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We have determined the DNA sequence of dsdC, the gene that encodes the p-serine deaminase activator
protein of Escherichia coli K-12. The sequence contains a single open reading frame that terminates in a UGA
codon. One the basis of the size of the protein, 33 kilodaltons, and the amino acid sequence encoded by the open
reading frame, we identified a likely translation initiation codon 731 base pairs upstream of the translation
initiation codon for the divergently transcribed p-serine deaminase gene. There is a broad range of codon
usage, not surprising in view of the weak expression of the gene. The N-terminal two-thirds of the activator is
arginine-lysine rich and quite polar; the remainder is more neutral. The segment of the protein that seems most
likely to have potential to form the helix-turn-helix structure characteristic of DNA-regulatory proteins is
located near the end of the polar region. The protein contains a region with significant homology to Aa#tB.

The D-serine deaminase activator, product of the dsdC
gene, is one of the most efficient procaryotic regulatory
proteins yet described. Although present in Escherichia coli
K-12 at a level of only about eight molecules per induced
cell, it represses its own synthesis fivefold in the absence of
D-serine and activates transcription of the p-serine deami-
nase structural gene (dsdA gene) 700- to 800-fold in the
absence of cyclic AMP-cyclic AMP-binding protein (CAMP-
CAP) and 3,000- to 5,000-fold in the presence of cAMP-CAP
(10, 13). The dsdA and dsdC genes are the only genes known
to be specific to D-serine deaminase synthesis. They are
closely linked and are transcribed with opposite polarity
from a central control region of several hundred nucleotide
pairs (3; see below).

We have identified the activator monomer on sodium
dodecyl sulfate-acrylamide gels as a basic protein of about
33,000 molecular weight and in its active form on sucrose
gradients as a dimer of about 66,000 molecular weight (10).
Its specificity and efficiency in the activation process, to-
gether with the cAMP-CAP effect, suggested that it should
be a DNA-binding protein with high affinity—enhanced by
cAMP-CAP—for sequences in the dsdA promoter.

To determine whether the activator has properties in
common with other DNA-regulatory proteins, to set a limit
on the size of the intergenic region, and to try to identify an
apparent secondary at:\ site in dsdC (2), we sequenced
dsdC. We found a likely dsdC translation initiation se-
quence, a possible helix-turn-helix sequence (21, 23), and a
sequence with significant homology to art\ (24), as described
below.

MATERIALS AND METHODS

Bacterial strain and its cultivation. Strain AC6083 (10), a
dsdA and \CI857 derivative of strain C600, which carries
plasmid pAC131 (dsdA* dsdC™*), was used as source of
plasmid DNA. It was routinely cultured on LB broth, with
kanamycin and tetracycline at final concentrations of 20
pg/ml to maintain selection of the drug resistance markers of
the plasmid.

Sequencing of dsdC. The products of partial Haelll digests
of plasmid pAC131 (10), which carries the entire dsd region,
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were cloned into the Smal site of M13mp18 (25). Ligation
products were transformed into strain JM103, and progeny
bacteriophage were examined for the presence of dsdC
sequences by Southern blotting (20) to appropriate probes.
DNA sequences of cloned dsd fragments were determined
by the Sanger and Coulson dideoxy method (19). Both
strands were sequenced, including all overlaps across re-
striction sites.

RESULTS

dsdC sequence. By subcloning the dsdC gene, we found
that it and its promoter are present on a 1,614-base-pair
Sphl-EcoRI fragment (14; S. M. Bornstein-Forst and E.
McFall, unpublished data) located between base pairs —211
and —1825 (Fig. 1). (Numbering refers to the transcription
start for dsdA [3].) Accordingly, partial Haelll digests of this
fragment were cloned into phage M13mp18 and sequenced
as described in Materials and Methods.

The DNA-coding strand of dsdC, from the Sphl to the
EcoRl sites, is presented in Fig. 1. The corresponding amino
acid sequence, beginning with the first potential translation
initiation codon, at base pair —462, of the single open
reading frame, is shown above the DNA sequence. Other
points of possible interest are also indicated.

dsdC initiation and termination signals. The dsdC open
reading frame terminates with a TGA codon, 352 base pairs
before the EcoRlI site (Fig. 1), at base pair —1476. This fixes
the C terminus of the activator.

