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SUMMARY

When chloramphenicol (100 ug/ml) was added to cultures of Micrococcus Lyso-
deikticus for about half a mean generation time, total protein was 74-78°, of the
control (no chloramphenicol) cultures and the levels of the cytoplasmic enzymes,
polynucleotide phosphorylase (EC 2.7.7.8), adenosine deaminase (EC 3.5.4.4) and
glucose-6-phosphate dehydrogenase (EC 1.1.1.49), were 74, 72—75 and 70-75 9, respec-
tively, of the amounts found in the untreated cultures. The formation of membrane-
bound, Ca?*-dependent ATPase (EC 3.6.1.3) of MU0z ¢t al.%% under these conditions
was unaffected by chloramphenicol. Longer periods of exposure to chloramphenicol
eventually resulted in some inhibition of the formation of ATPase (85-90 2, of control
levels) but a significant differential inhibitory effect on the synthesis of cytoplasmic
enzymes persisted. The distribution of the ATPase activity between the membrane
and cytoplasmic fractions was markedly affected by the protein concentration of the
Ivsate, much of the enzyme being released into the cvtoplasmic fraction at low levels
of protein (0.4-2.6 mg/ml). Chloramphenicol and puromvcin were without effect on
the active enzyme under conditions of assay. In cultures of Micrococcus lvsodeikticus
exposed to puromyecin (5 pg/ml) total protein and ATPase synthesis were affected to
the same extent, being 84 and 835 %, respectively, of that found for the control (no
puromycin) cultures at the end of the incubation period.

INTRODUCTION

In our preceding paper' we observed that in the presence of chloramphenicol,
growing cultures of Micrococcus Lvsodeikticus incorporated ''*Ciglycine into a specific
fraction of the membrane proteins. From these observations and those of other in-
vestigators?. 3, indicating differential sensitivities to the inhibitory effects of chlor-
amphenicol on the synthesis of certain proteins, we thought it would be worthwhile
determining the influence of chloramphenicol on the formation of some of the known
enzymes of M. lysodeikticus of both cytoplasmic and membrane origins. The enzymatic
activities selected included adenosine deaminase (EC 3.5.4.4) which had previously
been shown to be a cytoplasmic enzyme in the closely related organism, Sarcina lutea?,
glucose-6-phosphate dehydrogenase (EC 1.1.1.49), polvnucleotide phosphorylase (EC
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2.7.7.8) and the membrane-bound, Ca**-dependent ATPase (EC 3.6.1.3) of M. lvso-
deikticus previously characterized in this laboratory by MuRoz ¢t al.5:8. The levels of
the enzymes were determined after growing M. lysodeikticus for about half a mean
generation time (1.5 h at 30°) in the presence and absence of chloramphenicol. The
results presented in this paper show that the formation of the Ca?*-dependent AT Pase
was unaffected by chloramphenicol under conditions where the activities of all the
other enzymes measured and cytoplasmic protein were significantly decreased.

