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The scluble cytoplasmic proteins of the leaves of & number
of dicotyledonous nlant speciesg have been chersacterized as to their
chemical and ohysical chemiczl properties, FElectrophoreticelly, the
croteins migrate &s a single major component and from onete six ninor

-

components, The m the species, The principal

component has a mobility of ga. =5.0 to =5.5 x 107~ cn sec” volt”™
in C.1 p K-maleate buffer st pH 7.0, and constitutes ca. 60 to 80 per
cent of the tetel protein, In the sznalyticel ultracentrifuge, the
proteins are regolved into two components; a high-moleculer weight,
apparently homogenecus component with a corrected sedimentation con-
stant of 19S vhich constitutes ca. 30 to 50 ner cent of the total
protein, end a low-nolecular weight, heterogeneous fraction vhich
containé the enzymatilc acﬁivity.

Chenicelly, the cytoplasmic proteins contain 13 to 15
per cent nitrogen end from 0.1 to 0,8 per cent phosphorus. This
protein-bound P was found to be associated with the 195 component
of cytoplasm in the form of ribonucleic acid. The principal component
of cytoplasm is, therefore, a nucleoprotein, |

The nucleotide composition of the ribonucleic acid in-the
cytoplasms of leaves of differert plant species and in leaves of
different physiological ages but from the same plant specieg were
~studied., Thechmposition varies with the plant species but not with
physioclogical age.

The effects of pH, of temperatures from 0° . to 37° Cas

of dialysis‘and of storage at -20° ¢. upon the stability of whole



éyt@plaam vreperations was studied by chemical and uliracentrifugel
analysis. Acidity greeter than pd 6.5 and storage at -20° G. for
extended periods praferentiaily denaturesg the protelin molety of the
micleoprotein component, while dialysis or incubation at room tem-
pefatmres for short periods of time causeg the loss, apparently

by enzymatlc degradation, of the rilbonucleic acid moiety., Mo method
of entirely preventing the logs of nuclele acild was found, although
maintenance of a low temperabture partially suppresses 1t.

A differential sedimentation procedure capable of oreparlng
high=molecular weight fractions of cytoplasm (fraction I proteln
preparations) containing only 5 to 10 per cent of low-molecular
weight contaminants was developed when classicdl methods of chemical
fractionation proved unsuitable. Such preparations were used to
determine the physical properties of the nucleoprotein component,

The nucleoprotein components of spinach and tobacco
have been shown to be closely similar, although certain physical
properties of the nucleoprotein, such as partial specific volume,
sedimentation constant and molecular weight, are dependent on the
ribonucleic acid content.

The molecular weight of the nucleoprotein component in a
.particular preparation containing 11 per cent nucleic acid is estimated
to be 360,000, hased on determination of the partial specific volume
and the sedimentation constant of thls preparation together with an
estimation of the frictional coefficient from a deduced shape factor
and an assumed hy&ration value,

Fraction I protein preparations always contain high=molecular
welght components that ére not initially present in whole cytoplasm.

Tt is shown that these componenbs probably have their origin in

aggregation of the nucleoprotein component.
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PART I
THE SULUBLE CYTOPLASMIC PROTEINS

I, INTRODUCTION

The cytoplasmic proteirs of gresn leaves are of broad and
basic bilological concern. These soluble proteins contain, for
instence, =z wide spectrum of enzymes which mediate many of the
important metabolic processes of the cell. In recent years a
mamber of these enzymes have beesn purified, characterized to some
extent, and their comparative blochemigtry studied in detsil., The
soluble proteins as & whole have also been shown by Menigenhi and
Delwiche (1951) to be in & dynamic state, as might be expected by
analogy with work on animsls and microorganisms, and to act to some
extent as a protein pool., But unlike meny animal proteins which
| have heen examined by the gelaxy of physical and chemicel techniques
evailable io the protein chemist today, comperatively 1little is
known about individual plant proteins other thean those with
enzymatlic activity.

This lack of knowledge is in sharp contrast to the situation
of 20 - 30 years ago during the reign of the nutritional biochemist
‘when "plant proteins® were 28 well known as M"animal proteins®,
During this period, elemental analyses and such amino acid analyses
as had been perfected were performed on a large number of proteins
of diverse origin, Because of the nutritional importance of plants,

the plant proteins were examined as extensively as the animal



proteins. Since the emphésis was on nutritionel velue and the
methods of se?araticn then existent were poor, analyses were
invariably of mixtures of proteins. The "bulk protelns' of commer-
cially important seeds and of forage crops have been egpecially
well examined,
The plant proteins heve Teen reviewed a number of times

recently [Chibnall (1939), Vickery (1945), Wood (1945), Lugg (1949),
MeCalle (1949), McKee (1949), Steward and Thompson (195C), Bonner
(1950), and Wildman and Jagendorf (1952)]. The reviews of Lugg,
McCalla, McKee, and several chapters of Chibnall are 1little more
than catalogues of analyses of numerous "proteins® from plent
material = predominsntly seeds, Since many of these analyses are
by methods now known to be grossly inaccurate, they are probably

of little value except from a nutritional standpoint. ILugg (1949)
particularly, is representative of a school of thought which is
rapidly vanishing., For years he has analyzed the "bulk proteins”
(author'!s nomenclature) of various specieskof plents for amino -
acid content and for nitrogen content by laborious chemical and
microbiological methods, 1oning for differences between species,
_genera, etc., When fefined analytical techniques were available,

the precisibn»of such analyses was increased but the basic material
to be analyzed, the ”bulkﬁrotein” remained the same variable,r
- undefined mixture as befofe. It is only fair to say, however, that in
all these reviews the lack of knowledge concerning all aspects of the

leaf proteins has been emphasized.,
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Several vigor@us’trends are to be found in the more recent
reviews, The first of these trends is the use of chromatographic
methods to replece purely chemiecal frectionatiocn of the amino acids,
This has been a very important advance because it is now possible to
perform accurate analyses on milligram quantities of supposedly
pure ;%o%@iﬁs‘or their hydrolvsis products, in order to establish
the degree of similarity in composition or, in some instunces, in
the amino acid sequence of different preparations (Sanger and Porter,
19483 Edman,{1950),; A second trend is the growing tendency to
recognize, with Lugg (1949), that the classic concept of the division
of proteins into classes, such as albumimns,globulins, ete., based
on solubility is not applicable to many of the plant proteins. This
has necessitated the introduction of other methods of fractionation
snd examination. Thirdly, less emphasis is being placed on refine=
ment of analyses of crude protein mixtures and more attention is being
given to the isolstion of single protein species orior to detailed
chemical studies. This has led to application of the metﬁods of
physical protein chemistry - electrophoresis, ultracentrifugation,
light scattering, diffusion and viscosity - as a means of following
- fractionation, as criteria of purity and as a supplement to chemical
analyses, |

The study of plant proteins by physical methods has
lagged behind similar studies of animal proteins., This has been
due in part to the relative ease with which "pure" proteins such as

ovalbumin, serum albumin and @-ﬂactoglobulin may be secured for
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study as models by physicel chemists, and in part to the ready
- financial support availalle for the study of animsl proteins from
groups»inte?eated in possible medical applications of chyslcal
chemical techniques. Until very recently, physical studies of
plant proteins heve heen limited to the seed proteins., Svedberg and
Pedersen (194C) have summarized the ultracentrifuge studies carried
out on severai proteins isolated from wheat and corn seed in their
laboratory, and Johnsen (1948) has reported a similar investigation
of conarachin and arachin. Electrophoretic studies of several proteins
from cereal seeds have been reviewed by McCalla (1949). Fontaine,
et al. (1945) also used this method to study the peanut proteins.
Because of the quantity of materisl required, physical
studies of the proteins from individual vegetative tissues of higher
plants are almoét of necessity limited to either tubers or leaves,
In all plant tissues, the location of the protein relative to the
architecture of the cell presents a difficult extraction problem.,
The cells of leaves are especlally troublesome., A typical parenchyma
cell has a tough outer cell wall which encloses a thin layer of
éytoplasm which in turn surrounds a large wvacuole. The particulate
entities, the nucleus, chloroplasts, mitochrondia and perhaps
microsomes, are embedded in the cytoplasmic layer, Each of these
entities is differentiated from the cytoplasm by a membrane and
the cytoplasm itgelf is further differentiated from the wvacuole
* and from the cell wall by semipermeable membranes which prevent free

passage of water and solutes between the vacuole and the outside



environment, The vacuolar fluid contains little if any protein
but may be quite acid due to accumulation of organic acids. The
problem in extraction die to apply sufficient force to disrupt the
cell wall wilthout rupturing the particulate bodies, which would
contaminate the cytoplasmic proteins with proteins criginally
particulate, and to prevent dilution of the cyteplasm with vacuoler |
fluid, since this may cause denaturation of the cytoplasmic proteins.
The firgt extensive studies concerned with extraction of
the cytoplasmic proteins were those of Chibnall (1939), whoge
procedures have been widely adopted. In Chibnall's method, the
perneabllity of the cellular membrane is destroyed with ether-water
and the vacuolar fluid squeezed out in a press. This effectively
eliminates dilution of the cytoplasmic constituents with vacuolar
fluids. The press residue is resuspended in a dilute buffer solution
and the cell walls ruptured by grinding. The Varing blender of a
meodification of it, has been commonly employed for this purpose in
recent years. The cellular debris and particulate matter are
removed by a low speed (ca. 2000 x g.) centrifugation. Yields by
this method are rather poor, varying from 20 to 60°/0 of the total
pro‘téiﬁ in the msterial extracted, according to Chibnall (1939).
The effects of the acid vacuolar fluid and ether-water on the
cytoplasmic proteins have not been carefully studied, but micro-
scopic examination of cells following cytolysis shows the profoplast
to be shriveled into one end of the cell, surrounded by ether-water

and vacuolar material. The presence of a green color in the centrifuged



extract also indicates some solubilizetion of the chloroplast
pigﬁentsa
The first physiczl studies of the leaf proteins were the

clectrophoretic analyses of soluble cyboplasmic proteins, prepered
‘according to Chibnall's method,of healthy end tobacco mosalc
infected tobacco leaves by Frampton end Takahsshi (1944, 1946).
Since the work of Frampton and Takaheshi, there have been

numerous electrophoretic studies of viruses but relatively few
gtudies of the normal cytoplasmic proteins. Vith one exception
(Commoner, et al. 1952), all published electrophoretic studies of
the solutle cytoplasmic proteins of normal leaves have originated
in the laboratory of Mildman‘and,Bonner [wildmen and Bonner (1947),
Vildman, et al. (1949b),Vildman and Bonner (1950), Campbell (1951),
Singer, et al. (1952)]. These studies have shown that although the
number of "components" which may be resolved in solutions of cyto-
plasmic proteins is variable, depending upon the plant species

and the buffer and pH used for electrophoresis, at least 60 - 700 o
of the proteins migrate as a single peak., The remaining proteins
are represented by from one to six minor peaks which are more or
less incompletely resolved from the major peak. It was also found
that the mobilities of the respective peaks are substantially
constant between species.

The early studies of Frampton and Takahashi suggested

that electrophoretic observation of the level of normal protein
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associated with virus protein formation might well be feasiblé;

Chibnall, however, had expressed doubt that the material extracted
by his method was representative of the cytoplasmic proteins as a
whole. This doubt, coupled with the poor and variable extraction

vields, made quantetive interpretation difficult. Better extraction

(o}

procedures were needed before the electrophoretic aporeach to the
study of the normal scluble proteins or to virus protein formation
could be explored.

