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ABSTRACT

We show, using dot matrix comparisons and statistical analysis of
sequence alignments, that seven sequenced sigma factors, E. coli sigma-70 and
sigma-32, B. subtilis sigma-43 and sigma-29, phage SPO1 gene products 28 and
34, and phage T4 gene product 55, comprise a homologous family of proteins.
Sigma-70, sigma-32, and sigma-43 each have two copies of a sequence similar
to the helix-turn-helix DNA binding motif seen in CRP, and lambda repressor
and cro proteins. B. subtilis sigma-29, SPO1 gp28, and SPO1 gp34 have at
least one copy similar to this sequence. We propose that a second sequence,
conserved in all seven proteins is the core RNA polymerase binding site. A
third region, present only in sigma-70 and sigma-43, may also be involved in
interaction with core. Available mutational evidence supports our model for
sigma factor structure.

INTRODUCTION

The sigma subunits of bacterial RNA polymerases determine the
specificity of the enzyme for promoters. Originally isolated as a factor
that stimulated in vitro transcription by Escherichia coli RNA polymerase

(1), additional sigma factors important in sporulation (reviewed in 2) and
phage development in Bacillus subtilis, and heat shock and phage development

in E, coli have been isolated. Six of these sigma factors, the E. coli rpoD
and rpoH (htpR) gene products (sigma-70 and sigma-32), T4 gene product 55,
the B. subtilis rpoD gene product (sigma-43), and the B. subtilis phage SPO1
gene 28 and gene 34 products (gp28 and gp34), are known to bind to RNA
polymerase and stimulate transcription with the appropriate specificity in
vitro (3,4,5,6). The B. subtilis spolIG gene product (sigma-29, (7)), while
not proven to function as a sigma factor, is included because of its strong
sequence similarity to the other sigma factors (8,9).

The nucleotide sequences of seven sigma factors have been determined
(8,10,11,12,13,14,15,16). Strong similarities between the sequences of
E. coli sigma-70 and B. subtilis sigma-43 (16), E. coli sigma-70 and sigma-32
(12,13), and E. coli sigma-70, B. subtilis sigma-43, and B. subtilis sigma-29
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(8,9) have been reported previously. Similarities of sigma-43 and sigma-32
to several DNA binding proteins (12,16), and sigma-32 to CRP (13) have been
noted. These similarities, however, were not shown to be statistically
significant, and therefore their importance in sigma function was unclear.
The aims of this study were twofold. We desired to determine if the apparent
homology of sigma factors with each other and with DNA binding proteins could
be shown to be real (i.e. statistically more likely than chance). Our
second goal was to see whether statistical methods could reveal sequence
similarities between functionally similar but (until now) apparently
unrelated sigma factors from bacteria and bacteriophage.

Simultaneous analysis of the seven sigma factors reveals additional
relationships and strengthens earlier findings. We show that sigma-70,
sigma-43, and sigma-32 each have two regions that are significantly simiiar
to proposed DNA binding regions, and that sigma-29, SPO1 gp28 and SPO1 gp34
have at least one of these regions. This strongly argues for direct
interaction with DNA as the basic mechanism of sigma function.

Previous analyses of SPO1 gene products 28 and 34 concluded that they
were not related to E. coli sigma-70 (11,14), we have found them to be
significantly similar to several of the sigma proteins and thus part of the
homologous family of sigma factors. T4 gene product 55 (gp55) was also
previously thought to be unrelated to other sigma factors (15) but now can be
shown to be homologous.

RESULTS

Dot matrix analysis of sigma~70 and sigma-43 (Fig. 1A) reveals two
regions of highly similar amino acid sequence as previously noted by Gitt et
al. (16). The larger region corresponds to the carboxyl half of sigma-70
and the smaller one to the amino terminal 21%. One of the advantages of dot
matrix methods over alignment methods is their ability to detect
duplications. Duplications are suggested by a line of dots running parallel
to the main diagonal. Every line of dots, however, does not indicate a
significant similarity, and each possible duplication must be investigated
individually to determine its importance. Arrow 1 in Fig. 1A indicates a
small duplication at the amino terminus in which a short sequence present
once in sigma-70 is found twice in sigma-43. Taking this duplication into
account allows a better alignment of the amino terminal region than was
recently reported (16). A second duplication can be seen near the carboxyl
end (arrow 2) of sigma-70 and sigma-43 where a sequence element appears to be
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Figure 1. Dot Matrix Comparisons of Sigma Factors.

