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Transcription initiation with CTP is an uncommon feature among Escherichia coli o’ promoters. The fis
promoter (fis P), which is subject to growth phase-dependent regulation, is among the few that predominantly
initiate transcription with CTP. Mutations in this promoter that cause a switch from utilization of CTP to
either ATP or GTP as the initiation nucleotide drastically alter its growth phase regulation pattern, suggesting
that the choice of the primary initiating nucleotide can significantly affect its regulation. To better understand
what factors influence this choice in fis P, we made use of a series of promoter mutations that altered the
nucleotide or position used for initiation. Examination of these promoters indicates that start site selection is
determined by a combination of factors that include preference for a nucleotide distance from the —10 region
8>7>9> 6> 10 > 11), initiation nucleotide preference (A = G >=> CTP = UTP), the DNA sequence
surrounding the initiation region, the position of the —35 region, and changes in the intracellular nucleoside
triphosphate pools. We describe the effects that each of these factors has on start site selection in the fis P and
discuss the interplay between position and nucleotide preference in this important process.

Fis is a small nucleoid-associated protein found in a growing
number of bacterial species (5, 37). It is highly abundant during
the early logarithmic growth phase in Escherichia coli cells that
are grown in rich medium but significantly reduced during
other stages of growth or during growth in minimal medium (3,
33, 34, 47). Several processes exist that regulate fis expression
at the transcription level. Integration host factor binds a site
centered 116 bp upstream of the transcriptional start site to
stimulate transcription in vivo three- to fourfold (39). Fis
causes about sixfold repression by binding to two specific sites
in the fis promoter (fis P) region that overlap the RNA poly-
merase (RNAP) binding region (3, 34, 39). Conditions of strin-
gent control result in an about fivefold reduction in fis expres-
sion (34, 54). However, the growth phase-dependent
regulation pattern appears to operate independently of the
above three regulatory mechanisms, suggesting that additional
mechanisms account for this process (39, 54).

As a member of the ¢’° family of promoters, fis P exhibits a
reasonable match to the —10 consensus sequence (TAatAT;
matches are capitalized) and a weak match to the —35 con-
sensus sequence (TTtcat) located 17 bp upstream (54). Other
features of this promoter include an A, tract in the spacer
region that is required for maximal transcriptional activity, a
GC-rich discriminator sequence between the —10 region and
the start site that is required for its response to stringent
control, and use of CTP as the predominant transcription ini-
tiation nucleotide (3, 54). The latter is a fairly uncommon
feature among o’° promoters (13, 14, 16, 21, 43).

Mutation analysis demonstrated that the transcription initi-
ation region of fis P plays a critical role in its growth phase-
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dependent regulation (54). Replacement of the predominant C
with A or G, or of the adjacent downstream T with A, resulted
in high levels of fis expression throughout the logarithmic
growth and early stationary phases. In each of these mutant
promoters, transcription initiation was largely restricted to the
respective purine at these positions. Thus, the fis regulation
pattern is affected by the precise nucleoside triphosphate
(NTP) chosen to initiate transcription. The position of the start
site also seems to be important. Transcripts initiating with GTP
6 bp downstream of the —10 region follow a strict growth
phase-dependent expression pattern, whereas transcripts initi-
ating with GTP 8 bp downstream of the —10 region show an
altered pattern of regulation. This close connection between
start site selection and growth phase-dependent regulation
prompted us to examine more closely the factors that guide
start site selection at fis P.

Several methods have been used to assign transcription start
sites in a large number of compiled promoters of the ¢’ family
that include primer extension analysis, RNA sequencing, S1
nuclease mapping, high-resolution sizing of RNA transcripts
generated in vitro, and estimates based on genetic or muta-
tional promoter identification (13, 14, 16, 21, 43). The most
reliable results, which come from primer extension and RNA
sequencing analysis, suggest that most transcriptional start
sites are found within 6 to 9 bp downstream of the —10 region
but are sometimes found in the range of 4 to 12 bp downstream
of this region. On the basis of the number of ¢’° promoters
reported to initiate with A, G, C, or U, a hierarchy of initiation
NTP utilization may be generally described as follows: ATP >
GTP >> UTP > CTP. Thus, it is generally anticipated that ¢”°
promoters will initiate transcription with ATP or GTP 6 to 9 bp
downstream of the —10 region. However, careful examination
of start site selection has been limited to a relatively small
number of promoters (e.g., see references 6, 18, 22, and 46)
and deviations from this generalization have been observed (5,
8, 15, 23, 45, 46, 55). Thus, a thorough understanding of the
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processes surrounding start site selection is needed and will
necessitate the inclusion of a larger set of promoters in such
studies.

