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INTRODUCTION

Most organisms carry on their normal physiological processes in
a moderate range of temperatures (about 20 to 45°), These organ-
isms are known as mesophiles, Some organisms, however, grow at
nuch higher temperatures (about 55 to 80°), These organisms are
known as thermophiles,

Three main theorles have been advanced to explain the phenome-
non of thermophily. One theory (1, 2) considers thermophily to be
a special type of metabolic state, involving high rates of break-
down and synthesis of cellular constituents, A second theory
relates thermal stability to the protective action of lipids and
attempts to correlate heat stability with the melting point of the
cellular 1ipids (3). A third interpretation ascribes thermophily
to physical and chemical differences of macromolecules from
thermophiles as compared to similar macromolecules from mesophiles,

Most of the evidence accumulated so far supports the latter
theory, Such evidence has come mostly from studies of proteins
and nucleic acids, Koffler (4) showed that cytoplasmic proteins
from thermophilic bacteria are more heat stable than those from
nesophilic bacteria, Stenesh and Koffler (5) demonstrated a
striking difference in heat stability for flagella from these two
types of bacteria, Campell (6, 7) showed that crystalline o~
amylase isolated from cultures of Bacillus coagulans grown at 55°
was more heat stable than the same enzyme isolated from cultures

1
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grown at 370..

Early studies of nucleic aclds yielded ambiguous results, Thus,
for example, DNA (8) and transfer RNA (9, 10) from thermophiles
showed no unusual heat stability, In most of these studies compo-
nents from thermophilic strains of Bacillus were compared to

similar components of Escherichia coli, Since such comparisons do

not exclude intergereric differences, a systematic study of meso-
philic and thermophilec strains of one genus, namely Bacillus, was
initiated in our laboratory,

Stenesh and Holazo (11) showed that the ribosomal RNA from
thermophilic strains of Bacillus was more heat stable than the
ribosomal RNA from mesophilic strains of the same genus, The RNA
from the thermophilés melted out at a higher tempera‘tu;‘e and had a
higher guanine plus cytosine content than that from the mesophiles,
Similar results were obtained in studies of the DNA isolated from

the above strains of Bacillus.(12). An in vitro protein synthe-

sizing system from a thermophilic strain had a higher optimum
temperature than one from a mesophile (13), Some differences were
also found in the fatty acid distribution of mesophilic and thermo-
philic strains of Bacillus (14).

The present work is an extension of the above comparative
studies of mesophilic and thermophilic strains of the genus
Bacillus, Specifically, the research project involved the isola-
tion and characterization of phenylalanine transfer RNA (Phe-tRI-IA)

from the mesophile B, licheniformis and the thermophile B, stearo-

thermophilus 10,
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Transfer RNA's are low-molecular weight RNA molecules (molecu-
lar welght 2,2-2,6 x 104). which constitute about 10-20% of the
total cellular RNA, The tRNA molecule contains about 70-80 nucleo-
tides and most of the tRNA molecules have the unique sequence,
C-C-A, at their 3'-terminal, The function of a tRNA molecules is
to bind covalently the proper amino acid and then transfer the
amino acid to the site of protein synthesis (the ribosome) where
the amino acids are assembled into polypeptides,

The binding of an amino acid to the tRNA molecule (known as
amino acid activation) requires the presence of a specific enzyme -
aminoacyl tRNA synthetase, For each amino acid there is at least
one specific tRNA and one specific aminoacyl tRNA synthetase,

In the present study several approaches were used to prepare
crude tRNA and to fractionate the latter in order to isolate
phenylalanine specific tRNA, Various properties of purified
phenylalanine tRNA were then determined, In addition, the charac-
teristics of the phenylalanine activation reaction were studied
using purified Phe-tRNA and crude aminoacyl tRIA synthetase

isolated from the same species,
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MATERIALS AND METHODS
Organisms and Growth Conditions

One mesophilic and one thermophilic strain of the genus Bacil-

lus were used, The former was B, licheniformis (NRS 243). The
latter vas B, stearothermophilus 10,

Due to the large quantities of bacterial cells required in this
work, it was necessary to grow the bacteria in a fermentor much
larger than the one available in our laboratory, The Upjohn
Company was kind enough to grow the cells for us starting from
slants which contained 25 Bacto agar (Difco), 1% Trypticase (BBL),
and 0,2% yeast extract (Difco), The cells were grown in 100 1.
fermentors using a medium which consisted of 1% Trypticase, 0.2%
yeast extract, and 4 ml of antifoam (SAG-471, Union Carbide Corp.).
Cells of B, licheniformis were grown at 370 for 8 hours, and those
of B, stearothermophilus were grown at 550 for 6 hours, In both
case, cells were harvested at the late log phase and then stored
at —200. For the isolation of crude transfer RNA about 4,0 kg

(wet weight) of B, licheniformis and about 2,3 kg of B, stearo-

thermophilus were used.
Apparatus

All spectrophotometric measurements were made in a Zeiss model
PMQ-ITI or Beckmann model DU~2 spectrophotometer, For thermal
denaturation studies, a Haake model F' constant temperature

L
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circulator was used in conjunction with the Zelss spectrophotometer,

A Sorvall model RC-2 refrigerated centrifuge was used for low
speed centrifugations (below 15,000 r,p.m,), and a Spinco model L
preparative ultracentrifuge was used for high speed centrifugations
(above 15,000 r,p.m,).

