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ABSTRACT: Prokaryotic promoters have been extensively studied to relate sequence features to promoter
function. Here we examine the relationship between double-helix stability and promoter activity. The
double-helix stability is evaluated from sequence data by free energy computation, based on reported values
of dinucleotide free energies for strand separation. For a collection of 168 promoters, we find that within
a 500-nucleotide span around the transcription initiation site the —10 region is the least stable. There is
no correlation between the free energies and the rates of RNA polymerase—promoter open complex formation
measured for 25 promoters. We also compare the free energies of 121 promoter mutations across the =35
and —10 consensus regions with the free energies of the corresponding wild-type sequences. These pairwise
mutant-wild-type comparisons provide a particularly good test since the examined sequences differ only
in one nucleotide so that all other sequence-dependent effects remain the same. About 80% of the mutations
in the —10 region that show increased/reduced promoter activity are less/more stable than the wild types.
The observed high free energy peak and the mutation data strongly support the conjecture that the instability,

or melting properties, of the —10 region plays a significant role in promoter function.

Sequcncc comparisons of Escherichia coli promoter regions
have shown two conserved hexamers: TATAAT, located about
10 base pairs upstream from the transcription start position
(the —10 consensus sequence), and TTGACA, located about
35 base pairs upstream from the transcription start position
(the —35 consensus sequence). The importance of these two
consensus sequences has been established by genetic and
biochemical means. Most mutations that affect promoter
activity fall in these regions. Mutations that reduce the
homology with the consensus decrease promoter activity (down
mutations), while mutations increasing the homology with the
consensus show increased promoter activity (up mutations)
[reviewed by von Hippel et al. (1984) and McClure (1985)
and compiled by Hawley and McClure (1983) and Harley and
Reynolds (1987)]. In addition, “dimethyl sulfate probe” ex-
periments show that most of the contacts between the promoter
and the RNA polymerase occur in or near these regions
(Siebenlist et al., 1980).

The consensus sequences are composed of nucleotides that
are the most frequent at specific positions in the promoter
region. However, no wild-type promoter has been discovered
with the two exact consensus sequences, and there seems to
be a large variability among individual promoter sequences.
Despite this variability, all are functional as the sites at which
RNA polymerase interacts specifically to initiate transcription,
and thus they must share common features that enable them
to serve as suitable sites for transcription initiation. Indeed,
there are studies showing a common pattern in the helical
angles in the promoter region (Nussinov, 1984), suggesting
that conformational features are important for the specific
interaction with RNA polymerase. Other studies show de-
viations from standard DNA conformations that might serve
as a signal for RNA polymerase binding (Nussinov, 1985).
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In the present study, such issues will not be considered; we
are examining the postulate that the local instability of the
double helix is a common feature of prokaryotic promoters.

There is supporting evidence that E. coli RN A polymerase
interacts with the promoter in two steps to initiate transcrip-
tion. The first step is the formation of an inactive “closed”
complex between the enzyme and the double-stranded DNA.
The second step is the isomerization of the closed complex into
an active “open” complex [reviewed by von Hippel et al. (1984)
and McClure (1985)]. The second step, termed “melting in”,
has been observed to be temperature and salt dependent [re-
viewed by von Hippel et al. (1984)] and clearly involves
melting of the DNA. Also, reagents that decrease the T, of
DNA increase the efficiency of transcription initiation (Na-
kanishi et al., 1974). This might suggest that ease of melting
or strand separation of the DNA in the promoter region is an
important feature for promoters. It has been shown that
transcription initiation involves unwinding of a short segment
of DNA, from the middle of the ~10 region to the transcription
start position (Wang, 1982). “Chemical probe” experiments
show that the minimum unwound region extends from -9 to
+3 (Siebenlist et al., 1980). A possible model is for the RNA
polymerase to interact with base pairs upstream from the
unwound region to form the closed promoter complex. This
binding would provide a high concentration of RNA polym-
erase near the segment that will be unpaired in the open
complex and place the RNA polymerase in a position to fa-
cilitate its interaction with the -9 to +3 region when unpaired
by thermal fluctuations (von Hippel et al., 1984; Gilbert,
1976). Since the -9 to +3 region does not seem to be ex-
ceptional in its A + T content, it was not clear whether the
“melting in” at that region depended on the instability of the
DNA or was only a result of the interaction with the relevant
segment of the enzyme.

Our aim here is to evaluate the stabilities of prokaryotic
promoter sequences. A recent calorimetric study by Breslauer
et al. (1986) provides the means for a numerical evaluation
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of the stability of double-stranded DNA segments. We are
evaluating the free energies or stabilities of short segments
within the promoter region, using the dinucleotide transition
free energies reported by Breslauer et al. (1986). A somewhat
similar study was carried out by Gotoh and Tagashira (1981b),
who analyzed the melting profiles of a few prokaryotic se-
quences and showed that the promoters tend to fall in relatively
unstable DNA regions. We show for a large database of 168
prokaryotic promoters that the —10 region has a statistically
significant higher free energy (is less stable) than the neigh-
boring regions. This follows directly from the unusually high
frequency of the doublet TA in the promoter region, which
has the highest free energy value of all dinucleotides. We also
calculate the free energy change for 121 up and down muta-
tions spread across the —10 and —35 consensus regions and
show that there is a correlation between the direction of free
energy change and the type of mutation in the —10 region, but
not in the —35 region. In addition, there are reported values
for the rate of open complex formation for about two dozen
promoters. We use these values to examine whether there is
a correlation between the stability of the DNA in the promoter
region and the rate of open complex formation.