In this report, we describe the results of several mutations
affecting transcription initiation at fis P. We find that start site
selection is influenced by factors that could be broadly classi-
fied as (i) the nucleotide sequences at or near the transcrip-
tional start site, (ii) the distance between the —10 region and
the start site, (iii) the distance between the —10 and —35
regions, and (iv) the cellular NTP pools. We show that, de-
pending on the precise promoter sequence and cellular NTP
pools, transcription is able to initiate with various efficiencies in
the region from 6 to 11 nucleotides downstream of the —10
region, with 8 bp downstream serving as the optimal distance.
The work presented suggests that the order of initiation nu-
cleotide preference at fis P is ATP = GTP > CTP = UTP and
that the position preference (given as the number of nucleo-
tides from the —10 region) is 8§ > 7 > 9 >> 6 >> 10 > 11. Other
factors, such as the GC richness of the region immediately
upstream of the start site and the sequence in the region
immediately downstream of the start site, also affect start site
selection. A general model describing start site selection at fis
P and its potential influence on growth phase-dependent reg-
ulation is discussed.

MATERIALS AND METHODS

Chemicals and enzymes. Chemicals were purchased from Sigma Chemical
Co., Fisher Scientific Co., Life Technologies (Gibco BRL), or Pharmacia. Ra-
dioisotopes were from Amersham Life Sciences. Enzymes were from New En-
gland Biolabs or Roche Molecular Biochemicals. Oligonucleotides were pur-
chased from Qiagen Operon (http://www.operon.com).

Growth media and culture conditions. Growth media were all from Difco
Laboratories. Cultures were grown at 37°C in LB medium (44) or in N"C~
medium (1) supplemented with 10 mM NH,CI, 0.4% (wt/vol) glucose, 0.015 mM
thiamine, 1 mM arginine, and either 1 mM uracil or 0.25 mM UMP (56). When
pertinent, 100 pg of ampicillin per ml, 50 wg of kanamycin per ml, or 12 pg of
tetracycline per ml was added to the growth medium. For B-galactosidase assays
(28), triplicate saturated cultures of RJ1561 transformed with the various plas-
mids used in this work were grown in LB medium at 37°C with constant shaking
for 90 min as previously described (54).

Bacterial strains and plasmids. Transformants of strain RJ1561 [F~ A(lac pro)
thi ara str recA56 srl fis::767] (19) were used to examine start site selection in cells
grown in LB. For experiments examining the effects of nucleotide concentrations
on start site selection, we used RO934 (CLT42 fis::767 recA srl::Tnl0), which was
constructed from CLT42 (MC4100 car-94) by P1 transduction. CLT42 was kindly
supplied by C. L. Turnbough, University of Alabama at Birmingham (42). First,
neo-interrupted fis (fis::767) was transduced from RJ1617 (MC1000 fis::767) into
CLT42. The resulting kanamycin-resistant strain was subsequently transduced
with P1 phage grown in RJ1086 (MC1000 recA56 srl::Tnl0). recA transductants
were selected by their resistance to tetracycline and further screened by their
sensitivity to UV light.

Most of the plasmids carrying the various fis P sequences used in this work
were described previously (54). Essentially, they contain the wild-type or mutant
fis P region from —108 to +105 inserted within the unique HindIIl and EcoRI
sites of the pUC18 polylinker region of pRJ800 (3), which contains a promot-
erless trp::laz fusion next to the EcoRI site and confers ampicillin resistance. Two
additional plasmids carrying fis P mutations, pKW381 (7C—A) and pKW382 (6
to 9 GCCT—AAAA; hereafter referred to as A,), were constructed and char-
acterized in a similar fashion. The plasmid carrying the P. vulgaris fis P region
from —172 to +78 (pMB262) was described previously (5). This promoter is
similar to that of E. coli in the region from —38 to +10, with three nucleotide
differences in the spacer region (—30C—A, —27G—T, and —26T—G) and two
nucleotide differences downstream of the —10 region (5C—G and 6G—C).

PCR and DNA sequencing reactions. A standard PCR was conducted under
conditions specified by the supplier (Roche Molecular Biochemicals). Site-di-
rected mutations were generated as previously described (54), by a megaprimer
PCR method (4). The mutations were confirmed by dideoxy nucleotide sequenc-

J. BACTERIOL.

ing with alkali-denatured double-stranded DNA and Sequenase version 2.0 un-
der conditions specified by the supplier (U.S. Biochemicals).

