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A Cell-Free Amino Acid Incorporating System from an

Extremely Halophilic Bacterium”
S. T. Bayley} and E. Griffithst,1

With the Technical Assistance of C. F. Rollin

ABSTRACT: A cell-free system has been developed from
Halobacterium cutirubrum that will incorporate 10-100
uumoles/mg of ribosomes of each of 17 amino acids into
hot trichloroacetic acid insoluble material. The system
requires adenosine triphosphate, phosphoenolpyruvate,
guanosine triphosphate, and ribosomes, is sensitive to
pancreatic ribonuclease and puromycin, and will incor-
porate increased amounts of [!C]phenylalanine in
response to added polyuridylic acid. This evidence

’I:e synthesis of a protein depends on a series of mo-
lecular interactions which, by and large, are inade-
quately understood. One feature of these interactions
that has been recognized for some time is the importance
of cations. Binding of mRNA to ribosomes (Okamoto
and Takanami, 1963a,b), the structural integrity of ribo-
somes (see, e.g., Petermann, 1964 ; Gesteland, 1966) and
of tRNA (Nishimura and Novelli, 1963; Lindahl et al.,
1966), and the activity of transfer enzymes (Gordon and
Lipmann, 1967) all involve Mg?* ions, which, in some
instances, can be replaced by Ca?" (Gordon and Lip-
mann, 1967). Binding of tRNA to ribosomes depends
on NH,* or K+ (Spyrides, 1964).

Within extremely halophilic bacteria, the concentra-
tion of salt is very high (Christian and Waltho, 1962) so
that ionic interactions between protein and nucleic acid
components of the protein synthesizing system should
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together with the nature of the labeled product suggest
that incorporation of amino acids represents true poly-
peptide synthesis.

The optimum Mg?* concentration for incorporation
is 0.02-0.04 M, but the system is extremely halophilic in
requiring nearly saturated salt and specifically 3.8 M
KCl, 1 M NaCl, and 0.4 M NH,CI for maximum activ-
ity. The possible significance of this specificity is briefly
discussed.

be correspondingly reduced. Study of the mechanism of
protein synthesis in these bacteria may therefore shed
new light on the nature of the molecular interactions in-
volved. Interesting observations have already been made
on the ribosomes of one of these organisms, viz., Halo-
bacterium cutirubrum (Bayley and Kushner, 1964; Bay-
ley, 1966a,b). To extend this work, a cell-free amino acid
incorporating system from this bacterium was required.
This paper describes such a system.

Materials and Methods

Preparation of Cell-free Extracts. Cells were grown at
37° under continuous aeration, with added oxygen, in a
150-1. stainless-steel fermentor in the medium described
by Sehgal and Gibbons (1960), except that 10 ppm of
Fe?*. (as FeSO,) was added and the final pH was
adjusted to 6.2. The concentrations of the principal in-
organic salts in this medium were 4.3 M NaCl, 0.027 m
KCl, and 0.08 m MgSO,. Sterilized medium (100 1.),
which had been centrifuged to remove the precipitate,
was inoculated with a 5-1., 30-hr culture. After 19-20 hr
the culture was cooled and the cells, in early log phase,
were harvested in the cold. The cells were washed at 0°
with centrifuging, once in a solution containing 4.3 M
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NaCl, 0.03 M KCI, 0.08 M MgSOy,, and once in 3.4 M KCI,
0.1 M magnesium acetate, and 0.01 M Tris (pH 7.6) (solu-
tion D; this corresponds to solution D used previously
(Bayley and Kushner, 1964) except that the concentra-
tion of KCl has been reduced to the saturation amount
at 0° and MgCl, has been replaced by magnesium ace-
tate). The yield of cells was 0.5-0.6 g wet weight/1. of cul-
ture.

The procedure for preparing and assaying cell-free
extracts is based on that developed by Nirenberg and
Matthaei (1961; see also Nirenberg, 1964) for Esche-
richia coli. Extracts were prepared at 0-4°. Harvested
cells of H. cutirubrum were homogenized in a glass
Teflon Potter-Elvehjem homogenizer with a volume of
solution D corresponding to about 1.5 times their wet
weight, together with 0.015 ml of B-mercaptoethanol
and 1 mg of electrophoretically purified DNase per 30
ml of solution D. An $-60 supernatant extract was ob-
tained from the homogenate by centrifuging once at
40,000g for 20 min and twice at 60,000g for 30 min; in
each case only the upper, clear part of the supernatant
was retained. The S-60 extract was dialyzed for 4 hr
against three changes of solution D containing 3-mer-
captoethanol at the same concentration as before and
was then frozen in vials in isopentane at liquid nitrogen
temperature and stored under liquid nitrogen.