An ISCO model 326 fraction collector was used for collecting
fractions from column chromatography. A single beam ultraviolet
monitor, ISCO model UA~2, was used to record the absorbance of the
colunn eluate at 254 nm, A polystaltic pump (Buchler model 2-6100)
was used at the outlet of the column to control the flow rate,

Eppendorf pipets (Erinl:mann) were used in all assays, Paper
chromatography was carried out in a Chromatocab chamber (Research
Specialties model 125), A Burrell shaker was used for eluting free
bases from paper chromatograms,

An apparatus for preparing solutions which had a linear concen-
tration gradient was prepared by connecting two one liter poly-
ethylene bottles with spouts by means of a small tube having a
stopcock, Each bottle was placed on a magnetic stirrer, The set-

up is sketched below, A volume of water or dilute solution was
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placed in bottle A, and an equal volume of a more concentrated
solution was placed in bottle B, The siphon in A was first started
with the help of a pump and stopcock C was then opened, The solu-
tion in both A and B were stirred continually, Hence the solutlion
obtained through the siphon in A had a linear concentration

gradient,
Analytical Determinations

I, Proteln
Protein was determined by the method of Lowry et al. (15),
using bovine serum albumin as a standard,
One hundred ml of 2% I€a2(103 in 0,1 Ii HaOH were mixed with
1 ml of 1% CuSOu- 5 H20 and 1 ml of 2% sodium potassium tar-
trate, To 1 ml of sample were added 5 ml of this reagent,
After at least 10 minutes, 0,5 ml of 1 i Folin-Ciocalteau
reagent was added, and the solution mixed immediately using a
vortex stirrer, After at least 30 minutes at room temperature,
the absorbance of each solution was measured at 750 nm,
II, DNA
DA was determined by the method of Burton (16), Diphenyl-
amine reagent was prepared by dissolving 1.5 ¢ of diphenylamine
in 100 ml of glaclal acetic acld and adding 1,5 ml of concen-
trated stoll—' Just before use, 0,1 ml of 1,67 aqueous acet-
aldehyde were added per 20 ml of reagent, To a certain volume

of nucleic acid solution, an equal volume of 1 N IIClOa was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



added so that the final solution contained between 0,02-0,25
micromole of DNA-phosphate per ml, One volume of this solution
was then mixed with 2 volumes of diphenylamine reagent, Deoxy-
adenosine was used as a standard, The tubes were incubated at
25-300 for 15-17 hours, and the absorbance was then measured at
600 nm,
III, Phosphorus
A, Color Reaction
Phosphorus was determined by the method of Fiske and
SubbaRow (17) using KH,PO, as a standard, To 1 nl sample

in H, O, which contained 0-30 ug phosphorus, 1 ml of 5N

2
stoh was added, The mixture was heated untll white fumes
filled the test tube, The content was left to cool before
the addition of 1 drop of 1 N HNDB' The mixture was again
heated until white fumes filled the tube. It was left to
cool and 1 ml of HZO was then added, The solution was
mixed vigorously using a vortex stirrer and was then placed
in boiling water for 5 minutes, Marbles were used to
prevent evaporation, After cooling, 1 ml of 2,5% ammonium
molybdate was added and the solution was mixed again,

Water was added (7.5 ml), the solution was mixed, and the
absorbance was measured at 660 nm,

B, Ultraviolet Absorbance

The phosphorus content of a tRNA sample was also esti-
mated from ultraviolet absorbance measurements of the

sample at 260 and 290 nm, The concentration of RNA was
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calculated from the following formula (18):

49,265 x (A260 - A290) = ug RNA/ml
where A, and A290 are the absorbance at 260 and 290 nm,
respectively. The concentration of phosphorus is equal to

0,96 times the concentration of RNA,

Assay of Transfer RNA

1“’0—1abelled amino

The tRNA was assayed by “charging" it with
acilds, The standard assay for this "amino acld acceptor activity"
followed the procedure of Kelmexs et al, (19) with some modifi~
catlons,

The reaction mixture (0,2 ml) contained the following (in
micromoles unless otherwise stated), in the order of additions
sufficient homologous crude aminoacyl-tRNA synthetase (about 0,05
mg) to obtain maximal formation of amincacyl-tRNA; tris-HCl buffer
(¥4 7.4), 20; magnesiun acetate, 2; ATP, 0.4 KCL, 1; 1'c-labelled
L-amino acid, 0,2 (specific activity approximately 300-400 mCurie
per mmole); tRNA, 0,02 to 2,0 absorbance units at 260 nm, The
reaction mixture was incubated at 37° for 10 minutes, The re-
action was stopped by the addition of 3 ml of cold 10% trlchloro=
acetic acid, The mixtures werc left to stand in the cold room for
at least one hour before the precipitate was collected on milli-
pore filters and washed 10 times with 5 ml of cold 5% trichloro~
acetic acld, The filter papers were then dried and either glued
to planchets and counted in a Nuclear Chicago model 4388 planchet

counter or suspended in 10 ml of scintillation fluid and counted
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in a Nuclear Chicago Mark II liquid scintillation counter, In the
latter case, the CPM were converted to DPH using the channels ratio

!
method and 4 }C—quenched standard,
Preparation of Aminoacyl-tRNA Synthetase

Crude aminoacyl-tRNA synthetase was prepared according to the
procedure of Kelmers et al, (19), All steps were carried out at 1°
unless otherwise specified, Bacterial cells (30 g) were thawed,
dispersed in 60 ml of buffer (0,01 M tris-HCl, pH 7.4, containing
0,01 ¥ magnesium acetate and 0,001 } glutathione), and broken in a
French pressure cell at 10,000 to 12,000 psi, Four volumes of
buffer were then added and the mixture was centrifuged at
35,000 x g for 40 minutes and then at 78,500 x g for 3 hours to
remove particulate matter, The supernatant solution was dialyzed
overnight against 2 liters of buffer, Streptomycin sulfate (0.1
volume of a 10% salution) was then added to the dialyzed solution
to precipitate out the nuclelc acids, After stirring for 3 hours,
the precipitate was removed by centrifugation at 16,000 x g for
10 minutes, The pH of the supernatant was then adjusted to 7.5
with 0,1 M KOH and maintained at that pH{ during the addition of
solid ammonium sulfate to 655 saturation, The mixture was stirred
for 30 minutes and the precipitate recovered by centrifugation at
16,000 x g for 10 minutes, The precipitate was dissolved in 100 mlL
of buffer and dialyzed overnight against 6 liters of buffer,
Glycerol (0,25 volune) was added to the enzyme solution which was

then stored at -200. Crude aminoacyl-tRNA synthetase prepared in
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this manner was stable for at least one year,
Base Composition of Transfer RNA

