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ABSTRACT ‘
The mechanism of messenger RIJA binding to ribosomes was

investigated in a rabbit liver cell-free system in vhich all

reaction components were purified.to homogeneity and free of

~
)

RNase., The biological significance of the obscrved nRNAribosome

-

complex wag oxgmined in terms of specific binding of aminoncy¥~
tﬁNA to the mRHA;ribosomo complox, as specified by the genetic
codon éf the bound mHNA.A

In érdef to study mRNA:ribosome  romplex formation and
specjfic binding of nmin%acyl—tQWA, at least four rcaction Comﬁoncnts
were necossary} CRNA, aminoacyl-tRNA svathetase, mRIA, and ridosomes,
The first tvo components were required to prepare amino&cyl—tRHA;
the last two components were required to form a ﬁRNA:ribésomc
complex,. Wﬁcn these studies were initdiated in 1970, there were no
established methods fpzfthe isqlatioﬁ of the rcaction components.
Therefore it was necessary to sreparo rabbit-liver - tRNA (Chapter

v

3), ; amihoacyl-tRMNA synthetase.(Chgpqér %4), and - ribosomes (Chapter
5) to homogeneitv. The h?épa%ation qf ﬁRﬁA was avoided by using
synthetic homopoi}ribﬁnuclcates.'
The ribosciwes prepzred were found to be incapable of binding -
any ﬁAnAFS. {Thu capacity to bind mRYA was found to be separaéed Crom
the riboéomes‘during the purification procodurg. This fact led to

the discovery of protein factors which mediate the_binding of syn-

thetic mWA's to the ribosomes (Chapter 6). . —



The mRNA binding proteins can be separated dnto four functional
\

sroups, cach ol which mediates the binding of one of polv-A, pol }'—-(T .
poly=G, or poly~-U respectively, 0Of these four proteins, the
f : : v .

poly-A specific bindine factor (b%—fnctor) and the poly-U specific

binding factor (f{ —factor) were purified to homogeneity.. The
T } [l }

U

molecular weight o: hoth factors was Jdetermined as 60,090 daltons
using $NS-gel clectrophoresis. The M—factor mediated binding

’ ‘ .
of homopolynucleates is not an artiifact since the ternary complex

= mRMA:ribosome:M~-factor, bindkwith aminoacyl-tRNA as specified by

\

the genetic code. However, the binding of aninoacyl-tRiNA to the
ternary complex roqu&ros an additional factor.
: ' *

The mechanism qQf ATA_inhibit%on on the formation of the ternary

complex. was also examined. ATA, a iinovn inhibitor of mRMA:ribosome

v \

intetaction in other systems, inhib&&s the forration of the mRYA:
M-factor complex, but does not inhibit the binding of this complex

.tb ribosomes. ‘ . o

\ ] _ vi ‘ S
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CHAPTIR 1

INTRODUCTION

The discovery of tRMNA in 1955 by aneénik and co-workers (1,2)
and the Fstnblishmcnt of the cell-free hemoglobin synthesizing system
in 1958 by Schweet and co-workers (3), signalled the introduction of
studies of the gg*yigigvtrnnslationvof genetic information. These
studies, developed from cukaryotic cells, provided one of the most
significant means of investigating the mechanism of protein synthesis,
Because of the difficulty in ohtaining cell-free prepara-
tions ffom bacteria, the early studies of-protéin synthqsis wvere ca;ried
out almost exclusively in mammalimn systems. It was not until 1960 that
Laﬁgorg and Zamecnik reported the successful use of an E. coli cell-:
free system for examiniﬁg'?totcin synthésis (4.

Once the cell—freéig;_ggli system was-established,a new wave
pf investigations began and the rate of discovery of new facts took
an abrupt turn upwards. Concepts Qriginally conceived in mammalian
systems were quickly applied and follpwed up in the bacterial system.

As a result,adifference in progress between the two systems emerged
during the 1960'5. By the‘end of the decade it was obyious that with

respect to research into the mechanism of protein synthesis, advances

made in the mammalian system were small compared to those made in the

/b LIRS n
acterial system.
/

)



1. Progress in Pacterial Protein Synthesis (1960--1970)

The following concepts were well established in thc'bdctcrial
system when this thesis work was initiated in 1970:

. . ) met . .
(i) It was established that two species of met—-tRMNA exist in

met
E. coli. One spocics,mot—tRfIAf , can be formylated whereas the other, met-

met . .
tRNAm , cannot (5,6). These two specices, although synthesized by the

same methionyl-tRIA synﬁhetase (7,8), display different functions:

met . .. . . . .
tRNAf ~delivers a formylated methionine into the W-terminal position

. L met . ' . .

of proteins (9,10), whercas tRﬂAm delivers an unformylated methionine
into internal positions of the growing ﬁolypoptide chain (11). Subsequent

i ‘ met . e .
studies showed that fmet—tRNAf functions as the chain initiator amino-

acyl-tRNA for F. coli polypeptide synthesis (12-14), and recognizcs

the initiation codons AUG and GUG (5,11).

. %

(ii) The reaction mechanism of aminoacyl-tRNA synthesis was well
studied. The rcaction is catalyzed by aminoacyl-tRA synthetases spccific for a
. . . o : 2+
particular amino acid and requires the presence of ATP and Mg~ . By 1970,
mahy aminoacxl~tRﬂA synthetases had been isolated from bacterial systems

\
(15-21). )

(iii) The behavior of ribosomal subunits in bacterial peptide

synthesis was also established. Experiments using differential labelling

14

of ribosomal populations with radioisotopes (3H, C), demonstrated that

essentially all the ribosomal subunits exchange with polysomes (a number
» - ) .

of ribosomes attached to the same mRNA) (22-25). Additional isotope

studies provided firm evidence for the obligatory formation of an

° A

/

/.



initiation complex involving the épccific binding of mRNA and fmet-

met ’ :
tRNAg to the 3NS5 ribosomal subunit (26,27).

)

(iv) Protein factors necessary for the translation of natural and
synthetic mRUA's were isolated and characterized in several laboratories
(28-31), Despitf>*hc confusion caused by the various designations
assigned to these factors, there are essentlally three protein factors
involved in the Compléx formation during the initial step of brotoin
synthoéi&. These factors are localized predominantly on the 30§ ribosomél

subunit (32,33). Table 1 summarizes the properties and functions of the

threc initiation factors.

. \
(v) Stepwise addition of amino acids to a nascent peptide” chain is

the essence of polypentide clongation. The clongation process consists

of three major events: the first, factor mediated binding of aminoacyl-
tRNA to the ribosomec:mRNA complex; the second, addition of the amino acid
to the carboxyl terminal of the growing polypeptide chain; thélthird,

concomitant translocation of mRNA and newly synthesized‘peptidyl—tRNA
] ,
(34-36). Thefé are three factors involved in the elongation process:
/ : : ~

Flongation Factor (EF)—TU, —TS, and -G. Additional proteins displaying
peptide boﬂdeorming'activity are reported to be associated with the

large, 50S, yibosomal subunit (37). Table 1 summarizes the properties
C

and functions of these elongation factors.

/ - . .
T o(vi) ﬂerminatioh of polypeptide synthesis was also studied during
/ : o
the 1960'3& Several lines of evidence demonstrate the existence of

specific jtermination codons. Studies in F. coli involving various

R

/- . ' -
r/ '
i
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gene mutations, such-as amber and ochre, led to the {identitication of
UAG, UAA, and UGA as termination codon: (38-41). Proteins responsible
for the termination codon-dependent relcase of peptidyl-tRUA were

also isolated and characterized before 1970 (42-46) (Table 1).

1I. Progress in Mammalian Protein Synthesis (1960-1970)

From the above summation of progress for the I'. coli system, it is
! L. s

_obvious that by 1970 substantial advances had been made concerning the
, 3\

major events of bacterial protein synthesis: initiation, elongation,

and termination. In contrast to this) very little progress had been

made, concerning the mechanism. of mampalian protein synthesis as described

in the following summation:

(i) The initiation mechanism yas not yet dotermiyed. Although

- . . met . :
evidence for the existence of two differcnt tRNA species was presentur

(98), there was no conclusive evidence for the presence of an injtiator

met

¢ Studies in the rabbit

aminoacyl-tRNA similar to bacterial fmet-tRNA
reticulocyte cell-free system (99), and the trout testis system (100),
suggested that the N-terminal amino acid of both hemoglobin and protamine

synthesized in c¢:° suspensions was methionine. liowever, no further
- o § )
progress was made concerning these studies.

(ii) Despite the fact that the functien of tRUA nas a specific

‘amino acid éccepting molecule was discovered in the mammalian system
(}01), tie eﬁzyhefcatalyzing’this reacticn was not eharacterizc& until
after 1970% It is'énteresting to nd;g théq at prgsent; only three
mémmalian-gminoaéyl—ﬁRNA‘synthetaséskhavé been charactéfized (ld2—105).

. i
. C. . '
/ . v



(iii) The role of rihosomn]‘suﬁhnits was not yet known. The
participation of thorsmn]l, %OS, ribosomal subunit in an initiation.
complex was suggested from studies of rabbit reticulocuLcs (l06) and
Hela cells (107). However, this gonclusion'is bnsod.on the observation
that-exchunge occurs between the pool of riboéomnliéugunits, ribosomes
and polysomes in mammalian éystems (106, '108-110). The cause for tuis
delayed progress was larpely due to the diffi@ulpy‘in dissociating

: 2+
mammalian ribosomcs, Lowering the Mg concentration, which dissociates

bacterial ribosomes into biologjcaily active subunits, is not cffective

in mammalian ribosomes systems,

(iv) The participation of protein factors in protein synthesis
was originally diécovered for the reticulocyte system. Howevbr, progress
in the mammalian system was delayed due to the inability to prepare
ribosomal subunits necessary for assigning the functions of individual
protein factors. With respect to initiation factors, a fraction
termed M wasiobtained from cfude rabbit reticulocyte ribosomes by
extraction with high salt. (111). This crude fraction was found to
stiﬁulatevthe initiation of globin synthesis. Turification of this
fraction into distinct initiation activities comparable to E. coli

I¥-1, -2, and -3 occurred only after 1970. Table 1 summarizes

the properties of M fraction,

(v) A motable contribution from the mammalian system dufing_the 1960's

was the establishment of tiie direction of polypeptide elongation from

8



the N-terminal to the carboxyl-terminal of the polypeptide chain.
Considerable progress was also made in the chnructorizhLion of protein
factors involved in the elongation process. deflore 1970, two elonga-
tion factors had been partially purificd and characterized.- One of
these factors corresponds to Il. coli T factor and the other to the -
E. coli G factor. The propertics of these factors are summarized \~

ir\n Table 1.

(vi) During the 1960's little was reported concerning the \\
termination mechanism in mammalian proteinm synthesis. Evidence for

termination codon(s) is still not available; however, a termination-

associated relecase factor has been reported (112).

’ *

I11. Project TFormulation

It is apparcnt that for all aspects of protein synthesis considered,
progress in the mammalian system lagged behind progress in the F. coli
system.

hy did this diffg;ence in piogress exist between the two systems?
One reason was the difficulty in dissociating ribosomes iﬁto
subunits, which is necessary for examining the mechanism o: protein
synthesis. Another reason was the_diffiéulty in developing ﬁechniques
and methodology for purification and maintenance of .other components
in a biologically active form. -

In 1970, we initiated studies on protein synthesis in a rabbit
livér ccll;free system. These studies were undertaken to gain a more

comprehensive p}cture of mammalian protein synthesis and to permit a

detailed comparison of this system with the bacterial system. OCur main



interest was the Initial steps of protoiﬁ synthgis; in particular,

. . :

determination of the mechar and the biological sipnificance of

in vitro mWNA:ribosome complex format ion. By focusing our attentlion
on the. mPlA:ribosome complex we L‘]inl;iﬁiltt*(l many of the problems
inherent in examining a complotvlprbtoin synthesizing system,

Figure 1 illustrates in simple form the Syhthotic mRNA:ribosomo
initiation complex.

Tolanalyzd the steps leading to the mRNA:ribosome comb]ux we
decidcd to establish a completely homologous cell-free Systcm frué of
RNase and consisting of components purified from fnbbit‘iivor. Tho‘
reasont for these requirements was based on our observation that the
use of impure and/or heterologous components decreased the rciiabilify

in assigning the function of individua! . omronents in the initiation

complex formation. o

Soanlysis of tlie mechanism of mRNA:ribosomcrcomploﬁ formation
‘required two basic ﬁpproaches: (1) the demonstratiénAof mRIA:ribosome
complex formation under appropriate cbnaitions, and (2) confirmation of
tﬁc biological significance of the mRNA:ribosdme‘complcx.A_Sincc the
specificABiﬁding of aminoacyl-tRNA to the mRMA:ribosome complex is
the next event during brotcin svnthesis, the significance of the

interaction between mRNA and ribosomes was assessed by the binding

a
i

of aminoacyl-tRNA to the complex as specified by the genetic codons on

the bound mRIA.



mlNA binding {actorvs Fibosomes

/

aa

aminoacvl-tRIA transfer RNA
synthetascs

yar

1: Messenger RNA:Ribosome complex indicating a bound aminoacvl-
tRYA (n, ntl, and n+2 desipgnate genetic codons on the bound
mRNA) .



TV. Istablishment of an Homolopous mRNA-Ribosome system

In pursuipg the: above two lines of experiments at least four
(poséihly five) reaction components were required: tRMA, aminoacyl-
tRNA synthetase, mﬁﬂA,~ribosomes and, if necessary, protein factérs.

The first two components were required for the preparation of amino-
acyl-tRMA for the specific binding experiments. The mRVA and purified
ribosomes were necessary to demonstrate milA:ribosome complex formation.
For this latter study we chose a series of commercial homopolyrion
nucleates as mRNA; howecver, the ribosomes had to be purified froﬁ
rabbit liver. The requirement for specific pfotein factors to mediate
mRMNA:ribosome cémplex formation was not known when we initiated our
egperiments; nevertheless, in light of progrcsé in the E. coli system
we anticipated the necessity.of some protein factor(s) in our system.

The preparation of gram quantities of rabbit liver tRNA was
accomplishcd and is described in Chapter 3 (125). Since the preparation
of iarge qﬁantities of liver tRITA was elabérative, it was used onlf
in the final stages of each experiment. During the preliminary stage
of the experiments, commercial yecast tIRl’A was employed as a substitute.
In ‘this regard, it should be mentioned that yeast tRNA {is not as
effective as homologous rabbit liver fRNA'in the aminoacylati&h reaction.

The nece;sityfbrfqbtaining purifiéd aminoacyl-tRNA synthetase
was recognized atvthe early stages of our research. 1In the presence
of cruae pfotein from a post-ribosomal fraction neither liver tRNA nor
yeast tPIA was able to éccept sufficient amino acid to permit isolation

of labelled aminoacyl-tRNA. We therefore attempted an extensive
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purification of two synthetases: phenylalanyl-tRUA synthetase and lysyl-
tRNA synthetasce. Both of these synthetases were purifiéh. Phenylalanyl-
tRNA synthetasce was purified to homogeneity and studied in depth as
described in Chapter 4 (126). Using these purified enzymes we could

obtain sufficient quantitics of phe-~tRUA and lys-tRNA for usc in studies of
specific binding of aminoacyl-tIA to the mRNA:ribosome co , sex.

Due to the instability of the mammalian ribosome structure, the
preparation of pure rabbitwgiver ribosomes required censiderable modifica-
tion of the methods pchiously employed for the isolation of bacterial
ribosomes. A method for thg large scale preparatioh of pure rabbit
liver ribosomes was established as described in Cﬁapter 5 (127). fhis
method includes the application of differential centrifugation
of tissuc homogenate, deoxycholate treatment of a lSO,QOO % G supernata -,
concentration of ribosomes by partition, and purification of ribosomes by
DEAE-cellulose chromatography.

The most striking feature of the purified ribosomes was that they were
unable to bind aﬁy mWIA tested, although theywere active protein synthesis
when supplemented with crude protein from a post-ribosomal supernatant. This
finding led us to.the discovery of messenger RUA binding factors from pbst—
ribosomal supernatant proteins as described briefly in the following section
and in detail in Chapter 6 (128). The isolation of mRNA binding factors
and examination of their role in mRNA:ribosome complex formation

[

represent the major topics of this thesis.

V. Discovery of mRUA Binding Factors

The lack of mRIA binding capacity of the purified ribosomes suggested

to us that the purified ribosomal system required the presence of some
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additional component(s) to mediate the mRUA binaing. Since the purified
ribosomes were active in protoinbbynthnsis when supp]omonted with a crude
_protein fraction iﬁ was obviods that mRNA:ribosome complex formation must
have occurred. Morecover, the absolute requirement for the protein fraction:
suggested to us that thig fraction migh ¢ ntain the mRNA binding activity.
In kegping with our requirement for a homologous system, we initiated
a rigorous scarch for mRNA binding factor(s) from rabbit liver tissue.
The most logical approach was to determine at what stage of purification
the ribosomes lost the capacity to bind mRNA. 1In fact we found pqu—U
binding factor predominantly in the fifst post—ribosoﬁai supernatant
and some residual activity in the crude ribosomal fraction. The most
interesting feature of this poly-U binding factor was that it was able
to mediate the binding of only poly-U to the purific@_ribosomes. No
other homopolynucleaté‘binAing could be demonstrated in the presence of
this protein. This observation at thé-carly stage of our investigation led
us to search for a full complement of mRNA binding factors specific for
each homopolynucleate.

Fouf“épecific mﬁNAvbinding factors, one for each 5f.the homopolymers
poly-A, -C, -G, and -U were detected in crude fractions. These fo tors were

designated as ', -, M

A7 Mo MG—, and MU— factor, respectively. The stability of

these four binding factors varied tremendously depending on tﬁe conditions
employed for isolation. As a result, we werc able to purify only two of
the factors to homogeneity, one specific for poly-A and the othef specific
for poly-U. Unfortunately, during the course of purification of poly-A

and poly-U binding factors, poly-C and poly-G factor were inactivated.



The use of poly-A and poly-U bjpding factwrs permitted us to
demongtrate both poly-A:ribosome and poly-U:ribosome complex formation.
"As planned at the outset of our program, the hiblogical significance
of the mRIA:ribosome: factor complex was verified by the ability of
the ternary complex to accept specific aminoacyl-tRMA's: 1. phe—tRWA
binding to the poly-U:ribosone MU—fnctor complex and, 2. lys—tRFA
binding to the poly-~A:ribosome xk~fnctor complex. These tests
demonstrated ghnt bindiﬁg of aa~tRNMA to the féfnary complex occurs only
vhen Ehc system is supplemented with GTP and an elongation factor.

»

Thus the significance of the mRNA binding factors, AA and MU’ for

poly-A and poly-U binding, respectively, was confirmed,

Vi. Comparisca of mRMA Binding Factors,M, and NU,with Knovn Protein Factors

A

The characterization of the mRNA tinding factors, M, and MU,provided

A

us with the information necessary to compare and correlate their physical

properties and biological function to those of known factors. TFor the
purpose of comparison, Table 2 summarizes the properties and functions
of .factors described to date in mammalian protein synthesis. For
convenience, the mRNA binding factors described in this thesis are also

included in the table.

}%rand MU—bindjng factors do not resemble initiation factor IF-Nl.
M? or elongation factor ILF-2 from mammalian sources. lowever, the

binding factors do share some properties of both elongation factor [F-

1 and initiation factor IF-i{; from rabbit reticulocytes. The molecular

Ir-

weight of EF-1 subunits is very close to that obtained for both MA'and MU‘
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according to neutral SDS-polyvacrylamide gel electrophoresis, However,
EF~1 1s included on Sephadex G-200 whercas both NA— and MU— factors are
excluded. HMoreover, EF-1 and the mRIA binding factor« differ functionally.

A

the binding of aminoacyl-tRNA to the mRNA:ribosome complex.

M, ~ and HU—Efactors are completely free of the.EF—lvcapacity to mediate »
Of the known factors involved in mumﬁaliankprotein synthesis, MA~
and MU— factors most cloéoly f¢scmble'initiafion factor IF—MB. In the
first place, el ion of both IF—M3 aﬁd M—factors octﬁrs between 160 and
220 nm.salt. Secondly, both specids’ure‘cicludcd from Scphadex G72OO;
and thirdly, hoth arelinvolved with’the binding of mRNA to the riboso%es.
b%~ agd MU—factors,-however, show significant differences from IF—HBAA The
estimated molecular weight of IF—N3 is less than 25,000 while that of the
mPNA binding factors is 60,000, IF—M3 does not bind synthetié mRNA to
ribosomes; our factors,'HA— and MU—, do. IF—M3 is reported to be natural
mRNA-specific; binding factors HA~ and MU— appear to be base-specific,
On the basis of this comparison, it éppears that HA— and MU— factors
differ significantly from other chtors known to be involved in mammalian
protein synthesis. Aithough MA— and MU~ factors differ from ofher well-

characterized proteins as mentioned above, two possibilities concerning

functional correlation remain:

¢

(i) MA— and MU— factors miéht represent the mammalian ribosomal
protein equivalent to E. coli 30S ribosomal protein S1. This protein is
acidic in ﬁature, has a molecular weight of €0,000 - 65,000 and is known
to comprise the active site for mRNA bindiﬁg on the 30S ribosomal

subunit (149-152),



20

(ii) MA~ and MU— factors might represent the protein component of
cytoplasmic mRI'P (messenger ribonucleoprotein complex), found in
mammalian systems (153). 1t is conceivable that the protein moiety

of the mRUP is responsible for specific recognition of the mRMA moiety

by the ribtosomes.
h

Unfortunately, present techniques and methodology do . mit
1 .
an extensive examination of these two remaining possibilities. 1o
the necessary systems are established, correlation.of MA» and MU’ ac.eors

with either an Sl-like protein or cytoplasmic mRIP remains speculatic



CHAPTER ?

MATERTALS AND METHODS

I. Materials .
(i) Chemi:als: [BH]L—phcnyTQIanihe (specific activity 6.0 Ci/mmole

and 6.4 Ci/mmole), [lAC]—amino acids (50 mCi/mmole), [BH]—cytidinq 5'-
triphosphate (19 Ci/mmole), [BH]—adenosine 5"-triphosphate (19 Ci/mmo%g);
and [3H]—polyrib0Jridylate (8.1 mCi/mmole of polyribonucleotidyl phﬁé;

phorus) were from Schwurtz BioResearch. [3H}L—phenylalaninc (5.0 Ci¥Xmmole),

[3H]L—lysine (5.0 Ci/mmolé),_IBH]—bol§riHoadenante (1 Ci/ﬁmole of y-
ribonucleotidyi phosphérgs)'and [BH]—polyriboﬁridyiate (13.7 Ci/&h
of polyribonucleotidyl phosphorus) wqfe_purchascd from YNew England
Nuclear. Unlabélled polyr%bouridylatc and polyriboadenylate (a?erage
Lmolecular weight 200;000 daltons) were from Miles Laborqtories.
DEAE-cellulose (exchange capacity 1.20 meq/ml and 0:91 meq/mi)
‘was purciased from Whatman Industries and Schleicher & Schuell, Inc.
Phosphocellulose (exchange capacity 0.99 meq/ml) was purchased from
Schleicher & Schuell, Inc. Sephadex G-200 (particle size 40-210 p) and
Sepharose 6B (particle size 40-210 ﬂ) were purchased from Pharmacia Fine
Chemicalé. Trizma base, Norit A, deoxycholate and dextran sulfate were
6btained from Sigma Chemical Co. Polyethylene glycol 6000 was from J.T.
Baker Chemical Co. Ammonium sulfate and sucrose were of ultra pure
quality, special enzyme gradelaﬁd obtained from Schwartz/Mann Co. 2,5-

diphenyloxazole (PPO), and 1,4-bis [2-(5-phenyloxazolyl)] benzene (POPOP),

were purchased from New Ingland luclear Co.

21



The materials for polvacrylamide gel electrophoresis were purchased
from BioLab. All other chemicals were of reagent grade {from J.T. Baker

Chemical Co., and used witlhout further purification.

