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The activator of the D-serine deaminase operon, the product of the dsdC gene,
has been partially purified. It is reasonably stable to routine purification proce-
dures in the presence of its ligand D-serine, but not in its absence. It loses activity
upon dialysis in amino acid-free buffer, but activity is completely restored upon
readdition of D-serine. It apparently functions purely as an activator; no repressor
function could be demonstrated at suboptimal D-serine concentration. It is a
transcriptional control element. The time required for in vitro transcription of
D-serine deaminase mRNA, nearly 4 min, is similar to that for ,B-galactosidase.
Since the fB-galactosidase monomer is a much larger protein, this is surprisingly
long.

There are at least three genetic loci specific to
D-serine deaminase expression in Escherichia
coli K-12: the enzyme's structural gene dsdA
and its operator-promoter region dsdO, and a
closely linked regulatory gene dsdC. The prod-
uct of the regulatory gene is an activator, hence-
forth to be referred to as dsdC activator; it and
the inducer D-serine are required for expression
of the D-serine deaminase operon in wild-type
cells. No enzyme is formed in vivo in dsdO+
dsdA+ cells which lack a functional dsdC gene
(3), or in vitro in a cell-free system programmed
with dsdO+ dsdA+ template DNA, unless an
intact dsdC gene is also present. When synthesis
of dsdC activator is programmed in vitro by
dsdC+ DNA, however, the dsdO+ dsdA+ tem-
plate is expressed (8). We have assumed that the
dsdC activator is a protein because of its ability
to interact with D-serine and with its macromo-
lecular site of action, and because of subunit
mixing observed in diploids (3), but in fact we
have actually never proved it to be so.

It seemed desirable to attempt purification of
the dsdC activator for a number of reasons. The
low constitutive phenotype of dsdCc (constitu-
tive)/dsdC+ (inducible) heterozygotes in vivo
had suggested that the dsdC activator, unlike
the araC repressor-activator (14), lacks repres-
sor function (3). It was not possible to decide
this point using dsdC product formed in the in
vitro system for technical reasons: the amount
produced was small, and the range for concen-
tration variation consequently was limited. It
was also not possible to uncouple transcription
and translation of dsdA in an in vitro system
that relied on endogenously produced dsdC ac-

tivator; thus we could not define the level at
which control was exerted. The dsdC activator
was also of interest because its action, unlike
that of regulatory proteins in other catabolic
systems, was to a significant extent independent
of the cyclic AMP-cyclic AMP binding protein
(cAMP-CAP) system (10). In this communica-
tion we describe a partial purification of the D-
serine deaminase activator and present evidence
that its role is that of a strictly positive transcrip-
tional agent.

MATERIALS AND METHODS
Chemicals. Rifampin and chloramphenicol were

purchased from Sigma, ribonuclease-free deoxyribo-
nuclease (DNase) I from Worthington. Diethylamino-
ethyl (DEAE)-cellulose (0.91 meq/g) was from
Schleicher and Schuell Co., Keene, N.H.; Munktell
410 cellulose was from Bio-Rad; and highly polymer-
ized, double-stranded calf thymus DNA came from
Worthington.

Bacteria and bacteriophages. The bacterial
strains used in this study are described in Table 1.

Preparation of S-30 extracts. S-30 extracts were
prepared from strain TE6000/pKB252 as described
previously and calibrated for optimal conditions in the
cell-free system by measuring Xplac5 (17) DNA-di-
rected ,8-galactosidase synthesis (8).

Preparation of DNA. DNA was prepared as de-
scribed (8).

Conditions for cell-free protein synthesis. Con-
ditions for our standard DNA-directed coupled tran-
scription-translation system were according to Zubay
(18) with some modifications (8). Unless otherwise
stated, template DNA was always from strain EM6177,
dsdC+ dsdO+ dsdA+, and was present at a concentra-
tion of 50 ug/ml of synthesis mixture. All the necessary
ingredients and template DNA were incubated at 36°C
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for 3 min before addition of S-30 extract (6.5 to 9.0 mg
of protein per ml of synthesis mixture) to initiate
protein synthesis. Incubation with shaking was contin-
ued at 36°C for 40 min for D-serine deaminase synthe-
sis. Incubation for Xplac5 DNA-directed ,B-galactosid-
ase synthesis was at 360C for 60 min. The reactions
were stopped by chilling on ice.
Assays for enzyme activity. Assay procedures

for measuring D-serine deaminase and ,B-galactosidase
activities were described previously (8). D-Serine de-
aminase activity is expressed as nanomoles ofpyruvate
formed from D-serine in 20 min per milliliter of syn-
thesis mixture. ,B-Galactosidase activity is presented
as units of absorbancy at 420 nm per milliliter of
synthesis mixture per 60-min assay time.