Bass composition of the tRNA was determined according to the
procedure of Bendich (20), To 5 mg of tRNA in a small glass-
stoppered tube was added 0,1 ml of 70% HC10,. The tubes were
tightly stoppered and placed in boiling water for 1 hour with
occassional agitation. The mixture was ground with a glass rod to
produce a homogeneous suspension, It was then centrifuged for 10
ninutes in a clinical centrifuge, About 40 ul of the clear super-~
natant were then spotted on Whatman lio, 1 paper, Standard solutions
of purines and pyrimidines in 0,1 Il HCl were spotted along with the
sample, The solvent for development of the chromatograms was
prepared by addition of 16,7 ml concentrated HCL to 65 ml of
peroxide free absolute lsopropanol and addition of 18,3 ml water
after mixing, Descendlng paper chromatography was carried out in a
chromatocab for 18 hours, The spots were visualized using short
wavelength wltraviolet light and the T'if values were calculated,
Each spot was cut into small pieces and the sample eluted with 5 ml
of 0,1 N HCl while shaking on a shaker for 2 hours, The fibers were
removed by centrifugation and the absorbance of the supernatant was
then measured at two wavelengths, Blanks were prepared similarly
by cutting out spots at corresponding positlons from a blank lane,

The base composition was calculated using the formulas of Bendich

(20).
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Thermal Denaturation of Transfer RNA

The tRNA was dissolved in 0,01 M tris-HC1 buffer (pH 7.2) con-
taining 0,01 M I-!gclz and 0,001 M Nazsz()a. The thermal denaturation
profile of the tRNA was obtained by measuring the absorbance of the
solution at 260 nm at various temperatures from 25° to 900. The
solution was kept for 15 minutes at each temperature before the
absorbance was measured in order to allow for temperature equili-
bration, The observed absorbance was corrected for the thermal
expansion of the solutlon, The temperature in the cuvette was
obtained from the temperature of the circulating water bath by
reference to a calibration curve, The calibration curve represents
a plot of cuvette temperature versus bath temperature and is
required because of unavoidable heat loss between the water bath

and the cuvette in the spectrophotometer,
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RESULTS AND DISCUSSION
Isolation of Crude Transfer RNA

Crude transfer RNA was first isolated in pilot experiments
(using 100-400 g of cells) according to the three different pro-
cedures described below, These methods had been deslgned originally
for cells of Escherichia coli and difficulties were encountered with
the first two methods when adapting them to cells of Bacillus, The
third method, using dimethyl sulfoxide, gave very satisfactory
results, Hence the entire batches of cells (4,0 kg for 8. licheni-
formis and 2.3 kg for B. stearothermophilus) were processed
according to this procedure, using about 230 g of cells for each
separate isolation, The final product for each strain of cells was
then pooled,

I, Isopropanol Fethod
Crude tRNA was prepared according to the procedure of

Kelmers et al., (19). Frozen cells (400 g) were thawed and

800 ml of 0,001 M tris-HCl buffer (pH 7.4) containing 0,01 M

magnesium acetate were added. The suspension was extracted

with 688 ml of 88% phenol for one hour at room temperature,

The aqueous phase was recovered by centrifugation at 8,500 rpm

(Sorvall, GSA rotor) for one hour at 4°, M1 subsequent steps

were carried out at 4° unless otherwise indicated, The aqueous

phase was ~adjusted to 2/ in potassium acctate, and two volumes
of 95% ethanol were added to precipitate the nucleic acids,

12
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After one hour, or longer, the precipitate was recovered by
centrifugation at 8,500 r,p.m, (Sorvall, GSA rotor) for 10
minutes, The precipitate was dissolved in 400 ml of 0,3 I
sodium acetate at 200. One~half volume of isopropanol was then
added and the mixture was stirred at 20° for one hour, The
precipitate (the bulk of the DA and high molecular weight RNA)
was removed by centrifugation at 11,700 x g for 10 minutes at
20°, The supernatant was cooled to /+°, and an additional 0,5
volume of isopropancl was added slowly while stirring at the
same time to precipitate the RNA, Stirring was continued for
one hour and the solution was then centrifuged at 11,000 x g
for 10 minutes, The precipitate was dissolved in 500 ml of
0,05 M NaCl, and loaded onto a DEAE-cellulose solumn (4 x 20
cm). After washing with two liters of 0,2 I HaCl, the tRNA was
eluted with one liter of 0,65 M NaCl, The crude tRNA was
recovered from the eluate by precipitation with two volumes of
95% ethanol, After four hours, the precipitate was collected
by centrifugation at 11,000 x g for 10 minutes, The crude tRIA
was dissolved in 50 ml of 0,2 I glycine buffer at pH 10,3 and
incubated at 37° for two hours to discharge any bound amino
acids, This results in "stripped” tRNA, The solution was
cooled at 4%, and I ml of 5 Ii iaCl and two volumes of 95%
ethanol were added, The precipitate was recovered after two
hours by centrifugation at 11,000 x g for 10 minutes, dissolved
in 18 ml of doubly distilled water overnight, lyophilized, and

stored at -20°,
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The major difficulty with this method involved the second
1sopropanol treatment which should precipitate out the tRNA,
Little or no precipitate was obtained with the cells from the
two Bacillus species. A report (21) which appeared after the
publication of the procedurc by Kelmers et al,, stated that
successful isopropanol precipitation of tRNA depends critlcally
on the concentration of the material dissolved in 0,3 M sodium

tat The conecentration must be between 0,3 and 3,5 mg per

.

ml, It 1s possible that the ineffectlveness of the procedure
in our systems was due to improper concentration of the material
dissolved in 0,3 I sodium acetate, Alternatively, there may be
compounds in Bacillus species which interfere with isopropanol
precipitation, It is of interest that another isopropanol pre-
cipitation method which is widely used for the precipitation of
bacterial DNA, was found in our laboratory to be likewise in-
effective for the isolation of DWA from Bacillus species (12),
IX, Lithium Chloride Method
Crude transfer RNA was also isolated according to the pro-
cedure of Avital and Elson (22),
A, Phenol Extraction of Cells
Cell paste (100 g) was washed with 200 ml of 0,97 NaCl,
and then suspended in 100 ml of 0,95 NaCl, A volume of
phenol equal to that of the cell suspension was added and
the mixture was stirred for 15 minutes, After transfer to
an ice or ice-salt bath, stirring was continued until the

temperature dropped to 0—20. A low speed centrifugation
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B,

c,

D,

separated the mixture into two phases, The upper (agueous)
phase was collected and recentrifuged, Cold 95% ethanol
(-200, 2.5 volumes, containing 2% potassium a.cetatc) was
added to this phase, After at least one hour, the preci-
pitate was collected by low speed centrifugation, The
precipitate was suspended in a small volume of cold 95%
ethanol, and centrifuged in prechilled tubes, The super-
natant was discarded and the tubes were ailr dried,
Removal of Bound Amino Acids