There are potential ATG translation initiation codons at
—461, —596, and —731 that would yield proteins of molecu-
lar weights 44,000, 38,600, and 32,900, respectively (Fig. 1).
None has a consensus Shine-Dalgarno sequence (7); with an
agreement of five of nine bases, the one for a base pair —731
start is the best. We previously found that the activator
monomer has a molecular weight of about 33,000 under both
native and denaturing conditions (10), which suggested that
—731is the correct translation start. We therefore cloned the
1,200-base-pair Bgl/II-EcoRI fragment (which spans base
pairs —630 to —1830) into the BamHI-EcoRI site of plasmid
pUC19 (25), downstream of the lac promoter, to form
plasmid pEM192. When the latter plasmid was transformed
into strain EM145-1 (15), which has a dsdC::Mu d1(Ap* lac)
insertion, inactivating the chromosomal dsdC, we were able
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FIG. 1. DNA sequence of the dsdC region, with translation of
the single open reading frame. Polar amino acids are in heavy type.
Numbering is on the basis of the transcription initiation site for dsdA
being +1. Several restriction sites of interest are noted and under-
lined. Numbers in parentheses above three ATG and one GTG
codon ‘are molecular weights for the dsdC activator, if translation
was initiated at the respective sites. Potential Shine-Dalgarno se-
quences are indicated by dots beneath consensus bases. Bases
specifying a secondary attB site are boxed. Amino acids specifying
a possible helix-turn-helix segment are boxed. A possible transcrip-
tion terminator for dsdC is indicated by arrows.

to induce D-serine deaminase synthesis (Table 1). This result
means that an intact dsdC gene is present on the Bg/II-EcoRI
fragment and rules out a translation start for dsdC at —461 or
—596. The ATG codon at —731 is thus most probably the
dsdC translation start site, although the GTG codon at —685
is also a possible site.

We have as yet no physical evidence as to the location of
the dsdC transcription start. The cloning experiment de-
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scribed above is not helpful, because in that case transcrip-
tion probably proceeded from lacP. The only sequence in
the region with good homology to the canonical sequence
(18) is located between base pairs —461 and —488 (Fig. 1). It
has four of the six bases of the consensus —35 sequence,
lacking the highly conserved first T, and four of the six bases
of the —10 sequence, lacking two of the less conserved
bases. A transcription start at this point would yield an
mRNA with a long leader region, beginning 105 base pairs
from the first potential translation initiation codon, 235 base
pairs from the start at base pair —731.

There is a palindromic sequence following the dsdC trans-
lation stop codon, extending between base pairs —1624 and
—1646 (Fig. 1). It is followed by several T’s and might serve
as a transcription termination signal (16).

Codon usage in dsdC. We have calculated the codon usage
for the activator, assuming a translation start at base pair
--731 (Table 2). As may be seen, it is relatively random,
much more similar to that observed in products of genes that
are weakly expressed in E. coli than to that observed in
products of strongly expressed genes (8). This random
usage, as well as the weak Shine-Dalgarno sequences before
potential translation initiation codons, is probably largely
responsible for the very low level of activator in the cell.

Secondary att\ site in dsdC. We previously observed that it
was relatively easy to obtain A insertions into dsdC (2) and
suspected that the gene contained a sequence with homology
to artB (GCCT GCTTTTTTATACTAA CTTG; 16). We
located such a sequence (GCAA GCTTTAATAATGAGG
TATT) between base pairs —922 and —945 (Fig. 1). It has 10
bases of 23 in common with a#tB, including 9 of 13 in the first
half of the site. We found no other site with attB or attP
homology in dsdC.

Physical properties of the activator. We previously ob-
served the activator to be a basic protein (10). In agreement,
the sequence shows that the activator has an excess of basic
amino acids (arginine and lysine) over acidic ones (glutamic
and aspartic acids): 36:17. These are concentrated in the
N-terminal two-thirds of the protein, with the C-terminal
one-third being relatively neutral. The protein is polar in the
N-terminal region, with an excess of acidic, basic, and
uncharged polar amino acids over nonpolar amino acids in
the ratio 136:109 for the entire protein.