(A) Vertical axis: sigma-70 (residues 1-613), horizontal axis: sigma-43
(residues 1-371), stringency = 9.5. (B) Vertical axis: sigma-70 (residues
320-613), horizontal axis: sigma-32 (residues 1-284), stringency = 7.5. (C)
Vertical axis: sigma-70 (residues 320-613), horizontal axis: sigma-29
(residues 1-238), stringency = 7.5. (D) Vertical axis: SPO1 gp34 (residues
1-197), horizontal axis: sigma-29 (residues 1-238), stringency = 7.0. (E)
Vertical axis: T4 gp55 (residues 1-185), horizontal axis: sigma-29
(residues 1-238), stringency = 6.8. A window of 20 was used for all
comparisons. Boxes enclose the diagonals that can be shown to be homologous
by alignment methods. Numbered arrows indicate additional regions of
homology mentioned in text.

present in two copies in both proteins. A similar effect is seen in a
comparison of sigma-43 and sigma-32 (data not shown). The significance of
this duplication is discussed below (region 3 and 4).

Comparison of sigma-70 and sigma-32 shows a pattern of regions of high
similarity separated by regions of lower similarity (Fig. 1B). A region near
the amino terminus of sigma-32 and another near the carboxyl terminus are the
most closely related to sequences present in sigma-70. As previously noted
(12,13), sigma-32 is related only to the carboxyl terminal half of sigma-70,
and shows no similarity to the amino terminal end of sigma-70 (but see also
Other Proposed Homologous Regions).

Sigma-29, SPO1 gp34 and T4 gp55 are smaller than sigma-70, sigma-43, and
sigma-32. As can be seen in Fig. 1C, most of this size difference is
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Figure 2. Location of Highly Conserved Regions.

The shaded section of the boxes indicate the locations of the highly
conserved regions discussed in the text. The locations of amino acid
differences between E. coli and S. typhimurium sigma-70 are indicated by dots
above the sigma-70 bar. The location of the rpoD800 mutation is shown as a
short line above the sigma-70 bar.

accounted for by a large block of sequence present in sigma-70, but not in
sigma-29. SPO1 gp34 and T4 gp55 are weakly related to the other sigma
factors, their strongest similarity being to sigma-29. Their essential
colinearity with sigma-29 can be seen in Fig. 1D and 1E. This indicates that
they also lack the same block of sequence missing in sigma-29 as compared to
sigma-70. Note that the boxes indicating the main regions of homology have
been determined after further analyses and can not be derived from the dot
matrix comparison alone.

From these dot matrix comparisons, and others not shown, a general idea
of the regions conserved between the various sigma factors can be formed.
Fig. 2 shows a schematic diagram of the most conserved sequence elements
which, for convenience, we refer to as regions 1 to 4. Region 1 is present
only in sigma-70 and sigma-43. Regio}n 2 is found in all the proteins, region
3 in sigma-70, sigma-43 and sigma-32, and region 4 in all of the proteins
except T4 gp55.

Regions 2 to 4 represent highly similar sequence elements found in three
or more of the proteins. 1In the case of sigma-70, sigma-43, and sigma-32,
the intervening regions are also clearly related (12,16). In general,
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Figure 3. Alignment of Sigma-43 and Sigma-70 in Region 1.

Chemically similar residues (ILMV, KHR, DENQ, ST, AG, and FWY) are shown in
capitals when aligned. Identical residues are boxed when aligned. Periods
indicate gaps inserted to give the best alignment. Note that sigma-43 has
two sequence elements corresponding to residues 22-34 of sigma-70. Secondary
structures predicted from the aligned sequences are shown below the aligned
sequences (@ = alpha helix, B: beta structure, T = turn).

[72]

Sigma-43 71
Sigma-70 66

though, the similarity of the intervening regions is less than within regions
2 to 4. Sigma-29 and SPO1 gp34, and sigma-29 and T4 gp55, can also be
aligned over the entire length of the sequences, although the intervening
regions in these alignments are much more weakly conserved than regions 2 to
4.
Region 1

The alignment of sigma-70 and sigma-43 recently reported by Gitt et al.
(16) juxtaposed 62 (24.4%) identical residues and 36 (14.2%) chemically
similar residues. The alignment shown here (Fig. 3) differs from theirs in
the first three quarters of region 1, and aligns 31.3% of the residues in
this region with identical amino acids and 21.5% with chemically similar
amino acids. There are two strongly related segments in region 1,
corresponding to residues 14-64 (1A) and 86-116 (1B) of sigma-70 (Fig. 3).
More than 60% of the amino acids in these segments are identical or
chemically similar in sigma-70 and sigma-43, a level that approaches the 84%
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Figure 4. Alignment of Sigma Factor Sequences in Region 2.