MATERIALS AND METHODS

Free Energy Calculation. A general formula (Breslauer et
al., 1986) for calculating the transition free energy from double
helix to single strand of a DNA sequence n nucleotides long,
AG,, is

n-1
AGn = -(Agini + Agsym) + EAgi,Hl

where Ag,, is the initiation free energy (6 kcal/mol for a
sequence without any G or C and 5 kcal/mol otherwise). Ag,,
accounts for the entropic difference between a DNA double
strand formed from a self-complementary sequence and a
double strand formed from a sequence that is not self-com-
plementary (RT In 2 kcal/mol and O kcal/mol, respectively).
Agy; is the transition free energy for dinucleotide of type ij.
Because it is usual to refer to the lower free energy state as
the more stable state, we have found it more convenient to use
the negatives of their values, i.e., to refer to the free energy
decrease on passing from coil to helix. Thus, the Ag,;’s used
are the negatives of those reported by Breslauer et al. (1986)
at 25 °C (in kcal/mol):

¥ 5 A C G T

A -1.9 ~1.9 -1.6 -0.9

C -1.3 ~3.1 -3.1 -1.6

G -1.6 -3.6 -3.1 -1.9

T ~-1.5 ~1.6 -1.3 -1.9
RESULTS

Relative Stability of the Promoter Region. (A) Database.
Our data include 168 E. coli promoter sequences and their
flanking sequences (not more than 250 nucleotides upstream
and downstream from the transcription start position). The
data are based on the most recent compilation of E. coli
promoters (Harley & Reynolds, 1987) and on the information
that appears in GENBANK. The sequences have been derived
from GENBANK (release 52) and are listed in the supplementary
material (see paragraph at end of paper regarding supple-
mentary material). We include in our database only sequences
for which the transcription start positions have been identified
experimentally. Most of the promoters in the database interact
with E. coli ¢7°, the factor that is essential for the recognition
of the majority of promoters interacting with E. coli RNA
polymerase. Since we are not studying here interactions be-
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tween specific residues of the holoenzyme and specific nu-
cleotides in the promoter sequence, we do not divide the da-
tabase into subgroups according to the species of the RNA
polymerase holoenzyme interacting with them. The local
instability of the DNA is a property that might appear in all
promoters. The analysis that we perform is statistical and as
such can detect a general tendency of the promoters to be
locally less stable. If a minority of the promoters are excep-
tional and belong to a specific biologically defined group, this
analysis would not find it. Also, if this feature exists only
within a specific group of promoters, the statistical analysis
performed on the whole database would not detect it.

(B) Statistical Analysis. Our purpose is to examine the
distribution of free energies along the sequences and to test
the hypothesis that the free energy in the promoter region is
higher than in the rest of the sequence. Although individual
sequences might show different and conflicting patterns, we
are interested in showing that the low stability is statistically
significant in the “promoter population” since our sample
should be large enough to detect such characteristics if they
exist.

Each sequence is divided into overlapping blocks of length
1. The kth block extends from base pair k through base pair
k + 1-1. We calculate the free energy for each block as
explained above. Because we deal with short blocks within
a long sequence, we omit the Agy,, term. Also, no significant
difference has been observed between the free energy distri-
butions obtained with and without taking Ag,, into account
(because the fraction of symmetric blocks in our database is
very small; 0.1% when / = 12 and 2% when / = 6). All the
sequences are aligned at the transcription start position. No
gaps are introduced in order to align the ~10 consensus regions
or the —35 consensus regions. We add the free energies of the
blocks at each position over all the sequences and normalize
it by the number of entries at each position. The end result
of this process is a distribution of free energies of blocks /
nucleotides long around the transcription start position that
includes contributions of all the sequences in the database. It
is possible either to examine the distribution of the block free
energies or to calculate the mean of the distribution and to
examine the blocks according to their deviations from the
mean. Breslauer et al. (1986) have shown that there is a
remarkably good fit of their calculations to experimentally
measured free energies of oligonucleotides of length 6-14; we
do not use block lengths beyond that range. Because it has
been shown experimentally that the minimum unwound region
is 12 nucleotides long (Siebenlist et al., 1980), we have initially
chosen /to be 12. Figure 1 shows a plot of the deviations from
the mean of blocks of length 12. There is a peak in free
energies in the —10 region but not in the —35 region.

To test the significance of the results, we compare the blocks
at each relevant position to a randomly chosen sample of blocks
of the same length. The random sample is derived by applying
a function that chooses randomly one block of length / in each
sequence. Each sequence is presented once in the promoters’
group by its free energy value for the relevant block and once
in the random group by a free energy value of a randomly
chosen block. We perform a median test, that provides the
same type of evaluation as a ¢ test but does not assume a
normal distribution, to test the hypothesis that the group of
blocks starting at a relevant position within the promoter region
has a higher free energy value than the random sample. For
| = 12, the most significant results are achieved for the blocks
starting at —19, ~18, ..., —10 and extending 11 nucleotides
downstream (p < 0.001). No significant deviation from
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FIGURE 1: Distribution of free energies around the transcription start
position. The graph shows the result of summing and normalizing
the dinucleotide free energy values for 168 E. coli promoter regions.
The graph is centered at the transcription start position (position 0)
and extends for 250 nucleotides on either side of position 0. Breslauer’s
free energy values are used with sliding blocks of 12 bases. The dashed
line represents the mean value of the normalized free energy sum.
The abscissa is the nucleotide position relative to the transcription
start position, The ordinate is the deviation from the mean free energy
(kilocalories per mole). Note the peak within the —10 consensus region.

randomness is found in the -35 region.

