangs were made blunt with DNA polymerase Klenow fragment.
efor pBS derivatives, (+) plasmid was linearized with HindlIl and RNA probes were synthesized with T7 RNA polymerase; (-) plasmid was linearized with

EcoRI and RNA probes were synthesized with T3 RNA polymerase.

E. coli cultures carrying plasmids encoding these drug
resistance genes. When necessary, 5-bromo-4-chloro-3-in-
dolyl-p-D-galactopyranoside (X-Gal) and isopropyl-p-D-thio-
galactopyranoside (IPTG) were added at final concentrations
of 40 p.g/ml and 40 ,uM, respectively, when screening plas-
mid inserts for the absence of a-complementation.

Isolation of nusleic acids. Preparation of R. sphaeroides
2.4.1 genomic DNA has been described elsewhere (34).
Highly purified plasmid DNA was isolated from E. coli JM83
(9) by the relaxation gradient method (17).

Triton X-100 lysates were prepared essentially as de-
scribed by Maquat and Reznikoff (29). DNA was purified in
a cesium chloride gradient formed by centrifugation in an 80
Ti rotor with Quick-Seal polyallomer centrifuge tubes
(Beckman Instruments, Inc., Palo Alto, Calif.) at 20°C in a
Sorvall RC80 ultracentrifuge (Du Pont Co. Biotechnology
Systems, Wilmington, Del.) in step mode for 16 h at 57,000
rpm followed by a 1-h relaxation of the gradient at 40,000
rpm. Following centrifugation, fractions containing plasmid
DNA were collected from the gradient and purified as
described (28).

Small-scale plasmid preparations were obtained by the
alkaline sodium dodecyl sulfate lysis method (4).

Genetic manipulations. E. coli strains were transformed
with plasmid DNA by the method of Cohen et al. (8). The
vector pRK404 (11) -and its derivatives were introduced into
R. sphaeroides by using the conjugation procedures previ-
ously described by Davis et al. (10).

Screening of exconjugants for sensitivity to RS1 bacterio-
phage. Exconjugants were screened for sensitivity to R.
sphaeroides-specific RS1 bacteriophage by using the method

of Donohue et al. (12) to confirm that all strains used in this
study were R. sphaeroides.

Analysis ofDNA samples and recombinant DNA techniques.
Restriction fragments were separated by electrophoresis on
1.0% agarose or 5.0% polyacrylamide gels as described (9)
and sized by using known standards (39). DNA fragments
were purified from both agarose and acrylamide gels by
electroelution followed by ethanol precipitation. Filling in of
protruding 5' ends to produce blunt ends and ligations of
DNA fragments were performed as described (28).
The stem-loop structures within the intercistronic region

of the puf operon were deleted by removing.a 73-base-pair
(bp) NaeI-BssHII restriction fragment from pUI710, filling in
the 5' overhang of BssHII, and ligating the blunt ends which
formed an ApaI restriction site (Fig. 1). We confirmed the
construction by restriction analysis; i.e., the joined ends
were cleaved with ApaI (data not shown). A 4.5-kb PstI
fragment containing the pufoperon was cloned into the PstI
site of pUC8, with the direction of the pufoperon opposite to
the direction of the lac promoter, pUI904. The EcoRI site in
the polylinker of pUI904 was cleaved, and the linearized
plasmid was partially digested with KpnI. The 3.2-kb KpnI-
EcoRI fragment from pUI904 was isolated and inserted
between the KpnI and EcoRI sites of pUI900, and the
structure of this plasmid, pUI902, was confirmed by restric-
tion analysis (data not shown). The PstI fragment from
pUI902 was isolated and cloned into the PstI site of pRK404
to yield pUI910, which contains the terminator-deleted puf
operon in the opposite orientation with respect to the lac
promoter.

Southern hybridization analysis of genomic DNA. Radioac-
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tively labeled restriction fragment probes were prepared for
Southern hybridization analysis as described previously by
using [a-32P]dCTP (14). Southern blots were performed by
using the capillary transfer method (9) as described by
Donohue et al. (14).
RNA isolation and quantitation. Total RNA was extracted

from 600-ml cultures of mid-exponential-phase (cell density,
6 x 108 cells per ml) photosynthetically growing (100 W/m2)
R. sphaeroides as previously described (52), except that
rifampin was added to the cultures to a final concentration of
50 pg/ml to prevent transcription initiations during isolation.
For mRNA half-life determinations, rifampin was added to
the cultures at a final concentration of 200 p.g/ml. Portions
(25 ml) were removed at various time intervals and proc-
essed for total RNA (21, 53). RNA was quantitated by the
method of Mejbaum (32).
Northern (RNA) hybridization analysis. Strand-specific,

32P-labeled RNA probes were synthesized from linearized
and purified pBS plasmids (Table 1) in an in vitro transcrip-
tion assay as specified by the manufacturer (Stratagene Inc.,
La Jolla, Calif.). Following transcription, the DNA tem-
plates were removed by treatment with 5 U of RQ1 DNase
(Promega Biotec, Madison, Wis.). Unincorporated [cx-
32P]CTP was separated from the labeled fragments by using
a spun column (28).

