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Restriction-modification systems must be regulated to avoid autorestriction and death of the host cell. An
open reading frame (ORF) in the Pvull restriction-modification system appears to code for a regulatory protein
from a previously unrecognized family. First, interruptions of this ORF result in a nonrestricting phenotype.
Second, this ORF can restore restriction competence to such interrupted mutants in trans. Third, the predicted
amino acid sequence of this ORF resembles those of known DNA-binding proteins and includes a probable
helix-turn-helix motif. A survey of unattributed ORFs in 15 other type II restriction-modification systems
revealed three that closely resemble the Pyull ORF. All four members of this putative regulatory gene family
have a common position relative to the endonuclease genes, suggesting a common regulatory mechanism.

Type Il restriction-modification systems (RMS2s) produce
two separate enzymes sharing the same DNA ‘sequence
specificity: a restriction endonuclease (REase) and a modi-
fication methyltransferase (MTase). Modification by the
MTase protects the cell’s own DNA from the REase (28, 41).
Over 1,300 RMS2s have been identified, and they are pro-
duced by every known major group of prokaryotes (39). The
roles of these RMS2s include defense against bacteriophage
infection (26) and possibly promotion of recombination wuth
exogenous DNA (36).

The major goal of RMS2 regulation is generally assumed
to be prevention of autorestriction. That is, the REase and
MTase genes must be regulated such that the cell’s own
DNA is fully protected before substantial REase activity
appears. The need for this type of regulation is most obvious
during establishment, when the genes for an RMS2 enter
new host cells in which the DNA is completely unmodified.
Even RMS2s that are already established may have need of
this sort of regulation, to compensate for transient interrup-
tions of protein synthesis such as occur in stationary phase,
in the stringent response to amino acid limitation (11), in heat
or cold shock responses (23, 31), or in response to oxndatlve
or DNA damage (13, 46).

While the potential usefulness of regulated expression of
RMS?2 genes may seem obvious, the mechanisms for achiev-
ing this regulation have not been well explored. There has
been one previous report of an open reading frame (ORF)
that appears to influence the express:on of RMS2 genes.
Specifically, mterruptmn of an ORF in the BamHI RMS2
alters expressnon of the BamHI genes (30). We have found a
third ORF in the Pvull RMS2 sequence with candidate
expression sequences (43a), and here we present evidence
that it specifies a trans-acting regulatory protein. This ORF,
which we give the gene designation pvulIC (C for controller;
see reference 43), is required for expression of the REase
gene pvullR. Furthermore, a survey of unattributed ORFs in
other RMS2s reveals three, including the BamHI OREF, that
closely resemble pvulIC.

* Corresponding author. BITNET address: BLUMENTHAL@
MCOIARC

1367

MATERIALS AND METHODS

Strains used. The Escherichia coli K-12 strains used in-
clude two McrB* pairs. One pair is JM107 (50) and its
mutant derivative JM107MA2 (4). The other pair is DHSa
and DH5aMCR (24), both obtained from BRL/Life Technol-
ogies, Inc. The plasmids that were used include pACYC184
(12), pPvuRM3.4, and pPvuM1.9 (4).

Modification assays. The activity of Pvull MTase was
measured in two ways. Incompatibility of functional pvulIM
and mcrB genes was the basis for a transformation assay (3,
4, 37). McrB* cells were made competent by the procedure
of Chung and Miller (14) and transformed in triplicate with
the test plasmid at concentrations empirically shown to yield
between 20 and 500 carbenicillin-resistant colonies with the
control plasmid pPvuM1.9. The second assay procedure
involved growing Avir phage on a strain carrying the test
plasmid(s) and then plating triplicate dilutions of the result-
ing phage on strains carrying either pPvuM1.9 (R~ M*) or
pPvuRM3.4 (R* M*). Phage stocks were grown and plated
as described by Davis et al. (16).

