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ABSTRACT The positively regulated Pgrg promoter of
phage A structurally overlaps with the ribosome-binding and
NH,-terminal coding region of the regulatory protein (cII) that
activates Pgg transcription. We have isolated and character-
ized 27 different point mutations that occur within the 36-base-
pair overlapping region. A comparison of genetic crossover
data with nucleotide separations as determined by DNA se-
quence analysis reveals that recombination frequencies are
greatly depressed at very short distances. Moreover, recombi-
nation frequency is critically dependent upon the precise nu-
cleotide sequence of the crossover region for distances of five
nucleotides or less. The mutations define precise positions and
sequences that are important to (i) Prg promoter function, (i)
translation of the cII gene, and (iii) cII gene function. Muta-
tional changes that affect the function of one element in this
region concomitantly define phenotypically silent alterations in
the other two elements. Mutations deficient in promoter func-
tion (Pgg or cy) are clustered in two regions that lie ~10 and
=35 nucleotides before the initial base of Pgz mRNA, analo-
gous to mutations in other promoters. Pgg mutations in the
—10 region alter bases that are conserved in prokaryotic pro-
moters, but Pgy mutations in the —35 region do not affect
bases that are normally conserved in other promoters. Several
mutations deficient in cII gene activity affect the initiation of
cIl protein synthesis, including an A—G change four bases
outside the cII coding region, and AUG—~GUG, AUG—ACG,
and AUG—AUA mutations in the initiation codon. In the re-
gion of overlap between the Pgrg promoter and the NH,-termi-
nal region of the cII gene, most amino acid substitutions in the
cII protein do not result in a loss of cII function, indicating
that this region of the gene does not contain essential informa-
tion for cII function. We suggest that the overlap itself is an
evolutionarily conserved structure and that it somehow coordi-
nates the bidirectional transcriptional and translational events
that occur in this region.

The Pge promoter of bacteriophage N controls the expres-
sion of the phage repressor (cl) protein during infection of a
sensitive cell (Fig. 1; refs. 1-4). This promoter is positively
regulated by the phage cII protein (2, 3). The cII protein is
both necessary and sufficient for transcriptional activation of
Pge 5, 6).

One striking feature of the cII-Pgg activation system is
that the promoter region overlaps structurally with the DNA
sequence encoding both the translation initiation and the
NH,-terminal coding region of the cII gene (Fig. 2; refs. 5,
11, and 14). These overlapping elements are oriented in op-
posite directions. Transcription of the Prg promoter pro-
ceeds leftward on the template towards the repressor (cl)
gene, whereas the cII gene itself is transcribed from the Py
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promoter as part of the major rightward transcription unit
(Fig. 1).

The clII-Pgrg activation system is well suited for both ge-
netic and biochemical analysis. Mutations affecting either
Pgg promoter function or the cII gene product can be readily
isolated and characterized (11, 15). Of particular interest are
those mutations that map in the region of structural overlap
between Prg and the clI gene. Within this region mutations
can be identified that affect cII expression or function. These
mutations also lie within the Pgrg promoter region yet are
functionally Pgg. Similarly, Pgg promoter mutations can be
identified within this region that also alter the sequence of
the NH,-terminal-coding and ribosome-binding region of the
cIl gene yet retain functional cII activity. Thus, the system
not only allows isolation and characterization of Pgg and cII
mutations but concomitantly allows examination of pheno-
typically silent base-pair changes within the Pgg region and
the NH,-terminal end of the cII gene.

Previously, 8 different Pgg mutations were isolated and
characterized (11). In this study we identify 9 additional Pgg
mutations as well as 10 cII™ mutations that occur in the NH,-
terminal region of the cII gene. The position and sequence
changes associated with these 27 different mutations are de-
fined and discussed with regard to the effects they have on
Pgg promoter function, translation of the cII gene, and cII
activity.

MATERIALS AND METHODS

Bacterial and phage strains are described in ref. 11. Muta-
genesis with either UV light or a mutD mutator strain of
Escherichia coli (16) was done according to ref. 17. Genetic
map distances were determined by four-factor crosses as de-
scribed in ref. 15. DNA sequence analysis was carried out
according to the methods described in ref. 18. The appropri-
ate DNA restriction fragments from mutant phage DNAs
were isolated, 5’-end-labeled with 32P, and subjected to se-
quence analysis as described in ref. 8. In each case, the nu-
cleotide sequence was determined for the entire y region and
compared with that of A*.