(ii)_Biological Materials: Liver tissue and reticulocyte cells

werc obtained from New Zealand White rabbits. Heparin and marker
proteins (thyroglobulin, glucose oxidase, ovalbumin, and cytochrome c¢),
were purchased from Sigma Chemical Co. Succinyl-CoA synthetase was a
gift from Dr. Pierre Pearson. Pancreatic deoxyribonuclease I (DNase TI),
and Pancreétic ribonuclease A (RNase A), were purchased from Worthington.

Unfractionated yeast transfer RNA was obtained from Calbiochemical Co.

IT. DBuffer Systems

The following buffer-salt solutions were used as required:

(i) Buffer L: '50 mM Tris-HCL (pH 7.8), 5 nﬂI}mClz,
50 mM ¥C1, 1 mM f-mercaptoethanol, and 0.25 M sucrose.
(1i) Buffer TR1: 50 mM Tris~HCL (pil 7.5), 5 mM MgClz,
1 mM B—mercaﬁtoethanol, and 107 glycerol.
{iii)Buffer TEl: 50 mM Tris-NC1 (pH 7.5), 5 m" MgClz,
1 mM 9—morcaptoethanol,~103 glycerol, and 0.1 mM LEDTA.
(iv) Buffer TR2: 25 mM Tris—HC1 (pH 7.5), 1 mM MgClz,

1 mM E-mercaptocthanol, and 10% glycerol.

92
to
to
w

(v) Buffer I mf Tris-HC1 (pH 7.5), 1 m! B-mercaptocthanol,
and 107 ¢ ecrol. e

(vi) Buffer RS3: 12.5 mM Tris-lC1 (pH 7.5), 0.5 mM f-mercaptoethanol,
and 107 glycerol. B

9
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(vii) Gel Buffer: 50 mM sodiumbphosphnte‘)pﬂ 7.1), and 0.1¥ snsS.

ITI. Methods

(1) Cold Trichloraccetic Acid (TCA) Vash Procedure: To remove all

cold, acid-soluble material from filter discs, the discs were allowed to
stand in cold 107 TCA for 40 minutes. After this they were washed
T

four times with cold SY TCA, cach disc for 15 minutes. The discs were

subsequoﬁtly washed with ether-ethanol (1v:1lv) add dried with cther (154).

(ii) Hot Trichloracetic acid (TCA) Vash TForcedure: To remove all
hot acid 'soluble mnterini from filter discs the discs were allowed to
stand in éold 107 TCA for 40 minutesT After this they were washed two
times with cold 57 TCA. Room témperaturo 57 TCA was added and the discs
were placed on a hot plate at 90°C for 40 minutes. fhé time is critical
in this latter treatment as exposure of the discs to hot TCA for greatér
than 40 minutes'causeé damage. After the hot TCA treatment, the discs
were washed with room temperaturc 5% TCA, ether—ethanol; andfTinally

ether (155).

4(iii) Pretreatment of Pitrocellulose Filters: For the bind:

assays by Millipore filtration it is essential to pretreat the Millipore
filters as.spccific below. ‘Failure to pretrecat the filters results in
nonséccific retention of [BH]—poly—U and in particulaf, [BH]—poly—A.

The filters were pretreated by being immersed in distilled water at

room temperature, transferred to a 0.1 N NaOH solution and

allowed to stand for 10 minutes (this timing is critical). The
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filters were then rinsed ten times with distilled water, transtferred
to a 0.1 N ICL solution and allowed to stand for 10 minutes. The
filters were finally rinsed ten tines vith distilled water and allowed
to dry at room terperaturc, A prolonged treatment with a0l increases
i i 3 o .

the rotention of [“H]-poly-A; therefore special precaution must be

-

taken to avoid soaling the filters in alkali longer than ten minutes. An
. ¢

acid wash alone does not reduce the nonspecific retention of poly-A.(156).

)
'

(iv) Measurcment of Radionctivity: The radioactivity retained on
ecach filter disc was measured in toluene scinillation fluid (6 ¢ PPO and
0.5 g POPOP per litre of tolucne) (154), with a Declman 1.BS-230 liquid
scintillation counter system. Under the conditions employed, the counting

3 3 . . i . . . « .
efficiencics. uging Whatman 3 Mt filter discs and nitrocellulose !Millipore

filters were 27 and 207, respectively.

s . \ . ’ . :
(v) Estimation of TUA and Protein: RUA and protein content

of the purified ribosomes were estinmated by the orcinol method
(purified yeast transfer RNA as a standard) and the Lowry method (bovine

serum albumin as a standard) (157), respectively.
Protein = concentration was determined by absorbance at 280

and 260 nm with a Dausch and Lomb spectronic 505 and corrected for nucleic

acid content using the Layne table (158).

(vi) Hydrolysis of Ami. oacyl Groups on tRMA prepared from rabbit liver:

To remove the aminoacyl moiety from any aminoacyl-tRIA contamin-
ating the tRNA population, the tRIA prepared as described in Chapter 3
was subjected to mild alkaline treatment as follows (154). The tRIA was

diluted in 50 m' Tris-1iCl (pH 9.5) containing 1 m MgCl, to give a final



tRNA concentration of 2 me/ml.  This solution was incubated at ¥77°C tfor

1 hour after which the tRYNA was precipitated with 2 volumes ot abaolute

methanol.  After standing overnight in the cold, the orecipitate was
collected by centrifugation.  The precipitate was then washed twice with

a methanol-salts mixture (methanols ] M MaCl:l Mptl, o 8200001 b

volume), and allowed to stand overnipht in the cold.  The washed  thhA

precipitate was collected by centrifupation.  The resulting pellet was

then dissolved in 50 mM potassium acetate buftfoer (pI 5.4), to a

\

final
tRNA concentration of 10 mg/ml, and stored at -20°C until required.

(vii) Treatnen t of Rabbit: Reticuloevte cells were obtained from

New Zealand white rabbits (2 te 3 ) vhich had been  injected dailv with

injections of 2,5% phenylhvdrazine-HCL for rive days. After a two-dav

rest period, the rabbits were anesthetiscd by injecting ml of

Hembutal (50 mg/ml) through a marginal vein of the car. Peparin (2 ul

of a 17 solution) was also injected, and the blood was then collectoed.

The degree of reticulation, determined hv microscopic cxamination of staincd

o

cells, was approximately 857.

The livers were excised from the freshly bled rabbits, chilled on

ice and either used immediately (for the preparation of ribosones), or

stored at -20°C (for the preparation of tRNA).

v

(viii) Preparation of Reticulocvte Inzvme Mixture:- A protein

-

fraction containing aminoacyl-tRIA synthetases and ot!or factors necessary

for pep: synthesis was prepared as follows (159).

cells were lysed in a hypotonic solution. The supernatant obtained bv

differential centrifugation of the post-mitochondrial supernatant at

Rabbit reticulocyte

1

ml



\/ | 26

105,000 x G for €0 minutes, twvice, was adjusted to 667 in ammonium
sulate. The resulting precipitate was collected by centrifugation,
and dissolved in Buffer RS3. The protein thus prepared is completely

free of Rilase activity.

(ix) Partial Purification of Aminoacyl-tRNA Binding Factor:

Reticulocvie cells were washed with phosphate-saline once, and lysed

in hvpotonic saline. Insoluble materials were removed by centrifugation
at 30,000 x C for 10 minutes (fraction S30). Polyribosomes were collected
from‘fraction S$30 by preparative centrifugation at 142, x G for 20
minutes. The aminoacvl-tRNA binding factor was isolated from this
polysomal pellect by tﬁe 1 M FC1 wash method (160). In brief, the
pélysomos were suspended in Bu}for TI1; KC1 was then added to the
suspension to a final concentration of 1 M. he suéponsion wAas

left in the cold for 12 hours and then clarifiéd by centrifugation

f}at 142,000 x G for 2 hours /in an SWh1 swinging bucket.rotor. The upper
475 0f~phc supernatant was collected hy asbirétion. The protein in this

.. fraction was precipitated by adding solid ammonium sulfate to saturation ®

+20°C. until used. When required, the

at.4°C. 1t was then stored at
‘ .

polysomc~wash fraction was dialvzed against Buffer TRl to reduce the

salt eoncentration, and then loaded ‘onto a DEAE—céllulose column. The
column was wasﬁcd with Buffer TR1L until the A28O om recor@ing reached

fhc base line. The column wvas then washed with Buffer TPl containing

75 mM KCl. The proteins eluting at this salg concentration wérg;precipi—
tated by overnight dialysis against saturated ammonium sulfate in Buffct

TR1. The pfccipitatc was collectéd‘by_centrifugation at 10,000 x G for

-
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15 minutes, dissolved in a minimum volume of Buffer TR1 containing 507

\
glycerol, and stored at -20°C. This fraction contains a protcin factor (s)
which binds with aminoacyl-tRNA but does not to mRMNA. The factors which

bind with mR¥A clute at a much higher salt concentration and is

described in detail in the text of this thesis.

3 :
(x) Preparation of [TH]=1ysyl-tRIA and [3H]jphenvlalnnvl—tRNA:

Individui}/aminoncyl—tRHA synthetases were purified according to the
method dcscribcd in Chapter 4. Tach aminoacyl-tRI'A was synthesized
using cither mixed yeast tRNA or rahbit~liver.L1NA. In short, a 10 ml
reaction mixture contained 100 mM Tris-lC1 (pll 8.2), 10 mM MgClL,, 4 mM
f-mercaptoethanol, 2 ml adenosine 5'-triphosphate, 400 pCi [BU]L—lysinc
or -phenylalanine, 10 mg tRIA (yeast or rabbit liver), and 500 ug of

the -appropriate aminoacyl-tRUA synthetase. The rcaction was initiated
by the addition of tPNA at 37°C. After 30 minutes the reaction mixture
was first chilled on ice-and then reduced in pli to.5.4 with 1 N CHBCOOH
anq 1M potaséium—acétate buffer (pI' 5.4). An equal volume of water-
saturated phenol was then added to the mixture. After vigorous shaiing,
the phenol was sépnruted by centrifugation at 10,000 x G for 15 minutes.
The aqueous layér containing the aminoacyl-tIMNA, was QxFracted an
aaditional three timcs‘with phenol. No precipitate at the phenol-
water interface was égserved after this trecatment signifying the Témoval
of essentially all undesired components. The final aqueous 1ayé£“w$s

made 0.1 M in MaCl and 0.01 M in MgCl Tywo volumes of abolsute methanol

2"
were then slowly added to the aqueous layer with stirring, and the

mixture allowed to stand in the cold overnight. The precipitate,



reprdsuntiug thc.nminoncy]~LRNA, was collected by centrifugation at

10,000 x G and washed three times with cther-ethanol (Qv:ilv). Thc

pellet was finally suspended in ether, dried, and dissolved in 50 mM potassium
acetate buffer containing 507 glycerol. This final fraction was stored

at -20°C. Under these conditions approximately 607 of the total cpm

. . 3 .
input was recovercd in the form of ["11]-aminoacyl-tRNA.

(xi) Assay of Amino Acid Acceptor Activity of tRNA: The
following assay svstem was employed to measure the ability of tRIA to
accept amino acids. A 0.5 ml ;O!rtion mixture contained 100 m' Tris-
HC1 (pll 8.2), 10 m! HgClZ, 4 mf “-mercaptoethanel, 2 mM adenosine 5'-
triphosphate, 10 uCi [3H]~amino acid, (or 1 uCi [14C]~amino acidj, 50
yg protein from the aminoacyl-tRHA synthetase fraction, and 500 pg tRUA
(yeast or rabbit 1iver). The reaction was initiated by the addition of
tRNA at 37°C. . At intervals, 100 pl samples were withdrawn and placed on
filter discs. The discs were processed using the cold TCA method as
described in Section III, (i). The radiocactivity retained on each filter

3
disc was mecasured as specified in Section III (iv).

(xii) Assav of AMP-and CMP-incorporating activity of tRNA: tRIVA

3'—terminal nucleotidyl transferase was obtained from I.. coli B by the

method of Igarashi and lMcCalla (161). A 0.5 ml reaction mixture contained
' ' . 3

50 mM glycine (pti 9.5), 1 m! HgClZ, 1 m{ 2-mercaptoethanol, 10 uCi ["H]}~

ATP or [BH]—CTP, 150 ypg tRYA (yeast or rabbit liver), and 10 pg of the
purified I. coli enzvme. The reaction took place at 373§m At intervals,
R : .

" A
100 pl samples were withdrawn and placed on filter discs. “The discs were

N

then précossed using the cold TCA wash method (Section III (i)z. The
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radiocactivity retained on cach disc was measured as described in Secetion
T11 (iv).

(xiii) Assav for Aminoacvl-tRNA Svnthetase:  The activity of the

phe—-tRNA svnthetase was measured at optimum conditions for aminocacvlation
as detined in Chapter 4. EBach reaction mixture contained in 0.2 ml , 100
mM Tris-UcL (pli 7.8), 20 mM HeCl,, 2 mlit ATP, 0.2 mg unfractionated thM
) . . Ce . 3
(yeast or rabbit liver), 1 mM f-mercaptocthanel, 0.5 pCi [TH]T-phenvi-
alanine, and 0.8 pp of purificd svothetase. The reaction toolk place at
37°C and at 2 minute intervals, 80 pl aliquots were withdrawn and placoed
b
onto filter discs. The dises were washed with cold TCA as deseribed in

Section LID (i), and the radicactivity retained on ecach measured, as

specificd in Section I11 (iv).

p

(xiv) Assav of Cell=Free Protein Svnthesis:  Fach 0.5 ml reaction

mixture contained 100 oM Tris-HC1 (pli 7.8), 10 mM MgCl,, 30 mit KC1, 0.2

N . ) . .
nt f-mercaptoethanol, 2 mM adenosine 5'-triphosphate, 0.1 mi guanosine
3

S5'-triphosphate, 0.1 mM phosphoenelpyruvate, 2 uCi of [

liJL-phenylalanine,
100 wg of tRNA (yeast or rabbit liver), 100 g of polyuridylate, 100 pg of
purificd ribosomes, and 10 pg of the reticulocyte post-ribosomal protein
mixguru (sce ITT (vii)). The reaction was initiated by the addition of
ERNA at 37°C. At intervals, 0.1 ml'%]iqwots of-Lho reaction mixture

vere withdravn and placed onto filter discs. The discs were processed
using the hot TCA wash method as described.in Section I1I1 (ii). The

radioactivity retaincd on cach disc was subsequently measured (Scction

IT1 (iv).



(xv) Assay Methods for Conplex Formation of (1) nRNA:M-factor,
(2) mRNA:M-ribosome: factor, and (3) Aminoacyl=tRNAzaminoacy1-tR¥A binding

factor:mRNA:vibosome:M=factor.  Two methods were used in the binding

studies:  the Milliffore filtration method and the sucrose density gradient
centrifugation method. With the Millipore filtration method, it is possible
to detect mRNA binding to crude ribosomes or mRNA binding factors since both
ribosomes and the factors will be retained on the filter, and since the free
N . . o : 3 SNT
mRNA will not be retained.  Therefore, the retention of [TH]-mRNA on the
filter in the presence of ribosomes or factors represents complex formation
with mRNA.  The same principle can be applicd to the complex formation of
3. . o . . " C . .
["H]-aminoacv]I-tRNA with the aminoacyl~tRNA binding factor as it also
will be retained on the filter. The Millipore method, however, cannot be
uscd to detect the complex formation between mRkNA:ribosome:M-factor, or the

N

complex formation hetween ribosomes:li-factor::aminoacvl=-tRNA: aminoacyl-tRNA

3

M

binding factor because the mRNA binding factor will be retained in o
absence of ribosomes, as stated above. The latter two complex formations
therefore had to be analyzed by the sucrose density gradient method.

Al

Keeping these limitations in mind, the Millipore assay method was emploved

whenever possible.,

Millipore assav: The reaction mixture contained in 0.5 ml, 25 ml
Tris-HCL (pll 7.5), 10 mM MgCl,, 1 mM f-mercaptocthanol, and the desired
. . . 3, . 3 . N
combination and amount of [TH]}-polvribonucleate, [“H]-aminoacvl-tRNA and

binding factor fraction (aminoacyl-tRNA and/or mRNA). In any reaction

involving the binding of aminoacyl-tRNA, 0.1 sl GTP was added to the
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reaction mixture., The various combinations of the reaction components
f..)r individual experiments are (IL‘S(‘,‘,I‘“)(‘(I in Chapter 6. The reaction
was allowed to pro(:uc“d on 1'(‘0. for 5 minutes, and stopped by diluting each
sample with S ml oof a buffer containing buffer and salts in similar pro-
portions to those of the reaction mixture. The diluted samplce was then
filtvrod‘thfough prutrcatéd Millipore filters (Section I11 (iii), and

rinsed five times with 2 ml of the same buffer. The filters were dried
.

for 5 minutes in an 85°C oven, and examined for the retention of radio-,

active material as described in. Scetion 111 (iv). .

Sucrose Density CGradientedAnalvsis:  The sucrosc. density gradient
method allows separation of polvribosones, monomeric ribosomes, ribosomal

subunits, protein factors, and mRNA. 1t should be pointed out however,

that this method limits the number of samples to be processed cach time
to the rotor capacity,(6 tubes in the SU4T swingiung bucket rotor). In

raddition, only samples which require the same duration of spin can be

processed at one .time. Despite these ldmitations, the sucrose density

)

gradient centrif{ugation method is at present the only method wvhich allows
- ‘

us to analyvze the complex formations of mRNA-ribosome:nRNA" binding factor,
or mRNA:ribosonc:mRNA binding factor:aminoacvl-tRNA:aminoacvl—-tRNA binding

factor. The reaction mixture for cach binding assav was. the same as that
“ < A

desceribed for the Millipore filter assav. The 0.5 ml reaction mixture
. M ¥

2

was applied onto 12 ml of preforned sucrosce density gradient (8-157 in
suitable buffer), and spun at 37,000 rpm in an SW41 rotor operated
in a Beckmar ".3-50 ultracentrifuge., The durations of  the spin were

60 minutes for the observation of polvsome formation,and 180
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v

minutes for the separation of monomeric ribosomal-complex from free

protein or RUA. After ultracentrifugation, G6-drop fractioﬂs were

collected from the bottom of each tube with a piercing device. The

drops wéro ceither collected directly onto filtef discs or into test-

-tubcs. The former method of collection was émployod when radioactivity
. . r

was to be measured. For the detcection of radicactivity, the discs

were allowed to dry at room temperature and the radioactivity mecasured

as described in Section ITI. (iv). TFor the detection of ultravioclet

absorbing material, fractions contained in test-tubes were diluted with

an equal volume of distilled water. The absorbance of each fraction at

260 nm was then measured using a Bausch and Lomb Spectronic 505,

(xvi) Assay of Mlasec Activities: The Rliase activitics of various

fractions was monitored by mdasuring the hydrolysis of radioactively -
labelled polynucleates (162). In short, a 0.5 ml reaction mixturc of

. . 3 o .
Buffer I, contained the appropriate ["H]-polyribonucleate and the fraction
to be tested. RNasc A was included in the control experiment. The
reaction occurred at 37°C and at intervals, 0.1 ml aliquots were
removed and placed onto filter discs. The discs were washed with
cold TCA as described in Section III (i), and the radioactivity retained on

¢cach filter was measured as described in Section ITI (iv).

(xvii) Analvtical Vltracontrifupal Analvsis: Sedimentation velocity

patterns were measured in a Beckman Model E analytical ultracentrifuge.
Samples were diluted to Aq60=/nm/ml in 0.1 M KC1 solution. The sample
solution was loaded into a Kel-F 4N-12 mm centerpiece cell with quartz

wvindows, and spun in a AN-D type aluminum rotor at 56,000 rpm (for rabbit
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livesr~RNA) or 40,000 rpm (for rabbit liver ribosomes) at 20°C. Photo-
graphs were taken at 265 nm at either 8 minute intervals (for rabbit
liver tRMA) or 2 minute intervals (for ratbit liver ribosomes) after

the spced was attained.

(xviii) Acrylamide CGel Flectrophoresis: Polyacrylamide gel
clectrophoresis was performed according to the method of Weber and
Osborne (163). Cels (N.6 cm x 10 cm)  consisted of 7% acrylamide,
the corresponding concentration of H,H’—mcth}leno—bis—acrylamidc, 50 mM
sodium.phosphatc (ptt 7.1), and 0.1Y SnS. Polymerization was catalyzed
by NN, M'-tetramethylencdiamine and ammonium persulphate at final
concentrations of 0.037 and N.075, respectyddvely.

Protein samples were dialyzed for 16 hours against 50 mM sodium
phosphate, pl! 7.1. Protein samples (6-12 yg) were denatured by heating
to 80°C for 20 minutes in 50 mM dithiothreitol and 2.07 SNS. Samples
were made 207 in glycerol by the additidn of 50¢ glycerol. PRromphenol
blue (3 pi of a OsUSZ solution) was also added for tracling.-

Samples were thennapp]ied to the gels bv lavering benFath the
electrophoresis buffer (50 m sodium phOsphéte, pli 7.1, containing

0.17 8DS), and electrophoresed at room temperature for 2.5 hours at 6
milliamps per gel. Gels were stained at 37°C for 2 hours in 9.27 acetic
acid, 457 methanol, and 0.25% Coomassic brilliant‘blue, Destaining

was done in 7.5% acetic acid and 457 methanol using an ISCO horizontal
rapid destainer. Gels were stored in 7.5% acetic acid and lkept in the

dark. Densitometric tracings of staincd gels were performed with anp

15C0 Gel. Scanner (Model 659).



\

- Molecular weights vere determined from SDS-acrviamide gel electro-
phoresis by comparing the migration distances of the unknown proteins
with those of known molecular weight proteins.. Swelling of the gels
during staining was corrected for by the use of the following

correction factor:
protein migration . lenoth before staining

Mobility = : o bt - ;
; Tength atter destaining dye migration
') I} &

Succinv1l-CoA synthetase, a protein with a knkwnlrxzﬁz subun’
structure (o = 29,500, ¢ = 38,700) was routinely run on SDS-acr
gels to ensure the reliability of the method. Densitometric tracings
of such gels showed rise to two distinct bands.  Comparison of the
mobilitics of these two bands with those of the marker proteins indi-
cated a vairue of 29,000 for the smaller gsubunit, and 39,000 for the
targer subunit, in agreement with the accepted value (Dr. Pierrce Pearson,

personal communication).

(xix) Molecular Veight Determination by Molecular Sievine Colunn

Chromatographv: IMolecular weights were determined from either Sephadex

G-200 or Scpharose 65 columns (150 ml bed volume) by comparing the
elution position of the unknown proteins with those of known

molecular weight. The column was first equilibrated with the
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appropriate buffer (as specificd in text) contniﬁing 150 mM ammonium
su]figs until the baseline at 280 nm was attained on a UV monitoring
system (1SCO), The sample (0.5-1.2 wl) containing 0.24 M sucrose
was thﬁn applicd to the column and developed with the appropriate

o

buffer containiug 150 mM ammonium sulfate.



' CHAPTER 3

LARCE SCALE PREPARATION OF RABBIT TIVER tRNA
I. Introduction

As nientioned in Chapter 1, nnn]yniu/of the mechanism of mRNA:
ribosonme complex formation required two basic approaches.  The first was
to demonstrate miNA:ribosome complex formaltion under the appropriate
conditions.  The sccond was to ensure that the complex formation was a
biologically siynilicant process.  The specific binding of aminoacv]-tRNA
to the mRNA:ribosone complex, being the next logical step in the injtiation
of protein synthesis was chosen as.a criterion for biological significance.
The prerequisite for the scecond approach was the preparation of [TH]-
aminoacyl-tRNA.  The first task, therefore, was to obtain a sufficient
amount of intact tRNA - possiblyv a gram quantitv, to conduct our experiments.
In addition, on the basis of preliminarv czperiments, we realized that

yeast tRNA wvas an ineffective substrate ior the liver system; therefore
we decided to prepare homologous rabbit liver tRNA.

