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ABSTRACT

by, RTCHARD TERRENCE MARTTN
under the supervision of Dr. P" Y. Maeba
The ribosomes of 3s. oXalaticus OX 1 grown under

different cul-tural conditions were studied. Analysís of
ribosomal protein complements of formate and casamino
acid-grown cells by pH 4.5 polyacrylamide disc gel electrophoresis indicated 3 protein band differences could
not be shown by two dimensional gels. pH 8.7 disc gel
electrophoresis showed 3 additional proteins present in
the heterotrophic but not the autotroph,ic ribosomes. From
two dimensional polyacrylamide ge1 estimates of 53-58
heterotrophic and 50-56 autotrophic ribosomal proteins rlrere
obtained. Analysis of the ribosomal subunits also failed
to locate and identify the specific alterations involved in
adaptation of the ribosome. However, a minimum of twentysix 50 S and fifteen 30 S heterotrophic and twenty-five
50 S and eighteen 30 S autotrophic ribosomal proteins were
identified. Analysis of r RNA indicated that the 23 S

l_ l_

r RNA of intact 70 S ribosomes contained "hidden scission" .
Dissociation of ribosomes into their respective subunits
r,.ras accompanied by further breakdown of both 16 S and
23 S r RNA of both aut.otrophic and heterotrophic ribosomes.
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ABBREVIATIONS

Arthough growth on formate as sole carbon source

"'"

can not be classified as true autotrophy, it will be

referred to as autotrophy in this thesis. The pathway
of incorporatj-on of formate carbon into cell- material
is analogous to that in autotrophs.
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Throughout this thesis, ribosomes and subunits

isolated from cells grovün autotrophically or heterotrophicalty will be referred to as "autotrophic
ribosomes or subunits" and "heterotrophic ribosomes
or subunits", respectively.
The ribosomal proteins are numbered horizontally

from left to right according to the vertical distance

of migration from the origin of the two dj-mensional
electropherogram with the letters S and L representing
proteíns of the small¡ or 30 Sr and the large, or 50 Ç'
subunits respectíveIy. This nomenclature has been
used to describe ribosomal proteins of E. coli in
the "Historical". In this thesis, this terminology
has been applied to the Ps. oxalaticus OXl ribosomal
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proLeins.
-.i:)i

:

xl-

Absorbance at 260

"260
^
AZ6O

equivalents of protein

ATCC

mp

of protein
extracted from I OZAO
unit of ribosome or subunit
Amount

American Type Culture

Collection
DNAase

Deoxyribonuclease

DTT

Dithiothreitol

(Cleland's

Reagent)
Mg acetate

Magnesium acetate

RNAase

Ribonuclease

rRNA

Ribosomal ribonucleic acid

SDS

Sodium dodecyl sulphate

TCA
TK

Trichloroacetic acid
0.01 M tris-Hcl + 0.05

M KCI,

pH 7.8
TKM

TM

TM-Urea-DTT

0.01 M tris-Hcl + 0.05 M KCI

+ 0.01 M Mg acetate' pH 7.8
0.01 M tris-HCI + 0.01 M
Mg acetate, pH 7.8
0.lMtris-HCl*0.01MM9
acetate * 7.0 M urea * 1.0 mM
dithiothreitol, PH 8.0

INTRODUCTION

The heterogeneity of bacterial ribosomal proteins

is well documented (Historical). Measurement of prot,ein
content showed that some 30 S proteins exist in less
than one copy per ribosome (Kurland et al. , L969¡
Traut et aI. , L969¡ Voynow and Kurland, I97L; lVeber,
1972) . On the other hand, some proteins of the 50 S
subunit \^¡ere present in more than 1 copy per ribosome
while others \¡rere in less than one copy per ribosome
(Weber, 1972) . These facts suggested that different
classes of ribosomes exist in a given cel-l such that
the number of copies of a particular protein reflects
an average of the ribosome population (Kurland et a1.,
1969; Kurland,1970¡ Voynow and Kurland, l-97l-).
'
Two models based upon this "time-average"
hypothesis were suggested, the steädy:-:staËê âhcl static
models. In the steady state model the r,ibosomal
protein complement changes as a given ribosome proceeds
through initiation, propagation, and termination of
protein synthesis. The static model requires distinct
classes of ribosomes, each with a specific function and
specific protein complement.
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A functional basis for heterogeneity of
ribosomes \4ras suggested by Deusser (Deusser and
Vrlittmann, L972; Deusser, 1972) who detected a
variation in the protein composition of E. coli
ribosomes girown under different conditions, i.e., in
rich and minimal medium. Park (L973) demonstrated
gross changes in protein composition of ribosomes

of Thiobacillus novellus grovln under autotrophic and
heterotrophic conditions. One explanation for these
observations was that under different growth conditions
different mRNA's would be produced and translated by
specific ribosomes.
However, the T'. novellus system was difficult
to ínvestigate due to the technical problems encountered
in growing the organism" In this thesis, investigation
into the influence of growth conditions on ribosomal
protein composition was studied employing the organism
Pseudomonas oxalaticus OXl (Khambata and Bhat, 1953) "
This organism is capable of utilizíng sodium formate
as its sole source of carbon and energy. Conversion
of formate to CO, which is fixed via the Calvin cycle
closely resembles autotrophic arowth (Quayle and Keech.
1959 at b, c). Growth on formate and adaptation to a
more heterotrophic growth, and vice versa, are rapid
making this system more suitable for this investigation"

i.:.'
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HÏSTORICAL

Protein synthesis is a very complex cellular
process involving over 100 macromolecules. Such
components as the transfer RNA (tRNA) molecules; the
amino acid - activating enzymes; various supernatant
factors involved in chain initiation, propagation and
t,ermination; messenger RNA (mRNA); and the 55-60 componentsoftheribosomearereguj-redforprotein
synthesis.Theribosomep1aysacentra1ro1einthis
process serving to bind LRNA and mRNA and interacting
with various supernatant factors" It contains peptidyl
transferase activity which is required for peptide bond
formation and is involved in translocation of mRNA
during transl-ation as wefl as the translocation of
nascent peptide chains from the t'Arr to rrPrr sites"
Obviously, an understanding of the ribosome and its
various components is necessary for elucidation of the
mechanism of protein synthesis.
The Escherichia coli ribosome is charactetized
by its sedimentation coefficient of approximately 70 S
and molecular weight of 2"6 x 106 daltons of which 652
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(Tissières et aI., 1959) . It consists of 2
unique subunits of unequal size that function together
to mediate protein synthesis. The smallr or 30S,
subunit has a molecular weight of 0.8 x 106 daltons
(Tissières et â1., 1959; Hall and Slayter, l-959¡
Huxley and Zubay, 1960) consisting of a 165 ribosomal
RNA molecule of molecular weight 0.53
0.56 x 106
(Kurland. , L960¡ Midgely , 1965¡ stanrey and. Bock, 1965)
and a protein mass of about 0.23 O.2B x 106 d"lt.orr",
i.e., 30-33% protein (Craven et al. , L969) . The other
subunit, the 50 S, is roughly twice the size of the 30 S
with a molecular weight of 1.8 x 106 d."Itorr" (Tissières

is

RNA

eta1.|Ig59;Ha11and'S1ayter,1959).The50Spartic1e..
consists of a 23SrRNA with molecular weight 1.0 I.L2
x 106 (Kurland, 1960¡ Midgely, Lg65; Stanley and Bock ,
1965), a 55 rRNA of molecular weight 0.04 x 106 daltons
(Brownlee and Sanger, I967i Brownlee et al. , L967) , and
an aggregate protein mass of 0.52 0.56 x 106 daltons
(Dzionara et âI., LLTO; Mora et aI. , L|TO) .
The ribosome was pictured as a simple entity,
much like a virus, until Wa1ler and Harris (1961)
demonstrated its structural complexity. Using starch
gel electrophoresis in 6 M urea approximately 20 constituent ribosomal proteins, with an average molecular
weight of 251000 daltons, were identified. In further
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work, Wa1ler (1964) resolved over 24 proteins and,
as weIl, ruled out the possibility that this number
might be due to artifacts arising through aggregation
of proteins. Furthermore the electrophoretic patterns
of proteins extracted from 30 S and 50 :S subunits were
markedly different. Due to his research, the ribosome
was pictured as a particle with a heterogeneous popula-

tion of proteins.
Further work on purification of ribosomal
proteins carried out in a number of labs indicated that
the complexity of the ribosome was underestimated even
by Vüaller's work. The proteins of the 30 S subunit of
E. coli have been fractionated into 2I distinct species
(Moore et al., 1968; Fogel and Sypherd, L968i Craven
et al. , Lg6g; Hardy et aI. , 1969; Kurland et â1., L969;
Nomura et al. , L969¡ Kal-tschmidt and Vüitt","r*, ,nro a;
IVittmann et al. , LTTL; Hindennach êt 41" , ISTL a) and
that of the 50 S subunit into 34 different proteins
(Craven et aI., 1969; Dzionara et al-, 1970¡
Kaltschmidt e! aI., I970; Kaltschmidt and V'Iittmannt
I}TO b; Mora et aI. , I97I; Hindennach et a]" , L971 b)'
Aggregation, deamidation, carbamylation, disulphide
interactj-ons, nucleotide binding, and partial proteolysis
have been ruled out as causes for the large numbers of

observed components (Waller, 1964¡ Traut, 1966¡

¡nöller and Chrambach, 1967).
Using polyacrylamide gel electrophoresis with
sodium dodecyl sulphate the molecular weights of the
30 S and 50 S E. coli proteins were determined" The
values ranged from 101900 to 651000 for the 30 S
proteins and from 91600 to 311500 for those of the 50 S

subunit (Dzionara et 41., 1970). These values agreed
with molecular weights determined by equilibrium sedimentation (Traut et al., 1969; Craven et al., 1969) "
The 21 proteins of the E_. CoIi 30 S subunit have
been extensively characterized" All proteins are
different with no sequence similarities (Kaltschmidt
et aI., L967¡ Traub et al., I967i Moore et aI", 1968;
Fogel and Sypherd., 1968; Craven et al., I969i Hardy
et al., L969¡ Hindennach et aI., 1971 a). A1so,
each of the 2I proteins reacts with only its homologous
antiserum indicating no sequence similarities exist
between the proteins (Kaltschmidt et al., 1967¡ Traut
et al. , 1969¡ Stöffler and Wittmann, l-97l-) "
The 50 S proteins have also been characterized'
although not as extensively. Although two proteins,
L7 and L12, were identical except for the acetylation
of the N-terminal serine residue in protein L7 (l¿ötter