Analysis of mRNA by Northern (RNA) hybridization was
performed by using 2 ,ug of total RNA which was denatured
with glyoxal (42), separated on a 1.0% agarose gel (10.0 mM
recirculating phosphate buffer [pH 7.0]), and transferred
onto a nylon membrane (Nytran Modified Nylon-66; pore
site, 0.45 FLm; Schleicher & Schuell, Inc., Keene, N.H.) with
an electroblot apparatus (Polyblot; American Bionetics Inc.,
Hayward, Calif.) as specified by the manufacturer. Approx-
imate sizes of the mRNAs were estimated by using ethidium
bromide-stained RNA ladders (Bethesda Research Labora-
tories Life Technologies, Inc., Gaithersburg, Md.) which
had been treated as above. For quantitation, the area of the
membrane filters corresponding to hybridized mRNA was
excised and counted for radioactivity as previously de-
scribed (52).
RNA half-life measurements were performed by denatur-

ing 50 ng of RNA with formaldehyde as described (46),
except that 0.1 M sodium phosphate (pH 6.8) was used as the
buffer, and the RNA was transferred to nylon membranes
(Nytran; Schleicher & Schuell) by using a slot format
blotting apparatus (Bio-Dot Slot Format; Bio-Rad Laborato-
ries, Richmond, Calif.) as specified by the manufacturers.
Quantitation of hybridized [t_-32P]CTP-labeled strand-spe-
cific RNA probe was determined by scintillation counting as
described above.

Low-temperature absorption spectral analysis. Low-tem-
perature absorption spectra of membrane fractions from
photosynthetically grown R. sphaeroides strains were re-
corded as previously described (19). The amount of func-
tional RC was measured as described (37) in 20 mM 3-(N-
morpholino)propanesulfonic acid (MOPS)-100 mM KCl (pH
7.0), with 10 FM valinomycin and 5 F.M 2-undecyl-3-hy-
droxy-1,4-naphthoquinone. The Eh was adjusted to ca. 150
mV by the addition of sodium ascorbate. An extinction
coefficient of 29.8 mM-1 cm-' was used for quantitation of
RC (15).

Cell fractionation and Western immunoblot analysis. Mem-
brane and soluble fractions were prepared from exponen-
tially grown photosynthetic cells by the methods of Chory et
al. (7). Electrophoresis and transfer of the B875-ac polypep-
tides were performed as previously described (23). Similar

conditions were used for the RC-M and RC-H polypeptides,
except that these proteins were transferred from the poly-
acrylamide gels to nitrocellulose filters (pore size, 0.45 ,urm)
by electrophoresis at 40 V for 1 h in 25 mM sodium
phosphate (pH 7.3)-10% (vol/vol) methanol (J. K. Wright,
personal communication). All filters were treated to block
nonspecific hybridizations by using the method of Batteiger
et al. (3) as modified by Wright and Overath (49), with a final
concentration of 1% (wt/vol) bovine serum albumin. The
filters were treated with specific antibodies and detected
with 125I-labeled protein A as previously described (5).
Quantitation was performed by gamma counting in a Gamma
Trac Model 1193 (Tm Analytic, Elk Grove Village, Ill.).
Immunoglobulin fractions of the B875-ot antibody were pre-
pared from sera as described (5). Immunoglobulin G anti-
bodies were purified over an equal bed volume of anion
exchange resin (DE52; Whatman, Inc., Clifton, N.J.) and
eluted with 20 mM sodium phosphate (pH 7.0). Staphylo-
coccus aureus protein A (Sigma Chemical Co., St. Louis,
Mo.) was labeled with Na125I by the method of Klinman and
Howard (24).

Protein determination. The protein content was deter-
mined by the method of Lowry et al. (26) as modified by
Markwell et al. (30). Bovine serum albumin was used as the
standard.

Materials. Restriction endonucleases and nucleic acid-
modifying enzymes were purchased from Bethesda Re-
search Laboratories Life Technologies, Inc. or New En-
gland BioLabs, Inc., Beverly, Mass., and were used as
specified by the manufacturers. The Klenow fragment of
DNA polymerase, proteinase K, and X-Gal were obtained
from Boehringer-Mannheim Biochemicals. [_x-32P]dCTP (800
Ci/mmol) and [ot-32P]CTP (400 Ci/mmol) were obtained from
Amersham Corp., Arlington Heights, Ill. Carrier-free, re-
ductant-free Na125I (17 Ci/mg) was purchased from Du Pont,
NEN Research Products, Boston, Mass. Nitrocellulose used
for Southern hybridization analysis and Nytran membranes
used for Northern hybridization analysis were from Schlei-
cher & Schuell, Inc. IPTG and bovine serum albumin were
obtained from Sigma. Glyoxal and X-Omat AR diagnostic
X-ray film were the products of Eastman Kodak Co., Roch-
ester, N.Y. With the exception of phenol (J. T. Baker
Chemical Co., Phillipsburg, N.J.), which was distilled before
use, all chemicals were of reagent grade purity and were
used without further purification.