An improved extraction prodedure which made possible
quantitative studies of normal and virus proteins was developed
by Wildman and Beaner (1947). Using a procedure which would rupture
almost all of the cells, together with a strong buffer to control
the pH of the vacuolar maferial, they guantitatively extracted
material which appeared to be representative of the whole,
Chibnall (1939) had previously shown that the "cytoplasmic proteins"
which he extracted had an isocelectric range from ca. pH 5.5 to 4.0
and that once flocculated in this range their solubility was greatly
decreased. He had further shown that the expressed sap from the
’vcytolyzed leaves of many species has a pH of about 5.5 to 6.5, To
eliminete the unknown effects of ether-water, Wildman and Bonner
omitted the cytolysis step prior to disruption of the cells, The
leaves, suspended in M/2 maleate buffer of pH 7.0 were ground in an
Eppenbach colloid mill cooled by circulation of ice water around the
sheéring surfaces. The cellular aebris and unbroken cells were

removed from the slurry by filtration through#harkskin paper in a



basket centrifuge and the clarified extract used to grind more
material., In this manner, the aaverse effects of acid from the
vacuole could be controlled, but dilution of the cytoplasm by the
vacuolar volume end by the initisl volume of buffer could not be
nrevented, The dilution by waffer was minimized, however, by using
a fairly concentrated buffer solution and by recycling the initial
extracts through the mill for extraction of more material.
Particulete matier was removed from the final extract by
centrifugation at 20,000 x g. for one hour, The clear, light brown
to amber colored supernatant sclution of cytoplasm so obtained
contained sbhout 1,0 to ?.50/0 protein., There was no Tyndall
effect nor evidence of any green color, so characteristic of
Chibnall's preparations, in the final supernatant solutions, During
colloid milling, the majority of the‘chloroplasts and pregumably
the nuclel were fragmented, releaging stroma, grana and nuclear
material into the cytoplasm., Prolonged grinding may further disrupt
a portion of the grana, If so, the fragments so formed do not
appear to be solubilized, since the final solution lacks the green
éolor that would be expected from the liberation of the chlorophyll-
protein'complex of the granﬁ. The composition of stroma frpm |
chloroplasts is unknown, but if it includes protein, there will be
a small and variable contributién of protein from this source to
the "soluble cytoplasmilc proteins"»as prepared by Wildman's method.
Similarly, fragmentation of nuclei may contribute a small quantity

of nuclear protein to the cytoplasmic fraction,



With slight medification, this method has been success—
fully epnlled to extraction of leaves of a number of speciles
(Wildman, et al. 1949; Campbell, 19513 Singer, et al. 1952).

The first ultracentrifugel studies of the cyboplasmic
proteins were also made by the Wildman group (Singer, et al. 1951).
These preliminary studies indicated that the soluble proteins of
spinach contained a rapidly sedimentating, apparently homogeneous
conponent which comprised approximately 30 - 500/0 of the total
protein and a low-molecular weight, heterogeneous fraction which could
not be resolved, Further investigation has shown that this high
molecular welght protein is characteristic of the leaf cytoplasm
of diéotyledenous species in general (Singer, et al. 1952),

The studies reported in this thesis constitute a
continuation of the work discussed above,'together with the phyéical
chemical and chemical characterization of the high-molecular weight

protein component of leaf cytoplasm,
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II. MATERTALS AND METHODS

A. Flant Materlals:s All plants, with the exception of
gpinach (Sginacia sp.) which wes procured from a local market, were

grown under green house conditions. MNicotisna glutinosa, tomato

(Lycopersicon esculentum) and cocklebur (Xanthium pennsylvenicum)
were grown in sand culture supplied with complete nutrient solution.
Cuba white, Maryland Mammoth and Turkish teobacco (all varieties

of N, tabacum), pee (Pisum sativum), and gherkin (Cucumis znguria)

o

vere grown in the Earhart alr-conditioned laboratory under a tempera-
ture regime previously found optimel for growth of the particular
species.,
In the case of Maryland Mammotﬁ and Turkish tobtacco,

which wers most.extensively used, the aerial portions»were harvested
periodically, the root stock being retained for growth of more
material. Large harvests of mature leaves were possible about every
30 days during the summer months, but because of lower light
intensities during the winter months, harvests could be made only
every 60 - 75 days.

| A1l material used was in the vegetative stage, i.e., non-
flowering. For ﬁost species this was accomplished by using fully
matured 1eaveé from young plants which had not reached the flowering
stage. When necessary, as during the winter months, Meryland
- Mammoth and Turkish tobacco were kept vegetative by sprlicatlon of

8 hours of artificial light in addition to 8 hours of natural daylight.,
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Xanthium was grown at the Crlando greenhouse under 20 hour day-
lengths.
Unly mature, well exvanded leaves which exhibited uno

evidence of pathological esymptoms were used,

B. Zreparation of Cytoplasmic Proteins. Scluble cyto=

plasmic protein solutions were generally prepared by 2 modification
of the Wildmen technique (Wildman and Bonner, 1947; Singer, et al.
1952). Several variations in the huffer used as a dispersing @edium
and in the disruption technique were explored. These will be
described in section III-B., The procedure adoptéd was as follows:
The petioles, midribs and larger lateral veins were
removed from the leaves immediately after harvesting, and the
remaining tissue sliced into sections approximately 1 cm. sguare,
An appropriate volumeof ice-cold 1/2 XOH-K-maleate buffer, pH
7.0 = 7.1, to be used as a dispersion medium, was measured oubt and
introdﬁced into a Fppenbach colloid mill. Usually 1,0 ml, of buffer
was used for each 2 gm, tissue. The distance between the rotor and
stator of the millwms adjusted to an arbitrary setting of "68"-
units (gppenbach calibration) and leaf tissue added until a thick
slurry formed. The mill clearance was reduced to "40" units and
grinding coﬁtinueé for about 30 - 60 seconds before the slurry
was drained from the still-operating mill. Cellular debris and
- unbroken cells were removed from the slurry in a basket centrifuge

lined with sharkskin filter paper. This clarified protoplasmic
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juice was returned to the mill and used to grind more leaf tissue,
the filtration being repeated as frequently as necessary for efficient
operation cf the mill., All grinding and filftering opsrations were
performed in a cold rcom at 2° ¢,

uring the grinding, considerable air is dispersed into
the grinding meéiuﬁ, That thie ceauses some surface densaturation is
evident from the amount of foaming which occurs. This effect is
minimized by using a volume of solutlon large enocugh to prevent
formation of a vortex in the hopper and by grinding as short a tine
as possible,

Loczl heating, caused by excessive generation of heat
betweeh the rotor and stator of the mill when nariow clearances
or thick slurries are used, may cause a temperature rise of 10 =
150 C. This temperature rise is undesirable hecause of the accel=-
erated enzymatic destruction of cytoplasmic components that occurs
at high tsmperatures. To miminize the amount of heating, ice water
was circulated through the chamber whiéh surrounds the stator.
Initial grinding was accomplished et as wide a clearance as
consistent with good dispersal and the slurry was filtered frequently.
‘The solutions were further handled in ice baths except during the
actual milling and filtering operations.

The clarifiled extract from the lagt filtration step,
containing the soluble cytoplasmic proteins, particulate matter and
vacuolar material, will be referred to as "whole protoplasm"., The

particulate matter was removed by centrifugation at 25,000 r.p.m.



in the no. 30 head of a Spinco Model I Ultracentrifuge for 60
minuteg, Maximum refrigeration conditions(rotor chamber at -22°
to w24ﬁbﬁ} were used to keep the solution azs cold as possitle.
The supernatant soclution from this centrifugation, to be knoun as
Meytoplasm! or Yevboplzsmic protein extrsct', is zlways light
amber to brown in cclor and is completely clear by either trans-
mitted or reflected light. The pH of this solution varies from
approximately 6.7 to 6.9, and the protein content ranges from
ca. 0.7 to 1.30/o, depending on the age and species of leaves
extracted.,

A flow-sheet of the extraction process is ghown in

Tigure 1,

C. Estimetion of Protein Concentration: The amount of

protein in solution wag estimated by weighing the material precipi=
tated by 2 volumes of 1.0 N TCA., The precipitation mixture was
maintained at 0° C, for 24 - 30 hours, the precipitate centrifuged
down, washed twice with 0.5 ¥ TCA, theg dried to constant Qeight

at 1350 C. Justification of conditions of temperature, TCA con-
centration and time of precipitation used are given in Appendix I.
Duplicate or triplicate aliquots containing 5 = 20 mg. protein were
used., The brecision of weighing wes * 0.05 mg., Precipitates were
dried until two successive weighingsﬂfthe éame residue agreed to

i 0.1 mg. The drying time required to reach this state of dryness

ranged from 2 to & or 10 days, depending upon the amount of residue,
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leaves

Renove midribs and petioles
Cut into smell segmentis

Crind in colleid mill
(Use 1,0 ml, /2 K-maleate bufier —
ver 2.0 gm. tissue)

recycle as

nece ssary
Bagket centrifuge
| I
"Cellular debris Whole protoplasm
cell walls
unbroken cells
Centrifuge
no. 30 rotor, 25,000 r.p.m., 60 min,
(Residue) . ~ (Supernatant solution)
Particulate entities soluble cytoplaemic
nucleus - proteins
chloroplasts and fragments vacuolar material

mitochrondia

Figure 1. Flow-gsheet for extraction of cytoplasmic proteins from
leaf tissue.



With semples of approximately 10 mg., & loss of about U.1 mg. per
day sfter 3 or 4 days was comuonly encountered, Vhether this loss
wag due to slow loss of water or to actual decompogition of the
protein itself is not lmown. When these circumstances were encountexed,
the 4 day dry welght was usuelly taken as the corrvect welight.
Replicate aliquots usually agreed to within + 2 - 3%/o,
which is then the precision of the determination, The accuracy
may be somewhalt less than this.
For more raplid estimation of protein, as for making
dilutions, protein nitrogen wag determined., Suitable aliquots were
" precipitated with eold TOA, as above, centrifuged and washed after
about two hours, The precipitate was dissclved in 2 1 NaCH, diluted
to an appropriate volume and aliquots digested for total ¥, as
descrited below. Precipitation with TCA 1s necessary because even
in thoroughly dialyzed Fraction I protein preparations, which should
contain only high-molecular weight material, there 1s & non=-
dialyzable, non-precipitatable fraction which amounts to about

10 - 150/0 of the total M in solution.

D. Estimation of llitrogen: Samples for nitrogen analyses,

either total nitrogen aliquots or TCA precipitates, were digested in 50

ml, Folin-¥u tubes with 2,0 ml. concentrated stOA and about 5 mg. of a

ﬂast 3 HgSOA and selenium catalyst., The tubes were placed in a heavy

vbrasslrack which jacketed the lower one-half inch of the tubes, affording‘

even heat distribution, and the digestion mixture gently refluxed

L



ebout two hours, or until light yellow, After cooling, two drops

of 300/6 H were added to each tube and digestion was continued

2%
about 20 minutes. The superoxol treatment and subsequent heating
was repeated twice., Bezsed on the results of Miller and Miller (1948),
the conversion to ermonis nitrogen should te about 985{:’/0 complete
with thie digestion regime.

Ammonia nitrogen was determined by Nesslerization with
the reagent of Yoch and McMeekin (1924) according to the procedure of
Lénni, et al. (1945), This reagent in which the potassium mercuric
iodate complex and the base are combinedrin a sgingle solution,
keeps well and has a greater range of concentration and temperature
tolerance then the "improved" two-solution reagent recommended by
Thompson and Morrison (1951), The intensity of the color developed
in 20 minutes was determined in a Kleti~-Summerson colorimeter with
a no. 42 filter. The color does not obey Besr's law at low con-
centrations (< ga, 40 ¥) and is not reproducible enough from day
to day to give results of high precision from a single calibraticn
curve, A calibration curve was, therefore, constructed each time,
If such a curve is made each time, the precision is limited only by
the accuracy of the Klett readings. In the range of 20 to 100Y ¥

per sample, this is in the order of + 2 - 3%/o.

%o Estimation of Phosphorusg Content: Totel phosphorus

~content was determined according to tre method of Allen (1940)‘after

incineration with 60°/o‘perchloric acid, The phosphomolybdate
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color developed in 5 minutes was read in a Klett-Summerson color=
imeter with a no., 66 filter. In the range of 5 - 40% P/sample,
the method has a precision in the order of + 1°/o,

Trichloroacetic acid precipitable phosphorus (TCa=P)
vas determined on aliquots which had been precipitated with cold TCA,
then centrifuged snd washed twice with cold TCA after four hours at
0° C. This short precipitation time was necessary because of the
solubility of the TCA~P in either hot or cold TCA. 4 full discussion

of this aspect of TCA-P estimation is presented in Appendix I.

F. FElectrophoretic Analyses: FElectrophoresis analyses
were conducted in the Tiselius moving boundary electrophoresis
apparatus ag modified by Swingle (1947). Standard 11 ml. analytical
cells were used. Fhotographic records of dn/dx ¥s. x were obtained
by the Longsworth scanning technique., Before analysis, the solutions
were dialyzed for at least 18 hours against either cacodylate or
maleate buffer at pH 6.93 or 7,00, respectively., Both buffers
were used at 0.1 ionic strength (0.1 p). The composition of the
cacodylate buffer was 0.0233 M cacodylic acid, 0,02 ¥ NaCH and
0.08 M NaCl; that of the maleate buffer was 0.033 M maleic acid
‘(as the anhydride) and 0,066 M KOH., Dialysis was carried out
at 2 to 4° C., electrophoresis at 1.80° + 0.02° C.