Primer extension analysis. Primer extension reactions were performed as
previously described (54). Saturated cultures were diluted into fresh LB medium
to an optical density at 600 nm (ODg) of 0.2 and grown at 37°C for 90 min with
shaking, after which a sample was collected for total-RNA extraction (7). When
N~C™ medium was used, saturated cultures were diluted to an ODy, of 0.1 and
grown until the ODg,, was approximately 0.3, at which time a sample was
collected for total-RNA extraction. The reactions were performed with 10 pg of
total RNA (or 500 ng of total RNA when P. vulgaris fis P was analyzed), 1 pmol
of a ¥?P-end-labeled primer (0RO109 for E. coli fis P and oRO226 for P. vulgaris
fis P) that hybridized to the fis P region from +56 to +38, and 2 U of avian
myeloblastosis virus reverse transcriptase (Roche Molecular Biochemicals) in
the supplied buffer. Primer-extended products were separated on 8% polyacryl-
amide-8 M urea gels and visualized by autoradiography. Quantitative analysis
was conducted with a Storm 860 Phosphorlmager and ImageQuant software
(Molecular Dynamics, Inc., Sunnyvale, Calif.).

RESULTS

Nucleotide preferences at fis P. Quantitation of primer-ex-
tended products from transcripts generated by wild-type fis P
indicated that transcription is able to initiate at four positions
with widely different efficiencies (Fig. 1 and 2). The primary
transcript initiated with CTP 8 bp downstream of the —10
region (8C) and was responsible for about 59% of the tran-
scripts generated from this promoter. A secondary site, gener-
ating about 23% of the transcripts, occurred with GTP at
position 6 (6G), while only 10% of the transcripts initiated with
the C at position 7 (7C) and 8% initiated with UTP at position
9 (9T). Replacement of 8C with G (8C—G) resulted in 82% of
the transcripts initiating at 8G and 11 and 7% initiating at 7C
and 6G, respectively. A similar result was observed when 8C
was replaced with A (8C—A), with 81% of the transcripts
initiating with 8A and 13 and 6% initiating at 7C and 6G,
respectively. Thus, either purine present at position 8 similarly
increased the frequency of initiation from position 8 compared
to that from positions 6 and 9 (Fig. 1B). More dramatic exam-
ples of nucleotide preferences were seen with fis P mutants
7C—A and 9T—A. The relative frequency of initiation at
position 7 increased from 10% in the wild-type promoter to
71% in the 7C—A mutant, with only 17% at 6G and 12% at
8C. While only 8% of the total transcripts initiated at 9T in the
wild-type promoter, 63% initiated at 9A in the 9T—A pro-
moter, with 21% initiating at 8C, 4% initiating at 7C, and 12%
initiating at 6G. The results obtained with all of these promoter
variants clearly show that purines are more highly preferred
than pyrimidines as transcription initiation nucleotides in fis P,
an effect that is more noticeable at positions 7 and 9 than at
position 8.