RESULTS

Recombination of a plasmid-encoded pufoperon with the R.
sphaeroides chromosome. We devised a strategy to insert the
terminator-deleted puf operon (see below) into the chromo-
some of R. sphaeroides based on the following observations.
The wild-type 4.5-kb PstI restriction fragment (this fragment
was previously determined to be 4.3 kb from restriction
fragment mapping [101 but has now been more accurately
sized following DNA sequence determinations) encompass-
ing the entire pl(f operon (Fig. 2), as well as 5'-proximal and
3'-distal sequences, was cloned with the direction of the
operon in the same (pUI581) and opposite (pUI580) orienta-
tions relative to the lac promoter of the RK2 derivative
pRK404. These plasmids were conjugated from the mobiliz-
ing strain E. coli S17-1 into R. sphaeroides PUFB1 (10).
PUFB1 contains a Kmr gene cartridge inserted within the
ORF Q structural gene (W. A. Havelka, J. K. Lee, and S.
Kaplan, manuscript in preparation) and extending into the
puJB gene (Fig. 2) (10). PUFB1 does not produce plif-specific
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FIG. 2. Scheme for introducing site-specific mutations into the chromosomal copy of the puf operon. (A) Structure of the puf operon in
PUFB1. Note the presence of the kanamycin resistance (Km9 gene cartridge located between the AccI site of ORF Q and the AccI site of
puIB (1f). (B) Construction of pUI910, by insertion of an approximately 4,427-bp terminator-deleted PstI fragment in the opposite orientation
to that of the lac promoter into the PstI site ofpRK404 (see Materials and Methods for details). PUFB1 does not grow photosynthetically with
pUI910 in trans. Strain PUFA348-420 was constructed by selecting colonies for photosynthetic growth as a result of an even-numbered
reciprocal recombination between the 4,427-bp PstI fragment of pUI910 and the chromosome of PUFB1.

transcripts, is photosynthetically incompetent, and is Kmr.
A total of 100 Tcr Kmr colonies were replica plated in the
presence of tetracycline and kanamycin and incubated either
aerobically or photosynthetically (10 W/m2) at 32°C. All
colonies of PUFB1(pUI581) grew both aerobically and pho-
tosynthetically at the same rate as the wild type. Although
the 100 colonies of PUFB1(pUI580) grew aerobically as well
as the wild type, no PUFB1(pUI580) colonies grew photo-
synthetically. Since the photosynthetic complementation of
PUFB1 with the wild-type 4.5-kb PstI fragment was orien-
tation dependent, we concluded that a promoter for an
essential gene was not present on this clone and that
expression of this gene occurred only when the insert was
downstream and presumably being driven from either the lac
or tet promoter of pRK404. We know, by using purified
RNA polymerase from R. sphaeroides in runoff transcription
assays, that the promoter for the Q gene lies proximal to the
PstI restriction site 5' to Q (J. Kansy and S. Kaplan,
submitted for publication).
Thus, we used this information to select for the exchange

of the PUFB1 genomic DNA, through homologous recom-
bination, with the puf operon DNA located on the PstI
fragment and containing the terminator-deletion (see below).
We anticipated that such a recombinant would be photosyn-
thetically competent because genes R (immediately proximal
to Q) and Q and the puf operon would all be cis to one

another and the absence of B875 complexes does not limit
photosynthetic growth in R. sphaeroides (18, 31).

Deletion of the intercistronic puf stem-loops. The interci-
stronic portion of the puf operon contains two regions of
dyad symmetry capable of forming stable stem-loop struc-

tures, the first of which resembles- a rho-independent tran-
scription terminator (Fig. 1) (53). This putative terminator
meets the two requirements for a rho-independent transcrip-
tion terminator: a G+C-rich region of dyad symmetry form-
ing a stem-loop structure and uracil residues following the
hairpin structure. Only two U residues follow this termina-
tor, perhaps because the DNA from R. sphaeroides is G+C
rich. These stem-loops were deleted as described in Materi-
als and Methods (Fig. 1A). The resulting intercistronic
region is capable of forming an imperfect RNA secondary
structure that does not resemble a rho-independent tran-
scription terminator and is relatively unstable (Fig. 1B).

Construction of the terminator-deleted puf operon strain
PUFA348-420. The PstI fragment containing the terminator-
deleted puf operon cloned into pRK404, i.e., pUI910, does
not complement PUFB1 to photosynthetic competence.
Therefore, we were able to select for a reciprocal recombi-
nation event between the R. sphaeroides DNA of pUI910
and the chromosome of PUFB1 by restored photosynthetic
competence (Fig. 2). PUFB1(pUI910), which is unable to
grow photosynthetically, was grown aerobically to late log
phase. Cells (200 ,ul) were inoculated into 18 ml of fresh SSM
supplemented with tetracycline and grown photosyntheti-
cally under illumination of 10 W/M2. Following a 3-day lag,
growth was apparent, and cells were plated on nonselective
SSM. The resulting colonies were replica plated on nonse-
lective SSM through two consecutive cycles of colony
isolation to facilitate loss of the plasmid vector from the
cells. The Kms Tcs colonies were identified and further
streak purified. The crossovers must have occurred both
upstream and downstream of the Kmr gene cartridge so that