(A) Chemically similar residues present in three or more of the sequences are
shown in capitals. Boxes indicate positions where at least six of the
sequences have chemically similar residues. Secondary structure predicted
from the aligned sequences are shown below the aligned sequences (symbols as
in Fig. 3).

(B) Significance of alignments shown in Fig. 44, (+) denotes the indicated
alignment has an adjusted score of 3.0 or greater, (+/-) indicates an
adjusted score of 2.0 to 3.0.

seen in the alignment of the carboxyl terminal ends of sigma-70 and sigma-43.
Structural predictions of the aligned sequences in region 1A show several
potential alpha and beta structures, while we predict that region 1B forms
several helices separated by reverse turns.

Region 2
Similarities in region 2 have previously been noted between sigma-70 and
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Table 1
Alignment Statistics for region 2

Sequence Sequence Adj.

1 From To 2 From To Score  Mean S.D. Score
Sigma-70 364 456 Sigma-43 123 215 105.8 25.2 2.1 38.2
Sigma-70 364 456 Sigma-32 38 130 52.6 21.4 2. 15.2
Sigma-70 364 456 Sigma-29 46 139 52.0 20.9 2.3 13.4
Sigma-70 364 456 SPO1 gp28 6 103 25.0 19.1 2.1 2.7
Sigma-43 123 215 Sigma-32 38 130 53.7 18.8 2.1 16.6
Sigma-43 123 215 Sigma-29 46 139 51.3 19.8 2.1 15.0
Sigma-32 38 130 Sigma-29 46 139 58.1 20.6 2.4 15.8
Sigma-32 38 130 SPO1 gp28 6 103 21.6  17.1 2.2 2.1
Sigma-32 38 130 T4 gp55 28 123 24.9 18.8 2.0 3.0
Sigma-29 46 139 SPO1 gp34 6 98 33.0 18.9 2.2 6.4
Sigma-29 46 139 T4 gp55 28 123 27.9 19.8 2.3 3.5

Statistics for the alignments shown in Fig. 4A. Score is the alignment score
for the alignments shown in Fig. 4A. Mean and S.D. are the average score
and standard deviation for one hundred alignments of random sequences of the
same length and composition. The adjusted score is calculated from the
relation: Adj. Score. = (Score - Mean)/S.D.

sigma-32 (12,13), sigma-70 and sigma-29 (8,9), and sigma-70 and sigma-43
(16). Fig. 4 shows the alignment of the seven sigma factors in this region.
The sequence similarity in region 2 is striking, especially in the region
corresponding to residues 403 to 421 of sigma-70. Not all of these sequences
can be shown to be significantly similar in pairwise comparisons, but each
protein can be clearly shown to be related to at least one of the others
(Table 1). Sigma-29 is particularly important as it is significantly related
to both bacterial and phage encoded sigma factors, and thus provides the
bridge between these two groups. Residues corresponding to positions 384,
392, 398, 403 - 405, 408, 415, 419, and 430 of sigma-70 appear to be
particularly strongly conserved. These positions include several where
aromatic residues are seen in all seven proteins.

Secondary structure predictions for the aligned sequences suggest there
are two beta structures (residues 384 - 391 and 427 - 435 of sigma-70)
separated by a long region of alpha helix. A third region of beta structure
is predicted at the C-terminal end of region 2 (residues 449 to 456 of
sigma-70). These three beta strands are of nearly the same length suggesting
that they form a beta sheet structure. If they are arranged in the order
beta-1, beta-3, beta-2, the long alpha helices at residues 397 to 418 of
sigma-70 are the correct length to connect beta-1 and beta-2. In agreement
with this model, these helices would have a hydrophobic side suitable for
packing against a beta sheet. This model suggests that the most remarkably
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Table 2
Alignment Statistics for Sigma Factors in Regions 3 and 4
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Sequence 1 From To Sequence 2 From To Score Mean

Sigma-70 (3) 465 516  Sigma-43 (3) 224 275 57.2 13.1
Sigma-70 (3) 465 516  Sigma-43 (4) 316 369 16.0 12.7
Sigma-70 (3) 465 516 Sigma-32 (3) 139 191 18.1 11.5
Sigma-70 (3) 465 516 Sigma-32 (4) 237 284 18.8 11.6
Sigma-70 (3) 465 516 SPO1 gp34 141 193 17.0 11.5
Sigma-70 (4) 557 610  Sigma-43 (3) 224 275 20.1 13.3
Sigma-70 (4) 557 610  Sigma-43 (4) 316 369 61.4 13.6
Sigma-70 (4) 557 610  Sigma-32 (3) 139 191 15.8 11.9
Sigma-70 (4) 557 610  Sigma-32 (4) 237 284 29.8 11.4
Sigma-70 (4) 557 610 Sigma-29 190 238 20.6 11.0
Sigma-43 (3) 224 275  Sigma-32 (3) 139 191 21.7 12.0
Sigma-43 (3) 224 275  Sigma-32 (4) 237 284 19.4 11.2
Sigma-43 (3) 224 275 Sigma-29 190 238 14.2 10.9
Sigma-43 (3) 224 275 - SPO1 gp34 141 193 16.5 12.6
Sigma-43 (4) 316 369 Sigma-32 (3) 139 191 16.3 11.9
Sigma-43 (4) 316 369  Sigma-32 (4) 237 284 32.5 11.2