Preparation and purification ofd8dC extracts.
Cells of the appropriate strains were grown at 300C in
the presence of 2 mM magnesium acetate and 1 mM
D-serine to mid-log phase as described by Zubay for S-
30 extracts (18).

Cells were frozen at -70°C in a Revco ultra-low
freezer overnight. The frozen cell paste (50 g) was
allowed to soften at 40C. (All the steps of purification
were carried out at 40C.) Cells were suspended in 200
ml of buffer A [0.01 M tris(hydroxymethyl)amino-
methane-acetate, pH 8.2; 0.01 M magnesium acetate;
0.01 M 2-mercaptoethanol; 0.06 M potassium chldride;
5% glycerol; and 1 mM D-serine]. The suspension was
centrifuged at 12,000 x g for 20 min. The sedimented
cells were resuspended in 200 ml of buffer A and
centrifuged again as above. The washed cells were
resuspended in 65 ml of buffer A and lysed in an
Aminco French pressure cell at a pressure of 6,000
lb/in2. The broken cell suspension was centrifuged at
30,000 x g for 30 min, and the supernatant was then
centrifuged at 100,000 x g (in a Spinco 30 rotor) for
3.5 h. The resulting supernatant was dialyzed over-
night against 2 x 1 liter of buffer B (0.01 M potassium
phosphate, pH 7.7; 0.7 mM dithiothreitol; 5% glycerol;
and 1 mM D-serine), then immediately chromato-
graphed on a DEAE-cellulose column.
dsdC extracts were dialyzed against buffer C [0.01

M tris(hydroxymethyl)aminomethane-acetate, pH 8.2;

0.014M magnesium acetate; 0.06 M potassium acetate;
0.7mM dithiothreitol; 5% glycerol; and 1mM D-serine]
for assaying in the cell-free system.

DNA-cellulose columns were prepared according to
the method of Alberts and Herrick (1) and were equil-
ibrated with buffer D (0.01 M potassium phosphate,
pH 7.2; 0.5 mM dithiothreitol; 5% glycerol; and 1 mM
D-serine).

Details of chromatography on DEAE-cellulose and
DNA-cellulose columns are described in the legend to
Fig. 1.

RESULTS

Partial purification of dsd activator. We
assumed that the dsdC activator, like the araC
product (14), was an unstable DNA-binding pro-

tein. We also expected to find only a few mole-
cules per wild-type E. coli K-12 cell; the D-serine
deaminase in vitro system, however, should pro-
vide an adequate assay.

Therefore, we attempted a purification pro-
cedure similar to that of Yang and Zubay's (17)
successful protocol for the araC protein (Fig. 1).
We used strain EM1607 (dsdC+, nonreverting
dsdA) as source of dsdC activator. Strain
EM6116, which is deleted for the entire dsd
region and should therefore produce no dsdC
activator, was used as control. After separation
of membranes and ribosomes from cell lysates
by high-speed centrifugation, proteins and nu-
cleic acids were absorbed on a DEAE-cellulose
column, and removal of nucleic acids was

achieved by selective desorption ofproteins from
the column (crude DEAE fraction). Subsequent
DNA-cellulose column chromatography (1) re-

sulted in further elimination of those proteins
which did not bind to DNA. We suspected that
the dsd activator might prove especially unsta-
ble in the absence of its ligand, and so we in-

TABLE 1. Bacterial strains
Strain no. Purpose Relevant genotype Reference

TE6000/ Source of S-30 extract A(dsdC-dsdA) Alac/ColEl-tet+-AcI+ Heincz et al. (8)
pKB252

EM6177 Source of dsd template A(dsdC-dsdA)/AdsdC+O+A+ Palchaudhuri et al. (11)
DNA