Is the observed peak in free energy around the —10 region
a reflection only of the composition, the high proportion of
A’s and T’s, or does it result from the neighbor dependence
of the base pairs in the sequence? From the table of di-
nucleotide transition free energies, it is clear that it is possible
to have sequences composed of just A’s and T’s with lower free
energies than some sequences that include special combinations
of A, C, G, and T. For example, the sequence
AAAAAAAAAAAA which is entirely A has a free energy
value of —14.9 kcal/mol while the free energy of a sequence
which is only 50% A like AGAGAGAGAGAG is -12.6
kcal/mol. Another example provides the sequences AAT-
AATAATAAT (-10.3 kcal/mol) and ACTACTACTACT
(-9.3 keal/mol). Figure 2a—d shows the frequency distribution
of AA, AT, TA, and TT around the 168 transcription start
positions. Each position represents a midpoint of a block of
12 and shows the frequency of the specific dinucleotide in the
corresponding block. There is no peak in AA frequency in
the promoter region (Figure 2a) or'in TT frequency (Figure
2d) except a peak around the —35 region which results from
the -35 consensus sequence TTGACA. There is a strong peak
in the TA frequency (Figure 2¢) and a somewhat weaker one
in AT frequency (Figure 2b) around the —10 region (as a result
of the —10 consensus sequence 74 T4 AT). Recall that TA
has the highest free energy (=0.9 kcal/mol) and the free energy
of AT is also fairly high (-1.5 kcal/mol), and hence, these two
dinucleotides are major contributors to the peak in the free
energy shown in Figure 1. We have examined the frequency
distribution of the other 12 possible dinucleotides. We find
that TC and GT also appear to be abundant in the —10 region.
These dinucleotides also have relatively high free energies (-1.6
and -1.3 kcal/mol, respectively) and also contribute to the free
energy peak in Figure 1.

The region that has been reported to be unwound is -9 to
+3 (Siebenlist et al., 1980). The free energy of the blocks of
length 12 starting at —9 is still significantly higher than the
random sample values (p < 0.01), but not as highly significant
as for the other blocks in the —10 region. The blocks starting
at -8 do not show significant deviation from randomness.
Repeating the analysis with block lengths of 6 shows that the
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FIGURE 2: Distribution of dinucleotides around the transcription start
position. The sequences in the database are aligned at the tran-
scriptional start position (designated as position 0). For each position,
we calculate the frequency of each of the 16 possible dinucleotides.
The plots illustrate the dinucleotide frequencies in overlapping blocks
of length 12. The frequencies are normalized by the number of entries
in each block. Every point represents a midpoint of a block of 12
nucleotides. The frequency distributions of the four dinucleotides most
relevant to our study are shown: (a) AA; (b) AT; (¢) TA; (d) TT.
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blocks starting at positions =9, -8, and ~7 have statistically
significant higher free energies in comparison to random
samples (p < 0.001 to p < 0.05). The blocks starting at —6,
-5, -4, and -3 do not have higher free energy values in com-
parison to the rest of the sequence. The analysis for / = 6 is
illustrated in Figure 3.

(C) Melting Temperature Comparisons. From the values
of dinucleotide enthalpies and entropies reported by Breslauer
et al. (1986), it is possible to derive the melting temperatures
of the dinucleotides. This set of values does not correlate well
with two other sets of dinucleotide melting temperatures re-
ported previously by Gotoh and Tagashira (1981a,b). The
differences might be due to the variations in the salt concen-
trations at which the measurements were performed [0.019
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FIGURE 3: Distribution of free energies around the transcription start
position. This graph utilizes the same technique for its generation
as described in Figure 1 except that a sliding block of size 6 is used
and a smaller portion of the original viewing window is depicted to
allow closer scrutiny. A major peak occurs around the -9 position,
concurring with expectations based on experimental evidence of un-
winding.

M (Gotoh & Tagashira, 1981a), 0.19 M (Gotoh & Tagashira,
1981b), and 1| M (Breslauer et al., 1986)]. The analysis
represented by Figure 1 has been repeated using the values
of the melting temperatures (not shown). The block value now
is the average of the dinucleotide melting temperatures rather
than the free energy value. This average is not intended to
be an estimate of the actual melting temperature of the block
but merely a way to compare results for the three different
sets of dinucleotide melting temperatures. Although the three
sets are different, the three plots using the melting temperature
data show a minimum in the —10 region and have a similar
appearance. We think that this occurs because of the high
frequency of TA in this region and because TA has the lowest
melting temperature for all three sets.

Stability of Mutated Promoter Sequences. Are up/down
promoter mutations less/more stable (with higher/lower free
energy values) than the wild-type sequences? To answer this
question, we compare the free energies of promoter sequences
including a single point mutation with the corresponding
wild-type sequences.

(A) Database. Our database of reported prokaryotic pro-
moter mutations includes 50 down mutations and 18 up mu-
tations in the —10 region, and 44 down mutations and 9 up
mutations in the =35 region. Of the total of 121 mutations,
96 are located exactly in the =10 and —-35 hexamers as they
are aligned according to the published compilations (Hawley
& McClure, 1983; Harley & Reynolds, 1987). The other
mutations are located extremely close to the consensus hex-
amers, with 1 mutation located 1 nucleotide downstream from
the —10 hexamer, 21 mutations located within a distance of
3 nucleotides, and 3 mutations located 4 nucleotides upstream
from the consensus hexamers. Only single point mutations
are included. We do not distinguish among organisms but
include all in one group.

(B) Free Energy Comparisons. In the nearest-neighbor
approximation, a point mutation at position k could change
the free energy values of the dinucleotides (k — 1, k) and (%,
k + 1). The values of other dinucleotides in the relevant region
remain constant. Therefore, we simply calculate the sum of
free energies of the two dinucleotides that include the mutation.
We assume that Ag,,; is constant and do not include it.
Theoretically, it is possible that a mutation can change a region
without any G or C (Ag,; = —6 kcal/mol) to one that includes
a G ora C (Agy = —5 keal/mol) and vice versa, but this is
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an unlikely event. For example, if we consider segments of
length 12 around the mutation, the probability of having such
a segment with no more than 1 G or C is very low. In order
to confirm that treating Ag;,; as a constant is a resonable
assumption, we have repeated the calculations examining a
block of 12 rather than a triplet just for the —10 region mu-
tations. There is no significant change in the results with and
without Ag,,; included.