N
.
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Sigma-43 (4) 316 369 Sigma-29 190 238 24.4 10.8 . .
Sigma-32 (4) 237 284  Sigma-29 190 238 22.1 11.5 . .
Sigma-32 (4) 237 284  SPO1 gp34 141 193 16.6 10.1 . .
Sigma-29 190 238  SPO1 gp34 141 193  17.3 12.4 . .
1gma—-29 190 238  SPO1 gpes 119 170 16.8 10.6 1. .

Statistics for the alignments shown in Fig. 5A. Score is the alignment score
for the alignments shown in Fig. 5A. Mean and S.D. are the average score and
standard deviation for one hundred alignments of random sequences of the same
length and composition. The adjusted score is calculated as in Table 1. -
Numbers in parentheses indicate region 3 or region 4.

conserved part of this region (residues 403 - 431 of sigma-70) would 1lie on
the protein surface. We speculate that it would be available for interaction
with core RNA polymerase.
Regions 3 and 4

Earlier analyses have noted conserved sequence elements in region 3 (12)
and region 4 (12,13,16). Region 3 is clearly conserved between sigma-70,
sigma-43, and sigma-32, as is region 4. Furthermore, many of the regioh 3
sequence elements can be shown to be related to region 4 elements (Table 2,
Fig. 5). This indicates that region 3 and 4 are two repeats of a single
homologous sequence. Sigma-29, SP01 gp28, and SP0O1 gp34 may have only one
sequence element corresponding to this sequence, since only one element from
each can be shown to be significantly related to either region 3 or region 4.
It is, however, possible that these proteins have two related elements that
are structurally similar, but not detectably similar by sequence analysis.

The most striking aspect of the structure of regions 3 and 4 is their
strong similarity to the helix-turn-helix (HTH) DNA binding motif of lambda
repressor (17), lambda cro (18), and E. coli CRP (19). The resemblance of
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Figure 5. Alignment of Sigma Factor Sequences in Regions 3 and 4.

(A) Regions 3 and 4 of the sigma factors are shown aligned above sequences
thought to contain the helix-turn-helix DNA binding motif. Secondary
structures predicted from the aligned sigma factor sequences are shown
between the aligned region 3 and region 4 sequences. The structures
predicted for the aligned HTH sequences are shown above the HTH sequences
(symbols as in Fig. 3A). (B) Significance of sigma factor alignments shown
in Fig. 5A (+) denotes the indicated alignment has an adjusted score of 3.0
or greater, (+/-) indicates an adjusted score of 2.0 to 3.0.
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Table 3
Alignment Statistics for Sigma Factors Regions 3 and 4
and HTH elements

