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The cpdB gene encodes a periplasmic 2',3'-cyclic phosphodiesterase (3'-nucleotidase). This enzyme has been
purffied previously and the gene is located at 96 min on the Escherichia coli chromosome. In this study the cpdB
gene was cloned from ClaI-cleaved DNA, and the gene product was identified. DNA blotting experiments
showed that the recombinant plasmid contains a deletion with respect to the expected genomic fragment of
approximately 4 kilobases, which extends into the vector. Furthermore, the gene was absent from three other
recombinant libraries. Together, these findings suggest the presence in the genome of an adjacent gene whose
product is lethal when it is present on a multicopy plasmid. The nucleotide sequence of the cpdB gene was also
determined. The 5' and 3' untranslated sequences contain characteristic sequences that are involved in the
initiation and termination of transcription, including two possible promoters, one of which may contain two
overlapping -10 sequences. A strong Shine-Dalgarno sequence is followed by an open reading frame which
corresponds to a protein having a molecular weight of 70,954. The first 19 amino acid residues have the
characteristics of a signal peptide. The 3' untranslated sequence contains two putative rho-independent
transcription terminators having low thermodynamic stability.

The cpdB gene of Escherichia coli (5) encodes a 2',3'-
cyclic phosphodiesterase, which is a bifunctional enzyme
that also possesses 3'-nucleotidase activity (1-3), as follows:
2',3'-cyclic UMP-- 3'-UMP-* uridine + P04. Interest in the
cpdB gene derives from the fact that it encodes a secreted
(i.e., periplasmic [4]) enzyme and from the fact that there is
evidence that the enzyme has two kinetically distinguishable
active sites (2). This and other aspects of the enzymology of
2',3'-cyclic phosphodiesterase can potentially be explored
by genetic manipulation of the isolated gene (15).

MATERIALS AND METHODS
Bacterial strains and media. All of the media used and

selection for CpdB+ by using strain 4K-39-3/9 (CpdB-) as the
recipient have been described previously (5, 13). Strain 4K is
the parent of strain 4K-39-3/9 (13).

Restriction endonuclease mapping, DNA isolation, DNA
manipulation and cloning, and maxi cell analysis. Restriction
endonuclease mapping, DNA isolation, DNA manipulation
and cloning, and maxicell analysis were also carried out as
previously described (8-10, 13).
DNA blotting. For DNA blotting (38) DNA (2 Fg) was

electrophoresed on a 0.7% agarose gel and transferred to a
membrane (Gene Screen; New England Nuclear Corp.)
essentially as described previously (34). The membrane was
then prehybridized by incubating it in a sealed plastic bag at
65°C for 2 to 5 h in 4x saline-sodium citrate (SSC; lx SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) containing 0.1%
sodium dodecyl sulfate, 0.2% polyvinylpyrrolidone, 0.2%
bovine serum albumin, 0.2% Ficoll (Mr, 400,000 [400K]), and
100 pug of denatured calf-thymus DNA per ml. This solution
was then replaced with fresh prehybridization solution con-
taining the probe; the probe was labeled with [32P]dCTP by
nick translation (34). Following hybridization for 16 h at
65°C, the membrane was washed once with 1 x SSC contain-
ing 0.1% sodium dodecyl sulfate and twice with lx SSC at
65°C for 30 min, dried, and autoradiographed. The fragments
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produced by cleavage of A DNA with HindIll served as
molecular weight markers. The cleaved DNA was electro-
phoresed on the same agarose gel and blotted onto the
membrane. This portion of the membrane was then re-
moved, hybridized with labeled K DNA, and subsequently
aligned with the rest of the membrane.
Enzyme assays. Cyclic phosphodiesterase and 3'-

nucleotidase were assayed as described previously (5).
DNA sequencing. DNA fragments were cloned into the

replicative form of M13 mp8 or M13 mp9 (26) and were
sequenced by the chain termination method (33). These
DNA fragments were generated by using the following
strategies: (i) by using known restriction sites (see Fig. 1); (ii)
by digesting large defined fragments of the insertion with
enzymes which cut frequently (Sau3A, TaqI, and HpaII),
followed by random cloning into M13; (iii) shortening large
fragments by digestion (from both ends) with BAL 31
nuclease (23), followed by cloning into the SmaI site of M13
mp8; and (iv) shortening a given defined fragment essentially
in only one direction by a cut-digest-recut procedure. As an
example of this latter approach, pDB5 was cut with XmaIII,
digested with BAL 31 nuclease for various times, ethanol
precipitated, and then recut with EcoRI. The resulting
fragments were then cloned directly into M13 mp8 that was
cut with SmaI and EcoRI. Recombinants obtained in this
way contained only the region of interest; we assumed that
fragments which contained the origin of replication from
plasmid pDB5 did not result in viable M13 recombinants.
When necessary, the orientation of insertions in M13 vectors
was deduced by hybridization, using clones of known orien-
tation and the C-test procedure of Messing (26); however,
template DNA rather than phage was used.