Incubation and Assay Conditions. The reaction mix-
ture was evolved gradually but the final mixtures with
which most of the work reported here was carried out
were as follows. Reaction mixture I typically contained
the following components in 3.8 M KCI, 1.1 M NH,* (as
(NH,):SO,; and NH.CI; see below), 0.04 M magnesium
acetate, and 0.03 M Tris-HCI buffer (pH 8): NaATP,
0.3 pmole; NaPEP,! 1.2 umoles; Na- or LiGTP, 0.18
umole; mixture of 19 amino acids, omitting the !¢C-la-
beled amino acid, 0.008 umole of each (this mixture
lacked glutamine but included both cysteine and cys-
tine); [4Clamino acid, 0.5 uCi; and $-60 fraction, 1.3
mg of protein (0.25 mg of ribosomes). The total volume
of solutions added in this mixture was 0.225 ml.

Mixture I was subsequently modified to give the final
reaction mixture II, containing half the amounts of the
same components as mixture I in 3.8 M KCl, 1.0 M NaCl,
0.4 M NH.CI, 0.04 M magnesium acetate, and 0.03
M Tris-HCl buffer (pH 8). Here the total volume of solu-
tions added was 0.125 ml.

To obtain a concentration of 3.8 M KCl in these mix-
tures, it was necessary to add dry salt. Since no allow-
ance was made for the volume of this salt, the final con-
centrations of all salts in the mixtures were in fact
slightly lower than the values just given. The exact com-
positions of reaction mixtures I and II are therefore de-
tailed in Table I. As much as possible of the salt was dis-
solved with stirring and the mixture was then incubated
as 37° usually for 40 min. During this time, the remain-
ing salt dissolved.

At the end of the incubation, the sample tube was

1 Abbreviations used that are not listed in Biochemistry 5,
1445 (1966), are: PEP, phosphoenolpyruvate; TCA, trichloro-
acetic acid; PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis[2-(4-
methyl-5-phenyloxazolyl)]benzene.
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TABLE I: Composition of Reaction Mixtures.s

Mixture Mixture

Solution (M) I(ml) II (m)
NaATP (0.03) 0.010 0.005
NaPEP (0.12) 0.010 0.005
NaGTP or LiGTP (0.012) 0.015 0.010
Cold amino acid mixture less 0.010 0.005
labeled amino acid (each 8 X
1079
KCl (3.4), magnesium acetate 0.070
(0.07), and Tris (0.1), pH 8.05
KCl (3.4), magnesium acetate 0.025
(0.12), and Tris (0.15), pH 8.05
NH.Cl (5) and (NH4)QSO4 (06) 0.040
NH,CI (1.25) and NaCl (3.125) 0.040

Solid KCI 360 24

['4C]Amino acid (neutralized) 0.010 0.005
S-60 fraction 0.040 0.020
Water 0.020 0.010

Total volume of solutions 0.225 0.125

a Alterations in the concentrations of components
of the mixtures were made so as to keep the volumes
and all the remainder of the components the same,
Most additional compounds were added in aqueous
solution in place of water. ® In milligrams.

cooled to 0° and to it were added 2 ml of an aqueous
solution at 0° containing 1000-fold excess of unlabeled
amino acid corresponding to the [**Clamino acid used,
followed by 2 ml of cold aqueous 109, TCA. The pre-
cipitate was then washed twice in 59 TCA with centri-
fuging, heated at 90° for 15 min in 5% TCA (Siekevitz,
1952), cooled at 0° for 10-20 min, collected on a 0.45-u
Millipore filter, and washed with about 3 ml of cold 5%
TCA (Nirenberg, 1964). The filters were dried for 30
min at 60° and counted in a Packard or Beckman scintil-
lation counter using a scintillation solution containing
5 g of PPO and 0.3 g of POPOP in 1 1. of toluene. The
counting efficiencies were measured as 707 in the Pack-
ard counter and 82% in the Beckman.