Replacement of 6G with A did not result in significant
changes in start site preference compared to the wild-type
promoter (Fig. 1A and B). Hence, the preference for GTP
appears to be equivalent to that for ATP as an initiation nu-
cleotide at either position 6 or 8. A small preference for CTP
over UTP could be detected at position 6 but not at position 7.
About 9 and 15% of the transcripts initiated at 6T in the
6G—T and AT; promoters, respectively, whereas 20% initi-
ated at 6C in the Proteus vulgaris promoter (Fig. 1B and 2).
However, no preference among pyrimidines could be reliably
discerned at position 7. About 10% of the transcripts initiated
at 7C in the wild-type promoter, while 12% initiated at 7T in
the 7C—T mutant promoter. These differences are near the
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FIG. 1. Effects of mutations on start site selection at fis P. (A) Results from primer extension reactions with 1 pmol of **P-labeled 0RO109
primer and 10 pg of total RNA from RJ1561 cells transformed with fis P-containing plasmids or 1 pmol of 0R0O226 and 500 ng of total RNA when
the P. vulgaris (P.v.) fis P was analyzed. Cells were cultured in LB medium at 37°C for 90 min and then harvested for total-RNA preparation.
Primer-extended products were separated on urea-denaturing polyacrylamide gels and subjected to autoradiography. The fis promoters examined
are indicated above the lanes. Dideoxy sequencing reactions (A, C, G, and T) for wild-type (WT) fis P are shown in the first four lanes on the left.
They were performed with *?P-labeled oRO109, which gave comparable DNA sequencing ladders for all of the mutant promoters, allowing direct
determination of start site positions. Primer oRO226 anneals to the same downstream promoter region in the P. vulgaris promoter as o0RO109 in
the E. coli promoter such that their resulting transcript sizes can be directly compared. The DNA sequence of the antisense strand, as read from
the gel, is represented on the left by uppercase letters, and the deduced complementary sequence of the sense strand is represented by lowercase
letters. The two primary start sites in the wild-type promoter (positions 8 and 6) are in boldface. (B) The percentage of transcripts from each
promoter was quantified from the results of three primer extension assays on a total-RNA preparation made from each bacterial culture carrying
a different fis P on a plasmid. The primer-extended signals were quantified with a PhosphorImager and ImageQuant software. Standard deviations
are indicated by vertical error bars. The promoters analyzed and the mapped start site positions are indicated beneath the bars.
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FIG. 2. fis P sequences and their transcription initiation sites. Each promoter’s transcriptional start sites are indicated by arrows that
qualitatively depict their relative frequencies of use within each promoter, according to the results in Fig. 1. Only transcripts representing greater
than 10% of the total are represented. Nucleotides in bold represent the changes from wild-type E. coli fis P. The numbers at the top indicate the
distances from the —10 region (position numbers). Mutations are listed on the left. The bottom two sequences depict the transcription initiation
pattern of fis P variants containing mutations outside the initiation region. The —35(16) fis P contains a perfect match to the —35 consensus
sequence (TTGACA) positioned 16 bp upstream of the —10 region. The A—25G fis P carries a deletion of —25G that shortens the wild-type spacer
region from 17 to 16 bp. P.v. is the wild-type fis P from P. vulgaris. As suggested in the text, the arrows in the 4, promoter may not represent the
correct initiation sites. Relative promoter activities are shown on the right. B-Galactosidase assays were performed with RJ1561 cells carrying the
respective fis promoters fused to the #rp::lacZ in pRJ800. Most of the results have been previously reported (5, 54). The activity of the wild-type
(WT) promoter is assigned a value of 1.00, and all other promoter activities are shown relative to this one.

margin of experimental error (1.5%) and are thus of little or no
significance. The small preference for CTP appears to be po-
sition dependent. On the basis of our results, the overall initi-
ation NTP preference at fis P may be represented as follows:
ATP = GTP > CTP = UTP.

Position preferences at fis P. Despite the general preference
for initiation with purines, initiation at 8C was much more
efficient than initiation at 6G or 6A (Fig. 1 and 2). This sug-
gests that position 8 is more highly favored than position 6 for
transcription initiation. To better evaluate the position prefer-
ence, we examined mutant promoters with an A substitution at
each of positions 6 through 10. Initiation with ATP accounted
for 20% of the total fis P transcripts at position 6 (6G—A),
71% of those at position 7 (7C—A), 81% of those at position
8 (8C— A), 63% of those at position 9 (9T—A), and 4% of
those at position 10 (10T—A). Thus, the position preference at
fis P may be represented as follows: § > 7 > 9 > 6 > 10.

Naturally occurring G nucleotides are found at positions 3
and 11 (Fig. 2), but we have never observed initiation from
position 3 and only in two distinctive mutant promoters
[—35(16) and A—25G] were we able to detect a very small
proportion of transcripts initiating at 11G (Fig. 1B). This sug-
gests that positions 3 and 11 are not ordinarily used as start
sites. In P. vulgaris fis P, which contains a G at position 5, no

appreciable levels of transcript initiating at 5G could be ob-
served. Thus, transcription initiation appears to be mostly con-
fined to positions 6 through 9, with positions 8 and 7 serving as
the most highly preferred. Positions 10 and 11 serve as very
weak sites detected only in a few mutant promoters. Outside
the region between positions 6 and 11, transcription initiation
was not detected.