RESULTS

Mutations that inactivate the Pgg promoter or the cII gene of
A have readily identifiable, clear plaque phenotypes (11, 19,
20). These mutations can be distinguished from other clear
plaque mutations by genetic complementation and mapping
procedures (15). We isolated >1,000 clear plaque mutants
using either UV light or a mutD mutator strain of E. coli as
mutagenic agent. Thirty-eight of these were found to lie in
or near the Prg promoter region by genetic mapping, and
these were divided into Prg and cII mutations by genetic
complementation. The locations of these mutations were
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F1G. 1. Partial genetic map of bacteriophage A\. The wavy lines with arrowheads indicate the origin, direction, and extent of various
transcripts. Vertical arrows indicate sites of action of the N, cI, and cII gene products. An arrow with a slash indicates that the gene product
represses transcription. An arrow without a slash at the start of a wavy line indicates that the gene product activates a promoter. An arrow in the
middle of a wavy line indicates that the gene product prevents transcription from terminating at a termination site. (See ref. 1 for a more
extensive discussion.)

then precisely determined by genetic fine structure mapping. although recombination frequencies at longer distances (up
Our goal was to determine the number of unique mutational to 160 nucleotides separation) would have led us to predict
events represented in our collection so as to avoid sequence 0.1 map unit for a pair of mutations at 2 nucleotides separa-
analysis of identical recurrences of the same mutation. tion (21). Similarly, measured genetic distances were gener-
Gussin et al. showed that map distance in the Pgg-cIl re- ally much lower than predicted for separations of 3, 4, and 5
gion is very nearly proportional to nucleotide distance in the nucleotides.
range of 3-160 nucleotides (21). However, for very short The second striking feature of the data is the variability
separations, map distances are significantly depressed. shown at each distance. At nucleotide separations of 3 and 4,
Therefore, it is not enough to establish whether or not two recombination frequencies vary enormously for different
different clear mutations recombine with each other, be- pairs of nucleotides. At a distance of 3 nucleotides, the range
cause any two mutations separated by <3 nucleotides show is <0.01-0.11 map unit (>10-fold difference) and at 4 nucleo-
little or no recombination with each other. Mutations are tides, the range is 0.01-0.18 map unit (about a 20-fold differ-
most accurately mapped by crossing them with mutations ence). At 5 nucleotides separation, the range is 0.05-0.26
that lie 3, 4, or 5 nucleotides away, for in this range map map unit (about a 5-fold difference). This degree of variabili-
distance increases dramatically with increasing physical dis- ty is not seen at longer distances (21).
tance (11, 21). The mapping data for various cII and Pgg (cy) We conclude that recombination frequency is most criti-
mutations are tabulated in Table 1. cally dependent upon the precise nucleotide sequence of the
DNA sequence changes were determined for represen- crossover region for distances of 5 nucleotides or less. It is
tative mutations in the set of 38 mutant strains. In Fig. 3, we this high variability in recombination frequency at very short
summarize the positions and sequence changes determined distances that has made it possible to distinguish different
for all the mutations isolated in the Pgrg region. All strains closely linked nucleotide changes solely on the basis of re-
with single base changes were either clI~ Pgg or cII* Pgg combination frequencies. Indeed, each nucleotide change
except Ac3073, whose cII™ Pgg phenotype is due to two sep- exhibits its own “signature,” or characteristic recombination
arate base changes. frequencies with nearby mutations, and this allows it to be
distinguished from closely spaced mutations.
In some cases different nucleotide changes at the same nu-
DISCUSSION cleotide pair yield strikingly different recombination fre-
Distinguishing Mutations by Recombination. Sequence de- quencies with nearby mutations. For example, cy 3001, a
termination of the cII and Pgrg mutations allows us to ana- GC—AT change at position 38,380, is separated by 0.08 map
lyze map distance as a function of physical distance in the unit from cy844, which lies 4 nucleotides to the left. Howev-
range between 1 and 7 base pairs. The mapping data in Table er, cy3095, a GC—TA change that is also at position 38,380,
1 are tabulated as a function of nucleotide separation. The is separated by only 0.01 map unit from cy844. As a second
data confirm the conclusion of Gussin et al. that map dis- example, cII3109, an AT—TA change in position 38,375, ex-
tances are strongly depressed at very short distances (21). hibits lower recombination frequencies with some closely
For example, we could detect no recombination (<0.01 map spaced mutations than does cII3114, an AT—>GC change tpat
unit) for any pair of mutations at 2 nucleotides separation, is also at position 38,375. We emphasize that each mutation
& & & & &
2 % g 2 g
o o o o o
¢
tri SD Fmer VAL Are Aia Asn Lys Ars Asn Guu Ava

