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CHAPTER |

INTRODUCTION

The mechanism by which proteins are biosynthesized repre-
sents one of the most interesting and challenging problems in
biology today. In recent years, great advances have been made
In our understanding of protein biosynthesis, due to the
availability of radioisotopes and modern research techniques.
Two major concepts concerning protein biosynthesis have evolved
with this work. First, protein biosynthesis from constituent
amino-acids is an endergonic or energy-requiring process. Thus,
cells must overcome this thermodynamic barrier by use of
energy-coupled reactions. Second, there is a well defined
genetic control of the eventual sequence of amino acids iIn
biosynthesized protein. Cells, therefore, must possess amine
acid organizing mechanisms or "templates” that translate genetic
information into defined amino acid sequences in proteins.

The evidence for these two aspects of protein biosynthesis
and theirerelationship to the experimental work presented in
this thesis are discussed in the following introductory sec-

tions



A. The Activation of Amino Acids and Transfer to SRNA

In 1955, Hoagland (55) showed that the 100,000 x O super-
natant of a rat liver homogenate catalyzes an L-amino acid
dependent exchange of pp°2 into ATP in the presence of Mg*".
When hydroxylamine (which reacts with esters and anhydrides)
Is added, amino acid hydroxamates are formed. On the other
hand, AWP failes to exchange with ATP or even to inhibit the
reaction in the same system. These findings, similar to those
of Maas & Novell! (84) for the activation of pantoate in the
synthesis of pantothenate and Berg (6) for the activation of
acetate (where acetyl-AMP is formed), suggested the formation
of an anhydride or acyl adenylate bond. Hoagland (55,56)
formulated the following mechanism with his data:

AA + ATP = Enzyme -—» Enzyme AVP - AA + PP
(Reaction 1)

In 1956 Hoagland et al. (56) showed that this enzymatic
activity (Reaction 1) could be precipitated from the 100,000 x
G supernatant fraction of rat liver by lowering the pH to 5.1.
The resultant "pH 5 enzyme” obtained by resuspension of the
precipitate, was shown to contain separate amino acid specific
activating enzymes.

These findings were extended by De Moss et al. (34,35,36)
and Nismann et al. (96) to bacteria, by Berg (8) to yeast, and

by Clark (24), Marcus (85) and Davis & Novell! (33) to
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plant tissue. The evidence obtained by these workers agrees
with the mechanism postulated by Hoagland in reaction 1I.

First attempts to demonstrate the existence of free AW -
AA failed (35,56). De Moss et al. (35) emphasized the diffi-
culty of such work by showing that the amino acyl adenylates
are very unstable at physiological pH. Insight into the mecha
nisra was provided by these workers who observed that there is
no net breakdown of ATP during the enzymatic reaction of ATP
and leucine, even in the presence of pyrophosphatase (35).
This information supported the hypothesis that the AVP - AA
is strongly bound to the enzyme surface (35,56). Direct evi-
dence in this respect was furnished by Krishnaswamy & Meister
(76) and Kingdon et al. (73), who were able to isolate enzymat
ically synthesized AMP-tryptophan using substrate levels of
enzyme. Also, the addition of amino acyl adenylates to the
enzyme in the presence of PP produces a net synthesis of ATP
(9,35,76) .

Further evidence for the existence of AW - AA during
amino acid activation comes from (A® studies (14,57), which
showed that from the carboxyl of tryptophan or alanine is
transferred to the phosphate of AVP by the respective amino
acid activating enzyme.

Although much of the above described work has been done

with crude extracts or "pH 5 enzymes,” many laboratories have
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engaged in the study of amino acid specific activating enzymes.
Enzymes following Hoagland's mechanism (Reaction 1), and spe-
cific for the following amino acids, have been isolated;
tryptophan (25,32,73), methionine (8,9,13), leucine (13,35,99),
alanine (65,127), phenylalanine (26), serine (1297, threonine
(1,68,82), tyrosine (68,106,120), glycine (44), valine (13)
and isoleucine (13,99). Of all these preparations, only the
alanine (127) and tryptophan (32) enzymes have been obtained
with a high degree of purity, as expressed by a high specific
activity. These observations indicate that there are specific
enzymes for every amino acid. Study of such enzymes reveals
that they have narrow substrate specificity, for only certain
amino acid analogs which can be incorporated into proteins and
act as competitive growth inhibitors are activated. For ex-
ample, the growth inhibitors 7-azatryptophan and tryptazan,
are activated by the purified tryptophan activating enzyme.
These compounds are also incorporated into proteins (109).
5-Methyl tryptophan on the other hand, also a growth inhibitor,
IS not incorporated into proteins, but acts as an inhibitor
of the tryptophan activating enzyme.

The only exception observed so far to Hoagland's mechanism
iIs a glycine activating enzyme found in Photobacterium

fischeri, which forms glycine hydroxamate when incubated with
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ATP, glycine and hydroxylamine, but which is observed to ex-
change IP rather that PP into ATP (27,28).

The fate of the activated amino acid was investigated as
a natural follow-up to the activation studies. Holley (63),
using the analogy of acetate activation (7), proposed the fol-
lowing mechanism:

AA + ATP + Enzyme ~— * Enzyme ~ AVP ~ AA V7P (Reaction 1)

Enzyme ~ AVP - AA + X T~* Enzyme + AA - X + AW
(Reaction 11)

in which X would be an undefined amino acid acceptor. He was
able to demonstrate the existence of such a scheme by showing
an alanine dependent, ribonuclease inhibited conversion of AW
to ATP, in the "pH 5 enzyme” from rat liver (63). This work,
later verified with a partially purified alanine activating
enzyme (65), implicated an RNA as the amino acid acceptor.
Shortly thereafter, Hoagland et al. (58) and Ogata &
Nohara (98) used direct means to show that an amino acid ac-
ceptor RNA was present in the "pH 5 enzyme.” Further studies
revealed that the incorporation of amino acids into this ”solu
ble RNA” (SRNA) is reversible; that PP accelerates the loss
of G44 amino acid from pre-labeled SRNA and that CG42 amino
acids, In the presence of ATP, dilute the radioactivity in the
SRNA (59). Berg & Ofengand (10) shov/ied that the activating
enzymes are involved in the transfer of the activated amino
acid to the acceptor SRNA (transfer reaction), and that the

overall reaction requires the presence of ATP and Mgt+.
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Studies with partially purified activating enzyme, showed that
they possess a high substrate specificity, transferring only
the amino acid that they specifically activate (10).

The nature of the linkage between the amino acid and the
SRNA was determined from several lines of evidence. This
linkage was found to be acid stable and alkali labile (59).
The amino acid was shown to be linked through its carboxyl
groups, for NHgOH treated SRNA - AA resulted in the formation
of amino acid hydroxamate (58)o Zachau et al. (135) used the
observations that amino acids can be released from SRNA - AA
by the action of RNAase (10) and that SRNA - AA is not at-
tackable by periodate (135) to show that the amino acids of
SRNA - AA were bound as esters to either the 2* or 3’ position
of the ribose in the terminal 5* adenylic acid of the SRNA
chain. Such an ester linkage was shown to be a "high energy”
bond, for amino acid charged SRNA will synthesize ATP in the
presence of PP and AVP (45)o0

Further support of this hypothesis was obtained from the
observations in several species that the removal of the 3’
terminal nucleotides in the SRNA chain causes a complete los3
in the ability to incorporate amino acids (51,53,102). The
addition of ATP, GIP and a specific enzyme system restores this
Incorporation ability.I These nucleotide restoring enzymes,
which lack amino acid activating activity (20,102) restore the

ability of the SRNA to incorporate amino acids by adding on



a pCpCpA sequence on the end of the chain. Such evidence
serves as proof that the amino acid-binding end of SRNA termi-
nates in this sequence (52,102).

The equilibrium constant of the overall amino acid incor-
poration reaction into SRNA was found to give values ranging
from 0.3 (79,101) to 0.7 (82), thus substantiating that the
ester bond between SRNA and amino acid is a high energy bond
with an energy similar to the anhydride linkage in ATP.

Hoagland et al. (59) found that the SRNA isolated from
the ”"pH 5 enzyme” in considerably smaller than that of other
kinds of SRNA They obtained a sedimentation coefficient
(S20,w) 1*85 S. The molecular weight of SRNA from various
preparations has been determined in different laboratories and
the values obtained range from 15,500 (17) to as high as 35,000
(139). A sedimentation coefficient of 4 S and a molecular
weight of 25-30,000 (chain length of approximately 80 nucleo-
tides) are most generally accepted today (19).

The base composition of SRNA has been found to be remark-
ably different from that of the RNA obtained from ribosomes.
The ratio of purines to pyrimidines is close to 1 as in the
case of DNA (91,139,140), and a comparatively high level of
unusual nucleotides, especially methyl purines and pseudouri-
dine, has been found (41,91).

Studies of the specific rotation and optical density of

SRNA as a function of temperature, suggest that SRNA has regions



of a secondary structure,, possibly in a helix (18,29,97).

This secondary structure may be that of an intramolecular
double helix as indicated by X-ray patterns (18) but not neces-
sarily with regular base pairings, for sharp melting curves
are not obtained (140). The fact that heating and rapid cool-
ing under certain conditions produces an increase iIin the molecu-
lar weight supports the intramolecular double helix structure
in that one can envision intermolecular hydrogen bond forma-
tion as the cause of the molecular weight increase (18). This
secondary structure of SRNA may not be essential for its ac-
tivity to incorporate amino-acids, since this activity is
almost unaffected by heating and rapid cooling (18), although,
since SRNA is a comparatively small polynucleotide, the possi-
bility of a re-formation of enough secondary structure under
these conditions cannot be discarded.

As seen earlier, the terminal sequence of the amino acid
acceptor end in all nucleotide chains in SRNA is pCpCpA (20,
52). The nucleotide in the opposite end is a 5 guanylic acid
(111,159). The chain lengths of the SRNA molecules are simi-
lar, as shown by Klee & Canton! (74). However, it was observed
early that when several amino acids are incorporated into SRNA
the extent of incorporation is additive, and no competition
is observed between the different amino acids (107). This
suggested the possibility that SRNA corresponds to an hetero-
geneous population of polynucleotides, differing in specificity

for every amino acid. Some preliminary studies using (NHMSON
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fractionation and ion exchange columns (113) showed enrichment
of the ability of SRNA to incorporate certain amino acids.
Definite proof of the hypothesis has come with the develop-
ment of several procedures for the purification of amino acid
specific SRNAs . Holley's group pioneered the use of counter-
current distribution (40,64,66,67). With this method they have
been able to obtain histidine, tyrosine, valine and alanine
acceptor SRNAs of a purity ranging from 23 to 663% (4).
Zamecnik's group developed an SRNA fractionation method in-
volving periodate treatment of SRNA labeled with one amino
acid followed by coupling of a dye to the 10™ generated alde-
hyde groups. Solubility properties then allowed the separation
of the SRNA - AA from the dye SRNA complex (137,138). Further
fractionation with a DBAE Sephadex column has allowed the re-
covery of valine specific SRNA to a purity of 80% (115). Zubay
(140), with a similar procedure has obtained 70$% pure leucine
specific SRNA Brown et al. (17) reported fractionation of
tyrosine and histidine specific SRNA's by selective binding
of the respective RNA - AA's to polydiazostyrene. Recently,
Sueoka & Yamane (116) have developed a methylated albumin
column that has proved to be effective iIn the separation of
certain amino acid specific SRNAs.

The difference between the amino acid specific SRNAs must
be due either to differences in the nucleotide composition

and/or sequence of nucleotides Iin the chain. |If there are



10
differences in sequence* they must be located in the interior
of the polynucleotide chain.. It has been suggested (11) that
since the methylated purines found in SRNA are present at
levels of less than one per chain, they may participate iIn
determining the specificity of certain chains® Holley et al.
(69) have studied the nucleotide composition of some counter-
current distribution purified SRNAs. Alanine specific SRNA
contains a higher level of G and a lower level of Ap when
compared to valine e™d tyrosine specific Yet, although
these latter two SRNAs ihow similar nucleotide composition,
there are great differences in their partition coefficients
as seen by their properties upon countercurrent distribution
(4). This suggests major differences in the nucleotide se-
qguences of these two

Attempts to determine the nucleotide sequence of SRNA
chains beyond the three conmon terminal nucleotides indicate
differences among the SRNAs . Lagerkvist et al® (77) estab-
lished that the fourth nucleotide of the chain varies, with
68, 24, 8 and <1$ of the chains containing adenylate, guanylate,
uridylate and cytidylate respectively. The fifth nucleotide

IS In most cases a pyrimidine®

Recently, McCully & Canton! (90) have studied the com-
position of oligonucleotides obtained by hydrolysis of SRNA
with takadiastase Tj_ ribonuclease, that specifically cleaves
the polynucleotide chain between 3’ guanylic acid and the ad-

jacent nucleotide. These investigators have found that certain
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sequences exceed the theoretical value obtained if a random
sequence is expected.,

It has also been found that there are chain differences
even between SRNA molecules specific for one amino acid. This
has been observed for leucine by the use of countercurrent
distribution (40,130). The implications of this finding will
be discussed later.,

An SRNA chain must be able to recognize its specific amino
acid and activating enzyme. Since both the structure of the
enzyme and RNA are under genetic control, they are subject to
genetic modifications (mutations), that could lead to the ap-
pearance of species specificities. Thus, the findings by
Berg, Benzer and collaborators (5,12) that B. coll and yeast
SRNA show species specificities dependent upon enzyme source
and amino acid tested, is not surprising. These properties
of SRNA are probably due to differences in nucleotide composi-
tion and/or sequence In the incompatible species. Preliminary
experiments with partially purified tyrosine specific SRNA from
yeast and g. coll indicate that there are differences in their

nucleotide composition (19).

B. The Assembly of a Protein on the Template

It has been known for several years that Cl4 amino acids
can be incorporated into proteins and subcellular particles
using various cell free extracts and an ATP generating system

(136). Simplification of the system through the years has
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lead Into the following general conclusions: the activated
amino acids, attached to the SRNA are transferred to microsomal
particles in the presence of a complex GIP requiring prepara-
tion called "transfer enzyme" (46,59,72,133):

] GIP .
SRNA - AA t ribosomes — — — * ribosomes - SRNA - AA
transfer

enzyme (Reaction 111)

This transfer enzyme has been partially purified (42);
it is activated by sulfhydryl compounds (15); it is comon for
all amino acids (93) and has no amino acid activating activity
(93,122)® The role of GIP is at present unknown, but Allende
et alo (3) have recently isolated two fractions from the trans-
fer enzyme that are complementary in the incorporation reaction,
one of which was found to present GTPase activity. Puromycin
and chloramphenicol have been found to inhibit Reaction 111
(93), but their mechanism of action is not clear.