Restriction assays. The activity of Pvull REase was mea-
sured in two ways. In vivo restriction was measured by
determining the efficiency of plating of unmodified Avir or the
efficiency of transformation of pACYC184, using procedures
analogous to those described for the modification assays. In
vitro restriction was measured after growing test strains
overnight in Luria-Bertani medium (16) containing appropri-
ate antibiotics. A 1.4-ml sample of the culture was pelleted,
washed in 5 mM Tris-HCl (pH 8.0)-25% sucrose, and
resuspended in 500 pl of LENT (0.4 mg of lysozyme per ml,
10 mM EDTA, 100 mM NaCl, 10 mM Tris-HCI [pH 7.9]).
The cells were incubated for 1 h on ice and sonically
disrupted, and cell debris was pelleted. Dilutions of the
resulting crude extract were assayed in 20-pl reaction mix-
tures containing 1 ug of phage A DNA, 10 mM Tris-HCI (pH
7.9), 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol, and
100 pg of bovine serum albumin per ml, with 1-h incubations
at 37°C. The assays were resolved on 1% agarose gels and
were scored for the highest dilution giving a complete
digestion and for the highest dilution yielding visible
amounts of all of the final digestion products even if the
digest was incomplete.

Cloning and generation of mutants. The Cla and Esp
mutants were generated by complete digestion of pPvu
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FIG. 1. (A) Genetic and restriction map of the Pvull RMS2 (adapted from reference 4). The sequence around the HindIII site shows the
overlapping Espl site and is referred to in the Discussion. (B) Amino acid sequence of the pvulIC ORF, showing the predicted results of

various mutations and constructions.

RM3.4 with either Clal (New England BioLabs, Inc.) or
Espl (Brisco, Ltd., Winthrop, Mass.) and then either filling
in the 5’ extensions with the large fragment of DNA poly-
merase I or removing the extensions with mung bean nucle-
ase. In both cases, protocols described by Sambrook et al.
(40) were followed. Following ligation and transformation,
small preparations of the resulting plasmids were screened
by restriction digest; candidates of the desired mutants were
subjected to double-stranded dideoxy sequencing with oli-
gonucleotide primers that had been synthesized for deter-
mining the original sequence (44). To generate a plasmid
clone of pvullIC that is compatible with the Cla and Esp
mutant plasmids, the entire Pvull RMS2 was excised from
pPvuRM3.4 as an EcoRI-EcoRV fragment and ligated into
PACYC184 that had been digested with EcoRI and Scal. The
resulting construct was then made REase™ by deleting a
0.4-kbp BgllI fragment (Fig. 1A).

Sequence comparisons. FASTA analyses were carried out
with a minimum match (k-tuple parameter) set to 2 (35). The
RMS2 sequences scanned for potential regulatory ORFs
include BamHI, BsuRI, CviJl, Ddel, EcoRl, EcoRV, Fokl,
Hinfl, Mspl, PaeR71, Pstl, Pvull, Rsrl, Sinl, Smal, and
Tagql. The references for those sequences are in reference 48
except as noted in the text. The sequences for BamHI and
for Smal were generously communicated prior to publica-
tion by, respectively, J. E. Brooks and J. C. Dunbar.

RESULTS

Interruption of pvulIC greatly reduces expression of pvulIR.
The intact Pvull RMS2 has been cloned as a 3.4-kb insert
into pBR322, generating pPvuRM3.4 (4). This entire insert
has been sequenced (43a, 44); the sequence reveals an ORF
between the REase and MTase genes (Fig. 1A). This pvulIC
ORF spans substrate sites for the restriction endonucleases
Clal and Espl (Fig. 1A), and these sites are unique in

pPvuRM3.4. Neither site is within pvulIM or pvullR; in the
case of Clal, this result has been confirmed by in vitro
transcription-translation and by subcloning (4). Further-
more, analysis of the N-terminal amino acids of Pvull REase
protein has confirmed our assignment of the start of the
pvulIlR ORF (2a, 43a).