Effect of T in the fis P initiation region. In several promoters,
a T nucleotide was placed at a position upstream of the pri-
mary start site in place of a C or G in each case. Each of these
substitutions resulted in an increase in the frequency of initi-
ation at a nearby downstream position. For example, replace-
ment of 5C with a T resulted in a dramatic shift in the pre-
dominant initiation site from 8C to 6G, which accounted for
48% of the transcripts in the SC—T promoter (Fig. 1 and 2). In
the 4C—T mutant, the proportion of transcripts initiating at
6G (34%) also increased compared to that in the wild-type
promoter (23%), although not as much as that in the SC—T
mutant. A stretch of T nucleotides at positions 4, 5, and 6 (AT,
promoter) also caused a notable shift in the predominant ini-
tiation site, in this case from 8C to 7C, and the 6G—T muta-
tion caused an increase in initiation at 7C compared to the
wild-type promoter. In the 7C—T promoter, a modest increase
in the proportion of the transcripts was observed at a neigh-
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FIG. 3. Effect of altered NTP pools on start site selection at fis P. (A) Results of primer extension reactions with 10 pg of total RNA from
ROY34 transformed with plasmids containing either the wild-type (WT), 10T—A, or A, fis P. Cells were cultured in N~ C™ medium containing
either uracil (URA) or 5'-UMP. Signals resulting from initiation at 6G or 8C in the wild-type promoter are indicated on the left. (B) The
percentage of each transcript was determined for the wild-type and 10T—A fis promoters from two primer extension assays on a total-RNA
preparation made from each bacterial culture carrying one of the fis promoters on a plasmid. Quantification was done as described in the legend
to Fig. 1. The fis P’s analyzed and the mapped start site positions are indicated beneath the bars.

boring upstream position. About 33% of its transcripts initi-
ated at 6G, compared to 23% in the wild-type promoter. These
results suggest that the presence of a T nucleotide in the
initiation region can significantly affect start site selection.

There was one mutation downstream of the primary start
site (11G—T) that also affected the relative transcript levels
from this promoter. In this case, the predominant transcript
initiated at 6G rather than at 8C (Fig. 1).

Effect of core promoter structure of fis P. Mutations reduc-
ing the distance between the —35 and —10 regions also mod-
ified the efficiency of initiation sites. A triple mutation (—33G,
—31C, and —30A) created a perfect match to the consensus
—35 region positioned 16 bp upstream of the —10 region
[—35(16) fis P], thus shortening the spacer region by 1 bp (54).
This mutant promoter resulted in higher frequencies of initi-
ation at 8C, 9T, and 11G and a reduced frequency of initiation
at 6G compared to the wild-type promoter (Fig. 1). A similar
effect on start site selection was caused by a deletion of 1 bp in
the spacer region of the wild-type promoter (A—25G). The
—35 (16) promoter results in a greater-than-threefold increase
in transcription, while the A—25G promoter results in about a
threefold decrease relative to the wild-type promoter (Fig. 2).
Thus, the similar effects of these promoters on position pref-
erence were independent of their effects on transcriptional
activity and were most likely due to their shortened spacer
lengths.

Effect of relative NTP concentrations on fis P. We had pre-
viously observed that cells grown in M9 salts with 0.2% glucose
showed a modest increase in the proportion of wild-type fis P
transcripts initiating at 6G compared to the same cells grown in
LB (54). In addition, transcripts initiating at 10A in the
10T—A promoter were more prominent in cells growing in
M9-glucose than in cells growing in LB. Although several ex-
planations for these effects might be conceived, we explored
the possibility that changes in cellular NTP pools under differ-
ent growth conditions might affect start site selection in fis P.

To examine the effects of various NTP concentrations on
start site selection, we transformed strain RO934 with plasmids
carrying either the wild-type or mutant fis P. This pyrimidine
auxotroph can be cultured in growth medium supplemented
with UMP to create conditions of pyrimidine limitation and
purine excess or with uracil to approach normal intracellular
NTP concentrations (38). The proportions of transcripts initi-
ating at 8C (59%) and 6G (26%) in wild-type fis P when
RO9Y34 is grown in uracil (Fig. 3) are comparable to those
observed when RJ1561 is grown in LB (Fig. 1). However,
growth of RO934 in UMP resulted in a notable switch in start
site preference from 8C (only 12%) to 6G (80%) (Fig. 3). A
very small proportion of transcripts initiating at 11G (2%)
could also be detected in the latter. In the 10T—A promoter,
the percentage of transcripts initiating at 10A was improved
from 5% in cells grown in uracil to 27% in cells grown in UMP
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(Fig. 3B). Additional effects on this promoter from growth in
UMP include increased initiation at position 6 (from 11 to
47%) and decreased initiation at position 8 (from 61 to 19%).
These results strongly suggest that start site selection at fis P
can be tailored to the availability of intracellular NTPs.