I

/.1--:":l:::
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et al. , I972i Terhorst et â1., 1972) .the rest of
the proteins vrere unique (Fogel and Sypherd, 1968;
Dzionara et a1., L970; Kaltschmidt et al., 1970 b;
Ir{ora et aI. , I97I¡ Stöffler and Vlittmann, ]-97I¡
Hindennach et al., 1971 b).
Comparison of 30 S proteins with those of the
50 S subunit by polyacrylamide ge1 electrophoresis
(Strnad and Sypherd, 1-969) and by immunological activity
(Stöffler and Wittmann, L97L) indicated that no coûlmon
structure existed between 30 S and 50 S subunits.
However, recently, the proteins S 20 (30 S) and L 26
(50 S) have been shown to share some coÍLmon sequences.
The first ind.icat,ions that ribosomes are functionaIly, ês well as structurally, heterogeneous came from
the work of Staehelin (Staehelin and Meselson ' L965¡
Raskas and Staehelin, 1967 ) and Nomura (Hosokawa et â1.,
L966; Traub et aI. , L967). Fractionation of subunit in
cesium chloride resulted in the removal of some proteins,
the "split proteins", from the subunit and the production
of a protein-deficient particle, the "core". These
workers produced functional ribosomes by the ad.dition
of "split proteins" to the protein-deficient "cores".
It was apparent that a number of different proteíns
\A¡ere bound to the rRNA to form specific sites with
catalytic and binding activities
í
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total reconstitution of the 30 S subunit
from 16 S rRNA and 30 S proteins was obtained by
Traub and Nomura (1968), investigation into the
function of each protein was undertaken. For example,
51 is believed to be responsible for Lhe association
between mRNA and the 30 S subunit (van Ouin and
Kurland, I97L)¡ S 2t S 3 and S L4 are involved in the
aminoacyl site of the ribosome (Randal1-Hazelbauer
and Kurland, L972)¡ S 2L inhibited the binding of Nformyl methionyl -LRNA (van Duin et â1., 1972) ¡ L 7
and L 12 are involved in translocation (Highland et â1.,
1973) ¡ and L 11 is believed to be the peptidyltransferase
enzyme (Nierhaus and Montejo, 1973). The assiginment of
specific functions to specific ribosomal proteins confirmed the functional heterogeneity of the ribosomal
proteins.
The number-average molecular weight for the 30 S
proteins was approximately 20,000 daltons (WaL1er, 1964¡
ytöller and Chrambach, L967; Craven et al. , L969¡
Dzionara et al. , L970). Since the 30 S particle contained only 0.23 0.26 x 106 d"ltorrs of protein, 12
different proteins present as one copy per ribosome
would be expected. Consistent with this assumption,
13 of the 30 S proteins v¡ere purified and found to
exist as one copy per subunit (Moore et al, L968¡
Sypherd et al. , 1969). However, the id.entification
Once

of 21 unique 30 S proteins r^/as incompatible with
this assumption (Hardy et al., L969¡ Kaltschmidt
and Wittmann I L970 a). The total mass of these
21 proteins was approximately 0.44 x 106 d.lto.r=
or 0.2 x 106 daltons greater than the expected
value (Craven et a1., 1969; Kurland et âI., L969¡
Traut et aI. , L969; Hardy et al. , L969). Thus there
was an excess of protein which could not be accomodated
by the 30 S subunit.
Several possible artifacts which could, account
for this discrepancy have been investigated. Such
artifacts as overestimation of molecular weights
(Craven et al-. , 1969), contamination of ribosomes by
reversibly bound supernatant proteins or enzymes
(Kur1and, L966¡ Hardy and Kurland, 1966) and partial
stripping of proteins duríng ammonium sulphate purification (Hardy et aI. I 1969) have been ruled out.
On the basis of stoichiometric analysis, the
30 S proteins were divided into 3 classes: "unit
proteins" which were present in 0.8 to 1.0 copies
per 30 S particle; "fractional proteinsT, 0.6 or
less copies per subunit; and "margiinal proteins"
which could be either "unit" or "fractional" (Kurland
et al. , 1969; Traut et aI. , 1969¡ Voynow and Kurland,
L97L; Weber, L972). This data strongly supported the

10

conclusion that purified. ribosomes are structural
heterogeneous in vitro and that no 30 S protein is

present in more than one copy per ribosome

(Voynow

and Kurland, L97L). The discrepancy between total

protein mass per subunit and the aggregate mass of
21 proteins could be compensated for by several
proteins being present in less than I copy per ribosome.
This structural and functional heterogeneity
of 30 S subunits has been interpreted by Kurland
(Kurland et al., L969; Kur1and, L970; Voynow and
Kurland, I97L) as a "time-average" of the different
states that the ribosome occupied during protein
synthesj-s. Two models have been formulated based upon
this interpretation - the steady state and the static
models. The steady state model required only one
"ribosome" made up of "unit proteins" to form a basic
particle. Its proteín complement changes during
initiation, elongation and termination of protein
synthesis. The alteration of functional capacities
of the "ribosome" is mediated by the displacement of
one set of "fractional proteins" by a second set required for the next function of the ribosome cycle.
A basic ribosomal particle consisting of "unit proteins"
was also postulated for the static model. In this

.:
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case, however, different "fractional proteins" \¡reTe
permanently bound to the basic particle to produce
different types of 30 S subunits. Each type was
active in all phases of protein synthesis of a
particular kind I e.9., translation of a specific
mRNA.

stoichiometric information was compared
with 30 S assembly data obtained from reconstitution
studiesr êrr interesting correlation arose. "Unit
proteins" were found to be proteins that bind to RNA
to give particles of higher S value, i.e., those in
whose absence particles with S - values of 30 could
not be formed. Almost all of the "fractional proteins"
$lere required for restoration of full activity of the
ribosome in various functional assay systems (Traub
et al. , L967). The absence of fractional proteins did
not interfere with the assembly of the 30 S subunit
but were required for formation of functional particles
(Nomura et al., 1969¡ Kurland, L970).
Supporting the steady state hypothesis was
the following observation. When 30 S subunits were
isolated only a f raction \^rere functionally active.
By allowing the proteins of the subunits to exchange
with specific 30 S proteins, that fraction of active
subunits could be increased (Kur1and et al. ' L969)
suggesting that some proteins \^7ere able to exchange
When

IZ

with exogenous proteins. Further support came from
experiments ín which "fractional proteins" rtrere added
to ribosomes participating in specif ic functions.
S 2I addition inhibited (van Duin et â1., 1972) whereas
proteins S 2t S 3 and S 14 enhanced (Randall-Hazelbauer

:

I

:.'.::'

,

and Kurland, Ig72) bind.ing of N-formyl methionyl -tRNA

to ribosomes. It was concluded that S 21 was present
in "propagating" ribosomes, i.e., ribosomes involved
in peptide chain elongation, and absent in an "initiating"
ribosome, i.e., ribosomes involved in the initiation of
protein synthesis, whereas S 2, S 3 and S 14 were present
in "ihitiating" ribosomes but not in "propagating"
ribosomes. It was suggested that the presence of S 2I
prevents ambiquity in translation of the A U G codon
d.uring chain propagation by altering the ribosomal
configuration of an "initiating" ribosome (van Duin
et aI. , Lg72)
Further examination of this concept of different
''initiating''and',propagiating,'ribosomes!vaSundertaken
byBo1Ieneta1.,(Ig72)usingmatrix-boundmRNAto
isolate specific 30 S complexes engaged in initiation.
Bollen was able to demonstrate that 3 proteins (S L, S 2

ribosomes. Both S 1 and S 2 are
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and one unidentified protein) were drastically decreased

in "initiating"

t.,-r.
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"fractional proteins". In contrast, no variation in
the stoichiometry of "marginal" and "unit" proteins
\^rere observed. Sedimentation analysis in sucrose
gradj-ents demonstrated that S 1 and S 2 were released
from ribosomes in the "initiation" complexes whereas
they were present in free-state (not bound to mRNA)
ribosomes. Thus the protein complement of the 30 S
subunit is altered during various stages of the

t_

:: .:

ribosome cycIe.
The structure of the 50 S subunit initially
appeared simpler although it contained more proteins.
The aggregate mass of the 35 50 S proteins \^ras approxi-

mately equal to the protein mass of 50 S subunits.
Consequently, it was suggested. that the 50 S subunit
was structurally homogeneous containing one copy of

each 50 S protein (Traut et aI. , L969; Dzionara et al.,
1970; Mora et aI. I I97I). Weber (L972) stud.ied the

stoichiometry of 50 S proteins and observed four
classes of proteins. They were: "fractional" (0.1 0.6 copies per 50 S subunit) i "unit" (0.8 I.2 copies);
"fractional repeated" (1.4 L.7 copies); and "repeated"
(1.8 2.2 copies). These results indicated a greater
degree of heterogeneity than for the 30 S subunit.

Although isolated 30 S and 50 S subunits

Ì¡/ere

heterogeneousr no direct evidence supported the concept

that heterogeneity occurred in living ceIIs.

Deusser

¡--...