-
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a'
FIG. 3. Southern hybridization analysis of the terminator-deleted pufoperon in strain PUFA348-420. (A) Restriction endonuclease map of

the DNA encompassing the puf operon and the two DNA fragments (a and b) used as probes for the hybridizations. (B) Autoradiograms of
a Southern hybridization blot confirming the 73-bp NaeI-BssHII deletion from the intercistronic region of the puf operon in strain
PUFA348-420. Lanes: 1 and 7, total chromosomal DNA from PUFA348-420; 2 and 8, total chromosomal DNA from PUFB1; 3 and 9, total
chromosomal DNA from 2.4.1; 4 and 10, linearized DNA from A cI ts857; 5 and 11, linearized DNA from pUI580; 6 and 12, linearized DNA
from pUI902. The DNA from PUFA348-420, PUFB1, 2.4.1, pUI580, and pUI902 were digested with Pstl, and the DNA from X cI ts857 was
digested with HindlII, separated on 1.0% agarose gels, and transferred to nitrocellulose by capillary action. DNA from pUI580 and pUI902
was used as controls with the wild-type and the terminator-deleted pufoperon, respectively. HindIll digests of X cI ts857 served as molecular
weight standards and as negative controls for the hybridizations. Lanes 1 to 6 were probed with the 986-bp HincII-KpnI restriction fragment
(panel A, probe a) isolated from pUI710. Lanes 7 to 12 were probed with the 73-bp NaeI-BssHII restriction fragment (panel A, probe b)
isolated from pUI710.

the entire ORF Q and pujl reading frames would be rees-
tablished and the Kmr cartridge on the chromosome would
be lost. Thus, through the use of appropriate selective
conditions, we have been able to introduce specific gene
alterations into the chromosome of R. sphaeroides.

Southern hybridization analysis confirmed the construc-
tion (Fig. 3). The data in Fig. 3 proved that the 73-bp
NaeI-BssHII fragment was deleted from the intercistronic
region of the puf operon in PUFA348-420, probably as a
result of a reciprocal recombination between the terminator-
deleted puf operon and the Kmr gene plus downstream puf'
DNA of PUFB1. The approximately 4,427-bp puf-specific
PstI fragment of PUFA348-420 appears to migrate slightly
ahead of the 4,500-bp PstI fragment of the wild type on a
1.0% agarose gel, indicative of a small deletion (Fig. 3B,
lanes 1 and 3), but by itself cannot constitute evidence of the
deletion. Figure 3B also reveals the chromosomal replace-
ment of the 5,630-bp PstI fragment of PUFB1 chromosomal
DNA (lane 2) with the 4,427-bp PstI fragment of the termi-
nator-deleted operon (lane 1). An identical blot was probed
with the 73-bp deleted NaeI-BssHII fragment (Fig. 3B, lanes
7 to 12). As expected, DNA from PUFA348-420 and the
control, pUI903, did not hybridize with this fragment. The

probe hybridized to DNA from PUFB1, 2.4.1, and the
positive control, pUI580. Probes from either the Kmr gene or
pRK404 did not hybridize to PUFA348-420 DNA, demon-
strating that the plasmid product of the recombination event
was lost from this strain (data not shown).
Low-temperature spectral analysis of PUFA348-420. Figure

4 shows the low-temperature absorption spectra obtained
from the membrane fractions of strains RS103 (18, 23, 31),
2.4.1, and PUFA348-420 grown at 100 W/m2 and measured at
77 K, as described in Materials and Methods. Measurements
were performed at low temperature because the B875 spec-
tral complex of PUFA348-420 could not be detected at 300
K. RS103 was used as a negative control, since it lacks the
characteristic B875 spectral peak (18, 23, 31). PUFA348-420
contains approximately 7% of the wild-type level of B875
spectral complex that appears as a shoulder on the near-
infrared side of the B850 peak, whereas the amount of
functional RC in PUFA348-420 was only 25% that of wild
type (Table 2). The amount of the B800-850 spectral complex
in the mutant was increased approximately twofold over that
of the wild type, which is also true for strain RS103.
The differences in the relative amounts of spectral com-

plexes and functional RC may account for the decreased
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FIG. 4. Low-temperature spectral analysis of 2.4.1, PUFA348-
420, and RS103 grown at 100 W/m2, measured near 77 K. RS103 was

used as a negative control for the B875 spectral complex (18). The
B875 shoulder of PUFA348-420 is resolved at this temperature. The
relative amounts of the B875 and B800-850 spectral complexes are

presented in Table 2. The relative amounts of functional RC,
measured spectrally as described (37), are also presented.

growth rates of the mutant cultures when illuminated with
decreased light intensities. At an incident light intensity of
100 W/m2, strains 2.4.1 and PUFA348-420 had similar dou-
bling times of 2.5 and 2.7 h, respectively. However, when
the light intensity was lowered to 10 W/m2, strain 2.4.1
doubled in 3.0 h, whereas PUFA348-420 doubled in 4.7 h.
When we reduced the incident light intensity to 3 W/m2,
strain 2.4.1 doubled in 10 h, whereas the doubling time of
PUFA348-420 was approximately 17.5 h. The lower growth
rates of PUFA348-420 at lowered light intensities is presum-
ably due to the inability of the photosynthetic unit to carry

out optimal photochemistry. However, it is evident that a

substantially altered photosynthetic unit size need have very

little effect on cell growth at either medium or high light
intensities, under laboratory conditions.

I!>
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FIG. 5. Western immunoblot analysis with antibodies raised
against B875-a, RC-M, and RC-H; 125I-labeled protein A was used
for detection. A 5-,ug portion of membrane fractions was analyzed
from photoheterotrophically grown RS103, PUFA348-420, and 2.4.1
and low-oxygen-grown PUFB1. PUFB1 served as a negative control
for B875-a and RC-M polypeptides. Previously, the relative amount
of B875-a in RS103 was compared with that in the wild type (23).
The soluble fractions from each strain were analyzed, and no

significant amounts of polypeptides were detected (data not shown).
The radiolabeled filters were cut out and quantitated by gamma
emission. The relative amounts of each polypeptide are presented in
Table 2.