The A, promoter, in which the four nucleotides at positions
6 through 9 were replaced with A, gave a predominant tran-
script with a length that corresponded to initiation at 5C when
RJ1561 was grown in LB (Fig. 1A and 2) or when RO934 was
grown in uracil (Fig. 3A, A, URA). This was surprising, given
the choices for initiation with ATP at the more highly pre-
ferred positions 8, 7, and 9. We reasoned that if this promoter
were actually relying on CTP to initiate transcription from 5C,
then growth under pyrimidine-limiting/purine excess condi-
tions would likely bring about a shift toward initiation with
ATP from a more highly preferred position in the region be-
tween positions 6 and 9. Instead, however, we continued to
observe the same predominant signal with a length corre-
sponding to that of a transcript initiating at 5C that was now
accompanied by a ladder of larger transcripts varying in size by
one-base increments (Fig. 3A). This ladder of bands is strongly
suggestive of reiterative transcription, a process whereby nu-
cleotides are repetitively added to the 3’ end of a nascent
transcript (12, 49, 52, 58). The reiterative process is most likely
enhanced by the large ATP pools found in cells cultured in
UMP, which may facilitate incorporation of ATP molecules
into the nascent mRNA (38).

DISCUSSION

Nucleotide preference at fis P. The preference for purines
over pyrimidines as initiation nucleotides was demonstrated at
fis P by comparing the effects that different NTPs have when
placed at positions 6 through 10. At each of these positions,
purines were preferred over pyrimidines. Positions 6 and 10
seem too poor to allow predominant initiation with a purine,
while position 8 seems good enough to favor adequate use of
CTP such that the preference for purines at this position be-
comes less conspicuous than that at 7 or 9. The preference for
purines as initiation NTPs has been widely observed in other
promoters (13, 14, 18, 22) and may result from the combined
effects of higher concentrations of purines than pyrimidines in
vivo (31, 36, 38, 50, 53) and the greater affinity that RNAP
exhibits for purines than pyrimidines at its initiation nucleotide
binding site (2, 30, 41, 57). A slight preference was noted in fis
P for CTP over UTP at position 6 but not at the more favorable
position 7, consistent with the notion that NTP discrimination
may be better detected at less favored initiation positions. On
the basis of our observations, we describe the NTP preference
at fis P as follows: ATP = GTP > CTP = UTP. A somewhat
different assessment has been made in the case of the pyrC
promoter, in which UTP is seemingly preferred over CTP and
ATP is preferred over GTP as an initiation nucleotide (22).

Position preference at fis P. Predominant initiation with
ATP was observed only when the A nucleotide was placed at
position 7, 8, or 9, strongly suggesting that these are the most
highly preferred positions. Initiation from position 8 with ei-
ther ATP or GTP gave the greatest proportion of transcripts
measured in any of the promoters analyzed (81 or 82%), fol-
lowed by position 7 (71%) and then position 9 (63%). G or A
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at position 6 normally served as a secondary initiation site,
resulting in 23 and 20% of the total transcripts, respectively,
and giving way to a greater preference for CTP at position 8.
Initiation with ATP from position 10 (10T—A) was very inef-
ficient, and initiation from 11G was rarely observed. Thus, we
summarize our observations regarding position preference as
follows: 8 > 7 > 9 >> 6 > 10 > 11. In other promoters, such
as those of pyrC and lacUV5 (18, 22), position 7 is the most
strongly preferred, followed by positions 8, 6, 9, and 10. Thus,
a unique hierarchy of position preference does not apply to all
o’® promoters. Clearly, sequences surrounding the initiation
site, and even upstream of the —10 region, are able to influ-
ence the position preference.

It is possible that the relative proportions of some of the fis
P transcripts may be influenced by differences in RNA decay
rates that might result from differences in their 5’ termini.
Effects of 5’ termini on RNA decay rates generally depend on
whether they participate in a stable secondary structure or
remain unpaired (10, 20, 22, 24); the nucleotide composition of
the 5’ terminus itself appears to have little or no effect (9, 48,
51). RNA secondary-structure predictions (with M-fold soft-
ware) suggest that the 5’ termini of fis P transcripts initiating at
positions 7, 8, and 9 remain unpaired, irrespective of the ini-
tiating nucleotide. The 5’ termini of transcripts initiating with
6G can potentially participate in a moderately stable secondary
structure. However, our work showed that replacement of 6G
with A, which impairs this putative structure, does not affect
the proportion of transcripts observed. Thus, we believe it is
unlikely that the various fis P transcripts will exhibit structural
differences at their 5’ termini that could result in substantial
changes in degradation rates.