::

:

t4

(Deusser .tr¿ ygittmann, I972; Deusser, L972) investigated

in vivo heterogeneity of ribosomes isolated from cells
grown in enriched and minimal medium containing either
IAc - or 3H - label-led amino acids. Cells were combined
and ribosomes were extracted. Proteins extracted from
the mixed ribosomes \¡¡ere resolved by 2- dimensional
gel electrophoresis and the 'n"/t, ratio determined for
each protein. Deviation from the medium ratio (normalized to 1) would indicate certain proteins may be in
greater or lesser quantity when grown under different
conditions. The proteins were classified into 4 groups:
a) Proteins with normalized ratios between 0.90
to 1.10. This group was made up of 2/3 of the 50 S and
30 S proteins whose concentration in ribosomes was not
influenced by growth conditions.
LL7,
s20, LB+L9,
b) s1,s10,s11,s19,
L 27, L 32, L 33. These proteins appeared in greater
concentration when cells were gro$tn in enriched or
minimal medium. The normalized ratios for these
deviated L0-252 from the median and the values fluctuated in identical experiments.
c) L 7 and L 16. These proteins are similar
to (b) except the 10-252 deviation from the median
normalized ratio was repeatable in all experiments.
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d) S 6, S 2L and L 12. These 3 proteins
appeared in greater concentrations when cells were
gro$ln in enr.iched medium. Their normalized ratios
\Árere 2.46, 2.36 and 3.10 respectively.
These findings indicated that structural heterogeneity

of ribosomal population can be induced in vivo in
response to an alteration of growth conditions.
Additional support for in vivo heterogeneity
was supplied by Foster and Parish (1973). In
Myxococcus xanthus, they demonstrated that the only
difference between ribosomes of myxospores and vegetative cells was in the quantities of 30 S proteins S 4,
S 6 and S 7. This indicated that differentiation may
have been responsible for the heterogeneity.
Many investigators have studied the ribosomes
of eucaryotic organisms in an attempt to determine
whether there are structural differences in ribosomes
isolated from different tissues and organs of the same
organism. The results to date are somewhat questionable
due to the lack of good extraction and purification
procedures for ribosomal proteins.
Macïnnes (LglI) observed a difference j-n the Mg**
concentration required for dissociation of brain and
liver ribosomes of mice. Analysis of these ribosomes
showed no major difference in protein composition of

,

ir.
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brain and liver ribosomes, although the ge1 patterns
suggested a quantitative difference in the amounts
of some proteins. However, extensive fractionation
of these proteins into separate, identifiable bands
was not obtained. van Tan et ê1., (1971) reported
intraspecific differences between ribosomal proteins
from rabbj-t reticulocytes and 1iver. Also Lambertsson
(Lambertsson et al. , L970; Lambertsson, L972) resolved
53 larval, 50 pupal and 52 adult ribosomal proteins in
Drosophila melanogaster suggesting heterogeneity of
ribosomes induced by differentiation.
ïn this thesis, the heterogeneity of bacterial
ribosomes is further investigated in the organism
Pseudomonas oxalaticus strain OXI. This bacterium was
chosen since it can utilize formate, oxalate or more
reduced organic compounds as a sole source of carbon.
Using oxalate enrichment procedures, Khambata
and Bhat (1953) were able to isolate the bacterium
Pseudomonas oxalaticus from the intestinal tract of the
Tndian earthworm. Six strains of this oxalate utilizer
\^rere isolated.: OXl , 0X2, 0X3, 0X4' 0X6 and 0X23.
These strains v/ere characterized as gram-negative
motile rods (0.3 0.4 u X 0.9 1.5 u) with I to 3
polar flagetta. Strains 0X1, 0x2, 0X3 and 0X23 were
also capable of growth on formate as the sole source
of carbon and energy.

I
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The ability

of an orgianism to utilize formic
acid as a sole source of carbon is restricted to
procaryotes. Such aerobic organisms as Bacterium
formicium, Bacterium formoxidans, Hyphomicrobium spp.,

Nitrobacter winogradskyi, Protaminobacter alboflavas,
Protaminobacter ruber, Pseudomonas AMl, Pseudomonas
M 27 and Vibrio extorquens are capable of formate
Photosynthetic orgianisms such as
utilization.
Chloropseudomonas spp., Rhodopseudomonas palustris,
and some non-photosynthetic anaerobic bacteria like
Methanobacterium formicicum and Methanococcus vanniellii

also utilize formate (Quayle, I972) .
The ability of Ps. oxalaticus OXI to grow on
formate depends upon its capacity to synthesize 3
carbon compounds from this 1 carbon molecule. The
pathway was elucidated by following the fate of lLC
isotopes incorporated by the organism as formate or
bicarbonate. AÈ.ound 80-90% of the total recovered
radioactivity appeared initially in phosphorylated
compounds, phosphoglyceric acid being the major
constituent (Quayle and Keech, 1959 at b, c). Combined
with the requírement for the addition of ribulose -L,
S-diphosphate or ribose - 5 - phosphate and ATP for
fixation of the label by ceII-free extracts, the
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results also suggested that carbon assimilation into
cel-lular constituents occurred via the carboxylation
of ribulose -1, S-d.iphosphate and the Calvin cyc1e.
The suggestion was substantiated by t,he identification
j-n ce1I-free extracts of phosphoriboisomerase,
phosphoribulokinase, and carboxyd.ismutase which are

key enzymes of this cycIe.

(Quayle änd Keech, 1959 b,

c).
The assimilation of formate carbon into cellular

constituents by this pathway required carbon dioxide
as an intermediate metabolite, and when bicarbonate
replaced formate identical labelling patterns were

obtained. Furtheïmore, identification of a NAo+linked formic dehydrogenase combined with the fact
that 94? of the carbon assimilated was exchangeable
with carbon dioxide proved that CO, was an intermediate
metabolite in formate utilization (Quayle and Keech,
19s9 b).
The energy requirement for the biosynthesis
of one molecule of triose phosphate (e.g.: phosphoglyceric acid) from formate demands a large quantity
of energy as shown by equation (1):
3CO2 + 9 ATP + 6NADH + H+ + H20
(1)
PHOSPHATE + 9ADP + BPi + 6NAD+
'

i. ':.r-.'
r::.1

;

L9

This requirement was primarily met by the oxidation
reaction carried out by the Nao+ - linked formic
dehydrogenase (equation (Z) )
FORMATE

+ NAD+

,

CO2

+

:

NADH

+ H+

Q)

The mode of growth of Ps. oxalaticus OXl on formate

is, therefore, basically autotrophic in that CO,
was fixed into organic material.
As well, this organism was capable of heterotrophic Arowth on oxalate, acetate, succinate, lactate,
tartrate, citrate, ethyl a1cohol, glucose, dextrin and
starch (Khambata and Bhat, 1953). Yet, none of these
substrates were capable of inducing the enzymes
Studies on growth
necessary for formate utilization.
on mixed substrates (formate + another organic substrate) suggested that formate induction of these key
enzymes was under some sort of metabolic repression
(Btackmore and Quay1e, L968; Blackmore et al., 1968).
The exact mechanism has not yet been determined.
The organism is capable of growth either as
an autotroph or heterotroph. In adapting from one
pattern of metabolism to another, various adaptive
responses must be made by the organism. rn this
thesisr ân attempt is made to determine whether such
responses involve alterations of ribosome structure-
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III

¡{ATERIALS AND

METHODS

Organism

The organism used in this investigation was
pseudomonas

oxalaticus strain

OX

I

(ATCC 11883).

This organism was maintained at 494C on trypticase
soy agar slants (oifco) covered with steríle
paraffin oil and transferred to fresh medium at I
I-I4 month intervals. Batch cultures hrere gro\^ln in
a liquid medium described by Jayasuriya (1955).
The composition of the medium \Àlas s1i9ht1y modified
and consisted of the following components (expressed

/Iiilre) z ìK2HPO4, 8.7 ¡ NaH2PO4 .H20 , 6 -9 ¡
(NH4) ZSO4, 2.5; MgSO4.7H20, 0.2¡ CaC'L2.21t20, 0'001;

as

grams

FeSO4

.7H20, 0.005; MnSO4.5H20, 0.0025¡

Na2MoO4.2H20

0.0025; plus a carbon and energy source. For auto-

trophic growth, 6.8 grams/Iitre sodium formate
served as sole source of carbon and energy and for
heterotrophic growth, 2.0 grams/Lítre vitamin-free
casamino acids (oifco) replaced' the formate salt'
The pH

of the medium was approximately 6.8.

¡
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Autotrophic growth was carried out in 15 litre
carboys aerated by forcing air through porous glass
tubing. At pH 7.5 to 8.0, optimal growth took place
at 28oC although the maximum temperature for growth
\^/as 34"C. During logarithmic growth, the pH increased
rapidly to 8.5 9.0 and had to be continuatly adjusted
to pH 7.5 8.0 with I.43 M steríle phosphoricaacid.
Failure to adjust pH resulted in lysis of celIs. pH
determinations were made on 5 mI samples aseptically
removed from the culture vessel.

Litres of culture gro\,\rn as shake cultures
in the same medium for L2-L4 hr was used to inoculate
the carboys. CeIl growth was stopped in lat,e logarithmic phase by addition of ice. Ce1ls were haruested
in a Sharples centrifuge, packaged in 25 grams (wetweight) lots, and stored at - 76"C.
Identical procedures were used for heterotrophic
growth of Pseudomonas oxalaticus except that casamino
acids were used as the carbon and energy source.
vüith this substrate, no pH adjustments were necessary.
T\'üo

Isolation of

Ribosomes

isolat,ed from:Ð5 grams wetweight of cells following the method of Kurland (1966)
modified in the following way. Cells \^lere suspended
Ribosomes were
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in 35 ml TM buffer (0.01 M tris-HCl, pH 7.8 + 0.01 M
Mg acetate) containing 100 ug of DNA ase I (RNA asefree, Vüorthington Biochemical Corporation). The
cells were disrupted by 2 passages Lhrough an
Aminco french pressure cell at 201000 psi. The
lysate was centrifuged at 27 t000 x g for 30 min in
a Sorva1 RC-28 cent,rifuge to remove ceII debris.
The supernatant was then subjected to three successive ammoniun sulphate fractionations. The final
pellet was resuspend.ed in TM buffer containing 76
grams/Iitre ammonium sulphate (Schwarz/l,lann) and
pelleted by centrifugation at 4OrO00 rpm for 3 hr
or 15 hr at 20,000 rpm in a Beckman 60 Ti rotor.
This washing procedure was repeated twice. The
f j-nal peIlet was dissolved in TM buf f er * 1.0 mM
dithiothreitol (Cleland's Reagent, Calbiochem) and
dialyzed against the same buffer for 6 hr. Ribosomes
\^lere stored at - 76oC in 1ml quantities at a concentration of 400-800 AäeO units/ml.
Isolation of Ribosomal Subunits
50 S and 30 S subunits were obtained from

purified 7O S ribosomes. Ribosomes were dialyzed
in TK buffer (0.01 M tris- HCI, pH 7.8 + 0.05 M KCI)
+ 1.0 mM Mg acetate for at least 6nhr then subjected
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to sucrose gradient centrifugation.
a) Smal1 Quantities
Dialyzed ribosomes (200-250 A269 units) were

applied to 55 mI of 5-20% linear sucrose density
gradient (RIIA ase-free, Schwarz/Mann) made in TK +
1.0 mM I'fg acetate buffer. After centrifugation in

a

25.2 rotor at 24,000 rpm for 12 h.t, the
gradients \tlere f ractionated into approximately 1.5 ml

Beckman SW

f

i'

' '"'i.

fractions and assayed at 260 mp in a Gilford Model
2000 spectrophotometer. The peak fractions of 30 S
and 50 S subunits t,trere pooled, made to 0.01 M Mg
acetate and precipitated with 0.67 volumes ethanol
(Staehéljin et alu, 1969). The precipitated fractions
rtrere allowed to stand overnight at - 20"C and then
collected by centrifugation at 27,000 x g for 20 ¡hin.
The pellet was dissorved in TKM buffer (0'01 M trisHCl, pH77.B + 0.05 M KCl + 0.01 M Mg acetate) and
dialyzed against the same buffer for at least 6 hr.
The subunits were stored at - 76"c in I ml quantities
at a concentration of 100 200 AZ'O units,/mI.
b) Large Quantities
When larger quantities of subunits were
required , :2OO AZøO units of dialysed 70 s ribosomes
\^/ere centrifuged in 55 ml- of a 5-2OA RNA ase-free
linear sucrose gradient made in TK + 1.0 mM Mg
acetate buffer for Lz hr at z4,ooo rpm (60 Ti rotor).

i

i

it!",:',,'ir
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The gradient was fractionated and assayed as previously
:

described.FractionSwerepoo1edandprecipitated
with ethanol at - zO"C for I- 2 hr. The precipitate
was collected by centrifugation, dissolved and dialyzed
for 6 hr in TK f 1.0 mMMg acetate buffer. The material
\Àras sub jected to a second sucrose gradient centrifugation and fractionated as described above. The purified
subunits virere stored at - 76"C in I ml quantitj-es at
a concentration of 100-200 A26O units/ml.

l,',1',.,.,.:.,:
:

,¡1,;1..1;,;.,,:,,,
...-..j .: :....:
.. :_.' ; .:'. : i.:

':"..'