The precipitate from the previous step was dissolved in
15 ml of 2 Ii tris-HC1 (pH 8,0) and incubated for 90 minutes
at 370. After chilling, 2.5 volumes of cold 957% ethanol,
containing 25 potassium acetate, were added, The mixture
was kept at -20° for at least one hour and the precipitate
was collected by low speed centrifugation, The super=
natant was discarded and the tubes were air dried,
Removal of Ribosomal RiA with LiCl

To the precipitate obtalned in the previous step were
added 3+ ml of 2 If LAC1~0,1 I potassiun acetate (pH 5,0)
and the mixture was stirred for 20 minutes, It was then
transfered to centrifuge tubes, chilled in ice for 5
minutes, and centrifuged, The pellet may be extracted a
second time with 17 ml of LiCl-potassium acetate,
Precipitation with (Nﬂa)zso“

The supernatant obtained in the previous step was
6

dialyzed for 2,5 hours against 1 x 10"~ M magnesium acetate
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in order to remove most of the LiCl, Solld ammonium
sulfate (0,315 g per nl of supernatant) was added with
stirring vwhich was continueéd for 15 to 20 minutes after all
of the ammonium sulfate had been added, The mixture was
transfered to centrifuge tubes, chilled in ice for 5
minutes, and centrifuged, To the supernatant were added
1.1 g of ammonium sulfate for every gram used previously,

Stirring, chilling and centrifugation were repeated as

i before, The tubes were drained and wiped dry, The tRNA

6 M magnesium

pellet was taken up in 15 to 20 ml of 1 x 107
acetate, dialyzed overnight against several changes of the
same solutlon, and lyophilized,

Thils procedure is based on the preferential solubili-
zation of tRNA with Li(l while ribosomal RNA is being
precipitated, The difficulty with this procedure involved
the LiCl treatment, ilo precipitate of ribosomal RIA was
obtained with the Bacillus preparatlons, This finding was
in line with previous findings in our laboratory that
ribosomal RNA in purified ribosome preparations from
Bacillus strains 1s incompletely precipitated by the LiCl
method for isolation of ribosomal RNA,

III, Dimethyl Sulfoxide liethod
‘ A, Preparation of Crude tRNA

The dimethyl sulfoxide (DMSO) method for the isolation

of crude tRNA was that doscribed by Cutcho (23)., To 227 g

of frozen cells were added 425 ml of 887 phenol, After
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1,5 to 2,0 hours of stirring at room temperature, the
uniform, well dlspersed slurry was treated with 990 ml of
deionized, doubly distilled, water, After one hour of
additional stirring, the clurry was left at room temperature
overnight, On the following day, 475 ml of 88% phenol was
added and the mixture was stirred for 30 minutes,
Delonized, doubly distilled, water (1,100 ml) was added,
Stirring was continued for one hour and the suspension was
again left overnight at room temperature, The top aqueous
layer was removed by syphoning and was then centrifuged at
16,000 x g for one hour, To the agueous layer were added
successively 0.1 volume of 20% potassium acetate (pH 5,2)
and two volumes of 95% ethanol, The precipitate which
contained the tRNA was removed the following day by
syphoning off the supernatant and centrifuging the remaining
slurry at low speed, The precipitate was washed once with
cold 75% ethanol and once with cold isopropanol, and dried
in vacuo at room temperature,
First DMSO Purification

The crude tRNA was dissolved in 0,05 M potassium
acetate to give an absorbance of 360 at 260 nm, The pH was
then ralsed to 8,8-9,0 by the addition of 5 M NHuOH. The
suspension was incubated at 37° for one hour to strip off
any bound amino acids, The pH was then lowered to 7,0-7,2
by the addition of 5 M acetic acid at 15 to 20°, Dimethyl

sulfoxide (0,7 volume) was slowly added with stirring and
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chilling so that the t e of the lon did not

exceed 35°, A solution of 3 I NaCl ( 0.25 volume of the
initial aqueous rhase) was then added at 30-32° over a
period of 30 minutes, The mixture was then centrifuged and
the precipltate was washed with a cold mixture of H20 1 DHSO
+ 3MNaCl (1 s 1+ 0.25, v/v, 0.25-0,33 volume of the
initial aqueous phase), The suspension was centrifuged,
and the supernatants from the two centrifugations were
combined, Ethanol (95%, 0.5 volume) was then added at
5-100. The rrecipitate was recovered by centrifugation,
washed with cold 75% ethanol and then with cold isopropanol,
and dried in vacuo at room temperature,
Second DMSO purification

The tRNA was dissolved in water to glve an absorbance of
640 at 260 nm, An equal volume of DMSO was added slowly
with stirring and chilling so that the temperature did not
exceed 300. A solution of 3 M HaCl (0,2 volume of the
initial agueous phase) was added, and the suspension was
cooled to 20—230. After 15 minutes, the suspension was
centrifuged and the residue was washed as above with a cold
mixture of water-DMSO=3 M NaCl (1 : 1 : 0,2, v/v), To the
combined supernatants, 0,33 volume of ethanol was added at
5-10°. After one hour, the precipitate was recovered by
centrifugation and washed with cold 75% ethanol and eold
isorropancl, The tRNA was then dried in vacuo at room

temperature and stored at -20%, The yield of tRNA obtained
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used,

in this procedure was similar to that reported by Gutcho
(23) for E, coli (2,7 g tRA/ig cells) and varied only
slightly from one batch of cells to another, The yield and
the activity of crude tRNA, when assayed by the charging
reaction as described under Methods, are summerized in
Table I,

It can be seen from Table I that the specific activity
of B, stearcthermophilus tRNA was higher but its yield
lower than that of B, licheniformis tRNA, As a result, the
total activity per kg of cell paste was the same for both
organisms,