EM61606 Source of dsd template A(dsdC-dsdA)/XdsdC+06A+ a
DNA

EM1607 Source of dsdC+ extract dsdC+ 06A6 Palchaudhuri et al. (11)
EM6116 Source of dsdC extract A(dsdC-dsdA) Palchaudhuri et al. (11)
EM1600 dsdC+ dsdO6 dsdA+ McFall (10)
'The lysogen EM61606 was constructed as follows. Strain EM6116 was transduced to dsdA+ with P1 phage

grown on strain EM1600. A culture of a dsdO6 dsdA+ transductant was exposed to AddsdC+dsdO+dsdA+ and
Xy199 (cI857Sam7xis6b515b519) phage at multiplicities of 5 each. About half of the lysogens formed harbor the
Addsd phage; the lysogens can be recognized because they yield both Xy199 and Addsd phage on thermal
induction (11). A significant proportion yield AddsdO6 phages because of crossover events. Phage from one such
lysogen were used to transduce strain EM6116 to dsdA+, as described for construction of strain EM6177 (11),
with yl99 again as helper. A transductant, denoted EM61606, was obtained which yielded AdsdO6dsdA+ and
Ayl99 phages at a ratio of about 104:1 and with an average burst size of 20.
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Purification of dsdC regulatory protein

Breaking of washed cells in a French pressure cell,
6,000 lb/in2

l
100,000 x g supernatant (S-100 extract)

4
DEAE-cellulose column chromatography: 0 to 0.25 M
NaCl fraction, saturated (NH4)2S04 precipitation,
centrifugation, dialysis (crude DEAE fraction, 15
mg of protein per ml)

4
DNA-cellulose column chromatography of 6.5-ml por-

tions of crude DEAE fraction: 0.3 to 0.5 M NaCl
fraction, dialysis (partially purified dsdC fraction,
200 sg of protein per ml)

FIG. 1. The two major steps ofpurification are the
DEAE-cellulose and DNA-cellulose column chro-
matography. Step 1. The dialyzed supernatant ofthe
100,000 x g centrifugation was passed through a
DEAE-cellulose column (4.5 by 30 cm) previously
equilibrated with buffer B. After the application of
the sample, the column was washed with 2 liters of
buffer B and eluted with 0.25 M NaCl in buffer B.
The protein-containing fractions were pooled and
adjusted to 67% saturation by the addition of satu-
rated ammonium sulfate solution to precipitate the
bulk ofproteins. The precipitate was collected by a
10-min centrifugation at 12,000 x g. The precipitate
was dissolved in 30 ml of buffer C, dialyzed against
2 x 1 liter of buffer C overnight, then frozen and
stored in nitrocellulose tubes in liquid N2. This prep-
aration was regarded as the crude DEAE fraction,
which contained 15 mg of protein per ml. Step 2.
Portions of the crude DEAE fraction (6.5 ml) were
dialyzed against 3 x 1 liter of buffer D for 3 h. They
were immediately applied to a DNA-cellulose column
(0.8 by 10 cm). The column was then washed with
bufferD to remove the weakly adsorbedproteins until
the absorbancy at 280 nm of the eluate was less than
0.05. Stepwise elution ofthe DNA-boundproteins was
done by increasing the concentration of NaCI in
buffer D to 0.1 M, 0.2 M, 0.3 M, and 0.5 M. Most ofthe
activator activity was present in the fraction that
eluted between 0.3 and 0.5M NaCI. This fraction was
designated as partially purified dsdC+ protein; it
was dialyzed against 2 x 1 liter of buffer C overnight,
frozen, and stored in nitrocellulose tubes in liquid
N2. This preparation contained 200 pg ofprotein per
ml in a 2.4-ml final volume. Preparation of AdsdC
extract was done as described above. The finalprod-
uct that eluted from the DNA-cellulose column be-
tween 0.3 and 0.5M NaCl contained 170 pg ofprotein
per ml in a 2.5-ml final volume.

cluded 1 mM D-serne in all buffers used
throughout the purification. All procedures were
carried out as quickly as possible. The crude
DEAE fraction and the various DNA-cellulose
column fractions were stored in liquid nitrogen.
For the DNA-cellulose step, 6.5-ml portions of
the crude DEAE fraction were applied to the
column and eluted with increasing concentra-
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tions of NaCl, up to 0.5 M. The crude DEAE
and the various DNA-cellulose fractions were
then tested for ability to activate D-serine de-
aminase synthesis at 360C from a dsdC+ dsdO+
dsdA+ template in the cell-free system. Al-
though the dsdC+ gene is present on this DNA,
it is not expressed at 36°C (8). The results are
presented in Fig. 2.