MATERIALS AND METHODS

M. lvsodeikticus (NCTC 2665) was grown essentially as described in the earlier
paper’. Two cultures having identical, initial 4790 mu, were grown until the 4799 my
had approximately doubled. Chloramphenicol was added to one, to give a final concen-
tration of 100 pg/ml, and both cultures were incubated on the New Brunswick shaker
for a further 1.5 h at 30°. Experiments were terminated by rapidly chilling the cul-
tures, harvesting the cells quantitatively by centrifugation at 5° and washing the
cells with cold distilled water. The cell pellets were stored overnight at 2° and the
next day, cells were suspended in 25 mM Tris-HCl buffer (pH 7.5) and incubated
at 37° with 500 ug lysozyme in each 8-ml sample of cell suspension, for T0-20 min
or until the cells were completely lysed. Lysates were then held for an additional
15-30 min or until the viscosity visibly decreased following the addition of 250 ug
deoxyribonuclease. The preparations were then centrifuged in a Model L2 Spinco
centrifuge for 40 min at 67000 x g. The supernatant fluids (cytoplasmic fractions)
were carefully decanted and held for enzyme assays, and the pellets were washed in
25 mM Tris-HCl buffer (pH 7.5) and again centrifuged as before. The supernatant,
membrane-wash fractions and the cytoplasmic fractions were immediately assaved
for the various enzymes. The membrane pellets were suspended in cold 50 mM Tris—
HCl buffers (pH 7.5) and extracted for 2o min at 0° with 0.5 vol. of cold n-butanol,
the aqueous and solvent phases being maintained as an emulsion by mixing with
a pasteur pipette. The aqueous and solvent phases were separated by centrifugation
for 20 min at 20000 % ¢ and the vellow, n-butanol laver containing lipids and
carotenoids was discarded. The clear aqueous phase (Membrane protein 1) was re-
moved for dialysis. The vellow, interfacial materials were suspended in buffer and
subjected to a further extraction with n-butanol and the solvent phase discarded
after centrifugation, as before. This second aqueous phase, together with the inter-
facial protein constituted ‘Membrane protein I11”. Both fractions (I and I1) were
dialysed overnight against 50 mM Tris-HCI buffer (pH 7.5) and then assaved for
both ATPase and polynucleotide phosphorylase activities.

Enzvme assavs

ATPase and polynucleotide phosphorylase were assayed as described bv MuSoz
ct al.5-8 except that the reactions were stopped by the addition of trichloroacetic acid,
10% (w/v) final concentration, and that the precipitated protein was removed by
centrifugation. P; was determined by the method of LOHMANN AXD JENDRASSIK'.
Adenosine deaminase was assaved as described by RoBRIsH AXD Marr®. Glucose-
6-phosphate dehydrogenase was determined spectrophotometrically®.

Proteins were determined by the method of Lowry ef al.1° using bovine serum
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albumin as a standard. Proteins in the cvtoplasmic and membrane-wash fractions
were usually first precipitated with 10 °; trichloroacetic acid (final concentration) and
dissolved in 0.25 M NaOH and 0.z °;, sodium dodecvlsulfate when needed.

Chloramphenicol, Sigma Chemical Co., St. Louis, Mo., was used throughout
these studies.

RESULTS

In order to determine the effect of chloramphenicol on the synthesis of M. lvso-
detkticus membrane and cytoplasmic enzvmes, two cultures were prepared and grown
under conditions which were, as far as possible, identical. Chloramphenicol was added
to one of the two as described in MATERIALS AND METHODS. Although care was taken
to keep the growth rate of both cultures as similar as possible, it should be noted
that upon addition of the chloramphenicol, the A7pp my of the culture containing the
drug invariably increased more rapidly than that of the control (no chloramphenicol)
as shown in IFig. 1. The precise reasons for this fairly rapid increase in .7 my are
unknown but may conceivably be related to cell swelling, increased wall thickness or
even increased membrane svnthesis.

After the cells were harvested, lyvsed and the Ivsates fractionated, the fractions
were assaved for Ca? -dependent ATPase, polvnucleotide phosphorylase, adenosine
deaminase and glucose-0-phosphate dehvdrogenase activities and for their protein
contents. Preliminary experiments had established that virtually all of the adenosine
deaminase and glucose-6-phosphate dehvdrogenase activities were in the cytoplasmic
{ractions. The results presented in Table I show that chloramphenicol had no inhi-
bitory effect on the formation of ATPase as determined by the total activity in all
fractions, whereas the synthesis of other enzvmes was inhibited and the levels of the
enzvmes were 70-74 9, of those observed for control (no chloramphenicol) cultures.
As shown in Table T total protein under these conditions of growth for 1.5 li at 30°
in the presence of chloramphenicol (100 pg/ml) was 78, (Expt. [} and 74 %, (Expt. I1)
of the control levels. However, it should be noted that in earlier preliminary experi-
ments, exposure to chloramphenicol (100 gg/ml) for 3 h (about a mean generation
time based on Azpp my increase) resulted in approx. 10-13 ¢, lowering of the ATPase
level (relative to control enzyime assayvs) compared to a 35-40 ¢, decrease in the
amounts of cvtoplasmic enzymes present in the treated cultures. s the ATPase assays
in the preliminary experiments were performed before we had discovered the influence
of lysate protein concentration on release of active enzyme, it is likely that the real
inhibitory effects of chloramphenicol would be less.