The activity of the crude tRNA obtained from DMSO method
was compared to that of commercially available B, subtilis
tRNA using homologous and heterologous systems of tRNA and
aminoacyl=tRNA synthetase, The results are shown in
Table II, The activity of B, stearothermophilus tRNA is of
the same order of magnitude as that of B, subtilis, but the

B, licheniformis tRNA 1s somewhat less active, Further-
more, it can be seen that the tRNA's and the aminoacyl-tRNA

synthetase are interchangeable,
Fractionation of Crude Transfer RNA

Three different methods for fractionatlng crude tRNA were

I. Reversed Phase Colunn Chromatography

Fractionation of crude tRNA by thls method was carried out
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TABLE I

Yield and Phenylalanine Acceptor Activity of Crude tRNA

Organism Yield Specific Activity Total Activity
(g tRNA/kg cells) (CPM/g tRNA) (CPM/kg cells)

B. licheniformis 4,5 2.2 x 107 1.8 x 10°

7 8

B. stearothermophilus 1.4 8.2 x 10 1.2 x 10
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TABLE II

Phenylalanine Acceptor Actlvity of Varlous Crude tRNA's®

RNA
Aminoacyl=tRNA
synthetase b
B. subtilis” B. lichenl- B, stearo-
formis thermophilus
B, subtilis 7.86 3.38 5.71
B. licheniformis 8,37 3,04 5.49
B, stearothermophilus 11,55 2,77 6,52
alh 1 .
C~Phenylalanine binding (CPM x 10 /mg tRNA),

bl:lmmner::ibu. product of General Biochemicals Co.
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according to the procedure of Kelmers (24), In reversed phase
chromatography, the organic phase is stationary and the aqueous
phase 1is the moving phase,

A, Reversed Phase Chromatographic Columns

The organic phase consisted of 4% (w/v) dimethyldi~
laurylammonium chloride (Aliquat 204) in isoamyl acetate,
The commercial grade of dimethyldilaurylammonium chloride
was recrystallized three times from acetone by cooling to
-200. The organic phase was washed successively with three
volumes of 1 M lNaOH, 1 11 HCl, and 0,3 M NaCl to remove
soluble contaminants, The packing material consisted of
one part organic phase thoroughly mixed with two parts
(w/w) of hydrophobic diatomaceous earth (chromosorb W),
Jacketed columns, thermostated at 3?0, were used throughout,
For preliminary experiments, columns of 1 x 120 cm were
used, Full scale experiments involved columns of 2,5 x
240 em, A 50 or 100 mg sample of tRNA was dissolved in
2=l mL of the initial eluting solution and applied to the
column, Elution from the column was carried out by means
of a linear sodium chloride gradient (0,45-0,95 1) at a flow
rate of 1 ml per minute, In addition to NaCl, the eluting
solutions contained 0,01 M MgClz and 0,01 ¥ sodium acetate
buffer, pH 4,5, All solutions were saturated with isocamyl
acetate at 37° to prevent depletion of the 1soamyl acetate
on the column, All eluting solutions were prewarmed to

column tem before t the column, The
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column eluate was passed through an ultraviclet monitoxr
(25% nm) and 10 ml fractions were collected, The fractions
were assayed for amino acld acceptor activity (generally
every second or third fraction was used) and appropriate
fractions were pooled for further use,

B, Blo~Gel P-2 Desalting Columns

Blo-Gel P-2 polyacrylamide gel columns were employed to

remove NaCl and other salts from the sample of partially
purified Phe~tRNA, Samples of 250 to 300 ml were desalted
on a column (2.5 x 200 cm) maintained at approximately 5°
(cold room), The tRIA sample was eluted from the column
with diltilled water at a flow rate of 2,5 ml per minute
and 10 ml fractions of eluate were collected, The
fractions were tested for the presence of chloride ions
and the absorbance of each fraction was measured at 260 nm,
The column can be regenerated by passing approximately one
column volume of 0,10 If tris-HC1 (pH 8,0), containing O.4 M
NaCl, through the column, followed by several column volumes
of water,

C, Concentration on Flash Evaporator

Desalted samples of partially purified Phe-tRNA were

concentrated in a Buchler flash evaporator, The bath was
maintained at 3?° and the sample was concentrated to several
milliliter,

D, Blo=Gel P=-100 Cel Filtration Columns

Bio=Gel P-100 polyacrylamide gel columns were used for
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the final purification of Phe-tRNA, Desalted samples were
made up to a solution which was 0,40 M in NaCl and 0,01 M

in Mg(:lz with a final volume of 4 ml, The sample was applied
to a column (1 x 120 cm or 1 x 240 cm) and eluted at a flow
rate of 0,5 ml per minute with a solution containing 0,40 M
NaCl, 0,01 M MgClz, and 0,05 M tris-HC1l buffer, pH 7.0, The
column was maintained at approximately 10° ( jacketed columns
and circulating coolers were used at this stage). The column
eluate was collected in 4 ml fractions, and the absorbance
at 260 nm and the phenylalanine acceptor activity of the
fractions were measured,

The reversed phase chromatographic procedure was
developed at the Oak Ridge National Laboratory where it has
been used for fractionation on a large scale, Hence it
appeared to be a promising techique for our studies in spite
of the fact that column chromatography with such large
columns 1s very laborious and time consuming, In the case
of E, coli, Phe-tRIA is well separated by this technique

from other tRNA's (19, 24), In the case of B, licheniformis,

unfortunately, entirely different results were obtained,
Phe-tRNA actlvity was observed over the entire range of
fractions obtained from the Bio=Cel P-~100 column rather
than being concentrated in a well defined peak, Further-
more, the reproducibility between different runs was very
poor so that different absorbance and activity profiles

were obtained for duplicate experiments, Lastly, the flow
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rates obtainable for Bio-Gel P-100 columns were so low that
a fractionation of the entire samples of crude tRNA from B.
licheniformis and B, stearothermophilus would have been a
prohibitive undertaking in terms of the time required, For