Hobilitiés were computed from measuréments made on Ax

. enlargements of the dn/dx, x patterns according to the formula:



d=A°K

= - -1
P = RToRe 1
X

= e volt™ sec s (Pqn. 1)

where
d = distence boundary moved in time t

crogg~genstional area through cell

B
s
it

= conductivity cell constant

o =
!

= duration of run in seconds
I = current in amperes

R = specific resistance of buffer in ohms

M = total magnification factor,

G. Ultracentrifuge Analyses: Analytical ultracentrifuge

(UC) analyses were performed in the ultracentrifuge designed and tuilt at
this Institute. A brief description of the instrument is given
in Appendixz TII.

For survey work, UC analyses were frequently made on vhole
cytoplasm.solutions'without preliminary dialysis. The medium
was thus undefined with respect to density and viscosity; henceg
sedimentation constants computed from these analyses could not be
corrected to standard conditions. For UC analyses from which
corrected sedimentation constants were desired, the material was
first dialyzed against either the cacodylate or maleate buffer
mentioned in connection with electrophoresis expveriments.
For measurement of boundary pogitions during a run, the
- photographic records of dn/dx vg. X were enlarged 13.05vdiamgters

and the peaks traced on millimeter coordinate paper. The centers
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of the peaks were located to 0.05 mm..by averaging the velueg of x
for several values of dn/lx. Since the peaks were nearly always
symretrical, variations in x with height (dn /Adx) were due to errors
in tracing. The "pumber average" procedure used ig therefore
valid. £lso, since the Fraction I protein in which we are most
interested does not exhibit any concentration devpendence, correction
for dilution as the concentration gradient moves through the cell
is not necessary (see Appendix IT for a full discussion of this
dilution phenomenon),

Data taken for each exposure during the course of a
sedimentation velocity run included: gpeed and temperature of the
rotor and the time and duration of theexposure. Fromthese data and
the posgition of the gradient, computed from measurements of the
plate, the sedimentation constant is calculated.

The sedimentation constant, s, is defined as (Svadberg

and Pedersen, 1940):

8= dxgdt (Eqna 2)
Wx

where dx is the actual distance which the boundaries moved (cm.) in
time dt (seconds), tw is the angular velocity (radians/second) and x
is the distance from the axis of rotation (em.)., The sedimentation

3

rate is measured in units of 10"1 cm./sec./unit gravitational field,
the Svedberg unit, S. |

For comparison purposes, the value of s, vhich may be
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determined for any set of experimental conditions, has been
corrected to a standsrd reference state. This reference state
was arbitrarily chosen ag water at 20° C. by Svedberg (Svedberg
and Pedersen, 1940). To correct experimentdl wvalues of & at eny
temperature end in zny solvent to these standard conditions, the

following corrections were applied:

ﬂ o ; 1= .ﬁ a5y

sas oy Myt X »PL“““* (Egna. 3)

ﬂwyzo 1 -'VPP % :
2y

25,20 7 BBt T
w3

T 1 * v 3 il '

he first factor, Q,Bgt/ yiw,t . corrects the viscosity of the
experimental solvent at temperature t to that of water at the

8 mperature., fac - lates the
seme temperature. The second factor, 7lw,t/ yzwgégg relates bl
viscosity of water at the expsrimental temperature to that of

0 - - _
water at 20°C, The last factor, 1 = Vﬁﬁ,QO/j e VQ)B,t s correchs
for the difference in buoyancy due to the density of the solvent
o , o

at t7, PB,t » as compared to the density of water at 207, ?%2@”

V is the partial specific volume of the sedimenting oémponent(s).
Two methods were used to compute the value of g. Both are

based on an integrated form of Eqn, 2:
X

; ,2
t2 x2 1n oy
g = J—- _:.I'J{ _1— = 1 (‘gpqn 4')
- 2 x dt 2 ' e
() -
t1 x, w (tz t])

In this equation, X4 is the positioﬁ of the center of the boundary
at +ime t1 and X, is the position at time tz? where t1 and t2 may be
for the first exposure and any subsequent exposure, or may be for

successive exposures.
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In the first method of computetion, t. is used as a fixed

1
reference exposure (chosen from one of the early exposures) and
tg is the cumulated time from tq to each of the succeeding exposures.

Eqn. 4 may be rearranged to the general form y = mx + bs

2

in f& =W g (t, = t. ) (Fqn. 5)
A x, =72 1 :
?hus, if 1n KZ/X] is plotted against (tz - tj), the slapé of the

line istﬁzs. The slope mey be determined graphically or may be
couputed by the method of least squares. Where all factors, speed,
temperature, and s, are constant throughout a run, this method of
computetion is very satisfactory. If, however, g varies with
concentration, this method will be unsuitable since undue emphasgis

is placed on the first values of g. Similarly, if either the

speed or the temperature changes radically during the course of a
run, correchions cannot be made,

The second method of computation used is more léborious bub
has the advantage that appropriate corrections can be made to each
value of g, and that equal weight is placed on all values., 7This
method involves calculation of s velues from Egn. 4, treating
‘successiv@ exposufes as pairs., The individual values of g are
corrected for‘temperature variations according to Egn. 3 if the
temperature during the run varied mbre than * 0.20. If the
temperature variation was less than this amount, the number average
values of g and for temperature were computed and §W,20 calculated

from Eqn, 3.



TZATION OF THE SOLUBLE CYTOPLASHIC PROTEINS

ITT, CENERAL CHARA(

L. Introduction

Prior to initiation of the work reported here a long
range prograrm on the biochemistry of plant proteins had heen
undertaken in the Wildmen and Bonner laboratory, This program
included a comprenengive study of the chemical znd physicsal
properties of the soluble protein fraction, The initisl chemical
studies were designed primarily for finding a means of fractionating
the mixture of proteins knovn to he present in plant cytoplasnm
and to find, if possible, scme chemical attribute or attributes
for assessing the amount of fractionation achieved, ‘?hysical
chemical studies, originally designed only to supolement chemical
analyses and fractionationg, proved to be of greater usefulness than
the chemical anproach,

The work reported in this section constitutes a further
study, primarily by physical chemical methods, of the complex
cytoplasnic protein mixture. By the use of physical methods, itv
hag heen possibie to achieve better characterization of the soluble
prot@ins as a vwhole and to further investigate the effects of
extraction orocedures, pH, salt concentration and enzymatic activity
of the extraét upon particular fractions of the cytoplasmic protelins.

Yo analyses are, however, of any greét significance unless
rthe naterial analyzed may be defined - either ag represertative of

a mixture or as a specific part of a mixture. Fontaine (1945), for
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example, extracted more than 900/0 of the crotein from peanuts with
salt solutions of varyiag concentrations, yet concluded that the
extracted material wag not representative of the total protein.,
Dispersal and solution of the onroteins, vhich constitutes the

major problem inm the case of sesd proteins, is not a prlrary
problem in preparation of leaf vroteins. TInstead, the problem is
to prevent the precipitstion of material vhich is already in &
dissolved state in the cytoplasm. If this can be accomplished, and
if a reasonable »roportion of the cells can he disrunted, then

the material extracted may be considered revresentative of the
wheole, Regarding the significance of cytoplasmic extracts, Vickery

has stated (1945, p. 368):

"..» although one can doubtless learn to isolate
preparations that represent protein components

of the cytoplasm, there is no reason whatever to
expect such preparations to be homogeneous .....
+ssBecause of the instability of these proteins
it is improbable that the preparations secured...
will resemble the original material of the cell at
all closely in its physical and chemicel pro-
perties.”

These objections voiced in 1945 still stand, indeed aquvan emphasized
by the lability exhibited by the nucleoprotein discussed in Part II.
“‘here can be no doubt, however, that the extracted cytoplasmic
components play an integrasl and important role in the economy of

the cell, If preparations which are truly representative may be

- obtained, study of them should yield important information with

regard to this role,
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Lecordingly, the methods of extraction were recxamined to
=)

ascertain the depree of exiraction accomplished and whether more

efficient procedures could be developed Some of the general

paysical and chemicel croverties of the cvtoplasnmic extracts were
then studied ia more deteil., Tractionation with (Hﬂl)q 504 wag
b A~ %

-
i

tetter anslytical tools than had nreviousgly

been available,

Re Efficiency of Zxtraction

During development of the collold milling extraction
orocedure described in Section II=-B above, Wildmen and Donne
(1947) determined that from 66 - 72°/0 of the total nitrogen in
the leaf was extracted by the grinding regime used, and that this
corresnonded roughly to the proportion of rustured cells as determined
‘ microscopically. Under prolonged grinding conditions, igﬁas Tound
that up to 900/0 of the total 1 could be extracted in the form of
cell=free protoplasm. As the degree of extraction ineressed, the
pvercentage of N in the extracted material remained constant. This
strongly suggested thua® the composition of the extracted meterial
was cénstant, and that the efficiency of extraction depended on the
ﬁumber of cells disrupted. These findings were in agreement with those of
Chibnall (1939).

Fo rigorous total extraction studies wére performed én
material extracted by the current procedure, but from both soluble
1 and solutle P analyses it appears that not less than 900/0 of the
cells are disrupted during extraction. This value was deternined

as followss
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leafl punches were taken from the leaf tissue prior to
grinding, quick~frozen snd lyophilized from the frozen state. The
balance of the leaf tissue was ground. The particulate matter in
the protoplasm vas separated from the soluble proteins by centri-
fugation and lyophilized, and the volume of the supernatant cyito-
plasnm measured. Appropriate wet and dry weights were obtained for
all fractions, All dried material was gfmumd in a micro Wiley
mill to pass a 60 mesh screen., Tobal M, total P, and soluble non=-
protein nitrogen and phosphorus were determined on the dried wheole
leaf tissue, the particulate residue, and on the elution of cyto=
plasmic proteins. Non-protein ¥ and non-TCA-P were determined on
the dried residues by extraction with cold 0.5 N TCA on fritted
glags filters, and on cytoplasmic extracts after precipitation of
protein with TCA.

From an appropriate balance sheet, it was found that
approximately 85 - 900/0 of the soluble non-protein N and P
computed to be in the amount of leaf material ground could be
accountéd for in the cell-free protoplasmic extract and about 80 -
850/0 in the cytoplasm. The remaining 50/0 appeared in the particulate
fraction, which had not been washed free of occluded cytoplasm
before drying. Recovery of total N or total P was not nearly as
complete, Much of the Il and P not recovered in the extract was
"included in the unbroken cells and cellular debris removed by
 filtration through sharkskin paper. Inasmuch as there was un-

doubtedly some soluble non-protein N and P also in ﬁhis unanelyzed



fraction {from the protoplasmic juice with which the filter pads

are saturated), recovery in the protoplasm of 900/0 of the theoretical
quam‘tity is indicative of rupture and dispersal of the contents

of at least 90°/o of the cells.