.
a .

through ceIl in a Gilford Model 2000 recording
spectrophotometer. The recorded peaks were cut out
from tracings and weighed in order to determine the
percentage cross-contamination.

Isolation of fuübosomal ProteÍn
Proteins were extracted from ribosomes or
subunits following the method of !Ùaller and Harris
(1961) as modified by llardy et al. (1969). The Mg
acetate concentration of samples of ribosomes in
TM buf fer + 1. 0 mM DTT was raised t'o 0 .1 M príor to
il
^.- (-L
cli-:

-. .:..,. .:..

.;:,;','.::,;,:::;:;.,

Sedimentation Analysis of Purified Subunit's

2-3 A266 units of isolated subunits (30 S or
50 S) Ì/úere applied to 5 ml of 5'20? sucrose gradient
made in TK + 1.0 mM Mg acetate buffer and centrifuged
in a Beckman SW 50. I rotor for 105 min at 49 ,000rrpm.
Gradients were analyzed at 260 mu with a flow-

:'

l

addition of 2 volumes of glacial acetic acid. This
mixture was kept on ice for L-2 hr and mixed on a
vortex mixer every 10-15 min. The precipitated
RNA was pellet.ed by centrifugation at 121000 x g
for 15 min and the supernatant containing the extracted ribosomal proteins \^ras lyophilized.
Analysis of Ríbosomal Proteins
Three proeedures were used during this in-

vestigation to analyze Ps. oxalaticus ribosomal
proteins.
a) Polyacrylamide Disc Gel ElectroÞqrqsis, p
The lyophilized protein was dissolved in TMUrea-DTT buffer (0.1 lt tris-HCl, PH 8.0 + 0.01 M Mg
acetate + 7.0 M Urea + 1.0 mM DTT) and dialyzed
against the same for 6 hr. Electroþhoresis was
carried out at pH 4.5 as described by Leboy et al.
(1964) in 10? polyacrylamide 0.15å bisacrylamide
(Eastman) gels in 8.0 M urea _(Fisher). The volumes

of the separation, spacer and sample gels \^Iere 2'4,
0.15 and 0.15 mI respect^ively. The sample contained
4.0 to 8.0 AZ.O equivalents of protein (65 to 130 ug)'
Electrophoresis was conducted at 10oC in a ß-alanineacetic acid discontinuous buffer system (pH 4 ' 5) at
3 ma/gel-. A small amount (I0 uI) of pyronine red

J :-::
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(0.1?) served as tracking dye during electrophoresis.
Gels were fixed in 12.52 TCA (trichloroacetic acid)
at 37oC for.:.2 hr and stained overnight at 3'7"C Éóth
0.05? Coomassie Brilliant BIue (Sigma) in L2.5e" TCA.
Gels \dere dibstained in110.0? TCA at room temperature.
b) Polypcrylamide Disc Ge1 Electrophoresisr_pH_8.7
Prot,eins \4rere also analyzed by electrophoresis
in7.5zpo1yacry1amide-0.13bisacry1amidege1satpH
8.7. Electrophoresis was carried out in a tris-glycine
discontinuous buffer system (pH 8.7) at 10oC using
bromophenol blue (Sigma) as the tracking dye. Sample
amounts and staining procedure are the same as des-

I

i
ì

I

cribed above.
c) Two-dimensional Polyacrylamide Ge1 ElecFroþþoresis.
Ribosomal proteins were analyzed, as well, by
the two'dimensj-onal electroþhoresis method of
Kaltschmidt and Wit,tmann (I970 a) . Glass tubing
(180 mm x 6 mm inside diameter) was fítled to a depth
of 100 mm with 42 acrylamide gel and allowed to poly-

l
i

I

,:',:,rì,

persulphate. Lyophilized
protein sample (30-100 AZøO equivalent,s or 0.48 to
1.6 mg) was dissolved. in 0.15 ml of sample gel and

merize using

ammonium

layered on top of the separation ge1 and pölymerized
with riboflavin. The remainder of the glass tubing

with separation gel such that the sample
\^ras sandri¡iched between two columns of separation ge1.

was filled

I

:
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Electroþhoresis was conducted at 3 ma,/gel for 24 hr at
pH 8.6 after which the ge1 was removed from the tubing

and stirred in "starting buffer" (pH 4.6) for 2 il.r.

In other analysis the ge1 was dialyzed, against cold
0.3 M HCl for 5 min followed by 3 successive washings
with cold dist,illed water (Avital and Elson, I974).
The advantages of the latter procedure for lowering
ge1 pH is that it is quick and prevents the loss of
proteins that occurred during the long dialysis
against the "starting buffer". The disc gel was polymerized to the second dimension slab gel (18? polyacrylamide, pH 4.6) and electrophoresis was conducted
at 105 volts f.or 44 hr at 10"C in alglycine-glacial
acètic acid buffer. The Model 490 vertical gel
electrophoresis ce1l (E-C Apparatus corporation) used
for electroþþoresis yields gels of dimensions 250 mm
x 2OB mm x 4 mm. After electrophoresis the gel was
stained with 0.55% Napthol Blue Black (Sigma) in
5.OZ glaciat acetic acid for 15 min, rinsed with
cold running water for I hr and destained with 1.0%
glacial acetic acid for 2 Lo 4 d'ays.
Analvsis of Ribosomal
RNA

RNA

was analyzed. by electrophoresis in 2'652

polyacrylamide 0.$5å bisacrylamide 9e1 containing
O.2Z sodium dodecyl sulphate (SDS) in a tåis-EDTA-
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borate-SDS (TEBS) continuous buffer (pH g.O) system
(Peacock and Dingman, 1967). The gel rtras pïe-run

at 3 ma/tube for at least t hr. Approximately 0.6
I.2 A269 unj-ts of ribosomes or subunits in TEB *
0.1ã SDS buffer mixed with sucrose (5.02) and
bromophenol blue (tracking dye) v/as layered on top
of the gels and electrophoresis was carried out at
3 ma/tube for 2 }:rr. With SDS incorporated into the
system there is no need for extraction of RNA from
ribosomes (Bishop et â1., L967). After fixing gels in
1.0å glacial acetic acid, the gels \47ere scanned at
260 mu in a Shimadzu MPS 50 L spectrophotometer
equipped with linear transport accessory or in a
Chromoscan (Joyce, Loebl). After scanning, gels
vzere fixed in 40.0å methanol and 1.03 glacial acetic
acid for t hr at, 37"C. Fixed gels were stained in
0.1% Toluidine BIue (Sigma) in 30.0? methanol and
1.0U glacial acet.ic acid at room temperature,and
destained in 30.03.methanol and 1.0% glacial acetic

acid at room temperature.
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IV
Autoülro_È1ii¡c

RESULTS

and Heterotrophic Growth of Ps. oxalgllcus

Growth studies \trere conducted in 15 litre

OX1

of

in carboys so that growth would take place under
i-dentícal conditions to those under which batch cultures
\4rere grown. Maximum growth took place at 28"C in minimal salts medium, pH 6.8, (Methods) with either 6.8
grams/litre sodium format,e (autotrophic arowth) or 2
medium

grams/IJ-tre vitamin-freer;casamino acids (heterotrophic

growth) fulfilling

the carbon and energyrrequirements.
The carboys \t/ere inoculated with I2-I4 hr old cultures
grown on the same medium as in the carboy. Approximately
0.13 volumes of inoculum was added to initiate growth.
Growth was followed by withdrawing 5 mI samples from
the culture vessel and determj-ning its optical density
at 660 mp in a Klett-Summerson colorimeter. pH of the
sample was determined by a Black-Simpson Radiometer
pH meter.

Figure I shows the growth curves for Ps. oxalaticus
OX1 growing under autotrophic and heterotrophic conditions.

FIGURE

1. Growth of

Pseudomonas

!\Iere grown in 15 litre

oxalat,icus 0X1. Cel1s
carboys at 2B"C and

aerated by forcing air through porous glass
tubing.

A. Autotrophic arowth with 6.8 grams/litre
sodium formate.

B. Heterotrophic growth with 2.0 grams/
litre vitamin-free casamino acids.
For details see "Methods".
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autotrophically (Figure l- A), the culture
entered logarithmic arowth phase within 8-10 hr after
inoculation. Logarithmic arowth cont,inued for L0-L2 hr
before the cel1s entered the phase of negative growth
acceleration (late logarithmic) at which time the cell-s
were harvested (approximately 20 hr after inocul-ation.
Growth onssodium formate was accompanied by clumping
When grown

of some ceIls. The pH of the medium was lowered to
7.5 twice prior to harvesting as indicated by the
arrows in Figure 1 A. Autotrophic growth on formate
yielded 0.6-0.8 grams wet weight of cells per litre
of {redium.
Heterotrophic growth on casamino acids \t/as more
rapid as shown in Figure 18. Wit,hin 4-5 hr after inoculation logarithmic growth commenced and continued
for B-10 hr before entering the late logarithmic growth
phase. NorpH change was detected during growth although
some clumping of cells was observed. Cells \47ere
harvested at L4 hr after inoculation - the yield being
1.8 to 2.2 grams wet weight of cells per litre of
medium.