Adj.
Sequence 1 From To Sequence 2 From To Score Mean S.D. Score
Sigma-29 190 238 galR 1 34 16.4 7.8 1.2 7.4
Sigma-29 190 238 lambda cro 6 45 16.0 9.1 1.5 4.6
Sigma-43 (4) 316 369  galR 1 34 13.8 8.4 1.2 4.5
Sigma-43 (3) 224 275 lexA 18 57 16.7 10.1 1.6 4.2
Sigma-29 190 238 lambda cIT 14 53 17.6 10.8 1.7 4.1
Sigma-29 190 238 lacI 1 35 13.0 7.6 1.3 4.1
Sigma-32 (4) 237 284 434 cro 9 48 16.8 11.0 1.5 4.0
Sigma-32 (4) 237 284 lambda cI 23 62 14.2 8.8 1.5 3.8
Sigma-43 (4) 316 369 CRP 159 198  14.5 9.4 1.6 3.3
Sigma-43 (3) 224 275  CRP 159 198 14.4 9.4 1.6 3.3
Sigma-43 (3) 224 275 tn3R 151 185 14.2 9.6 1.4 3.3
Sigma-32 (3) 139 191 lambda cI 23 62 13.6 8.8 1.4 3.3
Sigma-29 190 238 hinv 157 190 12.3 8.0 1.4 3.2
Sigma-32 (4) 237 284 galR 1 34 14.7 10.2 1.5 2.9
Sigma-70 (3) 465 516 lexA 18 57 14.6 10.3 1.5 2.9
Sigma-43 (4) 316 369 lambda cro 6 45 14.3 9.9 1.6 2.8
Sigma-43 (4) 316 369 434 cro 9 48 15.2 10.9 1.5 2.8
Sigma-32 (4) 237 284 CRP 159 198 13.0 9.3 1.3 2.8
Sigma-70 (4) 557 610 CRP 159 198 12.9 9.2 1.4 2.7
Sigma-29 190 238 lambda cI 23 62 16.4 11.6 1.8 2.7
Sigma-70 (3) 465 516 tn3R 151 185 13.5 10.0 1.4 2.6
Sigma-70 (3) 465 516  CRP 159 198 12.8 9.2 1.4 2.6
Sigma-70 (4) 557 610 lambda cro 6 45 13.7 10.0 1.4 2.6
Sigma-70 (4) 557 610 galR 1 34 11.4 8.7 1.1 2.5
Sigma-32 (4) 237 284 lacI 1 35  12.4 8.8 1.5 2.5
Sigma-43 (3) 224 275 lambda cI 23 62 15.7 11.9 1.7 2.2
SP01 gp28 174 220 lexA 18 57 12.2 9.1 1.4 2.2
SPO1 gp34 141 193 CRP 159 198  11.7 8.9 1.3 2.2
Sigma-43 (3) 224 275 lambda cII 14 53 13.4 10.5 1.4 2.0
Sigma-32 (3) 139 191 fnr 197 216 1.2 8.5 1.3 2.0

Numbers in parentheses indicate region 3 or region 4. Sequences are referred
to by their genetic loci except for tn3r, the transposon 3 repressor, and
tn R, the transposon gamma-delta repressor. The HTH elements are those
suggested in (20). The protein sequences derived from the following genes
were compared to each region 3 and region 4 element; only alignments with
adjusted scores of 2.0 of higher are reported. Lambda cI (44), lambda cII
(45), lambda cro (46), 434 oI (47), P22 cII (48), araC (49), crp (50, 57),
fnr (52), 1R (53), lacI (protein sequence, (54)), lexA 55,56), tn3
repressor 5575, tn gamma-delta repressor (58), and S. typhimurium hinv (59).
Sequences for the HTH region of 434 cI and cII, and P22 cl and cro, were
taken from (20). - - - -

region 4 of sigma-32 to the HTH region of CRP was previously reported (13).
Landick et al. (12) also noted the resemblance of region 3 and 4 of sigma-32
to the A-N-N-N-G-N-N—N-N—N—V. sequence conserved among DNA binding proteins.
The significance of these similarities, however, was not tested. We find
that several of the comparisons of region 3 and 4 with proteins thought to
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SP01 gp34 4 rKkL.tpP. . [TTHfDlpjeyL fk|KlyE1llrk.svykkfKdkMIN 39
T4 gp55 1 MsEtkpkynylyynNKIEJLLqAIlijdwktelaNnkDpnKvvirinD 40

Figure 6. Alignment of Region 2 Proximal Sigma Factor Sequences.
Chemically similar residues present in three or more of the sequences are
shown in capitals. Boxes indicate positions where at least six of the
sequences have chemically similar residues.

employ the HTH motif (20) show a significant relationship (Table 3).
Although the sequences in Fig. 5 have been aligned to highlight the
similarities of the sigma factors, it is obvious that both region 3 and
region 4 strongly resemble the HTH consensus.

Residues thought to be important in the HTH motif are strongly conserved
in regions 3 and 4. Hydrophobic residues at positions 4 and 15 of the HTH
consensus are thought to be important in stabilizing the interaction of the
two helices, and are present in all the sigma sequences. Positions 9 - 11 of
the HTH consensus form the characteristic turn of the motif. A glycine
residue at position 9 is favored due to its conformational flexibility. A
glycine residue is seen in this position in most of the sigma sequences. Two
of the exceptions, region 3 of sigma-43 and region 4 of sigma-70, have an
aspartate residue in place of the glycine normally found. This may not be as
unfavorable as it might seem since it has been shown (21) that a gly to glu
mutation at this position in lambda repressor does not destroy its DNA
binding activity. An alanine or glycine residue at position 5 of the HTH
consensus is favored, probably because the close approach of the two alpha
helices at this point leaves little space for a large side chain. Alanine or
glycine residues are seen in the corresponding position for all but one of
the sigma sequences shown. As might be expected, the consensus secondary
structure predicted for both the aligned region 3 and 4 sequences, and the
aligned DNA binding proteins, predict the same helix-turn-helix structure
observed by x-ray crystallography.