Two frameshift mutations were introduced at the Clal site:
one by filling in Clal-digested pPvuRM3.4 with Klenow
polymerase, which generates a new Nrul site as AT/CGAT
becomes ATCGCGAT; and the other by digestion with
mung bean nuclease, which actually removed 8 bp in the
case of the mutant chosen for further study. Espl generates
a 3-bp overhang (GC/TNAGC), so the filled-in or nuclease-
resected mutants remained in frame, adding or deleting a
leucine codon. Mung bean nuclease digestion of the Espl-
cleaved DNA generates a new Eco4711I site (AGCGCT). All
four mutations were confirmed by restriction digestion and
by DNA sequencing, and the expected changes in amino
acid sequence are shown in Fig. 1B. All four mutant plas-
mids transform E. coli at the same rate as the parental
plasmid, suggesting that all are as capable of establishment
in new cells as the parental plasmid (not shown).

The expression of pvulIM appears to be unchanged in the
mutants. All four mutant plasmids are fully self-modified;
that is, their Pvull sites are resistant to digestion in vitro
with Pvull REase (not shown). All four are incompatible
with the E. coli McrB restriction system (Table 1), which is
known to digest DNA methylated by Pvull MTase (3, 4, 37).
Finally, bacteriophage A, grown on E. coli carrying the
parental or any of the four mutant plasmids, seems equally
resistant to restriction by Pvull R* M™* strains (Table 1). If
the mutations affect pvulIM expression at all, they do not
decrease it significantly; our data do not rule out an increase
in expression.

In contrast to pvulIM, the expression of pvullR is greatly
reduced by all four mutations. Strains carrying any of the
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TABLE 1. Effects of interrupting pvulIC

Relative methylation activity

Relative restriction activity

Plasmid® - N )
McrB restriction? pro&e‘: trion‘ ?;gur?::lnglgg) PACYC restriction®
pPvuM1.9 4.6 X 107° (2.2) ND 9.9 + 0.6 X 10" (3.4 x 107%) 42+ 0.4 x 10* (1.3 X 107%)
pPvuRM3.4 1.0 x 107* (1.0) 0.96 (1.00) 3.3 + 1.0 x 10* (1.0) 5.5 + 0.4 x 102 (1.0)
pPvuRM3.4-Cla35 <1.6 x 107° (>6.3) 1.05 (1.09) 1.4 £ 0.1 X 102 (2.5 X 1079) 53+1.1x10°(1.1 %1073
pPvuRM3.4-Cla93 <2.3 X 107° (>4.4) 1.16 (1.21) 1.2 £ 0.1 x 10'? (2.8 x 107%) 4.4+ 0.6 x 10* (1.3 X 107?)
pPvuRM3.4-Esp19 <7.5 X 107% (>1.3) 0.83 (0.86) 1.1+ 0.1 X 102 (3.2 x 1078 8.5 + 1.6 X 10% (6.5 x 1073
pPvuRM3.4-Esp33 <1.7 X 107* (>5.9) 0.97 (1.01) 1.2 £ 0.1 x 102 (2.9 x 107%) 1.5 0.2 x 10* 3.6 x 107?)

“ Plasmid pPvuRM3.4 codes for the intact Pvull system; pPvuM1.9 includes only pvulIM intact. The Cla and Esp derivatives of pPvuRM3.4 are illustrated in

Fig. 1 and involve addition or deletion of several bases within the C ORF.

® E. coli DH5a and DH5aMCR were transformed with the indicated plasmid DNA. Values indicate the McrB*/McrB™ ratio of transformation efficiency for
each plasmid. Incompatibility with McrB*, due to MTase activity, results in a low ratio. Each transformation was done in triplicate on plates containing

carbenicillin. Numbers in parentheses show relative McrB restriction.

¢ Stocks of Avir were grown on E. coli JM107TMA2 containing the indicated plasmid. These phage stocks were then tested for resistance to restriction by
measuring the R* M*/R™ M* ratio of plating efficiency, using strains JM107MA2(pPvuRM3.4) and JM107MA2(pPvuM1.9). Each plating was done in triplicate.
Numbers in parentheses show relative protection from Pvull restriction. ND, Not done.

4 An unmethylated stock of Avir was plated directly on E. coli IM107TMA2 carrying the indicated plasmid. Values are frem triplicate platings. The \ genome
contains 15 Pvull sites. Numbers in parentheses show relative amounts of restriction.