As can be seen by comparison of the two growth

curves (Figures t A and B), growth was faster, with
a reduced 1ag period of proceeded to a greater extent

with casamino acids as the carbon and energy source.
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Isolation of

Ribosomes

of ce1ls , I 1250
2,000 and 5,500 6,400 AZøO units of purified 70 S
ribosomes from autotrophic and heterotrophic ce1ls,
respectively, \^rere isolated (Methods). Poor breakage
From 25 grams wet weight

of autotrpþhic ce1ls (observed visually) may have
been responsible for the lower yield of ribosomes
from autotrophic cells. Assays of extracts at 260 mu
showed that, after breakage of 25 grams of aut,otrophic
and heterotrophic ce11s 10r000 and 23'000 AZøO units
of material, respectively, were present. After fractionation, L9.62 and 25.62 of the ArUO absorbance in extracts
of autot,rophic and het,erotrophic cel1s, respectively'
\^rere recovered as purified 70 S ribosomes. The results
suggest that, the lower yield of ribosomes may be due to
inefficient breakage of autotrophic cells or lower
internal concentrations of ribosomes in autotrophic
cells rather than to loss during the fractíonation
process.

Dissociation of 70 S Ribosomes
Ribosomes were dissociated into subunits to
facilitate the study of structural alterations that
may have been induced by different growth conditions.
The optj-mum Mg acetate concentration required for
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determined. Purified ribosomes
isolated from organisms gro\^rn under different cultural
condit,ions were dialyzed in TK buffer with varying Mg
acetate concentrations and analyzed in 5 mI sucrose
gradients made up in the same buffer. Gradients were
centrifuged in a Beckman SW 50.1 rotor at 491000 rpm

i.:.,t,,:

for 005 min.

,,.r,,,,.

dissoci-ation was first

:.:
.:,

As shown in Figures 2 and' 3, dissociation of

judged by their sedimentation rate) yet prevented

that normally occurs at
aggregation of_ particles
r_ ___

.

:.'::'..,,,
i

both heterotrophic and autotrophic ribosomes \^zas
effected by 3 mM Mg acetate, and reducing the Mg
acetate concentration to 0.5 mM did not induce greater
dissociation. For routine preparation of subunits,
ribosomes \Àrere dialyzed and centrifuged in buffers
containing 1 mM Mg acetate. This concentration was
sufficiently high to maintain intact subunits (as
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higher Mg-- concentrations.
Since the mass of the 30 S subunit is one-half
that of the 50 S subunit (Historical), one would expect

of the 70 S ribosome to be 30 S. However,
determination of area under the curves of sedimentation
profiles (Figure 2 and 3 B) showed that the 30 S autotrophic subunit represented 30.18 of the 70 S ribosome
whereas the 30 S heterotrophic subunit represented
33.92 of the ribosome. One explanation for this dis-
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FïcuRE 2.

sedimentation profile of heterotrophic

Ps. oxalaticus 0X1 ribosomal subunits
after centrifugation inaa Beckman S!ü 50.I
rotor aL 49,000 rpm for 105 min. A 5-20s"
linear sucrose gradient prepared in TK
buffer with varying Mg acetate concentrations was used.
A. TK + 3 mM Mg acetate
B. TK + 1 mM Mg acetate
C. TK + 0.5 mM Mg acetate
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FIGURE 3.

Sedimentation profile of autotrophic

Ps. oxalaticus 0X1 ribosomal subunits
analyzed in linear 5-20? sucrose gradients
prepared in TK buffer with varying Mg
acetate concentrations. Gradients were
centrifuged in a Beckman SW 50.1 rotor at
49,000 rpm for 105 min.
A. TK + 3 mM Mg acetate .?
B. TK + I mM Mg acetate
/
+
C. TK 0.5 mM Mg acetate
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crepancy is that the 30

S

subunit from autotrophs

may

have formed dimers which sediment with the 50 S peak.
However

this observation was not investigated further.

Isolation of Ribosomal

Subun:i.ts

The procedure used for subunit isolation

\^las

the quantity required (Methods ) . For
smalL quantities, a single centrifugation in a 55 ml
5-20? linear sucrose gradient was sufficient for preparing subunits from 2OO-250 AZAO units of ribosomes.
Figure 4 represents a typical sedimentation profile
of ribosomes after centrifugation for L2 hr in a sw 25.2
The 30 S and 50 S fractions \,irere pooled
Beckman rotor.
and precipitated as indicated in Figure 4. The subunit

d.ependent upon

preparations showed less than 10? cross contamination.
For larger quantities, I,200 AZøO units of
ribosomes were separated on gradients in a procedure

that consisted of two successive centrifugations. The
subunits pooled from the first gradient (Figure 5) were
heavily cross contaminated. After precipitation of the
subunits with alcbbol, they \^Iere dialyzed and applied
to a second 55 ml 5-20å sucrose density gradient as
described in "Methods". The profiles obtained after
the second centrifugation is shown in Figure 6 A and B.
The subunits obtained. from either isolation procedure
were collected and subjected to analytical centrifugation
to determine the extent of cross contamination.

FïGURE

4. Sedimentation profile of 50 S and 30 S
ribosomal subunits after preparative centrifugation of 200-250 AZAO units 7O S ribosomes. Subunits were isolated on 55 ml
5-20? sucrose gradients made in TK + I mM
Mg acetate buffer centrifuged for 12 hr in
a SW 25.2 rotor at 24,000 rpm. Fractions
were pooled as indicated and precipitated
with 0.67 volumes ethanol. For further
details see "Methods".
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FIGURE 5.

Sedimentation profile of ribosomal sub-

uníts after centrifugation of L,2OO AZAO
units of dissociated ribosomes. FracLions
v/ere collected as indicated and subunits
precipit,ated with 0,67 volumes of ethanol.
The pooled fractions \trere dialyzed against
Í
TK + 1 mM Mg acetate and. applied to a
second gradient for sgparation of contaminarilì
ating subunits (Figure 6).
.t

o

z
z

õo

-l

ñ
ô

o

(^}

N)

(^)
oo

ABSOR BANC

À

E 260 m P

FTGURE 6.

Sedimentation profiles of 50 S (A) and 30
(B) ribosomal subuniÈs following a second

S

centrifugation on 55 ml 5-20? sucrose gradient.
Samples \^rere obtained after rough separation
by a previous gradient centrifugation step
(Figure 5). Fraction
pooled as indicated.
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Cross Contamination

Purified subunits were subjected to analytical
centrifugation on a 5 ml 5-20% linear sucrose gradients
prepared in TK + I mM Mg acetate buffer and tracings
of the sedimentation profiles i,,rere obtained (Methods).
Figure 7 shows a typical tracing. The area under each
peak was calculated by cutting out and weighing the
peaks. These estimates of peak sizes showed that the
extent of cross contamination of autotrophj-c 30 and 50 S
subunits was g.7Z and 8.22, respectively, whereas g.4Z
of the 30 S and 7.3? of the 50 S subunit preparations
Í
from heterotrophic ribosomes vrere cross contaminated.
Generally subunit preparations were cross contaminated
to the extent of 6 to 10å.
Analvéis of Ribosomal

RNA

from 70 S Ribosomes

that growth by 2 widely different
means, i.e., autotrophic and heterotrophic, might' result
in detectable differences in ribosomal RNA was studied.
The electrophoret,ic patterns of ÉRNA in 2.652 polyThe possibility

acr$lamide (pH 8.4) of autotrophic and heterotrophic
ribosomes were compared (Methods).

Electrophoresis of autotrophic and heterotrophic
ribosomes together (Figure B A) demonstrated that 16 S

FIGURE 7.

Sedimentation profiles of purified 50 S and
30 S subunits centrifuged for 105 min at
49 t000 rpm in a SW 5O.l rotor in 5 mI 5-20e"
sucrose gradients prepared in TK buffer

1 mM Mg acetate.

A.
B.
C.
D.

i

Heterotrophic 30 S srøunit
Heterotrophic 50 S subunit
Aut,otrophic 30 S subunit
Autotrophic 50 S subunit

+

z

.:{
-ø

-{

z

rïl
=

I

m

U)

E

c':t

ABSORBANCE 2ó0 mp

o
UI

(,

E

Þ

FTGURE 8.

Electrophoretic analysis of ribosomal RNA
in intact 70 S ribosomes. Analysis carrj-ed
out in 2.65å polyacrylamide - 0.15? bisacrylamide gels containing 0.22 SDS as described
in "Methods". Approximately I.2 A26O units
of ribosomes were applied to each ge1 and
Í
after electrophoresis, these were scanned
aL 260 mu. RNA patterns are from a mixture
of 7O S autotrophic and heterotrophic ribosomes, (A) , 70 S heterotrophic, (B), and 70 S
autotrophic, (C), ribosomes of Ps.. oxalaticus
0x1.
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and 23 S RNA comigrated, suggiesting that gross differences in the structure of these species were not induced by the two cultural conditj-ons. Comparison of

the two molecules of 5 S RNA was not undertaken. The
appearance of several smaller RNA peaks and the size
of the 23 S peak (23 S RNA peak should enølose twice
the area of the 16 S peak because of their mass differences) suggested a breakdown of 23 S RNA. Electrophoresis of heterotrophj-c (rigure I B) and autotrophic
(Figure B C) ribosomes, separately, showed breakdown
of 23 S RNA in both cases.
To test the integritY löf rRNA, ribosomes \^7ere
heated to 75oC for 1 min in'Èhe pres-ence of 0.2% SDS
prior to application to gels. Heating in the presence
of SDS disrupts the secondary structure of rRNA and
reveals any "hidden scissions" that might be present
(Breuning and Bock I L967) (Figure 9), Comparison of
electrophoretic profiles of heat-treated (Figure 9)
and untreated ribosomes (Fígure B) shows that a significant proportion of the RNA molecules contains a
"nicks" and that it is primarily the 23 S species that
harbor these scissions.
Anaü*rsÈå..of Subunit Ribosomal

RNA

The RNA of purified subunits was studied to

precisely determine which'ribosomal

RNA

species con-

FIGURE

9. Electrophoretic analysis of ribosomal RNA
of 70 S ribosomes (1.2 AZ6O units) after
heating to 75oC for 1 min. Analyzed in
2.652 polyacrylamide 0.15U bisaerylamide
gels containing 0.22 SDS as described in
"Methods". Patterns, obtained by scanning
gels at 260 mu, of rRN from 70 S heterotrophic, (A), and .utot=ophic, (B) , ribosomes.
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FIGURE IO.

Electrophoretic profiles of autotrophic
16 S and 23 S RNA. APProximatelY I-2
AZ'O units of purified subunits were
analyzed at pH 8.4 in 2.652 polyacryl=
amide - 0.15å bisacrylamide gels containAfter electrophoresis,
these gels were scanned'at 260 mu - The
samples electrophoreseã are as follows:
Lng O.2Z SDS.