Other proposed homologous regions

Stragier et al (9) have proposed that another short region of homology
exists Jjust before the element we call region 2. This short region is
contiguous with region 2 in all the proteins except sigma-70, where it is
interupted by a 245 residue insertion relative to the other sigma factors.
These segments represent a continuation of the alignment of region 2 towards
the amino terminus of the proteins. The alignment of the elements reported
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Table 4
Alignment statistics for Region 2 Proximal Elements

Sequence Sequence Adj.
1 From To 2 From To Score Mean S.D. Scor%
Sigma-70 102 141 Sigma-43 106 145 28.0 14.1 1.4 10.3
Sigma-70 102 141 Sigma-32 19 58 14.2 12.8 1.5 0.7
Sigma-70 102 111 Sigma-29 40 79 15.0 11.7 1.6 2.2
Sigma-70 102 141 SP01 gp28 5 44 13.6 13.2 1.7 0.3
Sigma-43 106 145 Sigma-32 19 58 22.6 13.1 1.4 6.5
Sigma-43 106 145 Sigma-29 40 79 21.1 13.2 2.3 3.5
Sigma-43 106 145 SPO1 gp28 5 44 12.8 13.3 1.6 -
Sigma-32 19 58 Sigma-29 40 79 17.5 12.4 1.7 3.0
Sigma-32 19 58 SP01 gp28 5 44 13.1 12.6 1.5 0.3
Sigma-29 40 79 SPO1 gp28 5 44 15.7 12.1 1.7 2.1

Statistics for the alignments shown in Fig. 6. Score is the alignment score
for the alignments shown in Fig. 6. Mean and S.D. are the average score and
standard deviation for one hundred alignments of random sequences of the same
length and composition. The adjusted score is calculated as in Table 1. No
adjusted score for SPO1 gp34 or T4 gp55 exceeded 0.5.

by Stragier et al is shown in Fig. 6 and Table 4, along with additional
segments from SPO1 gp28, SPO1 gp34, and T4 gp55. Although the alignments in
Fig 6. generally show positive adjusted scores, most of these elements can
not be shown to be significantly related because of their short length.
However, if considered as amino terminal extensions of region 2, these
alignments increase the significance of the alignments shown in Fig. 4 and
Table 2. The strong similarity seen in this region 2 proximal region begins
at a position corresponding to residue 111 of sigma-70 and therefore overlaps
region 1B by 16 residues. This indicates that the large insertion in
8igma-70 must have arisen after the divergence of the multiple sigma factors
from a common ancestor. There does not appear to be a clear correlation
between the adjusted score for the alignment and whether the sigma proteins
are the major vegetative sigma factor or "minor" sigma factors as proposed by
Stragier et al (9).

A possible relationship of sigma factors with the E. coli NusA protein
has been postulated (13). This similarity seems to result primarily from the
alignment of an HTH - like region of NusA with the HTH - like regions of the
sigma factors (data not shown). The best alignment score for this HTH - like
segment of NusA with any region 3 or 4 element is 3.64 (residues 372 to 406
of NusA aligned with residues 245 to 279 of sigma-32). Only one other
alignment with region 3 and 4 elements gives an adjusted score greater than
3.0. It is not at all clear whether this sequence similarity represents a
case of homology or convergent evolution. We therefore do not, at this time,
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include NusA protein in the family of homologous sigma factors.

DISCUSSION

The demonstration that similar sequence elements are more closely
related than random sequences is crucial to the establishment of homology
(22). It is particularly important that the statistics of random alignments
be considered when gaps are inserted in aligned sequences since the admission
of gaps greatly increases the probability that unrelated sequences will yield
an alignment with a high score. As explained by Doolittle (22), simple
consideration of the scores of aligned sequences can easily lead to claims of
homology for proteins which are no more closely related than random
sequences.

Our results show that the seven proteins studied here, E. coli sigma-70
and sigma-32, B. subtilis sigma-43 and sigma-29, SPO1 gp34 and gp28, and T4
gp55 are homologous sigma factors. Although each and every pair of these
sequences can not be demonstrated to be related at a statistically
significant level, enough of the pairwise comparisons show significant
relationships to conclude that all seven protein comprise a related family.
This concusion is further supported by the presence of multiple sequence
elements with significant similarity in most of the sequences. Since
unrelated proteins would not be expected to maintain the order of these
similar sequence elements, as do the sigma factors, the overall significance
of the alignments must be greater than the simple segment by segment analyses
indicate. This reasoning is strongly supported by in vitro experiments that
show that each of these proteins acts as a sigma factor (4,5,6,23).