¢ Plasmid pACYC184, which is compatible with the plasmids indicated at the left, was used to transform strain JM107MA2 carrying the indicated plasmid.
Values indicate the efficiency of transformation in transformants per microgram of DNA, =+ the standard error, from triplicate platings. Each transformation was
plated onto medium containing both carbenicillin and chloramphenicol to select for both plasmids. pACYC184 contains two Pvull sites. Numbers in parentheses

show relative amounts of restriction.

mutant plasmids do not detectably restrict unmethylated
bacteriophage A\ or plasmid pACYC184 (Table 1), and ex-
tracts of such strains contain at least 10%-fold less Pvull
REase activity than strains carrying the parental plasmid
(see below).

The pvullC product acts in trans. The entire DNA insert
from pPvuRM3.4 was subcloned into pACYC184, and then a
BgllI fragment was deleted from within pvulIR. This dele-
tion removes 114 of the 157 codons in pvulIR (Fig. 1A).
Because the pvulIC and pvulIR ORFs overlap slightly, this
deletion should also result in replacement of the carboxy-
terminal lysine of pvulIC with four amino acids (Fig. 1B).
This construct, named pPvuCYC2.6, is compatible with
pPvuRM3.4 and was introduced into cells containing the
mutant derivatives of pPvuRM3.4 to determine whether the
OREF could act in trans (Table 2).

As expected, pvulIC supplied in trans has no detectable
effect on a subclone containing only the pvulIM gene
(pPvuM1.9) and very little effect on the intact PvuIl restric-
tion system (pPvuRM3.4). In contrast, when pvulIC is
supplied in trans to any of the four pvulIC mutants, the
result is a roughly 10%-fold increase in in vitro Pvull REase
activity and a 10’-fold increase in restriction of Avir. These
results represent increases to the wild-type level of in vitro
restriction activity and substantial restoration of restriction
activity in vivo, indicating significant complementation de-
spite the low copy number of pPvuCYC2.6.

In theory, this result could have been due to interplasmid
recombination instead of complementation, though the host
strain is RecA™. To address this possibility, cells from
between Avir plaques in the experiment described above
were grown, and the plasmid pairs were isolated. Restriction
digestion using Clal alone or with Xhol, and Espl alone or
with Xhol, confirmed that the Cla or Esp mutations were still
on the same plasmid as the intact pvulIR gene and that the
pACYC184 derivative carrying wild-type pvulIC retained
the BgllII deletion in pvulIR (not shown; see Fig. 1A).

The predicted pvullC protein resembles a DNA-binding
protein. The predicted amino acid sequence of pvulIC was
compared with those in the NBRF-PIR data base, using the
program FASTA (35), and the significant matches included

some known DNA-binding proteins. One alignment stood
out, having a 16-amino-acid stretch with no gaps, 11 identi-
ties and 5 conservative substitutions, and a match score
nearly 10 standard deviations above the mean initial score

TABLE 2. Effect of pvulIC in trans
E. coli IM10TMA2 carrying:

Restriction activity

Plasmid 1 Plasmid 2 In vitro® In vivo®

pPvuM1.9 pACYC184 =0/=<0 6.3 = 0.9 x 102
pPvuCYC2.6 — 1.2 + 0.1 x 102

Ratio 5.3 x 10°

pPvuRM3.4 pACYC184 3/=5 5.0 + 0.8 x 10?
pPvuCYC2.6 4/=5 2.6 + 0.5 x 10°

Ratio -1/0 1.9 x 10!

pPvuRM3.4-Cla35 pACYC184 =01 5.9 + 0.4 x 102
pPvuCYC2.6 4/=5 5.7 0.3 x 10°

Ratio =—4/=-4 1.0 x 107

pPvuRM3.4-Cla93 pACYC184 12 3.3 £ 0.3 x 102
pPvuCYC2.6 =5/=5 1.1 £ 0.4 x 10°

Ratio =-4/=-3 3.0 x 107

pPvuRM3.4-Espl9 pACYC184 =01 4.1 % 0.6 x 102
pPvuCYC2.6 4/=5 3.4 0.2 x 10°

Ratio =-4/<-4 1.2 x 107

pPvuRM3.4-Esp33 pACYC184 =0/1 4.0 = 0.6 x 1012
. pPvuCYC2.6 4/=5 1.1 £0.1 x 10°

Ratio =-4/=—4 3.6 x 107

¢ Described in Table 1, footnote a. The same cells also contained either
pACYC184 or its derivative containing the pvulIC ORF.