The free energy differences between the mutated promoters
and the corresponding wild-type sequences are listed in Table
I and summarized in Table II. The significance of the results
is evaluated by a Wilcoxon matched pairs test.

In 40 out of 50 down mutations in the ~10 region, the free
energies have decreased in comparison to the wild types. This
result is statistically highly significant (p < 0.00003). Fur-
thermore, it is notable that 21 of these 40 mutations have a
free energy change greater than 1 kcal/mol which is a strong
effect since thermal energy is only about 0.6 kcal/mol. Note
that 8 of the 40 mutations are transversions of A to Tand T
to A; without taking the nearest-neighbor effect into account,
those would have been expected to have no effect on the DNA
stability. For seven of these eight transversions, the free energy
differences are greater than 1 kcal/mol. Out of the 18 up
mutations, 14 show increased free energies in comparison to
the wild-type sequences (p < 0.005). For 8 of these 14, the
free energy increase is more than 1 kcal/mol.

Only 21 out of the 44 down mutations in the ~35 region
appear to be more stable than the wild types, and only 5 out
of the 9 up mutations in that region are less stable. These
results are not statistically significant.

Correlation between Helix Stability and Rate of Open
Complex Formation. It has been shown that the rate of
isomerization from a closed complex of promoter~RNA po-
lymerase to an open active complex can be evaluated by using
the abortive initiation reaction (McClure, 1980). The rates
of open complex formation have been reported for about 25
promoters (McClure, 1980; Dayton et al., 1984; Hawley &
McClure, 1980, 1982; Stefano & Gralla, 1982; Malan et al.,
1984; Shih & Gussin, 1983; Simons et al., 1983; Mulligan et
al., 1985) and can be used for examining the correlation be-
tween the stability of the promoter region and the rate of open
complex formation. Because the kinetic measurements of the
rate constants were performed at 37 °C, we have used for this
analysis free energy values corrected to 37 °C according to
the data reported by Breslauer et al. (1986). We have cal-
culated the correlation coefficient between the rate of open
complex formation and e26/RT for segments of different
lengths within the promoter region. No significant correlation
has been found either in the —10 region or in the —35 region.
We will further discuss this result below.

DiscussioN

Prokaryotic promoter regions have been considered as
relatively unstable, especially in the —10 consensus region,
because of the high frequency of A’s and T’s within them. A
recent study by Breslauer et al. (1986) enables us to better
predict the stability of a DNA double-helical segment by using
neighbor-dependent free energy values. These values, however,
are unlikely to include all sequence-dependent effects. Those
which appear to be longer range in character are clearly not
taken into account. By using their data, we are able to
quantitatively compare the stability of segments within the
promoter region with other DNA segments by simple free
energy calculations. In a statistical analysis of 168 prokaryotic
promoters, we show that the —10 region is locally unstable.
This result is statistically highly significant (p < 0.001). We
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have compared the free energy values of blocks of length 12
within each promoter with the free energies of all blocks of
the same length in its flanking regions (not shown). In about
60% of the sequences, the blocks representing the —10 region
are in the high 30% of block free energy values, and about 30%
of the promoters rank in the high 10%. The striking free
energy peak in the —10 region (Figure 1) results from the
specific order of A’s and T’s in the ~10 consensus sequences.
We find that the helically least stable TA dinucleotide is very
frequent in the —10 region in comparison to other DNA seg-
ments. Assuming independence between neighboring nu-
cleotides, we can calculate the expected frequency for a specific
dinucleotide at each position by multiplying the frequencies
of the individual nucleotides. Comparison of the observed and
expected frequencies averaged over blocks of 12 nucleotides
indicates that the observed frequency of TA in the flanking
regions is lower and its frequency in the —10 region is higher
than expected. Thus, one of the roles played by TA in this
region might be to facilitate the “melting in” step.

The free energy value of the 12-nucleotide block starting
at -9 is significantly higher than the free energies of simi-
lar-size blocks in a random sample, but not as highly significant
as for the upstream blocks (-19, ~18, ..., —10). Repeating the
analysis with a block length of 6 shows that the blocks starting
at positions -9, —8, and -7 are relatively unstable. The sta-
bilities of other blocks within the —9 to +3 segment do not
appear to be different from the rest of the sequence (Figure
3). It is possible that the “opening” at the 5 end of the -9
to +3 segment is followed by a “zipper” effect corresponding
the the cooperative opening of a longer segment.

Studies on prokaryotic promoter mutations have revealed
that most of the down mutations are those with decreased
homology to the consensus promoter while most of the up
mutations show increased homology (von Hippel et al., 1984,
McClure, 1985; Hawley & McClure, 1983). We examine 121
up and down mutations in the two consensus regions by com-
paring their free energy values with those of the corresponding
wild-type sequences. If the ease of melting plays a role in the
steps preceding transcription initiation, we would expect the
down/up mutation sequences to have lower /higher free energy
values than the wild-type sequences. Without taking the
nearest-neighbor effect into account, just by considering the
type of mutation, about 63% of the mutations in the —10 region
would have been predicted to have the expected effect on the
DNA stability. Our analysis which considers nearest-neighbor
effects shows that in the —10 region 80% of the down mutations
are more stable than the corresponding wild-type sequences
and 77% of the up mutations are less stable. Since T = A
transversions do not change the A + T content, they have been
interpreted as affecting the specific contacts with the enzyme
rather than changing the melting properties of the DNA.
While this might still be the case, we also show that 8 out of
10 such transversions among the down mutations in the —10
region show decreased free energies. There are only three such
transversions among the up mutations in the —10 region. For
two out of the three, there is no free energy change, and one
shows an increased free energy value. In the —35 region, there
is no significant correlation between the direction of free energy
change and the mutation type. We also do not find the —35
region to be relatively unstable. These findings support the
model suggested by Gilbert (1976), namely, that the —35 region
is recognized by the RNA polymerase and the —10 region is
responsible for the “melting in” step.