these , this dure was ab

II. Solvent Extraction

The procedure of Edgan et al, (25) was followed with some
modifications, The organic phase contained 0,1 M Adogen 464
(methyl trialkyl ammonium chloride with an equivalent welght of
487) in Freon 113 (1, 1, 2~-trichloro-1, 2, 2-trifluorc-ethane),
The organic phase was washed successively, twice each time, with
one half the volume of 1 M Ha2C03. 0.5 I HC1, and 0,5 M NaCl,
The tRNA was dissolved in 0,05 M tris-HCL buffer (pH 7.2) con=
taining 0,01 M Mg012 and 0,2 N NaCl to a concentration of 1 mg
tRNA per ml, This tRNA solution was extracted at room tem=
perature, in a separatory funnel, with one volume of the ore
ganic phase, which had been saturated with the agueous phase
used to dissolve the tRNA, The organic phase was then drawn
off, and was washed six times, with one volume of the aqueous
phase, The tRNA was then extracted from the organic phase by a
buffer solution of higher salt concentration (0,05 It tris~HCl,
™ 7,2, 0,01 M Mgclz, and 0,4 M KaCl). The tRIA containing
solution was dialyzed at 3° against doubly distilled water until
no chloride could be detected, The absorbance at 260 nm and the
amino acid acceptor activity of the tRNA solution were then

measured, The tRNA was precipltated at u° from the solution by
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the addition of one volume of 1,0 M NaCl, followed by four
volumes of 95% ethanol, After the tRNA had settled out in the
cold room, the top portion of the supernatant was syphoned off
and the rest of the solution was centrifuged at 11,000 x g for
10 minutes, The tRNA in the centrifuge tubes was dried in vacuo
overnight at room temperature, The dried resldue from different
batches was combined, dissolved in deionized, doubly distilled,
water, and dialyzed against the same water, The solution was
lyophilized and the final product was stored in a desiccator at
-207,

The original procedure called for Freon 214, However, at
the time that our experiments were conducted, Du Font had ceased
to manufacture this compound, Upon consultation, they recom=
monded the use of Freon 113 which was thought to be closest in
solubility propertles to Freon 214, Uhile we have shoun here
that Freon 113 can be used for tRIlA extractlon, it is possible
that purificatlion of Fhe=~tRNA with Freon 212 might have been
more extenslve than that obtalned with Freon 113,

Using the latter compound, an approximately 3-5 fold purifi-~
cation of Fhe-tRIIA was obtained, The conclusion is based on
measurements of phenylalanine acceptor activity per absorbance
unit at 260 nm, The recovery of the Phe-tRNA was approximately
60-80% and varied somewhat from batch to batch since the
starting materlal itself consisted of batches with somewhat
different consistency. Fluctuation in room temperature would

also lead to some variation in the results, since extraction
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III.

coefficients have been shown to depend on the temperature of the
organic phase extractant (25), The exiraction coefficient also
depends on the concentratlon of I’ngClZ and NaCl in the aqueous
phase (25). It has been suggested that the tRNA's that are
readily extracted into the organic phase have a more open
structure and are thus more accessible to the organic phase
extractant (26).

The specific activity of B. lichiniformis Phe-tRNA, purified
by solvent extraction (Tabtle III), was lower than that of B.
stearothermophilus Phe-tRNA, much as was the case for the crude
tRNA (Table I), Apparently some other types of tRNA from B,
licheniformis are extracted along with Phe-tRNA,
Benzoylated DEAE~-cellulose Column Chromatography

Benzoylated DEAE-cellulose (BD—cellulosB) column chromato~
graphy was first introduced by Gillam et al. (27) in the
fractionation of tRNA's, The procedure used in this work was
that of Dudok (28), The commercially available BD-cellulose
was washed six times with 2,0 K HaCl containing 10% ethanol and
was then suspended in deionized, soubly distilled, water, The
suspenslon was passed through a 100~-mesh sieve in order to
separate the fine particles from the coarse ones, Only the
particles which did not pass through the sieve were used for
column-packing, The column (0,9 x 30 cm) was packed with the
help of occassional shaking by means of a vibrator., The column
was washed with standard buffer (0,01 M tris-HC1, pH 8,0, 0,01 M

MgCl, and 0,001 M NaZSZDB)' which contained additionally 0,38 M

2
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TABLE ITI

Yield and Activity of Partially Purified Phenylalanine tRNA

Solvent extractlon BD-cellulose column

Organlsm

Yield Activi;y Yield Activity

(%) (DPM x 107 per (%) (DEM x 10° per

unit absorbance) unit absorbance)

B, licheni- 2
formis 70 0,24 72 0.9
B. stearo- b
thermorhilus 73 0.63 70 2.3

Zpverage of 65-76% from different batches of preparation,

bAverage of 61-78% from different batches of preparation,
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NaCl, The tRNA (50 mg) was dissolved in the same buffer, and
was applied to the column, The flow rate was adjusted to
0,7 ml per minute with a polystaltic pump, and the absorbance
of the eluate was measured with a uv monitor, at 254 nm, using
a 5 mm flow cell, Elution was first carried out with 200 ml of
a linear concentration gradient (0.38-0. 57 Vi KaCl in standard
buffer), and fractions were collected at five minute intervals,
Elution was next performed with 200 ml of a second linear con-
centration gradient (0,57-2.0 M liaCl in standard buffer), Final
elution was with 100 ml of 2,0 I NaCl in standard buffer con-
taining 10% ethanol, Every fifth or tenth fraction was assayed
for Phe-, Tyr-, and Leu=-tRNA activity, The fractions which had
high Phe~tRNA activity (Nos, 60~100 for B. licheniformis and
Nos, 29-90 for B, stearothermophilus; see Figures 1 and 2) were
pooled and this solution was dialyzed against deionized, doubly
distilled, water until no chloride could be detected, It was
then lyophilized to give the final product of purified Phe-tRUNA,

BD-cellulose chromatography resulted in a further 3-5 fold
purification of FPhe-tRVA (Table III), Thus this partially
purified Phe-tRNA represents approximaiely a 9-25 fold purifi-
cation with respect to the crude tRHA, The yield of the BD-
cellulose step was again about 707,

Portions of the absorbance and activity profiles obtained
from BD-cellulose column chromatography are shown in Figures 1
and 2, It can be seen that the Phe-tRNA from B, stearothermo-

rhilus was eluted at a slightly lower salt concentration than
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FIGURE 1
Chromatography of B, Licheniformis Transfer RNA
on Benzoylated DEAE-cellulose
® t Absorbance at 260 nm (Azéo)'
O+ Phenylalanine charging activity (DPM per 0.1 ml eluate),
A3 Leucine charging activity (DP¥ per 0,1 ml eluate),
O s Tyrosine charging activity (DPM per 0,1 ml eluate),

----t NaCl concentration (),
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FIGURE 2
Chromatography of B, Stearothermophilus Transfer RNA
on Benzoylated DEAE-cellulose
@ 1 Absorbance at 260 nm (Azéo).
O+ Phenylalanine charging activity (DPM per 0,1 ml eluate),
A+ Leucine charging activity (DPM per 0,1 ml eluate).
O Tyrosine charging activity (DPH per 0.1 ml eluate).