b The dilution, as a power of 10, at which restriction activity could be
detected in crude extracts of 3.6-fold-concentrated overnight cultures. The
left value indicates the maximum dilution at which 1 pg of A DNA was
completely digested in 1 h at 37°C. A value of 5 thus corresponds to about 3.6
% 10° Ulliter of culture. The right value indicates the maximum dilution at
which all final restriction fragments were present, even if the digestion was
incomplete. —, Could not be measured.

< Restriction activity was measured as described in Table 1, footnote d, by
plating unmodified Avir on the various strains.
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FIG. 2. Alignment of the pvullIC and XcI amino acid sequences. Some structural features of AcI are indicated. Symbols O, amino acids
that make base-speclﬁc hydrogen bonds to the operator; A, contacts to DNA phosphates; A, phosphate contacts via an ion pair; 8, an amino

acid implicated in making a favorable contact to RNA polymerase.

for the entire data base. This was the match to the cI
repressor of bacteriophage \; the alignment is shown in Fig.
2. The match involves the DNA-binding amino portion
(amino acids 1 to 92) of the 236-amino-acid \ repressor. A
central element in the recognition of DNA sequences by
repressor protems is a hinged structure including two alpha
helices (reviewed in references 7 and 8). All of the rules for
formation of a helix-turn-helix structure are satisfied by the
pvulIC sequence, and its AAC score is 0.78 (see reference
7). The AAC score is a measure of homology to known
helix-turn-helix motifs, and scores below 0.80 indicate
strong candidates for adopting helix-turn-helix structures.
The greatest similarity between the pvulIC -and \clI se-
quences is from the carboxy end of helix 1 through hehx 2
and into the turn. This similarity includes several amino
acids thought to contact DNA phosphate groups dnrectiy or
via jon pairs (27, 34; Fig.-2). In contrast, none of the amino
acids thought to make base-specnﬁc hydrogen bonds in Acl
are identical to the aligned amino acids in the pvuIIC
sequence. There is also limited smﬂanty between the ammo
termini of the two sequences, and in AcI the amino *

wraps around the DNA to make minor-groove contacts (33)
The similarity to Acl and the AAC score are consistent with
the possibility that pvulIC codes for an activator or repres-
sor of transcription.
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ORFshomologoustopvulICexlstinotherRMSZS The
occurrence of a trans-acting regulatory gene in the Pyull
RMS? led us to search for other such genes that might have
been overlooked. The sequences of 15 RMS2s were ana-
lyzed for the presence 6f ORFs >60 codons in length, and all
such unattributed ORFs were compared with data in the
NBRF-PIR data base, using the program FASTA. We found
three other RMS2s with possible DNA-binding protein
ORFs; BamHI, EcoRV; and Smal. The BamHI ORF was
1dennﬁed prevnously by Nathan and Brooks (30). The Smal
ORF was identified in a published report of the Smal DNA
sequence as having unknown function, though a regulatory
role was mentioned as a possibility (21).

_ We found that all four of these putative regulatory proteins
have strikingly related sequences (Fig. 3). On the basis of the
alignment between pvulIC and \cl (Flg 2), the greatest
similarity between the four RMS2 C proteins would be in the
DNA-recognizing helix-turn-helix motif. A consensus se-
quence for that region (Fig. 3) was used to search the
NBRF-PIR data base with FASTA. The two highest match
scores corfesponded to the immunity repressor protein from
the Bacillus phage ¢105 (15, 17), and a 13-kDa Bacillus
subtilis protein believed to be a repressor for some stage in
sporulation (18). These scores were, respectively, 7.7 and

MDI

M TN N LR

LSQEXLAXXXGXHRTYIxXxxxIERXERNYV

FIG. 3. Alignment of the four putative RMS2 regulatory protems Black boxes indicate identities in three or more of the sequences; gray
boxes indicate conservative substitutions. The aligned structural features from Fig. 2 are indicated. Underlined amino acids at the carboxy

termini overlap the respective REase genes.
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FIG. 4. Boundaries and orientations of the ORFs from four RMS2s. Numbering is from the original references.