Influence of upstream T nucleotides on start site selection.
We observed that the presence of T nucleotides upstream of
the start site enhanced initiation preference at neighboring
positions. Examples of these effects were seen with promoters
5C—T, 6G—T, and AT, (Fig. 1). A reduction in the GC
richness upstream of the initiation site could facilitate or help
stabilize DNA melting in this region during open-complex for-
mation. This could, in turn, increase the opportunity for initi-
ation at a site neighboring the T nucleotide(s). Introduction of
A nucleotides would have a similar effect on melting, but the
strong preference for ATP tends to favor its use rather than
that of a neighboring pyrimidine. A similar effect of T nucle-
otides upstream of the initiation site could also be observed in
the lacUV5 promoter (18). While the 7A—C mutation in the
lacUV’5 promoter resulted in predominant initiation at 8A (or
+2A, according to the authors’ numbering), the double muta-
tion of 5G—T and 7A—C caused a sizeable shift toward 6G
(or —1G) as the predominant initiation site.

Effect of downstream sequences on start site preference.
Sequences downstream of the start site can also affect the
proportion of transcripts initiating at various start sites, most
likely for reasons different from those of mutations upstream
of the start site. For instance, 11G—T caused a notable shift in
predominant initiation from 8C to 6G (Fig. 1A and B). We
suspect that this downstream change might somehow reduce
the efficiency of elongation from 8C such that initiation from
6G prevails. The mutation changed the initial tetrameric tran-
script starting at position 8 from CUUG to CUUU. The stretch
of three U nucleotides immediately following initiation may
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result in weak base pairing between the nascent transcript and
the DNA template strand (26) such that extension of the nas-
cent transcript may become inefficient. Nonproductive events,
such as abortive initiation (25), RNAP backtracking (35), and
reiterative transcription (12, 49, 58), are among the processes
that could result in less efficient elongation from 8C. A stretch
of four A nucleotides in the fis P initiation region (A4,) gave rise
to a ladder of transcripts under conditions of purine excess,
suggesting that reiterative transcription may occur at fis P,
provided there is a stretch of three or more A or U nucleotides
in the initiation region. In the 11G—T promoter, initiation at
6G may be more efficiently elongated than that at 8C because
of the stability provided by the GCC trinucleotide in the nas-
cent transcript (35).

Influence of promoter structure on start site selection. Two
different kinds of promoter mutations [—35(16) and A—25G]
altered the promoter structure, shortening the spacer region by
1 bp. In both cases, a similar increase in initiation preference
was observed at 8C, 9T, and 11G while a decrease occurred at
6G. We attribute the shifts in initiation preference to the
shortened spacer regions, which is the only effect the two
mutations have in common. We have not determined if the
distance between the —35 and —10 regions or the distance
between the —35 region and the initiation region is the most
critical factor. Nevertheless, this suggests that interactions be-
tween the RNAP and the —35 region play an important role in
establishing start site position preference. Other examples of
mutations in the —35 and spacer regions, or the length of the
spacer region, affecting start site selection have been observed
(6, 17, 29), but the mechanisms behind these effects remain
elusive.

Intracellular NTP concentrations. In cells grown under con-
ditions of limited pyrimidines and excess purines, wild-type fis
P exhibits a substantial shift in start site preference from 8C to
6G and the 10T—A mutant exhibits a shift from 8C to 6G and
10A. Thus, while position preference is a primary determinant
in start site selection, changes in NTP availability can affect the
range of positions that may be efficiently used.

Alteration of intracellular NTP concentrations has been
shown to affect start site selection at several other promoters of
genes involved in pyrimidine metabolism (22, 40, 46, 49). For
example, the pyrC promoters of Salmonella enterica serovar
Typhimurium and E. coli initiate with CTP when pyrimidine
levels are sufficient but switch to initiation with GTP 2 bases
downstream when pyrimidine levels are limiting (22, 46). The
data from this and other, similar, work indicate that the switch-
ing process appears to require the following three conditions:
(i) a poor initiation nucleotide located at the optimal position,
(ii) a good initiation nucleotide a short distance from the
optimal position, and (iii) limiting concentrations of the nucle-
otide needed for initiation at the optimal position. All three of
these conditions are met by fis P.

It has been suggested that formation of the first dinucleotide
bond is a critical step in the initiation process and that suffi-
cient levels of the first two nucleotides are required (11, 27,
32). For example, low UTP concentrations at the E. coli codBA
and upp promoters result in a shift in initiation from A-U to
G-A, where UTP is no longer the second nucleotide added (40,
49). Thus, if NTP levels are not sufficient for formation of the
first dinucleotide bond, alternative start sites may be used.
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Position Preference

Positions 7, 8, 9

I
v v v

Single Purine  Two Purines All Pyrimidines

/ l All Purini

Primary transcript Primary transcript

Primary transcript

determined by determined by determined by
NTP preference both NTP and position  position preference
preferences

FIG. 4. Determination of primary transcripts. Position preference
initially guides RNAP to positions 8, 7, and 9, in that order. Depending
on the nucleotides present at these positions, either NTP preference,
position preference, or both will aid in determining which site(s) is
chosen for initiation.