Western immunoblot analysis. Studies with mutant RS103
show that the absence of the B875 spectral complex does not
necessarily indicate the absence of the B875 polypeptides
(18, 23, 31). Therefore, we examined the amount of B875-a
and RC-M and RC-H polypeptides by Western immunoblot
analysis (Fig. 5). Membrane proteins from photosyntheti-
cally grown RS103, PUFA348-420, and 2.4.1 (incident light
intensity, 100 W/m2) and low-oxygen-grown PUFB1 cells
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred to nitrocellulose, and re-

acted individually with B875-a-, RC-M-, and RC-H-specific
antibodies, as described in Materials and Methods. Cells
were grown at 100 W/m2, since their generation times are

essentially equal at this light intensity. PUFB1, grown in the
presence of a low oxygen tension, was used as a negative
control for the B875-a and RC-M polypeptides. A summary
of the relative amounts of each polypeptide detected in each
strain is presented in Table 2. The amount of B875-ca
polypeptide in PUFA348-420 was approximately 56% of the
wild type, whereas the amount of RC-M was 58% of that
found in the wild type. RC-H was present in PUFA348-420 at
65% of the wild-type level. Titration of the membrane

TABLE 2. Relative amounts of spectral complexes, functional RC, and cellular levels of B875-a, RC-M, and RC-H polypeptides from
cells grown at 100 W/m2

Relative amt of following spectral complexesa and Relative amt of following membrane polypeptidec:
Strain functional RCb:

B875 B800-850 RC B875-a RC-M RC-H

2.4.1 100 100 100 100 100 100
PUFA348-420 7 192 25 56 58 65
RS103 0 290 89 31 96 102
PUFBld,e 0 25 0 0 0 20

a Levels of spectral complexes were measured at 77 K and standardized to those of the wild type.
b Levels of functional RC were measured as described (37).
Levels of antigenic proteins were normalized with respect to those of the wild type.

d Photosynthetically incompetent PUFB1 cells were grown at low oxygen tension.
e Levels of spectral complexes and functional RC in PUFB1 were determined previously at 300 K (10).
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FIG. 6. Analysis ofpufoperon mRNA from the wild type and PUFA348-420 grown photosynthetically at a light intensity of 100 W/m2. (A)
Restriction endonuclease map of the puf operon, a representation of the three puf-specific mRNAs, and the location of the four puf-specific
RNA probes a, b, c, and d. (B) Northern hybridization analyses with [a-32P]CTP-labeled RNA probes. RNA from the wild type (lanes 1, 3,
5, and 7) and PUFA348-420 (lanes 2, 4, 6, and 8) were hybridized with RNA probes a (lanes 1 and 2), b (lanes 3 and 4), c (lanes 5 and 6), and
d (lanes 7 and 8). The RNA probes a, b, c, and d were generated by in vitro transcription of pUI655, pUI662, pUI658, and pUI663,
respectively.

fractions with respect to total membrane protein loaded
ensured that the amount of protein loaded per lane and its
detection by each specific antibody were within the linear
range of the assay. Using a similar method, we were unable
to detect any of these polypeptides in the soluble fractions
derived from extracts of these strains when probed with each
of the three antibodies (data not shown). The level of B875-oL
polypeptide in RS103 agreed well with previous determina-
tions (23).

In vivo expression of the puf operon. The absence of the
pufAL intercistronic stem-loops would be expected to lead
to the loss of the 0.5-kb transcript, since all of the transcripts
would extend through the pufAL region. Total RNA from R.
sphaeroides 2.4.1 and the mutant PUFA348-420 was isolated
from cells grown photosynthetically at 100 W/m2 as de-
scribed in Materials and Methods, and Northern hybridiza-
tion analysis was performed to identify the puf-specific
transcripts in each strain (Fig. 6). RNA from each strain was
hybridized with four strand-specific RNA probes (Fig. 6A,
probes a, b, c, and d). Three transcripts of approximately
0.5, 0.7, and 2.7 kb were identified from the 2.4.1 RNA (Fig.
6B, lane 1). Lanes 1 and 2 are overexposed, and so we can
conclude that no 0.5-kb transcript was present in the termi-
nator-deleted strain. Previously, we had used DNA probes
and GeneScreen filters (52) and were able to identify only the