5.5 standard deviations above the mean initial match score
for the entire data base.

In addition to showing strong sequence similarity at the
amino acid level, the four C ORFs have the same relative
positions in their RMS2s. All four are codirectional with, and
precede, the REase genes (Fig. 4). Three of the four clearly
overlap the REase gene (Fig. 5); the fourth (BamHI) over-
laps the REase ORF, though BamHI REase actually initiates
further downstream (8a). No such common orientation ex-
ists relative to the MTase genes: the Smal RMS2 is or-
ganized convergently, unlike the other three, and only the
ecoRVC gene overlaps the MTase as well as the REase.

Relatedness of the four RMS2s that contain C ORFs. The
strong similarity between the C proteins is in marked con-
trast to the MTase or REase proteins. The relatedness
between two protein sequences can be assessed by the
program RDF2 (35), which compares the optimal alignment
between two proteins with optimal alighments between one
of the proteins and random scramblings of the other. This
approach minimizes the risk that two proteins will be judged
as being related when they actually just have similar amino
acid compositions. This analysis was applied to the REase,
C, and MTase proteins for Pvull, BamHI, EcoRV, and
Smal. The results (Table 3) reveal three points. First, the
four REase proteins are essentially unrelated to one another
(though some limited similarities have been noted between
the BamHI and Pvull REases; 43a). Second, the MTases
with the exception of EcoRV show significant interrelated-

ness. The EcoRV MTase generates N°-methyladenosine (5),
while the other three generate N*-methylcytosine (8a, 10,
17a). Third, even the similarity between the three N*-
methylcytosine MTases is far lower than between the C
proteins.

The results from Table 3 suggest that the C genes might
have spread independently of the MTase or REase genes.
The codon compositions of the four RMS2s, on the other
hand, reveal that all 12 REase, C, and MTase genes resemble
one another more than they resemble the chromosomes of
their respective host organisms. In chromosomal genes, the
third position of codons has been shown to be most strongly
correlated with overall genomic composition (29). For the
REase, C, and MTase genes, the third-position compositions
range from 22 to 32%, while the G+C contents of the
chromosomal DNA in the host organisms range from 37 to
58% (32).

DISCUSSION

The Pvull RMS2 appears to code for a regulatory protein.
The regulation of expression of RMS2s is not well under-
stood, though elements of the control process have been
identified for a few systems. In theory, RMS2s could be
regulated by passive mechanisms. For example, most RMS2
REases are homodimeric, so that subunits must accumulate
before active enzyme appears, while most RMS2 MTases
are active as monomers (28). This may result in a lag
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FIG. 5. Sequences of the C and REase ORF overlaps. The sense strand is shown 5’ to 3'; in each case, the C translation is underneath
and the REase translation is above. Amino acids in parentheses in the BamHI REase have not been found in the mature protein (8a). Features
associated with E. coli translation initiators are indicated (20). These include homology to the 3’ end of 16S rRNA (msmm), a preference for
A at —3 and for a purine at +4 (A), and a TTAA sequence at about +10 (4).

between the appearance of MTase and REase activities. An
alternative passive approach is illustrated by the PssI RMS2,
where the stronger MTase promoter overlaps and interferes
with the weaker, oppositely oriented REase promoter (45).
The EcoRV RMS?2 is proposed to have some translational
regulation via a complex mRNA secondary structure (5).
- Only one previous report has implicated an RMS2 control
mechanism involving a specific regulatory protein (30).