Enzymatic Digestion of the Labeled Reaction Product.
The reaction product, insoluble in TCA, was digested
with samples of carboxypeptidases A and B and of leu-
cine aminopeptidase which had been treated by the sup-
plier with DFP to destroy trypsin and chymotrypsin ac-
tivity. Immediately before use, a small volume of the
carboxypeptidase A suspension as supplied was diluted
with water and centrifuged and the sedimented enzyme
was dissolved in 109, LiCl. The leucine aminopeptidase
was activated by incubating in the presence of MnCl; as
recommended by the suppliers. During activation, the
enzyme solution was dialyzed against excess MnCl,
buffer solution to remove ammonium sulfate which
would interfere with amino acid determinations later.
The activated enzyme was tested against leucylglycine at
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25° in a mixture containing 5 ug of enzyme and 10
umoles of leucylglycine in 0.005 M MgCl,-0.02 M Tris
(pH 8.5).

To prepare material for digestion, several times the
normal volume of reaction mixture I was incubated and
precipitated and the precipitate was washed and heated
as before. The precipitate was freed of last traces of con-
taminating [*Clamino acids by redissolving it in water
containing dilute KOH to neutralize the TCA and re-
precipitating with TCA. For digestion, the precipitate
was again redissolved in water with KOH.

With carboxypeptidases A and B, the digestion mix-
ture contained about 12 mg of protein in the redissolved
14C-labeled precipitate (this included ribosomal pro-
tein as well as product), 1.5 mg of carboxypeptidase A,
and 0.6 mg of carboxypeptidase B in a final volume of
2 ml, made 0.025 M with respect to Tris buffer (pH 8.05).
The mixture was incubated at 37°, and at appropriate
time intervals two aliquots were removed, viz., 0.100 ml
for determining free amino acids by the ninhydrin
method (Matheson and Tattrie, 1964) and 0.200 ml for
radioactivity measurements. To the latter, an equal vol-
ume of 109 TCA was added and the whole was centri-
fuged. A 0.200-ml sample of the supernatant was re-
moved and added to a 13-ml scintillation mixture con-
taining 6 g of PPO and 100 g of naphthalene in 1 1. of
dioxane for counting. The precipitate was collected and
washed on Millipore filters for counting as described
above.

For digestion with leucine aminopeptidase, the re-
dissolved '4C-labeled product was first dialyzed in the
cold for 2-3 hr against several changes of 0.007 M
MgCl,-0.03 M Tris buffer (pH 8.5) to remove traces of
TCA which might have interfered with the enzyme. The
digestion mixture contained about 4 mg of protein in
the 1#C-labeled product and 0.2-0.3 mg of activated en-
zyme in 3.1 ml of 0.005 M MgCl, and 0.02 M Tris buffer
(pH 8.5). The mixture was incubated at 25°, and at ap-
propriate time intervals two aliquots were removed,
0.100 ml for amino acid determinations as before and
0.300 ml for radioactivity measurements. To the latter,
an equal volume of 109 TCA was added and the whole
was centrifuged. The radioactivities of the supernatant,
in duplicate, and of the precipitate were measured as
above.

Other Analyses. The concentration of ribosomes in an
S-60 fraction was estimated by sedimenting the ribo-
somes at 150,000¢ for 2 hr, resuspending them in solu-
tion D, and calculating their concentration from the ab-
sorbance at 258 my using Ei%, 158 (Bayley and
Kushner, 1964).

Protein was estimated by the method of Lowry er al.
(1951) using plasma albumin as a standard.

Source of Materials. Inorganic saltsand TCA were re-
agent grade from Anachemia Chemicals Ltd., Montreal ;
Tris from Sigma Chemicals Co.; B-mercaptoethanol
from Eastman Organic Chemicals; crystalline pancreatic
RNase, electrophoretically purified DNase, and DFP-
treated carboxypeptidases A and B and leucine amino-
peptidase from Worthington Biochemical Corp.; di-
sodium adenosine 5-triphosphate and sodium guanosine
5’-triphosphate from P-L. Biochemicals Inc.; tetralith-

ium guanosine 5’-triphosphate from Schwarz BioRe-
search Inc.; trisodium 2-phosphoenolpyruvate from
Calbiochem Corp.; unlabeled L-amino acids from
Schwarz BioResearch and Mann Research Labora-
tories Inc.; polyuridylic acid from Miles Chemicals
Corp.; puromycin dihydrochloride from Nutritional
Biochemical Corp.; and POPOP and PPO from Pack-
ard Instrument Co. Chloramphenicol was a gift for
which we thank Parke Davis and Co.