That the differential inhibitory effects of chloramphenicol observed on the for-
mation of ATPase and cvtoplasmic enzyvmes were not due to the cessation of synthesis
of certain enzyvmes during this phase of growth of M. lvsodeikticus was confirmed by
assaving ATPase and polvnucleotide phosphorvlase activities over the 1.5-h growth
period. Units of ATPase activity rose from an initial value of 34.7 to a final level of
52.8 units in the control cultures with a final level of 47.9 in the chloramphenicol-
treated culture. On the other hand polvnucleotide phosphorvlase had an initial ac-
tivity of 115 units and a final level of 150 units and the culture containing chlor-
amphenicol (100 wg/ml) showed complete inhibition of enzyme formation (115 units).

Although MuRoz of 4l found that the “latent” ATPase was bound to the
membrane of M. lvsodetkticus grown and isolated under “‘standard’” conditions de-
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veloped in this laboratory!, ATPase activity could be released to a great extent by
reducing the ionic strength of the wash buffer>. The influence of such factors as
different media and growth conditions on the distribution and release of membrane
enzymes of M. lvsodeikticus has not been investigated. It is, however, apparent from
a comparison of the results obtained with cells grown under "‘standard’’ conditions?®$
with those from the diluted peptone—water—veast extract medium used in the present
studies and the preceding paper?, that differences in the pattern of release of ATPase
result. This difference in growth conditions, together with the absence of Mg2t in the
initial lysis medium, probably affects the stability of the membranes and accounts for
the appearance of so much of the ATPase activity in the cytoplasmic and membrane-
wash fractions as shown in Table I. It has also been observed with the isolated
M. lvsodeikticus ATPase that upon storage or upon passage through Sephadex it in-
creased in activity. This behavior was somewhat similar to the latent properties ex-
hibited by spinach chloroplast ATPase reported by VAMBUTAS AND RACKER™. It was
conceivable, therefore, that the apparent lack of inhibition of svnthesis by chlor-
amphenicol could be due to the chloramphenicol-treated culture of M. lysodeikticus
containing more of the activated form of ATPase and less latent enzyme than the
control culture. For this reason the ATPase in all fractions was assayed after storage
at —20° for 7 davs in Expt. IT and 15 davs in Expt. I. The results given in Table [
do not indicate that there is less total ATPase, either latent or active form, in the
fractions from the cells grown in the presence of chloramplenicol. However, the data
do suggest that on prolonged storage (15 davs) ATPase activities of the fractions
from the chloramphenicol-treated cells decreased more slowlv than those of the un-
treated controls.

A comparison of Expts. I and II in Table T indicates that although the total
protein was higher in the latter experiment, the total number of initial units of AT Pase
activity was rather less. This suggested the possibility that lvsate protein concen-
tration may influence the release of ATPase activity and accordingly M. lysodeikticus
cells were lysed under “'dilute’” and “‘concentrated” conditions. The results summa-
rized in Table II show that more active ATPase, with a higher specific activity was
obtained when the same cells were lvsed under dilute conditions. In view of this
marked effect of lvsate protein concentration upon the levels of ATPase released from
the membranes, the effect of chloramphenicol treatment was determined for cells lysed
under dilute conditions. The results summarized in Table III show that nearly all of
the ATPase was released under such conditions of lysis and that a substantially larger
amount was in the active form although some latent enzyme was still present. After
storage for 1 day, ATPase activity increased substantially (i.c. 2nd day assav, Table
I11) but upon further storage, enzyme inactivation occurred.