',|

A.
B.
C.
D.

50 S subunitr ño heating
30 S subunitr oo heating
50 S subunit, heated to 75oC for

1 man

30 S subunit, heated. to 75oC for

1 m1n
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tai-ned scissions. Surprisingly the

RNA

from both auto-

trophic 30 S and 50 S subunits migrated as more than 1
major peak in geI electrophoresis indicating degradation
of both types of RNA (Figure 10 A and B). Thus dissociatj-on of autotrophic ribosomes into its respective
subunits is accompanied by scissions in both the 16 S
and 23 S RNArs. Heating the subunit to 75oC for 1 min
resulted in extensive breakdown ob both rRNAr s (Figure
10 C and D). However, 16 S and 23 S RNA's are the predomj-nant species in the ge1s.
Analysis of 30 S and 50 S heterotrophic subunits
again revealed breakdown of 16 S and 23 S RNA as shown
in Figure 11 A and B. However, subjecting ùhe subunit
to heat (75oC for 1 min) resulted in surprisingly different results than was seen for the autotrophic subunits.
Disruption of the secondary structure of 23 S RNA revealed numerous "hidden scissions" as indicated by the
23 S RNA electrophoretic profile (Figure 11 C). On the
other hand, heating the 30 S heterotrophic subunit did
not produce further breakdown of 16 S RNA (Figure 11 D).
The reason (s) for this result is not apparent.
Analysis of Ribosomal Proteins
To investigate the possible influence different

cultural conditions had on ribosomes, the proteins of
70 S ribosomes of autotrophic and het,erotrophic ce1ls

FTGURE

11. Erestrophoretic profiles of heterotrophic
16 S and 23 S RNA. Approximately L.2

A260

units of purified. subunits \^/ere analyzed
at pH 8.4 in 2.65e" polyacrylamide - 0. 15U
bisacrylamide gels containing 0.22 SDS.
Af ter electroþhores j-s, these gels h/ere
scanned at 260 mp. The samples electrophoresed are as follows
A. 50 S subunitr rro heating
B. 30 S subunitr no heating
C. 50 S subunit, heated to 75"C for 1 min
D. 30 S subunit, heat,ed to 75oC for 1 min

' ,: .'..,,
':1

,,;

,

,,,:,.

,.,
:

A

235

B

I

rós
I

tE

o
€

c\t
r¿J

(J

z

23S

G

co

D

I

É.

o
,J'
co

--

MIGRATION DISTANCE

1óS

I

were analyzed by one dimensional polyacrylamide disc
ge1 electrophoresis at pH 4.5 (ttetfro¿s) - Plate

1

the electrophoretic protein patterns of
autotrophic (A and B) and heterotrophic (C and D)
ríbosomes at t\^/o protein concentrations and indicates
3 possible differences between them. At positions
2 and 3 (Plate 1), the autotrophic ribosomal protein
pattern appears to lack protein bands that are present
in the heterotrophic ribosomal protein pattern. This
can be most clearly visualized by comparing gels B
and C at position 2, and ge1 D with eíther A or B at
position 3. ïf the slowest *orrírrg band of each protein
pattern is studied (position l), it can be seen that
this band migrates as a d.oublet in electropherograms of
proteins from autotrophic ribosomes, but as a singlet
in proteins from heterotrophic ribosomes.
The exact number of components which differ can
not be evaluated by disc gel electrophoresis since the
method can neither differentiate between proteins of
the same electrophoretic mobility nor resolve closely
neighbouring proteins (Kaltschmídt and Wittmann, 1970 a) '
Although, the lack of resolution may result in undetectable differences, the electropherogram indicated discrete differences, involving at least 3 proteins, betv¡e,en ribosomes of autotrophically - and heterotrophicallycompares

4

grown ce1Is.
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PLATE 1.

Electropherograms of 70 S ribosomal

proteins of Ps. oxalaticus OXl in
polyacrylamj-de gels at pH 4.5
(¡¿ethods ) . Ribosomes v/ere extracted
from either airtotrophically - (A and
B) or heterotroþhical1y - growh (C
and D) cells.
A. 130 ¡rg prot,ein sample
B. 100 pg protein sample
C. 100 pg protein sample
D. 130 pg protein sample
Arrows ind.icate positÍön of differences
in protein pattern of, ribosomes of
autotrophic and heterotrophic celIs.

50

f\n¡o

Dimensional Analysis of 70 s Ribosomal proteins

Since disc ge1 electrophoresis cannot resolve

all proteins in a complex mixture two dimensional
polyacrylamide gel electroþhoresis was employed
(Methods). In this procedure proteins are first
electrophoresed j-n 4Z polyacrylamide disc gels at
pH 8.6. Tn the second dimension proteins a€e electrophoresed out of the disc ge1 into an 18? polyacrylamj-de
slab gel at pH 4.5.
The conditions used ín this study r,trere optimal
for resolution of E. coli ribosomal proteins (xaltschmidt
and Wittmann, L970 a) though not Ínecessarily for Ps.
oxalaticus OXl ribosomal proteirís. Plate 2 shows a
typical separation of proteins from 100 A26O units of
70 S heterotrophic ribosomes. It appeared that some
larger spots \Arere composed of several proteins. f n
order to resolve these spots, the polyacrylamide concentñation \Àras decreased to L6Z (from 18å) in the
second dimension slab gel with the results shown in
Plate 3. Combining the results of electrophoresis
under different conditions, a composite electrophoretic
þattern (Figure L2) r,'las obtained which shows the maximum
resolvable number of proteins.
The exact number of heterotrophic ribosomal
proteins could not be estimated from Figure L2 since
one large spot representing 3 to 6 proteins (designat,ed
Z in Figure 12) could not be resolved despite various

PLATES

2 and. 3.

Electropherograms of 70 S heterotrophic

ribosomal proteins as resolved by two
dimensional ge1 elect.rophoresis of

a

100 A260 equivalent sample (1.6 mg) as

described in "Methods". Dimensions of
thessecond dimension slab gel are 250 mm x 208

x 4 mm and of tf¡e disc gel, 1g0 mm x
6 mm.

Plate 2. Standard conditions with

184

polyacrylamide gel

Plate 3. Standard condi-tions with
polyacrylamide ge1

16?

PLATE

2
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PLATE

3

FIGURE L2"

Composite electrophoretic pattern of 7O S

heterotrophic ribosomal proteins.

The

diagram was prepared by combining the

results from Plates 2 and 3 and several
other electropherograms. Íproteins of
uncertainty are designatéd V, w, X and y.
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cond.itions used" Also almost every electropherogram
was plagued by the formation of a "front" v¡hich de-

resolution by impeding several of the faster
migrating proteì-ns" The distance from the origin at
which the "front" was formed varied with each separation.
Determination of rj-bosomal protein numbers was further
hindered by the appearance of faj-nt spots even with
samples contaíning 2"0 2"25 mg protein" The faint
spots may be due to: 1) contamination by cel-lular proteins,
2) ribosomal proteins in Iow quantities, 3) an aggregate,
or 4) fragments of larger proteins. Thus faint spots
like V, W, X and Y may or may not be ribosomal proteins"
The final problem encountered in enumeration of ribosomal
proteins resulted from traj-ling of proteins which have
an isoelectric point of greater than 8.6 (1eft hand side
of the ge1) represented by U. The reason for trailing
j-s not known but it may have obscured some protein spots.
The approximate number of heterotrophic ribosomal proteins
resolved by this method eonsequently rangies between 50
creased.

and 58"

fn order Lo resolve whether the faint spots were
due to oxidation induced aggregation, protein samples
\¡rere electrophoresed with and without reduction by DTT.
In the absence of DTT protein aggregation through disulphide bridge formation would be favored and faint
spots should become more distinct. Plate 4 shows a
typical electropherogram of an unreduced sample. A

PLATE 4"

Fìlectropherogram of 70 S heterotrophic

proteins which !\iere not reduced in DTT'
Resolutj-on of three additional proteins
R, S and T was obtained-

Conditions

under which electrophoresis was carried

out is d.escribed in "Methods".

large number of additional spots are observed and
comparison with Figure 12 shows that these additional
spots appeared mainly around. the large spot Z and in
the regions designated U and A" Furthermore, the area
between the dotted Ii-nes showed a different protein
pattern from that of the reduced samples" As a result
of this alteration in protein patterns,' the status of
protein spots W, X and Y (Figure L2) remained unclear"
In the electropherograms of unreduced samples, the
front was close to the ge1 bottom allowing the resol-ution of 3 ad.ditional spots R, S and T" This increased
the estimated number of heterotrophíc ribosomal proteins
to between 53 and 58.
Similar studies with autotrophic 70 S ribosomal
proteins produced protein patterns quite similar to
that of the heterotroph" Plate 5 represents a typical
electropherogram obtained with 1.6 mg (l-00 A26O
equivalents) of protein. Resolution of several large
composite spots could. not be obtained with a 16Z gel
but were resofved by decreasing the protein sample to
I mg (60 OZAO equivalents) as shown in Plate 6" A
composite diagram made up of Plates 5 and 6, i.e..
Figure 13, facilitated the identifícation of 49 to 56
ribosomal proteins. As previously mentioned the exact
number of ribosomal proteins could not be determined.