It may be seen that significant dsdC activator
was present in the crude DEAE fraction from
the dsdC+ strain, which gave a four- to fivefold
stimnulation of D-serine deaminase synthesis per
unit volume. About 80% of this activity was
recovered in the 0.3 to 0.5 M NaCl fraction from
the DNA-cellulose column, which gave about
20-fold stimulation per unit volume. There was
weak but detectable activity in the other NaCl
fractions from the DNA-cellulose column; we
suspect that part of this earlier elution may have
been due to overloading of the column. No ac-
tivity was found in the corresponding fractions
from the dsd deletion strain. If we define a
doubling of D-serine deaminase activity as a
specific activity unit for dsdC activator, then the
crude DEAE extract has 0.3 such units per mg
of protein per ml of synthesis mixture. The
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FIG. 2. D-Serine deaminase synthesis as afunction
of added dsdC extracts. Synthesis was done as de-
scribed in the text for the coupled system. Each syn-
thesis mixture contained 0.5 MM D-serine. (-) Extract
prepared from strain EM1607 (dsdC+) by DEAE-cel-
lulose column chromatography; (0) 0.1 M NaCI
eluate of EM1607 extract from the DNA-cellulose
column; (A) 0.2 M NaCl eluate; (A) 0.3 M NaCl
eluate; and (0) 0.5M NaCl eluate; (0) extract pre-
pared from strain EM6116 (AdsdC) eluted from the
DNA-cellulose column between 0.3 to 0.5 M NaCl.
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partially purified fraction has 100 such units per
mg of protein per ml of synthesis mixture, rep-
resenting a 330-fold increase in the DNA-cellu-
lose step. It should be noted, however, that we
cannot necessarily equate this activity increase
with degree of purification, as we do not know
the level of activity in the pre-DEAE material,
nor do we have any quantitative information on
the activation process. Both the crude DEAE
fractions and the partially purified 0.3 to 0.5mM
NaCl fraction from the DNA-cellulose column
inhibited ,8-galactosidase synthesis programmed
by Aplac5 DNA. The extent of the inhibition
was to 45 and 17% ofmaximal levels, respectively
(data not shown). This inhibition was reversed
by the presence of isopropyl-fl-D-thiogalactopy-
ranoside (1 mM) to 70% of maximal level. Strain
EM1607 is lac+, and we apparently partially
copurified lac repressor.

Instability of the dsdC activator in the
absence of D-serine. Because of the possibility
that the dsdC activator is unstable, we routinely
stored it in liquid nitrogen in buffers containing
D-serine. We found both the crude DEAE frac-
tion and the partially purified fraction to be
stable for weeks under these conditions.
To test the effect of D-serine on stability, we

dialyzed portions ofeach fraction for 18 h against
buffer C lacking amino acid. The dialysates were
then either tested immediately for ability to
activate cell-free D-serine deaminase synthesis,
or stored in liquid nitrogen and tested subse-
quently. One portion of the dialyzed crude
DEAE fraction was also subjected to DNA-cel-
lulose column fractionation, and the eluates
were tested for ability to activate cell-free D-
serine deaminase synthesis (Table 2). It may be
seen that there was no immediate loss of dsdC
activator function simply upon removal of D-
serine, except when further fractionation of the
preparation was attempted. In that case, no ac-
tivator activity could be recovered, even though
D-serine was subsequently present in the synthe-
sis mixture. Thus, the dsdC activator is reason-
ably stable to routine purification procedures as
long as D-serine is present. Moreover, its insta-
bility to further purification in the absence of
D-serine indicates that D-serine and not a D-
serine metabolite is probably its natural ligand.
Lack of repressor function in the dsdC

activator. Upon titration, we found the D-serine
concentration that we used to stabilize the dsdC
activator (0.5 mM) to be optimal for in vitro
induction. A concentration of 0.15 mM was sub-
optimal; it promoted D-serine deaminase synthe-
sis from the dsdC+ dsdO+ dsdA+ template at a
rate about 50% that of the optimal concentration
(not shown). Therefore we can ask what effect