Region 1 is apparently not essential for the stimulatory activity of
sigma factors since it is present only in sigma-70 and sigma-43. The highly
conserved nature of the sequence region, however, implies that it is
important in the structure and/or function of the vegetative sigma factors.
The most obvious chemical difference between these proteins and the rest of
the sigma factors lies in their affinity for core RNA polymerase. Sigma-70
and sigma-43 are released from core during chromatography on BioRex-70 or
phosphocellulose (1,3,24), the other sigma proteins are not (25). This
suggests that sigma-70 and sigma-43 bind less tightly to core, or at least
that the binding can be weakened by the presence of acidic groups such as
those on the column matrices. The minor sigmas of B. subtilis, SPO1 gp28 ,
and sigma-32 are able to bind to core and function in vivo, in spite of the
presence of large amounts of sigma-43 or sigma-70, again suggesting a
difference in their affinity for core. In the case of SPO1 gp28, this is
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supported by in vitro experiments suggesting that gp28 binds more tightly to
core RNA polymerase than does sigma-43 (26). We postulate that region 1 is
involved in interaction with core, and may be specifically involved in
weakening the sigma - core interaction under physiological conditions where a
shift in sigma factors is necessary.

Region 2 is found in all of the sigma factors. It does not have any
similarity to known DNA binding sites, and we therefore believe that it is
also involved in interaction with core RNA polymerase. This is strongly
indicated by the remarkable resemblance between sigma-70, sigma-43, and
sigma-32 in region 2, since all of them have been shown to bind and function
with E. coli core (3,4). We speculate that this region may form a beta sheet
constituting the structural center of the sigma molecule. This structure
also seems reasonable for an intersubunit binding region.

Promoter sequences have two important regions, the -10 and -35 regions,
important for RNA polymerase binding. Each sigma factor isolated to date
seems to specify a unique sequence in both of these regions (27). The
discovery that several of the sigma factors have two sequence elements
related to the helix-turn-helix DNA binding motif observed in lambda
repressor, lambda cro protein, and CRP is interesting as it suggests that
sigma factors recognize both the -10 and -35 regions of the promoter
directly, and that the recognition is mediated by distinct parts of the
polypeptide. SPO1 gp34 and gp28, sigma-29, and T4 gp55 do not have two
obvious copies of a HTH - like sequence. This may be because the sequences
have diverged so far as to be no longer significantly similar, because other
factors are involved in promoter recognition by these proteins, or because of
a real difference in the way these proteins interact with core RNA polymerase
and DNA. Another possibility is, since core RNA polymerase probably supplies
a substantial part ot the free energy for binding to DNA (28), that core
polymerase acts to recognize part of the promoter sequence when these
proteins are present. In the case of SPO1 gp34, another protein, gp33, is
thought to be required for promoter recognition (5). T4 gp55 also represents
a ‘special case since it recognizes a promoter with only one conserved region,
roughly corresponding to the -10 region (29,30,31). RNA polymerase isolated
from T4 infected cells contains several other T4 encoded proteins including
gp33 and gp45 (32), although the presence of gp55 appears to be sufficient to
direct late gene specific transcription (6).

The hypothesis that the conserved sequence elements identified here are
the most important for sigma function is supported by available mutational
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evidence. Sigma-70 of Salmonella typhimurium is very similar to E. coli
sigma-70, having about 97% identical residues (33). The residues that differ
between E. coli and S. typhimurium sigma-70 can be considered to be mutations

not affecting sigma function. Only six of the 16 amino acid differences fall
in the conserved regions shown in Fig. 2. Five of the differences are in
the less conserved internal part of region 1 between regions 1A and 1B, and
the sixth occurs at residue 573, just before the HTH - like element of region
4. The rpoD800 allele encodes a ts mutant of sigma-70 in which residues 330
to 343 of the wild type polypeptide are deleted. Amino acid differences
between E. coli and S. typhimurium are also found in this region at position
334, 338, 340 and 345. The complete dispensability of this region suggests
it lies in a linker region between the carboxyl terminal domain and a domain
formed by the extra 245 residues found in sigma-70 but not other sigma
factors.

The alt mutation (rpoD2) is a sigma mutation that allows transcription
of the lac operon in the absence of adenyl cyclase or CRP (35). " Precise
mapping of this mutation (36) shows that it is an arg to his mutation at
residue 596 of sigma-70. Hu and Gross (36) have also isolated additional
mutations at the same position which allow growth on arabinose in SE-
strains. Some of these mutants are identical to the original alt mutant, and
others are arg to ser or cys changes. The presence of these mutants near an
HTH - like site suggests that they stimulate arabinose expression by
improving the binding of RNA polymerase to the arabinose promoter, although
it is also consistent with more efficient interaction of RNA polymerase with
the araC stimulatory protein in these strains.