We report here the existence of a control factor for the
Pvull RMS2 that appears to be a sequence-specific DNA-
binding protein (repressor, activator, or both). Confirmation
awaits its overexpression, purification, and in vitro assay,
but several facts support the existence and role of this
protein. First, it is coded for by an ORF with features in its
base sequence that correspond to those in authentic genes
(43a), including potential promoter and translation initiation
sequences. Second, Pvull restriction is abolished by four

different sequence alterations within this ORF (and outside
of both the pvulIM and pvulIR ORFs). Third, this ORF
appears to specify a trans-acting product. While the con-
struct used to supply the ORF in trans also carries pvulIM,
our earlier studies showed that pvullR is poorly expressed as
an independent subclone (HindIII-EcoRlI; see Fig. 1A) when
pvulIM (HindlI1-HindIIl) is supplied in trans (4). Fourth,
this ORF has substantial and striking sequence similarity to
authentic repressor genes, including a probable helix-turn-
helix motif. The most straightforward explanation of these
results is that the ORF codes for a transcriptional regulatory
protein. We have accordingly named this ORF pvulIC (C for
controller). -

The data presented here suggest two things about the
pvulIC protein. First, since the product of pPvuCYC2.6 is
active (Table 2), the carboxy terminus might not play a major
role in the mature protein (see Fig. 1B). This would be

TABLE 3. Relatedness among four RMS2s*

Protein Reference Test sequence
sequence BamHI Pvull Smal EcoRV
REase BamHI 1,074 (81.6) 51 (3.5 35 (0.5) 28 (-0.9)
Pvull 31(0.1) 827 (49.8) 38 (0.5) 36 (1.2)
- Smal 35 (0.0) 38 (0.5) 1,265 (61.4) 58 (1.9)
EcoRV 28 (—0.5) 36 (0.4) 58 (1.6) 1,255 (60.9)
C BamHI 385 (31.0) 136 (18.4) 127 (24.5) 73 (5.2)
Pvull 136 (20.7) 358 (45.7) 151 (22.0) 83 (11.3)
Smal 127 (11.0) 151 (13.7) 333 (47.8) 78 (1.1)
EcoRV 73 (8.9) 83 (8.9) 78 (11.1) 500 (32.5)
MTase BamHI 2,196 (118.1) 166 (11.3) 79 (6.6) 34 (0.3)
Pvull 115 (17.2) 1,700 (128.2) 82 (7.6) 40 (0.8)
Smal 79 3.7 82 (4.1) 1,549 (119.9) 43 (1.8)
EcoRV 34 (0.4) 40 (0.4) 43 (2.7 1,553 (226.3)

a REase, C, and MTase sequences are compared among themselves. The reference sequence is held constant, and the test sequence is randomized. Ten
randomizations were done per comparison. In each case, the first number is the alignment score of the original sequences, and the value in parentheses is the
number of standard deviations this alignment is above the average of randomized alignments. These values were generated by using the computer program RDF2

35).
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consistent with the greatly reduced similarity between the
four C sequences in their carboxy-terminal regions (Fig. 3).
Second, the null phenotype of the Esp mutants suggests that
the altered leucine is in a critical region of the protein. From
the homology to AcI (Fig. 2), this leucine should be within
helix 2, the first helix of the helix-turn-helix motif. The
leucine changes should not affect the formation of an alpha
helix at that point but would change the spacing of conserved
features.

It should be noted, however, that the effects of pvulIC
have been studied in a heterologous background. E. coli and
Proteus vulgaris are both among the family Enterobac-
teriaceae, and it would be surprising to find major differ-
ences between these two backgrounds in the behavior of the
Pvull genes, but this has yet to be confirmed.

The pvullC family. Homologous RMS?2 regulatory proteins
are apparently produced by such genetically distant pro-
karyotes as P. vulgaris, E. coli, and Serratia marcescens
(gram-negative enteric species) and Bacillus amylolique-
faciens (a gram-positive sporulator). Out of 16 RMS?2 se-
quences analyzed, a quarter contained ORFs of the pvulIC
family, and two of these (pvuIIC and bamHIC) have been
implicated as regulators (30; this report). Since this work
was done, another group has informed us of an ORF of the
pvulIC family in association with an RMS2 that appears to
generate S-methylcytosine (Eco72I; 23a). Thus all three
groups of MTases (5-methylcytosine, N*-methylcytosine,
and NS-methyladenosine) have been found in association
with these ORFs. With over 1,300 RMS2s now identified
(42), it seems likely that many more will be found to contain
genes in the same family as pvullC.