RESULTS
Isolation of the cpdB gene. The cpdB gene has been mapped

previously on the E. coli chromosome (5) and has been
shown to be located on the F-prime plasmid F117 (24; data
not shown). Therefore, DNA preparations enriched in F117
DNA were used in the construction of recombinant libraries
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in vector pBR322 (6) (see Materials and Methods). Following
transformation with plasmid DNA, CpdB+ recombinants
were directly selected in a CpdB- recipient. Successive
experiments with recombinant libraries prepared by cloning
DNA cleaved with HindIII, Sall, BamHI, or PstI did not
result in CpdB+ clones, despite the fact that calculation (11)
showed that the entire E. coli genome was represented with
a probability of more than 95%. Selection with a library
constructed from Clal-digested DNA yielded a single clone.
Recombinant plasmid pDB4 clearly encoded 2',3'-cyclic
phosphodiesterase since (i) it transformed cpdB- strains to
CpdB+ and (ii) CpdB+ transformants expressed activity;
furthermore the enzyme was somewhat overproduced (four-
fold more enzyme than in a wild-type cpdB+ strain) (data not
shown).
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FIG. 1. Restriction maps of plasmids. The bar on the outside of
pDB4 indicates the region containing a deletion (see text). The
arrows indicate the direction of transcription. The thick lines
represent the vector moieties.

FIG. 2. Southern blotting of ClaI-digested E. coli DNA. Lane a,
A DNA digested with HindIII, probed with labeled X DNA; lanes b
and c, E. coli DNA digested with ClaI and probed with pDB4 (lane
c was exposed longer than lane b).

A restriction map of pDB4 is shown in Fig. 1. The plasmid
(10.09 kilobases [kb]) had to contain an insertion with a
minimum size of 5.7 kb, based on the size of the vector (4.36
kb). However, this map is not compatible with the simple
cloning of a 5.7-kb ClaI fragment since a ClaI site was found
only at one junction with the vector, suggesting that some
rearrangement of the DNA had occurred. Also, 1 kb from
this ClaI site there was a ClaI site within the inserted DNA.
To establish the genomic arrangement of this DNA, pDB4
was used to probe Southern blots of ClaI-restricted chromo-
somal DNA. Two chromosomal fragments (10 and 1 kb)
were found (Fig. 2). Therefore, the 1-kb ClaI fragment in
pDB4 had to be a result of partial ClaI digestion of the DNA
used in the construction of pDB4 and not a result of a
rearrangement in the plasmid. However, the presence of a
genomic 10-kb fragment and the absence of vector Sall,
HindlIl, and BamHI sites clearly indicated that a large
deletion (approximately 4 kb) had occurred during the iso-
lation of pDB4, which could account for the absence of a
ClaI site at one vector-insertion junction, as indicated in Fig.
1. Assuming that the deletion included this original Clal site
and extended into the vector, then the location of the
vector-insertion junction had to lie between the vector
XmaIII site and the counterclockwise PvuII site (Fig. 1).
This was confirmed by DNA sequence analysis (see below).

Identification of the cpdB gene. pDB5 (Fig. 1) was derived
from pDB4 by digestion of the latter with EcoRI, followed by
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TABLE 1. Predictions of nucleotide distribution in the vicinity
of the initiation codon

Positiona Predicted nucleotide(s)b Nucleotide incpdB gene

-20 A A
-4 A >> T C
-3 A C
-2 A/T T
-1 A > T G
3 A/G A
4 C>A T
5 A/T T
6 A >> C A
10 T>>C T
11 A > T T
12 A A
13 A > T G

a The first base of the translation initiation codon ATG was designated
position 0 (40); the numbers upstream are negative, and the numbers down-
stream are positive.

b These data were obtained by a computer and statistical analysis of 124
sequences (40).

ligation. Cells containing this plasmid were CpdB+ (see
Materials and Methods), and hence pDB5 retained the cpdB
gene. When the DNA fragment from pDB5 extending from
the EcoRI site clockwise to the insertion PvuII site (1.7 kb)
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis of proteins synthesized in maxicells. The maxicells contained
pDB4 (lane a), pDB5 (lane b), pDB6 (lane d), or pDB8 (lane e). Lane
c contained pAE, which is a plasmid identical to pDB5 except that
the vector moiety is derived from pBR327 (12) and not from
pBR322; the former vector is present at a higher copy number than
pBR322 (12). The positions of the following molecular weight
standards, which were labeled with I'll, are indicated on the left
(from top to bottom): phosphorylase B (92.5K), bovine serum
albumin (66.2K), ovalbumin (45K), carbonic anhydrase (31K), tryp-
sin inhibitor (21.5K), and cx-lactalbumin (14.4K). The 30K protein
was 13-lactamase, which was derived from the vector moiety of all
plasmids.