Singly or uniformly '*C-labeled L-amino acids were
obtained from New England Nuclear Corp., Schwarz
BioResearch Inc., or the Radiochemical Centre, Amer-
sham, as specified below.

Results

Unless otherwise specified, experiments were carried
out with samples of [1-1‘CJleucine from New England
Nuclear Corp. with specific activities of 30-34 mCi/
mmole. In all experiments except those in Figure 3, sam-
ples were run in duplicate with similar results; only the
means of these are quoted below.

General Properties of the Incorporating System. The
response of the system to the omissions and addition
shown in Table II demonstrates that it depends on ATP,

TABLE 11: Incorporation of ['“C]Leucine into Hot TCA
Residue.

Mean

cpm %
Completes 1150 100
Complete — ATP, PEP 192 17
Complete — GTP 601 52
Complete — amino acid mixture 1119 97
Complete + puromycin (25 ug) 50 4

« Mixture I except that in this experiment, which was
carried out before the optimum Mg?*t concentration
had been accurately defined, the final Mg?* concentra-
tion was 0.09 M.

PEP,? and GTP, and is sensitive to puromycin. Inde-
pendent experiments showed that the concentrations of
ATP, PEP, and GTP used in reaction mixtures I and IT
were optimal. No stimulation of incorporating activity
was obtained by adding cytidine, uridine, or inosine tri-
phosphate. When S-60 extract was used in the reaction
mixture, no dependence on a mixture of unlabeled
amino acids was evident, but we shall return to this
point below.

The dependence of the incorporation on ribosomes

2In other experiments, ATP and PEP together were found
to be superior to ATP alone. However the addition of rabbit
muscle pyruvate kinase had no effect, so that the system prob-
ably depends on endogenous enzyme,
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FIGURE 1: Incorporation of [!*CJleucine as a function of
ribosomal concentration. Reaction mixture I was used with
twice the normal concentration of unlabeled amino acids
and with a ribosomal suspension and S-150 fraction replac-
ing the S-60 fraction. Experiments with RNase contained 20
ug of the enzyme.

was examined by centrifuging S-60 extract for 2 hr at
150,000¢ to yield a ribosomal pellet and an S-150 super-
natant fraction. The ribosomes were resuspended in a
small volume of the supernatant and this suspension
and more of the supernatant were combined in various
proportions in the reaction mixture in place of the S-60
extract. The results, shown in Figure 1, clearly demon-
strate a requirement for ribosomes. They also show that
the system is sensitive to the action of pancreatic RNase.
The system is of course insensitive to DNase as this was
present during cell homogenization and fractionation.

It is probable that the dialyzed S-60 extract contained
amounts of amino acyl-tRNAs, which, under condi-
tions of moderate incorporation, were adequate for
polypeptide synthesis. Thus an added mixture of cold
amino acids had no effect. However, it was found in two
independent experiments that when incorporation was
increased by adding excess ribosomes, omission of the
amino acid mixture reduced incorporation by an aver-
age of 259 (Figure 1).

The time course of incorporation is similar to that in
nonhalophilic systems, e.g., E. coli (Matthaei and
Nirenberg, 1961). From a background level at zero time,
incorporated counts rise during the first 40-min incu-
bation, the period usually employed in this work, but
increase negligibly thereafter. Incorporation is not sig-
nificantly affected by pH at least over the range 7.6-8.0.
The system is insensitive to chloramphenicol as a con-
centration of 0.7 mm reduced incorporation by only 7%.