PLATES

5 and

6"

Electropherograms of 70 S autotrophic

ribosomal proteins as resolved by
two dimensional- gel electrophoresis
(Methods)

"

Two

protein concentrations

were used

Plate 5. 1.6 mg or iOO arao
equivalents of protein
Plate 6. 1.0 mg' or 60 AZOO
equivalents of protein

PLATE

5

PLATE

6

The electropherogram of autotrophic ribosomes

\ÀIere

(U), composite spot (Z) , formation
of a "front" and several faint spots (V, W and' Y) " In
addition, two spots designated P and Q were present in

plagued by trailing

1.6 mg samples (Plate 5) but not j-n I"0 mg samples
(plate 6) " vühen unreduced samples (1"6 mg) were electrophoresed, P and Q \üere not present (Plate 7) but three
additional proteins R, s and T could be identified. Two
of these proteins, R and T, were present in the composite
diagram, Figure 13. This raised the number of ribosomal
some

proteins to between 50 and 56. However, Plate 7 does
not contaj-n the additional protein spots that the unreduced sample of the heterotroph (Plate 4) had around
spot Z and region U.
comparison of the two composite diagrams, Figures
12 and 13, revealed very little difference between the
autot,rophic and. heterotrophic 7o s ribosomal protein
patterns. The differences which were apparent in the disc
gels (Plate 1) r¡iere not observed. Possible differences
between protein patterns were observed in the area between the dotted lines of the composite diagrams (Figures
L2 and. 13) " The proteins P rQ and X were present in
Figure 12 were absent from autotrophic ribosomes
(Figure 13) . In regior u, proteins M and N could' reflect
the influence that the mode of growth has upon the ribo-
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PLATE

7

"

Electropherogram of 70 S autoLrophic

ribosomal proteins which were not
reduced in DTT. Conditions under

which electrophoresis was carried

out are d.escribed in "Methods".
Additional ribosomal proteins R' S
and T could be resolved with this
method

FIGURE 13"

Composite efectrophoretic pattern of

70 S autotrophic ribosomal proteins.
The diagram was prepared

Plates

5 and 6 and other electrópherog'rams -
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somal proteins"

The heterotroph possessed protein

N

but not M (Figure J-2) with the reverse true for the
autotroph (Figure 13).
In order to resolve the protein spots in
region U, polyacryi-amíde disc ge1s, pH 8"7 (Methods) ,
vlere used" This procedure al_lowed the separation of
proteins with an isoel-ectric point of greater than pH
8.6" Plate B confirmed that the pnotein patterns of
ribosomes of formate and casamino acid-grown cel_ls
differed when acidic proteins were compared" Defj_nite
differences were shown in proteins I, 2 and possibly
3 of the heterotroph (C + o) and the autotroph (A + B) "
The heterotroph contained all these proteins whil_e the
autotroph had none. Thus the ddfferent growth conditions
influenced the acidic proteins of the ribosomes.
In an attempt to demonstrate ribosomal protein
differences of autotrophic and heterotrophic ribosomes
the two dimensional polyacrylamide ge1 electrophoresis
procedure was again modified slightly.
After the first
dimensíon run the alkaline gel must be acidified in
preparation for the second dirnension run. This was done
originally by immersing the gel in a second dimension
"starting buf fer" (Kaltschmidt and Wj-ttmann, 1970 a) for
two t hr periods. This step was suspected of causing a
loss of protei-ns by diffusion out of the ge1 which may
explain why no discrete differences were observed in

61

autotrophic and heterotrophic

r

j-bosor¡es. To reduce the

loss of proteins the alkaline disc gel i,,ias shal<en in
100 ml of cold 0. 3 I.{ IICI for 5 min and then quickly

rinsed 3 times in cold distilted

water (Avital

and

Elson, 1974) prior to the second dimensional run.
Studj-es by Avital

and Elson

(L97 4 ) showed

lowering of pH with FiCl significantly
amount of radioactivity

the rapid

increased the

l-abelled proteins recovered

from the second dimension gel " Treating gg. oxalaticus
0X1 ribosomal protein samples in this v,zay gave protein
patterns equivalent to those oÌ:tained with the original
procedure "

lrlo additional

dif f erences in the ribosomal

protein patterns from the 2 cultural

condítions could

be demonstrated. llowever, this procedure

vüas

retained

l:ecause of the speed with whicir the gel could be acid-

ifiecl while retaining most of its protei-n.
Two Dinensional- Analysis of Subunit Proteins

The differences observed in two dimensional

ribosomal protein patterns v¿ere investigated by el-ectrophoresis of subunit proteins. This analysis allowed a
better comparison of the autotrophic and heterotrophic
ribosomes as

i"e.,

v¿el-l-

as locating v¿here differences occurred,

in the 30 S or 50 S subunits.

62

ApproprJ-ate guantities (30 S 0. 55 rng; 50 S _
1.0 r.rg) of acetic acid e><tracte<l ribosoroal proteins \¡/ere

electrophoresed for 24 hr in the first dimensi_on and
44 hr in the second dimension. Tn ar-r electropherograms

the subunit preparation was at l_east goz free of cross
contaminating material. Trre stained gels v'ere photographed and compared to each other.
A) The 50 S Subunir
Pl-ate 9 is the gel obtained from erectrophoresis
of DTT reduced heterotrophic 50 s preparation. From

this and other erectropherograms of DTT reduced sampres
the cornposite electrophoretic pattern, Figure 14, v/as
produced" Figure 14 revealed a minimum of 23 50 s
ribosomal protein spots raberled as proteins Lr--L23
where L represents the larger or 50 s, subunit. prate
10, the separation of an unreduced sampre of the same
subunit, resolved 3 additional_ proteins L24, L25 and
L26 raising the number of 50 s proteins to 26. Iïowever,
Llt and Ll-2 appear to be made of several unresol_vable
proteins so that the total number of 50 s heterotrophic
ribosomal- protein may be between 26 and 36.
Pl_ate l_1 and Figure 15, a composite d.iagram, are

results obtained from two di-mensional electrophoresis
of DTT reduced 50 s autotrophic ribosomes. Twenty-two
distinct proteín spots were detected (plate Il) . V/it.h
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PLATE

B"

Electropherograms of ribosomes of

formate - (e and e) and' casamino

D) ceIls as
analyzed in PolYacrYlamid'e disc
gel at PH B-7 (Methods) '
A. 100 ug of autotrophíc 70 S proteins
S proteins
B. 130 ug of autotrophic

acid -

grovTn (C and

';O

C. 140 ug of heterotroPhic 70 S
proteins

D. I10 ug of heterotroPhic 70 S

4i,1
l.:.

.

'

ì.il'

*â

€13

FIGURE L4"

Composite diagram prepared from Plates

9

and 10 and other el-ectropherograms showing

a minimum of 26 ribosomal proteins from
heterotrophic 50 S subunits.
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PLATES

9 and 10.

Electrophoretic separation of the
heterotrophic 50 S subunit proteins
using two dimensionàl PolYacrYlamide gels (Methods) " SamPles
\^/ef

e:

Plate 9. 1.0 mg (60 "260
reduced 50 S
equivalents) of
?tt
proteins

Plate 10. 1.0
prote j-ns

mg of unreduced 50

S

FIGURE 15.

Composite electrophoretic pattern of

the 50 S autotrophic ribosomal proteins
prepared from Plates 11 and 12 and
other electropherograms " ., A minimum
of 25 ribosornal protein spots can be
detected.
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three additj-onal proteins L23, L24
and L25 (Plate L2) \^/ere detected, therefore raising
the minimum number of.ribosomal proteins on the 50 S
autotrophic subunit to 25 " The protein spots LIl and.
LL2 again appeared to be composed of more than 1 protein
so that the estimate of 50 S proteins lies between 25
and 35. For comparison, the proteins of the autotrophic
subunit \^iere labelled as d.escribed for the heterotroph"
Comparison of Figure 14 and 15 revealed only one
difference between the electrophoretic patterns of the
autotrophic and heterotrophic 50 S subunit. Pi:otein
L26 was present in heterotroph'ic ribosomes and absent
in the autotrophic ribosomes.' How*rr.., trapping of
protej-n L26 in the "front" of the electropherogram
(Figure 15) could account for this difference.
The protein differences observed in the two
dimensional 70 S protein patterns were not confirmed by

unreduced. samples

electrophoresis of 50 S autotrophic and heterotrophic
subunits. Proteins P, O and X were present in the 70 S
heterotrophic ribosomes (Figure L2) but absent from
autotrophíc ribosomes (Figure 13). Comparison of composì-te electrophoretic patterns of 50 S autotrophic
and heterotrophic proteins (Figure L4 and 15) in this
region (Lf3-Ll-9) failed to show these differences"

PLATES

lt and

12

"

Electrophoretic separation of
proteins of the autotrophic 50 S
subunit using two dimensional
polyacrylamide gels (Met,hods)
"

Samples which underwent analysis
were:

Plate 11. 1.0 mg (60 '"260
^
equivalents) of DTT reduced 50 S
proteins

Plate 12. 1.0
50 S proteins

mg of unreduced

PLATE

fl

PLATE 12

Furthermore, comparison of 7o s proteins with isoelectric
points gireater than pH 8"6 (region u, Figures L2 and 13)
had shown that the heterotroph possessed protein N but

not 14 with the reverse true for the autotroph. This
difference was not confirmed. upon comparison of 50 s
protej-n patterns (Figure L4 and 15)" Both type of 50 S
subunits possessed proteins Ll , L4, L5 and L6. Thus
the only possible alteration induced. by cultural conditj-ons as shown by two dimensional giers occurs in the
30 S subunits.

B) The 30 S Subunit
Electrophoresis of 0.55 mg (35 A26O equivalents)
of 30 S heterotrophic ribosomal proteins resuLted in

the separation of 15-l-B proteins (plate 13). From this
electropherogiram and others of the 30 s heterotrophic
subunit the composite electrophoreti-c pattern, Figure 16,
was formed. Approximately 15 protein spots 1abelled
sl - s15 could be d.etected where s designates the small,
or 30 S, subunit. Tn several electropherograms the
"front" was very cl-ose to the bottom of the second
dimension gel allowing the detection of protein SIB
(figure 16). Although spots 55, SB, 59 and Sll_
appeared as faj-nt spots in plate 13, in other electropherograms with higher concentrations of protein these
spots were much more distinctive and thus incl_uded in

FTGURE 16.