TABLE 2. Stability ofdsdC' activator preparations
in the absence of D-serinea

Dsdase ac-
tivity

(nmol of

dsdC+ activator preparation Incubation pyruvate/
system ml per 20-

min incu-
bation with

DS)
Crude DEAE fraction Complete 68

Complete + 0.5 143
mM DS

Crude DEAE fraction, dialyzed Complete 37
against buffer C without DS Complete + 0.5 141

mM DS

Partially purified fraction Complete 326
Complete + 0.5 554
mM DS

Partially purified fraction, di- Complete 35
alyzed against buffer C with- Complete + 0.5 592
out DS mM DS

Partially purified fraction, pur- Complete 35
ified on DNA-cellulose in the Complete, + 0.5 85
absence of DS mM DS

'The crude DEAE and partially purified dsdC activator
preparations were prepared as described in the text and Fig.
1. To remove D-serine (DS), the preparations were dialyzed
for 18 h against D-serine-free buffer C (two changes of buffer).
They were then tested immediately for activator activity in
the cell-free system, or, in the last case, after fractionation on
DNA-cellulose in the absence of D-serine. The "complete"
cell-free D-serine deaminase (Dsdase) incubation system con-
sists of all components except D-serine. A 0.15-ml sample of
the respective dsdC activator preparation was used for each
ml of incubation mixture. Except in the case of the dialyzed
fractions, these activator preparations were 1.0 mM in D-
serine; thus their complete incubation mixtures contained a
basal level of 0.15 mM D-serine.

increasing the concentration of dsdC activator,
without increasing the suboptimal concentration
of D-serine, would have on the rate of D-serine
deaminase synthesis. If the dsdC activator has
repressor as well as activator function, we would
expect the rate of D-serine deaminase synthesis
to decrease.
The results of an experiment which titrates

the response of D-serine deaminase synthesis to
dsdC activator concentration at constant final
(0.15 mM) D-serine concentration is presented
in Fig. 3. It may be seen that there was no
repression of D-serine deaminase synthesis as
dsdC activator concentration increased. In fact,
the rate of synthesis rose. The increase in syn-
thesis at suboptimal D-serine concentration pre-
sumably reflects a shift of D-serine (DS) toward
the bound state in an equilibrium k = (DS)
(activator)/(DS activator); as (activator) in-
creases, so does (DS * activator).
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FIG. 3. Effect of dsdCs protein on D-serine deam-
inase synthesis with suboptimal D-serine. D-Serine
deaminase synthesis was done as described in the
legend to Fig. 2 except that D-serine waspresent at a
final concentration of 0.15 mM in each synthesis
mixture. The extract used was the 0.3 to 0.5M NaCl
eluate of the EM1607 extract from the DNA-cellulose
column. It contained 200 pg ofprotein per ml.

Uncoupling of transcription and trans-
lation in the D-serine deaminase in vitro
system. Our previous work suggested that the
dsdC activator exerted its effect at transcription.
Thus, the activator-D-serine complex can par-
tially satisfy the cAMP-CAP requirement for
enzyme synthesis (10). Since cAMP-CAP com-

plex acts at transcription in other systems, it
likely also does so for D-serine deaminase.
To examine this point directly, we developed

a DNA-directed uncoupled in vitro system for
the synthesis of D-serine deaminase similar to
that of Wild et al. (15). Translation was blocked
by omission of amino acids from the synthesis
mixture, while transcription was allowed to pro-
ceed. Initiation oftranscription was then blocked
by rifampin, and the system was recoupled by
addition of amino acids to allow translation. For
these experiments the system was programmed
with dsdC+ dsdO6 (operator constitutive)
dsdA+ DNA from strain EM61606, to eliminate
the dsdC activator-D-serine requirement. Dur-
ing transcription no detectable D-serine deami-
nase synthesis occurred under the above condi-
tions, as shown by controls in which no amino
acids were added with the rifampin (data not
shown).
When transcription was allowed to proceed

for varying lengths of time, followed by 30 min

with rifampin and amino acids to complete tran-
scription and translation of the message formed,
it was found that at least 3 min was necessary
for the appearance of the first detectable dsd
transcripts (Fig. 4A). The rate of transcription
of dsd mRNA increased linearly for an addi-
tional period of 12 min and decreased after 20
min. Translation of completed dsd transcripts
began at 3 min; the rate increased linearly for an
additional 7 min (Fig. 4B).
The time course of D-serine deaminase syn-

thesis under standard conditions (coupled syn-
thesis) is shown in Fig. 4C. The maximal level of
synthesis of the enzyme in the uncoupled system
(Fig. 4B) reached about 70%o of that in a coupled
system.
The level of action of dsdC+ activator.