While these incorporation studies were in progress, an
entirely different line of work was being developed. This work
investigated the mechanism by which genetic information ex-
presses itself in the protein synthesizing machinery. The
basic theoretical backgroupd of this approach was developed
by Crick in his "adaptor hypothesis" (30,61). According to
this hypothesis, genetic information contained in the base
sequence of a polynucleotide chain is passed unidirectionally
from DNA to RNA to protein. The sequence of amino acids in
a protein is thus determined by an RNA template. Amino acids

are brought to this template by "adaptors" that can translate
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the genetic information contained in it. Specific adaptors,
that link to the template by hydrogen bonding would be required
for every amino acid, and these adaptors could subsequently
be released to accept another identical amino acid.

The evidence available today is in very good agreement
with the adaptor hypothesis. The experiments discussed above
suggest that SRNA plays the role of the adaptor. The most
widely accepted ideas on a genetic code propose that a sequence
of three nucleotide bases (triplets) is sufficient to code one
amino acid (30). Since SRNAs have common terminal nucleotide
sequences, it is logical to assume that there must be an in-
ternal triplet with the code letters for one particular amino
acid. Perhaps the pCpCpA common end of all chains is only
involved in bringing the amino, acids together to form a poly-
peptide chain (61,126). The cyclic or catalytic role of SRNA
has been confirmed by the observations of Hoagland & Comly
(62) and Nathans & Lipmann (93). They showed that SRNA becomes
firmly but transitorily attached to the ribosomes during amino
acid transfer (62), and can be subsequently isolated intact
without loss of its activity to incorporate amino acids (93).

The template was originally believed to be ribosomal RNA
because of its predominance in cells, but many inconsistencies
to this idea were apparent. Ribosomal RNA has a markedly uni-
form size, a very constant base composition, not reflecting
that of the respective DNA and it is remarkably stable (16).

This does not agree with what would be expected of a template
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under the conditions where protein synthesis is known to take
place. These discrepancies made Jacob & Monod (71) suggest,
and other biochemists look for, a special type of RNA that would
have a DNA like composition, be very heterogeneous in size, be
associable with ribosomes and have a high rate of turnover. An
RNA with these characteristics has been found in several labora-
tories (50,121,134), and has been called "messenger RNA.

This prompted Nirenberg & Matthaei (95) to try the effects
of synthetic polynucleotides as "messengers." This work has
lead to the discovery of many messenger RNA triplets, each spe-
cific for a particular amino acid (80,89).

The study of the manner by which messenger RNA carries the
information of DNA is one of the most active fields of biochem-
istry today. Exact sequence of the triplet codes are not known,
but some parts of the mechanism have become clear. First, it
Is apparent that the SRNA attaches to a specific point in the
messenger, and "translates" the code spelled by the messenger.
This is shown by the work of Chapeville et al. (21,22) who al-
tered amino acids bound to SRNA (oxidation of cysteine to
cysteic acidj conversion of cysteine to alanine). Subsequent
messenger controlled transfer of the modified amino acid from
the SRNA to protein or amino acid polymer showed that the modi-
fied amino acid was incorporated as if it were the original
amino acid, amino acid. Since the SRNA was specific for the
original amino acid, this gave further support to the adaptor

hypothesis.
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Second, there are indications that the genetic code is
degenerate, and that several triplets may correspond to one
amino acid® As it was discussed above, there are two types
of leucine specific SRNA In coll® Degeneracy is indicated
by the observation that a different synthetic polynucleotide
IS required to enhance the incorporation of leucine from these
SRNAa  to amino acid polymer (130).

Least is known about the last stages of protein synthesis,

although some significant breakthroughs in this area have been

made with a reticulocyte system (94,108). This system has pro-
vided the first direct evidence that amino acids from SRNA -
AA are incorporated into soluble protein. Further, Cl4 con-
taining peptides of a particular protein (hemoglobin) can be
identified by "fingerprinting,” from this system (108,123).
Such properties have allowed the discovery that hemoglobin

Is not assembled randomly, but rather is assembled by a steady
sequential addition of amino acids from the free amino end
(37,108). Finally, studies of hemoglobin synthesis in intact
cells indicate a "turnover” on the ribosomes, or that messenger
RNA containing ribosomes can synthesize many hemoglobin chains
in succession (108). Similar studies in cell-free extracts
reveal a loss in ability to synthesize hemoglobin chains con-
tinuously, perhaps because the extract is unable to build

more messenger RNA to direct the synthesis.
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Preliminary evidence points toward an ATP requiring
enzymatic release of the ribosome-bound polypeptide chains
(70,92,110,128). A non enzymatic release has been induced in
the presence of puromycin (70,92).
Little is known about the mechanism by which newly syn-
thesized proteins attain their final secondary and tertiary

structure.

C. Scope of this Thesis

This thesis presents further insight into the details of
the amino-acid activating reaction, (Reaction |) and subse-
quent transfer of this amino acid to SRNA (Reaction 11). For
this purpose a highly purified tyrosine activating enzyme has
been obtained from pig pancreas. Special emphasis has been
put in the kinetics and properties of Reaction Il, and some
preliminary information has been obtained with respect to the

structural requirements of the SRNA molecule in the incorpora-



CHAPTER 11

VETHODS

A. Abbreviations
The abbreviations commonly used and their meanings are

listed below:

Tris-Cli Tri a-(hydroxymethyl)-aminone thane
titrated with HCl to desired pH

ATP: Adenosine triphosphate

K-ATP: ATP titrated with KOH to desired pH

ADPs Adenosine diphosphate

AVP. Adenosine monophosphate

O Guanosine triphosphate

CIP Cytosine triphosphate

RNA Ribonucleic acid

SRNA: Soluble RNA

AA: Amino acid

SRNA - AAs Amino acid attached to SRNA

AVP - AAs Amino acyl adenylate

DINA Deoxyribonucleic acid

Pi or IPs Orthophosphate

PPs Pyrophosphate

Enzs Enzyme

RNAase g Ribonuclease

DEAE-cellulose g Diethyl-amino ethyl cellulose

TCA Trichloroacetic acid

EDTA Ethylene diaminetetraacetate

BSAs Bovine serum albumin

SPDEs Spleen phosphodiesterase

TAE: Tyrosine activating enzyme

MW s Molecular weight

0 oDo: Optical density

c.pOm.s counts per minute

RoPalVb: revolutions per minute

G gravity

The other abbreviations used are the internationally used

chemical symbols«

17
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Bo Preparative Methods

1. Purification of the pig pancreas tyrosine activating
enzyme

All operations performed at 0~2°C unless stated otherwises

a. Preparation of the acetone powder

Fresh pig pancreas, obtained from Wo M Davis and Co.,
Danville, Illinois, was quickly cooled to 0°C in ice just after
slaughter. AIll further operations were performed as soon as
possible o

300 g of defatted tissue were ground with 2,200 ml cold
(-15°C) reagent grade acetone in a large Waring blendor for
2 minutes and then vacuum filtered through Whatman No. 1 paper
in a large stainless steel Buchner funnel. During the final
stages of filtration, the cake was washed with 400-500 ml of
cold acetone to enhance water removal. The resultant cake
was reground for an additional 2 minutes in 1,100 ml of cold
acetone, filtered as before, and subsequently ground for 30
seconds with one pound of cold (-15°C) reagent grade ether
followed by filtration and final washing of the dry cake with
100 ml of ether. The final cake was air dried at room tem-
perature while being worked with the hands. The light tan
powder obtained was allowed to remain at room temperature for
an additional hour to remove all. traces of ether and then
stored at -15°C.

The powder was kept for periods of over 6 months without

appreciable loss of activity. The yields obtained were in
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the order of 10-20% of the original weight of the pancreas
The purification was started with 150 g hatches of acetone

powder.

bs Adsorption with calcium phosphate gel

Oe batch of acetone powder was slowly added to 1,500 ml
of 0002 M tris-Cl buffer, pH 7.5, and stirred until a thick
suspension was obtained. No special effort was made to dis-
rupt big lumps. The mixture was allowed to sit for 15 minutes
and then centrifuged for 1 hour at 15,000 x G (maximum speed)
in the GSA head of the Servall RC-2 refrigerated centrifuge.

Aged Gag (P04)2 gel prepared according to the method of
Singer & Kearney (112) or obtained from Sigma Chemical Co.,

St. Louis, Mo.,, was added to the supernatant (Fraction |, about
1,200 ml). 6 ng (dry weight) of gel were used per ml of super-
natant. Prior to addition, the gel was centrifuged for 5
minutes at 3,000 x G to eliminate most of the water.

Lumps within the gel slurry were disrupted by homogeniza-
tion. The slurry was adjusted to pH 7.5 with 1 N KCH (ap-
proximately 12 ml), and after gentle stirring for 30 minutes,
the gel was removed by centrifugation for 10 minutes at 5,000
X G in the Servall RG=20 The supernatant was discarded. The
precipitated gel was washed by resuspension in 750 ml of 0.2
H potassium phosphate buffer, pH 6.0, using a teflon tipped

Potter-Elvehjem homogenizer, followed by 30 minutes of gentle
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stirring and final resedimentation of the gel by centrifugation
at 10,000 x Gfor 10 minutes*

The supernatant was discarded, and the gel precipitate
was resuspended by homogenization in 750 ml of 2 M potassium
phosphate buffer, pH 8.1. This gel. slurry was stirred for
30 minutes and then centrifuged (30 minutes, 15,000 x G). The
gel precipitate was discarded. The supernatant was suction-
filtered through Whatman No. 50 paper to eliminate any resi-
dual gel particles. The resultant filtrate was dialyzed
against at least 10 liters of 0.02 Mtris-Cl, pH 7.5, for 12
hours to yield 1200 ml (Fraction 11). No changes of the buffer

were made during the dialysis.

c. Amonium sulfate fractionation

120 g of renzyme grade” anmmonium sulfate (Mann Research
Laboratéries, Inc., New York, N. Y.) was slowly added to each
200 ml of Fraction 1V. During the salt addition, the pH of
the solution was kept close to pH 8 (pH paper) by the dropwise
addition of 1 N KOH (about 60 ml for the whole batch). The
final solution was adjusted to pH 8.0 (pH meter, 1:5 dilution
of the solution, measured at room temperature). The mixture
was allowed to stand for 3 hours followed by centrifugation
at 15,000 x G for 15 minutes to sediment the insoluble pro-
teins. The supernate was carefully decanted and discarded.
The precipitate was dissolved In 50 ml of 0.1 Mtris-Cl, pH

7.5, centrifuged (10 minutes, 5,000 x G to eliminate
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undissolved materials, and then dialyzed for 12 hours against
4 liters of 0.02 Mtris-Cl pH 7.5, to yield about 55 ml of

Fraction 111.

d» Acid precipitation

While stirring constantly, approximately 0.4 ml of ice
cold 1 N acetic acid was slowly added to the approximately 55
ml of Fraction 111, until the pH dropped to 5.4-5.6 (pH meter
in the cold room, temperature setting 5°C)o The precipitate
was centrifuged down (5 minutes, 5,000 x G and discarded.
The supernatant solution was titrated back to pH 7.5 with ap-
proximately 0.2 ml of IN KOH to yield about 53 ml of fraction

V.

e. DEAE-cellulose column

DEAE-cellulose (Selectacel, purchased from Brown & Go.,
Berlin, N. H.) was treated as follows before use. DEAE
powder, screened through a 50 mesh screen, was suspended in
10-20 volumes of water, suction filtered and then washed twice
(suspension and vacuum filtration) with 10-20 volumes of 95%
ethanol. The filter cake was subsequently washed twice with
10-20 volumes of IN NeOH and then repeatedly washed with water
until the pH of the supernatant dropped below 10. The DEAE
was then washed once with 10-20 volumes of 1M tris-Cl, pH 7.5,
and twice with a similar volume of 0.02 Mtris-Cl, pH 7.5,

to bring the resin to the desired pH and ionic strength.
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The prepared resin was resuspended in 0.02 Mtris-Cl pH 7.5
(about 40 nmg dry weight of resin per ml) and stored at 4°0
until used.

3 grams (dry weight) of DEAE were packed under pressure
(50 inches of water) in 0.02 Mtris-Cl, pH7.5, in a 1.5 an
diameter column. Ore batch of fraction IV (about 53 ml) con-
taining about 1 mg/ml of protein was added to the column. The
ratio of protein to dry weight of resin was always kept undoi-
Is30. A flow rate of about 12 drops per minute was kept and
10-15 ml fractions were collected. O.D. at 280 n} was recorded
during the run with a IJ. V. monitor (Gilson Medical Electronics,
Middleton, Wisconsin). After the enzyme entered the resin,
the column was washed with 0.02 Mtris Cl pH 7.5 until the
monitor showed that no more 280 mji absorbing material was
eluted. 10-15 ml fractions eluted by 500 ml of a 0.04 M
tris CIl, pH7.5, to 0.3 Mtris-Cl, pH 7.5 linear gradient,
were then collected (Figure 1). All fractions were analyzed
for protein concentration and hydroxamate forming activity
(see later Iin ASSAY METHODS). Fractions with a specific
activity of 30 and over (hydroxamate assay) were combined
(Fraction V) and saved for further purification. Sometimes
the salt concentration was determined with a Radiometer type
CO\V2 conductivity meter, using solutions of tris CIl, pH 7.5,

of known concentration as standards.



Figure 1. Elution Pattern of the Pig Pancreas Tyrosine Activating Enzyme Prom a
DEAE-Cellulose Column.

Procedure as described in the text. O.D. at 280 np determined in each fraction
with the Zeiss spectrophotometer. Conductivity: 0.2 Mtris-Cl pH 7.5 correspond to
4.58 mvho.
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f. Calcium phosphate gel-cellulose column
Ca3(P04)2 gel columns were prepared according to the

procedure of Massey (88): namely, 60 ml of a 10% suspension
of Whatman standard grade cellulose were mixed with 20 ml of
a 28 mg/ml suspension of Ca5 (P04)2> prepared by the method
of Swingle & Tiselius (117), and allowed to settle Iin a 1.5
cn diameter column. This column has a capacity up to 100 ng
of protein. After washing the column with cold 0.1 Mtris CI,
pH 7.5, for equilibration, fraction V was added at a flow rate
of 4-8 drops/minute while collecting 5~10 ml fractions, and
recording the O.D. at 280 m with the U. V. monitor. The
column was further washed with 0.1 M potassium phosphate buffer
pH 8.1, until no more protein was eluted. Then, 10 ml frac-
tions eluted by 200 ml of a 0.1 M potassium phosphate, pH
8.1, to 0.5 M potassium phosphate pH 8.1 linear gradient were
collected and assayed for protein concentration and hydroxamate
activity (Figure 2). Occasionally, the salt concentration
of the fractions was determined as above, with the conductivity
meter. Fractions containing a specific activity in the hydroxa
mate assay over 100 were frozen in an acetone-dry ice bath and
stored at -15°C until use. Often 1 ng of BSA was added per
ml of enzyme to increase enzyme stability

A summary of this purification is presented in Table 1.



Figure 2. Elution Pattern of the Pig Pancreas Tyrosine Activating Enzyme From a
Ca™CPONJg Gel Cellulose Column.