Both on the 1st and 2nd day assavs under dilute lysis conditions, the fractions
from the chloramphenicol-treated cells showed AT Pase activities 11-15 ©; higher than
those of the cells grown in the absence of the antibiotic. That this stimulation of
activity was not due to a direct effect on the enzyme was shown by assaving the
fractions in the presence of chloramphenicol as presented in Table IV. Chloramphenicol
neither stimulated nor inhibited the activity under conditions of the assav. As the
level of activity in the absence of added Ca?+ was about the same for both control
and chloramphenicol-treated fractions, it appeared unlikely that the higher activity
reported in Table 1II could be due to formation of a nonspecific phosphatase.
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Puromycin had been found to be an inhibitor of [14C]glycine incorporation into
both cytoplasmic and membrane protein fractions in our earlier studyl. It was,
therefore, of interest to determine its effect on the synthesis of ATPase by M. lvso-
dethticus. The data summarized in Table V' show that puromyecin inhibited total
protein synthesis, membrane protein synthesis and ATPase activity to about the
same extent. Upon storage of the fractions from the puromyvcin-inhibited cells, the

TABLE 11
ATPase ACTIVITY OF DILUTE AND CONCENTRATED M. [ysodeikticus LYSATES

An cxponentially growing culture was divided into two equal portions. One-half of washed bacteria
was suspended in 25 mM Tris buffer (pH 7.5) to give a final A590m; of approx. 10.0. The other
half of the culture was suspended in 4 times as much buffer, to give an approximate final .4 740w
of 2.50. Both were lysed, centrifuged and assayed for ATPase activity as described in MATERIALS
AND METHODS.

Cell fraction Protein AT Pase
(mgfml)

Units|ml! Units|fraction  Specific activity

Cytoplasmic 0.41 0.95 30.4
Cytoplasmic 1.72 2.13 17.0

— e
W

TABLYE T11

ATPasc ACTIVITY OF CONTROL AND CHLORAMPHENICOL-TREATED CULTURES OF M. lysodeikticus
LYSED UNDER DILUTE CONDITIONS

Initial 4700mp of cach 240-ml culture was o.180. Chloramphenicol was added to one when both
had reached 4 0my == 0.400; both wer: grown for 1.5 h longer (final A70pmy: control, 0.510;
chloramphenicol, 0.592). Cells harvested from each culture were suspended in 4o ml of 25 mM
T'ris butfer (pH 7.3) lysed and fractionated as described in MATERIALS AND METHODS.

Cell fraction Protein AT Pase activity
(mg/fraction) S - -
15t day 2nd day Specific
(units/fraction)  (units/fraction)  aclivity

Control

Cytoplasmic” 19.94 29.7 40.6 2.0
Mcembrane wash 0.34 1.8 1.5
n-Butanol extracted
membrane protein 0.81 0.8 0.8 2.0
Totals 21.09 32.3 43.2
Chloramphenicol
Cytoplasmic™* 13.78 334 18.6 3.5
Membrane wash 0.39 1.9 1.9
1-Butanol extracted
membrane protein 1.33 0.7 0.7 0.5
Totals 15.50 30.0 50.2
4 of control 74 ISR rg*tt

. s . .
Iraction contained o.50 mg/ml.
** Fraction contained 0.35 mg/ml.
“** e “stimulation” of activity.
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TABLE IV

CHLORAMPHENICOL EFFECT ON THE ATPase Assay sysTeEM

Cell fraction ATPase

Assay system Units/fraction
Control, cytoplasmic Complete 31.0

+ 70 ug chloramphenicol 31.0

— Ca* 8.2
Chloramphenicol, cytoplasmic Complete 3.4

+ 70 ng chloramphenicol 31.0

— Ca%r -
TABLE V

ATPase ACTIVITY OF CONTROL AND PUROMYCIN-TREATED CULTURES OF .M. /[ysodeikticus LYSED
UNDER DILUTE CONDITIONS

Two cultures, 150 ml each, with initial 4700 m,. == 0.161 were grown to 4799 m; = 0.352. Puromycin
(5 ptg/ml, final concentration) was added to one and both cultures incubated for an additional 2 h.
Tinal A5p0mu’'s were 0.580 for control and o.512 for puromycin-treated cultures. Cells were har-
vested, lysed and fractionated as described for experiment in Table III.