The incorporations of 20 amino acids are listed in Ta-
ble I1I. The first 14 were compared in two separate ex-
periments using samples of identical specific activities
in mixture I with the same S-60 fraction. In these experi-
ments, the incorporating activity was only about half
that obtained with later preparations of S-60 fraction in
mixture II, but the results serve to demonstrate that, ex-
cept for histidine, incorporations of these amino acids
are comparable in order of magnitude. The results for
the last six amino acids were obtained with later, more
active S-60 fractions in mixture 1I and with amino acid
samples of different specific activities. Again the incor-
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FIGURE 2: Density gradient analysis of an incubated mixture.
Reaction mixture I (0.9 ml), containing twice the normal
amounts of S-60 fraction and of [*C]leucine, was incubated
in the usual way, then dialyzed in the cold for 2 hr against
two changes of 3.0 M KCl, 0.2 M magnesium acetate, and
0.01 M Tris buffer (pH 8) to adjust the density to the cor-
rect value and to remove free [1¢CJleucine. The sample was
then layered onto 30 ml of a 10-21%; (w/v) sucrose gradient
containing 2.5 M KCl, 0.4 M magnesium agetate, and 0.01
M Tris buffer and centrifuged at 37,000g for 15 hr. Azssmp
was monitored continuously as 1-ml fractions were collected
from the top of the gradient. The fractions were precipitated
with equal volumes of cold 107 TCA, and the precipitates
were washed, mounted on Millipore filters, and counted.
Similar results were obtained when hot TCA precipitates were
prepared from fractions.

porations are comparable except for asparagine and
glutamine which were consistently low.

After being stored in liquid nitrogen for 5, 10, and 12
weeks, respectively, three different preparations of S-60
extracts showed no reduction in incorporating ability.

Nature of the Labeled Incubation Product. The sedi-
mentation properties of components labeled during in-
cubation were examined on sucrose gradients contain-
ing concentrated salt (W. E. Rauser and S. T. Bayley, in
preparation). The results of a typical experiment are
shown in Figure 2. (We are grateful to Dr. W. E. Rauser
for running this gradient.) It is clear that, apart from
slowly sedimenting material at the top of the gradient,
the label is associated with slightly heavier 70S ribo-
somes and with larger components, possibly polyribo-
somes, but not with ribosomal subunits. In a separate
study in which the sedimentation properties of the label
associated with the more rapidly sedimenting compo-
nents were examined under a variety of ionic conditions,
it was found that this labeled material behaved as
[14Clpeptidyl-tRNA (W. E. Rauser and S. T. Bayley, in
preparation).

An attempt was made to examine the distribution of
14C label within the polypeptide product by enzymatic
digestion. In the experiments described here, most of
the incorporation should represent extension or com-
pletion of preexisting nascent polypeptide chains. The
labeled portions of the chains should therefore be di-
gestible with carboxypeptidases but not with amino-
peptidases.

The hot TCA-insoluble residue, which contained ri-
bosomal proteins in addition to synthesized material,
was digested with a mixture of carboxypeptidases A and
B as described under Materials and Methods and the
release of radioactivity and of free amino acids was
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TABLE III: Incorporation of 20 Amino Acids.4

Expt 12 Expt 20
Amino Acid (Mean) (Mean)

Alanine 106 103
Arginine 115 100
Aspartic acid 34 34
Glutamic acid 33 27
Glycine 49 54
Histidine 8 8
Isoleucines 50 46
Leuciner 97 127
Lysine 18 18
Phenylalanine~ 19 17
Proline 45 54
Serine 38

Threonine 75 82
Valine- 105 106

Expt 3- Expt 4
(Mean) (Mean)

Asparagine 2 3
Cystines 14 15
Glutamine 5 10
Methionine 32 29
Tryptophan 21 21
Tyrosines 32 29

+» Amino acids for which the RNase controls gave
counts several times background. These high control
counts were obtained only with uniformly and not with
singly labeled compounds and were serious only in the
case of phenylalanine where they represented half the
experimental counts. ® Experiments 1 and 2 used the
same S-60 fraction and uniformly !‘C-labeled amino
acids with specific activities of 50 mCi/mmole from
Schwarz BioResearch Inc. in reaction mixture I with
the cold amino acid mixture omitted. ¢ Experiments 3
and 4 used reaction mixture II (with the cold amino
acid mixture present) and different preparations of S-60
fraction. [1*C]Amino acids (all uniformly labeled except
tryptophan (['*C]methylene)) were asparagine, 102
mCi/mmole (Amersham); cystine, 218 mCi/mmole
(New England); glutamine, 38.8 mCi/mmole (Amer-
sham); methionine, 187 mCi/mmole (New England);
tryptophan, 52 mCi/mmole (Amersham); tyrosine,
50 mCi/mmole (Schwarz). ¢ Net incorporation =
experiment — control with added RNase expressed
as micromicromoles per m:lligram of ribosomes.