Procedure as described in the text. 0.9 at 280 nu determined with the Zeiss
spectrophotometer. Conductivity: 0.1 MK-phosphate pH 8.1 corresponds to 7*1
mivViho.



2. Preparation of yeast tyrosine activating enzyme

All steps carried out at 0-2°C unless stated otherwise.
800 ml of 45°C toluene were added to 2 pounds of minced
Fleischmann's baker's yeast. The resultant slurry was main-
tained at 45°G for 90 minutes with occasional stirring, and
then allowed to sit for 2 hours at room temperature before
final cooling to 5°G in an ice bath.

960 ml cold deionized water were added to the autolyzed
yeast-toluene suspension and stirred with a magnetic stirrer
for 1 hour, before allowing the preparation to settle over an
18 hour period. The aqueoxis yeast extract was removed from
beneath the toluene layer. 60 g of Hyflo Super Cel were added
to the extract and the mixture was vacuum filtered through a
buchner funnel to yield 650 ml of yellow filtrate. A 50-60%
saturated (NH4)gS04 cut of this filtrate was prepared using
a 2 step fractionation with solid (NH4)gS04 (no pH alteration
attempted). The 50-60% precipitate obtained by centrifugation
(10 minutes at 10,000 x G)was resuspended in 50ml 0.02M tris CI,
pH 7.5, dialyzed overnight against 1 liter of the same buffer, and
then passed through a G-25 Sephadex column to eliminate free
amino acids. Such preparations were assayed for hydroxamate
forming activity and then frozen in a dry ice acetone bath
before storage at -15°C. These enzyme preparations are quite
stable for no appreciable loss in enzymatic activity occurs

over an eight month storage period. In later work the Sephadex
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G-25 step was eliminated for very little free amino acid was
found In the dialyzed fraction before Sephadex treatment.

Further purification attempts using DEAE columns,
Caj(P0OM)2 adsorption, heat or pH fractionations proved of
little success, for this enzyme becomes very unstable and loses
its activity. This enzyme has no noticeable hydroxamate ac-
tivity towards valine or alanine.

3. Preparation of a yeast extract with a ”broad spectrum”

of amino acid activating activity

50 g of Flsischman's baker's yeast were mixed with 60 ¢
of 150 glass beads and 50 ml of 0.05 Mtris Cl pH 7.5, 0.001
M MgCI2> 0.001 M mercaptoethanol and ground for 10 minutes iIn
an ice jacketed cup of a colloid mill ("Mini-Mill,” Gifford-
Wood Co., Hudson, N. Y.). The resultant slurry was centri-
fuged for 10 minutes at 15,000 x G (Servall SS-1 centrifuge)
in the cold and then the supernate obtained was recentrifuged
for 1 hour at 105,000 x G in the Spinco model L preparative
ultracentrifuge. The 105,000 x G supernatant obtained by de-
cantation was dialyzed against 1 change of 50 volumes of 0.01
Mtris-Cl, pH 7.5, 0.0002 M mercaptoethanol, 0.0001 MK-EDTA
for 27 hours. The dialyzed enzyme was then centrifuged for
1 hour at 105,000 x G In the Spinco model L to clarify the
enzyme, and aggregate lipids on the surface of the preparation.
After careful removal of the lipid layer, the preparation was
frozen in a dry ice-acetone bath and kept at -15°C® Such

preparation retains sufficient activity for periods of 2 months
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and longer and was used In experiments where activating ac-

tivity towards several amino acids was needed.

4. Preparation of E. Coll tyrosine activating enzyme

All operations carried out at 0-4°C. 33 g net weight of
frozen E. Coli B cells grown on Difco Nutrient Broth medium
were thawed, suspended in 40 ml of 0.01 Mtris-Cl pH 7.5, and
sonically ruptured by treatment for 15 minutes in a 10 KG
Raytheon sonicator Model DF 101 (Raytheon Manufacturing Co.,
Waltham, Mass.). After centrifugation of the ruptured cell
suspension (15 minutes at 30,000 x G), the clear supernatant
obtained was fractionated in a 2 step fractionation with solid
(NH)2SD4 (no pH adjustment during the salt addition) to yield
a 35-55% saturated (NH4)2S04 fraction. This precipitate was
resuspended in 35 ml of 0.02 Mtris-Cl, pH 7.5, and dialyzed
overnight against 1 liter of 0.01 Mtris-Cl, pH7.5. Acid
precipitation by adjustment to pH 5.0 with 1 N acetic acid
gave an inactive precipitate (upon resuspension) while the
supernatant, which was titrated back to pH 7.5 with 1 N KOH
retained activity. This fraction was frozen in small aliquots
in a dry ice-acetone bath and stored at -15°C until needed.
Just before use, this enzyme was passed through a G-25 Sephadex
column to free it of endogenous amino acids.

Further attempts to purify this enzyme with DEAE columns,
Ca3(P04)2 gel cellulose columns or heating at 55°C, all re-

sulted in complete loss of activity.
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5. Preparation of soluble RNA

All operations at 0-4°C unless stated otherwise. SRNA
was prepared from pig liver, yeast, E. coll, broccoli and rat
liver. In all cases the procedure used was a slight modifica-
tion of that described by Holley et al. (67). The following
procedure, as applied to 6 pounds of yeast, illustrates the
method.

Six pounds of Fleischman’s baker's yeast were suspended
in 3.6 liters of waterj 5.4 liters of 78:28 phenol-water
mixture (prepared by addition of water to Mallinckrodt chroma-
tography grade 88% liquid phenol) were added to the yeast
slurry, followed by Incubation for one hour at room temperature
with occasional shaking. The mixture was then chilled in ice
and centrifuged at 15,000 x Gfor 15 minutes In the RC-2
Servall. The upper or aqueous phase and the turbid phenol-
water interface were carefully decanted and recentrifuged as
above. The phenol layer from the first centrifugation and
the precipitate from the second centrifugation were discarded.
0.1 volume of 20$%$ potassium acetate, pH 5.0, and 2.5 volumes
95% ethanol were added to the clear, yellow supernate (4400
ml). The precipitate was allowed to settle overnight. Most
of the clear 3upernate was then siphoned off, after which the
precipitate was collected by centrifugation (10 minutes,
15,000 x G), washed once by resuspension and recentrifugation

with 300 ml 95% ethanol and finally dried under vacuum.
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Often at this stage the SRNA preparations were stored for
several days at 2°C.

The dry crude SRNA obtained from 6 Ib. of yeast was dis-
solved in 800 ml of 0.1 Mtris-Cl, pH 7.5, and extracted one
time with 250 ml prechilled ether. The solution was then mixed
with chunks (approximately 48 g dry weight) of washed DEAE
cellulose resin (see page 21) obtained by vacuum filtration
of DEAE suspended in 0.1 Mtris ClI pH 7.5. This allowed 75%
of the 0. D. at 260 np of the solution to be adsorbed by the
resin as measured by 0. D. determinations on supernatant ali-
quots of the resin-SRNA solution slurry. The RNA-containing
DEAE was washed twice by suspension in 2 liters of 0.1 Mtris-
ClL pH 7.5 followed by vacuum filtration. The washed resin was
then suspended in a minimum of 0.1 Mtris Cl pH 7.5 and packed
into a column with 50 inches of water pressure.

The SRNA was eluted from the DEAE column with 1 MKC1,

0.1 Mtris CI, pH7.5. Those fractions containing the majority
of the 260 njA absorbing material were combined (approximately
2200 ml obtained)j 2.5 volumes of 95% ethanol were added, and
the precipitate was allowed to settle overnight. The precipi-
tate, obtained by centrifugation, was washed once (resuspension
followed by centrifugation) with 200 ml 80$% ethanol and once
with 200 ml 95% ethanol before being vacuum-dried. Pinal

yield; 4 g. Sonme of the later experiments used commercial
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yeast SRNA (General Biochemical Industries, Chagrin Palls,
Ohio), prepared in a manner similar to the above procedure.

6. Purification of the SRNA by means of a G-75 Sephadex

column

SRNA prepared by the above method contains a measurable
quantity of nucleotides and oligonucleotides. Certain experi-
ments, e.g. phosphatase and phosphodiesterase treatment of
SRNA require the removal of these nucleotides. The following
procedure using a G-75 Sephadex column accomplished this task.

Fine particles were removed from 15 g of G-75 Sephadex
(Pharmacia Pine Chemicals, Inc., Rochester, Minn.) by repeated
suspension of the Sephadex granules in water followed by
gravity sedimentation and decantation of the turbid supernatant.
The Sephadex was then washed several times with 0.01 M
NHIOOCH residual air bubbles ?ere removed with vacuum, and
the remaining large gel particles were packed In a 3 an di-
ameter column by the gradual addition of small increments of
gel to a flowing column filled with an agitated solution of
0.01 MNHOOCH After packing, the column was placed in the
cold room (0-4°C) where all further operations vilere performed,
and washed with several volumes of cold 0.01 M NHOOCH before
use. The flow rate was about 15 drops per minute.

A typical run was as follows, 100 ng SRNA were dissolved
in 6 ml 0.01 MNHOOCH and centrifuged to eliminate Insoluble

materials. The solution was placed on the column and allowed
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to enter the gelo 5 ml 0.01 M NHQOOCH were then passed Into
the column tc assure complete entry of the SRNA The SRNA was
eluted with 0.01 M NH#OOCH 10-15 ml fractions were collected,
and the O» D. at 260 njAwas determined with the Zeiss spectro-
photometer. Fractions containing the first, or major peak of
260 njA absorbing material (see Figure 3) were pooled, lyophi-
lized to 20% of their original volume, and while ice cooled,
mixed with 0.1 volumes of cold 20%$ potassium acetate, pH 5,
and 2.5 volumes of cold 95% ethanol. The precipitate was al-
lowed to settle overnight at 0-2°C before isolation by
centrifugation and vacuum drying (yield about 70 mgq).

In some experiments, potassium phosphate or leucine
were added to the SRNA before gel filtration in order to serve
as small molecule markers. Their elution patterns (determined
by phosphate assay (48) or radioactive counting) matched those
of the small nucleotides, established by determination of O.
Do at 260 npo Occasionally catalase (MW. 248,000) was used
as a large molecule marker. In these instances, catalase
eluted slightly ahead of the SRNA (Fig. 3) (for catalase assay,
see page 43). Thus, as expected, SRNA is not completely ex-
cluded from Sephadex G-75 particles, whose advertised exclusion

limit is 40,000 MW



Figure 3. Profile of the Elution of SRNA From a 15 g.
G-75 Sephadex Column.

Elution and Assays as described in the text. 1.5 ml
0.01 M NHOOCH containing 20 ng SRNA 200 pg catalase and
28 pmoles phosphate added to the column.

33
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C. Assay Methods

1. Hydroxamate assay

The conditions of the assay are similar to those described
by Schweet & Allen (106). 0.3 ml 0.1 MK-ATP* pH 7-0, (30
pinoles); 0.3 ml. 0.1 MMgClg (30 pmoles)? 0.1 m 1 Mtris-Cl,
pH 7.5, (100 pmoles) % 0.5 ml 0.01 ML-tyrosine™w (5 punoles)j
and 1.0 ml 3 MNROH-KCI, pH 7.0 (3,000 |JLLnoles) were added
to a 12 ml conical centrifuge tube. Water and enzyme to nmaeke
a total volume of 3 ml were added to initiate the reaction.
Incubations were carried out at 37°C for 1 hour (or as indi-
cated), after which the reactions were stopped by the addition
of 1.4 ml 100$ Na-TCA, pH 0.9, and 0.6 ml 2 MPeCI3 (105).
If turbidity was apparent, the acidified yellow reaction mix-
tures were filtered through Whatman 50 paper and/or centrifuged
in the International Clinical centrifuge until clear. The O.
D. at 520 np was then determined in a Coleman spectrophotometer
as soon thereafter as possible. An extinction coefficient of
0.19 0. D. units (520 mN) per |Jlmole tyrosine hydroxamate per
5 ml final volume was used throughout. This value was calcu-
lated from standard curves determined from 5 ml solutions
containing variable amounts of tyrosine hydroxamate as a stand-
ard in the presence of 3,000 p.moles NHMOHKCI pH 7.0, 1.4 ml

100$ Ha TCA pH 0.9 and 0.6 ml 2 MPeCIl3. Ore unit of activity

fObtained from Sigma Chemical Co.

"Obtained from California Corp. for Biochemical Research.
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is expressed as the amount of enzyme required to synthesize
1 Jnde of tyrosine hydroxamate per hour. Specific activity

IS given In units/mg protein.

2. Pyrophosphate exchange reaction
a. Synthesis of labeled PP

Small aliquots (2-4 millicuries) of P32 labeled ortho-
phosphate in dilute HClL (obtained from Oak Ridge national
Laboratories, Oak Ridge, Tenn<) were mixed with 2 ml deionized
water in a clean platinum crucible, after which the pH was
adjusted (pH paper) to about 9 with 0.25 N KOH. 45 yimoles
(0.15 ml of 0.3 M KH2ZPOX4 were added and the mixture was dried
down with a heat lamp. The crucible was then covered with
a porcelain top and its contents pyrolyzed by a 5 minute heat-
ing of the crucible to a red heat with a Bunsen flame. Both
crucible and top were washed with 0.5 ml aliquots of water
several times, and once with 0.5 ml 0.01 MHOI, in order to
extract most of the radioactivityO The resultant extract was
poured into a Dowex 1-C1 column (0.75 x 7 cm); washed with 10
ml of water and eluted with 0.01 N HCI, 0.05 MKCL (flow rate
11-16 drops/minute)o The radioactivity of the fractions was
detected with a conventional radioisotope monitor. The first
sharp peak of radioactivity composed of Pi was discarded,
while fractions from the second or broad peak of radioactivity
containing the pyrophosphate were pooled. The purity of the

PP° was then checked by ascending chromatography using known
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KAR2ZO ax™ RHOX with aliquots of the radioactive peaks iIn
a 60:40 acetone: 35% monochloroacetic acid solvent system.
Phosphate compounds were located on the paper by use of a
HCIOg-phosphomolybdate spray and compared with the radio-
activity detected with a conventional radioisotope monitor.
The PP ©~ containing fraction was then brought to pH 7-8 with
1 N KCH (pH paper) and added toa0.5x2cm column of Dowex
1-C1 (at this pH there is quantitative absorption of the PP).
The absorbed PP32 was then completely eluted with 3 ml of
0.1 MHC1, 0.1 MKCIj titrated to pH 7-8 with 1 MKOH and

stored at -15°C until use.

b. Exchange reaction: according to Clark (24)
The pp32 prepared above was diluted with cold K-PP pH
7.5 to obtain about 500,000 Cop.m./ml at a concentration of
0.05 M 0.1 ml of this 0.05 MK-PP52 (5 (/moles) and 0.5 mi
of a mixture containing 10 JJinoles KF 50 (/moles tris CI, pH
7.5; 10 (Amoles K-ATP, pH 7.5; 5 ~imoles MgClg and 2 yimoles
of L-amino acid (usually L-tyrosine) were added to a 12 ml
conical centrifuge tube. Enzyme and water to make a final
volume of 1 ml were added to initiate the reaction. Incu-
bations were for 10 minutes unless otherwise indicated. The
reactions were stopped by the addition of 1 ml 12$.TCA to the
tube placed in ice. 2 ml 6% TCA were subsequently added and
iIf an appreciable precipitate was obtained, the tubes were

centrifuged in a clinical centrifuge until clarified.
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The supernatant was then decanted to 12 ml centrifuge tubes
containing about 300 n® Norit A and stirred to allow adsorption
of the ATP to the charcoal. The stirring rods were removed
with the addition of a few drops of alcohol to insure wetting
of the charcoal, after which the charcoal precipitate contain-
ing ATP was obtained by centrifugation in the clinical centri-
fuge and decantation of the supernatant. The charcoal was
then washed 4 times (suspension and centrifugation) with 2
ml aliquots of water.