When we first set out to prepare rabbit Iiver tBNA in 1970, only
one method for the preparation of tRNA from mammalian tissues was reported
(169). Application of the Lso]ation.proégdure originallyidcviscd for
bacterial systems (164-166) usually resulted in a low vield of pure tRNA
(167). The large amount of non-nucleic acid material in the homopenate
of mammalian tissues made the extraction of nucleic acid very inefficient.
As a result progress in defining the physico—c@cmical and biological

£

properties of mammalian tRNA's was delayed. Tor example, as of 1970,

r
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no mammalian tRMA had been purified to homogenedty; ags a result of
this, the complete base sequence of tRNA was not deduced. It was
only in 1972 that the sequence of rat liver serine acceptor tIINA was
worked out (168).

The difficulties in isolating mammalian tRNA employing the
procedures devised for bacterial cells were partially overcome by
the introduction of isopropanol fractionation followéd by DIAE~
cellulose chromatography (165, 169-17%). When applied to the rabbit
liver system, however, this meth gave a final yield of ;RNA only
one-tenth of that obtained in the beef liver system, To obtain rabbit
liver tRNA, modification of existing methods was required.

The preparation of gram quantities of rabbit liver tRNA is
described in this chapter., The method includes: phenol treatment
Qf the liver during the homogenization step, extraction of the
ﬁhenol laver with water, isopropanol fractionation of the aqucous
layer, ultracontrifﬁgation of the tRNA containing f{raction, and
purification of tRMNA on DFALE-cellulose. The principle modification
is ultracentrifugation of the iSOpropanol‘frac;ion. ‘This step
substantially reduces the content of alcohol precipitable impurities,
in particular polysaccharides. This contaminant behaves like DNA and
if not removed, interferes with subsequent purification of the tRNA.
One advantage of this new method is that phenol treatment of the liver
during the homogenization step and subsequent extraction of the phenol
layer with water permits the scparation of tRNA from the bulk of high

molecular weight DNA (ribosomal RNA) (174). The cause for this



selective extraction of tRNA is not known at present. The method
described in this chapter can be applied to nonfasting rabbits and
results in a high yiecld of pure tRIA's capable of accepting all amino

acids.

II. Results

(i) Procedure’ for thé Isolation of Rrybbit liver tRNA: Rabbit
liver was obtained as described in Chapter 2, Scction III (vii). 500 g
of frozen rabbit liver was minced and homogenized in 1000 ml of a
solution containing 5 mM EDTA, Horit A (0.17 w/v), and phenol (507 v/v),
adjusted to pﬁ 8.0 with 0.1 N NaOH. As noted by Robison and Zimmerman

with the beef liver system (175), the absence of added salt in-the‘phenol

ST~

AN
extraction ster *+ important in minimizing the amount of DNA which
coextracts f{ro. .ue rissue. Inclusion of Norit A as a nonspecific

adsorbant of protein reduces nuclease activities in the tRNA containing
.fraction. Homogenization was carried out in a 2 gallon stainless-steel.
Waring Blender (Model CB-5) operated at minimum speed for 30 seconds.
The resulting homogenate *was then centrifuged at 6000 x G for 30 minutes
and the pale-vellow, a&uoous layer, contéining the tRNA was collected
by aspiraﬁion. In order to ensure maximum recovery the interface region
was separately collected, centrifuged, and combined with the above tRNVA
fract?on. Solid potassium acetate was then added to the aqucous layer
to a final concentration of 300 m. The pH of thisvresulting solution
~was approximately 6.5.

A differential preéipitation procedure by isopropanol was then

performed. Tirst, N.25 volumes of isopropanol was slowly added to this



solution with stirring. This prolimignry step removed o
large part of the alcohol procipitable impuri-ics. The precipitate
at this concentration of isopropancl was removed by centrifupation
at 8,000 x G for 30 minutes, and discarded. An additional 0.95
volumes of isopropanol was added to the supernatant. Apain lorit A
was included as a safeguard against residual nucleace activity. The
precipitate containing thc‘tRHA was collected by centrifveation,
This pellet was suspended in 100 ml of 50 Y potassium avetate (pil 5.4)
containing 140 mM NaCl, The resulting solution was clarified by
centrifugation at 12,000 x G for 17 minutes. The supernotant was
loaded into a Beekman tvpe 42 fixed-angle rotor and was ncn&rifngod at
124,000 x G for 180 minutes. After centrifugation, the clear super-
natant was collected and used for subsequent purification of tRIA.
The clear, copious pellets, comprising approximately 2/3 of the total
volume of combined supernatant and pecllet, contained predominantly
polysaccharide and were discarded.

To ensurc the complete removal Qf polysaccharide and residual
protein, the tRHA was further purified on a DEAE-cellulonse column (3 cm
x 100 e¢m). The supernatant fraction obtained by ultracentrifugation
- was loaded onto a column which had been cquilibrated with 50 mM potassium
acetate puffer (pH 5.4). The column was then washed witnn the buffier
containing 400 ™ MaCl unti: the base line of the UV-monitoring system
(1SCO) at 254 nm was attained. This initial wash removed the residual
protcin and polysaccharide contaminants. The tRIA was finally cluted
with the buffer containing 1.5 M “aCl. The effluent, approximately lOdH

ml, was diluted with glass-distilled water to give.a final concentration
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of 1.0 M Va1, In order to precipitate the tTMA, 1.5 volumes of iso-
propanol was slowly added to this solution with stifring. To ensure
complete precjpitation of tRIUA, the f{raction was allowed to stand .
ovegnight at 4°C. The tRIA precipitate was subsequently collected
by centrifugation at 10,000 x G for 10 minﬁtes. At this stage of
purification, the average vield of tRIA as sodium-calt was approxiaately
: o~ :

40 mg/100 ¢ of rabbit liver.

Sdnce preparations of tRNA oftén contain
tRNA in the acylated form m(176), a deacylation step
involving mild alkhlincAtreatmcnt was incorporated into the rabbit
liver tRIA purification scheme as specified in Chapter 2, Section III
(vi). The final tRNA solution (10 mg/ml) in 50 mM potassium acetate
buffer (pll 5.4) was stﬁred at -20°C. Rabbit liver tRNA prepared in this
manner is stable for at leasf two years as determined by its ability to

J
accept [3H]L~phenylalanine. A summary of the optical properties and

‘yield in terms of A760 units during the preparation is presented in Table 3.

{ii) Sedimentation Velocity of tTNA In order to examine

the homogencity of tRMNA prepared by the method aescribud above, the
sedimentation velocity boundary profile of the tRMA was measured in,

a Beckman model T analytical ultracentrifuge‘as describeé in Chapter 2,
Sec;ion III (xvii). Photographs werec taken at 265 nm at 8 minute intervals
after the speed (56,550 rpﬁ), was'attained. ?he densitometric tracing‘

of the photographé is presented-in Fig., 2, The tRNA sedimented as a

single moving boundary with no evidence of. other sedimenting materials.

From this profile, the sedimentation coefficient was calculated to ¥e
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-
Ovtical Provertics of tRVA Fractio
durine the Purification Procedure
RN
o — .

Fraction max AEGO/AZRO Total A263 Units
Isopropanol (0.95 vol) fraction No max 0.95’ 64 ,000%
Supernatant after ultracentrifugation 275 1.65\ 11,000
Effluent from DEAl-cellulose i _

(1.5 M tacl) 257 3.04 4,500
257 3.00 3,500

Final tRNA

*# No distinct absorption maximum is scen between 240 and 320 mu so that

units do not reflect

the total A260

this fraction.

the content of nucleic acids in
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4.15 ¢+ 0.05 s, This value is in close agreement with the sedimentation

coefficient of human placenta tRNA (167).

(iii) Intactness of the 3'-terminal ~CCA Scquence of RNAY  In the

preparation of tRMNA from beef liver, Robison and Zimmerman found that a
large percentage (37%) of the tRNA molecules lacked the 3'—terminal
adcnyldto residuc.  This property caused an inefficiency in

amino acid acceptance by the tRNA. Noredver, they detected the stimulation
of the aminoacylation reaction by added CTP., This fact indicated that

a fraction of tRA molecules prepared by their method also léckcd the
adjacent CMP pesiduc(éj (167). The deficiency of 3'—tefminal nucleo-
tide residues in these studies was attributed in part to the nucleolytic
process which occurred during the slow froezing.of the liver after its
removal from the animal. In order to sec whether or not a similar
situation existed .for the tIMNA prepared from rabbit liver (Section (i)),
the.efficioncy of the tRIA as a re¢cptor molecule iﬁ the 3'-terminal
nucleotidyl transferase reaction was examined és deseribed in Chapter

2, Section TTI (xii). . This enzyme is known to :pec®‘ic:1ly regenerate
the -CCA sequence at the 3'-terminal position ¢ o nar lally degraded
tRMA from any source (161). When the prepared tRNA was assayed for

A}W incorporatioh into the 3'-terminal using the L. coli tranéferase

no incorporation was observed. This suggested that little, if any,

t%c preparod.tRNA lJacked the 3'-terminal adenylate residue, or that

the tRNA lackeu more than the first two terminal residues. In order to.
determine which of the two alternatives was corféét, a similar experiment

testing CMP incorporation was performed. The results indicated that
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some of the tRNA laclked the 3'-terminal cytidylate residue(s) adjacent
to the adenylate residue.  However, based on the incorporation of CHP
‘-'/J
by the same concentration of snalke venom treated tRNA (161), al
procedure which reroves the 3'-terminal —CCA scquence, the fraction
W

of rabbit liver tPIA missing the ' —-terminal -CA or —-CCA was estimated

to be less than 17 (Fig. 3).

(iv) Amino Acid Acceptance of tTA:  Since the tRNA purified

from rabbit liver was to be used for the preparation of fBH]—aminoacyl—
tRNA's for specific binding studibs, it was imperative to cnsure that

it accepted amino acids. TBecause different atiinoacyl-tN¥A's were to

be prepared for later specific binding studics, it was allso importan§

to ensure that the tRUA preparation contained a full complement of

tRNA's (one Jor cach of the 20 common amino acids). 1In order to %Eﬁcrmine
the distribution of different amino acid-specific tRNA's, each prepara-
tion of tRNA was examined for its ability to accept 15 amino acids.

Thé method employed is described in Chapter 2, Section I1I (xi). The
amino acid acceptance of rabbit liver tIJA was compared with that of a
reference stocl of commercially available yeast tRIA, The results
obtained for such anvgxpcrimcnt are presented in Table 4,

Due to the use of radioactively labclled amino acids as

substrapes,.the results in Table 4 do not represent the saturation level
of a gi&én tRMA for its specific amino acid. Since phenylalanine
accepting tRUA was for immediate use, the saturation level of tRNIA
specific to phenvlalanine was determined (Fig. 4). An increasing amount 

of nonradioactive phenylalanine -as added to a reaction mixture
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FIGURE 3: tRNA 3'—terminal nucleotidyl transferase reaction with prepared
rabbit liver t RNA. The reaction was carried out as described

. in Chapter 2, Section III (xiidk.
CMP acceptance by snake-venom treated tRNA ( E )f

CMP acceptance by prepared rabbit liver tRNA ( A ).

AMP acceptance by prepared rabbit liver tRNA ( 0.
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TABLY 4

Amino Acid Accepting Activity of Prepared Rahbit Liver ERIA

laC—amino acid‘““mO]C nn;l;;fi‘hl incorpor- Innmolc amino acid incorpor-
ated per mg rabhbit liver LRNA.:atcd per mg yeast CRHA

Alanine . 377 0
Arginine 822 0

Aspartic Acid 44 0

Cystine 144 : 66

Glycine 133 ' 0

Histidine 288 244
Isolecucine 155 R

Lysine . 544 211
Methionine ‘ 377 ‘ | 200
Phenylalanine ’ . 577 155

Prolinec 266 33

Serine ; 700 233

Threonine 900 _ 233

Tyrosine ’ 655 366

Valine 538 100

\

The results were expressed as pumoles of amino acid incorporated at 10

min after initiation of reaction.

* /
l*C—amino acid (50 mCi/mmSje).
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(PHE-RNA /TOTAL tRNA) x100

1 / ] L | 1

0 0.2 0.4
PHENYLALANINE CONC in mM

The saturation level of rabbit liver tRNA specific for phenyl-
alanine. Reaction conditions were described in Chapter 2,
Section TI1l (xi). Phe~tRNA synthesis was examined in the'
prescnce of varied amounts of phenylalanine as described in
Chapter 2, Section 1II (xi). The recults are expressed as

per cent phe~tRUA (ordinate) versus added-unlabelled phe concen-

tration (abscissa).
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.. . 3 . .
containing a fixed amount of | H]T-phenvlalanine (1.7 mpmoles), and

the total synthesis of phenvlalanine-tNA was assayed as described in

Chapter 2, Section 1T1 (xi). From these studies it was found that 5

AN

to 67 of the purified rabbit liver tRNA was phenylalanine acceptor tRNA.

IT1. Discussion

The preparation of rabbit liver tRNA as described in this
Chapter provides an efficient means of obtaining a large quantity
of homogencous tRWA; The resulting tRMNA fraction appears to contain
a full complement of amino acid acceptance activities and is therefore
suitable fﬁr a variety of studies. Although the procedure makes use
of a seriés of well-established metheds for cach step (177,178), strict
adherence to the described sequence of applying these methods im
important to ensure successful tRNA preparation from rabbit liver.
The key factor in the preparation method is'the inclusionvof ultra-
centrifugal separation of polysaccharides immediately after isopropanol
fractionation of the liver homogenate. Ultracentrifugation serves two
functions: it substantially reduces the volumes of the tRNA containing
fraction and it decrecases the amount of interfering components prescnt
during the subsequent DIFAF-cellulose chromatography of the tRNA fraction.
Although the prepared tRNA accepts a variety of amino acids, the
degree of acceptance of the various amino acids differs. The pattern of °
accepting activity was reproducible with different preparations of rabbit
liver tRNA and may be interpreted as a reflection of an uneven distribution
of various tRMVA species in rabbit liver. However, a proportional distribu-

tion of aminoacvl-tRNA synthetases in the enzyme preparation used in the



aminoncylation reaction cannot be ruled out,

One of the most striliing fozltu.ros; of the amino acid acceptance
studies is the greater efficiency of rabhbit liver tRIA as .compared Lo
commeréinl yeast tRMNA., This result is in agreement with the observa-
tion by Delilhias and Stachelin with rat liver tRNA (167). One explana-
tion is that mammalian aminoacyl-tRNA syvnthetase has a recognition
mechanism specific to homologous tRNA, such that it will distinguish
a heterologous yeast tRNA. This phenomenon exists in the recognition
of rabbit liver tRNAmOt by methionyl—-tRNA synthetase. Three species

)

met e . . .
of tRN were purified from rabbit liver by Petrissant and co-worlers

and were each esterified by the same rabbit liver methionyl-tRI

synthetase; however, only one species was esterified by I'. coli methionvl-
FRHA synthetase (179). Although species specificity might account for

the difference in aminoacvlation of rabbit liver tTiIIA and yecast tRUA,

other possihilﬁties cannot be ruled out. Whatever the reason, it is
apparent that the homologous aminoacylation system is more efficient

that the heterologous system, a phenomenon we anticipated at the initiation
of our resecarch, Thus, as decscribed in this chapter, the first step

towvard establishment of an homologous cell-free system from rabbit

liver was accomplished,
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PURTFTCATTOM AND C}E\I‘\A(‘.'I'ITRI3’,;\"‘M.‘Y“QF RARBUT 1IVER

ALATYL=t RNA SYTTHETASE

-
T. TIntroduatdon M
T
Ta .
Accord; dginal guperimental design, the preparation of

N
“

[?H]~nm}hbncy]~LdﬂA’% ﬂg$ necessary to o test’ the biolopical signifi-
cance of the milA:ribosome complex formed under cell-free conditions.
As pointod‘out in Chapter 1, this neocoes ated the preparation of

two components: dntact tRVA and aminoacyl-t580A synthatase. Tﬂo
purification of biologically active tRNA's was accomplished as

deseribed din Chapter 3. The purification of the sccond component,
required to catalyze the aminoacylation of tRNA, is the subject of this
Chapterv,

Since homogencous rabbit liver tIGIA had proven to be considerably
more cffective than an equal concentration of coﬁmcrical veast tRUA in
the aminoacylation reaction (Chapter 3, Scction IT (iii)), we were
optimistic that sulficient 'mounts of [3H]—aminoacyl—tRﬂA could be
preparced with puritied rahbit liver tild and a crude post—rihosémal
protein fraction. In fact, radicactivity measurements demonstrated that
the crude protein fraction was able to catalyze the formation of [3H]—
aminoacyl-t!WA. However, the amount of product was not sufficient to
permit isolaticn by phenol extraction, Increasing the concentration of

the crude enzyme and/or the anlsirates —tRNA, amino acid, and ATP-— had

little effect on the final yield of amincacyl-tRVIA. hese results

50
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suggested two possibilitics: there was an insufficient amount of a
given aminoacyl-tRYA synthetase and/or proteins other than the svnthetase
were interfering with the function of the synthetase. To
regtify this situation, it appeared nocossnfy to purify the sygthntaso
from the crude pro}uin fraction. Thus we attempted a purification of
two species of svnthetase requirved {of the preparation of two amincacyl=-
tRHA's: phenvlalanyl-t1Uy synthetase for the poly~U dirvected binding
system, and lysy]~tRNA.synthatnsv for the poly=A dirccted binding system,
Of these two, phenylalanyl~tRUA synthetase was purified to "omoguncity
and studied din depth with repard to its reaction mechanisw.,  In keoping
with our requirement to establish a campletely homologous svstem, the
enzvmes were purificed from rabbit litver.

As din the case of tRIA purification (Chapter 3), there was ne
established method for the purification of marmalian synthetases in
1970, In fact, no mammalian aminoacyl~tINA synthetase had been studicd,
although manv of the aminoacyl-tREA synthetases from E. coli had been
purificd to homogeneity and well characterized (15-21)., 1t is interesting
to ;oto that at present, only threo m;mmulian aminoacyl-tENA svnthetascs
have béon studicd in reasonable depth: phenylalanyl-tRA synthetase from
rat liver (1N2); seryl-tRA svnthetase from henlliver (103); and, trypto-
phaﬁyl—tRXA e athetase from human plgcontn (104,105), and beef pancreas
(180). The reason for this scarcity of information concerning mammalian
synthetases appears to be the technical difficulties cncountered in the
isolation and maintenance of =« biologically-functional, pure enzyne.

This chapter focuses on the isolation and characterization of

henylalanyl~tRUA synthetase from rabbit liver. Since the genectic code
P 3 3 g



for phenvlalanine is UUU, and .c:lim:u the biological signitficance of the
poly-U:ribosome complex can be examined by specific bindinﬁ of phenyl-
alanyl-tBNA to this binary complex as specificd by the genetic code
on the bound poly-U, phenylalanyl-tRNA synthetase was the nvccssury
and sufficient choice. In addition, the choice of phenylalanyl-tRUA
synthetase provided an excellent opportunity for comparativel analysis,

!/‘v
During the course of our studies, phenylalanvl—-tREA synthetase was
isolated and characterized from L. coli (15), and yeast (131). Morcover,
preliminary studics were reported for rat liver phenylalanyl-tRIA

synthetase (102)., Although these enzymes exhibited the same catalviic
]

patterns - that is the activation of phenylalanine and transfer of the
amino acid moiety to tRIA - they displayed sipnificant differences in
their physical and chemical properties, such as molecular weight,
subunit strﬁcturc, and kinctic mpchnnism of the reaction. Qur choice
of rabbit liver phenyiulﬁnfﬁlﬁﬁﬁAmsynthetﬁsc, thufcfore, allovwed us to
test the efficiency of our isolation procedurce relative to that
reported for the same enzyme from rat liver (102), and to proceed
with comparative studies with the same and different aminoacyl-tRNA
synthetascs from both prokarvotic and euknryotié sources,

The procedure most feasible for the purification of phenylalanyl-

tRIA synthetase from, rabbit liver includes conventional column chromato-

3

graphy with DEAF-cellulose, phosphocellulose, and Sephadex G-200. The
mosy critical aspect of the procedure concerns the effect of Mg™
cohcentration on the stabilization and the prification of the enzyme.

The buffer system f{or the purification of phenylalanyl-tRXA synthetase
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must contain Mg (1-5 w) to stabilize the encyme as an active form
o 24
of approximately. 270,000, The use of a buffer containing no My

throughout the purification results in complete Toss of cnsymic

activity accompanicd by dissociation of the enzyme into subunits.

o+
llowever, continuous exposurce of the enzyme to g prevents the

removal of the heme complex from the cnzyme fraction.  Thus, insertion
-»»

of FDTA treatment of the enzyme fraction followed by chromatographic
separation of the heme complex was introduced.  This step was found
L

to be absolutely mecessary to purify the cnzyme toé homogcen. it The

Tt M

s "?'5 )1 . '):{,_ i
bricel exposure of the enzyme to low iy concentration has no effect

on its activity or subunit structure.

The method described in this chapter permits the preparation of
homogeneous phenylalanyl-tRYA synthetase from rabbit liver. The native
o s 3 : Lo . e
enzyme las a¥molecular weight of approximately n70,000,  SNS-gel
electrophoretic analysis of the synthetase indicated that 1t is

composced of two types of subunits and is of the jorm i, (¢ = 58,000,

£ = 76,000).

In addition to the purification scheme and subunit structure of

rabbit liver phenylalanyl-tRNA svnthetase, this chapter presents results

concerning the kinctic mechanism .0 the svnthetase. These results

1

supgested the following propertics: () @netic parrmeters of rabbit

liver synthetase were found comparable to those of other synthetases.

a

(2) Dead-end inhibitor studies, as well as Clcland~analysis of initial

. Wt

velocity patterns provided evidence that the mode of su¥siyate addition
y #

» -

to the enzyme is random. (3) Aurintricarboxylic acid (ATAi, a dye known

to inhibit mRMNA:ribosome complex formation in I'. coli (1982,183) strongly

-
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~ o
inhibits the aminoacylation reaction catalyzed by the synthetase. The

intercestine feature concerning the ATA inhibition is thit although
(&) <

»

ATA appcars to ivarnct directly with the synthetasce, the mode of .
' |

. o A . . . °
interaction appearsg to he non—competitive with respect to all three

k3
* substrates - tRIA, amino acid, and ATP.

oo
L

"I1. TResults

(i) PUE;21vaLinn of Nabbit Liver Phenvlalanvi-tRNA “nthetage

. LI |
(a) Extraction of Crude Liver Pre' “» Factors: An overall
2 - [~ . . . ‘ .
purification scheme fOF/PﬂﬁblL liv.  pheo talanyl-tRNA synthetase 1is
o
sumnarized in Figure’ 5 and Table & All wrocedures were performad at
o v - ' s -.A .
0-4°C unless otherwise 'specified. i liver w o obtiudacd {rom v

v 1 - i N v
ew Zealand white rabbits as described in Chapters 2, Section TII (vii). 200

srams of liver from a fpcshIQ—blcd rabbit was minced and hohbgcuigtﬂ.fﬁ‘two
volumes (w/v) of Ru{{é% L (scé Chapter 2, Section IT (i)). Homngnization
'was carriég‘out in a one-quart, staipl;ss stecel Waring Blendex-(ﬂodel;
5011) operdtéa‘at-top speed for 30 seconds. Dooxycholate_Was’thén dgicd

to the homogenate to a final concentration of 10 wM. ~In order to degrade

e

o \ ‘ . ~
the DNA released from nuclei, the homogenate was treated with Dlase "at

’ L

v . . . X T

va final concentration of 5 pe/ml for 20 minutes. Complete disruption

23

[l

;;bf/tho tissue was ensurcd by homogenizing théﬁaéoxycholate—trontcd

¢ " fraction with two strokes of an electricaldy-driven, ti¥ht-fitting,
“teflon homogenizer operated at medium $need,  Cellular debris was

.