was cloned into pBR322 or the 0.9-kb HpaI fragment was
deleted by cleavage and ligation, then the resulting plasmids
(pDB6 and pDB7, respectively) were cpdB-. Also, when the
fragment extending from Sall clockwise to the vector AvaI
site (1.80 kb) was cloned into pBR322, the resulting plasmid
did not transform cpdB- cells to CpdB+ (data not shown).
Hence, the PvuII and Sail sites and one or both of the HpaI
sites in pDB5 are within the cpdB gene.

Further localization of the coding sequence was obtained
by cleavage of pDB5 at the EcoRI site, followed by BAL 31
nuclease digestion (8, 23) for various times. BAL 31 nucle-
ase-treated DNA was then cleaved with AvaI and ligated to
the Aval-SmaI bla-containing fragment of pHP34 (30). The
smallest CpdB+ plasmid obtained by this procedure was
designated pDB8 (Fig. 1).

Expression and direction of transcription of the cpdB gene.
The protein products derived from many of the plasmids
described above were examined in maxicells (see Materials
and Methods). Three major products (28K, 47K, and 67K)
were found in pDB4-containing cells (Fig. 3). 2',3'-cyclic
phosphodiesterase has been purified previously, and its Mr is
68,000 (3). Thus, the 67K polypeptide probably represents
cyclic phosphodiesterase, and this was confirmed as follows.
In maxicells containing pDB5 (cpdB+) (and its derivatives),
the 28K protein was absent, but the 47K and 67K proteins
were retained; this eliminated the 28K gene product as the
cpdB gene product (Fig. 3, lanes b, c, and e). When
maxicells containing pDB4 were fractionated into periplas-
mic and cytoplasmic (plus membrane) components (8), the
67K protein, but not the 47K or 28K protein, was clearly
found in the periplasm (Fig. 4), as expected if the 67K
protein is the product of the cpdB gene. The absence of the
67K protein in maxicells containing pDB6 (which is cpdB-)
while the 47K protein was present (Fig. 3, lane d) further
confirmed the identity of the former protein as the product of
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FIG. 4. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis of extracts of maxicells containing pDB4 (lanes a through c) or
pDB6 (lanes d through f). Maxicells were fractionated into periplas-
mic fractions (lanes b and e) and fractions containing cytoplasm plus
membranes (lanes c and f). Lanes a and d contained unfractionated
maxicells.
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FIG. 5. Sequencing strategy for the cpdB gene derived from pDB5 or pAE (see Fig. 1 and the legend to Fig. 3). Both the XmaIII and EcoRI
sites were of vector origin. The lines with arrowheads or circles indicate the direction and extent of sequencing. Lines with solid circles
indicate restriction fragments cloned directly into M13; lines with open arrowheads indicate fragments shortened at both ends with BAL 31
nuclease; and lines with closed arrowheads indicate fragments that were generated by using the cut-digest-recut strategy (see Materials and
Methods). bp, Base pairs.

the cpdB gene. Concomitantly with the absence of the 67K
protein, a 41.6K polypeptide was apparent; this polypeptide
was also secreted (Fig. 4, lanes d through f). These results
strongly suggest that the carboxyl end of the protein is
lacking as a result of the construction of pDB6 and hence
imply the direction of transcription shown in Fig. 1. The
direction of transcription was confirmed by sequence analy-
sis.

Nucleotide sequence analysis. The strategy used to se-
quence the cpdB gene is shown in Fig. 5 (see Materials and
Methods), and the sequence and predicted amino acid se-
quence are shown in Fig. 6. The open reading frame encoded
a protein having a molecular weight of 70,954; this included
a presumed signal sequence having a molecular weight of
1,953.8 (Fig. 7) (see below) and therefore was in very good
agreement with the reported value of 68,000 (3) and the value
determined by maxicell analysis (see above). The initiation
codon shown in Fig. 6 (at position + 1) is 6 base pairs
downstream from another in-frame ATG codon at position
-9. However, we assumed that the protein begins at posi-
tion + 1 since it correlated well with a Shine-Dalgarno
sequence 8 base pairs upstream, which is within the usual
range of 5 to 9 base pairs (40); a suitable Shine-Dalgarno
sequence was not observed in the vicinity of the ATG codon
at position -9. Stormo et al. (40) observed a nonrandom
distribution of bases around the initiation codon in a statis-
tical analysis of 124 genes. It is notable that in the case of the
cpdB sequence there was a reasonable correlation with the
predictions of this analysis, with agreement at 8 of 13
positions (Table 1). Although this correlation is consistent
with the presumed functional significance of these bases
(40), it is clearly not sufficient to distinguish translational
start sites.
Two putative promoters (pI and pII) were identified on the