2 m 1 NHGL were added to the charcoal (nhow freed of
unbound pp32 as a resu] t of the washing) the tubes were
boiled for 10 minutes, and after cooling, 2 ml of water were
added. The charcoal was sedimented by centrifugation and the
supernatant containing the 2 terminal phosphates hydrolyzed
from the bound ATP was decanted into 10 ml calibrated tubes.
The charcoal precipitates were then each washed with a 4 ml
aliquot of waterj these aliquots were combined with the
original extracts and the volumes of the combined extracts
and washes were made up to 10 ml with water. After good mix-
ing of each sample to assure even distribution of counts,
0.5 ml from each sample was plated on stainless steel planchets,
dried and counted Iin a thin window gas flow counter (Model
D 47, Nuclear Chicago Corp., Des Plaines, 111.). The inorganic
phosphate present in each 10 ml sample was determined by the

method of Piske and Subbarow (43), modified with the use of
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Elon as described in (48). A unit of enzyme activity is 1
yimole of pp32 exchanged per hourO Specific activity is ex-

pressed in units per nmg of protein.

c« Calculations

The counts obtained from the 0.5 ml aliquot (after sub-
traction of background) were multiplied by 20 to obtain the
total counts per 10 ml. This value, the results of the in-
organic phosphate determination, and a knowledge that 10
minutes boiling in 1 N acid releases only 2 moles of Pi per
mole of ATP were then used to calculate the counts per minute
per IOjomoles of ATP. This allowed the calculation of the "frac-

tion exchanged,” given by the formula:

fraction exchanged = Pez 1£Jimol es ATP
2/3 x c.p.m. in initial 5 pmoles PP32

By definition, there is 100% exchange when there is com
plete equilibration of inorganic PP with the terminal PP in
the ATP. Such equilibration would place 2/3 of the counts
originally in 5pmoles cfPP into the IOpmoles cf ATP in this assay.
Hence the denominator in the above equation

The "fraction exchanged” does not take into account the
chances that some of the label from ATP may be re-exchanged
back into PP. The following formula, or coincidence correction
(23,124) was used to obtain values of the actual pmoles of PP ex-
changed:

pmoles exchanged s -7.67 log (1 - fraction exchanged)
(actual exchange)



39

3. Incorporation of radioactive amino acids to soluble
RITA

The assay is based on the method of Holley et al. (67).
Each reaction mixture contained 0.05 ml 0.05 MK-ATF pH 7.5,
(2.5 pinoles); 0.05 ml 0.01 MK-EDTA, pH 7.0, (0.5 “moles) ;
0.05 m 0.1 MMgCI2 (5y.moles) in 0.5 Mtris CI, pH 7.5) (25
moles) j 0.1 ml 0.0005 M amino acid (usually L-tyrosine-¥)
(0.05 yimoles, about 40,000 c.p.m. per assay tube), and suffi-
cient enzyme and water to bring the volume to 1 ml. The re-
action was started by the addition of enzyme to the incubation
tube in the 37°C bath, and allowed to proceed for the lengths
of time indicated iIn individual experiments.

The reaction was stopped by placing the tubes in an ice
bucket and adding 0.3 ml of cold 2% casein, pH 7.0, and 3 ml
of cold 0.6 MHCIX4. After stirring, followed by centrifuga-
tion in the clinical centrifuge (maximum speed, 3-5 minutes),
the supernatant was decanted and discarded. The precipitate
was washed (at room temperature, by resuspension and centri-
fugation), twice with cold 0.2 M HCIO4, once with 4 ml cold
95% ethanol, 0.2 MHCIX4 (5.1), once with cold 95% ethanol and
once with 95% ethanol-ether (3:1). The washed precipitate
was then (in the order indicated) air dried, dissolved in 1
ml of 0.1 MNH# acetate, NNMCH pH 9.0, treated with 0.1 ml of
0.05 mg/ml pancreatic RNAase at toom temperature for 15

minutes, and reprecipitated with the addition of 0.6 ml of a

"Obtained from Nuclear Chicago Corp.
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1:1 mixture of 95% alcohol--2®5 M acetic acid® This suspension
was then centrifuged and the supernatant containing the amino
acids and nucleoside amino acids released by the alkali and
RNAase, was plated on planchets* dried and counted in the thin
window gas flow counter (Nuclear Chicago Corp.). The results
of equilibrium studies are expressed Iin mpmoles of amino acid
incorporated per ng SRNA present® Rate values are expressed
in mpmoles of amino acid incorporated per minute or mjamoles
of amino acid incorporated per hour® Specific activity Iis
expressed in mpmoles of amino acid incorporated per hour per
ng of protein.

4. Assqy_for spleen and snake venom phosphodiesterase

activity

The spleen phosphodiesterase preparation used (Worthing-
ton Biochemical Co.* Freehold* N J®) is that of Hilmoe (54)®
3 ml of glass distilled water were added to a vial containing
15-20 enzyme units (54) of lyophilized enzyme® Such enzyme
solutions retained their activity when stored at -15°C* there-
fore the same vial was often used in several experiments®

Various amounts of G-75 Sephadex treated yeast SRNA were
dissolved in 0.1 MK succinate buffer pH 6.7* and different
amounts of enzyme were added. The mixtures were incubated in
a water bath at 37°C, with samples removed at different times

for assay
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When the extent of hydrolysis was measured, samples
(usually 0.5 ml) of the Incubated mixture were added to 0.5
m 0.6 MHCIO4 and the precipitates were removed by centri-
fugation (10 minutes, 10,000 x G and decantation. The super-
natants were then titrated to pH 6.7 (pH paper) with 1 N KOH
and after removal of the precipitated KCIO4 by centrifugation
and decantation, the volume and the O.D. at 260 np of each
supernatant was determined. .

The per cent hydrolysis of the SRNA by spleen phospho-
diesterase was calculated in the following manner. A known
amount of SRNA was completely hydrolyzed to nucleotides by
incubation for 48 hours at 37°C iﬁ 1 NKOH The mixture was
then titrated with 0.6 MHCIO4 to pH 6-7, the KCIO4 eliminated
by centrifugation and decantation, and the O.D. at 260 np of
the supernatant determined. Assuming a molecular weight of
27,600 and a chain length of 80 nucleotides for the SRNA an
extinction coefficient of 9.88 OoD. units per jamole/ml of
RNA nucleotide was calculated, and 2.9 |jLholes of nucleotides
per ng of SRNA should be obtained with 100$ hydrolysis. Know
ing the O.D. at 260 np, the volume and amount of SRNA present
per tube, the number of pmoles of nucleotide released per
mg of SRNA could be calculated in the samples from diesterase
assay. The value obtained from a sample not treated with
diesterase was substracted and the percent hydrolysis calcu-

lated.
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The amount of amino acid incorporating ability in SRNA
partially hydrolyzed by spleen phosphodiesterase was determined
by first, stopping enzymatic hydrolysis of SRNA with 5 minutes
treatment at 100°C» This caused a complete loss of the diester-
ase activity but only slightly affected the ability of the
SRNA to incorporate amino acids» The incorporation ability
(1.e., the extent of amino acid incorporation at equilibrium)
was then measured directly on the boiled SRNA samples contain-
ing the denatured diesterase. The percent of incorporation
ability recovered was determined by comparison with the in-
corporation ability of untreated but boiled (5 minutes) SRNA

Snake venom phosphodiesterase treatments of SRNA were
similar to those described above using spleen phosphodiester-
ase. 0.5 mgml or 1 mg/ml stock solutions of purified snake
venom phosphodiesterase (75,132) (obtained from Worthington
Biochemical Co.) were used in the assays in the presence of

SRNA in 0.1 Mtris ClI buffer pH 7.5.

5. Density gradient centrifugation

The sucrose density gradient centrifugation procedure
used is basically that described by Martin and Ames (87).

The apparatus to prepare the gradient is based on that
described by these authors (87) except that the outflow tube
is a No. 20 needle. 4.6 ml of a gradient (5% sucrose to 20%
sucrose, all in 0.05 Mtris Cl pH 7.5) was added to No. 5050

Spinco lusteroid-cellulose tubes over a 5-6 minute period,
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after which the tubes were allowed to sit at 0-4°C for 4 hours.
0.1 ml of the sample to be analyzed (lacking sucrose) was care-
fully layered on the top of the gradient? then the tubes were
centrifuged at 3°C in the SW 39 head of the Spinco model L
ultracentrifuge at approximately 38,000 R.P.M. The time of
centrifugation was generally 12 hours.

A special device consisting of a greased metal cup with
a needle center connected to a No. 20 needle plugged with a
thin wire was used to puncture the bottoms of the assay tubes
containing the samples. With subsequent removal of the wire
and concommitant draining of the tube, 30 or 31 fractions of
12 drops each were collected. Under these conditions the
distance traveled by the meniscus when 1 drop is removed
(using a No. 20 needle) is 9.45*10“™ am (47).

This method was used to estimate the sedimentation co-
efficient and molecular weight of the pig pancreas tyrosine
activating enzyme, and to estimate the purity of the yeast
SRNA used in these studies. Beef liver catalase and rabbit
muscle lactic dehydrogenase were used as standards.

Catalase activity was determined by measuring the de-
crease in O.D. at 240 m* with the Zeiss spectrophotometer in
a mixture containing 2 ml 0.05 M tris CI buffer pH7.5, 1 ml
0.018 MH2Q@ and 0.05 ml of enzyme. Before addition of the
enzyme, the O.D. scale of the spectrophotometer was arbitrarily

set at 0.3 for the reaction mixture. O.D. readings were taken
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every 15 seconds. The enzymatic activity was expressed as the
decrease in O.D. at 240 m]ji per minute.

Lactic dehydrogenase activity was determined hy measuring
the increase in O.D. at 340 ny. In a reaction mixture contain-
ing 1 m 0.1 Msodium veronal buffer pH 8.6, 1 ml 6 x 10“"
MDPN, 1 ml 0.33 Msodium lactate and 0.05 ml of enzyme.

O.D. readings were taken every 15 seconds and the enzymatic
activity was expressed as the increase in O.D. at 340 njji per
minute.

Tyrosine activating enzyme activity was measured with
the PP exchange reaction (see page 35). The SRN& concentration
was determined by measuring the O.D. at 260 mildof the unknown

samples.

6. Protein determination

In all instances protein determinations were performed
according to the spectrophotometrie or 280/260 ratio method
of Warburg & Christian (125) as described in (78). In sonme
experiments, the Folin-Ciocalteu method (78) was used to con-
firm protein determinations obtained with the Warburg &
Christian method, giving results 10-20/ lower than those ob-
tained with the spectrophotometrie procedure. BSA was used
as a standard in the Folin-Ciocalteu assays and may account

for the slight discrepancies observed.
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7. Electrophoresis with cellulose acetate strips
Purified tyrosine activating enzyme was concentrated up
to 1 ng protein per m by placing a dialysis bag containing
the enzyme Iin a Biodryex* bed in the cold room for 2-5 hoursa
20-50pg of the concentrated enzyme were put on moist 18 x 5
cm cellulose acetate strips (Consolidated Laboratories Inc.,
Chicago Heights, 111.). After the protein application, the
samples were submitted to electrophoresis in 0.05 M potassium
phosphate buffer at pH's 5.7, 8.0, or 9.0 for 5 hours with a
current of 0.4 mA per an width (approximately 150 Volts) at
room temperature. The strips were then stained overnight in
0.01% nigrosin in 2% acetic acid, followed by removal of
excess dye with repeated water washing.
8. Separation of the RNAase hydrolysis products of C/
tyrosine SRNA with high voltage electrophoresis
20 ng of SRNA were labelled with highly radioactive C*
L-tyrosine (400,000 cpm per 0.05 JAjnoles) as described on page
39, without adding casein when stopping the incorporation re-
action, and drying the product with air after all the wash-
ings. This C1™ tyrosine SRNA was resuspended in 0.5 ml of
0.001 MNHOOCH pH 5.0, using 0.1 N NHOH to titrate the
excess acid. 0.05 ml of a 2 mg/ml solution of RNAase was
added; the mixture wes incubated for 30 minutes at room
temperature and then pipetted onto a 0.5 x 3 cm Dowex 1-X8

~NObtained from Svenska Cellulosa Aktiebolaget, Kemiska
Frodukter, Essvik, Sweden.
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-O0OGH (200-400 mesh) column. The column was washed with water
and then eluted with 0.005 N HOOOH This eluate was lyophi-
lized to dryness; dissolved in a small volume of water (~0.05
ml) and run on high voltage paper electrophoresis (2 hours,
1,200 Volts) on 60 x 11 cn Whatman No. 1 filter paper strips
in 0.005 MNH#OOCH buffer pH 5.0 according to the method of
Markham & Smith (86). 44 tyrosine, AVP and adenosine were
used as standards. After electrophoretic separation, the
paper was dried and the radioactivity (measured with a Vanguard
model 800 strip scanner, Vanguard Instrument Co., La Grange,
111.) and UVo quenching of the test sample was compared with
the standards on the same paper strip.9

9. Hydroxylamine trapping of C44 tyrosine from Ci4

tyrosine SRNA

44 tyrosine was incorporated into 4 ng SRNA by the pro-
cedure described on page 39, without addition of casein. The
dried, labeled SRNA was resuspended in 0.1 ml of cold water,
and 0,1 m of 3,0 Msalt free hydroxylamine pH 7.5 was added.
The mixture was incubated 5 minutes at 30°C and then 0.2 ml
of 1;1 95% ethanol 2.5 Macetic acid were added. After cool-
ing down in ice, the precipitate was centrifuged down and the
supernatant was removed and lyophilized to dryness. The dry
material obtained was resuspended in 0.5 ml of water and lyo-
philized again. The sample was redissolved in 0.05 ml of

Nater and spotted on Rohm & Haas SA -2 i1on exchange paper.
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Tyrosine C-~ was used as a controls The paper was developed
with 0.05 M K-phosphate buffer, pH 7.0, in ascending direction,
dried and counted in a Vanguard strip scanner. This procedure

is a modification of that described by Loftfield & Eigner (83).