-fgmeed by centrifugation at 10,090 x G for 30 minutes in a Beckman J21

s

;v centrifuge. The supernatanp;was collected by aspiration, ‘diluted to 450

ml with Buffer L, and centrifuged at 100,000 x G for.120 minutes in a

9
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FIGURE 5: Purification Procedure for phe-tRNA Synthetase . =
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Type 42 fixed-angle rotor operated in a Beckman L3-50 ultracentrifuge

The resulling supernatant, designated as UC-1 fraction, was used for

the purification of the synthetase.

Tn order to precipitate the protein, solid amronium sulfate

D

was added slowly to 1C=] fraction with stirring. After the addition

of the ammonium sulfate to s::ltﬁfntiOﬂ, stirring was continued for an
additional hour. The resulting precipi@uto was: Colicctcd by menns'of
ccntrifug%tion at 10,000 x ¢ for 30 minétcs. The supcrnntan&]wn;
discardod and the resulting pellet was $uspended ir a minimum voiumg
of Buffer TR2 (sce Chapter 2, Section T1 (iv)). This suspenied pejlct,v
designated as AS-fraction, could bhe stored at -20°C for at least two.
mogths without loss of the ﬁhcnylnlhnyl;tkNA synthcﬁpse activity. The
synthetasce activity of each fraction throughout thevgﬁégfication was
determined as Jdescribed in Chapter 2, Scction 1TIT (Xiii).

(b) DEAE-Cellulose Chromatography of AS-fraction: A ten-gram
portion of protein from=AS-fraction was dialyzed against 40 times its
volume of Buffer TR2 for 16 hr in ofdcr'to reduce the salt concentration.

When required, the dialyzed fraction was further diluted with the same

buffer to ensure a monovalent cation concentration of less tnhan 50 mM

as determined by a conductivity meter. The diluted fraction was then applied

r

to a DIAl-cellulose column (6 -cm x 40 cm) inch had been equilibratbd with

4

Buffer T22. The éolumn vas first washed with 800 ml of Buffer TR2., This

initial wash fraction contained the s;..Lhetase activity and was designated

as DC-1 fraction. Phenylalanyl-tRIA synthetase activity was not.detected

in the subsequent 500 m{ ammonium sulfate wash of the column, suggesting

pes



that essentially all the enzyme activity eluted with the initial Buffer
-
TR2 wash,

(¢) Rechromatography of NC~1 fraction on a DEAT~Cellulose Column;:

-
The above DC-1 fraction was immediately diluted with Buffer TR2 to reduce

the monovalent cation conconpr@%}gn\gﬁ 20 mM NH4+ and then applied to a
sccond DFAE-cellulose column (2 cm x 70 cm). The column was washed in

the same manner as the first btAF—col]nloso column, Again the phenyl-
alany]—rﬁHA synthetage activity was dctogted_in the initial wash frraction.

This fraction was desipnated as DO=TT fraction, The second DFAF-ccllulose

chromatographv achieves only a two-fold purification of the cnzyme {rom

DC-1 fraction. Mowever, this rechromatography was found to be necessary

since opdssion of this step resulted in an ineffectual purification of

the enzyme by subsequent phosphocellulose chromatography.

ko

(d) Phosphocellulose Column Chromatography of DC-I1 fraction: Since

the phenylalanyl-tRUA synthetase activity was not retained on DEAI-
cellulose, we attempted further purification on a phosphocellulose column.
DC-T1 f{iggigg was immediately applied to a phosphocellulose column

(2 em x 70 cm) vhich had been equilibrated with Buffer TR2. The column
. - - &
wos then washed successively with Buffer TR2 containing: no ammonium

Y

sulfite, 60 mt ammonium sulfate, 150 mf ammonium sulfate and 450 mM

¥

P

e R ) .
ammonium sulfate. “The phenylalanyl-tRiA synthe'tase activity was detected

Tl ! . r
. ? Rt R <

oitly in the 150 mf ammonium sulfate fraction. This was designated as

»

PC-I fractiong J.’;#J :

;

“ At this stage of purification, two features of the enzyme fraction

4
B

were noticeable: (1) up to the stage of phosphocellulose column chromato-

graphy, the inclusion of 1 mM HgClz and 107 glycerol was required to

[



waintain the enzymie activity of the fractions. (2) PC-1 [raction
was contaminated with heme as cvidenced by the red colour associated
. . . A .
with the enzyme fraction. Removal of this contaminant from the ensyne
fraction could not be achicved by DEAI'-cellulose or phosphocellulose
2+ |
chromatography with Mg present,
. . - 7+ .
As dmplied in the above paragraph, removal of Mg resulted in
a decreased activity of the enzyme fraction, but it also resulted in
separation of heme from the syntheotase containing fraction. In the
hope of establishing a compromise between reduction of cnzyme activity
o : . ao o . . _ s S
and secparation of heme (in a low Mg environment), the use of ENTA 7

on PC~1 fraction was examined. Preliminary experiments indicated that

\

the concentrated I'C-T fraction of the enayﬁo was stable to FDTA when

Ly
applied after the first phosphocc]lu]oséigbromatogrnphy and subsequent
A} ot
enzyme conceatration. This treatment, as described below, provided an

Y

efficient medns of separating the contaminating heme without affedting
' {

the enzyme activity. Trom this stage on, the inclusion of 150 mh

ammonium sulfate was necessary to maintain the stability of the enzyme

and was therefore included whenever possible. Care was talen however,

not to expose the enzyme to saturating concentrations of ammonium

sulfate. Ammonium sulfate precipitation was found to cause agaoregation

of the ecnzyme, which introduced problems in the subsequent purification

steps.

(e) IDTA Treatment and Sﬁbsequcnt Phosphocellulose Chromatography -

of PC-1 fraction: PG-I fraction was dialyzed against DBuffer TR2

containing 2 M sucrose and 150 mM ammonium sulfate for 10 hours. This
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.

nethod of concentration allowed a 10-fold decrcase in the volume of the

fraction. To the concentrated PC-1 fraction, IDTA (50 mM stock

solution, pH 7.0) was added to a final concentration of 2 mf,  The
fraction was allowed to stand for 30 minutes on ice. The treated
sample was then diluted with‘Buffer RS2 (sce Chapter 2, Section T1
(v)), to reduce the ammonium sulfate concentration to 20 mM, and
subsequently loaded onto a phosphocellulose column (1 ecm x 40 cm)
~which had been oqui]ibrgtod with Buffer RS2, The column was firsc

washed with Buffer RS2 until the base line at 230 nm was obtained on

L Lt

the UV monitoring system (LSEO).  After the base 1ind was obtained

the column was washud‘witﬁ“the buffer conﬁhﬁninx 75 mM ammonium sulfate.
The 75 m' ammonium sulfate fraction containod the heme formerly associated
with the phenylalanvl-tPHA synthetase fraction. The synthetage fraction
was ecluted with a iincar gradient of ammonium sulfate from 75 mM to 200

mM in 150 ml of Buffer RS2, Fractions of 1.6 ml were collected and

those containing sipnificant enzymic activity were pooled. The elution
and activity profile obtained during this phosphocellulose chromato-

graphy is prescat ! in Figure 6. It should be noted that although
the svnthetase fraction retained activity during this -sicep,
2 '
a prolonged exposure of the cnzyme to low Mg
»

conditions resulted in a decrease in enzymic activity. Therefore, in

order to stabilize the enzvme, the pooled fractions, designated as PC-TL

ot "

>

fraction was made 1 rM with respect to MgCl,. This fraction was then
concentrated by dialysis apainst Buffer TR2 containing 2 M sucrose and

150 mM ammoniun sulfate.
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Elution profile of phe—tRNA synthetase from a phosphocellulose
column chromatography. Concentrated PO-T fraction was applicd
to a phosphocellulose column (1 cm x 40 cm) and washed with
Buffer RS2 containing 75 mf KCl. the synthetase was then elnied

with a lincar gradient of KCL from 75 to 200 mil. A,.. recording

on an 1SCO UV-analyzer ( —); phe=tRNA synthetase activity ( @ );
KC1 concentration (--). Fractions {rom 32 to 78 were pooled
and condensed (PC-TT fraction). ‘ :
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() Sephadex G=200 Column Chromatography of PC-11 fraction:
The condensed PC-T1 fraction vas subjected to Sephadex G=30 column
chromatography. This step permitted removal of residual impurities
from the phenvialanyl-tREA synthetase fraction and molecular weipht
cstimation of the native cnzyme.  The column (150 ml bed volume) was
thorouphly washed with Bulfer TR2 containing 150 mM ammonium sulfate.
The sample (1.2 ml) was loaded onto the column and eluted with the
buffer. Figure 7 shows the elution profile obtained after chromato-
graphy of PC-T1 fraction on the Sephadex G=200 column. AL this stage
of purification, the major absorption peak coincided with the sition
of phenvlalanyl-tiulA synthufusu activity. A spall arount of protein
appeared at the low M region of the clution, This minor component contained
Rlasce,as determined by the method deseribed in Chapter 2, Section T1I
(xvi), and was well separated from the synthetase fraction. The

fractions containing enzvmic activity were pooled and dialvzed against

Buffer TR2 containing 2.4 3 sucrese and 150 4 ammonium sul fate.  Thid
condensed fraction, designated as SC~Traction, was stored at =20°C. At
this stave, the o ont of purification was approsizatels PA00-{old

compared to AS-iraction (Tohle D).

(i1) Phyeical Proportice of it Tiver Phonvlalanyvl-olll

_Synthetase

(a) Yolecular Wi ol Mhonel Tany =0 Septhetase

by Holecular Giovi Chromateorapbor o orler to obtain an approximate
molecular woiehit Tor ol STalony =020 ovnthetase (S0-
fraction) in notis - Tors,ooonisiure o roar corTer srotoins (Lhvro-

plobuling plucoce opiia ) aonturin ) and eviachror - o) wnn applicd 1o
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FIGURE 7: Elution profile of phe-tRNA synthetase on Sephadex G=200.
The PC-T fraction (4 mg portions) was applicd to a Sephadex
G-200 colunm (205 em x 45 em) and eluted with Tuffer TR?
containing 150 wm! (XHA)”SOQ' Flowv rate was maintained at
20 ml/hr." One-ml fractions were collected, and aliguots
were assayed for synthetase activity (0 ). The 280 nnm
absorption was rccorded on an 1SCO UV analyzer (— ). Immedi-
ately after the experiment, the mixture of four marker proteins
was processecd under identical conditions. The positions of
these markers are indicated by arrows with numbers: 1. Thyro-

gw.in (¥ = 6.6 x 105; 2. Glucose oxidase (W7
= ;;)G\X 107, 3.7 Ovalbumin W = 4,5 x 104;
4/’Cytochrome c (G = 1.24 x 10%,
. o
le;"
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.
the column under identical conditions to tlu1§¢' usced for the ¢ athetase

\
{(Chapter 2, Scction 11T (xix)). The e¢lution positions of the marker
proteinsg from the column was then determine! In order to ensure
that there was no aggregation bétween Uhe aarker proteins which
could result in a. faultv estimation of molecular weipht, marker protein.
were also processed individually on the Sephadex column. Joth methods
wave rise to the same clution position for cach marker protein. The

mirker positions are indicated in Fipure ~ According to these results,

the approximate molecular weight of nat phenvialanvl- Inthétase

i
was ancnlﬁ%cd to be 270,000, \

A

(b) Subunit Structurce of Phenvlalanvl-tBENA Synthetase by Gel

Flectrophoresis:  When our method fer the purification of rabbit liver

phenylalanvl-tRL syvnthetase was developed, it was alveady apparent from

o 0y
other report® that synthetases werae diverse with respect to subunit

\

\ -

structure,® Sone were reported to by single polvpeptide chains such

as L. coli (184) and yecast (185) valvl-tRNA synthetase, Others were

reported to consjst.of identical subunits such as the dimeric structure
(nz) of I'. coli seryl-tRMA svnthetase (21), and the tetrameric structure
(“4) Of F. coli phenvlalanyl-¢RUA synthetase (20). Yot a third variety
of synthetase structure was reported, This variety apparently consisted

of subunits of differing molecular weights such as the tetrameric Ao,
| 272

\
\

subunit structure of I, coli glvevl-tRIA syn&hetaso (186), and veast

phenylalanyl=t™A svathetase (181), Thereforn, it was worthwhile to
determine the subunit structure of robhit liver. phenylalanvl-tRNA

'

synthetasc,
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. The purifind synthetase (&Eﬂlﬁﬁiiﬁﬂ) was subjected to SDS—pel

i
electrophoresis at pH 7.1 as described in Chapter 2, Section 1T1 (xviil).

Figure 8§ illustrates a densitometric tracing of such a gel. The results
indicated that purified phenvlalanyl-tRUA synthetase, which migrated as
a single band when subjected to acrvlamide gel clectrophoresis in the

absence of denaturing agents, gave rise to two Jdi- et COlL N s in

the prescnce of 8DS, Calculation of the molece welpht Lwo
components by comparison to the relative moli! itic. 0 veral standard

proteins (Chapter 2, Section ITT (xviii)) siovc.ted a value of 76,000

for the © ger subunit and 58,000 for the smaller subunit (Figure 9).

Since the relative densitics of the two subunits on the tracing were \

similar, two possible forms of the native eonzvne were obvious; cither

phenvlalanvl-tIUA svathetase was of the form le] N o= 134,000) or

1 nn

Q= multiple of 134,000). The fact that the molecular weight of the

\

native enzyme, as determined by molecular sicving, was 270,000, indicates

that phenylalanyl-tRUA synthetase from rabbit liver must be compos. i of

four subunits of the form “9?7'

(iii) Tnzvmic Propertics of Pabhit Liver *Phenvialanv]—-t"UA Synthetase

(a) Specificity of Phenvialanyl-tIA Synthetase:  In order to examine
the homogencity of the phenvlalanvl-tRYA svnthetase ir terms of the amino-
. M ' .
acvlation reacticn, the specificity of the purified enzyme (§C=fraction)
towards 16 labelled amino acids was exanined as described in Chapter 2,
Section II1 (xiii). As in the case of the amino acid acceptance studics
describedin Chapter 3, both commercially available veast tPA and.

purified rabbit liver tRIA were used in the aminoacylation reaction. The
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FIGURE S: Densitometric tracing of SDS-gel after electrophoresis of phe-
tRNA synthetase.  The purificed phe—tRNA synthetase (10 ) was
treated with SDS (20) at 85°C for 15 min in the presence of 50
mrt dithiothreitol, Then the sample was subjeocted to olectro-
phoresis as desceribed in Chapter 2, Section III (Gavi® Y.  The
gel was stained with Coormassie brilliant blué, and thes destained.
The densitometric tracing was made using an 18C0 gel scanner vded
659, The relative positions of marker prot®ins which were treated
exactly the same way are indicated by arrows with numbers: (1)

'
I

Ovalbhumin ;HH = 4.5 x 10%; (2) Aldolase subunits (W
4,0 TO"; (3) Succinyl-Cod svnthetase & subunit (W

= 3.9 x ]OA: (4) Succinvl-CoA synthetass w subunit (I

= 2,80 x 1«')/‘; (5) gjh_\'moLrypsin (MW = 2,75 x 10%;

(

’1) Uhase A (:ﬂl 1.37 x 10 .
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described in Chapter 2, Scction TIT (xviii). The positions
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of phenvlalanyl-tRNA svnthetase -are indicated by Phe Sl (rar =

76,000 and Phe S, (v = 58,000,

of Succinyl-Cot svnthetase was used as an internal

The mobilit v
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results presented in Table 6 strongly gugpestfthat the afhinoacvlation
a .

.

of bhotds

2t %nd livv%ELRH\ occurrcd only in the presence of phenyl-
expected from the resulls obtained in the anino acid

aCUUDLuncA?studjus (Chapter 3, Section T1 (111)), JMIHOIC\]]LIOH of
. v

‘wﬁous rabbit liver tRNA was mor. efficient LhJH for a stock of

kth " . o .

reiallv o available veast tIFA. « Thus, specificity of the enzyme

comme

N ., N M
» .

towards phenylalaitine WHs‘domonstfg&cd£  .
R | SR L X
SR A ' e
(b) Optimum Reaction ﬂunditjogs ﬁ@§ AquodcyluLion:‘-A% stated
+ ' _— . : :
previously, the' regson for preparing Jhb]t,11Vk% LP} {(Chapter-3) and
! {/«

rabbit liver ﬂhﬂnVLlldnvl—t”“ "ﬁ)thgtdm

‘. . ' ;.; N .(} D Y ' . - . . T
quantitics of | I]—phcnylu]anyL&tﬂTA to “xamlﬂ@Jtﬁm: iological gignifi-
. o e ts

« ? oo .

«1@ to obtain suffliciecnt

A
.

‘g . . . . : . . . ¢ .
rcance of a mRiA:ribosome complex, ¥ In order to makg.ihe preparation of
¥ )

. ' ;Efj O 2
3 Lo . . :
[TH]- plcnv d]dnvl—LK.A as efficient cs possible, it was necessary o
R LY . . r . . .
P : I
OQth]LCh optidnum reaction,comli 7S . N =
v \ o v ) -‘Tl, ~ “ r
e The oallmum Con(it1on° f@ aminoacy¥lation reaction catalyzed- o

\.,,/

‘~

i . . ) : ] .
by the purified phenvlialanv]-tRNA sviathotase wo§;fc§tabljhhod by testing
' . ) W 1 ‘

-the elfect of 'individual reaction componehtssat various concentrations as

- . . . . C .
. . - . ’ . .
described in the appropriate figure legends. Thucgytimum pli for the

.\ . -

amihoacylntion reaction was between 7.9§1nd Rgh (F<0ugb 10AY. The reaction:”
A% - ]

S =

LY - 9 !

" 2 .
Was found Lo be totally d"pcndont on, the pr(soncc of My”, with an optimum

- ~ B e &

concentration of 20 m41 (Fi%ture 108). el ba§ not, required for the .

’ ; .. | "A . . . - .
recaction; in fact, concentrations higher than;ﬁﬂ nl inhibited the amino-
. . Tl R i

‘

acylation recaction (Figure 10C). Although the presonce of f-mercapto-—

- - <

s

ethanol was nLLLSox for optimal aminoacylation, - ritical concentration

was not detected ov - the range exarined.

L
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Amino Acid Speciticity

TABLE 6

of Phenvia IIL‘IL\;]:‘(

6o <

REA Synthoetase

. _;;z;g?ﬁ__.._ gy e

pmoles Incorporated
14, . : . I TR T T P
[T'Clamine acid = Rabbit'Liver thllA
Alaninc R 2.0 1.0
- “.
e N N
Arginince T o 5.9
fAspartic Acid 3.1
. o
. \\,’\_ v
Glutamic Acid . 2.0
-4‘#, !N. .
e [ D,d.\ . .
Clveingg .’ . 2 2.3 ‘ 2.5
yelnme - Rr B .
. N . *end y P
- Hddrddiae e e 7 0.2 . ‘ 8.6
o g . A
%: T R j
4 e ' o ~ 67} G
Isolcucine . 3.4 2.6 .
. 4 v ’ o R .
Cend cucine | I 3.5 g 3.1
. - - * [ , - . ' v iy .
. N . . . *
Lysinc . * 2.8 o 2.0
. c a% B v -
Methionine . 2.8 -
4 Phenvlalanine. . . 303.6
Vi BN ¢ .
. ’ ' - ) o
Prolin ‘ 5.4
- - C o .
© e ’
Serine 3.4 » 3.8
Thrconine . 2.3 . 3.9 =
. N .
" - d %1 o
Tyrosine 15.2 25.5.
. é ! &
l -
Valfne 2.9 3.5
A € j
RSN . . B ‘ .
Results are e¢xpressced as pmoles-amino acid incorporated at 2 min of
reacticon... A1l T '¢] amino acids possess radicactivity = 50 mCi/mmole.



70-

<t

>

By
‘4
~

S -

* *pPOITIOTPU a se paiendruew seBM GOHumpu:mucou Hosmnum

-03dEd13u~7 () *pP23BeOTIpPUT SE OW&QH:PHrw sen UoT3IBIJUD2U0D THY (D) \maOﬂumAucmurou
TeuT2do 3® 9ir SIUaU0LUOD UoT3dB21 1343y "BSSTOSCE 94l Uo Po3eOTpUT Be’ paTJIpoU Sean
UOTJITIIUBIUCD oﬂomﬁ‘mmv *10H-STI] sea’ poen I2130G 9y, "BSSTOSYER 2yl uo pP21BQTPUT se
25 SBA 2INIXTW UOTILEd1 a3yl jo jd () *(TrI®) IIT u01309g .m pouam_p ut mopapuv p se
PRTIIED S84 UOTIOUII BHI  *2SBI0UIULS V.OU3-84d 3T4gRI 101 SUOTITPUOD coquum 2 wunwtridp

5 » 1
N oot p
3 ﬁ.,l.m
(o (WwW) 1D (wu)CinBw Hd
[ 0 03 o0y . 0 Oof 0T “Q o0 8 @
DN - ou T ] ! ] i T 1 1 1 9 ! y ! 0
. v
- v : p_ ~ > '
S * A . } I s 14
\ A4 e ~ » \ X
s Y /, | N
- \ v | - Y -y
\ \ A 4 l; N
v, / ! - * M
s \ ._ i
~ v v g v ! IM@
4, , ’u ! /4/ \ / {
s ~ ‘ i - 1 . N -
; v 13 ./ \ Ar ! - 8
\ \ ; R
Al & 2% Ty Y-y \ \ ,. - ; 1 ..__‘ . oL
% ¥ - v v, v '
‘ 4{ . . 4444‘1444 Ny -V vt »
1]
- . SO0 (- =1Cl
. ” o . aﬁl
] i ! t 1 ! ! | N TS U 4= 4 i
- k4 ~ v : ¥

0T Julola

“(p-0L X WdD) VNI 3Hd -[He]



w, velocity of;’thu_(111::\'1%57'(3:1L'Lm. Fhese parameters can be obtained. | -
Sy " - T ; . .

o

enzvme for a given f:ll!uSLJ‘Wt(} and vV

described by Cleland (183-191), and by Dixon (192)., Apparent I\m and V
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iv) Kiretic Propertics of Phenvialanv]i-tVA Svnthetase:r At the
roj R X ERAY

v

time we © v fated research into the propertices of rabbit liver phenyl-~

alanyl—tIA synthetase, 1ittle was nown concerning the Finetics of
] v

the aminoacviation reaction in mammalian csystems,  Therelore, it was
‘ . +
npy)r@}m’ ate to examine the Finetic properties of phenylalanvl-tRMNA

. . “’ ' . . e -
synthetase, and the kinetic mechanism of the aminoacvlation reaction

e,

catalyzed by the synthetase.

In the study of enzyme kinetics, the Michaelis constants Km and

\Y N arce two basic parameters; ‘Jm is a measurce of the atfinity of an
max . P - -

RS

is a measure of the maximum

RIS

o ' 4

. : b S . . . . . t
by several methods.  Howvever, the mbsC widelv used is the Lircweaydd

lurle plet (187). “his method invelves plotring the reciprocal of the

initial velocity apainst the reciprocal of thé sulstrate concentration,.

o

Dctax‘ils concerning the app]jrnm‘m\) of the Lincweaver-bBurll plot are

N

! .
“

. . - .

values for cach of e three substrates - tNHA, amino, agcid, and ATP-
el ’ i ’ s

) ;
. . a & L
involved in the-phenvlalanyl-tRNA svnthesizing reaction werc obtained

\ s

by the lLincweaver-burt plot method. \

. : ¢ . .3 .
*  The initial vglocity wa® measured by the amcunt of [ li]-phenvi-

alanyl-tRVA synthesized - at 2 min of reaction. Tie usc 6f 2 minute
TSNS VPPN

i 1

mchsurenents in the initial wdloe iy eiperinents was justified as

”

max

follows: the time course of ["H]-phenylalanvl-tRUA svnthesis as measurcd

by the aminoacviation reacticn was exanmined at different concentrations of

synthetase. The results (Figure 11) indicated that for all concentra-
: I 1 3 - 3 H ny
tions o!f cnzvme crploved, the synthesis of [TI']-phenylglanyl-tRYNA

J
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Time course of [3}1]—phon_\'lalnnj,']—ti“\ii.»_‘\ synthesis ;;fﬁi:i.ffcrcnt
concentrations of phenvia Lanv1l-thIA synchetase.  The experi-
mental coaditicns-.in 0.5 mle arce descrilbed in f?@:zpu::' 25w
Section 11T (:iii). oy 'hﬁ;’lrmch cohtentration of c\nz_\'mc examined
(abscissa) 0.1 nl samples were wvithdrawn and processed (Chapter
2, Segtion T77 (i and iv) at tive: 2 min (6 Y, 4 min (0 ),

‘ 6 min (4 ), and 8 min (&) after initiation of the.reaction.