The pvulIC family does not appear to be part of any
previously identified family of regulatory genes. Aside from
the three other C proteins, the highest FASTA match scores
with pvulIC included the cI repressor from phage A, the
analogous repressor from Bacillus phage $105 (15, 17), and
an apparent repressor of sporulation coded for by a B.
subtilis chromosomal gene (18). The latter two also matched
well to a consensus sequence from the four C proteins and
could be considered as members of the pvulIC family. The
pvulIC product does not appear to belong to the LysR family
(22), the OmpR family (summarized in reference 39), the
XyIS family (38), or the Mnt family (6).

The genetic relationship among the C-producing RMS2s is
unclear. The C proteins are far more similar to one another
than are their associated MTase or REase proteins (Table 3).
Possibly C genes have been independently recruited into
several RMS2s. This view would be consistent with evi-
dence that MTase and REase genes may move independ-
ently of one another in forming new RMS2s (25, 42).

Regulation of the Pvull RMS2. Regulatory studies of the
Pvull genes are just beginning, but there are already several
basic observations to explain. Our working hypothesis is
that the role of pvulIC is to mediate temporal regulation.
When the Pvull genes enter a new cell, transcription of
pvulIM would take place immediately, but transcription of
pvulIR would occur solely or predominantly from the
pvullC promoter. Eventually, pvulIC product would accu-
mulate and would increase transcription either from its own
promoter or from a promoter within pvulIC. The behavior of
the nonrestricting Cla mutants tends to favor the possibility
of a transcript initiating within pvulIC. Both Cla mutations
result in pvullIC frameshifts and might be expected to have a
polar effect on pvulIR transcription. In fact, these mutations
are complemented by pPvuCYC2.6, suggesting that pvulIR
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transcription may initiate downstream of the Cla I site (see
Fig. 1).

This model is consistent with the known facts and makes
testable predictions. One such prediction is that when the
intact Pvull RMS2 is introduced into cells containing
pPvuCYC2.6, active REase should accumulate more rapidly
than in cells lacking pPvuCYC2.6 because of the preexisting
pool of C protein.

While our data could be explained by transcriptional
regulation alone, there may also be translation-level con-
trols. All but one of the C genes found to date overlap their
respective REase ORFs by several codons (Fig. 5). Polycis-
tronic transcripts, carrying both the C and REase ORFs, are
a major in vivo transcription product of the Smal genes (21).
Such polycistronic mRNAs might initiate REase translation
inefficiently because of the overlap with C, and REase
translation may be more efficient from transcripts initiated
within C.

The pvullC operator. Wharton and Ptashne (47) demon-
strated the importance of the solvent-exposed amino acids
on helix 3 for DNA sequence recognition. They replaced just
those exposed amino acids in phage 434 repressor (1) with
the analogous amino acids from phage P22 repressor and
showed that the altered repressor had the same sequence
specificity as P22 repressor. On the basis of the alignments
shown in Fig. 2 and 3, the predicted solvent-exposed amino
acids of helix 3 in the pvulIC and smalC proteins are
identical. It will be interesting to determine whether the
pvullC and smalC proteins recognize the same base se-
quence. We searched for a common 10- to 20-bp sequence
within the Pvull and Smal RMS2s. The pvullC candidate,
5'-GATCAGCTAAGCTTTC-3', is within the pvulIC gene
and contains two symmetrically disposed occurrences of
AGCT (Fig. 1A), the core of the Pvull recognition sequence
(CAGCTG:; 19). The sequence present in Smal, which lies
outside the C gene, is 5'-GATCGTTAAAGCTTTC-3'.
These sequences both contain a GATC substrate site for the
Dam MTase, and Dam MTase is produced by P. vulgaris and
S. marcescens as well as by E. coli (2, 9). The Esp mutations
of pvulIC occur within that common sequence (Fig. 1A),
adding or deleting 3 bp (TAA). One would expect operator
mutations to be cis dominant, while the Esp mutants are both
recessive (Table 2). The true nature of the putative operator
has yet to be determined by overexpressing pvulIC and
using the protein in footprinting studies.
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