followed as a function of time. The results of a typical
experiment with [1*Clleucine are shown in Figure 3. In
the first 3 hr, release of label exactly parallels release of
amino acids, although it lags at later times. Identical
results were obtained when a mixture of eight *C-la-
beled amino acids (Ala, Arg, Asp, Glu, Gly, Lys, Pro,
and Thr) was used in place of leucine. In all of these ex-
periments, the fraction of radioactivity released after
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FIGURE 3: Release of radioactivity and of amino acids from
reaction product labeled with [*Clleucine as a function of
time of digestion with carboxypeptidases A and B. Cpm in
TCA-insoluble fraction (—e—) and in TCA-soluble fraction
(—A—); Asp (—O—) is quantitatively proportional to the
concentration of free amino acids (Matheson and Tattrie,
1964), at least up to 3-hr digestion.

3-hr digestion ranged from 23 to 329 and after 20 hr,
from 63 to 7097.

Unfortunately, experiments with leucine aminopep-
tidase were unsatisfactory. Although the enzyme prepa-
ration actively digested leucylglycine, it had no detect-
able effect on the labeled residue as measured by the
release of amino acids or of radioactivity.

Cationic Requirements. A. MONOVALENT CATIONS. In-
corporation of ['“Clleucine by the system dropped
markedly at concentrations of KCI below 3.8 M as shown
in Figure 4. The results of replacing KCl to different
extents by the same molarity of NaCl or NHCl are also
plotted in Figure 4. These clearly show that the KCl can
be replaced only to a small extent by NaCl, and not at
all by NH,Cl, without serious loss of incorporating abil-
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FIGURE 4: Incorporation of [**C]leucine by mixture I as a
function of monovalent cation concentration. Changes in
concentration were achieved by altering the amount of dry
salt added. KCl concentration lowered with no compensating
addition of other cations (—#—); K Cl concentration lowered
and compensated with added NaCl (—v—) or NH,Cl
(—L—).
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FIGURE 5: Percentage incorporation of [14C]leucine at dif-
ferent concentrations of Mg2*. (a) Mixture I in three separate
experiments with the same S-60 fraction. (b) Mixture II
in two separate experiments with different S-60 fractions.

ity. The system therefore has a specific requirement for
a nearly saturated concentration of KCI.

Throughout these experiments, 1.1 M ammonium was
present as NH,Cl and (NH,),SO, (reaction mixture I).
When NH,* ions were omitted from the normal mix-
ture containing 3.8 M KCl, incorporation fell to about
one-third, as is also shown in Figure 4. Thus there is a
need for monovalent cations in addition to the high lev-
els of K* already present. It was then found that incor-
poration could be improved further by replacing much
of the ammonium salts in mixture I by NaCl (Table IV)
as is done in mixture II.

B. DivaLeENT caTiONs. Figure 5a shows the incorpora-
tion of [*“C]leucine by mixture I measured at different
Mg?** concentrations in three separate experiments. Al-
though there is some scatter, the optimum Mg2+ con-
centration is clearly about 0.04 M. Similar experiments
with mixture II, /.e., in the presence of Nat and NH,*
rather than NH,* alone, gave the results depicted in
Figure 5b. The effect of improving the monovalent cat-
ionic environment has been to extend thé optimal range
of Mg?+ coficentrations toward lower values.

Table V shows that Ca2* and Mn?t cannot replace
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TABLE 1v: The Effect of NH,Cl and NaCl on the
Incorporation of [*C]Leucine: by Mixture 1.2

NH,CI (m) NaCl (M) Mean ¢cpm
1.4 9,570
1.4 13,532
0.4 1.0 18,193

« Uniformly labeled; specific activity 275 mCi/mmole
(New England). *In these experiments, (NH,).SO,
was omitted.

TABLE v: Effect on Incorporation of [!*C]Leucine by
Mixture I of Partially Replacing Mg?* by Ca?* or
Mn?,

Solution (M) Mean ¥ cpm
Magnesium acetate (0.04) 100
Magnesium acetate (0.018) 71
CaCl, (0.022)s

Magnesium acetate (0.018) + 48
MnCl; (0.022)s

Magnesium acetate (0.018) 90

s CaCl; and MnCl; were added in place of magnesium
acetate in the concentrated salt solution.