The analyses performed here are statistical in nature.
Clearly, a correspondence between two properties, even sta-

tistically significant, does not necessarily imply functional
correlation but might be due to other factors. In our case, the
~10 consensus sequence could be essential for specific contacts
with the enzyme, and, accidentally, because of its richness in
the relatively unstable dinucleotides TA and AT, the helix
instability appears to be correlated with promoter activity. In
order to control this indirect effect as much as possible, we
have done the following: We retain all the —10 region wild-type
triplets for which a mutation in the middle nucleotide could
either increase or decrease the free energy. We exclude those
triplets for which all possible mutations would yield the same
directional change in the free energy. This smaller database
includes 19 sequences (11 down and 8 up mutations, indicated
in Table I by an asterisk); 7 out of the 11 down mutations show
decreased free energy, and 8 out of the 8 up mutations show
increased free energy. Hence, out of a total of 19 mutations,
15 show a free energy change that would have been expected
if there was a correlation between the helix stability and
transcription activity. If the mutations were random, we would
expect only 10 out of the 19 mutations (53%) to show a free
energy change in this direction. The expected frequency under
randomness is calculated simply by taking into account for
each triplet in this smaller database all the possible substitu-
tions in the middle nucleotide. The difference between the
expected (assuming random mutations) and observed is sta-
tistically significant (p < 0.05 by a x? test). The changes in
free energy deviate significantly from randomness (p < 0.005
by a Wilcoxon test).

Another way to control for this possible indirect effect is
the following: exlcusion of all the mutations in positions with
known interactions with the enzyme and retaining a database
of mutations in positions that were not identified to be in
specific contacts with the enzyme. According to Siebenlist
et al. (1980), the 5°-T and the 3’-T of the —10 consensus
sequence (TATAAT) were not found to interact specifically
with the enzyme. These two nucleotides are highly conserved
and probably have a role in promoter function. There are 18
down mutations in these positions, and 14 of those show de-
creased free energy; 5 up mutations are located in these
positions, and all of them show increased free energy. The
statistical significance of these results is p < 0.005 by a
Wilcoxon test. The importance of the T’s in these positions
might be in their influence on the helix stability. These two
more limited analyses also reinforce the conclusion regarding
the role of the helix stability in promoter activity.

The mutation data enable a comparison of free energies
between a mutant and its corresponding wild type. This
pairwise comparison suggests a direct relationship between
transcription activity and the degree of helix instability at the
—10 region. As usually formulated, the two steps leading to
open complex between the enzyme and the promoter are

Kn ks
P+R— RPCZT—' RP,

P is the promoter, R is the RNA polymerase, Ky is the
equilibrium constant of the closed complex formation, k; is
the rate of isomerization from a closed (RP.) to an open (RP,)
complex, and k. is the rate of the reverse process. Since the
second step involves DN A melting, it is conveivable that the
degree of instability could affect this step.

An explanation for such a direct relationship between the
helix stability and the process of open complex formation can
be found if the above scheme is expanded in more detail in
the following way (von Hippel et al., 1984): (1) The RNA
polymerase interacts with the —35 region to form the closed
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Table 1. Free Energy Differences between Promoter Mutations and the Corresponding Wild-Type Sequences®