CHAPTER |11
EXPERIMENTAL RESULTS
A. Properties of the Purified Tyrosine Activating Enzyme from

Hog Pancreas

1. Enzyme purification

Table | shows the results obtained in the purification
of the enzyme. The specific activities of the acetone powder
extract are, at best, approximations, for they are obtained
from an impure preparation that contains considerable amounts
of endogenous free amino acids.

The specific activity for Fraction VI of 132 in the
hydroxamate assay represents a value obtained from a mixture
of fractions whose specific activities range from 100-147.
This represents a purification of almost 5 fold over that re-
ported by Schweet and Allen (106) using the same assay. This
also represents a major advance In the availability of highly
purified activating enzymes, for only two others, the trypto-
phan activating enzyme of beef pancreas (32) and the alanine
activating enzyme of hog liver (127) have been purified to
this range of specific activity.

A comparison of the purity of these different enzymes
is difficult because the data reported for the specific ac-

tivities of the alamine and tryptophan enzymes are not complete.

48
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Table 1

Purification of tyrosine-activating enzyme

Specific Activity Hydroxa-
P . Hydroxa- mate
rotein  “ate PP Tyrosine  Total
Fraction Vol. Content  agsay  Exchange Incorp. Activity Yield
ml. mg/ml units/mg units/mg units/mg units Do)
I. Acetone 1250 47.6 0.012 0.17 700 100
powder
extract
(unclarified)
I1. Ca3(P04)2 1150 0.21 2.15 40 512 73
gel eluate
h i. (nh4)2so4 55 1 060 5.87 54 0.61 517 74
IV. pH 5.3 53 0.84 9.55 75 0.96 425 61
supernate
V. DEAE column 56 0.12 56.0 485 5.06 376 54
eluate
<[. Ca3(P04)2 23 0.10 132 886 9.00 293 42
column
eluate

The values given for Fraction | are those obtained after sub
3traction of values obtained without added tyrosine. Endogenous
activity in all assays In Fractions IX-VI is negligible.
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The alanine enzyme has teen obtained to a specific activity
of 6840yLinoles PP exchanged per hour per ng protein (127),
while a value of 86 NLnoles of hydroxamate per hour per nygy
protein is reported for the tryptophan enzyme (32). Since
there is no parallelism between pyrophosphate exchange and
hydroxamate activity in different activating enzymes (56),
this makes a comparison of their specific activities difficult.
The tyrosine activating enzyme reported here represents the
most thoroughly characterized purified activating enzyme avail-
able .

Table 1 also shows that the ratio of specific activities
for hydroxamate formation, PP exchange and tyrosine incorpora-
tion remain nearly constant during the purification. This
supports the idea that the same enzyme catalyzes both the
activation of an amino acid and its subsequent transfer to

SRNA.

2. Enzyme purlty

In a successful purification starting with 150 g of ace-
tone powder, 0.8 ng of purifiedienzyme with a hydroxamate
specific activity over 140 can be obtained. Determinations
of the purity of the enzyme by use of boundary electrophoresis
requires at least 20 ng of protein per run and an ultraceniri-
fugation run with schlieren optics a minimum of 5 mg. Due sc
the lack of sufficient protein for such studies, electrophoresis

on cellulose-acetate was used (see METHODS).
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Experiments performed at pH's 5*7, 8.0 and 9.0 reveal the
presence of only one component (Pig. 4), with an isoelectric
point of approximately pH 7.

Fractions of the tyrosine enzyme with a specific activity
in the hydroxamate reaction of over 100 are free of nuclease
activity, for prolonged preincuhation of SRNA with such enzyme
fractions do not interfere with the ability of the SRNA to
incorporate (44 tyrosine (Table 11). Such fractions are also
free of adenylic kinase, for they fail to exchange Ci4 AW

into ATP (Table XLV).

3. Stability of the enzyme

The purified tyrosine enzyme is considerably more stable
than both the alanine and tryptophan enzymes. For example,
half of the activity can be recovered when the enzyme is kept
at -15°C for two months. Freezing in liqguid nitrogen does
not further stabilize the activity nor does the presence of
10“3 Mglutathione, substrates or cofactors (Table 111).
Bovine serum albumin protects the enzyme and is therefore
often added to purified enzyme fractions that are subsequently
used In activity assays. The presence of 10" Mredistilled
mercaptoethanol causes a considerable loss in activity (see

Table 111).



Figure if. Tracing, of Cellulose Acetate Electrophoresis Runs of the Purified Pig Pancreas
Tyrosine Activating Enzyme.

Procedure as described in "Methods".
(hydroxamate) used in each experiment.
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Table 11

Absence of Nuclease Activity in the Purified
Pig Pancreas Tyrosine Activating Enzymes

Tube c.p.m. Incorporated
Preincubated + enzyme 171
Preincubated - enzyme 157
No preincubation 138

Incorporation assay as described in METHODS. Preincuba-

to 0.4 ml of 10 mg/ml SRNA in water were added 0.2 ml

of enzyme (hydroxamate specific activity 102, 0.62 mg/ml) or
0.2 ml of water, and the mixture incubated for 30 minutes at

37°C.

For assay, an identical amount of enzyme was added to

all tubes.
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Table 111

Stability of the Purified Tyrosine Activating Enzyme
in the Presence or Absence of Several Reagents

y.moles Hydroxamate/hr

Enzyme Before 1 Day After 9 Days After

Freezing Freezing Freezing

No

Additions 0.90 o 0.47

Mercapto-

ethanol 0.88 0030 0.15

Glutathione 0.95 0.73 0.65

Tyrosine

Mgt++, ATP

Tris-Cl 0.89 0.85 0.62

BSA

0.5 mg/ml 1.12 1.18 0.83

BSA

5.8 mg/ml 1.21 1.34 0.81

Incorporation assay as described in METHODS The reagents
listed were added to samples of the enzyme preparation and the
final concentrations werej] mercaptoethanol, 10"3 M glutathi-
one, 10“3 M ATP, 1 0 M MgClg, 10" M tyrosine, 5 x 10“* M
Tris-Cl pH7.5, 5 x 10“*M 0.2 ml of enzyme (hydroxamate
specific activity 70, 0.09 mg/ml) were used in every assay.
The enzyme samples were frozen in acetone-dry ice and kept at
-15°C.



55

4. Presence of nucleotide material

The purified tyrosine activating enzyme contains no de-
tectable amount of nucleotide material, for the 280/260 ratio
iIs 1.8. This is in contrast to both the highly purified
tryptophan (32) and alanine (12V) activating enzymes which con-
tain approximately 4% nucleotide material even in their most
purified state. The contaminating nucleotide material of the
hog pancreas preparations is largely removed during the DEAE
fractionation for material prior to this stage has a 280/260
ratio of 0.7-0.9 while aliquots obtained from the DEAB frac-
tionation have a 280/260 ratio of over 1.5.

5. Estimation of the molecular weight and turnover

number

Precise molecular weight determinations by sedimentation
velocity-diffusion or sedimentation equilibrium require con-
siderably larger amounts purified enzyme than were available
In these studies. Therefore, the less precise sucrose density
gradient centrifugation procedure (87) which offers the ad-
vantage of enzyme detection by means of enzyme activity, was
used (see METHODS).

Beef liver catalase (MW. 248,000) (39) and rabbit muscle
lactic dehydrogenase (M.W. 130,000) (131) were used as stand-
ards (Figure 5). Table IV shows the values obtained for the
molecular weight and sedimentation coefficient of the pig

pancreas tyrosine activating enzyme.
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Figure 5 Sucrose Density Gradient Centrifugation
Pattern of the Pig Pancreas Tyrosine Ac-

tivating Enzyme.

Procedure as described in "Methods". 0.1 ml 0.01
Mtris-Cl pH 7.5, containing 35 Pg tyrosine activating
enzyme (hydroxamate specific activity 100, 1 mg/ml),
8 pg beef liver catalase and 100 pg rabbit muscle
lactic dehydrogenase placed on top of the gradient be-
fore centrifugation. Catalase and lactic dehydrogenase
were obtained from Sigma Chemical Co.



Catalase
in A0.D. 240 mn/min/O.05 ml

L-Tyrosine Activation
in nmoles PP Exchanged/20 min/0.05 ml

Bottom

Fraction Number

Top



Table 1V
Determination of the Sedimentation Coefficient and
Molecular Weight of the Tyrosine Activating
Enzyme (TAE) Using Sucrose
Densi ty Gradient

(As described by Martin & Ames (87))

Calculations with beef liver catalase;

S20,w " 11*3 (118) MW. = 248,000 (39)

1.2474 partial specific volume:
R = 2.0412 " °*bii 0073 cm/gr (118)
SgalSSiB = 0.611-11.3 = 6M9_S

Calculations with rabbit muscle lactic dehydrogenase;
S20,w = 6.9 (131) , MW. = 130,000 (31)
1.2474

58



59
Several limitations have to be kept in mind when using

this procedure. First, a true Sgo™w value (and hence, M.W.)
can only be obtained if the partial specific volumes are
known. The partial specific volume for catalase is 0.730
(118), but those of the other enzymes used here are unknown.
For the calculations, the assumption is made that the partial
specific volumes of standard and unknown are the same. This
may account for part of the differences observed between the
values obtained with the two standards. According to Martin
& Ames (87), since most proteins have a partial specific
volume in the range of 0.700-0.750, the errors will probably

be small. Second, the validity of the formula

Is dependent on the assumption that all the proteins in
qguestion are spherical in shape, an assumption not proven in
this instance. Third, inaccuracies In the reported molecular
weights and sedimentation coefficients of the standards, will
influence the values obtained.

Using the value 118,000 as the molecular weight of the
enzyme, the turnover numbersof the most purified fraction,
Fraction VT are 1740 and 17.7 for the PP exchange and the
L-tyrosine incorporation reactions respectively (see Table V).
The values are small when compared to those of many other
enzymes (38). The low turnover numbers calculated may re-

flect, in part, the presence of protein impurities in the
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Table V

Calculation of the Turnover Number of the
Tyrosine Activating Enzyme

1. MW. of the enzyme: 118,000 (Table 1V)

2. 1 nmg Enzyme = 1,000,000 _
118,000,000 " 0o0Oa8” pioles

A. Turnover number for the PP exchange reaction:
Specific Activity = 886 pmoles PP exchanged
per hour per ng protein (Table 1)
886 pioles/hr = 14.8 prnoles/min

14 <8
turnover number = 0"0ob85 = 1,740 pmoles exchanged per
minute per prnole of enzyme

B. Turnover number for Cl4 tyrosine incorporation:
Specific Activity = 9.0 pmoles incorporated per hour
per ng of protein (Table 1)
9.0 prnoles/hr = 0.15 umoles/min

turnover number = g.'do85 = 1V.V pmoles incorporated per
minute per prnole of enzyme
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enzyme preparation, for Fraction VI represents a combination
of aliquots with varied specific activities» Nevertheless,
the enzyme purity assays and the total degree of purification
dictate that the turnover numbers for this enzyme are rela-

tively low.

6. Substrate specificity

The purified activating enzyme shows a defined specificity
for the activation of only certain L-amino acids. Thus, of
the 18 naturally occurring amino acids tested, only tyrosine,
and to a lesser extent phenylalanine, and possibly threonine
support the PP exchange into ATP (Table V).

No studies were made to determine the cause of the slight
threonine-dependent exchange. The observed L-phenylalanine
dependent PP exchange into ATP is not due to contamination of
the L phenylalanine with traces of L-tyrosine, for the phenyl-
alanine used In these experiments was shown to be tyrosine-free
by paper chromatography in a solvent that effectively separates
tyrosine from phenylalanine (N butanol saturated with 2 N
NHOH), and by the use of the amino acid analyzer. Phenylala-
nine chromatographed in the above solvent showed identical
activity than non-chromatographed material.

The structural similarities of phenylalanine and tyrosine
suggest that the L-phenylalanine and L-tyrosine dependent ex-
changes are catalyzed by the same enzyme. A Lineweaver-Burk

analysis (81) of these amino acid dependent exchanges (Figure 6)
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Table VI

Substrate Specificity of the Purified Pig Pancreas
Tyrosine Activating Enzyme, Measured with
the PP Exchange Reaction

Amino Acid pmoles PP Exchanged/hr $ of Tyrosine Activity

L-tyrosine 6.36 100%
L-glycine —

L-alanine —

L-leucine .

L-isoleucine -

L-valine —

L-serine -

L-threonine 0.161 2%
L-phenylalanine 0.943 15%
L-tryptophan —

L-glutamic acid --

L-aspartic acid —

L-proline --

L-lysine —

L-histidine —

L-arginine .

L-cysteine 0.003

L-methionine —

0.5 ml 0*02 M amino acids (except tyrosine, 0.01 M used
in the assays, with 0.2 ml enzyme (hydroxamate specific ac-
tivity 120; 0.08 mg/ml). AIll amino acids obtained from
California Corporation for Biochemical Research, Los Angeles,
California.



5 k 10
18 x 10

Figure 6. Lineweaver-Burk ; Plot of the Tyrosine and Phenylalanine Dependent PP Exchange.

‘§taandard assay _pondit_ions (see Methods). 0.1 ml enzyme (hydroxamate specific activ-
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supports this hypothesis. As seen, phenylalanine is, at best,
a poor substrate for the tyrosine activating enzyme, for the
Michaelis constants (K”) for phenylalanine and tyrosine derived
from these data are greatly different, or 1.8,10 2 Mand
2.7*10" Mrespectively. Both substrates give the same Vimar
of 0.1 jjunoles PP exchanged per minute.

Further support for the activation of both tyrosine and
phenylalanine by the same enzyme, is found in the ratios of
specific activities and KNs for tyrosine and phenylalanine
during purification. Table VII shows that the ratios of
specific activities and K”'s do not change during the purifi-
cation. It is unlikely that a phenylalanine activating enzyme
would have purified along with the tyrosine enzyme through
several steps, while the other activating enzymes were removed
early during the fractionation.

If both tyrosine and phenylalanine are substrates of the
same enzyme, they would be expected to compete for the same
active site. Attempts to test the 2 substrates for 1 enzyme
theory by measurement of the inhibition of L-tyrosine activa-
tion with phenylalanine are not successful because no inhibi-
tion of the tyrosine dependent PP exchange into ATP is observed.
This is probably due to the high ]% value for phenylalanine
that reflects a low affinity of the enzyme for this amino acid.