S "‘. “
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iproceeded Tinearly for at least 6 minutes,
TR
. ‘ %
~Average Kooand vV values thus %btninud from five sets of
m max . L -
experiments are precentod dn Table 7. The order of affinity of the
. e s
~enzyme for each substrate was found’ to biw CIUA e phenylalanine, and
BN :
AT, in descending oirder. © This rélative ordor of ¥ ~values is typical
. : ‘ m ’
of that reported for other svathetased (193), Lt wis aPso noted in these.
2 : B . : . ,
N . - I £
‘ , U BN

studies that ATP concentrations higher than 2 mM were, inhibitory to. the

N o >
. :

aminoacylation reaction,, &imilar; obscrvations have Been repirted for

- 1 .
i o ” ’ . ‘ - . .
lW}nnd valyl-tR¥A synthetdses from I, colis (394), and tryptophanvl-

M

T twoo v fa o
CRNA synthetasd Trom humin .placenta, (105, g S &
"It should be noged that at the time of the. Finctie
o " \“";; ' ‘ . ’
. S IR I o . e
studics, purifitd tPMAT 2 was ot available to us. For this reason we
: 4
employed unfractionated tRNA as a4 substrate in thecaminoacvlatvion
reaction. Tinal evaluation of the apparent kinutiv;bnrumctors’fogwthc
; : B g SR
. R S - : N
o o ' . e meaphe
cphenylalanyl-tRUIA svnthetase reaction requir®s ¢RIIA .
K (a) 'Initial Velocity Studies: Cleland analvsis of initial vedocity
O s h
- Pt ‘ . . N
patterns was used to gain insight into the kinetic mechanism of the - .
o
phenylalanvl~t2IA svythetase reaction. Tn theory, for reactions
. - . P
involving mere than one substrate, in‘ormation can be obtfaincd concerning
- : - . B
- } , = . ) e
the order’of substrate Linding to the enzyme Such information can be '
< Yo
.- e s R A . e .
obtair-d by exanining the rcciprocal plots of initial velocity vers
. >
substrate concentration at different fixed concentrations of a scecond
. .
substrate., According to Cleland analvsis, two possible initial velocity
patterns can ocvur: parallel lines.and converging lines. DParallel lincs
. v
arc observed when no reversible conncetion exists between the points of .

+

Y

& T ' S %



Ve

TABLI

.7

-,

‘e

-
s
>

74

Kinctic Parameters for Rabbit Liver phe-tRUA Svathotase

Substrate

L-phenylalanine

ATP

Yeast

KN

CRITAS

it
N

v

i N
I\m(n I)

: 1
. abhe
Corrected to approximate rial

\Y - (mmoles/min/me)

98

98

91

concentration.
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combivation of the variable and the Ti-cd cubstratess converyinge

Tines are obuerved vhen suchy a rrvwlagblv connect ion exinto. This
N 4
- X

method of analveis was applicd to the phenvialanv I =tRNA svnthetase =
N

'

dependent anminoacviation reacd 2on in order to examine the mode of
K ¥ ‘: .
bindiny of the three substrates — RN phenvilaldnine, aud ATP, Ggﬁéﬁ

Pesults of the initial velocity studies for the phenvidlanyli-

. -« * . . .
LRIA svnthetase reaction are presented in Figuvre 12,0 An intersccting

pattern was obtained when ]{v wds plotted against 1/[phe] at different
. kY i -

’”

fixed concentrations of AT and at a saturating o meentration of tRIA
(Figure 12A). A linecar converping pattern of reciprocal plots was also

obtained when 1/v was plqtted against 1/[phe] at different fixed

concentrations of tMNA and at a satwrating Jevel of ATP (Figure 121).

|

S . . | . "
Similarly, a linecar converging pattiern was obtained when the ATP

concentration wvas varied at differceat fixed concentrations of phenvl-
, :
|

|

. . - - { . . .
alanine (Figure 12C), and when ATP wns varied at different fixed
concentrations of *¢RIA (Figure 129). Since only convergir  —atterns

were obscrved under all conditions wvhere the concentrations the th;gé

substratesswas manipulated, all (three substrates must be connected

. .
L \ . ) ~ -
reversibly. in the aminoacylation reaction sequence. -According to Cleland
. - Sy .
[ b .

o lvsis, the release of producg. would block the reversible connectiofn

in cuch ¢ system>described above. Therefore, these results can Omly be
in ~ _ed as evidence [or a mechanism in which tRMA, phenylalanine,

AP combine with the svnthetase prior to the release of any product.
4 )

(b) Dead-end Inhibition Studics: Altheough examination of initial
.

velocity patterns as described in soction'(u)‘proyidcd useful information

coneerning the kinetic mechanism of the synthetase reaction, additienal
< . ot o .
;

v
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v
methods were desirable to verify the mode of substrate addition to the!
) !
. ’."
eneyme,  Thus, the offect of dead-end inhibitors on the initial velolity
N
L

AThe effects of these dead-end inhibitors on initial v(?loc,i‘t‘{r_v patterns

Atterns of the enovmic reaction vas studied.  Dead-ends inhibitors
have been defined by Cleland as compounds that re neither substrates
nor products of the reaction but which roact with cortain enzvmic forms to

give complexes that are unable to form products.  Such dinteractions
5 ) :

N

. ¥
result in three basic types of inhibition: (1) competitive inhibition,
- .
which reeults in a change in }(n but not V ; 27y non-competitive
1

mix
N

il

inhibition, which results in a change in V. bot-not in Y3 and, (3)

M
» L .
uscompetitive inhildtion whichgsules in o chan®efigahoth K and in V .
e ~ \ P : T S mix

R v\:',"“ -

.‘ - o - o
zod” 1% Lincar

: . . N
Computitive and non-compeptive inhibition are-ehifs

converying patterns on the Linewcaver-Burii plot; uncompetitive

inhibition §&s characterized by parallel  patterns,  Depending on the

)

L3

choice of dead-end inhibitors, the type of pattern .olwt;y@;uan provide

) ;
. wr S ’
additional information concevning the mechanism ¢3f the phenylalanyl-tRUA

synthctase reaction. R ' ;
e’) - i . . i\

! . . . |
vlalanine amide, an ¢

. o ens A
Two dead-end inhibitors were seclectedsy L-pher
" . . E . ) . v‘ -~ . . . 1
anﬁ%@ﬂuc otsphenylalanine, and J,y-wothylene ATP,Qan  analogue of, ATP.
_— . ) -«
, : -

7
for the aminoacylatien reacticn are presented-in IPicure /13. When ATP
L . g
) AY
. . _ .
concentration ' was varied at different fized concentrations of methylenes

ATP, a competitive inhibition pattarn vas obtained (Figure 13A).  According

to Clelond anolysis, this sugroats  that both ATP and methvlene ATP
o . »

cowhine with the same enzyme (form, In contrast to this, methylene

ATP was found to produce a non-competitive pattern for both phenyl-

. )

-
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alanine and tNA (FPigure 133 and 13C).  This result sugpests  that the
inhibitor ig duteracting with a different enzyme form than phenyvil-

alanine and tYVA Morcover, the fact that the plots were
pnd] el ~l1<'woslorl that thu different u1'ymu

converygin, rathet

,,/

forms are connecte\l ruvm 3 lb " ithin the aminoacvlation reaction
v e . \ . :
Fequence.

o ‘

3. . .

. Vhen phcn\'];x];minc concentration was varicd at different fixed
P - .

Y L .

Lo . . . sy .
?é{'oncomu 1L|on< of phenyl Uumnnu amide,” competitive. inhibition patterns

,«;‘,,

-

<
O] 4

were observed (¥ irure 1357, whercas non-gompetitive p:ltterns were

g with ATD ;md ,m‘\ (Figure 13D and 13F). These results Syugpust

obhtaig

that. b phenvlalanine apidetand pheny! Alanine combine  with a .single
enzyme foym whigh is different from thosc for ATP and ..iA,  llowever,
. . X ) “» . . N . . }

ol
. - \,
LHO CO11VL*T<'U‘}'<" pi 't torns ind M‘n that the enzyme. formg are conncceted

: “ ’
reversibly in the reactipn scquence. v
Since dead—end inlvibitors interrupt the rewgraibility of the reaction

- - -

scquence at the point of inhibitor binding, non-competitive patterns will

. ~ 1
be observed only if the- point of enzyvme-sudbstrate 1'11Lcractf§,onfol“iows the
_ . | ¢
point of addition of the inpibitor in the reaction sequence and is e
rovur?:ibil,y o*\m cte 11 to, 1L A parallcel pat¥ern representative of- uncom="

Oosa -
R ¥

petitive inhibitiom would be expected if the binding of the variable
substrate to the enzyme preceeded the point of. additica of the inhibitor

o

. .
x/‘zr “

in,t;he reaction. scquénce.  In fact, the results obtained with nethylene
& : ’ :

ATP and phon\' Talanine afide disonstrate competitive -inhibition patterns
1

when the variable substrates were ATP and phenylalanine, respectively, and

. . . . . . b , . ' . .
non-competitive irhibition pattaras for the remaining enbstrates.

3
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. .
¢
Therefore, the results obtained with methvlene APP and phenylalanioe
amide fmply that both AYP and phenvlalinine bind first to the sam’
enzvime form in a reaction sequence vhere the addition of the substrates
; B e . o : : A
fooreversiblye copnecteds  The only mechanism which can acconmodate
an encyme form which will bind either ATP or phenylalanine is one
' N r'y .
involving a rand - of addition of all reactants 4o the enzvme
: . ; ‘ o _
prior to the x‘u;Loylfnf of any product. 7The results do not support. the
w0 . 7 - v ¢
. Wil o e
involvement of AYRing-pongy mechanisn — hinding ol substrates to the
2 ‘ . <
s . . ' L 4 w . .
enzsue interrupted by release of “produtict,  Other studies of reactiong
¥ S : .

involvine three substrates, and three prodve-cs provided evidence for a

random meci@nisn,  For example, plots of the dnitinl velocity of  the formyl-
- ‘ v . N .
- ) "l
tetrahvdrofolate svnthetase redction (195,196), and morce rc«anL\ the

B, celi arginel-t27A synthetase reaction (197) ‘gave 1n101koctxng Iinuw

. .
weaver=burk plots consistent wit  a random m“ébinlbm. |

w“

Tt is ohvious that further studies must be conducted before delinite
conclusions can.be made concerning the mechamism’ of the phenylalanvl-tRNA

synthetase reactjon, LO]“WO%k\ln ;heﬁp’studiQS'éro steady’ state kinetic
. ' A‘ - . /'. . . N . ..
analyscs,  This fiethod involves the Mm] %S { cof Cexchange rates  that occur

4 . ..

. . : R L e I
vhens a  trade anount of substrate orp -product, labeiled wiph radioisotopes
of hivh specific activity, i added o an enzyiie reaction aftér it has

il - : ) . . . Lo ) . N ° N

reached equilibrium,  The most common measurcment for svnthotdse reactions
o B ‘ AT ’32\) N (. T 321\ . '
involves ATP=""PP_ -erchange.  Recentls ATP="77, measpremronts were usog
. . .. 1 } o i \iq‘ L+

' [ .

to demonstrate a random order of aubstrate’ binding ta . coli methionvl-

. '

LRTA 0‘11L‘i01:nt:y (108),
“ Y
(c) - Inhibition by Aurintricarboxylic Aci:
w

‘methane dve, is considered to be a specif fic 1nw1%JLor of the initiation

il

‘&) ATA, o triphenvl-

- - : \
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\

demonstrated }n Chapter 6, ATA also exhibits a high nffihity fof mibA
binding proteins (f[—f:i(_‘tor) and thereby pi".('w"n[:s; mitIA h_i,'ndimf, to tlie
protein factors., la addition, studics carried out in this laboratory
thh E. coli tRPMA 3'-terminal nucleotidyl transferase (PQQ), A~
dependent RMA ponmcruso’(ZOO), and R17 RMNA dependent RIA polymerase
{ .
(201), :ugpest that thp inhibitory action of ATA is 1ot confined
to the binding of miUIA to ribosomes during initiation of protein
synthesis, o fact, these studies provide strong evidence that ATA

inhibits manv REA=protein interactions., Ve decided therefore to

\
N
~

examine the effcct of ATA on the phenylalanyl-tRNA synthetase-dependent
aminoacylation reaction.

The results of these studies (Figure 14) indicate that ATA did
~inhibit the aminoacylation recaction. Based on the estimated molecular
weight of phenylalanyl-tPHNA synthetnse, the upder lirmit of the molar ratio
of ATA to enzyme was calculated to be 5-10 at the 507 inhibi~‘on concéntration
(ISO)' Inhibition could be relieved by increasing the enzyme concentration
Morcover, varying the concentration of the three substrates in the recaction
dig not alter the degrc “TA inhibition., Taken together, these facts
suggest that the site ol ATA interaction was oﬂ Lhe enzyme. In this

regard, it is noteworthv that naphthalene sulfonate, a l'nown fluorescence

.

probe, binds to the synthetase but does not inhibit dits action (Figure

14).

Further support for a specific interaction between ATA and phenyl-

alanyl-tRNA synthetase was obtained from experiments * ich the order

of adding reaction compeonents was varied. The results (Table 8)

2
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FIGURE 14: Effect of aurintricarboxylic acid @nd napthalene sulfonate on
) phe=tRHA syvnthesis. [3N]phc~tRHA synthesis was measured as

described in Chapter 2, Scction 111 (xiii), except that ATA
( © ) or napthalene sulfonate ( 0 ), was added to the reaction
mixture to a final concentration as indicated on the abscissa.
All reaction components cxeopt the enzyme werce mixed, and the
reacticn was initiated by Zing the enzyme. The results were
expressod as percent: radioactivity relative to that in the
controi sct which did not contain ATA. One hundred percent
equivalent to 20,000 c.p.m. at 2 min reactiqn.
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TABLE R

- v

ATA Inhibition Modificd by _”_"-_,f_f_"f_’f}f,‘1_@,,.-“},‘}’1",‘ ntial Additions

h
’
Jof Reaction Components
]

; . ) _ .. v 3 .
Experimental Order of Addition o[ TR Inhe-tRYA
Set - ' : Synthesized
1 Inzyme s (ATP,phetRUA) i 100.0 ‘

2 Fnzyme :ATAT (ATP, phe, UREA) 2.5

3 Enzyme tATP :ATA: (phe, tREA) 8.7
4 Fnzyme: [ TH]phe s ATA: (ATP, LRNA) 7.7

5 Enzyme s UTATATA L (AT cphe) 45.3

6 : Enzyme s (ATP, phe ) s ATA T LREA | 9.4

7 Fnzyime : (ATPLLRI wTAphe ‘ 43.8

3 Enzvie: (phe, t707A) tATATATY 40. .

a Enzvine : (ATP, phe  tIUA) TATA | 81.5
\ . !
i i

Components in parenthesced arce mised prior to addition in the sequence,

Additions vere made at 5 ninute intervals.
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indicate that, wvhen ATA was added to the enzyme pr:ior- to substrate addition,
essentially 1007 inhibition was obtained (set 2). On the other hand,

wheﬁ ATA was nddgd to the enzyme-substrate mixtore, its inhibitory

effect was reduced (set 9., The cffcct on Lhe ATA dnhibition of adding
substrates singlyv or in various combinations was also examined (sets 3—
Q).. The most sipnificant result obtained was that oxpo;urc of the syﬁtheé
tase to .tRIUA brior to the addition of ATA greatly reduced the inhibitory

effect of the dve. ‘However, addition of tIUA to an ATA-enzyme mixture

had no cffect on AT thibitjoq.of the aminoacvlation reaction. Unliké
[LEREA, phenvlalanine and ATP had no protective effect on the synthetase.
N

This data not only supports the possibility that ATA is interacting
with th fenylalanyl-tR¥A synthetase but also suggests that the dnter-
action mjghﬁ involvc-tRNA binding to the enzvme. ‘

In order to examine the mode of ATA inhibitioﬁ,linitial vcloéiLy
studies were carried out in the prescence of vufying concentrations of ATA.
The data were examined on Lineweaver-Burk plofstas presented in F*gnré 15,
In these experiménts, as with those conducted in obtaini;g thg Finetic
paramcters (section (iv)), two substrates were hcid at fixed, near-satur-
‘ating'conccntrations while the concéntratian of the third substrate was
varied. A simple-linear, non-competiLive péttern was obtained for all
three substrates, This\result suggests that, although the aminoécylation
reaction appears to be inhibi.ed by the interaction of ATA with phenyl—
alanyl-tRMA synthetase, the interaction does not ihvolve the Substrate

binding sites. The mechanism by which tRMNA protects the enzyme against

'ATA remains a matter of speculation.
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Tn order to establish a refcerence systeom to ensurs the validity

ofttho ATA liinetic studies, the action of an jnhibitoy with a known.
ceifect on the aminoacylation reaction was examined. The inhfbitor
choscen was AMP, which is a ﬁ?&duct‘inhibitor in the aminoacylation
reaction nnJ as sych was cexpected to demonstrate competitivc'iﬂhibition

with respect to ATP. The cffect of AMP on the initial velocity of the e
’ !

presented in Fipure 16, When 1/v was

~

aminoacylation rcaction is
plotted against 1/[ATP] for experiments conducted at saturating levels
; :

of tRNA and different fixed levels of AMP, a competitive inhibition. =
{ ) - ’

< - .
pattern was obtained (Figure 16A), lon-compctitive patterns were

“obtained when either phenylalanine or YRIIA concentrations were varied

at different fixed concentrations of AMP (Fiﬁufc.lGB_and 16C). These
: B ‘

rcsulks, as "expected, indicated that AMY competed for the ATP binding
site on the svnthetase, but not for the phenylalanine or the tIUIA biﬁdiné
siteg. These product inhibition studies‘support-thc intcfpfetation of our
ATA kinctic studies. Thercfofc the results obtained with rcgarq to AfA
inhibition lecad Qs to conclude that the dyc binds with phenylalany1¥tRjA:

synthetase at site(s) othexr than the substrate binding sites., It is

v 1,
concecivable that the jnhibition of enzymic activity by ATA binding is

due to an alteration of enzyme configuration upon d¥e binding.

N ‘ §

111, Discussion ' , ¥ I .

< ‘- » ‘ . . \y
The purification to homogeneity of phenylalﬁny]—'RﬁA svnthetase from

' \

rahhit liver was achieved as judged by L%e’specificity towards. the

substrate and b}r the formation of Oﬂly two bands —UpOll S’)S'—gel electro—

phorésis. The molecular weights of the two bands correspond to 58,000 .

.
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and 76,000. The, molecular weight o the native enzyme by gel fi]tration‘
- : - ’ .

was found to be 270,000, Based on these data, phcnylalnny]—tRHA.

synthetase has a subunit structure of the form a2C7 (a« = 58,000, 7 =

76,000). Thus, all three known pheny]alanyl—tRﬁA synthetases from
different organisms (I'. coli, yeast; and mammalian) possess a similar
tetrameric structure (202, 181, 126). Ho&%ver, the molecular weight
of the subunits differs among the phenylalanyl-tRlA synthetaseé from
E. coli (a = 37,000, 5 = 98,000) (202) as compared to those from yeast

(¢ = 63,000, 8 = 75,000) (181), and rakbit liver (a =58,000, £ = 76,000

(126).

[

Although the results obtained in the substrate specificity studies
indicate that both yeast and rabbit liver tRNA acdept phenylalanine,

there is a*different in the efficiency of phenylalanine acceptance

" between heterologous yeast tRNA and homologods rabbit liver ERNA when

o

the‘purifiéd enzyme is used. Rabbit liver tRMA showed twice the amino
acid acceptance éctivity relative to yeast tRITA. This phenomenon is
consistent with the resultéiobtained in the amino acid acceptance studies
described in Cﬁapter 3 us}ng a crude synthetase fraction.’ Similar |
results were feported for the rat liver system (lé7t lQZ)ﬂ

The apparent !Michaelis constants detérmined'EQr the three substratés
in ghis chapter are similar to the values réportcd for other’ synthetases

(102,1054.203). lowever, small variations in Km values for individual

P '
arE\present, particularly with respect to tRNA. This devia-

(62N

synthetas

tion of approxi7c ely a factor of 10 may be caused by our use of unfrac-

IAphe

~tionated tRIA instead of the purified tRY used in other studies (102).

N e . . Phe . . . . _ .
The purification of erziaP from rabbit liver is required to obtain precise



e
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=

values.
&

The kinetic analysis developed by Cleland has proven useful in
disciiminating among»alternatiVe rcaction mechanisms. With this
approach three types of kinstic mechanisms have been reported {:
aminoacyl-tRNA synthetases (104,105). In the first‘class, the
release of the.reaction products is ordered, as.in the case of By
Egli_tryptophényl— and prolyl—tR¥A synthetases (204). In the sccond
class, the product release is random, as is the casc of human tyvpto~-
phanyl-tRNA synfhetase;(lOS). Both these classes posscss a pdng-pong
mechanism with an‘ordered addition of substrates to the enzyme., The
third class is different from the ahove ﬁvo~c]ssses in.that the substrate
addition is rasdom as is the case bf E., col¥ tyrosyl-tRNA synthetasa \
(705), and L., Sgli_arginvi—tRHA svnthb‘asc (197). Results presconted
in this chapter 1ndicate thaL rabbit liver phenylalanyl tRNS &yﬂﬁthﬁye
' belongs to the ;hird class. This prediction was based on two types of l ’ T
experiments. The first was the examination of rcc1proeal pthS of
initial veloc1ty versus concentraLion of one of the substrates at
different fixed concenuwwions of a seiond substrate. ThQ eecond ZEN
the .examination of the effect of the dead-end inhibitors, phcnylﬁianiﬂ? anide
énd B,y-methylene ATP, on the initial velocity pattsrns fot Che‘amfno\

acylation reaction. These results favor a mechanism in whlch all thrae
substrates, ATP, phehylélanine and ;;;X\%ntoract with the SynLthﬁgg in
a random order. Moreover, the results suggest that all substrates wust
bind with the eﬁzyme befsre ény product is ielgsse‘. However, steady
state isotope exchange studies have not been csrried out/to confim

these results and to determine the order of product release.
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The oitect of ATA on purxfncd Dhbnyldlany]~CRVA\QYHt1Ut190 was
) \\ ¢ N
. \\.

Sf aon%idara>10~intorcgt‘ As ﬁtdﬁud pfc 10u6]v,,A1A waa repOft&d to
bo a speejfic iﬂhxhltor of mrNA b:ndlng during Lho lhlELdLlOﬂ proccss'
of pfoth” synthesis in-EA_ggiif(lBZ)c Recent stqdies ip another
laboratory (2N6), as wGil as our own (105\201);indicate that ATA
{nhibits most enzymic reactions inv§lving RNA ags tewmplate and primer,
The juhibition of the bhénflayanylvtRﬂA synthctasa;catalyzed amino-.
acylation reaction by ATA represents a fu;ﬁhcr example of thig c§ncept.
It is also wotaworthy that AT4 15 wpot a competitive inhibitor for ény

/

of the three substrates in this synthetase system, rather it is a non-

.
competitive inhibitor, Onee the enzyme SUbStfatQ~COmplﬁﬁ is formed
however, ATS& 18 no lopger inhibitory. Thexefore, jt seems probable
that aTA biuds fo tha enzyme at a site(s) other thdan the substrate
_ | : :

binding sites. This biuding wmay cause conformatianal changes io the
enzyme such that substrate binding is prevented and/or traunsfer. of
the amino acid to the tRMNA is prevented, Farcunatély, ATA 18 a fluoiésg
cent compound, Chchfo;e ATA-enzyme interaction ‘ds amenable to fluores~
c&ﬁt probe gtudies. Tn this repazrd Tt was surprising to find that another
fluorescent QSMﬂound;‘népthalihe sulfonate, can bind to the
yengymc‘but does not 1nhibit the a&inoacylaﬂion reaction.

p _

WVith rhe purificacion and charactefization éf rabbit liver phcnyl\
alanyl~tRIA synthetase thie second requirement tovard eSthll%hment of

an homologous cell-free system 1n which to examing A tribosome complex

formacion was accomplished.