basis of similarity to consensus -10 and -35 sequences (18,
32) and are indicated on Fig. 6. Interestingly, the -10 region
of pI contains two discernible overlapping -10 sequences.
Two overlapping palindromic sequences, one of which

may serve as a transcriptional terminator, are indicated in
the 3' untranslated sequence in Fig. 6.
As a secreted protein, cyclic phosphodiesterase would be

expected to contain a signal sequence which is cleaved
during export (31, 35). The predicted N-terminal amino acid
sequence (Fig. 6) does in fact display the main features (21,
35, 48) of a procaryotic signal sequence. A charged residue
(lysine) occurs within the first five residues, followed by a

strongly hydrophobic sequence (Fig. 7) (see below). The
most likely cleavage site (see below) to yield the mature
protein is indicated in Fig. 6.
Codon usage in the cpdB gene is summarized in Fig. 8.

The fractional use of synonymous codons which are optimal
for translation (20) is 0.59. This value is notably low com-
pared with the values for 50 other E. coli genes of varying
expressivity (20), indicating that the cpdB gene is weakly
expressed.

Finally, the sequence analysis revealed that the deletion
into the vector moiety of pDB4 (and its derivatives), which
occurred during its itolation (see above), extends to nucle-
otide 773 in the pBR322 sequence (41); the sequence in Fig.
6 extends up to this nucleotide.

DISCUSSION
Of the five recombinant DNA libraries used in the attempt

to isolate the cpdB gene, in only one case did the enzyme
used (Sail) cleave the gene (Fig. 1). The absence of the cpdB
gene in libraries constructed by using the other restriction
enzymes, along with the isolation of a clone from which a
deletion of adjacent DNA had occurred, strongly suggested
that the deleted DNA is lethal when it is cloned into a
multicopy plasmid. Thus, it seems possible that an unknown
gene product is detrimental to the growth of E. coli when it
is present in excess, a situation which is not without prece-
dent (39). It may be reasonably predicted that the cpdB gene
can be simply isolated from a gene library constructed from
overlapping DNA fragments, such as those generated by
partial Sau3A digestion, since some Sau3A fragments should
contain a intact cpdB gene plus a fragmented (lethal) adja-
cent gene. Using such a library (10), we isolated the cpdB
gene (Burns and Beacham, unpublished data). However,
once again a complex rearrangement in the hybrid plasmid
had occurred.
A second explanation may be that an increased level of

2',3'-cyclic phosphodiesterase is itself detrimental and that
the deletion in pDB4 extends into the 3' end of the cpdB
gene. However, the nucleotide sequence analysis showed
that such a deletion does not extend into the coding region,
but it remains possible that the normal transcriptional termi-
nator was deleted, resulting in a more labile mRNA. In any
case, neither this activity nor the associated 3'-nucleotidase
activity is likely to be inhibitory, particularly since the
enzyme is secreted. However, it should be noted that the
presence of a cytoplasmic inhibitor (17, 27) of UDP-sugar

Xma III
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A -136 -121 -106 -91 -76
TTTACTTATACCCTA TCGTTAATGAATGCG CCAACTGTGATAGTG TCATCATTTTCAAAG CGTAAAATTGTGGCA