The pattern of conserved sequence elements among the sigma proteins
suggests that they evolved from a proto - sigma factor consisting of a core
binding domain and a single HTH DNA binding site. At some point the DNA
binding region was duplicated giving rise to the structure seen in sigma-70,
sigma-43, and sigma-32. The clear presence of two HTH - like elements in
sigma-32 suggests the precursors of the minor sigma factors arose after this
internal duplication in the proto - sigma. We can not say with certainty
whether sigma-29, SPO1 gp28, and gp34 have only one element corresponding to
this region (or in the case of T4 gp55, no copies), since we have only
negative evidence that this is the case; i.e. we cannot show a significant
relationship between any region (other than those shown in Fig. 5) of these
proteins and region 3 or region 4. If, in fact, they have only one
HTH - like region, it may have arisen either by the loss of one DNA binding
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site from a sigma-32 like proto - sigma, or by the divergence of sigma
proteins before the internal HTH region duplication that led to sigma-70,
sigma-43, and sigma-32.

Several predictions can be made based on the model we present based on
sequence analysis. Mutations in region 2 might be expected to perturb the
interaction of sigma with core RNA polymerase, and to be revertable by
mutations in one or more of the core subunits. Mutations in regions 3 and 4
should affect primarily DNA binding, and presumably would cause a change in
the promoter sequence best recognized by the holoenzyme carrying the mutant
sigma factor. If, as suggested above, there are two independent DNA binding
sites, it should be possible to assign the specificity for the -10 and -35
regions of the promoter to particular parts of the polypeptide.

EXPERIMENTAL PROCEDURES
The sequences of the sigma factors have been derived from the reported

nucleotide sequences of their respective genes. In the case of sigma-32, two
versions of the nucleotide sequence have been reported; we have adopted the
version of Yura et al. (13), which differs from that of Landick et al. (12)
in having thr at position 2, ala at 185, his at 193, and ala at 194, instead
of ala, ser, glu, and pro, respectively. Note that the B. subtilis major
vegetative sigma, previously termed sigma-55 due to its migration on SDS
polyacrylamide gels, has been referred to as sigma-43 because of its
molecular weight calculated from the amino acid sequence.

We have used the programs of the University of Wisconsin Genetics
Computer Group (UWGCG) in our analyses (37). We have relied primarily on
dot-matrix analysis (38) and the local homology alignment algorithm of Smith
and Waterman (39) as implemented by UWGCG. In both cases, we have used a
scoring table in which comparisons of identical residues score 1.5, and
non-identical residues a score derived from the mutational difference matrix
(MDM78) of Schwartz and Dayhoff (40). The scores for non-identical
comparisons have been adjusted to have a mean of -0.17 and a standard
deviation of 0.364. Scores for non-identical comparisons range from 1.491
for phe-tyr to -0.677 for ala-trp. A stringency of 7 with a window of 20
thus requires two sequences to contain the equivalent of 23% identical
residues to produce a dot.

The dot matrix method compares two short "windows" of each sequence and
puts a dot at the position of the center of each window whose score exceeds a
certain score or stringency. The method is particularly useful for
qualitative assessment of the relationship of two sequences because it is
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less sensitive to insertions or deletions than are alignment methods.

Statistical analysis of the alignments was performed by calculating the
average and standard deviation of the scores for 100 alignments of random
sequences with the same composition and length as the sequences of interest.
Because the proteins have regions of strong sequence similarity separated by
regions with lower, or in some cases no, sequence similarity, each region of
strong similarity has been evaluated independently. In Tables 1 to 4, score
refers to the alignment score of the original sequences using the scoring
table described above. Mean and S.D. are the mean and standard deviation for
the 100 alignments of randomized sequences. The mean and score are dependent
on the 1length of the sequence elements aligned as can be seen from a
comparison of Tables 1 and 2. The adjusted score is calculated from the
relation

adj. score = (score-mean)/S.D.
The adjusted score is less length dependent than the original score and mean
values, and can, with caution, be used to compare alignments of different
lengths. An adjusted score of 3.0 or greater is required for reasonable
confidence that two sequences are significantly related (21,41).

We have predicted the secondary structures of the proteins by two
methods (42,43) with computer programs developed by M.G. (60) using a
procedure 1library provided by UWGCG. Consensus structures have been
predicted for the regions of strongest similarity using the Chou - Fasman
method by averaging the alpha, beta, and turn potentials of the residues of
the aligned sequences at each position. Complete predictions for each

protein are available on request.
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