CHAPTER 5 ‘ ,

LARGYE SCALE PREVARATION OF HOﬁOGF}ﬁOUS 80S RIBOSONES

4

FROM RABBIT LIVER

——

I. Introduction

Chapters 3 and 4 described, the preparation of homologous tRNA
‘and phenylalanyl-tRNA syntheta-2 from rabbit liver. These components
were required for the preparation of [3H]—phcnylalaﬂyl~tﬂNA. The
labelled aminoacyl-tREA thgs prepared provided us with the necessary
RNA binding specigs (aminoacyl-tRNA and synthctic mRIJA) to conduct our
wRNA:ribosome comﬁlex formation studies (see Tigure l): However,
before these components could be wed, one obvious task remained -
the preparation of ribosomes. This chapter describes the preparation
of homogenecous SOS ri sco. from rabbit liver.

Although the involvement of ribosoméS'in protein synthesis was
first explored in the mammalian system. (207,208) and démonstrated in
a mammaiian cellifree system (3), the majc - contribgtions to our
knowledge of the Qb}ecular events taking plqce during the process of
polypeptide éyntha&is were made iﬁ the.bactérial system (Chapte’ 1).
Progress in mammalian ribosome systems begén only toyard the end of
the 1960's. This delay-in progregs has been attributéd to several
factors:‘attémpts to oﬁtcin purc homogeneous ribosomes from ﬁammélian
sources often resulted in low yield and loss of biological activity.

Morcover, the quality of ribosomes prepared from various tissues was not

consistent, as indicated by the variable ratios of RIA to protein in the

o
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ribosomal particles (209,210). Tn general, mnmmn]iaﬁ ribosome’proﬁﬂrdv
tioﬁs contained more proteinsthan ‘expected for proknryotjc‘ribosomeﬂ
(211). This fcntﬁre suggersts that (1) there is heterogeneity amonp
ribosomaifpopulations prepared from different tissues by different
methods, and k2) there is contamination by non-ribosomal proteins.

It has been reported, for example, that contamination of the ribosomal

preparation with aminoacyl-tRNA:protein transferase makes the analysisg
. o L}

of cell-free protein svnthesis very difficult (212).

This chapter describes a method for the preparation of rabbit
liver ribdsomes in large duantities; at least 10,000 A26O units of
biologically active 80S ribosomes could be Sropnrcd at.one time. -Thc
ribosomes thus prepared were found to be free of RNase, aminoaéyl~tRNA

synthetase, and aminoacyl-tRNA: protein transferase activities. The
procedure is not new'in principle, but involves appropriate manipulation
by: (1) deoxycholate treatment of tissue howmogenate, a procedurc which

' 2+

frees ribosomes from membranous structures. and also reduces the Mg

concentration in the solution to avoid ribosome aggregation during the

subsequent purification procedure (213), (2) polvethylene glycol~dextran
sulfate partition of the rﬁbosbmal fraction, a procedure}which rgduccs
tﬁe volume of the ribosomal fraction tokonc~tcntb of the original Jivev
homoggnate, (3) DEAF-cellulose chromatography of the ribosome fracpion;
a procedurc which purifies the ribosomes by permitting complete removal
of RNase aﬁd other non-ribosomal proteins from the ribosomes.

With éﬁis procedure, a kilogram quantity of rabbit liver could
be processed within 48 hours., Ribosomes thus prepared were found to

possess a constant RYA:protein ratio (0.95) and were active in poly~
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uridylate-directed phenvialanine incorporation in the presence oi added

protein factors.
IT. Results

(1) Preparation_of Rabbit [..ver Ribosomes

. PR - N ' . . !
(a) Extraction of Rabbit Liver Tissue: Tor convenience, the isola-
tion procedure to be described is with respect to 100 grams of rabbit
il

liver. Actual preparations involved from 500 to 1000 prams o liver,
depending on the availability of {resh rabbit lTiver., 1t should be
pointed out that in order to minimize duxradnLioﬁ of the tissue, the
isolation procedure was carried ouE immediately ﬁftur the 1iver had

been exeised from the rabbit and all subsequent, procedures were carried

, .
out in the cold (0-4°) unless otherwise specificd,

la}

Tiver from fresiily bled rabbits was mined and homogienized in 2 velumes

(w/v) of Buffer 1. (see Chapter 2, Section IT (i)). Homogenization was

carried out in a one-quart stainless steel Varing Blender (Hodel 5011)
operated &t high speed for 30 scconds. Deoxycholate was then. added to
the homogdénate to a f{inal concentration of 10 mM. This treatment was

previously reported to liberate membrane bound ribosormes bv disrupting

the membrane structures (213). 1In order to degrade the "1A liberated

from nuclei, the homogenate was treated with Dilase at a final concentration

»

of 5 pg/ml,

In order to ensure compicte disruption of fho tissue, the volume
of the homogenate was increased to 450 ml with Buffer L and homogcniéul
with two strokes of an electrically driven, tight-fitting, teflon

homogenizer operated Tt medium speed. Cellular debris was removed by

4



centrifugation at 12,000 x G “or 30 minutes in a Beclman J21 centrifuge.
(b) Polyethylene Glycol-Dextran Sulfnte Parition: Tn pGCaraﬁiOn
for the partition procedure, éolid sodium chloride was added slowly to
the dbove supernataunt with stirving, to a final concentration of 350 mM,
thus making the overall coné&nt£ation of éonovalent cation 400 mM,
This concentration was found to be critical for the subsequent partition
step. Moreover, addition of potassium chloride in the place of sﬁdium
chloride did not permit an effective Dﬂftitiéﬂ. The recason for this
preference for sodium 1s uot Fpown. Once the sodium chloride was
completely dissolved, so0lid polygthylene glycol was added slowlv to
give a final concentration of 9,.5%. The mixture was stirred for 15
minutes and theun solid dewtran sulfate was slowly added to a final
concentration of 2.2%. Twmediastely a brown precipitate was observed;

this was routinely taken as” an indication of successful partition. The |

mixture was stir st ap additional 30 minutes and then allowed to
stand in the co 1 for - minates. During this period . -~ partition was:
completed. The ~ la -r was removed by aspiration an. v.gcarded. The

bottom dextran'layu%, containing the ribosomes, was concentgrated by
centrifugation at 8,000 % G for 5 minutes., The resulting dextran layer
represented one-tenth of the original parcition mixture. |

At this stage it wag necessary to remove the dextran splfate from
the ribosomal fractjon in bfder to permitvsubsequent ultracentrifugation.
The removal of dextran sulfate was achieved by precipitatior at;high ionic
strethh(Zlé}SQlid potassium chlbride was added to the fraction with

stirring to give a final monovalent cation concentration of 0.7 M.
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As soon as the salt was added the dextran sulfate precipitated
out. This precipitate was removed by centrifugation at 12,000 x G

material was recovered

for 15 minutes. Approximately 957 of the A?ﬁo

in the supernatant Fréction (Figure 17).

(¢) Discontinuous Sucrose Nensity Cfadient Ultrhcontrifdgation:
The dcxtraa sulfate~frec supernatant waé diluted appropriately with
Bpffer L to ﬁermit an efficient concontraﬁion of ribosomes by subsequent
ultracentrifugacioﬁ. I1f processing more than a kilogram of liver a
second pgrtition was intgoduccd at this stage for further concentration
of ribosomes. The diluted supernatant was centrifuged at 100,000 x G
for 2 hours in a Type 42 fixed~angle rotor. The resulting supernatant
was removed by aspifation and the godd-coloured ribosomal péllets were
resuspended in Buffer L by gentle shaking. Homogenization of the pellet
by mechanical shearing wust be avoided at this step as disintegration
of ribosome structure occurs and the yield of ribosomes is substantially
~reduced. The suspension was clarified by centrifugation at 23,000 x G
for 30 minutes. The supernatant was centrifuged in a Type 42 fixed-
angle rotor at 100,000 x G for 2 hours into discontinuous sucrose
layers: 1.1 ml of 3 M and 5.0 ml of 2 M sucrose in ﬁuffer L. By the
end of centrifugation, the ribosomes were concentrated predominantly
in the 2 M layer. Thus the danger of disrupting the ribosomes by
mechanical suspension methods WAS eliminated, This ribosomn fracFion
Qas the first’maté}ial in the purification to have a maximum absorption
at 257 nm (Figure ]7); ‘

(d) DEAF~Cellulose Column Chromatography of the Ribosome Fraction:

The ribosome fraction obtained from the discontinuous sucrose gradient
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FIGURE 17
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FIGURE 17: Schematic represcptation of the isolation procedure for
’ rabbit liver vibosomes, including the change in optical
; profile and the yield of A?éﬂ units at each stage of the
procedure. See scctlon (1) for detailed description.
*From 100 ¢ of rabbit liver,
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ultracentrifugation was diluted with Puffer L to reduce the salt
concentration to less than 50 mM. This diluted fraction was then
applied to a DEAE-coilulose column which had been equilibrated with
Ruffer I.. The column was washed with Buffer L until the base line at
254 nm was attained on thé UV monitoring system (ISCO). The column
was then washed with Buffer L containing 300 mH KCl. Tﬁe most
signifiéhnt feature of the 300 mM KC1 wash was that it fchoved RNasF,
aminoaéyl—tRNA synthetase and aminoacyl-tRNA:protein transferasc from
the ribosomes. The ribosores were then cluted with Buffer L congnining
0.7 M KClL. The recovery of A260 units in the‘breék~through, 300 mM
. (

KC1l wash and 0.7 M KCl wash fractions was approximatiely 257, 157 and

v
-

50% respectively. The ratio of ribosomal and non-ribosomal materials
’ .
at this stage of purification was constant for all preparations. The
0.7 M ICl elute was immediately dialyzed against 10 volumes of Buffer L
e . . + . .

for a minimum of 2 hours in order to reducc the X concentration. The
ribosomes were then concentrated by ultracentrifugation over 2 M and 3 M
sucrose layers as described in Section (¢). The final ribosomal sus—
pension in the ﬂ\N sucrose layer was adjusted to 100 AZGO units per ml

and stored in a liquid nitrogen refrigerator. The average vield of

ribosomes was 2,500 Ay units per 100 g of rabbit liver.

(ii) Properties of Purified Rabbit Liver Ribosomes
(a) Sedimentation Properties of the Purificed Ribosomes: The sedi-
mentation velocity boundary profile of the purified ribosomes was measurer

in a Beckman model E analytical ultracentrifuge as described in Chapter 2,

Section ITI (xvii). The ribosome ‘solution was diluted to 1.2 A260'
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Photographs were taken at 2

The sample was spun at 4@,000 rpm at 20°C.
minute intervals after the speed was attained. As seen in Figure 18A,
- The

the majority of particles sedimented as a single moving boundary.

sedimentation coefficient was calculated to be 78.0 * 0.5S. This is

close to the 80S value which is accepted as the typical value for

mammalian ribosomes (215, 216).
The sedimentation profile of the purified ribosomes obtained by .
sucrose density gradient centrifugation (15% to 30%) at 180,000 x G

i

.

for 2.5

indicated that the liver ribosomes moved as a single boundary,

hours was also examined. The results (Figure 18B) again
and that

the preparation consisted of a homogeneous population of monoribosomes.
No evidence was obtained for the presence of free ribosomal subunits.

(b) RNA and Protein Content of the Purified Ribosomes: To

examine the variabilit? in RNA and protein content of different

{
. preparations of rabbit liver ribosomes, the amount of RNA and protein

/ in the purified ribosomes was estimated as described in Chapter 2,

] _ )
Section III (v). A stock of tRNA, purified according to a previously

/
described method (217) was adjusted to 100 pg/ml and used as a standard

Similarly, bovine serum albumin was adjusted

in the RNA estimation.
An-

to 500 ug/ml and used ‘as a standard in the protein estimation.

aliquot of the purified ribosome suspension was diluted to

for both RNA and protein determinations. The results

5.0 A260
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indicated that 1l0 A260 unit of the purlfied ribosomes confained 43.5°

+ 1.5 ug of RNA by dry weight and 45.5 * 1.5 pg of protein. Therefore,
on the basis of these values, l.O A260 unit of ribosomes represents 90 ug
by dry weight. This value is lower tban those reporteq for ribosomes
obtained by other methods. Powever,‘conventional.meﬁhods'used in

other studies may not efficiently remove ﬁ§n~ribosomal_pr6teiné'
(218,220).

(¢) Absence of RNase and Aminoacyl-tRNA syni hetase in the Eurified
Ribosomes: For our proposed mPNA:ribosome complex formation studies it
was essential that the ribosome prebaration be free of RMase and amino-
acyl-tRNA activities. RNase causes degradation of messenger RNA. The
extent of hydrolysis varies so that the number of polyndcledfe frag-
ments as well as the frame of the genetic codons becpomes uncéntrollab%e
(162). The péesence of aminoacyl~tRMA synthetase might create ambiguity
in assessing aminoacyl-~tPNA binding to the ribosome:;RNA'complex, sincéyr
Millipore filters usually retain aminoacyl-tRNA:synthetase coﬁplexes
(221). |

The kinetics of [BH]~polyribonuc1eate hydrolysis by the purified
rabbit liver ribosomes was examined as described in Chapter 2, Se;;ion
1II (xvi). In order to measure the sensitivity of the assay system
the hydrolysis was also performed in the presence of a known concentratlon
of pancreatic RMase -A. The results (Flgure 19) suggested that the assay
sygtem could detect the presence of 0.0l ng/ml of RNase. The purified

ribosomes did not contain a detectable amount of RNase.

The aminoacyl-tRNA synthetase activity of the ribosome preparation
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RNase activity of the purified rabbit liver ribosomes. - Hydrolysis. .
of [3H]—polyribonucleates was measured in the presence of ribosomes
(50 ug/0.1 ml reaction mixture) or pancreatic RNase A (concentra-
tions as indicated) as described in Chapter 2, Section III (xvi).

ﬁydrolysis of [3H]—polyuridylate by 50 ug of
purified ribosomes ( ® ); . .

Hydrolysis of [3H]—polyadepylate by the purified
ribosomes (0 ); :

Hydrolysis of [3H]-polyuridy1ate by pancreatic
RNase A (0.01 ug/ml) ( 4 ).
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was also examined as described.in Chapter 2, Section IIT (xiii).
Figure 20 illustrate$~the kinetics of phenylaianyl—tRNA synthesis
by reticulocyte eﬁzymé as compared to the ribosomél fraction. The
concentration of retiCUlo?yte protéin added to the reaction was the
same as that employed in the phenylalanine incorpofation studies to
be described in the following secgion.‘ Thé results suggested that
the ribosomal fraction cantained only a negliéible amount of phenyl-
alanyl-tRNA synthetase activity. Additional'evidenée for the absence
ofiahinoacyl—tRNA synthetases i% the %iboéome préﬁaration was obtained
from similar e;periments using mixéd.amino acids.

Thus the absence of both RNase and aminoacyl-tRMA synthetase
’ activities‘in the ribosome pfeparation was assured.

(d) Cell-Free Incorporation of Amino Acid into Protein: The

purified rabbit liver ribosomes were ultimately to be used in the study

L

of the mRﬁA{:ibosqmélinitiation cémplex formation. Before such studies
could be undertakeﬁ it was necessary to ensure éhat the isolated ribo-
sotles were Liologically.active. In érder to assess this, amino acid
incorporation in a cell—free‘system containing the liver ribosomes

;as carried out as described ih_Chapter 2, Seption ITI (xiv). 1In

this study, a spécific comparison was made between ribosomal.fractions
prior to and éfter DEAE—cellulose‘chrémétography, designated as pre-
and post~ DC ribosomés respeétively. This comparison was made £o‘
determine the ‘effect of DEAE-cellulose on the ability of the ribosomes

to support cell-free protein synthesis. The results of such a study are

presented in Figure 21.” The results indicated that both ribosomal



FIGURE 20:
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Phenylalanyl-tRNA synthetase activity of the purified ribosomes.
The reaction conditions (in 0.5 ml) were described in Chapter

2,  Section III (xiii). At intervals, 0.1 ml aliquots of reaction
mixture were withdrawn and processed for radiocactivity measure-
ment (Chapter 2, Section III (i and iv)): [3H]-phenylalanyl-tRNA
synthesis by 50 ug of ribosomes in the absence of added reticulo-
cyte enzyme ( 0 ); [3H]—phenylalanyl—tRNA synthesis by 10 upg of
reticulocyte enzyme in the absence of added ribosomes ( 4).
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Cell-free [3H]—polypheny1alanine synthesis by rabbit liver

FIGURE 21:

ribosomes of different purities. The reaction conditions were
described in Chapter 2, Section III (xiv). At intervals, 0.1
ml aliquots of reaction mixture were withdrawn and processed

by the hot TCA method for measuring radioactivity retained on

each filter disc (Chapter 2, Section (i and iv)). ["H]-phenyl-
alanine incorporation by pre-DC ri®osomes in 'the presence of
polyuridylate ( 4 ); by pre-DC ribosomes in the absence of

. added polyuridylate ( A); by the post-DC ribosaomes in the

presence of polyuridylate ( # ); by the post-DC ribosomes in
the absence of added polyuridylate( 0 ).



fraction systems were able to support incorporation of [3H]\phpnﬁlm
alanine into hot acid insoluble material in the presence of addeg
polyuridylate. However, phenylalanine incorporation by the posgt~ ;
DC ribosome system increased linearly with time for tho’dthtign af
the assay (60 minutes), whereas the incorporation by the pra~ 1G
ribosome system decreased after 10 minutes of reaction. S$ince the

"ly difference between the two assay system was in the gualigy
vi ribosomes added, the results suggested that DEAF~celluylose efffcyently
removed non-ribosomal materials which otherwise interfered with protedn
synthesis.

A noﬁparison of the endogenous activity (protein synthesls fu the
absence of added mRNA).of the pre—‘and post- DC ribosomes was made, The
results demonstrated that the pre-DC ribosomes exhibited 50% of the
incorporation obtained in the preéence of mRNA (50% endogenous activiey)d,
On the other hand, less than 10% endogenous incorporation wasg Obgervad
with the post-DC ribosomes. One interpretation of this resylt 4g thag
the post-DC ribosomes are free of aminoacyl- “A:protein trahaferase
activity (é12,222).

(e) Esﬁablishment of Optimum Reaction Conditions for Celle¥rae
Protein Synthesis by the Purified Liver Ribosomes: During the estaplish~
ment of the rabbit liver ribosome system, the assay of biologlcal
activities ‘had been monitored under the conditions normally appliaed to
the bacterial system (155). This method, however, did not necessarily
represent optimum conditions for the liver system. For this reason we

decided to determine the optimum conditions for cell~free synchesis in
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the rabbitc iivcr ribosome.systcm. This was accomplished by measuring
the synthesis of [3n]~phenylalanine in a cell~free protein-synthe-
sizing system, In each set of experiments the concentration of

only one of the reaction components was)varied (Figure 22). Wheﬁ

the cbncentration'of Mg2+ was varied, it was found that the dependency
of the reaction on Mg2+ was absolute, and ;hqt the optimum concentration
was 11 mM (Figure 22A). At higher concentrations than 11} mM an inhibition
was observed, -K+ concentration was also found to be critical (Figure
22B). The optimum KC1 coﬁcentramion was 40 mM, At higher or lower
concentyations, inhibition of the reaction occurred. With respect

to MgC12 .;md' KC1l, both the bacterial and the liver System possess
similar iénic requirements for polyuridylate-directed phenylalanine
incorpora;ion (155,162),

The effecg of B—mercaptoethanol concentracioﬁ wa§ found to be very
different than that in the bacterial system (Figure 22C). 1In the
bacterial system, concentratipns between 4 and 20 mM B~mercaptoethanol
are usually employed for cell-free protein synthesis. In the rabbit
liver ribosome system: however, 60% inhibition was obﬁerVed in polyuridy-
late directed phenylalanine incorporation even at 2 mM ﬁvmercaptoethanol.
The optimum 8~mercaptoethanol concentration was in the range of 0.2 to
0.4 mM. The mechanism of this inhibition sy'8~mercaptoethanol is not
uﬁderstbod.

The dependency of the reaction on GIP was absolute in the rabEit
”liver ribosome system (Figure 22D), as expected in.any cell-free protein
synthesizing system. Although the optimum concentration of GIP for

polyuridylate—directed phenylalanine incorporation was 0.1 mM, increasing



FIGURE 22:

Optimum reaction conditions for cell-free [3H]—polyphenyl-
alanine synthesis by the purified rabbit liver ribosomes, The
reaction was carried out as described in Chapter 2, Section
IIT (xiv)..(A) MgCl concentration was varieds (B) KCl concen-
tration was varied;” (C) E-mercaptoethanol concentration was
varied; (D) GTP concentration was varied. For each experiment
the samples were processed for radioactivity measurement as
described in Chapter 2, Section III (i and iv). :

~
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the GTP concentration had little effect on the extent of the incorpora-
tion. The liver ribosomal system also required a relatively low
- concentration of ATP (0.2 mM).

The‘effect of pH on the reaction was also examined and &hp optimum pll
was 7.8. Tower pil conditions decreased the incorporation drastically,
whereas pH greater than 9.0 did not result in such a drastic

effect.

(f) Absence of mRNA Binding Capacity of the Purified Rabbit
Liver Ribosomes: Before studies into mRNA:ribosome complex formation
could be %nitiated? it was necessary to ensure thaﬁ the ribosomes
were biologically active. This was accomplished by demonstrating
the ability of the ribosomes to support cell-free incorporation of
amino acid into protein as described in Section (d). The ,preparation
of bioiogically aciive ribosomes from rabbit liver provided us with a
full complement of components originally thought necessary to study
both mRNA:riboséme and aminoacyl-tRNA:mRNA:ribosome, complex formations.
Having obtained these compénents we focused our attention or. the mechanism
of mRNA:ribosome complex formation.

The binding ability of the purified ribosomes for synthetic mRNA's
was examined as described in Chaptér 2, Section III (xv). To our surprise,
the purified ribosomes were totally inactive in the binding of poly-A,-C,
-G, andr—U as determined by Millipore filtration (Chapter 3, Section
III- (xv)). However, according to our previous studies, these same
ribosomes were capable of supporting polyuridylate-difected polyphenyl-

alanine synthesis when supplemented with crude protein from a post-
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ribosomal fraction. This latter ability iﬁdicated that mRNA:ribosome

complex forwatiou must have taken place under the cell~free protein-
synthesizing couditions and that possibly this formwation vas being

mediated by some component(s) present fn the ctude protein fraction.