free energy

description of mutation

difference
WT sequence mutant sequence (kcal/mol) gene position ref
-10 Region Down Mutations
*AAG ACG -1.4 A PRE -11 Wulff et al. (1980)
*AAG AGG -1.2 A PRE -11 Wulff et al. (1984)
*AAG ATG 0.1 A PRE ~11 Wulff et al. (1984)
ACT ATT -0.5 gal P2° -8 Bingham et al. (1986)
AGT AAT -0.5 arg -12 Piette et al. (1982)
trp -14 Oppenheim et al. (1980)
AGT ATT -0.5 Tnl0 tetA -13 Daniels & Bertrand (1985)
ATA AAA -1.4 P22 ant -10 Youderian et al. (1982)
ATA ACA -0.8 tyrT -13 Berman & Landy (1979)
P22 ant -10 Youderian et al. (1982)
A cin -12 Rosenberg et al. (1978)
ATA AGA -0.8 P22 ant -10 Youderian et al. (1982)
ATG AAG -0.1 tyrT -8 Berman & Landy (1979)
ATG ACG -1.5 gal P1 -15 Busby et al. (1982)
tyrT -8 Berman & Landy (1979)
lac P1 -10 LeClerck & Istock (1982)
ATT AAT 0 X C17 =7 Mozola et al. (1979)
ATT ACT 0.5 str -6 Post et al. (1978)
A PRE -7 Wulff et al. (1980)
CTA CAA -1.3 P22 ant -12 Youderian et al. (1982)
CTA CCA -2.5 P22 ant -12 Youderian et al. (1982)
gal P2 -7 Bingham et al. (1986)
GTA GCA -2.8 lac P1 -12 LeClerck & Istock (1982)
GTA GGA -2.5 Tn5 NPTII -11 Rothstein & Reznikoff (1981)
*GTT GCT -1.5 trp ~13 Oppenheim et al. (1980)
Miozzari & Yanofsky (1978)
TAA TGA -0.7 Tnl0 tetR -11 Daniels & Bertrand (1985)
TAC TGC -2.8 leu -12 Gemmill et al. (1984)
A cin ~11 Rosenberg et al. (1978)
TAC TTC ~-1.3 ara B -13 Wilcox et al. (1982)
TAT TCT -0.8 lac P1 -11 LeClerck & Istock (1982)
TAT TGT -0.8 A Cl17 ~11 Mozola et al. (1979)
P22 ant -11 Youderian et al. (1982)
P22 ant -9 Youderian et al. (1982)
lac P1 ~-11 LeClerck & Istock (1982)
Reznikoff et al. (1982)
TAT TTT -1.4 P22 ant -9 Youderian et al. (1982)
P22 ant -11 Youderian et al. (1982)
lac P1 -11 LeClerck et al. (1984)
gal P1 ~-11 Musso et al. (1977)
TGA TAA 0.7 A PRM -14 Rosen et al. (1980)
arg ~16 Piette et al. (1982)
TGC TAC 2.8 gal P1 -14 Busby et al. (1984)
*TGT TAT 0.8 A PRE -14 Wulff et al. (1980)
gal P2 -14 Bingham et al. (1986)
*TGT TTT -0.6 gal P2 -14 Bingham et al. (1986)
TTA TCA ~-0.7 Tnl0 tetA -6 Daniels & Bertrand (1985)
TTA TGA -0.7 Tnl0 tetA -11 Daniels & Bertrand (1985)
*TTC TAC 1.3 P22 ant -7 Youderian et al. (1982)
*TTC TCC -1.2 P22 ant -7 Youderian et al. (1982)
*TTG TCG -1.4 tyrT -16 Berman & Landy (1979)
lac P1 -7 LeClerck et al. (1984)
-10 Region Up Mutations
*ACA ATA 0.8 ampC -11 Jaurin et al. (1982)
AGT AAT -0.5 fol -8 Smith et al. (1982)
ATT AAT 0 P22 ant -8 Grana et al. (1985)
*CCA CTA 2.5 A cin -7 Rosenberg et al. (1978)
trp hyb -7 Oppenheim & Yanofsky (1980)
*CCC CTC 3.0 trp hyb -8 Oppenheim & Yanofsky (1980)
CGA CTA 2.7 malT -12 Chapon (1982)
*GAA GTA 1.3 lac pr 115 -12 Magquat et al. (1980)
Maquat & Reznikoff (1980)
GCA GTA 2.8 dhu A -12 Higgins & Ames (1982)
Lee & Ames (1984)
GCT GAT 1.6 lac P1 -16 Dickson et al. (1975)
Reznikoff et al. (1982)
TAA TTA 0 lpp -12 Inouye & Inouye (1985)
TAC TGC -2.8 P22 ant -14 Grana et al. (1985)
TCA TAA 0.7 bio P98 -11 Otsuka & Abelson (1978)
TCA TTA 0.7 Tnl0 Pin -11 Hawley & McClure (1983)
TGC TAC 2.8 gal P2 -9 Busby et al. (1984)
*TGT TAT 0.8 X PIL -11 Abraham et al. (1980)

Hoess et al. (1980)
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Table I (Continued)

free ener; o .
£y description of mutation

difference
WT sequence mutant sequence (kcal/mol) gene position ref
lac P1 -9 Gilbert (1976)
araB ~10 Horwitz et al. (1980)
—-35 Region Down Mutations
ACA AAA -0.6 lac P1 -32 Reznikoff et al. (1978)
Reznikoff et al. (1982)
ACA ATA 0.8 trp -32 Yanofsky et al. (1981)
APL -31 Kleid et al. (1976)
lac P1 -32 LeClerck & Istock (1982)
P22 ant ~-31 Youderian et al. (1982)
Tnl0 tetA =31 Daniels & Bertrand (1985)
ACT ATT -0.5 A PR -31 Hawley & McClure (1983)
AGA AAA -0.6 A PRM -33 Meyer et al. (1975)
Rosen et al. (1980)
AGG ACG -0.2 lac P1 -39 LeClerck & Istock (1982)
ATT AAT 0 P22 ant -35 Youderian et al. (1982)
ATT AGT 0.5 P22 ant -35 Youderian et al. (1982)
CAC CGC -3.5 lac P1 =31 Hawley & McClure (1983)
CGT CAT 1.5 A PRE -35 Wulff et al. (1984)
CTT CAT 0.1 lac P1 -36 LeClerck & Istock (1982)
CTT CGT -1.4 lac P1 -36 LeClerck & Istock (1982)
GAC GCC -3.3 P22 ant -32 Youderian et al. (1982)
GAC GGC -33 A PR -32 Hawley & McClure (1983)
P22 ant -32 Youderian et al. (1982)
Tnl0 tetA =32 Daniels & Bertrand (1985)
GAC GTC 0 Tnl0 tetA -32 Daniels & Bertrand (1985)
GCG GTG 35 A PRE -36 Wulff et al. (1980)
GCT GTT 1.5 lac P1 -37 LeClerck & Istock (1982)
GGT GAT 1.3 A PRM -39 Rosen et al. (1980)
GTA GGA -2.5 P22 ant -37 Youderian et al. (1982)
GTG GGG -3.0 A PRM -38 Rosen et al. (1980)
GTT GCT -1.5 A PRE -39 Wulff et al. (1984)
Tnl0 tetA -35 Daniels & Bertrand (1985)
GTT GGT -1.2 Tnl0 tetA =35 Daniels & Bertrand (1985)
TAT TTT -1.4 P22 ant -36 Youderian et al. (1982)
TGA TAA 0.7 P22 ant -33 Youderian et al. (1982)
R1 copA -33 Stougaard et al. (1981)
pMBI1 -34 Cesareni (1982)
TGA TTA 0.7 P22 ant -33 Youderian et al. (1982)
TGC TAC 2.8 A PRE -37 Wulff et al. (1980)
TGC TTC 1.5 A PRE -37 Wulff et al. (1984)
TGT TAT 0.8 bioB -35 Barker et al. (1981)
TTA TAA 0 lac P1 -34 LeClerck et al. (1984)
Dickson et al. (1975)
TTA TCA -0.7 lac P1 -34 LeClerck & Istock (1982)
TTG TCG -1.4 Tnl0 tetA -34 Daniels & Bertrand (1985)
P22 ant -34 Youderian et al. (1982)
A PRE -38 Wulff et al. (1984)
TTG TGG -1.2 A PRE -38 Wulff et al. (1984)
TTT TCT 0.6 lac PI -35 LeClerck & Istock (1982)
A PRE -33 Wulff et al. (1980)
-35 Region Up Mutations
ATA ACA -0.8 X PRM =31 Meyer et al. (1980)
CGA CAA 1.4 fol -30 Smith et al. (1982)
CTC CAC 0 Ipp -33 Inouye & Inouye (1985)
GAC GGC -3.3 araB -35 Horwitz et al. (1980)
GCA GTA 2.8 Tn10 Pout -35 Hawley & McClure (1983)
GCG GTG 3.5 lacl -35 Calos (1978)
rpoB ~34 An & Friesen (1980)
GTC GAC 0 amp C =32 Jaurin et al. (1982)
TCG TTG 1.4 fol -34 Smith et al. (1982)