5-CAATTGTTATCT AAGGAAATACTTACATATGGTTCGTGCAAACAAACGCAAC GAGGCT -3

. TAATAT ACAGTT /
3-6T TAACAATAGATTCCTTTATEAATGTATACCAAGCACGTTTGTTTGCGTTGCTCCGA- 5
Pre -10 region -35region

Fic. 2. Nucleotide sequence of the Prg promoter and the NH,-terminal region of the cII gene (7, 8). The numbering system is that of ref. 9
for A DNA. The six-base consensus sequences for the —10 and — 35 regions of prokaryotic promoters (10) are depicted at the appropriate places
in the space between strands (1, 11, 12). The Pgg message is initiated at either of 2 nucleotides (5), as indicated. The tg, termination site for
rightward transcription from Py (8) is at the extreme left end of the figure. The line labeled “S.D.” indicates the Shine and Delgarno homology
for the cII gene [i.e., the region where P mRNA is homologous with the 3’ end of 16S rRNA (13)].
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Table 1. Mapping data for new cy and cII mutations in the Prg
region

Left Right Map Left Right Map

marker marker unit* marker  marker unit*

Two nucleotides apart
clI3105  ¢II3059 <0.01 cy3008  ¢y3072 <0.01
cy3003 cy3077 <0.01 cy3075  ¢y3001 <0.01
cy3095 cy3098 <0.01 cII3109 ¢y3075 <0.01
¢y3008 cy3078 <0.01 clI3114  ¢y3075 <0.01

Three nucleotides apart
cy3077 clI3109 <0.01 cy3019  cII3086 0.03
clI3109  ¢y3107 0.01 cy3075  ¢y3072 0.035
clI3114  c¢y3107 0.01 cy3107  cy3078 0.05
cy844 cy3008 0.01 clI3067  cII3059 0.06
cy3008 cy3098 0.01 cy3098  cII3085 0.07
cy3107 cy3072 0.02 cy3075  c¢y3078 0.11
cy3077 clI3114 0.025

Four nucleotides apart
cy844 cy3095 0.01 cy844 cy3001 0.08
cy3048 cy3073a 0.02 cy3107  cy3098 0.09
cy3048 cy3071 0.03 cII3086  cII3059 0.10
cy3048 ¢y2001 0.05 cy42 clI3114 0.10
¢y3019 cII3067 0.05 cy3072  cII3085 0.10
cy42 cII3109 0.05 cy3077  cy844 0.11
cII3109  ¢y3008 0.08 cy3078  cII3085 0.13
clI3114  ¢y3008 0.08 cy3075  cy3098 0.18

Five nucleotides apart
¢y3019 cII3105 0.05 cy844 cy3078 0.13
cII3109  cy3095 0.09 cy844 cy3072 0.14
cy4d2 cy844 0.10 cII3088  cII3067 0.15
cy3003 cII3109 0.10 cy3001  cII3085 0.16
clI3114  cy3095 0.11 clI3114  cy3001 0.26
cII3109  cy3001 0.13

Six nucleotides apart

cy42 cy3075 0.09 cy844 cy3098 0.25
cy3048 cI13088 0.17

Seven nucleotides apart
cyd2 cy3107 0.11 cy2001  cII3067 0.19
cy3048 cy3019 0.16 clI3059  cy42 0.21
cy3107 cII3085 0.17

Eight nucleotides apart
cy3073b  cy42 0.18

Data for cII3625 are not shown. The data have been grouped ac-
cording to actual nucleotide separation, as later determined by DNA
sequence analysis. See Fig. 3.