Since L-phenylalanine serves as a substrate for the

L-tyrosine activating enzyme, this suggests that tyrosine



65

Table VII

Relation Between the Specific Activities and % ’'s of
Tyrosine and Phenylalanine During Purification
of the Pig Pancreas Tyrosine
Activating Enzyme

Fraction Specific Activity Ratio km
Tyrosine Phenylalanine Tyrosine Phenylalanine
i 64.2 7.0 9.1 1.7-10-5M 1.5%10-2m
AV 80.4 16.2 5.0 —
\Y/ 321 96 3.3 —
Vi 876 162 5.4 2.7*10“5M 2.1.10-2M

The enzymatic activity was measured using the PP exchange
assay (see METHODS). Specific activity expressed in umoles
PP exchanged per hour per ng protein. 1



66
analogs could be found that are substrates of the same enzyme.
Test of this proposition, using various L-tyrosine analogs
generally proved negative (Table VIIl). The activity ob-
served in the presence of chloroacetyl L tyrosine and tyrosine
hydroxamate could be due to impurities. A 1% impurity of
tyrosine (KJ[ of 2.7*10“" M could account for the activity
(from Table VIII, the concentration of a 1% impurity is 6 X
10~5 M). As a further test of the potential of various tyro-
sine analogs, some analogs were assayed for competitive in-
hibition of tyrosine dependent PP exchange (Table 1X). Only
tyramine shows considerable inhibitory power. These results
indicate a high degree of specificity for the tyrosine acti-

vating enzyme.

7. Products of the incorporation reaction

In contrast to the less purified enzyme described by
Schweet & Allen (106), the highly purified tyrosine activating
enzyme obtained in this work is active in catalyzing the in-
corporation of tyrosine into SRNA This incorporation
activity requires the presence of a complete system (Table
X) and is thus consistent with the mechanism of amino acid
activation and transfer to SRNA

Pinal characterization of the reaction requires identifi-
cation of the products. As a result, several experiments were
performed to identify these products. First, tyrosine

SRNA was treated with salt-free hydroxylamine at pH 7.2 and
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Table VIII

Tyrosine Analogs as Substrates of
the Tyrosine Activating Enzyme

pnoles PP % Tyrosine
Analog Exchanged/Hr. Activity
D,L p-hydroxyphenylglycine* 0.030 0.25
D,L fb-hydroxyphenylalanine** 0.030 0.25
D, L p-chiorophenylalanlne*** 0.069 0.57
D,L p-fluorophenylalanine* 0.080 0.67
p-hydroxyphenylacetic acid*- 0.0035 0.03
L-thyroxine™ 0.0040 0.03
chloroacetyl L tyrosine*** 0.78 6.5
p-methoxy phenylacetic acid* 0 0
L-tyrosine hydroxamate* 2.13 17.8
L-tyrosine* 12 100

PP exchange assay as described in METHODS

Concentration of tyrosine 4 pnoles/tube (4 x 10”3 M).
At this concentration the exchange is independent of the tyro
sine concentration.

Concentration of analogs: 6 pnoles/tube (6 x 10~3 M).

0.1 ml enzyme used per assay (specific activity 106
pnoles hydroxamate per hour per ng protein; 0.1 ng protein
per ml).

N'Obtained from California Corp. for Biochemical Research
**GIft to Dr. John M Clark.

"Obtained from Nutritional Biochemical Co., Cleveland,
Ohio
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Table IX

Effect of Tyrosine Analogs as Inhibitors of the Tyrosine
Dependent PP Exchange Catalyzed by the Purified
Pig Pancreas Tyrosine Activating Enzyme

umoles PP | Tyrosine
Analog Bxchanged/Hr. Activity
D,L p-hydroxyphenylglycine 10.4 87
£ hydroxyphenylalanine 11.2 93.5
D,L p-chlorophenylalanine 12.1 101

D,L p-fluorophenylalanine 8.8 73
p-hydroxyphenylacetic acid 10.6 88.5
L~thyroxine 9.0 75
chloracetyl L-tyrosine 10.9 91
p-methoxyphenylacetic acid 11.4 95
L-tyrosine hydroxamate 8.5 71
L-tyrosine alone 12 100

In all tubes 2 pmoles of tyrosine and 6 pnoles of analog
were added, 0.1 ml enzyme used (hydroxamate specific activity
106; 0.1 mg/ml protein).

B 3,4 dihydroxyphenylalanine (DOPA) 1.68 60
tyramine 0.083 3.0
tyrosine alone 2.8 100

In all tubes, 2 pnoles of tyrosine were used. 20 pnoles
of DOPA and 2 umoles of tyramine were added to their respec-
tive tube. 0.1 ml enzyme added (hydroxamate specific activity
126; 0.035 mg/ml).

PP exchange procedure as described in METHODS
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Table X

Requirements for L-tyrosine-C44 incorporation

Reactants Counts/min/sample

1. Complete system (Enz, SRNA ATP, Mgt++,

L-tyrosine-C44) 401
2. Complete system minus enzyme 7
3. " v minus SRNA 2
4. ! it minus ATP 8
5. ! it minus Mg+ 37
6. " " using preboiled enzyme 7

Incorporation assay as described in VETHODS 0.1 m
enzyme used per tube (hydroxamate specific activity 140,
0.110 nmg protein per ml). Reaction mixtures incubated for
10 minutes.
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assayed by a modification of the method of Loftfield and
Eigner (83) (see METHODS). Figure 7 shows that the addition
of hydroxylamine to the tyrosine SRNA causes the formation of

tyrosine hydroxamate. The formation of this product is
consistent with the existence of an ester bond between the
amino acid and the SRNA

Second, the products of RNAase treatment of tyrosine
SRNA were submitted to high voltage paper electrophoresis
(see METHODS). The result of these runs (Figure 8), reveals
a radioactive spot, containing U.V. absorbing material which
moves towards the cathode, slightly ahead of adenosine.
Tyrosine remains in the base line. This behaviour is what
would be expected of a nucleoside amino acid, under the con-
ditions described. No attempt was made to identify the
nucleoside bound to tyrosine, but the results are in good
agreement with those obtained by Zachau et al. (135), sug-
gesting a terminal adenosine amino acid ester bond in SRNA

8. Requirements for enzyme and SRNA in the transfer

reaction

As seen in Table X, both activating enzyme and SRNA are
essential in the incorporation reaction. Further, the time
course of the incorporation reaction (Figure 9) follows the
expected pattern; the rate of the reaction is directly de-
pendent upon the enzyme concentration (Figure 10), and the

extent of final equilibrium incorporation is independent of



Figure 7.
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Scanning of Cation Exchange Paper Strips Developed
in 0.05 MPhosphate Buffer pH 7.

Procedure as described in "Methods".
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Figure 8. Tracing of a High Voltage Electrophoresis Run of the Hydrolysis
Products of RNAase Treated Tyrosine-C”™ SRNA

Procedure as described in "Methods”,
of radioactivity.



"oy the Purified. Pig Pancreas Tyrosine Activating Enzyme.

Procedure as described in "Methods", 0.1 ml of enzyme (hydroxamate specific
activity 109, 0.03 ng of protein per ml used).



poration upon Enzyme Concentration.

Reaction mixtures were incubated with increasing amounts
of enzyme (hydroxamate specific activity 110, 0.08 mg. pro-
tein per ml-) for 10, 20 and 30 seconds intervals. Other
assay conditions as iIn "Methods”.
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the amount of enzyme used (Figure 11). These results are con-
sistent with the known mechanism of amino acid activation and
in contrast to the findings of gllllg et al. (139), who ob-
served that an E. coll system, with a nucleotide-free enzyme
preparation, incorporates amino acids to an extent directly
dependent on the enzyme concentration used. The lack of
variation of equilibrium incorporation as shown with this well
defined hog pancreas tyrosine system disputes Zillig's hypothe-
sis, that the end product of the incorporation reaction is a
stoichiometric SRNA-enzyme complex. As a further proof
against this hypothesis it can be seen in the legend of Figure
11 that the amount of tyrosine activating enzyme present is
considerably lower than that of tyrosine specific SRNA in the

reaction mixture.

C. Amount of tyrosine-specific SRNA present in yeast SRNA

In the incorporation assay, SRNA represents the ultimate
limiting substrate of the reaction. One would expect the
yeast SRNA used in this work to contain a heterogeneous popu-
lation of molecules, i.e., different amino acid specific
SRNA and an undetermined amount Of "junk" RNA. Only a
small fraction of this mixture are molecules specific for
tyrosine and therefore substrate of the reaction under study.

The amount of tyrosine-specific SRNA present in the -"east
SRNA of these experiments can be calculated by incubating

known amount of SRNA with Cl4 tyrosine of known specific



The reaction mixtures were incubated, with 0.1 ml." of
enzyme (hydroxamate specific activity 10, 0.078 mg. ml.)
Procedure as described in 'Methods".

With a M.\W. of 118,000 there are 8.7 mp moles of
enzyme per mg. Therefore, iIn the assays above, 0.068 mp
moles of enzyme were added per tube (assuming that the
enzyme 1s pure). 1 mg of yeast SRNA contains 0.1 mp mole
of tyrosine specific SRNA (see section 9, below).

76
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activity and letting the reaction proceed to equilibrium. As-
suming one L-tyroaine incorporated per molecule of L-tyrosine
specific SRNA a valid assumption, considering the excess ATP
and tyrosine present in the reaction mixture, one can calcu-
late the number of moles of L-tyrosine specific SRNA per ng
from the extent of incorporation and the known specific
activity of the incorporated L-tyrosine. Further, assuming
a MW. of 27,600 for the SRNA one observes that tyrosine-
specific SRNA corresponds to only 0.27$ of the total SRNA
See Table XI.

10. D_etermination of the Kj for SRNA in the incorpora-
tion reaction
As shown In Figure 12, the Lineweaver-Burk plot (81) for
SRNA allows the calculation of the Kjj for tyrosine specific
SRNA. Two separate experiments yielded values of 2.2 x
10“® Mand 4.4*10“® Mrespectively. The rather small Kjj value
observed here suggests a strong interaction between tyrosine
specific SRNA and the L-tyrosine activating enzyme. The Vj~x
values obtained from these same experiments are 7 and 9.4
mpmoles incorporated per hour, respectively.
11. Homogeneity and sedimentation coefficient of yeast
SRNA
A 1.6# solution of SRNA in 0.03 Mtris CIl, 0.1 M NacCl
pH 7.0, was centrifuged in the model E Splnco analytical

ultracentrifuge, using rotor AN-D and cell 1387-1 at a speed
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Table Xl

Amount of Tyrosine Specific SRNA
in Yeast SRNA

2 mg SRNA were incubated until equilibrium was reached,
with 0.05 pmoles Cl14 tyrosine (41,000 c.p.m.), in the presence
of purified pig pancreas tyrosine activating enzyme. Procedure
described in METHODS.

157.3 c.p.m. Incorporated

M.W. of SRNA assumed to be 27,600

So, 2 mg SRNA correspond to 72.5 mpmoles

41,000 c.p.m. -- 50 mpmoles tyrosine
157.3 c.p.m. — X mpmoles tyrosine specific SRNA
50 x 157.3

X m —4i“"ooo0— a °*”92 mpmoles tyrosine specific SRNA

Specific activity* 0.096 mumoles tyrosine specific SRNA
per mg SRNA. This corresponds to 0.27# of the total SRNA in
the reaotlon mixture.
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Influence of the SRNA Concentration on the
Initial Velocity of Tryosine Incorporation
(0o -o0) and Reciprocal Plot of the SRNA
Concentration vs. Velocity (Lineweaver-

Burk Analysis) (*----- *) .

Figure 12.

Incorporation reactions performed as described in
"Methods”.. For rate determination, samples were incubated
for 10, 20 and 30 seconds. 0.1 ml. of enzyme used
(h%/droxamate specific activity 144; 0.1 mg. 1 ml.) with
0.5, 1, 2 and 4 mg. SRNA
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of 56,100 r.p.m. Under these conditions the SRNA behaves
homogeneously with a sedimentation coefficient (uncorrected
for infinite dilution) of 3.78 S (see Figure 13) in agreement
with values given in the literature. Osawa (100) obtains a
value of 820,” 3 N Nor yeasi: SRNA determined under condi-
tions similar to the experiment described here. This indi-
cates, that at least in size, the yeast RNA used corresponds
to SRNA This homogeneity was confirmed with sucrose density
gradient centrifugation In which only one peak of 260 rg ab-
sorbing material was observed. This peak gives a value of
S20 W= when calculated using catalase as a standard
(Figure 14). Martin and Ames (87) obtained similar results
for rabbit liver SRNA (S20'3y a 4.6), using this method.

12. Optimal concentration of reactants In the incorpora-

tion reaction

The effect of the variation in concentration of enzyme
and SRNA in the incorporation reaction have already been dis-
cussed. If the concentration of ATP is varied, keeping that
of the other reagents constant, it is observed (Figure 15),
that the reaction rate reaches a maximum when the concentra-
tion of ATP equals that of Mg**. If the ratio of the concen-
trations of Mg*™* and ATP is kept constant at 1:1, but the
total concentration of both reagents is Increased, the reaction

rate reaches a maximum at 10 jimoles/ml of ATP and Mg**



Figure 13. Determination of the Sedimentation Coefficient

of Yeast SRNA

The experimental conditions are described

in the text.
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Figure 14. Sucrose Density Gradient Pattern of Yeast SRNA

Procedure as described in "Methods". 0.1 ml of 0.05 Mtris Cl pH 7.5
containing 1 ng SRNA and 7 dg of Catalase, were placed on top of the gradient
before centrifugation. The calculations were performed as described in Table
V.



1if
Figure 15. Rate of Incorporation of C Tyrosine iInto
SRNA as a Function of the ATP Concentration.

Experimental conditions as described in "Methods".
0.1 ml of enzyme (hydroxamate specific activity 120,
0.026 "mg, protein per ml)' used. For rate determina-
tions, samples were incubated for 30 and 60 seconds.
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(Figure 16). The addition of AVP and adenosine also causes
a decrease in the rate of incorporation (Table XII).

The fact that a 1:1 ratio of Mgt+ and ATP produces an
optimal rate of incorporation, may be due to the need for a
Mg++-ATP complex in the activation reaction. It is possible
that if excess free ATP or Mg+ are present, they would com
pete with the ATP-Mg++ complex for the site in the enzyme,
therefore lowering the rate of the reaction. No explanation
Is available on why an excess concentration of 1:1 ratio
ATP/Mg++ produces inhibition. This apparently is not due to
an ionic strength effect, for tyrosine is incorporated into
SRNA at the same rate if a large excess of other amino acids
or choline chloride are present in the reaction mixture
(Figure 17).

The inhibitory effect of adenosine could be explained by
competition of the adenosine with the ATP-Mg++ for the active
site of the enzyme. Similar reasoning can be applied to ex-
plain the inhibition caused by AMP. However, this compound
could also act reversing the incorporation reaction by simple
mass action.

13. Reversal of the incorporation reaction by AMP, and

AMP-ATP exchange

According to the mechanism accepted today, the final

products of the incorporation reaction are AVP and SRNA-AA

Therefore, it would be expected that AMP, in the presence of
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Figure 16. Effect of the Change in Concentration of ATP and
Mg C [ATP] : {Wg t? = 1:1) on the Rate of In-
corporation of C Tyrosine into SRNA.