Cell fraction Pyotein ATPase activity
(mg|fraction) - S e - e
1st day Specific 4th day
(units/fraction)  activity (units/fraction)
Control
cytoplasmic 15.15 28.8 1.9 15.5
membrane wash 2.57 1.3 0.52 1.6
membrane 2.98 — 0.23 0.7
Totals 20.70 30.1 17.8
Puromycin™*
cytoplasmic 12.40 23.8 1.9 10.1
membrane wash 2.36 I.1 0.47 I.1
membrane 2.74 — 0.20 0.356
Totals 17.50 25.5 11.76
%, of control 84 85 76

* Fraction contained 0.51 mg protein per ml.
** Fraction contained 0.42 mg protein per ml.

ATPase activity decreased even more rapidly, but the specific activities of fractions
did not differ significantly from those of the cultures grown in the absence of puro-
mycin. As in the case of chloramphenicol (Table IV), puromycin at a level of 6 ugjfo.5
ml had no effect on the activity of the ATPase (umoles P; released/10 min were 0.35
for control and 0.34 for puromycin-treated fractions), thus suggesting an inhibitory
action on synthesis rather than an effect on assembly of preexisting enzvime subunits.

DISCUSSION

Differences in the sensitivity of the synthesis of certain proteins to the inhibitory
effects of chloramphenicol has been reported for the replicator protein by LARK AND
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Lark? and the synthesis of a viral-directed protein by LEVINE AND SINSHEIMER?,
both in Escherichia coli. The investigations presented in this paper extend this chlor-
amphenicol-resistant synthesis of protein to the Ca2?!-dependent adenosine triphos-
phatase of M. lvsodeikticus. It is perhaps significant that in all three instances ex-
hibiting this phenomenon, proteins having some degree of association with the mem-
branes have been involved. The mechanism of this resistance to chloramphenicol is
obscure but it is of interest to note that Kucax aNp Lipamanx!3 found that amino
acid polymerization involving endogenous messenger RNA in £. coli was more resis-
tant than that occurring on a template added in vitro. Whether these observations
can be explained by qualitative or quantitative differences in the chloramphenicol-
binding site on ribosomes or accessibilitv of different classes of ribosomes to the
antibiotic can only be answered by further investigations.

As the M. Ivsodeikticus ATPase is composed of six peripheral subunits sur-
rounding a central unit', it seemed conceivable that the lack of inhibitory effect of
chloramphenicol on total activity in the various fractions could have been due to
the continued assembly of the enzyme from a hypothetical pool of inactive subunits
to yield active enzvme molecules. Thus, the assembly of the enzymatically active
ATPase particie'® could be insensitive to chloramphenicol, but the synthesis of new
subunits would be sensitive to the drug. However, the fact that puromyein inhibits
the formation of ATPase to the same extent as total protein synthesis, argues stronglv
against the above suggestion of the existence of a pool of inactive subunits and con-
tinued assemblv in the presence of chloramphenicol.

The evidence thus far available suggests ribosomal involvement in this phe-
nomenon and the elucidation of the resistance to chloramphenicol may yield turther
information about the control and mechanism of synthesis of certain membrane
proteins. Tt is likelv from our previous study on the incorporation of "1C Jglvcine into
the membrane proteins!, that proteins other than the ATPase also exhibit this phe-
nomenon. In their recent studies of Mycoplasima laidlaw:’ membranes KAHANE AND
Razix1® did not observe anv chloramphenicol-resistant incorporation of {14C 'phenyl-
alanine into membrane protein but they did note, without further comment or evi-
dence, that ATPase activity was unaffected. There seems little doubt that there will
be marked differences between bacterial species in their response to the inhibitory
effects of chloramphenicol on the synthesis of specific membrane proteins.