TABLE v1: Effect on ['‘C]Phenylalanine Incorporation
of Adding Poly U,

Mean cpm
Normal« 375
Normal+ + 25 ug of poly U 1139
Normal= + 25 ug of poly U 76

+ 20 ug of RNase

« Reaction mixture I at a Mg?* concentration of
0.09 M and 1-Ci4-phenylalanine from New England
Nuclear Corp. with a specific activity of 16.5 mCi/
mmole.

Mg?* in the system without loss of incorporating abil-
ity and are probably inhibitory.

Addition of cobaltous, manganous, or zinc chloride
to the reaction mixture did not increase incorporation,
except for a spurious effect of CoCl; which has been re-
ported before (Fraser, 1963).

Response to Added Polyuridylic Acid. The effect on
[*“C]phenylalanine incorporation of adding poly U to
the reaction mixture is shown in Table VI. In later work,
it was found that the cell-free system, after preincuba-
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tion to destroy endogenous mRNA activity, will respond
to a variety of synthetic messengers (Bayley and
Griffiths, 1968).

Discussion

Because of the unusual ionic environment in which
the cell-free system of this extremely halophilic bacte-
rium operates, we have been concerned in this work to
demonstrate so far as possible that the incorporation of
amino acids represents true peptide synthesis, and not
nonspecific absorption. On the basis of the currently
accepted model for protein synthesis, the evidence can
be summarized as follows. The system requires ATP,
PEP, and GTP for energy, and there is evidence of the
need for an amino acid supply. Ribosomes are essential
for incorporation, and in a later paper (E. Griffiths and
S. T. Bayley, in preparation) it will be shown that ac-
tivation and transfer of amino acids depend on distinct
synthetase and transferase enzymes and on tRNA. In-
corporation is time dependent. It is sensitive to the ac-
tion of pancreatic RNase but not of DNase, and is in-
hibited by puromycin. There is evidence that synthesis
is associated with polyribosome-like material and that
many of the labeled amino acids are incorporated at the
C-terminal ends of growing chains. Perhaps the
strongest evidence for polypeptide synthesis taking place
under the direction of mRNA comes from experiments
to be described in a subsequent publication (Bayley and
Griffiths, 1968), in which the cell-free system, after pre-
incubation to destroy endogenous messenger activity,
responds to added synthetic polyribonucleotides.

The properties of the system, together with the ob-
servation that most of the 20 amino acids are incorpo-
rated to comparable extents, further suggest that incor-
poration is not due to N-terminal addition of the type
described by Kaji et al. (1965) for leucine and phenyl-
alanine in an E. coli system. The low incorporations of
asparagine and glutamine are an interesting feature of
the system that will be discussed elsewhere (E. Griffiths
and S. T. Bayley, in preparation).

The cell-free system is truly halophilic in requiring
extremely high concentrations of salts, containing par-
ticularly monovalent cations, for activity. The salt con-
centrations in the final reaction mixture II, which are
very similar to the internal salt concentrations of H.
salinarium estimated by Christian and Waltho (1962),
are close to saturation at 37°, Indeed the trend of the
present results suggests that the system functions best
only in the absence of free, unbound water.

Ionic strength or total ion activity is not the only con-
sideration in halophilic systems however, since the spe-
cies of ions are also important. Thus the incorporating
system has a specific requirement for nearly saturating
concentrations of KCl. This requirement appears to be
more specific than that of the amino acyl synthetases of
H. cutirubrum (E. Griffiths and S. T. Bayley, in prepara-
tion) or of other halophilic enzymes (see, e.g., Baxter
and Gibbons, 1956; Holmes and Halvorson, 1965). On
the basis of previous studies on halophilic ribosomes
(Bayley and Kushner, 1964 ; Bayley, 1966a,b) therefore,
it seems likely that K+ ions are primarily required to

preserve the integrity of the ribosomes. Because of the
limited solubility of KCl, however, NaCl or less effec-
tively NH,Cl may also be necessary in the system to
lower water activity to the level at which the ribosomes
and enzymes function properly.