-35(PII)
-61 -46 -31

TTCTTCACTGTTCTA TAAGTAAGACGTTTA TTCTCCCTTTTCTTT
-35(PI) -1O(pII) -1I(pIr

-16 SD -1
CGTATTCCCGATGAT AAAAGGATGTCCCTG

ATT
Ile

GTC
Val

TAC
Tyr

GCC
Ala

CCG
Pro

AAG
Lys

GGT
Gly

GTC
Val

GTG
Val

CCA
Pro

ACC
Thr

AAG
Lys

GAT
Asp

AAA
Lys

CGC
Arg

CTG
Leu

TTT
Phe

CTO
Leu

GAC
Asp

AAT
Asn

GCC
Ala

6CA TTA
Ala Leu

CTB GAT
Leu Asp

ATT GAC
Ile Asp

GTC GAT
Val Asp

CAA ATC
Gln Ile

GAA ACC
Glu Thr

GTC GTT CTG 6CA
Val Val Leu Ala

TAT TAC CTC
Tyr Tyr Leu

TTC CCA GGT
Phe Pro Gly

GGT GTT CCG
Gly Val Pro

CTC AGT AAT
Lou Ser Asn

ATT TAC
Ile Tyr

15
AGC
Ser

75
CGT
Arg

135
ACC
Thr

195
GAA
GlI

255
GAT
Asp

315
AAT
Asn

375
TAC
Tyr

435
6CC
Ala

495
AAA
Lys

555
ATG
MET

615
GTG
Val

675
CAT
His

735
AGT
Ser

795
AAA
Lys

855
GCG I
Ala

915
GAC
Asp

975

6CA ACG
Ala Thr

ATC ATG
Ile MET

GCC ACG
Ala Thr

GTG AAA
Val Lys

TAC ATG
Tyr MET

ACG
Thr

CTG
Leu

AGA
Arg

GAC
Asp

GGC
Gly

CGC
Arg

CTG
Leu

AAA
Lys

ACC
Thr

GGA
Gly

TGG
Trp

AAA
Lys

CTC
LeLu

GAA
Glu

GAA
Gl6 L

AAC
Asn

TCG
Ser

GAC
Asp

AAT
Asn

AAA
Lys

AAA
Lys

GAT
Asp

TAC
Tyr

TCC B66 CTA
Ser Gly Leu

GAA
Glu

GAT
Asp

GTA
Val

AGC
Ser

ATT
Ile

TTT
Phe

ATG
MET

GGT
Gly

CCG
Pro

GCT
Ala

CCA
Pro

AAA

Lys

GAC ATC GCT AAT AAA AAA TCC
Asp IlIe Ala Asn Lys Lys Ser

30
CTG GCC ACG CTG
Leu Ala Thr Leu

90
ACC ACT GAT CTG
Thr Thr Asp Leu

150
AAA TTC GGA CTG
Lys Phe Gly Leu

210
AGC GTA CTG GTT
Ser Val Leu Val

270
GCG AAA GGA TTA
Ala Lys Gly Leu

330
TAT ACC GTC GGA
Tyr Thr Val Gly

390
GCG CTG BCA GGA
Ala Leu Ala Gly

450
CAG CCA ATG rTT
Gln Pro MET Phe

510
AAA CAG ACG CTG
Lys Gln Thr Leu

570
AAA GCT AAT TTA
Lys Ala Asn Leu

630
GTG CCT GAA ATG
Val Pro Gll MET

690
TCT GCC GAT CCG
Ser Ala Asp Pro

750
GGC GTT AAC GCC
Gly Val Asn Ala

810
GAT ATC GAA GGG
Asp Ile Glu Gly

870
GGC ATG TGG GGC
Gly MET Trp Gly

930
TGG CAG GTG ACG
Trp Gln Val Thr

990

45
ATT GCC GCC
Ile Ala Ala

105
CAT AGC AAC
His Ser Asn

165
GTA CGT ACG
Val Arg Thr

225
GAT AAC GGC
Asp Asn Gly

285
AAA GCA GGT
Lys Ala Gly

345
ACG CTT GGC
Thr LeuL Gly

405
GCG AAA TTL'
Ala Lys Phe

465
ACA CCG TAT
Thr Pro Tyr

525
AAG ATT GGC
Lys Ile Gly

585
TCC GGG AAA
Ser Gly Lys

645
CGC BAG AAA
Arg Glu Lys

705
TAT AAA GTG
Tyr Lys Val I

765
ATT ATG TTT
Ile MET Phe

825
GCT GAT ATC
Ala Asp Ile

885
GAT CAT CTT
Asp His Leu

945
CAG GCB AAA
Gln Ala Lys

1005

160
AGT GTG AAT GCA*GCG
Ser Vel Asn Ala Ala

120
ATG ATG GAT TTC GAT
MET MET Asp Phe Asp

180
GCA A6C CTG ATT AAC
Ala Ser Leu Ile Asn

240
GAT TTG ATT CAG GG
Asp Leu Ile Gln Gly

300
GAT ATT CAC CCG GTC
Asp Ile His Pro Val

360
AAC CAC GAG TTT AAC
Asn His GlLu Phe Asn

420
CCT TAT GTA AAT GCC
Pro Tyr Val Asn Ala

480
TTA ATT AAA GAC ACC
Leu Ile Lys Asp Thr

540
TAT ATT GGC GTC GTG
Tyr Ile Gly Val Val

600
GTG ACG GTG AAT GAT
Val Thr Val Asn Asp

660
GGT 6CC GAT 6TT GTT
Gly Ala Asp Val Val

720
ATG GCG GAA AAC TCA
MET Ala Glu Asn Ser

780
GGC CAT GCT CAC GCC
Gly His Ala His Ala

840
GCC AAA GGC ACG CTG
Ala Lys Gly Thr Leu

900
GGT GTG GTC GAC TTA
Gly Val Val Asp Leu

960
GGC GAA GCA C6A CCG
Gly Glu Ala Arg Pro

1020
CTC GCG GCG GAA GAC AGC AAG CTG GTA GAA ACA
Leu Ala Ala Glu Asp Ser Lys Leu Val 6lu Thr

FIG. 6. Nucleotide sequence of the cpdB gene and predicted amino acid sequence. The vertical arrow indicates the most likely cleavage
site of the signal sequence; this site is designated C1 in Fig. 7. Two putative promoters are underlined and labeled pl and pll. The
Shine-Dalgarno sequence (SD) is also indicated. Inverted repeat sequences, which may function as transcriptional terminators, are indicated
in the 3' untranslated region.

ATG
MET

ACG
Thr

TAT
Tyr

6AT
Asp

AGT
Ser

TAT
Tyr

TAC
Tyr

AAC
Asn

GAA
Glu

CCA
Pro

ATT
Ile

GTT
Val

GTT
Val

AAT
Asn

CAA
Gln
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1035
AAA 6CC GAT CAC
Lys Ala Asp His