Possible helix-turn-helix structure in the dsdC activator.
Several transcription-regulatory proteins have been shown
to have significant homology in regions that bind to specific
promoters. These regions, corresponding to helices two and
three of the Cro repressor, consist of two a helices con-
nected by a short hinge segment (21, 23). We examined the
amino acid sequence of the dsdC activator for evidence of
such a region. We found a possible helix-turn-helix near the
end of the polar region, between base pairs —1178 and —1244
(Fig. 1 and 2). It conforms to the four criteria of Takeda et al.

TABLE 1. dsdC expression in fusion strains

D-Serine deaminase?

Strain dsd genotype
— D-Serine + D-Serine
MC4100 dsdC* dsdA™ 0.5 23
EM145-1 dsdC::Mu d1(Ap" lac) 0.5 0.5
dsdA™
EM145-4 dsdC::Mu d1(Ap" lac) 0.5 5.6
dsdA*(pEM192)

2 Specific activity (15).
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TABLE 2. Codon usage in dsdC“

Amino acid Codon dsdC S w Amino acid Codon dsdC N w
Ala GCU 3 33 17 Lys AAA 6 49 31
GCC 6 9 34 AAG 3 20 8
GCA 6 23 20 Met AUG 7 27 25
GCG 3 25 28 Phe uuu 5 7 29
Arg CGU 3 42 19 uucC 5 22 19
CGC S 19 25 Pro CCU 1 4 6
CGA 3 1 5 CCC 4 0.4 9
CGG 6 0.2 8
AGA 2 1 5 CCA ) 5 9
AGG 5 0.2 3 CCG 1 31 19
Asn AAU 6 2 19 Ser uUCu 3 18 7
AAC 7 30 19 ucCC 0 17 9
Asp GAU 3 22 35 UCA 6 1 7
GAC 3 39 20 UCG 1 2 12
Cys UGU 5 2 6 AGU 3 2 11
UGC 6 4 7 AGC 11 9 12
Gln CAA S 7 17 Thr ACU 8 20 9
CAG 7 32 32 ACC 3 26 23
Glu GAA 4 63 40 ACA 3 3 6
GAG 7 20 19 ACG 2 5 15
Gly GGU 0 43 24 Trp UGG 5 5 13
GGC 3 33 27 Tyr UAU 3 6 18
GGA 1 1 8 UAC 5 19 12
GGG 2 3 13 Val GUU 0 37 21
His CAU 6 4 18 GUC 1 8 13
CAC 7 14 11 GUA 0 23 9
Ile AUU 4 13 30 GUG 5 16 24
AUC 3 15 23
AUA 5 0.4 5
Leu UUA 5 2 14
uUuG 2 3 12
CuUuU 4 5 14
CcucC 1 6 13
CUA 7 1 4
CUG 6 66 56

2 Codon usage in dsdC (assuming a translation start at —731) is compared with that in strongly (S) and weakly (W) expressed E. coli genes (tabulated by
Grosjean and Fiers [8]). The dsdC data are for a total of 245 codons; the Grosjean and Fiers data are for relative codon usage per 1,000 codons.

(21): there are no prolines in the helical regions; the first
hinge amino acid is glycine; amino acids 6, 10, 12, and 17,
expected to be buried, are hydrophobic; and amino acid 7 is
alanine.

DISCUSSION

The dsdC region contains a single open reading frame
between base pairs —461 and —1476 (Fig. 1). The TGA stop
codon at base pair —1476 defines the C-terminal end of the
dsdC coding sequence. The most likely N terminus is the
ATG codon at base pair —731, which would yield a protein
of molecular weight 32,900, containing 249 amino acids, as
compared with the experimental molecular weight of 33,000
(10). The —731 start has a recognizable Shine-Dalgarno
sequence (7), in agreement with the consensus in five of nine
bases. There is also a GTG codon at base pair —686, with a
reasonable (six of nine bases) Shine-Dalgarno sequence. If it
were used as a start codon, a protein of molecular weight
34,700 would result, also quite close to the experimental
molecular weight. The distance between the translation
starts for dsdC and dsdA (3) is thus surprisingly large, at
least 760 base pairs. ;

The only recognizable transcription initiation sequence
preceding dsdC spans base pairs —461 to —488 (Fig. 1).
dsdCp serves as a readily identifiable promoter, with about
1/200 the strength of the fully expressed dsdAp (15), and

should have some homology to the consensus transcription
initiation sequence. The —461 to —488 sequence lacks the
first T of the —35 sequence but otherwise contains the
strongly conserved bases (18). A palindromic sequence
between base pairs —1624 and —1646 (Fig. 1), followed by
several T’s, might serve as a transcription terminator for
dsdC (16).