Thus the inability of the purified ribosomes to bind the synthetic

mRNA's suggested that the mRNA binding capacity of the active

ribosomes was wediared by some factor(s), ribosomal Of non-~ribosomal,

which became geparaced frow the ribosomal fraction during thc.purifica*

tion procedure, This possibility was strengthéned by the faét that a

complete rémOVal of wRNA binding capacity from ribosomal fractioné had

been reported in the E. cold ribosome system (162). In order to determine

at which Stage of e purificapion scheme the rabbit liver ribosome

fraction lost the gbilipy to biﬁd mRYA, [3H1Apoly~U binding to various

fractions during the course of ribosome preparation were gxamined using

the Millipo;e filtration method (Chapter 2, Seétion 11T (;;))- The

results of these studies are presented in Table 9. The results indicated .

that complete\removai of poly~U binding\capaaity from the ribosomes i /
occurred ac‘thé very last stage of burification; that is, at the step | /
of DEA~cellulose column chromatography and subsequent concentration f
of ribosomes by_ultraCentrifugatioh. Although complete removal of the
binding activicyuoccﬁrfed ;t the final stage of purification, the majority
of binding.capacity was released in the first ultracentrifuge sypernatant
fraction (UC~X fraction). These facts supported the possibility that ;’
mRNA bindiﬁglté the rabbit liver ribosowes was mediated by an extra- /

ribosomal protein factor(s).

k4
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TABLE 9

Change in poly~U Binding Capacity of Ribosomes

| During the Purification Procedure , )

WWWM‘WV\MF""W 3 ~
[TH]~poly-U Bouné/A260 Units
Purification Step ’ Ribosomal Fraction Non~ribosomal Fraction
e e e e e e ~ - . :
8*

st ultracentrifugation 32,400 (2.43 x 10%%) | 16,600 (1.17 x 10%%)
of Dextran sulfate layer

20d ultracentrifugation 36,400 (2.18 x 10%) | 1,970 (3.00 x 10%)
DEAL-cellulose _ y 7
chromatography 16,300 (4.90 x 10°) | 45,800 (4.58 x 10 )
Condensation of ribosomes ' 6 ‘ 7
by ultracentrifugation 2,810 (7 x 10°) 17,900 (1 x 10")
1 M XCl wash of ribosomes 100 (=) =) (=)

* Total activity
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ITI. Discussion

The preparation method described in this éhapter gives rise to
a lafge quantity of biologically—active rabbit liver rlbosomes. The
ribosomes obtained from each preparation are of similar quality, a
feature which makes them particularly suitable for structural and
functional studies. The reprodupibility in obtaiging ribosomeé of
similar quality can be judged in terms of sedimentation properties,
protein-RNA ratio, lack of lytic enzyme activity, an; lack of mRNA
binding as well éé aminoacyl~tRNA binding capacities. A critical
feature of the procedure is that the ribosomes are exposed to high salt
(KC1) concentratioﬁ twice during the préparation,.once during the
partition step and again during the DEAE-cellulose chromatography step.
The short exposure to high salt at the partition step does not cause
any noticeable effect on the yield of the quaiity of ribosomes. However,
the second exposure to high salt at the DEAE-cellulose chromatography
s£ep is critical in two aspects; (1) the 0.7 M KCl wash—fréction contains
ribosomes.:‘If this fraction is concentrated directly by ultracentrifugation
dissociation of the ribosomes bc;urs. The resulting ribosomal subunits
reﬁain polydispersed in the'top layer of the discontinuous sucrose
gradient.  Dissociation of high-salt treated ribosomeé into subunits
in the centrifugal force field has been reported previously (223-225).
This phenomenon causés reduction  in the final yield 6f ribosomes. 1In
order to avoid this'Situation,mkt is necessary to dialyze the 0.7 M KC1

wash fraction against a low-salt buffer to lower the.salt concentration

below 400 mM prior to ultracentrifugation ( 2 ). The exposure of the
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ribosome fraction té 0.7 M KC1 during the DEAE—éellulose éhromgtography
step removes the mRNA binding capacity from She ribosomes. This
represents a unique feature of the purification procedure, one which
subsequently led us to the dilscovery of mRNA bigding faEtofs.,

. With the preparation of biologically active ribosomes frqm
rabbit liver, the fourth requirement toward establishment of an
homologous sys‘tem.was accomplished. Howevef, the inability of the
purified riboébmes ro bind mRNA, necessitated that the factor(s)
résponsible for madiating nRMA binding to the ribosomes had to ge

isolated and charactetrized.



t g CHAPTER 6

PURIFICATION AND CHARACTERIZATION OF mRNA BINDING FACTORS

I. Introdﬁction

In ‘Chapter S it was demonstrated that purified rabbit 1: v “osomes
could supporE‘polyuridylate—directed f&}polyphenylalanine‘syntha is v on
supplemented with a crude post-ribosomal protein fraction), but tha: i
ribosomes themselves were unable to bind synthetic mRNA's such as
poly-A, -C, -G, and -U. These facts suggested thaguthe mRNA hinding
capacity of the active ribosomes was mediated by some factor(s),
rigosomal or non-ribosomal, which became separétéd from the ribosomes
during the purification procedure. Examination of the [3H]—poly—U
binding capacity of various fractions throughout,ribosome purification

“demonstrated that the majority of bindiﬁ% capacity was released in the

first ultracentrifuge supernatant fraction. This fractipn, UC-I fraction,

was subsequently found to be a plentiful source for all four synthetic

mRNA binding factors. The mRNA binding proteins have been designated as

MA—, MC—, MG-, and MU— factors and are specific to poly-A, poly-C, poly-

G and poly-U respectively. Althéugh four mRNA binding factors were
isolated, only MA— and'MU— factors have been_purified to homogeneity.
Unfortunately Mé— and MG~ factors are so unstable that they have not

been purified to date. The purification and characterization of the mRNA

binding factors,‘MA and MU,is the  subject of this chagFer: In particular,-
the role of these factors in the binding of synthetié;?RNA's to ribosomes
is examined. N

The purification of the mRNA binding factors includes conventional ~

116
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chrdmatograph& on‘DEAE—ééllulose and Sépharose 6B.  Although MA— and
MU— factors exhibit thg,same molecular weight, 60,000 daltons, as_
determined by SDS~gel electrophoresis, they elute fram DEAE-cellulose '
column at different salt concentrations and require dlfferent ionic
environments to maintain their MRNA bindlng capacity, Both factors
mediate the specific binding of the cor-esponding synthetic ﬁRNA

to the purified rabbit liver ribosomgs in a dompletely homoiogous
cell-free system. The ternary complex of mRNA: rlbosome M—faétor

was then able to bind with a specific amlnoacyl tRNA when an additional
amlnoacyl tRNA binding factor was added to the reaction ﬁlxture There-
fore it seems that the observed function of MA—.and MUr‘féctors
represents a biologically significant event and not an artifact.

Of the known factors involved inﬂghe initiation of mammalian
protein synthesis (see Chapter 1, Tablg 1) MA— and MU— factors ‘most
closely resemble initiation factor IF—M3 in terms of function:(135).
However, their molecular weight differs considerably from. the knbwn
value for IF—M3. Moreover, one of the unique properties of the ﬁ—factors,
which is not comparable to other known factors, is that each factor is
specific to a homopolynucleate. - This fact suggests tg;t\some mechanism
of base recognition by protein may be involved in the present system.

In this regard, it is unfortunate that the lack of purified MC— and MG—

factors prevents a study on recognition of natural mRNA by the M-factors.

II. Results

(i) Purification of mRNA Binding ?actors

Prior to description of the purification methods, .some important
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aspects of the approach taken should be brought to attention. The

protein factors for mRNA biddiﬁglto ribosomes can be isolated from

) .

eithe; one of ‘two major sburcgu; the post—ribosoﬁal supernatant or

the 1 M KC1 wash of crude ribosomes. As illustrated in Table 10,

the mRNA binding facgors in the ribosome wash fraction are extremely

unstable aftgr eprsure to a high-salt buffer. The reason for thié
qiffere£tiai stability of binding factors from these two sources will be i\\\)ﬁ
discussed_in a subsequent section (Figure 24). .It should be pointed /

’ \

out that four mRNA binding factors were detected in the crude protein

too

»

fractions, however the poly-C and.poly-G binding factors were
unstable to be purified ﬁ;der‘the conditions employed. It should also

-bé mentioned that pbly—A and poly-U binding® factors can be gtabilized

and pufified from the post-ribosomal ;upérnatan& under different coﬁditions,i
as will become evident in the following sections. During the purifica- |
tion procedure, the mRNA binding capacities of each fraction were monifored
by the Millipore filtration method as described in Chapter 2, Sectioﬁ

IIT (xv).

(a) DEAE-cellulose Chromatography of Post-Ribosomal Proteins:

Post-ribosomal proteins, Ut—I fraction, were obtained as described in
Chapter 5 for the preparatioﬁ of rabbit liver ribosomes. In order to
precipitate proteins, solid ammonium sulfate was added with stirring.
The proteins precipitating at’a‘saturating concentration of ammpnium
sulfate were cgllected by centrifugation at 12,000 x G for 30 minutes.

14 . .
The supernatant was collected by aspiration and discarded. The preéipitate

was suépended in a minimum volume of Buffer TRl (see Chapter 2, Section

II (ii)), and stored at -20°C. When required,a 2.5 g portion of protein



119

in the amonium sulfaste prec;picate of\tﬁe UC~1 fraction (TableflO)
wag dialyzed againstr 40 volumas of Ruffer TRL, Thg salt concentrarion
" of the dislysate was adjusted to 50 mM k+' equivalent, as measured. by
a conduactivity metar Thls fraction was theu applied to a DEsL~
celluloge colum (3, 7 em ¥ 37 cm) wh1ch had erﬂ equilibrated with
‘Buffar TR1. The column was first washed With Buffer TR1 containing
50 mM‘KCl ancil the base line at 280 mm on a UY wonitoring system (1SCO)
haﬁ beep'aftained, Subsequently, the Q01umn wag developed with a2 1600 wl,
linear XCl gradient from 0 to 500 mM in Buffer TRl The poly~A aud poiy~
U hlﬂding activities of cth fraQtion ware examined. Fractlons showing
slgn1f1cant blhdlﬂg acciv1tles vere pogled (Flgure 23), Poly~A binding
‘actlf}ty appeatad st appr0x1mately,l70 Mt KC1 and poly~U binding sctivity
st 220 wh KCL. S R

‘ . (b) leferentlal Dlalysis and Re~chromacography of Each Factor:
Tha two fractlons CQerSDOleng to polyfA and poly~U blndzng activities
reapectively were subjected to differential dialysis. The poly-4
biﬂding'ffaétiOﬂ was dialyzed agajost Buffer TRl containing 150 wM
IfMovpiun ﬁulfate and .4 M sucrose for JO hours . The poly~U binding
fracrion vas dialyzed aghinst fhe.buffer containing only.Z.Q M sucroge
‘The veason for this differential treatment was thatr each binding faccor
wag found to Exhlblt dlffefent Sﬁabllltles in salt solutions as lllustrated
in Flgure 24. The poly~A bindlﬂg factor was found to be stable in buffer
QOﬂﬁaiﬂing\ISO mM amaoninm SUlfate,*but unstable in SOluthﬂS containing
no .galt, !09 the other hand, thg_poiy»U biﬁding factor was found to be
angtable in buffer COntaiﬁing 150 m} amwonium sulfcte but stabie in a

aalt~free s%lutibnz Therefore, the small'amouqt of “he poly-U binding
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TABLE 10

Distribution of mRNA Binding Factors in Two Major Sources:
- the gost—~ribosomal‘sugumatantz and the high~salt wash of crude ribosomes = =¥

Messenger RNA Binding Activity#

Poly-A  Poly~G Poly~C Poly-U

Fraction Binding . Binding Binding Binding
W WMFV\/V
Post~ribosomal 1.6 x 1of 1.1 x 10b 1.3 x 103 7.7 x 103
supernatant 8\ . 8 7 7
(UC~1 Fraction) (1.6‘x 10 B** (1.1 x 107) |(1.3 x 10") ((7.7 x 10")
4 ‘ 3 4
(NH4)2504 2.0 x 10 3.4 x 10 not . 1.3 x 10
precipitate of | (2.0 x 10°) | (3.4 x 107y | detectable |, o 8
UC~T Fraction ~ :
‘ ok 4 3 5
High~salt wash - 1.8 x 10 ., 8.0 x 10 7.3 x 10 6.3 x 10
of crude ribo~ - 4 6 5 1’
somes ‘ (3.1 x 10) (1.4 x 107) {(1.3 x 10 ) '{l.l x 107)
(NH4)2864 not not not 7.0 x 105
precipitate of detectable detegtable detectable (1.21 x 107)
ribosome wash '

¥ Expressed as [3H]polynucleate bound (CPM) per mg proteiﬁ.

** Numbers in brackets represent a calculated total activity in each
fractdion, :
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DEAE-cellulose column chromatography of the post-ribosomal
supernatant proteins for the isolation of poly~A and poly-~

U binding factors. A 2.5 g portion of post-ribosomal
supernatant proteins was loaded onto a DEAE-cellulose column
(3.7 cm x 37 cm). The proteins were fractionated by a linéaR
gradient of KC1 from 0 to 500 m!M in Buffer TR1. Then 6 ml
was collected in each tube, and 100 ul aliquots were assayed
for [3H]—polynucleate binding activity by the Millipore

fi?’ ‘ation method as described in Chapter 2, Section III (xv).
Ac. ve fractions for the binding of poly-A (tube no. 70-100)
and poly-U (tube no. 110-145) were pooled, as indicated in

the Figure by A. and U. A solid line indicates 280 nm absorption
recording by the ISCO UV-Analyzer; poly-A binding ( 0 ), poly-
U binding ( ® ). The KCl gradient is inserted in the figure.
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FIGURE 24: TInactivation profiles of poly-A-and poly-U binding factors
by salt in a buffer. 10 pg portions of purified poly-A and
poly-U binding factors were 1nd1v1dually incubated in Buffer
TR1 containing different amounts of NH,* (ammonium sulfate)
as indicated on the, abscissa. After 16 hr of standing at 4°c,
the binding capacity was examined by the Millipore filtration
method (Chapter 2, Sectlon ITI (xv)). The results are expressed
as percent activity of [ H]-poly-A ( ® ) and [3H] -poly=-U-( 0 )
binding by the non-treated poly-A binding factor and non~treated
poly-U binding factor respectlvely A 1007 value is equivalent

‘to 15,000 c.p.m.

~
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factor present in the poly-A binding factor fraction was dnactivated
. 1

during the dialysis against the buffer as specified. This fe%ture
permittéd separation of each factor, free from the other, at thé
very early stage of the purification procedure. It should be pointed
out that conditions which eliminated one mRNA binding capacity did
not result in a concomitaﬁt Increase in the other mRNA Binding capacity.
At no time during the purification procedure was interconversion of
mRNA binding capacities observed; that is, cach binding capagiﬁy
remained specific to the correspanding mRNA throughéut the purification
procedure.

After differential dialysis each fraction was rechromatographed
on DEAE-cellulose coluﬁns until the protein peak coincided with the
activit? peak of the mRNA binding. This step usually required two

successive chromatographies under conditions similar to those described

for the first DEAE-cellulose chromatography. The elution profiles for these

|
\

purification procedures are presented in Figure 25,

(c) Sépharose 6B Chromatography: After obtaining wRNA binding
factors with a homogeneous charge property, each factor was subjected
to a molecular sieving chromatography Psing Sepharose 6B (150 ml bed'
volume). In order to eliminate any interference‘by the inherent charge
property of the Sepharose, the devgloping buffer contained 150 mp
ammonium sulfate. Figure 26 illustrates the elutiﬁn profiles of polyfA
and poly-U binding factors from the column. (

In order to obtain an approximate molecular weight for the binding

factors, a mixture of four marker proteins (thyroglobulin, glucose
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FIGURE 25: Purification of poly-A and poly~U binding factors by re-~chromato~
graphy on DEAE~cellulose column. The pooled fractions, A and U,
as indicated in Fig. 23 were separately chromatographed on DEAE~
cellulose columns, (A) and (B) represent purification profiles
of the poly~A binding factor: (A) second chromatography on a 50.
ml column with 400 ml of a linear gradient of KC1 from 0 to 400
mM; (B) third chromatography on a 10 ml colum with 200 ml of a
linear gradient of KC1l from 0 to 400 mM. Two ml fractions were
collected in test tubes, and 30 pl aliquots were assayed by the
Millipore filtration method (Chapter 2, Section III (xv)) for the
binding of [3H]vpolyaA. (C) and (D) represent purification
profiles of the poly-U binding factor: (C) second chromatography
with the same elution and assay conditions as in (&), except
assay using [3H]~poly~U; (D) third chromatography, as (B), except
assay using [BH]~poly~U. Solid lines represeat the recording of
280 nm absorption by the ISCO UV analyzer.
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Sepharose 6B chromatography of poly-A and poly-U binding
factors, Poly-A and poly-U binding factors were recovered
from the active fractions, as indicated by arrows in Fig. 23,
(C) and (D) respectively. Pooled fractions were concentrated
by dialysis against appropriate buffers (see Fig. 24), and
subjected to molecular sieving chromatography on Sepharose
6B, bed volume 150 ml. The columns were developed with
Buffer TR1 containing 150 m! ammonium sulfate to counteract
with charges on the Sepharose. One ml fractions were
collected in each tube, and 20 pl aliquots were assayed for
[ H]-mRNA binding -activity by the Millipore filtration
method (Chapter 2, Section III (xv)). (A) represents
poly~A binding factor from Fig. 25B and (B) poly~U binding
factor from Fig. 25D.

After each chromatography, a mixture of four marler
proteins were processed. The elution positions of these
markers are illustrated by TG (thyroglobulin, MW = 6.6 x
10 ): GO (glucose oxidase, MW = 1.86 x 10°); 0OA (Ovalbumin,
MA = 4.5 x 10% ).; and CC (cytochrome C, MW = 1.24 x 10%),
Estimated molecular welghts of poly~A and poly-U binding’
factors are the same: approximately -180,000.
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oxidase, ovalbdmin, and cytochrome c) was applied to the.column vnder
identical conditions as those used for the binding factors. Thege
marker proteins were run éingly and in combination in order to ensure
that no aggregation occurred between the proteins. The éarker
positions are illustrated in Figure 26. The poly-U binding activity
appeared at the protein peak corresponding to a molecular welght of
180,000 (Figure 26A). At the region of low molecular weight

quantity of protein was detected. This fraction'idcluded Rllase as
determined by the method described in:Chapter 2, Section III (xvi).

The poly-A binding activity appeared at the same position as the poly~U
binding factor (Figure 26B). These facts indicateq that botﬁ"binding
factors possess approximately the same moleéular weights although they
possess different net negative charges aé demonstrated by DEAE;QellUloge
column chromatography,

Each binding factor obtained from Sephérose‘6B chromatography wasg
condensed by dialysis against Buffer TRlvcontaining 2.4 M sucrose and L
an appropriafe—concentration of salt: 150 mM ammonium sulfate for poly-a
binding factor, and no salt for poly-U binding factor.A The concentrated.
mRNA binding factors, designated'as MA— and MU— factors were stored at
-20°C. |

(ii) SDS-Gel Electrophoresis

In order to determine the homogeneity of theipurifiea M~ féctors,
MA— and MU— factors were subjected to SDS-gel electrophoresis at pH 7.1
as described in Chapter 2, Section III (xviii). Figure 27 illustrates

a densitometric tracing of such gels. The results indicated that
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FIGURE 27: Densitometric tracing of SDS-gel after electrophoresis of M-

factors. 10 upg of each purified M-factor, MA and MU’ was

treated with SDS (2%) at 85°C for 15 min in the presence of

50 mM dithiothreitol. Then the sample was subjected to electro-
phoresis as described in Chapter 2, Section III (xviii). The
gel was stained with Coomassie brilliant blue and then destained.
The densitometric tracings were made using an IS€O gel scanner
Model 659: (4A) MA—factor; (B) MU—factor. The relative positions

of marker proteins which were treated exactly the same way ar
indicated by arrows with numbers: 1 Ovalbumin (MW = 4.5 x 10*;

2. Aldolase subunits (MW = 4,0 x 104); 3. Succinyl-CoA synthetase
B subunit (MW = 3.9 x 10%); 4. Succinyl-CoA synthetase o subunit
(MW = 2.85 x 10%); 5. Chymotrypsinogen (MW = 2,75 x 10%); 6, RNase
A (MW= 1.37 x lO&). -
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FIGURE 28: Molecular weight determination of poly-A and poly-U binding
factors by acrylamide gel electrophoresis in SDS (Chapter
2, Section III (xviii)). The positions of the M-factors
are indicated by MA—factor and‘MU—factor. Both factors

indicate a molecular weight of approximately 60,000.. The
mobility of succinyl-CoA synthetase was used as an internal

standard.
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.
purified MA— and MU— factors each give rise to a single band in the
presence of SDS. Calculation of the molecular weight of MA— and
MU- factors by comparison to the relative mobilities of several

standard proteins (Chapter 2, Section III (xviil)), suggested

a value of 60,000 for both !~factors (Figure 28).

(1i1) M-Factor Mediated Binding of mRNA 'to Ribosomes
In the folléwing studies on mRNA:ribosome complex formation,
riboéomes active in phenylalanine incorporation.yet inactive in [3H]

- ~mRNA binding'in the absence of added'mRNA binding factor were used.

It should be pointed out that when_ribosomés possessed residual binding

activity, they were subjected to dialysis agaiq@$ Buffer TR1 containing

no salt and subsequently against the buffer containing 150 mM ammonium
sulfate. This treatment inactivated the residual binding capacitylof
the ribosomes as described in the preceeding section. The biological
activity of these ribosomes was examinéd by the incorporation 6f [3H]—

\;henylalanine in the p?esence of a crude protein mixture from a post-
uﬂ’//Zibosomal supernétant fraction.

i In the'study of mRNA;ribosome‘complex formation both Millipore
filtration and sucrose density gradient centrifugation methods were
used (Chaptér_Z, Section III (xv). The latter method was used to test
whethér or not the purified ribosomes could bind [3H]~polyadenylate
in the presence of the poly-A binding factor or to bina [3H]—poly—
uridylate in the presence’of the poly-U binding factor. The results of
"such sucrose density gradient centrifugation 'experiments (Figure 290)
clearly demonstrated that ribosomes alone cannot bind poly-A or poly-U.

Moreover, the ribosomes were not able to bind poly-A in the .presence



FIGURE 29:

0

130

Os

S o 80S

]
c—X < O
Q\O
a—
é
o
..—-—‘f ,0’0
b

x"x

Bottem Top  Bottom ‘ Top -

FRACTION NUMBER

Sucrose density gradient centrifugation of ribosomes:[3ﬂ]~mRNA:
M-factor complex (Chapter 2, Sectionm 11IL (xv)). The reaction
mixture (0.5 wl) for binding reactrion @s specified in the text
was loaded onto a linear gradient of sucrose (8% to 15%) in a
SWal rotor cell (12 ml capacity), and spun at 37,000 T.p.m. in a
Spinco Model L3-~50 for 180 miu at 4'C. Six-drop frgctions were
collected on filter discs, dried, and examined for ["H]-radio-
activity as described in Chapter 2, Section III (iv). A: ["H~
poly-A binding go ribosomas, The weaction mixture contained
ribosomes and [“H]-poly<A ( ®.); ribosomes, [3H]~poly~A and the
My-factor ( X ); ribosowes, [ H]-poly-s and the Mvaactor  0).
B: ["H]-poly~U b~ ding to ribosomes. The regction mixture contained
ribosomes and [“H]~poly~U ( g ); ribosomes, [3H]fp01y—U and the
M,-factor ( 0 ); ribosomes, [*H]-poly-U and the MU~faCtor (X ).
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of the poly~U binding factor (MU) or poly-U inbthe presence of the
. poly-A binding factor (M,)+ The only combinations of components
which resulted in mRUNA:ribosome complex formation were those which
included ribosomes, [BH]~mRNA, and the corresponding homologous
wRMA binding factor; that is, polyvA:ribosome:MA~fdctor, and poly~U:
ribosome:Mvaactor. These results clearly suggest that the mRNA
binding proteins, as detected by Millipore filtration during the
1§olation procedure, mediateAmRNA binding to ribosomes as analyzed by
the sucrose density gradient method. Moreover, the results also suggest

that poly-A and poly-U binding factors are specific to polyadenylate and

polyuridylate respectively,

(iv) Specificitzlof &Afﬁéggﬁﬂvv Factors
The specificity of MA~ and MU« factors toward other synthetic
pINA's was critically examined using the tlillipore filtration method
(Chapter 2, Section III (xv)). The use of the filtration method was-
justified by the fact that the sucrose density gradient analysis
revea}ed the specific complex Formatitn between polyvU:ribosome:LU~
“factor, as expected from the 'ésultélof filtration experiments for
the specific binding of MU~facFor and poly~U. The same situation
w&s true for the MA~factor:poly~A system, _
As summarized -in Table 11, h%jfactor: [3H]—poly~A complex formation

was diminished only by adding non-radioactive poly-A to the reaction

nixture (the chase phenomenon). The other three v ~adiocact_ve homo~
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TABLE 11

Specificity of MA and M towards Homgpolynuc]gates

Experiment 3H mRNA M-factor Unlabelled® % CPM bound
(~0.1 ug) (10 ug) polynucleate (100%=15,000 c.p.m.)
{
Ia Poly-A M, - 100%
b . Poly-A MA Poly-A 7%
c Poly-A b% ] Poly-C 93%
d Poiy—A MA Poly-G 103%
e Poly-A M, Poly-U 96%
ITa Poly-U | Mﬁ - 1007%
b Poly-U My Poly-A 102%
c Poly-U MU Poly-C 077
d Poly-U MU Poly-G ' ’ 1047
e Poly-U My Poly-U 13%

* Unlabelled polynucleate was added to the reaction mixture S minutes after
initiation of the reaction. The reaction was allowed tQ pfoceed for an
additional 5 minutes and then the mixture was filtered t..;ough Millipore

filters as described in Chapter 2, Section III (xv).