*Crosses were of the form Aimm*** c1 0am205 X Ac2, followed by
determination of the percentage of imm*** ¢* O* recombinants
among the total imm*** O* recombinants. Map distances were ob-
tained from crosses in which imm*** ¢* O* recombinants may arise
from single crossover events (15). One map unit equals 1% recom-
bination. The data are reproducible to about 20%, except that lar-
ger fluctuations were obtained for distances of <0.1 because small-
er numbers of imm*** ¢* O recombinants were counted.

that was subjected to sequence analysis in this study was
chosen for analysis because genetic mapping data showed it
to be different from previously analyzed mutations.
Mutations at Pgg. Prokaryotic promoters generally exhibit
two regions of strong sequence homology, positioned ~10
base pairs and =35 base pairs before the transcription start
site (i.e., the —10 and —35 regions, respectively) (10, 23, 24).
The functional importance of these two regions of conserved
sequence has been demonstrated both by mutational analy-
ses and by chemical probe experiments designed to detect
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the DNA contacts made by RNA polymerase within the pro-
moter region (10). The DNA sequence of the Pgg promoter
exhibits little homology to these other promoters. The —10
region of Pgg is identical in only three positions to the hex-
amer consensus sequence for prokaryotic promoters (Fig. 2;
ref. 5). However, two of these positions coincide with the
most strongly conserved bases occurring in the —10 region
hexamer: the second position A-T pair and the sixth position
T-A pair. The —35 region of Prg has even less similarity to
other promoters. The six-base consensus sequence usually
found here is absent at Prg. Perhaps the lack of structural
homology with other promoters is not surprising because
Pg function is totally dependent upon an activator protein.
In the absence of cII protein, RNA polymerase does not in-
teract with the Pgg region (6).

Mutations that inactivate promoter function (Pgg or cy
mutations) distinctly cluster in the —10 and —35 regions of
Pgg, analogous to mutations in other promoters. In contrast,
most of the cII mutations that occur within the promoter re-
gion lie in the 17-base-pair spacer region between the —10
and —35 regions. These mutations do not affect promoter
function and support the contention that this region of the
promoter does not have a sequence-specific role but serves
only to space correctly the —10 and —35 region sequences. A
few of the cII mutations do occur in the —10 and —35 regions
of Pge. Presumably, these mutations indicate specific base
changes in these regions that are acceptable to promoter
function.

Promoter-down mutations usually alter the more highly
conserved bases in the —10 and —35 region hexamer se-
quences (7). The nature of the —10 region Pgrg mutations is
consistent with this idea. Four of the 5 mutations affect the
highly conserved second position A'T pair and the sixth posi-
tion T-A pair found in Pgg. The second position AT has
been changed to all three of the other possible base pairs. All
three substitutions are Pgg, which underscores the impor-
tance of the original base pair. The fifth mutation (cy3019) is
a G'C—A'T change 2 base pairs upstream from the con-
served hexamer. Although G-C, C:G, and T-A pairs are
found at this position in other promoters, rarely does an AT
pair occur at this site (7). Apparently, an A-T pair at this
position has a negative influence on promoter function. It is
of interest that, unlike the other Prg mutations, this Prg mu-
tation does not exhibit the typical clear plaque phenotype
but rather forms lightly turbid plaques. This phenotype is
indicative of a partial defect in function, consistent with its
location in a more weakly conserved region of the promoter.
G-C—A'T changes at the same position as the cy3019 muta-
tion have also been identified for the X Pgy and the P22 P
promoters (25, 26).

One cII mutation, cI13088, is found in the —10 region. It is
a T-A—>C-G change 1 base pair upstream from the conserved
hexamer. Although T-A is somewhat preferred to C-G at this
site in prokaryotic promoters (10), this mutation is without
apparent effect on Prg function. No promoter mutations at
this site have been reported in other systems.