Conditions as described iIn "Methods™. 0.1 ml., of
enzyme (hydroxamate specific activity 127, 0.016 mg, protein
per ml/ used per assay. Incubation times of 30 and 60

seconds were used to determine reaction rates.
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Table XII
Effect of Adenine and AVP on the Rate
of Incorporation of Tyrosine
Into SRNA

Rates mpmoles gl4 Tyrosine Incorporated/Min.
| atp7 //ms+V =i si No Additions 30p M Adenosine 30p MAWP

2.5 pinoles 0.034 0.034 0.015
10 pinoles 0.119 0.030 0.015
30 pmoles 0.023 0.014 0.015

Procedure as described in METHODS. 0.1 ml enzyme used
(hydroxamate specific activity 102, 0.03 mg/ml). Incubation
times of 30 and 60 seconds were used to determine reaction
rates.



Time (Minutes)

Figure 17. Effect of High Concentration of Several”mino
Acids on the Rate of Incorporation of Cl- Tyro-
sine into Yeast SRNA

Assay procedure described in "Methods”. 0.1 ml of
enzyme of a hydroxamate specific activity of 126, 0.022
-mg, protein per ml, was used. Incorporation in the pres-

ence of 10 pmoles of glycine, alamine or choline chloride
gave rate between the extremes shown above. AIll amino
acids and choline chloride were titrated to pH 7.5 before
addition to the reaction mixture.
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SRNA-AA, activating enzyme and PP, would displace the amino
acid from its binding with SRNA Table XIIl shows that AW
In the presence of enzyme produces this effect. Adenosine,
on the other hand, cannot produce a similar displacement, even
in the presence of enzyme. This allows one to conclude that this
displacement is an enzymatic reversal of the incorporation re-
action. The spontaneous release of amino acid observed is
due to the instability of the SRNAAA bond.

Holley & Goldstein (65) were able to show an amino acid
dependent exchange of AVP into ATP with a partially purified
alanine activating enzyme. Other authors (60) have been
unable to show this exchange with other incorporating systems.
Table XIV shows that no such AMP-ATP exchange could be de-
tected, using Holley's method, with the purified tyrosine
activating enzyme.

Hoagland's (60) attempt to explain this failure suggests
that the lack of exchange is due to the fact that the SRNA

iIs already loaded with amino acids, and that an incorporation

reaction with amino acids measures an exchange of the
amino acids for the amino acids already present;

AA* 4 ATP 4 Enzyme ™ Enzyme N AMP-AA* + PP
Enzyme C AMP-AA* + SRNA-AA > SRNA-AA* + Enzyme  AMP-AA

Thus, no free AVP is obtained, and therefore no AMP-ATP ex-
change can occur.
This mechanism can be checked by first stripping the SRNA

free of amino acids by incubation with alkali. The product
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Table XII11

Displacement of Tyrosine from Tyrosine-SRNA

C*P-MO gfc 10’ C.P.M. at 301
-enzyme 0 153
-enzyme - adenosine 50 156
-enzyme - AW 91 150
tenzyme 76 144
venzyme * adenosine 63 128
+enzyme - AWP 198 345

5 nmg SRNA samples were loaded with CM tyrosine (582,000
c.p.m. per tube) using 0.1 ml of enzyme (hydroxamate specific
activity 102j 0.12 mg/ml), according to the procedure described
In METHODS, without the addition of casein. The dry samples
of CG44-tyrosine SRNA were suspended in 0.5 ml 0.2 Mtris-ClI
pH 7.5 and incubated for the times indicated with 10 umoles
K-PP pH 7.5. 10 umoles of adenosine, 10 umoles of K-AMP
pH 7.5 or 0.1 ml of enzyme were present in the tubes indicated.
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Table XIV

AMR~ATP Exchange Catalyzed by the Purified Tyrosine
Activating Enzyme from Pig Pancreas

c.p.m. Present

Tube SRNA Enzyme in ATP
complete system pre-labeled Pig 1.6
complete system stripped Pig 72.4
complete system untreated Pig 79.7
complete system + KF untreated Pig 76.9
complete system untreated — 52.7
complete system untreated yeast 6390
-tyrosine untreated yeast 5320
complete system no addition yeast 5320

Procedure as described by Holley & Goldstein (65).

Every assay tube contains 4 ng SRNA] 5 pmoles MgCl2J 50
pmoles tris CI, pH 7.5; 2.5 pnoles K-ATP, pH 7.2; 2.5 pinoles
CM AMP, pH 7.2, 66,000 c.p.m. (obtained from Schwarz Bio
Research Inc., Mount Vernon, N. Y.); 2.5 pmoles K-PP, pH 7.5
and 1 pmole L-tyrosine, in 0.85 ml. To the tubes indicated,
0.1 ml pig pancreas enzyme (hydroxamate specific activity
102, 0.1 ng per ml), 0.1 ml yeast extract (prepared as described
in METHODS) or 0.1 ml 0.1 MKF were added. AIll tubes were in-
cubated for 20 minutes.

Pre-labeled SRNA! 4 ng SRNA labeled with non-radioactive
tyrosine, using the procedure described in METHODS without
adding casein.

Stripped SRNA 4 mg SRNA incubated for 30 minutes at
37°C in 0.5 ml 0.1 Mtris-Cl pH 9.25 and titrated back to pH
7.5 with 1 N HCL
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of the incorporation reaction should then be free AMP, and an
AMP-ATP exchange would proceed. Table XIV shows that even
when wpre-stripped” SRNA is used in the AMP-ATP exchange sys-
tem, no amino acid dependent AVP exchange occurs with ATP.

No adequate explanation can be provided at the present time
for the difference observed between the tyrosine and the
alanine system with respect to AMP-ATP exchange. It would be
interesting to study this exchange using other purified acti-
vating enzymes.
B. Studies on the Species Specificity of SRNAsand Activating

Enzymes

As it was discussed iIn the introduction, the work of
Berg et al. (12) and Benzen & Weisblum (5) has shown the exis-
tence of species specificity for the amino acid activating
enzymes and the amino acid specific SRNAs

It was therefore interesting to study the species speci-
ficity of the purified L-tyrosine activating enzyme of pig
pancreas compared to tyrosine activating enzymes from other
sources. Table XV shows the equilibrium incorporation values
of several L-tyrosine activating preparations transferring
to various SRNAs. It can be seen that there is complete
incompatibility between yeast and hog on one side, and E.
coli and Lactobacillus case! on the other. Rat liver SRNA
Is active with the yeast and pig enzymes, while SRNA from
broccoli accepts small quantities of activated tyrosine with

all the enzymes tested
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Table XV
Species Specificity in Terms of Millimicromoles of

L-tyrosine Incorporated, at Equilibrium,
Per ng of S-RNA

Enzyme Source

S-RNA Source Hog

Pancreas Yeast E. ooli
hog liver 0.25 0.25 0
yeast 0.096 0.095 0
E. coli 0 0 0.156
rat liver 0.02 0.125 0.007
Lactobacillus easel 0 0 0.04
broccoli tips 0.01 0.03 0.01

Assay conditions as described in METHODS.
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Although, no detectable differences are observed between
yeast and pig enzyme when equilibrium values were measured,
it i1s possible that the enzyme from one species shows more
affinity and therefore a higher rate of transfer towards its
homologous SRNA If identical amounts of hydroxamate activity
are used, the pig enzyme usually shows a slightly faster rate
of Incorporation towards both pig and yeast SRNA when compared
with the yeast enzyme. The results are not always reproducible
and, therefore, of limited value. In addition, equal activity
towards hydroxamate may not necessarily mean equal activity
towards activation or incorporation. For example, a yeast
extract containing noticeable hydroxamate activity for tyrosine,
and negligible activity for valine and alanine, showed a con-
siderable degree of Incorporation activity towards all three
amino acids.
C. Structural Requirements of Yeast SRNA for the Incorpora-

tion of Amino Acids

SRNA is a molecule of approximately 27,000 MW. (19) and
therefore a nucleotide chain of around 80 nucleotides per
molecule. The nucleotide sequence at the amino acid acceptor
end of all amino acid specific SRNAs is pCpCpA, (20,52) while
the opposite ends terminate with a 5 guanylic acid (111).
The amino acid specificity of SRNAs must then come from the
internal nucleotide composition and/or sequence. It is there-

fore interesting to study what percentage of the internal
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nucleotides of SRNA are required for SRNA to accept activated
amino acids.

This problem can be approached by means of the enzymatic
elimination of nucleotides from the non acceptor end of the
SRNA chain, and a comparison of the remaining amino acid in-
corporation activity with the degree of hydrolysis of the
chain. The enzyme spleen phosphodiesterase offers an effective
tool with which to undertake this study. First, the enzyme
IS an exonuclease which sequentially hydrolyzes away mono-
nucleotides from the 5 OHend of oligonucleotides (103).
Second, spleen phosphodiesterase has been extensively purified
by Hilmoe (54) and thus freed of other nucleases. However,
the presence of 5’ terminal phosphate groups renders oligo-
nucleotides resistent to spleen phosphodiesterase (103).
Although no studies involving large molecules such as SRNA
have been published, one might expect some inhibition of spleen
phosphodiesterase attack by the 5' terminal phosphate of SRNAs.
Table XVI shows that the addition of bacterial phosphatase
does not enhance the rate of hydrolysis of SRNA by spleen
phosphodie sterase.

Figure 18 shows the effect of spleen phosphodiesterase
treatment of yeast SRNA on the ability of the SRNA to incorpor-
ate tyrosine. The loss of activity during phosphodiesterase
treatment is very marked and practically complete after 10%

hydrolysis of the SRNA Such results are not unlike those
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Table XVi

Influence of the Presence of Bacterial Phosphatase
on the Rate of Hydrolysis of SRNA by Spleen
Phosphodie ste rase

Incubation Time 0. D. at 260 np
(minutes) Phosphatase Alone SPDE Alone +SPDE Phosphatase
0] 0 0 0
25 0 0.057 0.058
60 0 0.179 0.157

6 ng SRNA samples (purified through 0-75 Sephadex) were
dissolved in 0.05 Mtris-Gl pH 7.5. Enzymes were added to
start the reactions to the tubes indicated in the following
quantities: bacterial phosphatase, 0.3 ml (0.025 mg/ml), (ob-
tained from Worthington Biochemical Co.); spleen phosphodiester-
ase, 0.3 ml (about 2 units, 54). Total reaction volume was
9.5 ml. Samples of 0.5 ml were taken at the times indicated
and added to tubes containing 0.5 ml 2.5 HCIO4, 0.25% uranium
acetate. The precipitates were spun down at 10,000 x G for
10 minutes and the O.D. at 260 np of the supernatants deter-
mined against a blank of HCIO4 uranium acetate of the same
concentration.
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Figure 18. Effect of Spleen and Snake Venon Phosphodiester-
ase Treatment on the Ability of SRNA to Incor-

porate Tyrosine.

Procedure and calculations as described in "Methods".
Separate samples were treated with about 5 units of spleen
phosphodiesterase and 1.5 ng snake venom phosphodiesterase
respectively. Aliquots for percent hydrolysis and percent
activity determinations (containing about 2 ng, SRNA each)
were taken at 0, 10 minutes, 20 minutes, 1 hour and 2 hours
after the addition of the enzymes.
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obtained when yeast SRNA is treated with the exonuclease snake
venom phosphodiesterase, which sequentially removes nucleotides
from the opposite or amino acid accepting end of the SRNA chain
(103,132) (Figure 18).

The apparent need for most of the SRNA molecule is not
limited to tyrosine specific SRNA for as seen in Figure 19,
the activity of yeast SRNA towards accepting several different
amino acids declines upon treatment with spleen phosphodiester-
ase in a similar manner to tyrosine specific SRNA The slight
differences in amino acid incorporating ability after SPDB
treatment may reflect differences in rates of hydrolysis or
slight differences in the length of the chains necessary for
activity.

The rapid loss in the ability of SRNA to incorporate
amino acids upon treatment with spleen phosphodiesterase can
be due to several possible causes.

Ore possible cause is that the products of the enzymatic
hydrolysis are in some way inhibitory to the incorporation
reaction. Figure 20 shows that this is not the case, for the
addition of the products of diesterase hydrolysis does not
inhibit the rate of incorporation of tyrosine into a non-
hydrolyzed sample of yeast SRNA

A second possible cause for the rapid drop in amino acid
accepting activity when SRNA is treated with spleen phospho-

diesterase is the presence of small amounts of endonuclease



Figure 19 . Comparison of the Ability of Tyrosine, Alanine, Valine and Leucine Specific
SRNAS to Incorporate Amino Acid After Treatment With Spleen Phosphodiesterase

Procedure and calculations as described in "Methods". 67 ng SRNA were dissolved iIn
155 ml 0*1 MK succinate pH 6.7 and 2 ml SPDE (10 units) were added to start the reaction.
Aliquots were taken for percent hydrolysis and percent activity determinations (containing
approximately-2 ng SRNA) at 0, 10 minutes, 30 minutes, 1 hour and 2 hours. "Broad
spectrum” yeast enzyme (see "Methods") was used for the incorporation assays.

vO
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Figure 20. Effect of the Products of Spleen Phosphodiesterss
Action on the Ability of Untreated SRNA to In-

corporate Amino Acids.

Treatment of SRNA by SPDE as described in "Methods".
A mg native SRNA A mg SPDE treated SRNA (0.7% hydrolysis
0.1 ml yeast tyrosine activating enzyme, with a total
volume of 0.95 ml used In the 1ncorporation assays <“See

Methods).
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in the SPDE preparation, which results in a drastic change
in the structural integrity of SRNA The various forms of
the gel filtration material, Sephadex, offer a tool to test
this hypothesis. Figure 21 shows that the unhydrolyzed SRNA
moves as a single component in all grades of Sephadex. On the
other hand, the elution pattern of the phosphodiesterase
treated SRNA on <375 reveals a series of slightly shortened
SRNA molecules. (G-75 does not completely exclude SRNA)
The existence of a major narrow "excluded*' peak when the same
diesterase treated SRNA is passed through G-50 Sephadex shows
that the majority of the sub-units formed are of a molecular
weight greater than 10,000, and therefore excludes an endonu-
clease activity Iin the enzyme preparation. Finally, the prod-
ucts removed from the SRNA by spleen phosphodiesterase hydroly-
sis are small nucleotides (i.e. of a molecular weight smaller
than 1000) as revealed by the presence of a well defined,
though extended, small molecule peak (see Pi marker) in the
elution pattern of the 3-25 column (Figure 21). The explana-
tion for the trailing of the nucleotides in the small molecule
region probably resides in certain adsorption properties of
the Sephadex gels.

A third possible cause is the presence of exonuclease ac-
tivity in the SPDE preparation, that hydrolyzes nucleotides
from the amino acid acceptor end of the nucleotide chain. Our

knowledge of the mechanism of action of spleen phosphodiesterase
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Figure 21. Elution Pattern of Native and SPDE Treated SRNA
in Sephadex Columns.