It is not quite as simple to determine whether disversal
of the protein material of the cells is as complete as that of the
non=protein ¥ and P, for the total protein balance sheets are less
gccurate., It was found, howvever, by comparing the ylelds of protein
extracted in several buffers at several pF's that the grinding
conditions utilized provide the maximum yield of soluble protein,

For example, 1385 gms., of 'I‘urkish tobaceo leaf tissue
were sliced into approximately 1 cm. squares and ré,ndomized, Four
aliquots of 485, 300, 300 and 300 gms., each were weighed out and
ground in the following buffers:

1. Na-maleate, pH 7.02, M/2. Prepared by addition of
golld YalH to a solution of maleic acid to pH 7.0 at 250 C. and
dilution to »6,5 M with respect to maleate ion, |

2. Na-maleate, pH 7.56, M¥/2. Prepared as in 1 except
adjusted to pH 7.56 at 25° C. before dilution.

"~ 3., Na~phosphete, pH 7.48, saturated at o® c. Prepared
5y adding M/2 NaHzPOA to M/2 3‘1&2}1?04 to pH 8.0. When cooled to
0° C., much of the buffer salt crystellized out. The pH of this
saturated solution was 7.48 at 25° Cg\ A

4. Na=borate-HC1, pH 8.31, saturated at 0° C. Prepared



by adding HC1l to M/2 sodium borate to pH 8.5 at 259 ¢, Slight
crystellization of the buffer selbs occurred at 0° . The jolai
of the saturated solution was #.31 at 25'}@ Ca

One mle of buffer was used for each two grams of tissue.
Grinding and filtering operations were made as uniform as poscible.
From mﬁasmrememi‘af the final wolume of buffer vlus cvtoplasnm
extracted, 1t wag found that the yilelds of protoplasm per gram
of tissue extracted were comparable in all c ases, The cytoplasms
were nrepared by centrifugation and their protein concentrations
determined,

The results, shown in Table I, indicate that nearly the
game smount of protein was extracted in eitheT malealte or phésphate
buffer at pH 7.0 = 7.5, The phosphate buffer used permitted too
great a pH shift (pH 7.48 to 6.52) and is therefore unsatisfactory
in this regard, The amount of protein extracted in borate buffer
was very low in c&mparisoﬁ to extraction in either maleate or
phosphate buffers. This is apparently caused by the borate:icn
rather than the alkaline pH since, ag will be ghown in Section III-F,
the proteins are inherently stable at pH 8.5. Maximum extraction
was obtained with maleate buffers at pH 7.0 = 7.5. It is possible
fhat extraction in the range of pH 7.5 to 9,0 might be satisfactory,
but at present no suitable buffers are available for this region.
Phogphate buffers are undesirable becéuse of interference with P
énalyses; organic buffers depend upon amine groups for buffering

‘capacity in this range and thus interfere with nitrogen determinations.
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CTABIE I

COMPARISON OF SLVERAL EUFFERS FOR EXTRACTION OF THE CYTOPLASMIC
#*
FROTETHS

Buffer

Maleate Maleate Fhosphate Horate

Tnitial pH 7.02 7.56 7.48 8,31
Molarity 0.5 0.5 Saturated at 0° G,
pH cytoplasmic extract 6,78 6,91 6.52 Tab2

Protein concentration
mg./ml. 11.8 11.8 11.3 6.3

Relative amount
extracted 100 100 9 53

Txtraction ratio of 1 ml. buffer/2gm. tissue,

it -
Measured at 25° C,
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Cther disruption nethods were briefly tested. For grinding
less than approximately 250 gre. of leaf tissue, the colloid mill
is unsuitable bhecause approximately 125 ml, of liquid are regquired
for circulation, The "Cmni-mixer®, marketed by Iven Sorvall, Inc.,
wag found to be wvery good for 20 - 50C gms. of tissue, The
operating principle of this unit is similar to that of a Vering
blender, The blades are, however, mounted from the top instead of
through the bottem, thereby completely eliminating the heating effects
and leakage through the rotor bearing which makes conventicnal
types of blenders unsuitable for this work. The degree of extraction
is probably comparable to that of the colloid mill,

Several attempts were made to break up cells in & nmortar
in order to eliminate the local heating and surface denaturation thet
occurs during the milling operation. ILeaf tissue was quick-frozen
between cakes of dry lce and crushed to a fine powder. A mixture
of this crushed materlal and powdered dry ice was ground in é large
mortar for about 15 minutes. Powdered dry ice was added és necessary.
The ground material was extracted with /2 maleate buffer for one
hour at 0° C.with continuous agitation. Subsequent analyses showed
that more than 900/0 of the soluble P was found in the cytoplasmic
ekﬁract, indicating nearly complete disruption of the ceils. The
protein concentratlion of the extract, however, was very low

(approximately 2 = 3 mg./ml.) becausé of the quentity of buffer

(2 ml./gm.~tissue) necessary to soak up the spongy debris from
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grinding. Because the deleterious effects on the nprotein caused
by procedures available for concentrating the cytoplzam to a useful
protein content are more sericus than the 2ffects brought about

by grinding in the colloid mill, this method was abandoned.

Co Chemicsl Analvses of Whole Cytoplasm

In agreement with the work of other imvestigators (cf.
lugg, 19493 Chibnall, 1939) the soluble cytoplagmic proteins of a .
mmber of specles were found to contain approximately 13 to 15.50/0
nitrogen. Variations within a species were ag great as between
species, These wariations therefore probably reflect differences
in techniques, rather than real differences in the starting material.
Wildman, Campbell, and Bonner (1949), Chibnall (1939),
and Pirie (Bawden and Pirie, 1937; Pirie, 1950) have reported
phosphorus to be agsociated with the cytoplasmic proteins, but
there is no agreement among these authors as to how much rhosphorus
is present, or as to its form, Wildman, et al., also repor£ adenine
and ribose to be present in TCA precipitates of a cytoplasmic protein
fraction prepared by precipitation with 0,35 saturated (NHA)QSO .
These materials were present in the approximate ratio of 1 purine:
1 ribose: 2 phosphorus. Approximately 500/0 of the P was acid
labile (30 min., in 1 ¥ HC1 at 100°). The similarity of this material
to yeast adenylic acid was suggested. Holden (1952) recently
reported separation of the P-conteining compounds of leaf tissue

into cold-acid-goluble~P, lipid-P, RNA and DNA, Due, however, to
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the manner of fractionation of the leaf tissué‘(maceration in &
food grincder followed by division into "sap" and "fiber" by
squeezing the "sap" through madapollem), the correct distribution
of these P=containing compounds within the cell cannot be determined
from the data presented.

Although considerable lipid material has been found to
be present inbcytaplasmic extracts of gpinach leaves, 1t is doubtful
whether either phospholipids or DNA are true components Gf the |
soluble cytoplasmic proteins. The lipid material 1s found as a
light yellowish=green, turbid layer floating on top of the clear
amber cytoplasm solution in the centrifuge tube following sedimentation
of the particulate matter, It is probable that this lipid material
has its origin in ruptured grana.* Chloroplasts are known to be
high in lipid content, and the chloroplasts and grena of gpinach
are especilally easy to disrupt. Preparations made from tobacco
leaves, whose chloroplastg and grana are much harder to disrupt,do
not yield such a lipid layer. To avoid contamination of spinach
cytoplasm solutions with lipids, the cytoplasm was carefully removed

from between the over-lying lipid layer and the pellet with a

syringe.
3

Menke (1938) reported a number of cytoplasmic protein preparations
of spinach contained 0.4 to 0.79%/o total 1ipid material as compared
with 30 - 33°/0 in chloroplasts. He interprets this to indicate
that the cytoplasm contains only trace amounts of lipids. Chibnall
(1939, pp. 128-133) reports substantially the same analytical
results but differs with Menke in their interpretation., Chibnall
considers protoplasm to be a "lipid in protein® emuision which is
destroyed when the cell is disrupted. The two phases then separate,
the 1ipid coalescing into droplets which are separated analytically
with the chloroplast fraction,



i
g
N

i

During the present study, the presence of adenine, ribose
and phosphorus (TCA=-P) firmly bound to the protein was verified and
in edditicn, guanine, cytidylic acid and uwridylic acid were also
identified in 1 ¥ acid hydrolysates of hot-acid extracts of precipitsated
cytoplasmic proteins., These facts indicate that at least part of
the true TCA-~P, azsg distinguished from cold=acid scluble organic=P,
is in the forﬁ of ribonucleic acid. The evidence for this will
be fully discussed in Section IV, Furthermore, since all of the
TGAnP may be removed from the protein moiety hy hot acid extraction
(3 - 5 min, in 1 ¥ acid at 90 - 10c° C.), phosphoproteins, which
are extracted only with strong bases, cannot be present. This
strongly suggests, then, that sll the P assgociated with the cyto=
plagmic proteinsg is in the form of nuclelc acid,

A1 the P-containing compounds of the cell except those
agsociated with particulate entities are opresent in the cytoplasmic
extfact. Since the phosphorus content of the leaves varies markedly
with their physioclogical statuyand the phosphorus nutritiénal
status of the plant as a whole, the total-P content of these
éktracts varied markedly between experiments and between plent species,
as may be seen in Tsble II. The distribution of the total=P among
TCA-P, non-TCA-precipitable organic-P and inorganic=P illustrated by
the data in this Table is typical, It should be emphasized, however,
that because of the intense enzymatié activity of the preparatioms,

"~ the exact amount of organically-bound phosphorus is a function of
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the ege of the extract and the care taken to minimize enzymatic
activity during preparation. This is especially true of the lewvel
of non-ICh-precipitable organic-~P, which is readily destroyed

by vhosphatase.

D. Analysis of Whole Cytoplasm by Physical Methods

Two’m@thada of chysical analysis were used to investigate
the cytoplasmic proteins., These were electrophoresis, vhich
characterizes molecules on the basig of net surface charge, and
analytical ultracentrifugation, which characterizes moleculess on
the bagis of mass and sghepe, The theory and technicue of each of
these methods has been the subjJect of a number of recent reviews
(ef. Longsworth and McInnes, 1942, Briges., 1950, and Alberty, 1948
a, b, for electrophoresis; Pickels, 1942, 1950, for ultracentrifugation).
and a monograph (Abramson, Moyer and Gorin, 1942, and Svedberg and
Pedersen, 1940). The work described in Lhis thesis constitutes the
first extensive use of the ultracentrifuge for examination of the
cytoplasmic proteins of plants. The technical difficulties
eﬁccuntered, gome of which are peculilar to the UC employed and scme
of which are peculiar to the protein system examined, are therefore

discussed in detail in Appendix II.

Electrophoretic Analyses

Electrophoretic analyses of the cytoplasmic proteins of

tobacco have been reported by Frampton and Takahashi (1944, 1946),
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%ildﬁan end Eonner (1947), Wildman et al., (1949), Singer gt al., (1952)
and Comaoner, et el. (1952); Vildmen and Ponner (1947) have also
investigeted the slectrokinstic vroperties of the proteins from

spinach cytoplezsm, These investigations Indicate that the proteins

may be resolved irto a major component which makes up 60 = 806/@

of the total proteln, end one or more minor components. The major
component was designated by Wildman and bopner (1947) as"Fraction IM,
and the minor components were collectively designated as "Fractlon ITIV,

Campbell (1951) faunﬂ,‘in an investigation which jnﬂlmded
ten species representing seven families of dicotyledonous plents,
that thé protein spectra of the various specles examined were quite
similar. In each case, a major component constliuted 50of% or more
of the total protein, while from 1 = 6 minor ccmboneﬁts accounted
for the remainder. The mobllities of th#various components were
found to vary between species and between preparations from the
same species, but it was not determined whether this wvariation was
due to differences in protein speciles, to artifacts of preparation,
or to differences in the buffers and hydrogen-iocn concentrations used
for electrophoresis.,

The electrophoretic behavior of whole plant cytoplasm
obgserved during the present work was generally similar to that
descrited by earlier workers, Typlcal scanning diagrams obtainsd
with cytoplasms of Turkish tobacco and of pea are illustrated in
Figaﬁe 2, In the case of pea, both ascending (esc) and descending

(desc) limbs are shown after 120 minutes migration.‘ The descending



pattern clearly shows a major component, Fraction I, and four

winor components. With tobacco cytoplasm, on the other hand, only

two minor components are resolved. The mobililty of the major componsnt
. - -5 2 - -1

in tobacco cytoplasm wag - 5,25 » 10 7 cm, sec volt  dn 0.1

ionic strength K-meleate buffer, pH 7.0, Date are not avellable for

copputation of the mebility of Fraection I in pea, but Campbell

(1951, p. 28) reported the mobility to be =3.9 x 1072 ca® sec™! volt™

in the same buffer as enployed for the experiments here,

Ultracentrifugal Analyses

In & oreliminary investigetion of the uwltracentrifugal
behavior of the cytoplasmic proteins of tobacco, Singer and
Wildman (unpublished) found that the preparations were resolved into
two components; one with a sedimentation consgtant of 18 = 1908 which
constituted approximately 30 - 50°/0 of the total refrective
increment measured on the photographic record, and a second, much
more slewly sedimenting, heterogeneous component which could not
be completely resolved from the meniscus and which had no definite
sedimentation constant.