In contrast to the —10 region mutations, the mutations that
occur in the —35 region of Pgg do not affect bases that are
normally conserved in the promoter. Moreover, these muta-
tions span some 13 base pairs, a region far more extensive
than the corresponding RNA polymerase contact region in
other promoters. Most importantly, the region encompassed
by these Prg mutations shares a striking homology to the
corresponding region of the other cIl-dependent promoter in
phage \, P; (27-29). Both regions have the sequence T-T-G-
C-N¢-T-T-G-C, where Ny stands for 6 intervening nucleo-
tides between the T-T-G-C repeat sequences. Based on the
strong —35 region homology exhibited by these two cII-de-
pendent promoters, it has been proposed that this region is
involved directly in activation of Pgg transcription (5, 11, 27,

ant
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FiG. 3. Nucleotide sequence (7, 8) and sequence changes in the Prg region and NH,-terminal portion of the cII gene of bacteriophage \.
Sites with a cII prefix and ¢3073b are cII~ mutations. The can-1 mutation of Jones and Herskowitz (22) results in a more stable cII protein. The
cluster of cy mutations between nucleotides 38,357 and 38,350 (cyL mutations) are in the —10 region of the Prg promoter, and the cluster of cy
mutations between nucleotides 38,382 and 38,370 (cyR mutations) are in the —35 region of the Pgg promoter (11). Other conventions are as in
Fig. 2. Eight cy changes (cy3048, cy2001, cy3019, cy3003, cy42, cy844, cy3008, and cy3001) and the can-1 change are from ref. 11. All other

changes were determined in this study.

28, 30), and some evidence for this has been obtained (6). In
their determination of DNA sequence elements specifically
required for cII binding, Ho e al. (12) found that cII binding
is greatly reduced by Pgrg mutations in either of the two T-T-
G-C repeat sequences, while cII binding is unaffected by Pgg
mutations in the intervening 6 nucleotides.

Alterations in the cII Gene. The level of cII protein in an
infected cell is crucial for determining whether the infection
will proceed along the lytic or lysogenic pathway of phage
development (see refs. 1 and 4 for reviews). Mutations in the
NH,-terminal region of the cII gene may alter these levels by
affecting the translation efficiency of cII or the activity of the
mature protein or both.

Several of the cII mutations affect the initiation of protein
synthesis. One of these, the cII3088 mutation, lies outside
the cII coding region, 4 base pairs to the left of the AUG
initiation codon and 7 base pairs to the right of the region of
complementarity with the 3’ end of 16S ribosomal RNA [the
Shine and Delgarno, or S.D., sequence (13)] (Fig. 3). The
translation efficiency of cII3088 mRNA is dramatically re-
duced in an in vitro RN A-dependent cell-free translation sys-
tem (unpublished data). In an analysis of mRNA sequences
near the initiation regions of many genes, Stormo et al.
found that G is a rather infrequent base in the region between
the S.D. sequence and the initiation codon (31). (Note that
there are no Gs in this region of the wild-type cII gene and
that cII3088 is an A—G change.) Stormo et al. note that, in
addition to AUG, GUG and UUG codons also are recog-
nized by initiator tRNAs (32, 33, 34). They propose that
XUG codons in the initiation region may interfere with rec-
ognition of the proper initiation codon (31). This could ex-
plain the cII phenotype of the cII3088 mutation, because it
creates a UUG codon 5 nucleotides to the right of the S.D.
sequence. Alternatively, the decreased translation efficiency
in AcII3088 may be a consequence of the formation of
mRNA secondary structure in the ribosome-binding region.

Recent studies have shown that sequence alterations that af-
fect mRNA structure can have dramatic effects on transla-
tion efficiency (35). The cI13088 mRNA sequence immedi-
ately preceding the AUG, 5' U-U-G-C-A-U 3', is comple-
mentary to the sequence 5’ G-U-G-C-A-A 3’ positioned 9
nucleotides downstream, and these two sequences could
form a hydrogen-bonded complex. The cII3088 A—G
change is central to the formation of this structure, which
might interfere with cII translation initiation.