Under optimal conditions for the uncoupled sys-
tem as described above, it was possible to ask
whether the dsdC+ activator exerts its control at
the level of transcription or translation in DNA-
directed cell-free synthesis of D-serine deami-
nase. The complete coupled system was used as
a control. During 40 min of incubation at 360C,
the activator stimulated D-serine deaminase syn-
thesis 20-fold (Table 3). Three controls were
used in the uncoupled system. In the first con-
trol, activator was present during transcription,
but after addition of rifampin and amino acids
the reaction was stopped; in the second, activa-
tor was also present during transcription, but
instead of amino acids water was added for
translation; in the third, activator was present
only during translation (Table 3). In all cases,
enzyme synthesis was only slightly higher than
the basal level produced in the coupled system
(without activator).
When dsdC+ protein was added to the synthe-

sis mixture at the initiation of transcription, and
15 min later further transcription was blocked
by rifampin and the system was recoupled with
amino acids, D-serine deaminase synthesis pro-
ceeded at about 80% of the level in the coupled
system (Table 3). These data show that unless
the dsdC+ activator is present during transcrip-
tion practically no synthesis of the enzyme oc-
curs. Thus the activator functions as a transcrip-
tional control element.
Kinetics of syntheses of functional dsd

mRNA and D-serine deammase in the DNA-
directed cell-free system. Rifampin, DNase,
and chloramphenicol were used in the coupled
system to examine transcription initiation, chain
elongation, and translation ofmRNA separately
(15) (Fig. 5). The coupled system was pro-
grammed with dsdC+ dsdO6 dsdA+ DNA and
with Xplac5 DNA templates. Initiation of dsd
mRNA began at 3.4 min (Fig. 5A). The first
mRNA chains were completed at 7.4 min (rifam-

J. BACTERIOL.
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FIG. 4. DNA-directed uncoupled synthesis of D-serine deaminase in the cell-free system. Standard condi-
tions of enzyme synthesis were used, except as indicated below or in the text. Template DNA was prepared
from strain EM61606, dsdC+ dsdO6 dsdA+, and was present at a concentration of 54 pg/ml (A) Time
dependence of dsd mRNA initiation. Amino acids (0.22 mM) were omitted from the complete synthesis
mixtures and were added together with rifampin (20 pg/ml of synthesis mixture) at intervals as indicated.
Incubation was continued at 36°C for 30 min to allow translation. (B) Time course ofdsd mRNA translation.
Uncoupled transcription was terminated after 20 min of incubation when rifampin and amino acids were
added as above. Translation was allowed to proceed for varying lengths of time. (C) Coupled synthesis of D-
serine deaminase under standard conditions.

TABLE 3. Effect ofpartially purified dsdC+ activator on the in vitro coupled and uncoupled synthesis of D-
serine deaminasea

Conditions for coupled systemb c Dsdase synthesis (nmol of pyruvate per ml per20-min incubation with DS)
Complete 30
Complete + dsdC+ activator 600

Conditions for uncoupled systeme d Dsdase synthesis
(nmol of pyru-

Incubation to al- vate per ml per
Present at 0 time Added at 15 min low translation 20-min incuba-

(min) tion with DS)

dsdC+ activator Rifampin and amino acids 0 90
dsdC+ activator Rifampin and water 30 44
No addition Rifampin, amino acids, and dsdC+ 30 77

activator
dsdC+ activator Rifampin and amino acids 30 480

a When partially purified dsdC+ activator was present, 0.15 ml of extract per ml of synthesis mixture was
used (200 pg of protein per ml of extract). Dsdase, D-Serine deaminase; DS, D-serine.

b D-Serine deaminase synthesis in the coupled system was done under standard conditions.
'Synthesis was programmed with 50 pg of dsdC+ dsdO+ dsdA+ DNA template per ml of synthesis mixture.
d Complete incubation mixtures were incubated at 360C for 15 min to allow transcription. Rifampin was then

added to a final concentration of 20 ug/ml of synthesis mixture. Translation was initiated by addition of the 20
amino acids (0.22 mM each). Incubation for translation was at 360C for 30 min. 0 time is the initiation of
incubation at 36°C by the addition of S-30 extract.