Addition of NaCl to the system not only improved
incorporation but it broadened the optimum range of
Mg?t+ concentrations to lower values as well. Recently,
studies with synthetic messengers have shown that
Nat also affects fidelity of translation (Bayley and
Griffiths, 1968). Whether these effects are due entirely
to the more effective lowering of water activity
by Nat compared to NH," or whether they demon-
strate further specificity of Na* in the system is not clear.

In view of the extremely high concentrations of po-
tassium and sodium salts that are necessary, the system
is remarkable in two respects. One is the close similarity
in all essential features to protein synthetic systems from
nonhalophilic organisms. The other is that the system
still depends to some degree on comparatively low con-
centrations of other cations. Thus the incorporation is
enhanced by low concentrations of NH,* and it depends
specifically on a relatively very low concentration of
Mg2*, between 0.02 and 0.04 M, which is not greatly dif-
ferent from that required by nonhalophilic systems. The
various functions that Mg?* and NH.," ions serve in the
system will be considered in more detail elsewhere (W.
E. Rauser and S. T. Bayley, in preparation), but it is
clear that to serve these functions, these relatively scarce
ions must be bound by some cooperative mechanism
since they cannot be in dynamic equilibrium with their
surroundings.
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Inhibition of Calf Thymus Deoxyribonucleic Acid

Polymerase by Histones"

William G. Wood,} J. Logan Irvin,] and David J. Holbrook, Jr.

ABSTRACT: The previously reported inhibition of deoxy-
ribonucleic acid (DNA) synthesis by histones cannot be
attributed solely to precipitation of primer DNA as a
nucleohistone complex since present data demonstrate
that an even greater inhibition occurs with the calf thy-
mus DNA polymerase system under conditions (low
Mg?* concentration and low ionic strength) in which the
complex of histones and heat-denatured DNA is soluble.
Under both conditions the F1 fraction of histones is the
most effective and the F3 fraction is the least effective in-
hibitor of DNA synthesis. Sonication of the insoluble
nucleohistone complex (under conditions of higher
Mg?t concentration and ionic strength) disperses the
gel but does not relieve the inhibition. At very low his-
tone:DNA ratios there is a small “stimulation” of in-
corporation of [3H]deoxyadenosine triphosphate into
DNA in comparison with histone-free controls. There

Studies in this and other laboratories (Bazill and Phil-
pot, 1963; Gurley er al., 1964; Billen and Hnilica, 1964;
Schwimmer, 1965 ; Schwimmer and Bonner, 1965) have
shown that histones inhibit various DNA polymerase
systems in vitro, but the role of histones in the regulation
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appears to be no specificity of the inhibition with respect
to DNA bases since the incorporation of [*H]deoxycyti-
dine triphosphate by unfractionated histones (or frac-
tions F1 and F3) is inhibited to the same extent as the
incorporation of [3H]thymidine triphosphate. At a Mg?**
concentration of 3.75 mM, the optimum concentration
of potassium phosphate buffer is 30-40 mm for the DNA
polymerase reaction with or without histones. At low
concentrations (5 mm) of phosphate buffer (pH 7.4) the
optimum concentration of Mg?* is 3 mm for the DNA
polymerase reaction in the absence of histones and 1-1.5
mM in the presence of histone fraction F1, with progres-
sively increasing inhibition as the concentration is raised
from 1.5 to 6 mMm.

These data suggest the possibility of a cooperative role
of histones and Mg?** in one aspect of the control of
DNA synthesis.

of DNA replication in vivo is uncertain. Although the
DNA polymerase of Escherichia coli provides a useful
model system for investigation of effects of histones (Bil-
len and Hnilica, 1964; Schwimmer, 1965; Schwimmer
and Bonner, 1965), it is difficult to extrapolate these
data and interpretations with confidence to the synthesis
of DNA in animal systems in view of considerable dif-
ferences, such as requirements for DNA primer, between
the two enzyme systems. This problem is not entirely re-
solved by the use of DNA polymerases isolated from
animal sources since several of these enzyme systems
have been described with differing properties and primer
requirements, and it is still uncertain whether these en-
zymes are primarily concerned with DNA replication or
with DNA repair. A purified DNA polymerase from
calf thymus (Bollum, 1960; Yoneda and Bollum, 1965)
has an absolute requirement for single-stranded or de-