----1 NaCl concentration (M),
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that from B, licheniformis, Furthermore, the Phe-tRNA from both

organisms was eluted at lower salt concentrations than the Phe-
tRNA from yeast and wheat germ, These two types of Phe-tRNA are
bound tightly to the BD-cellulose column and can only be eluted
at high salt concentrations (» 1.0 N NaCl) in the presence of
10% ethanol or methyl-cellosolve (27, 29), The Phe~tRNA from
B. licheniformis and B, stearothermophilus are, therefore, bound
much less tightly to the BD-cellulose and resemble in this
respect the Phe-tRiA of Escherichia coli (30) rather than that
of yeast and wheat germ,

It can be seen from Figures 1 and 2 that there is a reason-
able correspondence between phenylalanine charging activity and
ultraviolet absorbance as would be expected for a partially
purified preparation of Phe-tR{A, TFurthermore, charging ac-
tivity for leucine and tyrosine was essentially zero for both
samples of purified Phe~tRNA, Since Leu-tRNA and Tyr-tRNA are
generally the most likely contaminants of Phe~tRNA (19, 24), it
1s apparent that substantial purification of Phe-tRNA had been
achieved, The purification of the B, licheniformis tRNA was not

as good as that of B, stearothermophilus, Thls may be due to

the presence of contaminating tRHA's (see below) or to dif=

ferences in relative amounts of isoaccepting tRNA's,

Properties of Phenylalanine Transfer RNA

I, Purlty
The isolated Phe-tRNA had an ultraviolet absorption spectrum
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typlcal of nucleic acids (Figure 3), The magnitude of the ab-
sorbance depended on the purity and water content of the pre-
paration, A tRNA solution containing i mg/ml had an absorbance
of about 6,2 and 10,8 for B, licheniformis and B. stearother-
mophilus, respectively, When the spectra of the two prepe~
rations were normalized at 260 nm, the absorbances at the re=-
nmaining wavelengths were essentially superimposable and indi-
cated the absence of significant amount of protein, This was
further substantiated by direct analytical determinations, the
results of which are shown in Table IV, It can be seen that
both samples of the Phe~tRNA were essentially free of protein
and DNA, but were contaminated to a small extent by leucine and
tyrosine tRNA's, The results of Table IV for proteln and DNA
are calculated on the basis of the dry weight of Phe~tRNA, while
those for Leu=- and Tyr-tRNA's were calculated from the extent
of charglng of the isolated tRNA with 1“C-Leu and 1l"C-Tyr. It

is likely that the higher contamination of B, licheniformis
Phe-tRNA accounts for the fact that this tRNA, at various stages
of purification, had consistently lower specific activity than
the B, stearothermophilus Phe-tRNA,
II, Charging Activity

The number of Phe-tRNA molecules which have become charged
with phenylalanine during a partlcular assay can be calculated
from the counts of 14C-phenyla.lan:Lnr-,‘ precipitated out with the
tRNA at the end of the reaction, If one knows the total number

of RNA molecules in the sample, one can then calculate the
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FIGURE 3

Ultraviolet Absorption Spectra of Phe-tRNA's

A

O ¢t B. stearothermophilus,
Solvents 0,01 M tris-HCl (pH 7.2), 0,01 M MgCl,, and 0,001 ¥

B, licheniformis,
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TABLE IV

Purity of Phenylalanine~tRNA

% Concentration

Organism

Protein®  DNA®  Leu-tRNA® Tyr-tmNA®
B, licheniformis £0.5 <1.0 8,9 9.3
B, stearothermophilus 1.0 <£0.8 1.2 5.0

aWaight percent (see Methods).

bMale percent (calculated from amino acid incorporation data).
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percent of tRNA molecules which have become charged during the
reaction, The total number of tRNA molecules was calculated
from both phosphorus determinations and ultraviolet absorbance
(see Methods) and on the assumption that an average tRNA mole-
cule consists of 75 nucleotides and has a molecular weight of
2.4 x 104. This 1s a reasonable assumption since all tRNA mole=
cules characterized so far contain 70-80 nucleotides and have
molecular welghts of the order of 2,2 x 10”' to 2.6 x 10* (31).
The results of these calculations are shown in Table V, If the
contamination of Phe-tRHA were limited to that by Leu- and Tyr-
tRNA's, one might at first expect that the percentage value of
tRNA charged with phenylalanine should have been about 80-90%
(see Table IV), This, however, is not the case, Even pure
Phe~tRNA need not show 1007 charging efficlency since this
depends on the kineties of the reaction and the degree of de-

on or degradation of the Phe~tRNA, Thus, a charging

percentage of 25 does not necessarily mean a contamination by
75% of non=-Phe~tRNA, The content of Phe-tRFA may well be higher
but not all of the molecules wexre actlve under the conditlons of
the aessay,
III, Thermal Denaturation Profiles

The thermal denaturation profiles of Phe-tRNA are shown in
Figure 4, The ratios of the absorbance at any temperature (cor-
rected for thermal expa.nsion) to that at 25° are plotted versus
the temperature, The Tm values (midpoint of the absorbance

change) were at 71,9° and 78,9° for B, lichéniformis and 3.
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TABLE V

Charging of Phenylalanine tRNA

Concentration
(nmoles per
Organism absorbance unit) Charging
(% of tRNA
h d with Phe)