AcII3088 lies in the midst of a cluster of five —10 region
Pgrg mutations, all of which lie between the S.D. sequence
and the initiation codon. These mutations are all cII™ by
complementation and show normal translation efficiencies in
vitro using an RNA-dependent S30 system (unpublished
data). Two of these mutations are A—G changes, but neither
creates XUG codons or new mRNA secondary structures.
The occurrence of these mutations clearly indicates a high
degree of flexibility in the sequence of this region of the ribo-
some-binding site.

Transition mutations have been found for each of the three
positions of the initial AUG codon, creating GUG, ACG,
and AUA codons. It is surprising that the mutation of GUG
(cI13086) is cII™ because GUG is an active initiation codon
in other systems (see ref. 33). By using an in vitro RNA-
dependent S30 system, little, if any, cII expression from this
GUG codon could be detected (unpublished data). However,
this A—G change also creates an AUG codon two nucleo-
tides upstream from the normal start-site, and perhaps this
out-of-phase initiation codon interferes with initiation at the
proper site. It is interesting to note that the wild-type lacl
gene has the same sequence, A-U-G-U-G, at its start-site (36),
and, in this case, translation begins at the GUG codon. How-
ever, in lacl the spacing between the S.D. sequence and the
out-of-phase AUG codon may be too small for translation to
be initiated at the improper codon (31), whereas in AcII3086
this spacing is sufficient to allow the improper codon to be
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used. A pseudorevertant of AcII3086 has been found in
which the A-U-G-U-G in cII3086 is changed to A-C-G-U-G
(unpublished data), an observation that supports the idea
that the translation defect in AcII3086 is related to the out-of-
phase AUG codon.

The first two amino acid residues of the nascent cII pro-
tein are removed in vivo to form the mature, active protein
(37). Because the second amino acid is not present in the
normal protein, cII mutations in the second codon cannot be
ordinary missense mutations. They must affect either the
processing step or the efficiency of cII translation. The
cII3059 mutation, a GUU—-GAU (Val—>Asp) second codon
mutation, does result in a large decrease in translation effi-
ciency both in vitro and in vivo (unpublished data). In con-
trast, the second codon mutations can-1, a GUU->GCU
(Val—>Ala) change (11, 22), and ¢3073b, a GUU—-CUU
(Val—Leu) change, have little effect on translation efficien-
cies (unpublished data). Instead, these mutations presum-
ably affect the processing step. Preliminary experiments on
the purified can-1 derivative support this idea (unpublished
data).

The first six amino acids of the mature cII protein (corre-
sponding to codons 3-8 of the cII gene) are encoded by DNA
that overlaps with the —35 region of the Pgrg promoter (5,
11). Only two cII mutations have been identified in this re-
gion, one of which is a chain termination mutation at codon 6
(cII3109), and the other a substitution mutation, also at co-
don 6, which changes a basic amino acid to an acidic amino
acid (cII3114). Nine of the —35 region Prg mutations cause
amino acid substitutions in these same 6 codons, yet none of
these results in a cII” phenotype. Even Acy3075, a strain
with a tandem double mutation that results in a Lys-Arg
—Asn-Cys double amino acid change at codons 6 and 7, re-
tains partial cII activity by complementation analysis. All of
the other Pgg mutant strains appear to regain full cII activi-
ty, including Acy3107, which has an Arg—Cys change at co-
don 7 without the accompanying change at codon 6. We con-
clude that the NH,-terminal region of the cII protein can tol-
erate considerable variation of the wild-type amino acid
sequence without loss in activity.

In contrast to the single cII missense mutation that has
been found in codons 3-8, we have identified 7 different cII
missense mutations in codons 9-15 (unpublished data). We
conclude that the relative insensitivity of the cII protein to
the precise amino acid sequence in codons 3-8 is not a gen-
eral property of the protein. Why then should the cII gene be
so flexible to change in the region of overlap with Prg? We
believe that the positioning of the overlap itself is important
and that evolution has placed a premium on maintaining the
overlap and optimal Prg promoter function. We suggest that
the precise positioning of the overlap in some way coordi-
nates the bidirectional transcriptional and translational
events that occur in this region. It is likely that this mecha-
nism functions to regulate cII expression autogenously by
coupling the transcription/translation of cII to the cII-depen-
dent activation of the Prg promoter.
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