Growth of a car strain with UMP significantly reduces the UTP
pool but has a relatively smaller effect on the CTP pools (38,
53). Such conditions might hinder initiation with C-U at posi-
tion 8 more severely than with G-C at position 6.

Model for start site selection. How does RNAP weigh the
nucleotide preference against the position preference to select
its primary initiation site? Upon open-complex formation at
wild-type fis P, position 8 is most likely the nearest one to the
RNAP initiation site such that the greatest preference is given
to this position. If a purine is present at this position, then
initiation takes place with such high efficiency that little op-
portunity is available for probing of alternate sites. If, instead,
a pyrimidine is present at this position, the relatively lower
concentration of pyrimidines in vivo, together with their lower
affinity for the RNAP initiation site, may cause the holoenzyme
to hesitate at the initiation step. This offers an opportunity for
RNAP to probe adjacent positions 7 and 9. If a purine is
present at either of these positions, then rapid initiation would
ensue, superseding the use of a pyrimidine at position 8. Oth-
erwise, initiation with pyrimidine at position 8 remains the
predominant choice. Thus, the dominating factor in start site
selection at fis P is the preference for the region encompassing
positions 7 through 9 in the order 8 > 7 > 9 (Fig. 4). NTP
preference serves mainly to influence selection of the primary
start site among these three positions. If this region consists of
all purines or all pyrimidines, such that NTP preference cannot
be used as a discriminating factor, then preference for position
8 will prevail. If one purine is available in this region, it will be
chosen as the primary start site. If two or three purines are
available in this region, then we predict that they will be used
with a relative efficiency that is guided by their position pref-
erence.

Once the predominant start site is selected in the region
including positions 7 through 9, then the remaining two posi-
tions in this region may serve as secondary start sites. In fis P,
position 6 is also used as a secondary start site and the fre-
quency with which it is chosen is determined by NTP prefer-
ence and availability. Because selection of one site necessarily
excludes that of alternate sites within the same initiation event,
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the efficiency with which such secondary initiation events occur
will be inversely related to the efficiency of initiation at the
primary site. Structural constraints may hinder the probing of
positions as they become farther from position 8. However, as
we have seen, the precise range of positions used for initiation
can be influenced by factors such as NTP availability (Fig. 3),
promoter structure (Fig. 1), and, as has been suggested, the
strength of the RNAP-promoter interactions around the initi-
ation region (6).

Start site selection and growth phase-dependent regulation.
We had previously observed that initiation with 8A, 8G, and
9A profoundly altered the growth phase-dependent regulation
pattern (54). The work presented here indicates that such
transcription initiation conditions are among the most favored
at fis P. Given that the high NTP preference and optimal (or
nearly optimal) position preference requirements are both met
in these cases, efficient transcription initiation ensues. We en-
vision that, because of the relatively large intracellular pools of
purines and their relatively lower K, as initiation NTPs (com-
pared to pyrimidines), efficient transcription initiation with
purines at optimal positions in fis P will be sustained through-
out the logarithmic growth phase. However, if the intracellular
pools of the initiating NTP were to become limiting, then the
initiation process could become affected by changes in NTP
pools during logarithmic growth, a condition that may lead to
the growth phase-dependent expression pattern of fis P. One
way in which initiating NTP levels may become limiting is if
pyrimidines serve as the predominant initiating nucleotide.
Another way is to initiate with a purine from a poor position.

fis P employs a poor initiating NTP (CTP) at an optimal
position and a good initiating NTP (GTP) at a poor position
(position 6). Both transcripts obey a growth phase-dependent
expression pattern. We have recently observed that replacing
8Cwith a T (T. S. Pratt and R. Osuna, unpublished results) or
6G with an A had almost no effect on the growth phase-
dependent regulation pattern (data not shown). However, as
could be predicted from our observations, both mutants
7C—A and A, showed altered growth phase-dependent regu-
lation patterns comparable to those of 8C—A and 8C—G
(data not shown). Thus, the growth phase-dependent regula-
tion pattern normally exhibited by fis P requires that initiation
efficiency be compromised in some way. We suggest that this
may be achieved by use of a poor initiating NTP, use of a poor
starting position, or both.
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