4There are four sections based on the type of mutation (up/down) and on the location (~10 or —35 consensus regions). The first column lists the
wild-type triplets in alphabetical order. The triplets including the mutation in the middle nucleotide are listed in the second column. The free energy
difference is calculated by subtracting the wild-type triplet free energy from the mutant triplet free energy. The last three columns describe the
mutations. The position of the mutation is indicated relative to the transcription start position (..., =5, -4, =3, =2, -1, =RNA, ...), and no gaps are
introduced to align the consensus sequences. Asterisks indicate wild-type triplets for which a mutation in the middle nucleotide can either decrease
or increase the free energy (see Discussion). ®gal P2 mutations were isolated in a strain that contained a mutation G — A at position —14 of gal P1
(-9 of gal P2) [see Bingham et al. (1986)].

complex. (2) The —10 region is opened by thermal fluctuations. complex. Then the reaction from closed to open complex can
This step is fast and in equilibrium. (3) The enzyme interacts be described as
with the —10 region to form the open complex. Let RP;* " "
denote the closed complex at the 35 region, P;'° be the closed RP;¥P;10 = RP;¥P;10 = RP,
-1 -2

-10 region, P;'° be the open —10 region, and RP, be the open
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Table 1I: Summary of Free Energy Comparisons between Promoter
Mutations and the Corresponding Wild-Type Sequences?

increased decreased
mutation type free energy free energy  no change
-10 region down 9 40 1
up 14 2 2
-35 region down 20 21 3
up 5 2 2

7For each mutation type, we indicate the number of mutations that
show increased free energy, decreased free energy, or no difference in
comparison to the wild type.

where k| and &_, are the rates of transition from helix to coil
and from coil to helix, respectively, and k, and k_, are the rates
of the third step and its reverse, respectively. k;is then

kik
k= ke

If k_; > ky, then k; = (k;/k_;)k,. The value k,/k_, is e26/RT
where AG is the free energy of transition from helix to coil
in free solution. Hence, k; = ¢ 2¢/RTk, and the overall rate
is directly proportional to the equilibrium constant of opening
near —10. [Note that the underlying assumption is that the
available AG values (Breslauer et al., 1986) represent the
situation in the presence of the enzyme. In other words, if the
enzyme while interacting with the ~35 region has any effect
on the helix stability, this effect is not sequence dependent.]
According to this model, the rate of open complex formation
is directly proportional to the helix instability and to the rate
of the last step.

This model predicts that, if k, is almost constant, then as
the free energy of transition from helix to coil decreases (helix
instability increases) k; increases. We have used a database
of 25 promoter sequences for which the rates of open complex
formation have been measured (McClure, 1980; Dayton et al.,
1984; Hawley & McClure, 1980, 1982; Stefano & Grala,
1982; Malan et al., 1984; Shih & Gussin, 1983; Simons et al.,
1983; Mulligan et al., 1985) to calculate the correlation
coefficient between the rate of open complex formation, k;,
and e 26/RT of short blocks within the promoter region. No
significant correlation has been found in either the —35 or the
-10 consensus regions. The lack of correlation cannot be due
to the fact that e™2¢/RT js almost constant since there is a large
variability in this value among the 25 promoters previously
indicated to be 1077-1071°, A similar study was carried out
by Tachibana and Ishihama (1985) on a different set of 11
promoters. They characterized the relative rates of open
complex formation by using a “mixed transcription” system
(Kajitani & Ishihama, 1985; Nomura et al., 1985) and
evaluated the melting properties of the DNA by using di-
nucleotide melting temperatures reported by Gotoh and Ta-
gashira (1981b). They showed a high correlation (» = 0.9)
between the opening potential of the double helix in the -9
to +3 region and the rate of open complex formation. How-
ever, when we use the free energies (Beslauer et al., 1986) on
their database, we find a correlation of only r = 0.3 between
the rate of open complex formation and e 26/RT for that seg-
ment. A similar result was also reported by Gotoh and Ta-
gashira (1981b). For a numer of promoters, they found a very
weak correlation between the promoter efficiency and the
probability of base pairs opening. These analyses lead to the
conclusion that if these are the steps of open complex formation
then the rate is combined of two contributions and that the
last rate-limiting step, characterized by k,, is probably se-
quence dependent.