Composite electrophoretic pattern of

30 S heterotrophic proteins from Ps"
oxalaticus OXl showing a .minimum of
16 protein spots. Add'itio"tf proteins
may be present and their location is

indicated bY S?.
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FIGURE 77

" Composite electrophoretic pattern of 30 S
autotrophic proteins of Ps. oxalaticus
0X1 showing a minimum of 18 protein spots.
An additional protein S? may be located
with protein S11.
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the catalogue of 30 S heterotrophic proteins.
Plate 14 shows the 30 S autotrophic ribosomal
protein pattern. Here, better resolution has al-l-owed.
the identif ication of a mj-nimum of I8 spots, SI-S18,
with still add:itional protein(s) trapped in the "front".
Proteins 516 and S17 were not detected in heterotrophic
electropherograms probably as the result of poor resolution of the 30 S heterotrophic proteins.
In all electropherograms analyzed, it was
difficul-t to determine if some proteins [S11, S12 and S14
of the 30 S heterotrophic subunit (Figure 16) and S11 of
the 30 S autotrophic subunit (Figure 17) I consisted of
one protein that trailed or two proteins. Iiowever, in
both composite diagrams these proteins are depicted as
one protein and the label S? was added to indicate a
second possi-ble protein located in this spot.
Comparison of the two composite diagrams
(Figures 16 and 1-7) failed to show any difference in
the el-ectrophoretic protein pattern of the 30 S autotrophic and heterotrophic ribosomes.
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V

DISCUSSTON

Adaptation to different cultural conditions

requires cells to undergo physiological and structural
changes such as the synthesis of new enzymes and
alterations to the structure of cell membranes and
organelles. One organelle which undergoes structural
alterations in response to different cultural conditions

is the ribosome. Support for this belief came from the
work of Deusser (Deusser and Wittmann, 1972; Deusser,
1972). She grew E. coli in rich and minimal media,
labelling the cells with different isotopes (l4c ot 3H amino acids) to mark their origin. Cells l^rere combined,
ribosomes were extracted and their proteins identified
on two dimensional polyacrylamide ge1s. The ratio of
t4"/t, radioactivity associated with each protein spot
was calculated. Comparison of these ratios showed
variations in the amounts of some ribosomal proteins
as a result of growth under different cultural conditions.
Park (1973) was able to demonstrate gross changes in
the ribosomal protein composition of Thiobacillus
novell-us cel1s gro\^/n under autotrophic and heterotrophic

;

7E

conditions. rn addition, Park was abre to demonstrate
an alteration in the tøg++ reguirement for dissociation
of autotrophic and heterotrophic ribosomes. The heterotrophic ribosome dissociated at 3 mM Mg** whereas autotrophic ribosomes failed to show dissociation at even
0.5 mM. Alterations in amounts of protein on the
ribosome as well- as alterations in the protein composition
were induced by different cul-tural conditions.
Ps. oxalaticus 0X1 was the organi-sm chosen for
this investigation. It was capable of growth on formate
or other organic substrates as its sole source of carbon
and energy. Growth on formate required the conversion.
of formate to COZ which is assimilated into cell constituents via the carboxylation of ribulose-1, 5diphosphate and the Calvin cycle (Quayle and Keech,
1959 a, b, c). Energy for this process was derived
from the oxidation of formate to COZ. Thus the growth
of Ps. oxalaticus 0X1 on formate is basically autotrophic.
Growth of this organism on oxalate and other more reduced organic compounds was shown to be heterotrophic.
Growth on organic substrates (other than formate) failed
to induce the enzymes necessary for formate utilization
(Blackmore and Quay1e, 1968; Blackmore et â1.,1968).
This point combined with the rapid rate of growth,
particularly for the autotroph (Figure 1), made this
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organism ideal for the investigation of the influence

of cultural cond.itions on protein composition and
properties of ribosomes.
Initial analysis of the protein complements
from ribosomes of formate and casamino acid-grown cel-ls
by electrophoresis in pH 4.5 polyacrylamide disc gels
(Plate 1) indicated that ribosomes from the 2 types
of ribosomes differed in 3 protein bands. Subjecting
the ribosomes to further analysis on two dimensional
gels failed to confirm these alterations. Difficulties
in separation such as trailing of proteins, failure to
resolve conglomerate spots, observation of faintly
visible spots and the formation of a "front" were given
as the reasons for the failure tö confirm protein
composition alterations .
One particular difficulty,
trailing of proteins,
was investigated further. Trailing occurred with
proteins that have an isoelectric point of greater
than pH 8.6. These proteins appeared in the left hand
side of the two dimensional gels. No reason for
trailing can be given but it is not confined to Ps.
oxalaticus 0X1 having been observed in the separation
of E. col-i ribosomal proteins. In an attempt to
resolve any protein differences hidden by trailirg,
pH 8.7 polyacrylamide disc gel electrophoresis was
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carried out on these proteins. The heterotroph was
found to contain 3 add.it.ional proteins not found in
the autotroph (P1ate 8). However, analysis of the
proteins of ribosomal subunits by 2 d.imensional gel
electrophoresis failed. to show these differences.
An attempt was made to resolve this disparity
by increasing the sensitivity of the two dimensional
elect.rophoresis procedure to that used in the E. coli
system. Attempts to increase resolution by altering

voltage (90

180 volts),

time of electrophoresis,
and temperature at which erectrophoresis was carried
out (OoC to room temperature) fail-ed. Alteration of
second dimension polyacrylamide gel (from 183 to 162)
increased resorution but it was still insufficient for
resolving some larger conglomerate spots (eg. spot Z,
Figures 12 and 13).
Also, the possibility existed that single protein
spots on two d.imensional gels represent.ed more than
one protein. Such hidden proteins may represent some
of the differences seen in the disc aels. With E. coli
ribosomes, proteins LB and L9 \,vere resolved f rom a
single protein spot by varying the first dimension gel
concentratj-on (4-r2z) and the pH of the buffer from 4.9
to 12.0 (Kaltschmidt and Wittmann, I97O b) . Verification
that single protein spots do represent a single protein
in Ps. oxalaticus would require similar stud.ies.
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An alternative explanation is that proteins were

lost during lowering of the first dimension gel pH
from 8.7 to 4.6. This could account for not seeing
alterations in ribosomal protein compositions by the
two dimensional gels. The original acidification
procedure involved dialysis of the gel against a
"starting buffer" for two t hr periods ("Methods").
Tn the E. coli system, the recovery of radioactive
proteins in the second dimension ge1 was only 51 to 5Ba
of the original sample applied to the first dimension
(Avital and Elson, 1974). However, when HCI was used
to lower the pH ("Methods") recoveries of 78 to 922
r,.zere obtained. Applying this procedure to the
Pseudomonas system failed to reveal any additional
differences in the protein patterns of autotrophic and
heterotrophic ribosomes. However, a protein loss of
B-22% still remains to be accounted for and although
it may be assumed that this loss is split evenly between all ribosomal proteins, the possibility can not
be excluded that the loss was caused by only a few
qroteins. If for example this loss represented only
5 of the approximately 53 to 58 ribosomal proteins,
the protein differences seen in disc aels can be
accounted for. Verification of this suggestion requires
further manipulation of the two dimensional electro-
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phoretic procedure.
Growth under different cultural conditions

may

influence the ribosome in ways other than protein composition. Disruption of autotrophic ce11s resulted in
much lower yields of ribosomes per gram of cells than
for the heterotroph ("Results"). Poor breakage of
cel1s was interpreted as the reason for this phenomenon.
Park (L973) encountered a similar situation when disrupting autotrophic and heterotrophic T. novellus cells.
Despite using various disruption and extraction procedures, the yield of autotrophic ribosomes remained low.
Park (I973) suggested that this difference in ribosome

yields may reflect a difference in the ribosome content
of the two types of cells as dictated by the differences
in their protein - synthesizíng capacity. The results
obtained with Ps. oxalaticus makes this suggestion a
distinct possibility. Attempts to increase ribosome
yield from cells should be undertaken to verify the
possibility that cultural conditions influence the
ribosome content of the cell.
Analysis of rRNA on 2.652 polyacrylamide 0.153
bisacrylamide gels containing 0.22 SDS indicated that
the 23 S rRNÀ of intact 70 S ribosomes (Figure I and 9)
contained hidden nicks. Dissociation of ribosomes into
their respective subunits was accompanied by further

BO

in both the 16 S and 23 S rRNA of both autotrophic and heterotrophic ribosomes (Figures I0 and 11)
Similar results were obtained by Szer (1969) working
with E. coli strain Q 13. Szer found that intact 70 S
ribosomes kept at OoC for 15-30 days resulted in almost
complete degradation of 23 S rRNA with a concomitant
formation of 16 S rRNA in the larger subunit. Dj-ssociation of intact ribosomes into subunits and incubation
at OoC resulted in degradation of both 23 S and t6 S
rRNA. Analysis of these rRNA's showed that they were
"halved" first and then underwent further degradation.
Endonucleolytic activity (RNA ase IV type) associated
with the "split protein" fraction from either subunit
was demonstrated to be responsible for the instability
of the rRNAr s (Szer, L969) . With the similarities between the E. coli Q 13 and Ps. oxalaticus 0X1 systems,
it is tempting to speculate that there is a similar
activation of a nuclease activity upon dissociation
of ribosomes from Ps. oxalaticus and that the nuclease
could be associated with the "sp1it protein" fraction.
This nuclease could be part of the ribosomal protein
complement as shown for E. coli MRE 600 (Ceri I 1973)
or a contaminating protein.
breakdown

'
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Degradation of 23 S rRNA of intact 70 S ribosomes
and that of the 16 S and 23 S rRNA of the subunits

was

not reflected in the sedimentation profiles of the
ribosomal subunit except perhaps for the 30 S autotrophic
subunit (Figures 2 and 3). The question arises as to
the activity of these subunits in protein synthesis.
I,Iould the activity of these subunits be affected to an
extent corresponding to its RNA degradation? If no
loss of activity resulted, would the ribosomes from the
2 types of cells show functional differences in the protein synthesis assay as a result of the differences in
their ribosomal protein composition? These questions
warrant investigation in order to determine the extent
of ribosomal changes induced by the different cultural
conditions.
An investigation, similar to that of Deusser
(Deusser and Vtittmann, 1972; Deusser, 1972), into the

possibility that the amounts of ribosomal proteins were
altered in response to different cultural condítions
was undertaken. Ps. oxalaticus was grown in the
presence of 2.5 uc/mI of I4c- labelled sodium formate.
Cells r^¡ere collected, mixed with cold cells and ribosomes
!{ere extracted. Hov/ever, small amounts of ribosomes
with a specific activity of only 4400 cpm/er'O unit made

B2

a two dimensional study unfeasible. The problem with
this labelling procedure was that. 583 of the total
radioactivity in the vessel was caught in a CO, trap.
14c-1.b"11ed
To overcome the technical difficulty,
bicarbonate could be used so that the radioactivity
remains in the medium. Possibly then ribosomes with a
high specific activity could be isolated and combined
with 3H-amirro acids to investigate the variation in
the amount of ribosomal proteins between the two
cultural conditions.
Growth of Ps. oxalaticus 0X1 on formate and
casamino acids resulted in alterations to the protein
complements of the ribosomes as shown by polyacrylamide disc Ae1s. However confirmation of these differences could not be shown by two dimensional gels and
thus failed to locate and identify the specif ic alterations involved. Despite this handicap, this investigation does suggest a possible functional basis for
heterogeneity of ribosomal proteins. The static model
("Historical") suggests that the functional specializations of subclasses of ribosomes are permanently fixed
by stable association of specific "fractional proteins"
with a common core of "unit proteins". An organism
groï¡n under different conditions such as autotrophy
and heterotrophy would have dif ferent mRNA complements
and consequently the function specializations of
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ribosomes would be different.

This suggests that the
protein complement of the ribosome would be different
as a resul-t of the stable association of different
"fractional proteins".
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