¢ .
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polynucléa;es‘had no effect whatseaver. Similarly, MU~factor:'[3H]~
poly-U complex formdtion was diminished only-by adding non-radioactive
poly-ﬁ. Therefore, it was concluded that MA~ and MU—factors possess
a étringcnt spccificitygtoward‘polyfA and poly-U, resgpectively.

. It should ge-noted-fhat if [BH]~poly~A wag mixed with poly-U and
heated to 373C,1ﬁo binding reaction occurred. Similarly, a [3ﬁ]—poly—U
and poiy—A m;xtﬁre at 37°C pfeventea the binding reaction. However,

keeping all reaction components at 4°C permitted specific mRNA

" factor bindihg as ghown in Table 11, oog phenomenon was interpreted as

VA

lack of mRNA binding due to the formation of double-stranded RNA.

v) [3H]—Aminoacxl~tRNA‘Binding to mRNA:Ribosome:M-Factor Complex

Demonstration of ﬁRNA:ribosome complex f;rmation in a cell«frge
system does not necessarily reflect a haﬁural event taking place during
the initiaiﬁsteﬁ of protein synthésis in the cell. The complex could
represént an artifact of thé cell~free: system under study.~ As mentioned
in Chap;er 1, it was necegsary to ensgure that the factor mcdiated
formation of mRNA:ribosome conmplex was a biologically significant event.
It was gufficient to demonstfate that the ternary comnlex of M~factor:
mRNAsribosome could proceed to the next step of proteinfsynthesis; th&t
is, the specific‘binding‘of amino;cylvtRNA as coded for byfthe mRNA -
employed in the system. | ' N

First, the binding of [BH]~phenylalany1—tRNA (25,000 c.p.m,) to
the ribosomes in the_presence of poiyvU and Muﬂfactor wé; examined on,

sucrose density gradients as described in Chapter 2,’Section ITIT. (xv).
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No [3H]—phenyialanyl—tRNA bindingvto'thg ribosomal complex was detected
(Figure 30). Similarly no [3H]—1ysyl—tRﬂA binding was detected in

the system containing [3H]—lysyl—tRNA, ribosomes, poly-A, and MA—

factor (Figure 30). These results suggest two possibilities: (1)

the mRNA binding to the ribosomes observed under the conditions deséribed
represents an artifact, or (2) the specific binding of aminoacyl—-tRNA

to the ribosome coﬁplex requires the ﬁresence of an additional factor(s).

The second possibility was considered first since a protein

mixture from a 1 M KC1 wash of crude ribosomes was found to contain

aminoacyl-tRNA binding capacity by Millipore filtration. This fracﬁion
was purified and an aminoacyl~tRIIA binding protein(s) was isolated aé
described in Chapter 2, Section IIT (ix). 20 g of this aminoacyl-tRlA

binding protein(s) was included in the specific binding reaction‘mixture

. containing ribosome vj—factor, poly-U, and [BH]—phenylalanyl—tRNA.

The reaction mixture was incubated in the cold for 5 minutes and analyzed
for specific binding by sucrose  density gradient centr&fugation for 180
minutes., The results (Figure 30) revealed that essentially 100% of the
[BH]—phenylalanyl-tRNA precipitated to the bottom of the gradient tube.
This result suggested two possibilities: (1) aggregation of another
component with [3H]—phenyla1anyl—tRNA, or (2) association of [3H]—fhenyl—
alanyl-tRNA with polyribosomes. In order to determiné which

of the two possibilities was correct, the same reaction mixture described

above was analyzed by sucrose gradient centrifugation for 60 minutes

Paed
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o, .
#(Figure 30). The results obtained from this experiment demonstrated

the presence of trimeric, dimeric, and monomeric ribosomes. All of
these forms bound to [3n}~phenylalaﬁyl—tRNA in the prosedce,ef the
MU—factor y aminoacyletRNA binding protoin(e) and pqu-U: A reaction
mixture containipg poly-A, ribosomeé, MA—factor, aminoac, I-tRNA
binding protein(s), and [3H]~1ysyl—tRNA was enalyzed in the same
manner (Figure 30). Binding of [BH]—ly§91—tRNA to all three ribosome
species - trimeric, dime;ic, and monomeric-was.observed. Therefore,
from these results it is evident thet MA— and'MU—factors can
function as mediators of mRNA binding but not of aminoacyl-tRNA binding,
and that binding of aminoacyl-tRNA to fhe mRNA:ribosome complex
requires an additional protein facger(s). |

One question was still unenswered concerning the mRNA and the
aminoacyl-tRNA binding experiments: why were polyribosomes observed in
the fiectioh of [3H]—aminoacyl~tRNA binding while only monosomes were
detectednin the [3H]—mRNA binding experimente? Since by defieition the
presence of pelysomes requires the existence of mRNA chains sufficiently
long/@o accommodate more then one ribesome, the obvious approach to the
qugé;ion was to examine the size of the mRNA's used in the two types of

(3%

ekperiments. This was done by examination of the sedimentation boundary
) .

ot of the mRNA's bf analytical ultracentrifugation éstdescribed in
onept 7 Section IIT (xvii). ;The conditions employed were identical
M) < Jdescri™ rabbit liver tﬁNA. It was found that the non-
radioactive | - oly-é used in the aminoacletRNA binding

experiments :re ¢. 1d. -ably larger in size than the corresponding

[BH]—mRNA's. The dif. cence in chain length of the mRNA species may

L.
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aecount for the observed phenomena in Figures 29 an9/30. However, in

light of recent knowledge concerning the function/g} initiation factors

from both E. coli (226) and eukaryotes (227), more fundamental

aspects should not be overlooked. For examp]ey/it is possible that

‘tﬁe presence of mRNA binding EQCCOrsDalone do/ﬁot cause dissociation

of ribosomes but that in the presence of addéd aminoécyl—tRNA binding

factor(s), dissociation of ribosomes with subsequent formation of

polysomes, occurs., The possibility of such an event taking place

wag examined as follows: first, Eibosomes were incubated with

purified M-factor under binding conditions and then subjected to

sucrose density gradient centrifugation.analysis (Figure 31). The

results indicated no detectable dissociation of ribosomes. Secondly,

ribosomes were incubated with partially purified aminoacyl-tRNA

biunding protein(s) and analyzed on sucrose density gradients; again

‘ﬁo dissociation of ribosomes was dete-ted (Figure 31). The addition

of both the M~factor and the aminoacyl-tRNA binding protein(s) to the

ribosome system did not alter the separation profile regardless of

the binding conditions employed. TFrom this data it was concluded

that M~factor and the aminoacyl-tRNA binding factor(s) alone or in

combination, do not dissociate the purified .ribosomes under the condig?ons

euployed for mRNA~ or aminoacyl~tRNA,biﬁ§§ng. I
Based on the above analysis the following conclusions can be drawn:

(1) the purified rabbit liver ribosomes prepared according to the

procedure specified in Chapter 5 are able to bind mRNA when the reaction
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FIGURE 31: Inability of the M~factors and the amirna 1 .2NA binding
factor(s) to dissociate rabbit liver ribosowes. The reaction
mixture (0.5 ml) for the binding study was incubated at 4°C
for 5 min, loaded onto a sucrose gradient (8-15%), and spun for 180
min under the identical conditions described in Figs. 29 and
30, Six—-drop fractioms were collected, and absorption at
260 nm was examined after appropriate dilution with Buffer
TR1. The reaction mixture contained 10 A units of ribosomes
and 50 ug each of MA— and MU— factors ( ® ?; ribosomes, and 50

ug of the aminoacyl-tRNA binding factor ( O ); ribosomes, the
aminoacyl-tRNA binding factor and M-factors (X ).

“
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mixture 1s supplemented with the M-factor specific to tﬁat mRNA, and
(2) the resulting ternary coﬁplex, mRNA:ribosome:M-factor, caﬁ
subsequently bind éminoacyl4tRNA as specified by tﬁe genetic code
when the reaction mixture is supplemented with .an amiﬁoacyl—tRNA
binding protein(s). Both binding of mRNA and aminoacyl-tRNA occur
in the cold (0-4°C). |

1

 (vi) Effect of Aurintricarboxylic Acid (ATA) on mRNA Binding

ATA 1s a potent inhibitor of Ehe initiation of protein biosynthesis
in the E. coli (182), wﬁeat embryo (228) and mammalian systems (229).
As mentioned in.Chapter 4, the inhibitory effect of the dye was
originally believed to be specific towards mPNA binding to ribosomés.
However recent studies (Chapter 4) demonstrated that ATA is a non-
specific inhibitor which interferes with a variety‘of/reactidns involving
c“.I'}{I\II\.—protein interactions. It is noteworthy that in all these studies
the site of ATA binding was found to be on the enzyme. For this' reason,
the effe%; of ATA on mRNA:ribosome complex formation was re—examined.
The main objective of- the following studies was to detérmine whether
ATA inhitited mRNA:M-factor complex formation or the binding of mRNA:
M—factar complex to ribosomes.. |

First, the ATA effect on mRNA:M-factor complex formgzion was
examined using the Millipore filtration method. As iilustrated‘in
Figure 32 bth'poiy—U:MU—factor and poly—A:ﬁA—faétor complex-formations

6

were inhibited by ATA at approximateiy lOT M (507 inhibition value,

)

designated as ISO)' In these experiments 10 pg of the required M-

factor in 0.5 ml of reaction mixture was used. This represents a molar

o
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FIGURE 32: Inhibition of M-factor:mRNA complex formation by ATA, The
binding of [3H]-poly-A to the M,-factor ( 8 ), and [“H]-poly~U
to the M -factor ( 0 ) as measured by the Millipore filtratd on
method (Chapter 2, Section III (xv)). Each reaction mixture
contained 10 Hg of the M-factor, 30 muCi of corresponding
[PH]-mRNA and varied concentrations of ATA as .indicated on the
abscissa. o



racio of ATA to M~factor, (estimated native molecular weight emuals
180,000), of 10 in solution. This ratio is in close agreement with the
phenylalanyl-tRNA synthetase system (Chapter 4, Section 1I (iv=c)).

It should be pointed out that bv increasing the amount of M-factor
from 10 ug to 50 ug, ATA inhibi.ion was reduced to 10%. However,
increasing amounts of polynucleates did nqt-alter the ISO’ Theréfore,
these results suggest that there are multiple ATA binding sites on the
M~factor itself.

In the next series of ewperiments, the orde; of addiung reaction
components was manipulated as described ianable 12 in order to obtain
further information concerning the mode of ATA inhibition. ATA was
found to exert its inhibitory accién when the M~factor interacted
first with ATA and theu with mRNA, HOWeQQr, its dnhibitory ‘ect was
reduced when the M~factor was allowed to interact first with mRNA and
then with ATA. These facts inéicated that the preformed cdmplex was
resistant to ATA action and that the site of interaction was on the M~ o
factor.

Using the sucrose density gradient method, the effect of ATA on
the formation of the ternary complex between mRNA:ribosomes:M~factor
was examined. Figure 33 demonstrates that ATA (1056 M) does not disrupt
the p;eformed ternary complex. ‘ATA inhibited the formation of the
ternary complex whes mixed with the M-factor prior to the addition of
other cowponents. However, ATA does not interfere with tervary complex
formation when ribosomes are exposed té ATA prior to the addition of

the mR¥A:M~factor complex. These results provided further evidence
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TABLE 12

Change in Efficiency of ATA Action by Modifying the Order

of Adding Reaction Components

Experiment Order of Addition EBH]mRNA bound 7 CPM
1st 2nd 3rd in CPM
Ia . MAvfactor [3H]—Poly—A - 30,169 'lOOZ
b MAvfactor [BH]—Poly—A ATA 22,319 73%
¢ ATA [3H]—Poly—A 'MA~faccor 13,576 45%
d M,~factor ATA [31]-Poly-A 2,689 9%
I1a M ~factor (*n]-Poly-u - 34,049  d00%
b M,~factor [ i]-Poly-U ATA 22,979 - 68%
- - ATA [3H]-Poly-U M,~factor 14,641 437
d M ~facfor ATA [ Poly-u 2,379 7%

The addition of the three components in Ic and IIc is the regular

order used for determination of I

50 (Fig. 32).
N .
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that M~factor:mRNA interaction is sensitive to ATA. Tliese regults
also led to an important conclusion: the interaction of the ribosome
with.the M-factor:mRNA complex is résistant to ATA action,

Although it was desirable to obtain information concerning the
mode of ATA inhibition such as whether it is a competitive, non-
competitive, or uncompetitive type, the biﬁd;ﬁg reaction is not
amenable to standard initial velocity studies and analysis by the

Lineweaver-Burk plot,

III. Discussion

Cell-free studies using purified protein-synthesizing components

. have provided information as to step-by-step events at the stage of
L

\

>&£itiation of protein synthesis. There are at least three main factors
i&volﬁéd in the initiation complex formation as revealed first in E. coli:
I¥-1, IF~-2, and IF-3 (49-61). In eukaryotes, the counterparts have

also been purified and are designated as IF—Ml, IF—M2 and IF—M3 (or IF-E,
~IF—E2, and IF—EB, depending on the laboratory (129—154,230). Of‘these
factors, IF-3,which may be composed of several groups of polypeptides (231),
and IF-M3 are directly responsible for natural mRNA binding to permit
formation of a ternary complex, mRNA:ribosome:initiator tRNA (62,135).
Although additional factors, such as factor i, may modify cistron or
messenger spetificity (232), it is known that a given species of IF-3
(IF—-M3 in eukaryotes)z permits the binding of a number of mRNA's (231-235)

Therefore, cell~free studies have not proven that there are as many

specific binding factors as the number of cistrons of a given organism.
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Our original design of a cell-free protein synthesizing system
did not incorporate any cistron-specific binding factors. However,

we were forced to study ‘the messenger-specific mRNA binding factors

~¥

factor were found. osomal supernatant proteins, each of
. , : 3

ERE

which is Spcpi{it'toerl’. 'bély—A, ;LlyLC, polx—c, and poly-U. They
are designated as MA—, MC—;)éé—,'and HU—facto¥s respectively. Of these
four, Ih— and MU— factors were purified to hemngeneity as determined by
SDS-gel electrophoresis and‘mRNA specificity studies., These studiecs
resulted in the finding of base specific mRMA binding factors, speciec
which had not been reported elsewherc. |

During nttcmbts to determine the molecular weight of the native
M-factors by molecular sieving, an unusual property of the mRNA binding
factors was recognized. As déscribed in Section (i), after a serics of
DEAE—cellulose column chromatographies, each factor'(MA— and MU—) was
chromatographed on molecular sieiving columns. The molecular welght
of the active form was estimated to be 180,000 by Sepharose 6B
column co-chromatography with four marker proteins. Since globular
proteins smaller than 200,000 can be fractionated on Sephadex

G-200, the factor was re—chromatographed on this material.

The result was that the factor was excluded from the column.
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Therefore, the molecular weight of the active form of the factors

could not be assessed at this stage. It is conceivable that these
facfors could possess unusual electronic charges which cause them:

to be_ifcluded from the Sephadex G-200, or they could be non~globular
proteiné.v-Regardlcss.of the problems in assessing the molecular |
weight of the active species of these-factors, it is clear that the
molecular weight of the polypeptides is 60,000, based on SDS-gel
analysis. Although MA~ and'MU—factors possess the same polypeptide
chain molecular weight, each factor possesses a different net negative
charge according to the ;esults of ion-exchange cellulose chromatography.

Evaluation of the biological function of these M-factors requires
careful consideration. Although the approach towards the analysis of
the initiation mechanism are numerous, they are based on two orienta-
tion;: (a) a study of the mENA. concerned, using either synthetic poly-
ribonucleate or natural mRNA, and (b) a technical approach to this
complex mechanism of initiation, progressing either from the complex
enfity to the individual steps involved, or from the‘logically—anticipated
individual steps to the complex entity of initiation.

It should bé poinged out that the translation of synthetic mRNA
occurs at high coﬁcentrations of Mg2+ in the absence of initiator met-
tRNAf and two of three known initiation factors. On the other hand, ~
the natural mRNA;decdding system can bg initiated at low concentrations

+ : _ .
of Mg2 only when the initiator tRNA and all three initiation factors are
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present. The differen es in these two systems may bring 1nfo quasrion
the signifiéance of the results described 4n this chapretr becsuae

we used synéhctic polyriboﬁucleates as mRNA, However, tha UQQ of
"homopolyribonucleates enabied us to detect tho presence of A

binding factors‘specific to'diffcrent homOpolyﬁuleQf@Q. Tne application
6f this new finding to the natural mRNAvsy5£em reduiras furthet
investigation,

In this regard, it is worth emphasi;ing‘th?t\thQSQ Mrfactory Q£@
unique insofar as the M,~factor §pecifi§ally‘meﬁi@Ce% poly\A
binding to ribosomes, just as the M&—faetof spacifilrally mediates
poly;U binding. Morcover,.poly—AU bindiﬁg to riUL&Dm@s Wﬁé found to
be méximal in the presence of both MAv and MUA factorg, Thera ig
strong indication that the homopolynucleate binding mediated by g

-

specific factor 'is an in-vitro duplication of 2 natural pbenomeyon.

v

Unfortunately, the M _ -~ and MG— factors have not bean purifieq to

C
hdmogeneity. The unavaillability of these two Jlattar fQQforg‘PfQVQnted
us from demonstrating the possibility of natural mRNs binding when atl
four complimentary M—faétors are present, |

As to the technical appréaches, numerous groups have studied rhe

initiation steps as a whole and evaluated the function of various

protein factors in terms of the extent of stimulqgion of the overall

initiation complex “fQrmatfon and initial peptide boud forwmation. Witk
this approach, it is rather difficult to pinpoihé 2 shacifie mechanisuy
mediated by a particular factor. However, the study dascribed in this

thesis concerné'a single step involved ig one conpley fesrura of
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fuitdacion: the binding .of MANS to the ribosomes. This approach tends
to encounter g numbst of artifacts which bava né signitdcance 4n
vatural evenys taking place during the initiacion of protein
synthesis. ¥or exsmple, there are wumarous eytoblaswic proteing
whign can form complaxes with RNA but which do wot catalyze
ribogome biuding, Therefore, wa carefully axawined the fugptional
§1gnifican0c of Mefactors in terms of ;WO biological reactions: (a)
synthetia mirNA bmn(lﬂg to rlbosomes which canuot bind with mRMs in

the gbsence of. du added faCCor, ﬂnd (b) the specific biﬂdlhg of amipo~
aaylvtRNA to tgé ;Qrﬂary cowplex of MRNA: rlbosome M~factor. Thus the
functlon of M~factors app@ars to be biologically §}ghificfd£

.‘Tﬁe relacion of thé deseribed M-factors to othar known protein

factora invGIVed iﬂ che 1nitiation step 18 obseure., Functionally,
there are three lﬂlﬁlﬂtl@ﬂ factors in wammalian systems analopous to
those 4n the £, coli syatew ~ IFv1, IF~2, sud If-3. Of thege, the
first two mediste the binding of iniriator wet~fRNA to the mRNA ribosome
cowplar, Therefore, thereg 18 no fuﬂcu%cﬂal resemblaﬂce‘geCWeen then
and the described dMofactors. The most likely candidare for copparison
is tharefora I¥~3, whicn apparently bhas dusdl functions: dissociarion of
ribesomal subunits snd the éubsequent binding of aRNA to the small |
ribonomal subynits, However, there are fwo bz%ig differences betwéen
T¥~3 aud M~factors: (a) the molecular weight of 1F-3 is approx1mately

25,000 (40), while that of Mvfacrors 4s 60,000; and (b) M\fac?orQ
do not have the function of dissocisting ribogomes as 1F-3 dgef. It is

obvious from Table 2 (Chapter 1) that M-factors do vot have the funcrion
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. -~ :
of either EF-1 or EF-2. Therefore, M-factors appear to be different
from all known factors defined to date. -.

Although the M-factors do not resemble the known factgrs as

dederibed above, it is possible that M-factors reflect the protein !

’

moiety of cyFoblasmic mRNP. The unicue-feature of the messenger RNA's
isélated from eukaryotes is that they appear to exist as RNA-protein éom—
plexes at all times, ‘.ahd that they wndergo three structural changes
--(izduring the passége from the nucleoplasmic site for transcription to
the gytoplasmic sites- for translation, The protein moiety of mRNA: .,
protein cofplex appears to be.spccific »each stage of its 1ife cycle;
A
the pf;tein component of heterologous nuv.:1.oar Ri?is differenﬁ from the

o

counterpart of free cytoplasm%c mRNP (20 .237). which is\@lsolpiffefent

from the protein moiety'isolated from polyribosomes (238,239). Although
“ie above scheme may be subjected to a considerable modification in .
. v

future, the overall featnure.is not only a reflection of post—transcrip;

LT

\k-‘ tional control of mRNA fuﬁction at stage of ' 'transporting mRNA from

nuclei to cytoplasm, but also a suggestion of translational control by ég
" . N -

means of protein regulators. In particular, the protein mciety of poly

somal mRNP may facilitate cistron specific or messenger spec¢ific trans-
. » ~7 .

. v

e lation in;ﬁ given tissue..» This possibility has been teéﬁéd#in a number

JT L£ross —examlnatlons using a- cell free system of ong tissue and mRNA from

:‘|

KJ- - dlfferent orlglns, such as calf lens mRNA in retlculocyto system (240),
o ‘ ‘ ps
- ‘( ‘ ' ' ~
‘ hemoglobln mRNA- (reticulocyte) in rat liver ;ysate (241), Qg bacterlo—

Te
. [

phage RNA in KB cell lysate (242), and globln mRNA in the plant

system (243) These results were nov always consistent in supporting

o B ’



the existgnce of such a cistron-specific translation factor, although
some results were taken as an aBsolute~proof for the cxistence (244,
245). Unfortunately, the majority of these studies ernl:.y. relatively
crude cell-free systems, such as hell-lysateg, so that ‘the information

obtained does not permit ¢xfitical analysis of sents taking place in

. ]

the system or convincing correlation of M-factors with polysomal mRNA

. o i, ' ‘
protein regulators. e
The only remdining possibility concerning correlation of M-

factors with other proteins is that M-factor may be equivalent to one

of théﬁproféin subunits of E. coli.ribosomes, S$1, which 1s actually

W

the site of mRNA binding. Due to the lack of available in:ormation
on mammalian ribosomal proteins, this possibility cannot le assessed.
' : Yo
One additional piece of information obtaineé in the mRNA:ribosome
complex formation studiecs described. in this thesis is that auriptri-
carboxylic acid, a know nhibitor of the initiation reaction, exerts
its inhibitory action on mRNA:M-factor-binding, not on the binding of

the preformed mRNA:M-factor entity to ribosomes. This ‘information may

provide some insight into the mechanism of RNA-protcin interactions.
3 .
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