G-25, G-50 and G-75 Sephadex columns of a total bed volume
of 120 ml were used. 5 ng samples of native and SPDE treated

hydrolysis) SRNA were successively eluted from each column
following the procedure described in "Methods". 6 pmoles of
phosphate were used as a small molecule marker in each case.
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on SRNA is not complete, but this possibility can be ruled out
by extrapolation of the results obtained with oligonucleotides
(104) which state that the spleen diesterase will not hydrolyze
nucleotides from the 3° CHend of the chain. Unfortunately,
no direct experimental evidence is as yet available on this
point, even though the subject iIs open to test by labelling
SRNA with & AWP in the amino acid acceptor end and subse-
quently hydrolyzing the SRNA with spleen phosphodiesterase.

A fourth and most likely cause for the rapid loss in in-
corporating ability of the SRNA upon SPDE treatment, is that
the nucleotides on the non-accepting end of the molecules are
essential for the SRNA to accept activated amino acids. This
theory is supported by the failure to isolate active fragments
of SRNA released by phosphodiesterase action. Assays using
lyophilized aliquots obtained from the trailing side of the
major peak of Sephadex G-75 eluates of SPDE treated SRNA have
been unsuccessful In showing measurable incorporation activity.

The above findings are in support of the essentiality of
the non-amino acid binding end of the SRNA molecule in the
amino acid accepting reaction. The only published evidence
against this postulate is that of Preiss et al. (101), who
have reported that a 5% hydrolysis of E. coli SRNA by spleen
phosphodiesterase results in a loss of only 20$ of the activity
to incorporate valine, while the same degree of hydrolysis

with purified snake venom enzyme produces the expected complete
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loss in incorporating ability. Owing to the lack of available
data on the diesterase assay conditions and the purity of the
SRNA used by Preiss et al., it is hard to make a full compari-
son of the two studies.

The action of spleen phosphodiesterase on SRNA was studied
at two different temperatures using low and high salt concen-
trations. Figure 22 shows that the rate of hydrolysis of
yeast SRNA by SPDE is lower at high ionic strength. As seen
in Figure 23 and 24, either low temperature or high salt con-
centration requires a greater extent of hydrolysis of the SRNA
to obtain loss In the incorporating ability.

SPDE is known to hydrolyze "core” RNA Pibooligonucleotides
and deoxyribooligonuoleotides, while it is inactive on DNA
(54,104). This is possibly due to the presence of a well de-
fined secondary structure in the DNA molecule. The studies
of Bronn et al. (13,114) show that SRNA too, has a secondary
structure, which is protected under conditions of low tempera-
ture and high ionic strength (119). This indicates that SPDE
will hydrolyze more effectively under conditions that will
weaken the secondary structure. Therefore, when this struc-
ture is protected, the enzyme will preferentially attack those
nucleotide chains that have a less defined secondary structure,
namely, the "junk" RNA present as a contaminant in the yeast
SRNA preparations. The diesterase itself is not affected by

the ionic strength, for as seen in Figure 25, the rate of
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Figure 22. Influence of Salt Concentration and Temperature
on the Rate of Hydrolysis of SRNA by Spleen
Phosphodiesterase

Procedure and calculations as described in "Methods".
High Salt: 0.1 MKC1, 0.01 MMgCI2 in 0.01 MK-succinate
pH 6.?. Low salt: 0.01 MK-succinate pH 6.7. 6 units
of SPDE were added to start each reaction, with total
volume of 8.2 ml. Samples for percent hydrolysis and per-
cent activity determinations (see Fig. 23 and 24) were
taken at the times indicated. "Broad spectrum" yeast
enzyme (see Methods) was used for the incorporation assays,
with aliquots of 1.6 ng of SRNA
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Figure 23. Per Cent Activity Left vs. Per Cent Hydrolysis
a. a Function of Salt Concentration.

For experimental conditions, see Figure 22.



Figure 2k.

Per Cent Activity Left vs. Per Gent Hydroly-
sis as a Function of Salt Concentration.

For experimental conditions, see Figure 22.



Figure 25. Effect of Salt Concentration on the Hydrolysis
of "core" RNA by Spleen Phosphodiesterase

Every tube contained 2 pmoles K succinate pH 6.7;
2 mg "Core RNA", 0.1 ml SPDE (1 unit). "High Salt"
tubes contained 2 nmoles MgClp and 20 nmoles KC1. Total
volume was 0.2 ml. Incubations were performed at 37°C
and the reactions were stopped at the times indicated with
0.3 m 0.6 MHC10~. The tubes were centrifuged in the
clinical centrifuge for 3 minutes and the 0.D, at 260 mn
of the supernatant was determined. Identical incubations
were performed in another set of tubes, adding water in-
stead of enzyme. The O.D. values of these tubes were
substracted from the tubes above.
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hydrolysis of "core" RNA is not Inhibited by an increase in
the salt concentration present in the reaction mixture.

Even under conditions where the SRNA chains are somewhat
protected from hydrolysis by SPDE, there is a considerable
loss of incorporating activity with a low level of hydrolysis.
This further supports the hypothesis that the non amino acid
end of the chain is important in the incorporation reaction.

If the non-amino acid end of the SRNA chain plays a role
in the iIncorporation of amino acids, it must be associated
in some manner with the active site of the activating enzyme.
The hypothesis proposed by Brown & Subay (18) that SRNAs exist
as single chains folded back on themselves in the form of a
double helix, with both ends of the chain facing each other,
attaches interesting implications to the results obtained here
(see CGE\ERAL DISCUSSION).

Clearly, these results are only an indication of the size
of the active SRNA involved iIn accepting an activated amino
acid. Final proof must await similar and more detailed studies

on purified amino acid specific SRNA



CHAPTER IV

GENERAL  DISCUSSION

In the past, most work on amino acid activation and crans
fer to SRNA lias been performed with crude enzyme systems. One
of the purposes of this thesis has been to obtain a purified
preparation that would allow more detailed studies of these
reactions. Therefore, the tyrosine activating enzyme from
pig pancreas has been purified and its properties have been
extensively studied.

The evidence presented in Table | indicates that the
activating enzyme is responsible for both the activation of
the amino acid and its subsequent transfer to SRNA Thus,
the active site of the enzyme must be rather complex in charac
ter, and therefore, most interesting and challenging to study.
For example, the active site must partake in the following
actions: (1) it mBdt bind ATP, Mg** and one, specific amino
acids (2) it must trigger the activation reaction through a
proper arrangement of these substrates and the active groups
of the amino acids comprising this active site; (3) It must
stabilize the high energy amino acyl adenylate formed during
the reaction! (4) the active site must have the ability to
bind the correct specific SRNA and (5) it must catalyze the

109
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transfer of the activated amino acid from the AMP to the 2°
or 3* OH of the terminal adenosine of the acceptor SRNA.
Hardly anything is known at present on the mechanism by which
the activating enzyme performs these tasks.

Some information has been obtained in this thesis on
the role of Mg*+. The studies on the requirements for Mg**
and ATP indicate that a Mg-ATP complex is essential for the
activation to proceed. Perhaps the Mg** by its complexing
ability helps the enzyme stabilize the high energy AMP-AA.

The turnover number estimated for the tyrosine activating
enzyme are, as indicated, relatively low. The fact that the
turnover number for tyrosine incorporation is so much smaller
than that of the PP exchange (18 vs. 1740), is no doubt a
reflection of the thermodynamics of the overall reaction.
The activation reaction is known to be endergonic towards the
formation of AMP-AA, and therefore, readily reversible. This
is particularly true if the AMP-AA is stabilized by the enzyme
and does not hydrolyze spontaneously. On the other hand, the
transfer reaction requires a successful collision of the
enzyme C AMP-AA with the specific amino acid binding site of
a specific SRNA, something much less probable than a collision
with a PP molecule.

The determined value for the Kjj of the pd-g enzyme towards
tyrosine specific SRNA of 3.3 x 10~8 M (average of two deter-

minations) is a relatively low value when compared with other
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enzymes, and Implies a great affinity between the enzyme and
its specific SRNA  This high affinity may account for the
so called "pH5 enzymes" observed by several groups (59,63).

It is likely that the relative insolubility of the SRNA
caused by low pH, coupled with the high affinity of the enzyme
for its specific SRNA results in coprecipitation. Further
proof of this hypothesis is found in the purification of the
pig pancreas tyrosine activating enzyme, in which a pH 5.4
fractionation is used. At this stage of the purification
there is little polynucleotide material present (280/260 m 1,
i.e., 3% nucleic acid) and as a result, the activating enzyme
does not precipitate.

In light of this high affinity of the tyrosine activating
enzyme for its specific SRNA it appeared logical to use the
enzyme as an aid in the purification of tyrosine specific SRNA
Thus, attempts were made to observe enzyme-SRNA complexes in
sucrose density gradients. No change was observed in the shape
of the SRNA peak, so as to overlap the activity peak of the
added enzyme, perhaps due to the small amount of tyrosine
specific SRNA present In the SRNA used (0,27%)*

Comparative studies with yeast and pig tyrosine activat-
ing enzyme show that they can catalyze the incorporation of
tyrosine into SRNA isolated from both species. Despite this
similarity, these two enzymes present differences iIn properties.

Ore of the possible reasons for the success in the purification
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of the pig pancreas tyrosine activating enzyme, is the lack
of "SH property” of the enzyme. In contrast, the yeast enzyme
mbecomes very unstable after a low level of purification, and
it is very sensitive to SH blocking reagents like
p-chloromercurlbenzoate (120). This suggests possible dif-
ferences in the tertiary structure of both enzymes and perhaps
in their active sites. More detailed studies with SH reagents
and also with reagents specific for other active groups would
provide valuable information on these differences.

An initial attempt has been made in this thesis to study
the structural requirements for SRNA in the incorporation re-
action. Although these results are of a preliminary nature,
they open the door to more detailed studies, specially if a
highly purified tyrosine specific SRNA becomes available.
Since the information available in the literature indicates
that this SRNA offers one of the best chances of being obtained
in a high degree of purity (4,17,49,116), the prospects of
this work are indeed promising.

The results obtained by Brown and collaborators (18,19,
114) on physical studies of SRNA have allowed them to
propose a three dimensional structure for SRNA molecules.
According to their hypothesis, the polynucleotide chain is
folded back on itself, the two halves forming a double stranded
helix and thus being equivalent to the antiparallel chains

of DNA Models of such a structure show that the fold at the
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end of the molecule must consist of at least three nucleotides.
The bases in these nucleotides have free hydrogen bonding
sites, and it is possible that they represent the nucleotides
which link to the messenger RNA and therefore specify the
code for the specific amino acid.

The experimental results presented In this thesis support
the hypothesis that both ends of the polynucleotide chain of
SRNA are necessary for the Incorporation of amino acids, as
suggested by Brown’'s model that places both chain ends together
in one extreme of the molecule.

If one accepts this model, it is likely that the species
specificities observed in SRNA (see Table XV) reside in altera-
tions of the nucleotide composition and sequence near the site
of enzyme-SRNA association. This suggests that one nmay be
able to correlate the nucleotide sequence near both ends of
the polynucleotide chain of amino acid specific SRNAs with
their biological source. Species specificity would then in
no way affect the coding sequence in the fold point of the
nucleotide chain. This would explain the observations of
Nathans et al. (94) that ribosomes from rat liver can accept
amino acids from E. coli SRNA as long as the transfer enzyme
is from the same species as the ribosomes used, and the re-
sults presented in Table XV, which show that rat liver SRNA
incorporates a negligible amount of C-~ tyrosine in the presence

of E. coli tyrosine activating enzyme.
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The studies of degradation of SRNA with spleen phospho-
diesterase suggest a further line of work, involving the study
of the structural requirements of the SRNA molecule on the
donation of amino acid from SRNA-AA to a polypeptide on the
template. |If the theory presented above is correct, short
treatment of SRNA-AA with spleen phosphodiesterase should give
an SRNA molecule that can transfer its amino acid to the poly-
peptide chain on the messenger, but becomes incapable of later
accepting another activated amino acid from the activating en-
zZynme.

Our sedimentation studies indicate that the yeast SRNA
preparations used are quite homogeneous. In contrast, only
a very small percentage of this SRNA was found to be tyrosine
specific. Since both ends of the polynucleotide chain seem
essential for the incorporation of amino acids, the removal
of a few nucleotides from either end should cause a sharp loss
iIn activity. Any such action during the preparation of the
SRNA would produce considerable loss in activity without sig-
nificantly altering the molecular weight of the chain, thus

explaining the low levels of tyrosine specific SRNA found.



CHAPTER V

SUMMARY

This thesis is concerned with the mechanism of the re-
actions involved in the activation of amino acids and subse-
quent transfer to SRNA

To this end, a highly purified preparation of the tyrosine
activating enzyme from pig pancreas has been obtained. The
purification procedure involves adsorption in Ca3 (RC4)2 gel,
(NBNJgSC™ fractionation, acid fractionation and chromatography
in DEAE cellulose and Ca3(P04)2 gel cellulose columns.

The purified enzyme has a specific activity of 132 measured
by the hydroxamate assay, and since it is free of nuclease ac-
tivity, it catalyzes the incorporation of tyrosine into SRNA
unlike previously described preparations.

The enzyme has a very narrow substrate specificity. Of
the natural amino acids, only tyrosine, and to a smaller extent,
phenylalanine, are substrates of the PP exchange reaction.

The Km's for these amino acids are 2.7 x 10”5 Mand 1.8 x 10“2
M respectively.

The molecular weight of the enzyme has been estimated by
means of sucrose density gradient centrifugation, and a value
of 115-118,000 has been obtained. The turnover numbers
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calculated with this value are 1740 and 17.7 for the PP ex-
change reaction and incorporation of tyrosine into SRNA
respectively.

The enzyme catalyzed incorporation of tyrosine into SRNA
requires the presence of ATP and Mg**. An optimal rate of
incorporation is observed if the ratio of concentrations of
these two components is 1:1. The extent of equilibrium in-
corporation of tyrosine depends on the concentration of SRNA
while it is independent of the enzyme concentration. The Km
for SRNA In this reaction is very low (3 x 10“8ll) suggesting
a strong interaction between the enzyme and its specific SRNA

Species specificity studies show that the pig pancreas
tyrosine activating enzyme will catalyze the transfer of tyro-
sine to SRNA from pig or yeast and is inactive towards E.
coli SRNA while the E. coll enzyme will only catalyze tyro-
sine transfer to its homologous SRNA

Studies have been made to determine the structural re-
quirements of the SRNA molecule for the incorporation of amino
acids. Elimination of nucleotides from the 5f terminal end
of the chain by hydrolysis with spleen phosphodiesterase shows
a very sharp loss of Incorporating activity after a low level
of hydrolysis. The evidence obtained indicates that the
diesterase does not possess endonuclease activity and that
the products of hydrolysis do not inhibit the incorporation

of amino acid into intact SRNA It has been concluded that
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the non-amino acid binding end of the SRNA chain is essential
for the incorporation of amino acids.

The implications of these findings on the mechanism of

amino acid activation and transfer are discussed.
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