2.7- and 0.5-kb transcripts. The use of Nytran filters with
increased RNA-binding capacity and high-activity RNA
probes permitted us to identify the 0.7-kb transcript. How-
ever, the use of these conditions increased the levels of
background binding to the rRNA seen in the region of the
middle of each of the lanes and independent of the probe
used. RNA probes b and c were used to localize the 3' end
of the 0.7-kb transcript from 2.4.1. RNA probe b hybridized
to the 0.7- and 2.7-kb transcripts but not the 0.5-kb mRNA
(Fig. 6B, lane 3). Only the 2.7-kb transcript was detected
with RNA probe c (Fig. 6B, lane 5). Therefore, the 3' end of
the 0.7-kb mRNA in 2.4.1 cells must map to a location within
the proximal region of the pufL structural gene. We have
recently analyzed the 3' and 5' ends of each transcript in
both wild-type and PUFA348-420 strains by Si nuclease
mapping (Lee et al., in preparation), and the arrows in Fig.
6A are drawn to correspond to the approximate ends of each
transcript.
The effects on the existence of each of the three puf

messages were analyzed following deletion of the intercistro-
nic stem-loops. Two transcripts of approximately 0.63 and
2.63 kb from strain PUFA348-420 were detected with RNA
probe b (Fig. 6B, lane 4), and only the 2.63-kb transcript was
detected with RNA probe c (lane 6). These transcripts
correspond to the sizes of the large (2.7-kb) and the medium
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TABLE 3. Relative levels and half-lives of puf-specific mRNA
transcripts for 2.4.1 and PUFA348-420a

Transcript Size (kb) Strain Relative t (min)

Large 2.7 Wild type 7.6 8
2.63 PUFA348-420 4.5 3

Medium 0.7 Wild type 2.3 14
0.63 PUFA348-420 5.1 6

Small 0.5 Wild type 100.0 21
NDC PUFA348-420 ND ND

a The strains were grown photosynthetically at 100 W/m2.
b Levels ofpuf-specific transcripts were normalized to the amount of 0.5-kb

mRNA in the wild type, which is arbitrarily set at a value of 100. Data were
obtained by using the pu.IA-specific RNA probe.

c ND, Not detected.

(0.7-kb) transcripts in 2.4.1 minus the 73-bp deletion in the
puf operon created in PUFA348-420. Since the 0.63-kb
transcript was not detected with RNA probe c (Fig. 6B, lane
6), we are led to conclude that the 0.63-kb transcript termi-
nates within the proximal region of the pufL structural gene,
as does the 0.7-kb mRNA in strain 2.4.1. The relative
amounts of each transcript are presented in Table 3. Note
that several Northern blots in Fig. 6 are heavily exposed.
This was done deliberately to clearly demonstrate that a
transcript was not present when indicated. All of these
experiments were repeated several times, with identical
results. From these data, we conclude that the level of the
PUFA348-420 0.64-kb transcript increased approximately
2.5-fold over wild-type levels but the level of the 2.63-kb
transcript decreased by nearly 40%. Additionally, smaller
breakdown products were detected with the 3'-most RNA
probe, probe d (Fig. 6B, lanes 7 and 8), than those observed
with the b and c probes (Fig. 6B, lanes 3 to 6), although
probe c (lanes 5 and 6), corresponding to an internal segment
of the L gene, revealed considerable breakdown products.

Determination of mRNA stability. We had shown previ-
ously (53), as well as here, that the large puf transcript
appears to decay as the result of 5'-localized endonucleolytic
cleavage(s). We might expect that the large transcript in the
terminator-deletion strain possesses an altered half-life ow-
ing to the absence of substantial secondary structures that
could block exonucleases. The decay of each puf-specific
mRNA was determined in photosynthetically grown R.
sphaeroides 2.4.1 and PUFA348-420 (Fig. 7). The decay
rates of the wild-type 0.5-kb transcript and the terminator-
deleted 0.63-kb transcript were determined by slot blot
transfer and hybridization with the puflA-specific probe
(Fig. 6A, probe a). The half-lives of the large (2.7- and
2.63-kb) transcripts of these strains were also determined by
slot blot transfer, except that the pulL-specific probe (Fig.
6A, probe c) was used. The half-life of the wild-type 0.7-kb
transcript was determined by Northern hybridization analy-
sis with the pufBA-specific probe. The amount of RNA
transferred per slot and its detection were within the linear
range of the assays. These decay values were identical to
those obtained by Northern hybridization analysis (data not
shown). The half-life for each transcript is presented in Table
3. The stability of the 2.7-kb transcript in the wild type
decreased to approximately 33% of its original value when
the intercistronic stem-loops were deleted, whereas the
stability of the 0.63-kb transcript decreased to approximately
40%o of the value determined for the 0.7-kb transcript. Thus,
deletion of the intercistronic stem-loops had a significant
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FIG. 7. Stability of puf-specific mRNAs in the wild type and
PUFA348-420 grown at a light intensity of 100 W/m2. The amounts
of puf-specific mRNAs from the wild type (0) and from PUFA&348-
420 (0) after the addition of rifampin are shown on semilogarithmic
plots: panel A, the 0.5-kb transcript; panel B, the 0.7-kb (0.63-kb)
transcripts; panel C, the 2.7-kb (2.63-kb) transcripts. The amounts
of puf-specific mRNAs present were determined by slot blot (-)
or by Northern hybridization (-*-*-) analysis as described in
Materials and Methods. The 0.5- and 0.7-kb (0.63-kb) transcripts
were hybridized with the [a-32P]CTP-labeled puJBA-specific RNA
probe (Fig. 6A, probe a). The 2.7-kb (2.63-kb) transcripts were
hybridized with the [a-32P]CTP-labeled puff-specific RNA probe
(Fig. 6A, probe c). The amount of probe hybridized was determined
by scintillation counting. The half-lives of the transcripts are pre-
sented in Table 3.

effect on the stability ofpufoperon mRNA both 5' and 3' of
this region.