pin versus DNase), indicating that about 4 min sages was at 10.2 min. The time interval between
was necessary to complete a dsd message (Fig. completion of dsd mRNA and the appearance
5A). The first appearance of translated dsd mes- of D-serine deaminase was 2.8 min (chloram-
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FIG. 5. Time course of message initiation, elongation, and translation for dsd and lac mRNA's. (A)
Synthesis of D-serine deaminase was as described in the legend to Fig. 2, using 54 pg ofdsdC' dsdO6 dsdA+
template DNA per ml. At different times of incubation, rifampin, DNase, and chloramphenicol were added to
the synthesis mixtures, and incubation was continued for an additional period of 30 min. (0) Rifampin, 5
pg/ml; (0) DNase, 5 pg/ml; (A) chloramphenicol, 100 pg/ml. (B) ,8-Galactosidase synthesis was directed by 26
pg ofAplac5 DNA per ml. Experimental conditions were as described for A.

phenicol versus DNase).
When B-galactosidase synthesis was carried

out in the same manner, very similar time re-
quirements were observed (Fig. 5B). Transcrip-
tion was initiated from ApIac5 DNA at 3.2 mi;
the message was completed at 7.2 min; and the
first appearance of ,6-galactosidase was at 10.3
min.

DISCUSSION
The failure of the dsdC activator to act as a

repressor at suboptimal D-serine concentration
indicates that it is solely a positive control ele-
ment. This result is in accord with previous
genetic evidence-mixed dominance in dsdCC/
dsdC+ merodiploids and ease of isolation of ini-
tiator constitutive mutants (2, 3)-that sug-
gested absence of a negative control. Positive
control is the logical induction mechanism for
D-serine deaminase, because of the toxic effect
of D-serine on E. coli K-12 (9) and the presence
of the cAMP-CAP-mediated catabolite repres-
sion control. Thus, dsdC activator-D-seine
complex can partially replace the cAMP-CAP
requirement in wild-type cells; otherwise the
cells could not grow in the presence of both
glucose and D-serine (2). If the dsdC activator
were strictly a negative element, this "catabolite
override" would probably require yet another
control element, as in the case of histidine utili-
zation (13). Positive control with an override
component is ideal for the D-serine deaminase
system, but there is no obvious need for a neg-
ative control as well.

We have assumed that the dsdC activator is
a protein, like other pathway-specific regulatory
gene products, although we do not have specific
proof such as suppressible amber mutations af-
fecting dsdC. The fact that the DEAE purifica-
tion step, which removes nucleic acids, increases
dsdC activator activity to a measurable level
indicates that the activator is not an RNA.
Moreover, its copurification with the lac repres-
sor and its role as a DNA-binding element able
to interact specifically with the small molecule
D-serine indicate that it is most probably a pro-
tein.

Happily, the dsdC activator seems to be fairly
stable. Most of the activity in the crude DEAE
fraction was recovered after further purification
on DNA-cellulose when D-serine was present
during the latter step. Even in its absence the
activator is stable for at least several hours at
4°C and for months in liquid nigrogen; readdi-
tion of D-serine restores its activity completely.
Since the amino acid protects it against inacti-
vation during purification and converts it from
the inactive to the active state, it is likely that
D-serine and not a derivative is the natural li-
gand (inducer).
We do not understand why nearly 4 min

should be required for transcription of dsdA
mRNA. This is nearly as long as required for
transcription of lacZ mRNA under the same
conditions. The latter should be more than twice
the size of the dsdA message, on the basis of the
relative monomeric molecular weights of the
proteins they encode (135,000[5] versus
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45,500[6]). It could be that there is another gene
in the dsd operon, proximal to dsdO, that we are
not aware of. However, there is no obvious func-
tion for the product of such a gene. The D-serine
permease gene dag is not linked to dsdA (4, 12).
D-Serine deaminase, the dsdA gene product, is
the only activity necessary for D-serine deami-
nation (6). M. Blundell (personal communica-
tion) has measured dsdA mRNA formed in vivo,
and finds two classes. The bulk of it corresponds
in size to that expected to code for the D-serine
deaminase protein alone, which suggests that
there are no other genes in the operon. There is
a minor component that is about twice as large
and decays more rapidly than the smaller
mRNA. It seems likely that this larger mRNA
results from readthrough of the dsdA message
past its normal termination, but it could still be
that the synthesis and/or maturation of dsdA
mnRNA is a more complex process than we an-
ticipate.
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