1095
AAT ATG TAT AGC
Asn MET Tyr Ser

1155
GCG CAA AAA GCG
Ala Gln Lys Ala

1215
GTG CTT TCA GCT
Val Leu Ser Ala

1275
GTG GAG GTG GAA
Val Glu Val Glu

1335
AAT ACG CTG ATT
Asn Thr Leu Ile

1395
GCG GGA CAG TTT
Ala Bly Gln Phe

1455
GAT GGT TTC CGC
Asp Gly Phe Arg

1515
ACC CAG CCC GCC
Thr Gln Pro Ala

1575
AAG AAC CTG ACC
Lys Asn Leu Thr

1635
ATA ACT ATC GCG
Ile Thr Ile Ala

1695
TCA CCG GAT GAG
Ser Pro Asp Glu

1755
GGG GAA ATT CAC
Gly Glu Ile His

1815
AAA CTG GAT ATC
Lys Leu Asp Ile

1875
AAA GGG CAG TAT
Lys Gly Gln Tyr

1935
GTG GAT TTG AGT
Val Asp Leu Ser

GAT
Asp

TAT
Tyr

TAT
Tyr

6CC
Ala

AAA
Lys

GTG
Val

AAC
Asn

ACT
Thr

CGT
Arg

TTT
Phe

6CC
Ala

CTG
LeLt

GTC
Val

GCA
Ala

GGC
6ly

GTG
Val

CAG
Gln

TAT
Tyr

TAT
Tyr

AAT
Asn

CTT ACG
Leu Thr

AAC CGC
Asn Arg

CCG GCG
Pro Ala

CGT TTC
Arg Phe

CCG ATG
Pro MET

AAG TAA
Lys

1050
ACA CGC CAG TTC
Thr Arg Gln Phe

1110
GCG CTG BTG CAG
Ala Leu Val Gln

1170
GAG CAT TAC ATT
Glu His Tyr Ile

1230
CCG TTT AAA GTC
Pro Phe Lys Val

1290
CAG TTG ACC TTC
Gln Leu Thr Phe

1350
AAA GCC AGC GGT
Lys Ala Ser Gly

1410
ATT GAT CCC AAC
Ile Asp Pro Asn

1470
AAC TTT GAT GTT
Asn Phe Asp Val

1530
GAC GGC GAG TGC
Asp Gly Glu Cys

1590
GCA AGC CGA TTG
Ala Ser Arg Leu

1650
G6G CAA ATT TGC
Gly Gln Ile Cys

1710
TCG GTG CTG GCA
Ser Val Leu Ala

1770
GCA GAT AAC AAC
Ala Asp Asn Asn

1830
GAA ACC II' CCG
Glu Thr Ser Pro

1890
AAT AAA GTC GCG
Asn Lys Val Ala

1065
GTC ABC AA6 CCA ATC
Val Ser Lys Pro Ile

1125
GAC GAT CCG ACC GTG
Asp Asp Pro Thr Val

1185
CAG GGC GAT CCG BAT
Gln Gly Asp Pro Asp

1245
GGT GGT CGC AAA AAT
Gly Gly Arg Lys Asn

1305
CGT AAT GCC GCC GAT
Arg Asn Ala Ala Asp

1365
AAA GAG GTG AAA GAG
Lys Glu Val Lys Glu

1425
ABC ACG AAA CCA CAG
Ser Thr '_ys Pro Gln

1485
ATT GAT GGT GTG AAT
Ile Asp Gly Val Asn

1545
CAG ATG ATT AAT GCC
Gln MET Ile Asn Ala

i 605
ATC CGA ACG CCA TGT
Ile Arg Thr Pro Cys

1665
GGT ACG GGC GAC ABC
Gly Thr Gly Asp Ser

1725
GCG TGG ATT GCT GAT
Ala Trp Ile Ala Asp

1785
TBG CGT TTA GCA CCB
Trp Arg Leu Ala Pro

1845
TCA GAT AAA GCC GCA
Ser Asp Lys Ala Ala

1905
ACC GAT GAT ATC GGG
Thr Asp Asp Ile Gly

1080
GGT AAA TCT 6CC
Gly Lys Ser Ala

1140
CAG GTG GTG AAC
Gln Val Val Asn

1200
CTG GCA AAA CTG
Leu Ala Lys Leu

1260
GAC tCG GCA AGC
Asp Pro Ala Ser

1320
CTT TAT CTC TAT
Leu Tyr Leu Tyr

1380
TGG CTG GAG TGC
Trp Leu Glu Cys

1440
TCA CTC ATC AAC
Ser Leu Ile Asn

1500
TAT CAG ATT GAT
Tyr Gln Ile Asp

1560
AAT GCG GAA AGG
Asn Ala Glu Arg

1620
TCC TGG TTG CCA
Ser Trp Leu Pro

1680
CAT ATC GCT TTT
His Ile Ala Phe

1740
GAG TCB AAA CGT
Glu Ser Lys Arg

1800
ATA GCT GGC GAT
Ile Ala Gly Asp

1860
GCG TTT ATT AAA
Ala Phe Ile Lys

1920
TTT GCG ATT TAT
Phe Ala Ile Tyr

1956 1971 1 _1 1986 - i 2001 2016
AACACTTCTTTTTC6 GCCTATAAATCATCA ACCGCATCCGGCATT TATTGGATGCATTGG CGCATCTTATCCGCC

2031 2046
CTACAAGCCATGCAC CGTAGACCAGATAAG CT

hydrolase (5'-nucleotidase) may imply that at least small
amounts of secreted enzymes can be located in the cyto-
plasm (42), which is consistent with posttranslational models
for secretion in E. coli (16, 31).

Finally, a strong promoter at the 3' end of the cpdB gene

in the original, nondeleted clones might have allowed tran-
scription into the ori region of the plasmid and interfered
with replication.