DISCUSSION

We have constructed a strain of R. sphaeroides
(PUFA348-420) in which the putative intercistronic termina-
tor believed to give rise to the small transcript of the puf
operon has been deleted from the chromosome. We chose to
construct PUFA348-420 instead of using a puf-deleted strain
complemented in trans with the terminator-deleted puf op-
eron to exclude the possibility of interfering with possible
cis-acting arrangements of the DNA upstream of the puf
operon and of introducing spurious copy number effects. As
an example of the difficulties which can be encountered, the
deletion of stem-loop structures from the intercistronic re-
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gion of the malEFG operon of E. coli in a plasmid-encoded
operon reduced the level of malE protein by only two- to
threefold, whereas the identical deletion from the chromo-
some reduced malE expression by approximately ninefold
(35). When more mRNA is transcribed from multicopy
plasmids than from the chromosome, trans-regulatory fac-
tors, should they exist, may become limiting. A previous
study by Davis et al. (10) has shown that pRK404 derivatives
containing fragments of the puf operon supplied in trans in
PUFB1 exist in four to six copies per cell. In addition, we
have observed that the level of puf operon-specific tran-
scripts produced in trans in PUFB1(pUI581) was approxi-
mately fourfold higher than the amount detected in the wild
type (B. S. DeHoff and S. Kaplan, unpublished data).
Our studies showed that the generation time of the mutant

was identical to that of the wild type at 100 W/m2, whereas
at low light intensity (3 W/m2) the generation time was
approximately twofold longer, presumably due to inefficient
transfer of excitation energy from the spectral complexes to
the RC. Because RS103, which lacks B875 complexes, does
not grow at 3 W/m2, we conclude that the B875 complex is
obligatory for excitation transfer from the B800-850 complex
to the RC.
At 100 W/m2 the relative amounts of B875-ot, RC-M, and

RC-H polypeptides in the mutant were approximately 56, 58,
and 65%, respectively, of those in the wild type. The
reduction of B875-ot and RC-M polypeptides correlates di-
rectly with the decreased abundance in the steady-state
levels of the puf-specific mRNAs. However, the amount of
RC-H polypeptide decreased, even though the level of puhA
mRNA, which encodes RC-H (13), increased twofold (De-
Hoff and Kaplan, unpublished). Low-temperature spectral
analysis revealed approximately 7% of the B875 spectral
complex in PUF/v348-420 relative to the wild type. The
amount of B800-850 spectral complexes has increased ap-
proximately twofold over that of the wild type; this corre-
lates well with the twofold increase of puc mRNA (DeHoff
and Kaplan, unpublished), which encodes the B800-850
polypeptides (21). Additionally, the amount of intact RC
determined spectrally was 25% of the wild type. If the ratio
of B875 to RC is approximately 15:1 in the wild type (1), this
ratio must be approximately 4:1 in PUFA348-420. Obvi-
ously, there are other requirements for proper assembly of
the B875 and RC spectral complexes which extend beyond
the abundance of either the RNA, the apopolypeptides, or
the cellular level of bacteriochlorophyll. Additionally, anal-
yses such as these point out the interrelationships between
the puhA, puf, and puc operons at both the transcriptional
and posttranscriptional levels.
The removal of a putative transcription terminator from

the intercistronic region of the pufoperon should allow RNA
polymerase to read through this region to produce an in-
creased level of downstream RNA and a concomitant disap-
pearance of the shorter transcript. We have compared the
abundance of the puf operon-specific transcripts in the
terminator-deleted strain, PUFA348-420, with that of tran-
scripts in the wild-type strain, 2.4.1. The 0.5-kb puf tran-
script is absent in PUFA348-420, whereas the abundance of
the 0.63-kb mRNA, which corresponds to the 0.7-kb mRNA
of the wild type with 73 bases deleted, increased by approx-
imately 2.5-fold. The increased abundance of the 0.63-kb
transcript must result from readthrough of the intercistronic
region by the RNA polymerase and not from degradation of
the 3' end of the 2.7-kb transcript of the operon. If the
abundance of the 0.63-kb transcript resulted solely from 3'
degradation, one would expect at least as much of this

transcript in the wild type, since the 3' end of the operon is
identical in the construct and wild-type strains. Additionally,
the transcription initiation site of the 0.63-kb mRNA appears
to be identical to that of the wild-type 0.5-kb transcript (Lee
et al., in preparation). Furthermore, if we consider the
decreased half-lives of the large and medium transcripts in
the terminator-deletion strain, which are approximately 33
and 40% of the wild-type half-lives, respectively, then we
estimate, from the steady-state levels of these transcripts,
that transcription through the pufAL terminator region has
increased at least 10-fold in the mutant strain. This value is
close to that predicted from the measured ratio of 0.5-, 0.7-,
and 2.7-kb transcripts in the wild type. These data support
the hypothesis that the first stem-loop within the intercistro-
nic region of the puf operon functions as a transcription
terminator in vivo.
Klug et al. (25) have reported the transcriptional conse-