The heterogeniety of the low-molecular weight fraction
is not unexpected, for the cytoplasm contains many enzymes whose
molecular welghts vary from 13,000 to 200,000 or higher., Of more
gignificance wag the demonstration thét as in electrophoresis, an
apparently homogeneous component constituted a large part of the

total protein., To determine whether the presence of such a large



TURKISH
TOBACCO

‘Figure 2, Representative slectrophoretic diagrams of the eytoplasmic
proteins of pea and of N. tabacum (var, Turkish), Analyses in
0.1 ionic strength K-maleate buffer, pH 7.0, Pea: ascending (asc)
and descending (desc) 1limbs after 120 minutes migration at a
potential gradient of 4.26 volts/em. Turkish tobaccos descending
1imb only after 120 and 240 minutes migration at a potential
gradient of 3,67 volts/em. Protein concentration: 0,71°/0 for
pes, 0.55°/0 for tobacco, '

Fraction I (I) and the several minor components making up
Fraction II (II) are shown,
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amount of a high=molecular weight protein was common to dicotyledon—
oug srecles in general, a survey of representative specles was
nade, with the asslsteance of Dr. J.M. Czmpbell and Dr. S.J. Singer.

Eight species (tomato, 1. glutinosa, M. tabacum, vers.

Cuba Wnite, Maryland Memmoth and Turkish, gherkin, fanthium sp.,

pez und sugar beel), representing Ilve families wers

examined. The protein gpectra of these several species were found

to be strikingly similer, as is illustrated by the representative

diagrams in Figure 3. Two peaks, analogous to the slowly-sedimenting,

heterogeneous fraction and the homogenecus 18 = 195 component of

tebacco, were found in all species. And as in tobeacco, the

18 = 198 protein constitutes a large proportion of the total protein.

The relative amount of this component in the cytoplasmicvproteim

preparations from a number of species examined is given in Table 11T,
A small quantity of a third, more rapidly sedimenting

component was found in four of the specieslexaminad, This fast

component, with a sedimentation constant of 25 = 283, is no£ a

gpecles or variety characteristic, for although it was never fouhd

- in some species, such as spinach, it was only irregularly present

in Tarkiéh and Maryland Mammoth’tobacco preparations. It is believed

on the basis of work with Maryland Mammoth tobacco and with spinach

that the 25 - 285 component results from dimerization of the 198

component and should be included in quantitative estimations of the

latter,



Pigure 3. Representative analytical ultracentrifuge patterns
of' the cytoplasmic proteins from various green leaves.

A, L. egculentunm (tomato); B, N glutinoga; O, N. tabacum

var, Turkish; D, C. angurla (gherkin); E, Xenthium sp.;

F, Spinacia sp. (spinach); G, N. tabacum var, Cuba white;

Hy P. sativum (pesa). The concentrations of proteins are

in the range 0.7 to 2.0 per cent. These diagrams would
typlcally be obteined about 1200 seconds after the rotor
speed of 850 r.p.s.pwas attained., Sedimentation proceeds

to the right., "d" is the 25 - 285 component, & dimer

of the 18 = 195 component, I. II is the low=molecular weight

hetercgeneous component.
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A single ;msteih component thus predominates in both
electrophoretic and ullracentrifuge analyses of cytorlasm from a
variety of species. Although the proportion of the major component
as determined by U0 analyeis is much less than that found by
electrophoretic analysis, it was nevertheless templing to assume
during the early vhases of ithe present work thad the seme proteln
is concerned., The term "Fraction IY, was, therefore, carried over
from the electrophoretic investigatlions as an alternate designation
for the 198 component, It was soon shown by fractionatlon studies,
however, that although the 19S5 protein constitutes the major portion
~of the principal electrophoretic component of cytoplasm, the
latter is & mixture of proteins with closely similar charges rather
than a single protein species. Hence the term "Fractlon I" as
originally defined on the basis of ammonium sulfate solubllity and
electrophoretic behavior (Wildman and Bonner, 1947) is not synonymous
with "19S component", Accordingly,the term "Fraction I" has been
replaced by the term "Fraction I preotein® and more rigorousiy defined
as the nucleoprotein component of cytoplasm having a corrected
sédimentation congtant of 18 = 198, This definition is in accordance
with current conceptsrand usage (Singer, et al. 1952; Eggmen, et al,
1953),

It is apparent that ultracentrifugal analysis is the only
method (other than those dependent on biological sﬁecificity} now
Vavailable which permits assay of a single protein species in the

complex cytoplasmic mixture. This method of assay is possible
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TABLE IIT

CONTENT OF 198 COMPONENT IN CYTCPLASMIC EXTRACTS OF GREEN LEAVES

Per cent of

Flant Refractive Increment
Mo tabacum var. Turkish 39#
N._tabacum var. Cuba Vhite 30
N. glutinosa 40
Tomato 33
Spinach 28
Pea. 43
Gherkin 50
Xanthium sp. 23

Average of 20 independent experiments.
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only because of the unique properties of the 195 component -
its high molecular weight and density relative to those of the
remaining cytoplasmlc proteins, end becesuse it constitutes such
8 la%gebpart of the total wroteins.

Use of the ultracentrifuge as an anslytical tool has
mede possible the development of a fractionation procedure for
isclation of the high-molecular weight component of cytoplasm.

In conjunction with chemical anelyses, use of the UC has also
made it possible to determine, for the Tirst time, whether the
several factors which are concerned with instability of the
cytoplasmic proteins predominantly affect the high-~ or low=-
molecular weight fractions.

The investigations regarding stabllity of the proteins

in cytoplasmic extracts will next be considered.

E. Stability of Cytoplasmic Proteins in Cytoplasmic Extracts

Cytoplasmic protein preparations were found to undergo
a variety of chemical and physical changes during storage. This
ingtability is manifested in changes in the amount and chemical
- composition of the proteins and in changes which cause opalescence,
turbidity, precipitation or gedimentation in a lower centrifugal
field., Ghemical changes result from enzymatic degradation,
physical changes from aggregation or denaturation.

The primary factors which affect the stébility of the
cytoplasmic proteins are the same as those which affect the stability

of most proteins, t%uit, temperature, pH and salt=concentration,
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Temperature changes exert a two-fold effect. An increase in tempera-
ture increases the rate of denaturation of the proteins by non-enzy-
matic mechanisms as well as the rate of enzymatic alteration of the
extract, The medominant effect of pH and of salt-concentration 1s
upon solubility of the proteins, although pH also has a marked effect
upon the enszymatic activity of the extracts. The effects of these
factors are, of course, qualitatively the same for all proteins.
Among the cytoplasmic proteins, however, sharp quantatitive differences
exist between the 195 component and the low-molecular weight fraction.
The factors which affect stability are all interrelated
to some extent and it is frequently difficult to control all
variables except the one under study. Consequently, all possible
permutations of the important factors have not been examined.
The material extracted by grinding leaf tissue in }/2 maleate buffer,
pH 7.0-7.5, was accepted as "standard" and the studies were limited to
determination of the influence on this material of: (a) pH,
(b) temperature, (c) salt-concentration and dialysis and (d) storage
at -20° C, Effort was made to determine the "useful life" of extracts
prepared in this manner, and how Sest to preserve extracts in their
iﬁitial state, Stability towards neutral salt solutions of high
concentration will be considered in connection with fractionation
studies reported in Section I-A, Part II; the influence of the other

factors ig discussed in detail in this section.



pH Stability of Cytoplasm

Even slightly acid conditions produce quite marked
effects on the cytoplasmic proteins. Many of the proteins have an
lsoelectric point In the reglon of pH 5.5 to 6.5, A saupls
naintained at pH 6.6 may not display immediate visible changes,
bat in such a sawple opalescence develops much more qulckly at o r.
than in a similar sample maintained at pH 7.0. Within the iscelectric
range, denaturation of the proteins occurs concurrently with or
prior to precipitation, and once precipitation has occurred, the
protein cannot be redissolved on elther the acid side of the
iscelectric ppint or in a neutral buffer. The extent of thié
isocelectric precipitation is illustrated by the following
experiment:

A sample of Turkish tobacco whole cytoplasm at pH 6.75
was dialyzed against O.1 p K-maleate buffer at pH 6.7 for 12 hours
to reduce the salt-concentration and buffer strength, then centrifuged
at 20,000 g. for one hour to remove any traces of particuléte matter
and aggregated protein. Seven 20.0 ml. aliquots of this dialyzed
cytoplasm, containing 12.85 mg, protein/ml., were measured into
sectionsg of cellulose Visking tubing and dialyzed, with external
agitation, agesinst two 1,000 ml., volumes of 0.1‘p Na acetate~acetic acid
buffers at pH's of 3.5, 4.0y 445, 5.05 5.5 and 6,0 and 0.1 } K-maleate
buffer at pH 6.7. After 24 hours dialysis, the aliquot at pH 6.7 was

completely clear while that at pH 6.0 was very cloudy. At all
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other pH's, a heavy, well packed precipitate had formed., The
contents of the dialysis bags were recovered im toto and centrifuged
at 20,000 x go for 30 minutes. The volume and pH of each super=
natant solution was measured and approprlate aliguots precipitated
with TCA for protein determinations, The hard-packed pelliets were
recovered and dried to congbtent weight., Total recovery of p?c*a“téﬂ;ﬂ
amounted to 94 = 980/03 The amount of protein remaining in solubion,
computed on the basls of total protein recovered, was found to
range from 100°/o0 at pH 6.7 to 8 or 9%/o at pH 3.5 to 4.5, as
shown in Table IV, (The pH values cited are the final pH's of the
cytoplasms, rather than those of the buffers.)

| To determine whether a particular’component of cytoplasn
wag preferentially denatured at acid pH's, the residual soluble
proteins prepared in an éxperiment similar to that above were
examined in the ultracentrifuge. Turkish to%acco cytoplasm was
first dialyzed against 0.1 p K-maleate buffer at pH 7.0 and
10.0 ml, aliquotﬁhere then further dialyzed for 24 hours agﬁinst'
0.1 p buffers at pH 6.0, 6.9 (K-maleate) and 8,5 (Na=barbital).
A copious precipitate formed in the sample at pH 6,0. At pH's
6.9 and 8,5, however, the solutions remained clear, indicating
inherent stability of the proteins in this pH range. All three
samples were centrifuged at 20,000 x g. for one hour to remove 7
rprecipitated or aggregated protein and the supernatant solutions
examined in. the ultracentrifuge. The patterns obtained are

repfoduced in Figure 4. Since the solutions were comparable on



TABLE IV

FER CENT OF TCTAL CYTOPLASMIC PROTEIN REMAINING IN SOLUTION AFTER
24, HOURS DIALYSIS AT SEVERAL pH's

Par cent of protein

. pH of eytoplasm remaining in solution
6.7 100
6.2 59
5.6 30
5.1 ' 14
Lob 9
4o )
3.6 9

* pH egtablished by equilibrium dialysis of cytoplasmic protein
solutions initlelly at pH 6.7, See text for buffers used, All
pH's measured at 25° ¢. Dialysis performed at 2° C.
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Figure 4. Analytical ultracentrifuge patterns showing the effect
of pH on the composition of Turkish ftobacco cytoplasmic
proteins, The time in seconds after reaching
850 rep.s. 1s indicated on each diagram, Sedimentation

proceeds to the right,
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a volume basis, loss of area under the dn/dx, x curves represents
a corresponding loss of protein material represented by the
respective psaks, ‘hese experiments were performed before a
technique for accurate area measurement had been perfected, so
quantitative estimations of the concentration of the several
components sre not availeble., It is evident, however, from
inspection of the phﬁtagraphic records that the area under ths
lovi-moleculer weight peak is very nearly the same in each
instance, and that the area under the Fraction I protein peak is
the seme at pH 6,9 and 8.5, where no precipitation occurred, but
ig considerably diminighed at pH €,0., This indicates that the

198 component is more susceptible to acid denaturation than are the
low-molecular welght constituents of cytoplasm, The true relative
susceptibility can be determined only by accurate estiﬁatien of

the concentration of beth components,

Influence of Temperature upon Stability of the
Cytoplasmic Extract

Influence of Temperature upon Denaturation. The effects

of‘temperature and of pH upon the rate of denaturation are interrelated.
The present studies have been 1imited t0o observations made at GO,
30° or 37° C. oﬁ extracts at pH 6.8 to 7.0.