In view of our previous discovery that the ATPase was largely localized on
the membrane prepared under our standard conditions?:611 we were surprised to
find that much of the activity was released into the cytoplasmic fraction from the
cells grown on the diluted peptone -water—yeast extract medium used in the present
studies. It is quite possible that the stability of the membranes is involved, a suspicion
that is reinforced by carrying out the lysis under more dilute conditions as shown in
Tables I1 and III. Upon lvsis of dilute suspensions very little AT Pase and very little
proteins is left in the membrane fraction after n-butanol extraction (Tables I1I and
IV). It therefore appears likely that the stability of the membrane is increased with
increasing total protein concentration of the lvsate. Under our standard conditions
of isolating the membranes in quantity®®11 the protein levels of the lysates were
about 5-10 times those of the present work (i.c. approx. 10 mg/ml). The influence of
the divalent cation status of the diluted peptone—water-yveast extract medium and
the effects of cell suspension density and protein concentration during lysis upon the

Biochim. Biophys. Acta, 203 (1970) 94103



CHLORAMPHENICOL EFFECT ON ATPase FORMATION 103

stability of the membranes obviously require further investigation. The effects of
such factors on the stability of the membrane will have to be controlled before we
can determine what fraction of the chloramphenicol-resistant [!C]glycine incorpo-
ration is due to the continued synthesis of the ATPase. The inhibition of cytoplasmic
protein synthesis by chloramphenicol, based upon [*C]glycine incorporation was
90-97 %, (ref. 1) and some of this 3-10 9, residual synthesis could be due to released
ATPase. It is worth noting that even if all the membrane ATPase had been released
into the cytoplasmic fraction it would only account for about 2 %, of the total protein,
based on our previous calculations that it accounts for approx. 109, of the total
membrane protein®.

ACKNOWLEDGMENTS

This work was supported in part by a National Science FFoundation Grant
(GB 7250) and the Public Health Service General Research Support Grant (I'R 05399).

REFERENCES

1 V. K. VamBuTas aND M. R. J. SarLToN, Biochim. Biophys. Acta, 203 (1970) $3.

2 K. G. Lark anD C. LARK, J. Mol. Biol., 20 (1966) 9.

3 A. J. LEvINE axD R. L. SINSHEIMER, J. Mol. Biol., 32 (1968) 567.

4+ M. M. MAaTHEWS AND W. R. S1sTROM, J. Bacteriol., 78 (1959) 778.

5 E.MuNoz, M. S. NaceBAR, M. T. ScHOR AND M. R. J. SALTON, Biochen:. Biophys. Res. Comman.,
32 (1968) 539.

6 E. MuNoz, M. R. J. SarLtonN, M. H. NG axD M. T. ScHOR, European J. Biochem., 7 {1969) 490.

7 K. LouMANN AND L. JENDRASSIK, Biochem. Z., 178 (1926) 419.

8 S. A. RoBrisH AND A. G. MARR, J. Bacieriol., 83 (1962) 158.

9 B. L. HoRECKER AND W. A. Woob, Methods Enzymol., 3 (1957) 152.

o O. H. Lowry, N. J. RoseBroUGH, A. L. FARr axD R. J. RanparLL, J. Biol. Chem., 193 (1951)
265.

11 M. R. J. SaLtoN, Tvans. N.Y. Acad. Sci., Ser. 11, 29 (1967) 764.

12 V. K. VamBuTas AND E. RACKER, J. Biol. Chem., 240 (1965) 2660.

Z. Kucax anp F. Lipmaxnn, J. Biol. Chemn., 239 (1964) 516.

14 E. MuRNoz, J. H. Freer, D. J. Eirar axp M. R. J. Savrroxn, Biochim. Biophys. Acta, 150

(1968) 531.
15 1. KAHANE AND S. RazIN, Biochim. Biophys. Acta, 183 (1969) 79.

Biochim. Biophvs. Acta, 203 (1970) 94-103