quences in R. capsulatus arising from deletion of the stem-
loop structure from the intercistronic region of the puf
operon in a construct provided in trans in a strain with a
chromosomal deletion of the puf operon. They detected
equivalent amounts of the large transcript in strains contain-
ing both the altered and the unaltered copies of the puf
operon. They detected no small transcript in strains contain-
ing the altered copy. These workers suggest that the stem-
loop structure functions to protect RNA from 3' exoribonu-
cleolytic digestion rather than to terminate transcription.
However, a direct assay for protection against 3' exoribo-
nucleolytic digestion in vivo did not detect any protective
effect (6). We also measured the abundances of the large
transcript of 2.7 kb compared with total cellular RNA for R.
sphaeroides PUFA348-420 and 2.4.1. In contrast to the
finding for R. capsulatus, the abundance of the large mRNA
in the terminator-deleted strain was only 60% of that in the
wild type. Additionally, the large puf transcript was desta-
bilized by removal of the intercistronic stem-loops which are
5' of the pufLMX region, even though the 3' ends of these
mRNAs are unaltered. It is apparent from our results for R.
sphaeroides that the intercistronic region, which is capable
of forming the stem-loop structures, is required for stabiliz-
ing the intact puf-specific mRNAs and thereby contributes to
maintaining the proper balance of puf transcripts. We con-
clude that the factors which govern mRNA stability are
complex. However, the intercistronic stem-loop structures
are probably not potential processing sites, since their re-
moval decreased, rather than increased, mRNA stability.
Can the differences observed between these studies with

R. sphaeroides and those with R. capsulatus be reconciled?
It is possible that these organisms use different mechanisms
by which they regulate the cellular levels of the various
spectral complexes. Recently, Chen et al. (6) have come to a
similar conclusion with respect to a suspected transcription
terminator within the puc operon of R. capsulatus, as we did
earlier with regard to the intercistronic stem-loop structure
followed by the sequence -AUUC- within the puf operon in
R. sphaeroides (Fig. 1) (53) serving as a transcription termi-
nator. A second possibility is that these species use identical
regulatory mechanisms, and yet a third possibility is that the
mechanisms, although similar, are less stringent in one
species than the other. R. capsulatus produces spectral
complexes even under conditions of high 02 tension (16),
whereas R. sphaeroides does not (7). It is possible that the
analysis of the R. capsulatus data is compromised by (i) the
use of multi-copy-number plasmids supplied in trans, (ii) the
lack of sufficient upstream or downstream DNA sequences
cis to the puf operon, and (iii) the use of semiaerobic
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ORFK
TCGTCGTCTCCCCAAGGGGCGGCGGATTAATCGGGAGGGC ATGGTGCCTTACCGT 55
4 4 Met Vo/ProTyrArg

-104 -75

pufB
AACCCACGCCACCAGCATGTGGCGTCAGTCTTACGATCCGGAGGATAGCATGGCT 110
AsnProArgHisG/n/His V/A/aSerVo/LeuArgSerG/G/y * MetA/o

FIG. 8. DNA sequence encompassing a putative ORF K, imme-
diately upstream of the pu/B gene. The 20 amino acids encoded by
ORF K are shown beneath the DNA sequence. Additionally, the
first two amino acids encoded by the pufB structural gene are
presented. The proposed Shine-Dalgarno sequences for both ORF K
and puiB genes are underlined. The initiation sites for the 0.5- and
2.7-kb transcripts are indicated by arrows at positions -104 and
-75, respectively, upstream of the start codon for the puIB struc-
tural gene.

cultures, which would be undergoing derepression of a
complex and changing variety of mRNAs.

If the intercistronic stem-loop is a transcription terminator
for the formation of the small pufoperon transcript, how are
the distal pufLMX genes transcribed? One possible model,
proposed recently by Kiley and Kaplan (22) and refined
here, suggests that the ORF containing 20 codons, 9 of which
are rare, immediately upstream of pufB, namely, ORF K,
influences stalling of the ribosomes (Fig. 8). The 5' termini of
the small and the large puf transcripts map at approximately
-104 and -75 nucleotides, respectively, upstream of the
puJB structural gene (53). We propose here that during the
synthesis of the small and medium transcripts, ribosomes are
able to attach to the Shine-Dalgarno sequence upstream of
ORF K and stall during translation. Similar to attenuation
(51), translation uncouples from transcription, and the RNA
polymerase terminates very efficiently at the intercistronic
region, producing the small transcript, because the second-
ary structure in the intercistronic region would form. Some
readthrough does occur, and the RNA polymerase may
terminate at the stem-loop structure within the proximal
region ofpufL. However, we suggest that during synthesis of
the large transcript, ribosomes do not attach to the Shine-
Dalgarno sequence upstream of ORF K, since it is too close
to the 5' end of that transcript (3 to 5 nucleotides), but do
attach to the Shine-Dalgamo sequence immediately up-
stream of puJB. As a consequence, transcription and trans-
lation remain coupled, and RNA polymerase reads through
the intercistronic stem-loops because the adjacent ribosomes
prevent their formation; thus, termination does not take
place. This mechanism would ensure strict regulation of the
levels ofpufmRNA in the cell. This hypothesis is supported
by the observation that an in-frame fusion of ORF K-pufB
gives rise to both the fused gene product and the unfused
P-polypeptide (W. A. Havelka and S. Kaplan, unpublished
results).
Thus, we believe that site-directed alterations in the stem

structure of the intercistronic terminator will further alter the
ratio of large and small transcripts derived from the puf
operon, and, with such changes, alterations in the cellular
levels of the spectral complexes are to be expected.
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