Whole cytoplasm solutions at pH 6.8 to 7.0 do not exhibit
visible changes suggestive of a change in protein solubility during

10 to 20 days storage in an ice bath, This behavior at 0° is in
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marked contract to the behavior at 30° or 37o C., At 300 C.y
whole cytoplasm solutions usually show no visible change during
two hours lncubation, or during subsequent storage far several
days at Oo C. If incubation is continued for six hours, opalescence
develops and protsin precipitates from solution during subsequent
storage at 0° C. A slight opalescence sometimes forms during two
hours incubation at 37° C., but after six howrs, marked turbidity
develops and 20 = 350/0 of the totd protein becomes sedimentable
at 20,000 x g. for 30 minutes. Denaturation, then, is greatly
accelerated by a 7° rise in temperature. To avoid the complications
of denaturation, incubation periods no greater than two hours at
30° or 37° C. were used for the enzymatic degradation studies dis-
cussed below,

Physical chemical studies designed to determine whether
Fraction I protein is preferentially denatured under the influence
of heat as well as by acid pH's were inconclusive,

Influence of Temperature upon Enzymatic Degradation of

Cytoplasmic Extracts. Phosphatases, ribonuclease, several dehydro-

genases, invertase, catalase, hexokinase, IAA oxidase, peroxidase
and pectin methyl esterase have been demonstrated to be present in
cytoplasmic extracts. Proteolytic enzymes may also be presumed

to be present. Of all the chemical changes which might be expected
to result from enzymatic activity in cytoplasmic extracts during
incubation at elevated temperature (or more slowly at 0°),

loss of TCA-P was the only change associated with the proteins which
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could te readily detected analytically. The changes in TCA precipi=
table weight or TCA-N content which occurred during a reasonable
experimental period were smell and inglgnificant. Loss of TCi=F,
however, is marked znd occcurs independently of denaturstion. FHence,
l@ss‘mf TCA=P may be used as an index of the effectlveness of
procedurss designed to suppress genersl enzymatic activity.

To determine the mechaniem of TCA=P loss, the TCA-P
content of whole cvtoplasm was followed as a function of time and
temperature and of analytical procedures employed. These investiw
gations demonstrated conclusively that the loss of TCA-F is real,
not an artifact of analysis, and that the temperature dependence
is similar to that expected of an engymatlc reaction., The experimental
basis for these conclusions is summarized below,

4 number .of whole cytoplasm samples of widely different
protein concentrations and TCA-P content were studied., Typical
results are illustrated by the data of Tabie Vo Allquots for totale—
P and TCA~precipitable weight were taken before incubation and egain
after the desired Incubation periods {generally two hours) at 300
or 37° €. Control snalyses, from aliquots kept at OO, were also
analyied until they ﬁere proved to be unnecessary. Such controls
showed no detectable loss of TCA-precipitable weight (beyond the
+ 3%°/o accurscy of the determination) in 48 = 72 hours at 0. The
loss of TCA-P in two hours at 0° was of the order of 2 = 3°/o,

From total=P analyses, which should be the same in all aliquots of



a given sample, the precision of analysis was found to be + 1G/09
so the gignificance of the 2 - 3°/o loss of TCA-P, though repro-
ducible, is doubtful.
Control aliquots were precipitated at 0° with cold

TCA and incubeted aliquots were precipitated at 30% or 379 with
TMamtmsmmtmmmmwmtMmcdeMMSmmdm;ﬁfm

18 = 24 hours before they were analyzed, To show that the observed
difference in TCA~F content between control and incubated aliquots
results from a difference in protein-bound P rather than from
variation in the amount of P co-precipitated with the protein at
the different temperatures, the following experiment was performed:

Aliquots of whole cytoplasm which had besen incubated

at 30° for two hours were: (a) precipitated at 300 with TCA at
30°, then kept at 30° for four hours; (b) precipitated as in (a),
then immediately cocoled and kept at 0° for four hours; (c¢) cooled
to Dog precipitated with cold TCA and kept at 0° for four hours;‘
(a) preeipitated/as in (c), then kept at 30° for four hours. The
TCA-P contents of (b) and (¢) were identical; (a) and (d) were also
identical but, were as would be expected from the solubility of
TCA4~P in TCA (see Appendix I), somewhat lower than that of (b) and
(é); Thus, the temperature at which the initial precipitation is
carried out is not of importance and the observed differences in
'TCAnP content between incubated and control aﬂmplés are not artifacts
of analysis.

The temperature dependence of TCA-P loss indlcates that



TABLE V

THE EFFECT OF TEMPERATURE ON THE LOSS OF TCA-~P CONTAINED IN WHOLE
CYTOPLASM

YICA-P/ml, solution

Preparatilon initial after Incubation Per cent
Ho. solution incubatlon conditions Losgs
V=51-70 80,4, 76.0 2 nr.-0° C. 5
80.4 41.9 96 hr.=0° C. 48
80.4 26,6 2 hr,-30° C. &7
Y=51-70 2.2 11,7 2 hr.-30° C. 55
(after dia=-
lysis)
E-6 4646 27.8 2 hr,=37° C. 4O
E=11 30,1 18,1 2 hr.=37° C. - LO

30,1 12,0 6 nr.-37° 0. 60
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the logs is probably enzymatic. At GO, however, the logs of
TCA=P was many-fold greater thah loss ofrtotal protein, as measured
by ei&h@% TCA=-N or TCA-precipitevle weight, Therefore, the enzymatic
mechanism which destroys TCA-F is much more active then are other
enzymatic mechanisms at oY, Since it was desired to study the TCA=F
containing orotein more extensively, some method was sought for
conbrolling tﬁ& loss of TCA-P other than by mneans of low temperature.
Several attemps to determine the form of binding of the P which is
released during loss of TCA-P were unsuccessful because of (a)
the large awount of non-TCA-precipitable organic-P alreaﬁy present
in ihe extract and (b) the intense phosphatase activity of the
extract. Tt seemed possible that logs of TCA=P might involve
concurrent loss of mucleotides from the protein and might thus be
due to ribonmuclease action. The possibility that loss of apparent
TCh=P might be due to phogphatase activity alone was not excluded,
however, since thils loss approached a final limit, leaving a "ICi=P
regidue" resistant to further hydrolysis. Efforts to differentiate
between these two possibilities by use of inhibitors were unsguccessful.
?hosphatase inhibitors (zlnc, arsenate and fluoride ions) denatured
the proteins even at concentrations which caused only 10 = 200/0
inhibition of phosphatase activity.

Semi=quantitative chromatographic experiments rewvealed
that loss of TCA~P and loss of nucleotides occur simultaneously,
'.Thisvfayors the view that TCA-P loss is the resuit of ribonuclease

activity. Since no good nuclease inhibitors are known, further
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attempts to control enzymatic loss of TCA=P other than by means of

low temperature were abandoned.,

Effects of Dialysis

Use of vhysical methods of analysis requiresdialysis
agalnst buffer solutions to establish a solvent of Imown charactere
istics. In view of the lability of the cytoplasmic proteins, the
effects of dialysis were next investigated. It was d@sifed to
establish, 1f possible, the minimum ionic strength necessary to
achieve maximim solubility of the proteins and to determine the

effect of dlalysis upon TCA~P content.,

Loss of Protein During Vater Dialysis. To determine
whether the presence of salt i1s required for solubility of the cyto-
plasmic proteins, an aliquot of Cuba White tobacco cytoplasm wasg
dialyzed against sewveral changes of a large volume of distilled
water adjusted to pH 7.0, A marked turbidity, followed by copious
precipltation developed after approximately 3 = 4 hours., The contents
of the dialysis bag were recovered in toto after 48 hours dialyéis
and separated into water-soluble and water-insoluble fractions by
éentrifugation, Recovery of total protein, on a TCA=precipitable
weight basis, vasg 990/0 of the initial input; 400/0 ag waters
insoluble andkéoo/o as vater=goluble protein, The water-insoluble
fraction failed to redissolve in 0.1 M buffer’sclutions at a
neutral pH. The ratio of soluble:insoluble protein obtained ty

water dialysis is proportional to the protein concentration, as
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is shown in Table VI. The significance of this concentration
relationship is unknown. Sclutions of cytoplasmic proteins dialyzed
against 0.1 p buffer at pH 7.0 were found to remain completely clear
at 0° for 5 - 4 deys after dialysis whereas similar solutions didl yzed
against 0.05 p buifer developed marked turbidity in 2 = 3 days.

Hence, the cytoplasmic proteins require a salt-concentration greater
than 0,05 n for meximum solubility, In practice, a 0.0 o (0.1 M for
nono-valent ions) buffer was always used.

Loss of TCA-P During Dialysis Against 0.1 $ Buffer Sclutions.
The loss of TCA=-P from several different cytoplasmic extracts

during dislysis against 0,1 P Na-maleate buffer for 24 hours is shown
in Table VII. These data are expressed as Y TCA-P/mg. protein to
correct for the dilution which occurred during dialysis. Control
analyses on undialyzed samples were not performed, However, from a
comparison of loss of TCA-P during storage at 0° [48%/0 in 96 hours
(Sample V~51-70, Table V)] with the loss during dialysis at 2° ¢ [67.5?5
in 24 hours (Sample V=-51-70, Pable VII)], it is evident that TCA~P
loss is greatly increased by dialysis. The loss is less than that
caused by incubation at 30°. The cause of TCA-P loss during dialysis
in unknown, but it may‘be suggested that the loss is engymatic, and
that the rate is increased by removal of hydrclysis products so the
system does not approach equilibrium as closely as do extracts
examined after storage at o°.

Accurate physical analyses require that samples be dialyzed
befbré analysis. It is unfortunate that this is necessary because
changes in the composition of the extract during dialysis inter-

Ject an element of doubt as to the relationship of the product



TLBLE VI

FRACTIONATION OF CUBA WHITE TOBACCO CYTOPLASM EY DIALYSIS AGAINST
DISTILLED VATER AT 0° €.

L. o . -

protein /o of recovered as ingoluble

Protein conc., | recovered insoluble solublse soluble
mg ./l . per cent

N
o
&
L
w

2.75 7.4 25.8 Tda
5.53 102 29.0 71.0 0.4
10,70 97.8 3441

o~
wn
@
O
O
&
wn
ee]

13.75 99,9 37.6 62,4, 0,60
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TABLE VII

10SS OF TCA=-P FROM WHOLE CYTOPLASM DURING 24 HOURS DIALYSIS AGAINST

W1 o BUFFERS

Initial TCA=F/mg, TCL wha

Sample | Buffer | TCA wt, | before dial. | after dial, loss

mg./ml . ¥ ¥ ~per cent
J=51-70 Ha=-maleate 12,52 6,41 2,36 67.5

pH 7.0

E=12 Na-maleate 13.64 8,:8 3.92 53,2
pH 7.6 :

E=13 Na-maleate 7,80 3.72 1.77 5204,

oH 7.6
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characterized to the material initially extracted from the cyhto-
plasm. The effect of the logs of TCA=~P during dialysis or storage
at 0° . upon the physical propertles of the protein to which the
TCA=P is attached are discussed in Part II, The procedures adopted
for the charscterization studies reported here are a compromiss.,
Further work to define an area in which the requirements for
physicel eanalyses are compatible with stability of the protein

mixture 1s highly desgirable.

Effect of Storsge at =20° C.

The final aspect of protein stability for which data were
obtained concerns changes which ocecur in cytoplasm during storage
at -20° €. Thig problenm is of impoftance hecausge after'it was
discovered that cytoplasmic extracts were not stable as solutions
at 0° C., it became common practice in this laboratory to grind
the tissue as it became available, filter off the cellular debris,
quick=-freeze tle protoplasm and store it in é deep~freeze af -20° C»
for subsequent use., The validity of this procedure wag based on a
report by Singer, et al.(1952) that they could find no qualitative
,differeﬁces in the UC patterns of unfrozen cytoplasmic extracts
and extracts which had been frozen for 3 = 10 days., The results
reported here cover much longer periods of storage.