MARGALIT ET AL.

There are experimental measurements showing that in the
transcription systems of T7 A1 (Chamberlin et al., 1982) and
lac UVS5 (Buc & McClure, 1985) the DNA melting is not a
rate-limiting step in the open complex formation. Accordingly,
it has been suggested (Chamberlin et al., 1982; Buc &
McClure, 1985) that the open complex formation consists of
a rate-limiting intermediate step followed by DNA melting.
For this model, the reaction from closed to open complex can
be described as

k k
RP, k: RP; T RP,
-2 -1
where RP; is the intermediate complex, k; and k_; are, as
before, the rates of transition from helix to coil and from coil
to helix, respectively, and k, and k_, are the rates of the

intermediate step and its reverse, respectively. k; is then

k2kl
k, + Kk

and k_ is
k ok,

If k) > k_,, then k; = k, and k, = (k_;/k;)k_;. Hence, in this
model, k; depends only on the rate of the intermediate complex
formation and not on the helix stability, while k, depends on
the free energy of transition from coil to helix and on the rate
of the reverse intermediate process (k_,). However, when we
use the k, values available for 10 promoters (McClure, 1980;
Dayton et al., 1984; Hawley & McClure, 1980; Malan et al.,
1984; Mulligan et al., 1985) to calculate the correlation with
the free energies, again, no correlation is found. It should be
noted that the measured kinetic values may have large ex-
perimental errors and include measurements at different salt
concentrations. Hence, a larger set of k; and &, values mea-
sured under constant conditions would afford more reliable
conclusions on the relationship between the double-helix sta-
bility and the process of open complex formation. However,
according to these considerations, it is hard to confirm any
of the models. A possible conclusion, relevant to both models,
is that while there is a general tendency of the —10 regions to
be relatively unstable, this property by itself cannot explain
the variation in isomerization rates among individual pro-
moters.

Several findings question the validity of a strictly bipartite
model in which the -35 region is responsible only for the
recognition and the —10 region is responsible for the open
complex formation. Mutations affecting the isomerization rate
are found in both the —10 and —35 regions (Stefano & Gralla,
1982; McClure et al., 1982). Also, in our study, 20% of the
mutations in the ~10 region do not show a correlation between
the direction of free energy change and the type of mutation.
It is conceivable that the isomerization to open complex de-
pends on an appropriate positioning of the RNA polymerase
and on specific contacts in the —10 region as well as on its ease
of melting. Hence, mutations in the —35 region which affect
the isomerization rate may hinder the optimal positioning of
the enzyme, and the 20% of the mutations mentioned above,
which do not behave as expected, may affect the specific
contacts with the enzyme rather than the double-helix stability.
If this were the case, then we would not expect to find a
correlation with the kinetic data. The database for which
kinetic data are available consists of sequences with differences
in both the —10 and —35 consensus regions, and the variations
in their k; and k, values might be due to other sequence-de-
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pendent factors in addition to helix stability. However, the
situation for the mutations is less complex. We are performing
a pairwise comparison between a mutant and a wild type. The
two sequences are identical except in one position. Hence, all
the sequence-dependent factors that could affect the open
complex formation are identical except the one dependent on
the position of the mutation. Our analysis shows that 80%
of those up/down mutations in the ~10 region are correlated
with increased /decreased free energy. this clearly suggests
that the opening transition has an effect on the overall tran-
scription rate. The highly significant correlation between the
type of mutation and the direction of free energy change, as
well as the strong peak in the free energy distribution, indicates
that instability at the —10 region plays a role in the steps
preceding transcription initiation.
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SUPPLEMENTARY MATERIAL AVAILABLE

A list of the 168 E. coli sequences used for the analysis of
relative helix stability of the promoter region (7 pages).
Ordering information is given on any current masthead page.
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Isolation of Multiple Forms of DNA Polymerase §: Evidence of Proteolytic

Modification during Isolation’
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ABSTRACT: The subunit structures of a number of human placenta DNA polymerase § preparations were
investigated by Western blotting with polyclonal antisera and by activity staining following polyacrylamide
gel electrophoresis. When immunoblots and activity stains were performed on different enzyme preparations,
putative catalytic subunits of (a) 170, (b) 120, or (¢) 50-70 kilodaltons (kDa) were observed. It was also
observed that the lower molecular weight forms could be generated upon storage of the preparations. Western
blotting of human placental tissue extracts showed that the major immunoreactive polypeptide was 160-170
kDa. Treatment of the extracts with trypsin or Staphylococcus aureus V8 protease led to the generation
of immunoreactive polypeptides of lower molecular weights. These studies suggest that the 120-kDa and
lower forms of the enzyme are generated via uncontrolled proteolysis and provide a rationale for the
observation of different apparent subunit structures previously reported for DNA polymerase . In addition,
these findings suggest that DNA polymerase é has a catalytic domain which resides in a protease-resistant
domain.

DNA polymerase ¢ is a high molecular weight DNA po-
lymerase which has been described in rabbit reticulocytes
(Byrnes, 1984), calf thymus (Lee et al., 1981, 1984; Crute et
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al., 1986), and human placenta (Lee & Toomey, 1987). DNA
polymerase § is of particular interest since it differs from DNA
polymerase « in that it is associated with a 3’ to 5’ exonuclease
activity which is not removed by any conventional fractionation
methods, and therefore appears to be intrinsic to the enzyme.
We have reported studies of a highly purified DNA polymerase
& preparation from human placenta which possessed a 170-
kilodalton (kDa) polypeptide, with smaller polypeptides in the
60-70-kDa range; in this study, murine antisera were shown
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