The cellular level of activator is extremely low, about
eight molecules (dimers) per fully induced cell, compared
with about 90,000 molecules of D-serine deaminase (mono-
mers) (10, 13). The relatively random codon usage in the
dsdC gene and the weak transcription initiation and Shine-
Dalgarno sequences are very likely the basis for the differ-
ence. dsdC expression is not activated, and the three fixed
parameters that determine its efficiency are relatively inef-
fectual.

The structure of the activator protein must provide for at
least three functions: interaction with dsdAp DNA, interac-
tion with the inducer D-serine, and formation of active
dimers. We do not yet have any genetic evidence as to which
parts of the protein are responsible for these functions. Most
transcription-regulatory proteins examined so far interact
with their respective promoter DNAs via a two-a-helix
structure (12, 23), and we expected to find such a structure in
the dsdC activator. There is a segment of the protein that
conforms to the criteria of Takeda et al. (21) for a helix-turn-
helix structure. It also has the appropriate amino acids in
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1 2 3 4 5 6 7 8 9 10
dsdC  ala ile lys cys glu lew ala his ser leu
lacl  val thr leu tyr asp val ala glu tyr ala
R met ser gln arg glu leu lys asn glu len
galR ala thr ile lys asp val ala arg leu ala
cap 1le thr arg gin glu ile gly gln ile val
malT leu asp ala leu lys leu ala asn arg thr
cro phe gly glu thr lys thr ala lys asp les
cro 43 met thr gln thr glu leu ala thr lys ala
% leu ser gln gln ser val ala asp lys met
“I43% 1leu am gln ala gln leu ala gln lys val
“II  leu gly thr glu lys thr ala gln ala val

Helix 2
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2 13 14 15 16 17 18 19 20 21 2
pro asp phe his thr leu cys phe arg leu leu
val ser tyr glu thr val ser arg val val asa
ala gly 1le ala thr ile thr arg gly ser asa
val ser val ala thr val ser arg val {le asa
cys ser arg glu thr val gly arg ile leu 1lys
phe ile ger his phe val ile glu gly glu ala
val tyr glu ser ala ile asn lys ala 1ile his
val 1lys gln gln ser {ile gln leu ile glu ala
mt gly gln ser gly val gly ala leu phe asa
thr thr gln gln ser ile gln gln leu gln asa
val asp lys ser glu ile ser arg trp lys arg

Helix 3

FIG. 2. Possible helix-turn-helix segment of the dsdC activator compared with those observed in other regulatory proteins. The helix
2-helix 3 nomenclature refers to the corresponding region of Cro protein (23). The amino acids are arbitarily numbered 1 to 22. The malT
sequence is from Cole and Raibaud (4); the trpR sequence is from Kelley and Yanofsky (12) and Gunsalus and Yanofsky (9). Data for the other
proteins were compiled by Takeda et al. (21) and von Wilcken-Bergman and Miiller-Hill (22).

several of the most highly conserved positions (Fig. 2):
amino acid 6 is leucine, 7 is alanine, 10 is leucine, and 16 is
threonine (12, 21). However, there is little analogy in the
remainder of the segments, and it is not clear whether the
proline at position 12 and the arginine at position 20 would fit
properly. The araC activator is apparently an exception to
the helix-turn-helix rule (11), and perhaps the dsdC activator
is also. The latter is more basic and polar than the lac, gal,
\, and trp repressors (1, 8, 17, 21) and the CAP, araC, and
malT activators (4, 5, 20), resembling more the N antitermi-
nation proteins of the lambdoid phages (6).
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