Total tRNA Phe-tRIA

(a)? 1.7 21,1

. nlnicheni- (v)® 1,51 25,0
O: S

(e)° 0,372

(a)® 1,91 3%6.3
B. stearo- (b)b 1.64 42,2
thermophilus

(e)¢ 0,693

#Colorimetric phosphorus determination,
hRNA concentration calculated from vltraviclet absorbance,

Standard radioactive assay for Phe~tRIA,
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FIGURE 4

Thermal Denaturation Profiles of Phe-tRNA

A': B. licheniformis,

O :+ B. stearothermophilus.
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stearothermophilus, respectively, The higher Tm for the thermo-
philic tRNA is in line with the higher thermal stability of
other types of nuclele aclds from thermophiles previously
studied in our laboratory (11, 12), The shoulder in the profile
for the mesophilic tRNA again indicates the higher degree of

contamination in this pre on as already di in ref-

erence to Figure 1 and Table IV,

IV, Base Composition

The base composition data are summarized in Table VI, It

can be seen that the base composition is essentially the same
for both types of Phe-tRNA, At first glance this seems to
contradict the results from thermal denaturatlen studies which
would lead one to expect a higher (G + C) content in the thermo-
philic tRNA as shown previously for other thermophilic nucleic
acids (11, 12), However, the base compositlion in Table VI
refers only to the four major bases and has not taken into
account the presence of minor bases which amount to about 15-20(
in tRNA, These minor bases may or may not have migrated to-
gether with the four major bases, Therefore, the data in
Table VI must be considered as being tentative, Furthermore,
some of these minor bases form hydrogen bonds like the major
bases and may, therefore, also be involved in the interpretation
of thermal denaturation profiles,

V., Characteristlcs of the Phenylalanine Charging Reaction
A, Effect of Incubation Time

The effect of incubation time on the two types of Phe~
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TABLE VI

Base Composition of Phenylalanine tRNA

B. licheniformls B, stearothermophilus
(mole ,”55 Zmole /:;a;

Adenine 22,9 23.9
Cytosine 17,6 20.3
Guanine 43,0 40,6
Uracil 16.5 15.2
Guanine + Cytosine 60,6 60,9
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tRNA is shown in Figure 5, When the reaction mixture was
incubated at 370. B, licheniformis tRNA seemed to achieve
maximum activity in 8 minutes, while B, stearothermophilus

tRNA reached maximum activity within 5 minutes, Thereafter,

in both cases, the activity declined slightly, 3B, licheni-
formis Phe~tRNA and B, stearothermophilus Phe~tRNA retained
88% and 79%, respectively, of their charging activity after
30 minutes of incubation,

The fact that the charging activity of B, stearothermo-

philus Phe~tRIA declined more than that of B, licheniformis

Phe-tRNA might be due to the presence of small amounts of
nucleases in the former tRNA, since it was slightly contam-
inated by protein (see Table IV),
Effect of Magnesium Concentration

The effect of Mg'H' on phenylalanine charging is shown
in Figure 6. Incubation was at 37° for 8 minutes, It can
be seen that magnesium ions are an absolute requirement for
phenylalanine charging in both B, licheniformis and B,
stearothermophilus, When the I~1g‘+ concentration dropped
below 3 mM phenylalanine charging decreased drastically,

Phenylalanine charging required the same I\I@H conecen=
tration (6 ml) for maximum activity in systems from both
B, licheniformis and B. stearothermophilus,

Effect of Incubation Temperature
The effect of incubation temperature é6n the charging

reaction was studied in bdth homologous and heterologous
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FIGURE 5

Effect of Incubation Time on Phenylalanine Charging

At B, licheniformis Phe-tRNA,

O &+ B, stearothermophilus Phe~tRNA,
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FIGURE 6

Effect of Mg“ on Phenylalanine Charging

At B, licheniformis Phe-tRNA,

O t B, stearothermophilus Phe-tRNA,
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systems and the results are shown in Figure 7., Incubation
was for 8 minutes,

In all cases, maximum activity was found to be around
30°, In the presence of aminoacyl-tRNA synthetase from B,

licheniformis, charging activity of both B, licheniformis

and B, stearothermophilus Phe-tRNA decreased greatly at
higher temperatures, while with the aminoacyl-tRNA synthe-
tase from B, stearothermophilus, both types of Fhe-tRNA
5t111 retained about 507 activity at ?50. Hence, it can be
concluded that Phe~-tRNA from both B, licheniformls and B,
stearothermophilus is qulte heat stable, This agrees with
the rather high Tm values of thermal denaturation (Figure 4),
It can further be concluded that the synthetase from B.
licheniformis is more heat sensitive than the one from B,
Stearothermophilus, This agrees with similar studies on
other enzymes from thermophiles (32, 33).
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FIGURE 7

Effect of Incubation Temperature on Phenylalanine Charging

A 1 B. licheniformis tRNA, B, licheniformis synthetase,

O @ 3B, licheniformis tRNA, B. stearothermophilus synthetase,

O t B, stearothermophilus tRNA, B, stearothermophilus synthetase.
V¥ : B, stearothermophilus tRNA, B, licheniformis synthetase,
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SUMMARY

Phenylalanine tRNA was isolated from two strains of Bacillus,
One of these was a mesophilic strain - B, licheniformis (NRS 243),
and the other was a thermophilic strain - B, stearothermophilus 10.

Phe~tRNA from 3, licheniformis was free of protein and DiiA, but
was somevhat contaminated by other tRlNA's, Phe-tRNA from B. stearo-
thermophilus was free of DFA but was slightly contaminated by
rrotein and other tRNA's,

Both Phe~tRNA's had a similar base composition with a guanine
plus cytosine content of about 60,85, Both melted out at rather
high temperatures, the one from B, stearothermophilus especially so,
The Tn values were 71,9° and 78,9° for the Phe~tRNA from B, licheni~
formis and B, stearothermophilus, respectively,

lagnesium was required for phenylalanine charging of both Phe-
1RNA's, For maximum charging a magnesium concentration of 6 mM was
required, At 3’70, meximum charging was achleved after eight and
five minutes of incubation for the B, licheniformis and B, stearo-
thermophilus system, respectively, UWhile the Phe-tRNA's were rather
heat stable, the aminoacyl-tRliA synthetases (especially the one from

B, licheniformis) were found to be heat labile.
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