Evidence for Denaturation During Storage. No changes in

the character of the particulate residue were observed provided

frozen protoplasm (stored at «20° C.) was worked up within about
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15 to 20 days, It was noticed, however, that if solutions of
cytoplasmic préteims were quick-frozen and stored under similar
conditions for the same period, the solution was Irequently
opalegcent when thawed and thet some of the proteln was susceptible

to sedimentation at Lhe relatively low centrifugel forces ussd to

T

separate th

[t

S pal ticulate metter from the <y uuy.l:&:iﬁ.l% Thas, 1t

&

appears that either the particulate matter in the protoplasm
prevents denaturation of the cytoplasmic proteins or, more probably,
denaturation occurs but the denatured protein is not recognized in
the mass of particulate, green residue, That the latter explanation
is correct is apparent from cbservation of protoplasm stored for

‘30 = 45 days before separation of the particulate matter, During
centrifugation of such samples, & light layer of brown @rotein is
deposited on top of the particulate matter, The amount of protein
deposited and the length of storage time tolerated before denaturation
becomes evident is dependent upon pH. At pH 6.75 - 6.9, very little
denatured protein is apparent even after 60vdays storage, Qhereas
considerable protein is deposited by a force of 50,000 x g. for

45 minutes from protoplasm stored for only 20 - 30 days at pH 6.4 -
660

Chemical Changes hich Occur During Storage. Data to

illustrate the extent of denaturation during storage have been
_obtained from analyses performed during the course of other experi-
ments. The data are presented here not only to show that the

phencmenon exists but also because of the interesting TCA-F
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relaticnshivs they reveal, Analvees of four different samples of
Maryland Mammoth tobzcco are given in Table VIII, In each instance,
iﬁitial‘deteyminaaians vere performed either on unfrozen material
or on material frozen onlv 24 te 72 hours, The cytoplasmic proteins

were in 211 ed by centrifugation of the protoplasm

(f_\.’}

t 25,000 r.o.m. for 60 minutes in the no, 30 Spinco rotor. Results
expressed on a volume basis are, therefore, comparable for a given
sample, Centrifugation was cerried oubt as quickly as nossible afler
the stored samples were thawved and aliquots for analysis were takesn
immediately, to minimize emzymatic loss of TCA=P,

The data of Teble VIIT indicate that during storage
substantial quantities of proteins.are converted to a form which
may be removed by a centrifugation regime which failed %o remdve
the same protein prior to storage. The extent of this denaturation
is roughly proportional to the time of storage. Also, it may be
seen that, within e xperimental error, the TCA~P content on a volume
basis has remained constant while the protein content decreased..
This results in a rather large apparent increase in TCA-P/mg. protein
fqr all of the solutlons during stcrage.

Ultracentrifugal Txamination of Whole Cytoplasm Before

énd After Extended Storage g&_—ZOO Cs Since TCA=P is not lost

during prolonged storage of cytoplasmic extracts at -20° €. and
since all of the TCA~P in cytoplasm is initlally attached to the
Fraction I protein component (see Section IT, Part II), one might

-expect Fraction I protein to be stable during storage, Ultra-
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centrifugal examination of the four samples lilsted in Table VIII
end of a2 fifth one, E~8, revealed, however, that the 195 component
is denatured during storage. The nattern of behavior was
qualitatively similar in all instances, The data obtained from
examination of T~6 and T-8 may be consldersd as tynicel,

In order to avold changes due to dielyeis and dilution,
initial and finel enalyses were performed on the cytoplasalc protein
solutions directly in the buffer used for grinding the leaves. Chenges
in the initial and final UC patterns are, therefore, due solely to
changes which occur during storage. A precise determination of
the relative rates of denaturatlion of Fraction I proltein and the
low-molecular weight fraction requires knowledge of the concentration
of one or both of these components in the initial and finel soluticns.
This informetion is not available because, as indicated earlier,
these experiments were performed before a technique for accurate
measurement of the area under the peaks was perfected., It may
be sgeen, however, from plates presented in Figures 5 and 6 that
although there is no qualitative difference as a result of storage,

a significent reduction in the area under the Fraction I protein
\peak‘occursa It even appears probeble from Figure § that the decresse
ianractiOﬁ'I protein is relatively much greater than the decrease

in the low-molecular weight group of proteins. If this 1s true, it
emphasizes again the great lability of the 198 compdnent of cytcplasm.

The significant result of these studies is the demomstration

that substantial guantities of Fraction I proteinsre lost duriag



800
1700

1200 600

HOO

1000 200

B

Figure 5. Contact prints of photographic rccords obtained during UC
analysis of Turkish tobacco eytoplasm (E-6) before storage
(A) and after 309 days storage =2t =20° C. (B). Sedimentatien
proceeds to the left, Time in seconds after attaining a
rotor speed of 850 r.p.s. is indicated in the nargin by
each picture, Saﬁples were run as preyared in grinding
tuffer without prior dialysis or dilution; thersfore “he
dlagrams are directly comparable, Initial concentration,
8.6 mg./nl.; concentration after storage, 5.5 mg./vl.
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storage even though the TCi~P attached to it is not lost,
Discussion. Any explenation for the apperent increase

in TCa=P/ng. protein during storare must be consistent with the

following facts:

(1) The amount of TCA=PF/ml, solution remains constant
during storage but the total protein content of the solutions
decreases,

(2) Substantial quantities of the 198 cbmp@nent as
well as the low-molecular weight proteins, are denatured,

(3) The TCA-P, in the form of ribonucleic acid, is
initially attached to the 198 component.,

Thus, any hypothesis mﬁst allow both for non=-specific
denaturation of protein material and for firm binding of TCA-P
to undenatured protein,

Although several hypotheses are possible within the
framework of these facts, the féllcwing one is believed to be the
most probhable:

During storage, the TCA-P is split from that portion of

:Fraction I protein which is denatured, Thus, no TCA=F becomes
ingolutle or remains attached to protein which becomes insoluble,
Qhen the solution is thawed, free RNA becomes reattached to protein
to form a new, firm protein-Rli bond. This postulated reattachment
might involve only the resi&u&l, undenatured portion of the 198
component or 1t might involve other, quite different proteins., The

data at hand do not distinguish between these two alternatives.
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scusgion of Fectors Affecting Stability
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he cytoplesmic proteins are readily denatured by heat,
by slightly acid pH's, and by storage at -20° ¢, Thev are also
autelyzed by enzymes present in the extract. 1o method of
entirely preventing these changes hes been discovered, Cytoplesmic

A

extracts cannot be stored at o° for more than a feu days at the
most, and Ireezing, though considéfably bet%er'than storage at CO,
also causes deleterious effects. The only knownhanner in which
thege difficulties can be circimvented is to use fresh material
in soFar as possible for all critical studies.

| The importence of controlling enzymatic activity and,
particularily, pH cannot be emphasized too strongly. It may bé
suggested that the failure of earlier investigators to deteét

the 198 component in cytoplasm, in splte of the fact that it
constitutes a large proportion of the total soluble protein, may
be due to the acid lability of the protein moiety itself as well
as to enzymatic destruction of the TCA-P méiety during exﬁracticng
A1l investigators other than those associated with the Wildman-
Bonner group have either used cytolyzing agents, which cause
protein denaturation, or have failed to control the pH of the
extracted méterial, It is well established (cf. Chibmall, 1939)
that the pH of many cytoplasmic extracts prepared by expressing
the sap may vary from pH 6.5 to 5.5 or lower, The data of Table

IV and Figure 4 show that exposure to these pH's causes precipitation
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of a large part of the cytoplasmic proteins and & preferential
denaturation of the Fraction T protein,

It is believed that sufficient lmowledge of the cyto-
plesmic proteins in general has been gained to permil independent
bilochemical studles of the particulate fractiocn, the high-mcleculer
weight fraction and the low-molecular weight fraction. Suppression
of the anzymaﬁic destruction of R¥A, howewver, ls & sericus problen
that must he overcome before any trustworthy turnover studies
bf the protein and RIVA components of Fraction I protein may bhe
performed. TFurthermore, enzymatic loss of TCA=P during dialysis,
vhich 1s variable, denending on the pH of the buffer used, the
engymatic activity of the extract and the temperature and duration
of dialysie, casls doubt upon the validiﬁy of certain types of
physical analyses, such as electrophoresis, This 1s so because
of the heavy contribution to the charge of the molecule that is
rade by the phosphate groups of RNA., It is quite possible, for
instgnce, that part of the variation in mobility of the cytoplasmic
components reported among plant species and among different
prepafations of the same species may actually be an artifact caused
5y use of partially degraded material. The release of TCA=-P from
the protein also creates difficulties in the isolation of the 198
compenent and>in agsay for RNA in both cytoplasmic extracts and
in ?rﬁction I protein preparations., In these two instancés,
methods of minimizing the loss of TCA-P have been developed. o
method of decreasing the loss of TCA-P during dialysis has been

diséovered,
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IV, TDENTIFICATION AND COMPOSITION OF A CYTOPLASHMIC RIEONUCIEIC ACTID

The presence of a TCA-precipiteble, phosphorus-contalning
A molety in cyltoplasm, and the eage with which this moiety can be
separated from protein by warm 1.0 W acid wvas discusgsed in Section
ITT-C above., Wildman and Bonner had previcusly noted the vresence
of a materisl with a similar behavier in spinech cytoplasm. They
identified pentose, adeﬁine and phosphate in hydrolysates of a
protein fraction which was rich in TCA-P (Wildman and Bonner, 19473
Wildman, et al. 1949)‘and, on the basis of these incomplete analyses
and the rate of release of inorgeanic phosphate during hydrolysis,
suggested that the TCA-P moiety might be a ribonucleic acid. During
the present investigation, it has been proven rigorously that the
soluble TCi=P found in both spinach and in tobacco cytoplasm is in
the form of ribonucleic acid., The composition of the RNA has been
established in se?eral instances and the protein to which the RNA is
firmly attached has been identified and characterized with respect

to its physical chemical properties.

A. Identification of the TCA-P Moiety

The TCA~P containing noilety was extracted from the protein
and identified in the following manner:

Aliquots of Turkish tobacco cytoplasm were precipitated
and washed as described for TCA-P determinations in Section II-E,
After the final wash, approximately 0.5 ml., of 1.0 N HC1l was added

to the wet precipitate in the centrifuge tube. The tube was sealed
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and the contents hydrolyzed in & boiling water bath for €0 minutes.
Following hydrolysis, the cooled hydrolysate, which was light yellou
in color dus to formstion of humin from vrotein during hydrolysis,
was spotted on Wheatman no, 1 filter paper and the hydrolysis products
resolved according to the paper chromatographic method of Smith
and Markhan (?959)9 using a tertiarv-tutanol-HCl-water solvent system,
The developed chromatograng were dried at room temperature and
exanined under an ultraviolet lamp ("Mineralitel, Model V=41,

~ Ultreviolet Products, Inc., South Pasadena, Czlif,) in order to
locate compounds which absorb inm the ultreviolet region. Four
ultraviolet absorbing épotsa one also possessing a light blue
fluorescence, were present, These were tentatively identified from

their R, values as guanine, adenine, cytidylic acid and uridylic

f
acid, Positive identification of these compounds was made by (&)
co=-chromatogravhy with similar hydroiysates-of highly purified
yveast RHA and with authentic samples of the individual compounds,
and (b) by elution of the separated compounds from sections of the
- chromatograms in 1,0 N HC1l, followed by comparison of the entire
abéorption gpectrum of each compound with the spectrum of an authentic
sample’ These comparisons wefe made in a Cary Recording Spectrophoto=

meterds, A yellow, ncn—UV—abéorbing spot which remained at the origin

was also present on these chromatograms. This was presumably from

Use of this instrument was made possible through the courtesy of
Dr, Normesn Simmons at the AFC project, Univ, of Cslif., at Los
Angeles.
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the humin formed during hydrolysis. A reducing suger with an Rf
midvay between thaﬁ of cytidylic and uridylic acids was detected

by spraying chromatograms similar to those discussed above with
40/0 benzidine in glacial acetic acid, This sugar wes identified as
a nentose vy meang of the crcinol reaction and later identified

as ribose by co=chromatograrvhy with authentic samples of ribose in
two different sclvent systems. ,

The presence of inorganic phosphate (Rf 0.90 - 0.95)
wag demonstrated by spraying developed chromatograms with the Haneém
Isherwood gpray reagent (Hanes cnd Isherwood, 1949). Follouwing
differentisl color development according to the method of Randursgki
and Axelrod (1951), two additional phosphate spots with Rf values
identical to those of cytidylic acid and uridylic acid were found.

Since no phosphate spob with an Rf identical to that of
ribose was found, the rlbose was present a2s free ribose and not as
ribose bound in a nucleotide or phosphate linkage, The presence of
ribose in the nucleotides could not be demonstrated with the
benzidine reagent used, probably because insufficient water to
hyﬁrolyze the puriﬁe and phosphate linksges is present in the
reagent.