The identification of the 67K protein which is encoded by

pDB8 (Fig. 3, lane e) as cyclic phosphodiesterase is based on
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the secretion of this protein (Fig. 4) and on a correlation
between loss of enzyme activity and loss of the 67K protein
following effective deletion of one end of the gene during the
construction of pDB6 (Fig. 3, lane d). Furthermore, the
molecular weight deduced from the maxicell analysis is close
to the reported value (68,000) for the purified enzyme and the
calculated value derived from the sequence analysis (see
above). pDB8 also encodes a 41.6K protein; however, there
is insufficient coding capacity within the inserted DNA of
pDB8 to specify both proteins. The origin of the 41.6K
protein is not known, but our results are reminiscent of the
results of other studies in which more than one protein was
seenmingly derived from one sequence (8, 14). The reading
frame for the 41.6K protein must overlap or lie within the
reading frame encoding the 67K protein. Alternatively, the
41.6K protein may be derived posttranslationally from cyclic
phosphodiesterase.
The nucleotide sequence reveals putative promoters and

terrminators which merit further study to determine which
one is functional in vivo or whether both are functional.
Promotor pll is perhaps less favored since there are only
four documented instances of promoters without a thymine
residue at the 3' end of the position -10 hexamer (18). If
promoter pI is functional, then the overlapping -10 se-
quences alone may lead to heterogeneity in the 5' ends of the
resulting mRNA.
The best terminator, which is centered at nucleotide

positions 1,985 and 1,986, forms a potential stem-and-loop
structure that is typical of rho-independent terminators (7,
29, 32) with a free energy of -10.2 kcal (42.68 kJ), as
calculated by the method of Tinoco et al. (43); -this is on the
low side of the usual range (7). In many cases the stem-and-
loop structure is followed by consecutive thymine residues,
but this feature is absent in this instance, in common with
several other E. coli genes (7, 25, 28, 37). Both of these
features suggest that experimental determination of the
transcriptional termination site would be of interest. It may
also be noted that a third feature of rho-independent termi-
nators, a dowhstream TCGT consensus sequence, has been
proposed (7); two sequences which closely resemble this
sequence are present at nucleotide positions 2,006 through
2,009 and 2,011 through 2,014.
A study of 20 procaryotic signal sequences resulted in the

formulation of a set of preferred amino acids around the
cleavage site (46, 47). The cpdB sequence contains two
potential cleavage sites, C1 and C2 (Fig. 7), Which are
consistent with these rules; in particular, both sites have the
virtually invariant Ala residue at position -1 relative to the
cleavage site, and both have the preferred Ala at position
+1. However, C2 is a less likely cleavage site since (i) the
signal sequence would then be unusually shord compared
with other E. coli signal sequences (48); Xi;) there would not
be a charged residue between positions + 1 and +5 (relative
to the cleavage site), which is usual in procaryotes (47), in

Met Ile Lys/Phe Ser Ala Thr Leu Leu Ala Thr Leu

C2 Cl
+ -3 -2 -1+ +1 +2 +3 +4 +5

Ile Ala Ala Ser Val Asn Ala Ala Thr Val Asp Leu

FIG. 7. Signal sequence of the cpdB gene. The start of the
hydrophobic core is indicated by a slash, and two possible cleavage
sites are indicated as Cl and C2. Residues are numbered with respect
to Cl. The molecular weight of the sequence of 19 residues up to Cl
is 1,953.8.

Phe UUU 12 Ser UCU
Phe UUC 8 Ser UCC
Leu tJUA 6 Ser UCA
Leu UUG 5 Ser UCG

Leu CUU 5 Pro CCU
Leu CUC 7 Pro CCC
Leu CUA 1 Pro CCA
Leu CUG 25 Pro CCG

3 Tyr UAU 19 Cys UGU 1
5 Tyr UAC 8 Cys UGC 3
5 * UAA 1 *UGA 0
3 *UAG 0

Trp UGG 8

2 His CAU 6 Arg CGU 7
3 His CAC 5 Arg CGC 7
10 Gin CAA 4 Arg CGA 3
17 Gln CAG 18 Arg CGG 0

Ile AUU 25 Thr ACU 3 Asn AAU 19 Ser AGU 5
He AUC 12 Thr ACC 13 Asn AAC 19 Ser AGC 13
Ile AUA 2 Thr ACA 3 Lys AAA 40 Arg AGA 1
Met AUG 15 Thr ACG 16 Lys AAG 8 Arg AGG 1

Val GUU 10 Ala GCU 10 Asp GAU 39 Gly GGU 14
Val GUC 12 Ala GCC 23 Asp GAC 14 Gly GGC 16
Val GUA 5 Ala GCA 16 Olu GAA 16 Gly GGA 6
VaJ GUG 24 Ala GCG 21 Glu GAG 11 Gly GGG 8

FIG. 8. Codon usage in the E. coli cpdB gene. *, Termination
cddon.

contrast to C1, which has an Asp residue at position +4; and
(iii) although Leu is tolerated at position -3, Val is highly
preferred (47). Therefore we suggest. that C1 is the likely
cleavage site. On this basis the mean hydrophobicity per
residue was calculated (45) to be -3.25 kJ/mol, which
compares favorably with the average of -3.9 kJ/mol for 10
other procaryotic- signal sequences (45).

It has been proposed that the charged N termini of signal
sequences serve a defined role in the secretory process (21,
22, 44). This hypothesis has been examined in the case of the
exported lpp gene product by using site-directed mutagene-
sis of the two N-terminal lysine residues (22, 44). Since
2',3'-cyclic phosphodiesterase contains only a single N-
terminal charged residue, this might prove to be a simple
and hence fruitful system with which to pursue similar
studies.

2',3'-Cyclic phosphodiesterase is a bifunctional enzyme
which catalyzes two consecutive reactions (see above).
Kinetic studies on the purified enzyme (2) have indicated
that two active sites can be distinguished, which correspond
to the two substrates (2',3'-cyclic nucleotides and 3'-
nucleotides). Hence, the elucidation of the precise mecha-
nism of action of this enzyme is of considerable interest. A
comparison with the extensive studies on microbial RNases
(19) would be of additional interest since 2',3'-cyclic nucle-
otides are ihtermediates in the breakdown of RNA and also
serve as substrates. The characterization and sequencing of
the cpdB gene allow a genetic approach to the enzymology of
this enzyme by using in vitro and in vivo mutagenesis (15).
Presumably, the enzyme can also be excessively produced
to a greater extent than reported here, which should facili-
tate purification and investigation at the protein level. High-
level production of several proteins has been achieved by
cloning in M13, presumably owing to the high copy number
of the replicative form in infected cells (36). Preliminary
attempts to improve the yield of 2',3'-cyclic phospho-
diesterase obtained with plasmid vectors by cloning the gene
in M13 mp8 were not successful (data not shown). This may
have been due to regulation of the gene, in which case
further genetic manipulation of pDB8 will be necessary.
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