A1 of the low-moleculsr weight, nuclectide-containing
compounds are removed during precipitation and waghing of the uvrotein;
hence, the presence of cytidylic and uridylic acids snd of ademyiic
énd guanylic acids (as the free bases, ritose and inorganic phosphate)

in the hydrolysste, rigorously establishes, for the first time, the



-7 -

presence of a polymucleotide == ribonucleic acid -- in the TCA
precipitate. That all of the TCA~P can be accounted for as RNA

was shown by () failure to find more than trace amounts of P in the
washed protein residue following dissociation of the TCA-P protein
bond in 1,0 N HCL at 90° ¢, for 5 minutes, and (b) demonstration
that all of the TCA-P inltdally present can be accounted for as
nucleotide~P on the assumption of one mole of P for each mole of
purine or pyrimldine base in the eluate of the protein residue
described in (a)., This latter point will be further discussed in
the next section. Inasmuch as no free ribonuclelc acid has been
demonsirated in cytoplasm by independent physical methods, the ribo-
micleic acid must be present in whole cytoplasm as a nuclsoprotein,

Further evidence on this point will be presented in Part II,

B. Composition of the Cytoplasmic Ribomucleic Acid

To establish the quantity of each nucleotide component in
the hydrolsate, appropriate areas of developed chromatograms
containing the resolved components were cut out and eluted in 4.0 ml.
of 1.0 N HC1 for 16 « 20 hours at room temperaturs. The background
contribution of the filter paper was determined by similar treatment
of corresponding blanks cut from adjacent strips of the chromatogram.
Generally, three samples and three blanks were run on the same chro=-
matogram. Because of variation in the paper, it was necessary to
run blanks for every chromatogram. The optical density of the elustes

at an appropriate wave length was determined in a Beckman Model DU
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spectrophotometer end the amount of nucleotide in each eluate
computed from the melar extinctlion coefficients derived by Markham

and Snith (1951)

3

guanine £h5g = 1.0 x 103
EA0 LY

adenine C Exg T 13.0 = 163

eytidylic ecid €ogg = 12.3 x 1&3

uridylic ecid 5960 = 0,45 x 103

These extinction coefficients were derived with 0.1 ¥ HC1 as

the solvent but wers also found to be correct within the accuracy
df the Beckman spectrophotometer for 1,0 I HC1 as the solvent.
1,0 11 PC1 was chosen for eluting the nucleotides rather than 0.1 8
acid because preliminary exneriments indicated more complete elution
of guanine in the gtronger acid,

| Several modifications of the procedure prior to the
hydrolysis sten were found to be necessary fof gquantitative work,
First, the RINA must be removed from the protein prior to hydrolysis.
This is necessary because the amino acids which woul.d otherﬁise be
formed from partial hydrolysis of the protein interfere with estimation
of -the nucleotides. Secondly, in order to determine the total
quantity bf nucleotide in & precipitate, it is necessary to know the
exact volume of hot acid ugsed to extract the RIA from the protein.
To do this, the precipitate must be dried in vacuo. Drying, howaver,
causes the precipitated prbtein to shrivel and become similar to
sponge-rubber in texture. This texture makes removal of all the
TCA=-P and hydrolysate from the protein mags difficult., To circumvent

this difficulty, it is necessary to hydrolyze a known aliquot
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of the scld extract of the protein and to determine the amount of

P in the remainder of the extrsction acid and in the proielin residwe.

From these walues, the totsl recovery dn terms of P mey be estimeted.

It is @lso agsumed that the composition of the nortion of the RUA

which is eluted from the protein is representative of the vhole,

Beceuge of the difficulties which atternd drying the precipitats

prior to extraction of TCi-P, the drying step may be advantagéously

émitﬁﬁd if only relative smounts of sach nucleotide are desired.,
fuentitative nucleotide analysis has been applied tg

the follewing specific points:

(1) Demomstration that all the TCA-P in a protein nrecipi-
tate may be accounted for as nucleotide-P on the assumption of one
mols of P for each mole of purine 6r pyrimidine bage.

(2) Comparison of the nucleotide composition of the
cytoplasnic RNA'S from mature leaves of several plant species, and
of leaves of the same specles but of different physiological ages.

How much of the TCA~P in Cytoplasm is Ribonucleic fcid?

In a typical experiment to determine how much of the TCA=P

méy be accounted for as nucleotide~P, four aliquots of spinach
whole cytoplasm, each containing 5.91 P M (183X ) TCA-P were
précipitated’and washed ag for TCA-P determinations. Two of the
washed precipitates were suspended in 1,30 ml. of 1,0 11 HC1 and
‘vheated to 90° €. for five minutes to extract the TCi~P from ther
protein. The mixtures were immediately cooled to 0° €. to

prevent further degradation, then centrifuged briefly at 2° ¢,



and the supernatant extractsdecanted., The extracted protein residues
were washed three times with 2.0 ml. portions of ice~cold 1,0 17 HC1
and anelvzed for totzl=P, OFf the 183¢ of TCi=-P present initially,
only traces (< 2¥ ) of P were “ound in the residue after ectraction
with hot zcid, Therefore, since all of the TCA-P is labile in

hot acid, none of the TCA-P ig nresent as a phosphoprotein.

The two remeining precipitates were dried in vecuo for
48’hours znd the RNMA extracted in 1,30 ml. of 1.0 I HC1, as above.
The e xtracted, sponge-like protein residues were washed as completely
as pogsidle and analyzed for total-P. An average of 33.6 € of
total—P per residue was found., 1.00 ml., aliguots of the 1.30 ml,
portions of ecid used to extract thevTCA-P from the protelin were
sealed into tubes and hydrolyzed fbr one hour at 100° ¢, Six
aliquots from each hydrolysate were chromatographed, the resolved
components eluted in 4,0 ml, of 1.0 N HCl, and the optical
densities of the eluates determined, ag described above,

From the opticél densities, the extinction coefficients,
the volume of hydrolysate chromatograshed and the volume of acid
used to extract the TCA-P fromthe protein, it was calculated
that 3;99‘p M of pyrimidine nucleotides and 2,72 p M of free purine
bases were extracted from the protein precipitate. The free bases
would then'aceount for a further 2.72 B of 7 if it ig assumed that
'they are initially associated with ribose and phosphorus in nucléo-
tidas,v The total recovery of P, 1,08 P M in the extracted residue

and 4,71 P M in the hydrolysate, was 980/0. Similar observations and
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recoveries haﬁe been made with severel samples of Maryland Mermoth
tobacco cyhoplasm. The evidence, therefore, indicates that within
the limits of analytical errore, all of the TCA=P present in whale
cytoplagm may be accounted for as a component of ribonuclelc acid,

Compogition of the Cytoplagmic Ribonucleic Acid. The

i

Tﬂﬁﬁw@ﬁ%@%ﬁﬁ%ﬁ@fﬁ%fﬁﬁf@&gwmhaGfSMﬂM%,%&ﬂﬁ?
Mammoth tobacco and Turkish tobacco cytoplasms have been determined.
Undried oprecipltetes were always used for compositlion studies because
of their convenience*, Analyses were made of the RIA's ffam cytom
plasmic preparations of (2) mature spinach leaves, (b) very young
Maryland Mammoth tobacco leaves (2" long), and (¢) mature leaves
from the seme plants as (b). In these three cases, aliquots of
cytoplasm’were precipitated with 1lce-cold TCA within two hours of
the time extraction of the protoplasm was commenced. Throughout
the period of extraction and centrifugation, the temperature of
the extract did not exceed 2 - 3° C. The preclpitated protein
wag centrifuged and washed about an hour after precipitation.
In this manner, enzymatic degradation of TCA-P and loss of TCA-P
dﬁe to solubility in TCA was reduced to a minimum, The samples should
be, therefore, as nearly repfesentative as can be obtained with the
pfocédures and knowledge presently avallable.

The compositions of the RNVA's extracted from these

samples are summarized in Table IX., These values are the averages

This is justified because it wag found that the relative amounts
of each hydrolysis product in thehot acid extract of dried and
undried nrotein precipitates are the same,
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TABLE IX

COMPOSTITION OF RNA EXTRACTED FROM WHOLE CYTOPLASM OF SPINACH AND
MARYLAND MAMMOTH TOBACCO LEAVES

Flant Species

Spinach

Maryland Mammoth Tobacco

Mature leavss | Immature leaves

Mature Leaves

A. pM TCA=P/mg,
PTOW&.E 0919‘) 0!367 0.200
B. Compoment PM in an arbitrary aliquot
guanine 1.55 3.32 0.79
adenine 1.11 3.05 0,71
total purines 2.66 6,37 1.50
eytidylic acid 1,16 2.18 0,50
uridylic acid 0,92 1.86 0.44,
total pyrimidines 2,08 4404 0.94
C. Ratio of
guanine
adenine 1440 1.09 1.1
cytidylic seid
wridylic scld 126 1.17 .14

total pyrimidines
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obtained from chromatography of six aliquots from each of two
hydrolysates of each sample, In general, the asmount of any com=
ponent in an aliquot agreed to within * 30/0 of the average smount
of the same component found in all of the aliquots., A replicate
sexrlea of analyses, beginning with the initial TCA precipitation,
produced ratlos within 2°/o of those in Tatle IX~B. Thus, the

values clted are considered to be quantitatively reliable.

C. Discussion

The anélyses reported in section C of Table IX, indicats
that the RNA's extracted from young and from mature leaves of
tobacco are quite similar in composition, but that the RNA of tobacco
has a different composition than that of spilnach. To determine
the validity and accuracy of these results, it is necessary to
examline closely the difficulties attendant to such analyses.

There are two distinct problems involved in determination
of the components of nucleic acld. First, the composition of the
sample must be répresentative of the nucleic acid in the native
state, Secondly,the methoed of hydrolysis must bring about
adequate cleaveage of the polynuclesotide without partial destruction
or interconversion of any of the components.

Three rather different techinques are now in use for
degrading pentose mucleic acids (PNA) to monobasic units, Markham
- and Smith (Smith and Markham,1950; Markham and Smith, 1951) advocate

use of 1,0 N HC1 (100° C. for 60 minutes) to quantitatively dgrade
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polynucleotides to the free purine bases and pyrimidine nucleotides,.
Abrams (1951), however, has shown by isotope dilution exveriments
that 7 - 80/0 of the purine bages sre destroyved by thils hvdrolysis
vrocedure, probably by desmination to the corresvonding hydroxyourines.
Markham end Smith have performed rather extensive recovery studies

to véfify their nydrolyveils vprocedure without finding eny evidence

for such loss of wurines, nor has the prssénce of hydroxypurines been
noted during the present studiasﬂ Markham and Smith have found,
however, that about 50/0 of the pyrimidine nucleotides are hydrolyzed
under the conditions employed. The presence of a small amount of
both cytosine and uracil has besn noted on a number of the chromat o=
grams made during the current studies, and aporopriate corrections
(routinely, 50/0) have been ap-lied. To evoid the hydrolvitic losses
which occur in 1.0 I 1IC1l, Marshak and Vogel (1951) propose the use

of 12N perchloric acid (40 minutes at 100° €.) to cleave all nucleo-
tides to the corresponding free bages. Davidson and Smellie (1952)
report considerable loss of uracil under these conditions and propose
instead, the use of 0.3 N KOH at 37° ¢. for 18 hours to degrade
pentose polynucleotides to mononucleotides. The monomucleotides,
which are‘indefiniﬁely stable in 0,3 Il XOH solution, are separated
by ionophoresis, rather than by‘chromatograﬁhy. These authors also
found that if the concentration 6f KOH wag increased to 1.0 N, about
100/0 of the cytidylic acid was deaminated to uridylic acid at 370 Cay
though not at room temperatures.

Thus, there is no sgreement as to the most aprropriate
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hydrolytic procedure for cleavage of the polynucleotlides. The
method of Markham and Smith used during these stud;es is, however,
certainly as good as any method presently available if the appropriate
correction factors for the known, reproducible losses are apnlied.,
Extraction of PNA* from tissue of any kind presents two difficulties
in connection with composition studies, aside from the separation of
PNA and DNA, The first of these involves the possibility of
different molecular species of FNA in different parts of the cell
or in different tissues, There is some evidence, especially in the
case of DNA, that this is not important, for the DNA's from all
tissues of a specles appear to have a constant composition, as have
the PNA's from the subcellular particulate entities (Davidson and
Smellie, 1952). The second, and momentarily much more important,
problem is the probable partial degradation of all mucleic acids
by nucleases during extraction from the tissue. Bacher and Allen
(1950), for instance, have shown that the high guanine content which
has always been assoclated with pancreas RNA is due in part to
degradation by ribonuclease during extraction of RNA from the tissue
and that if the ribonuclease is extracted prior to isolation of
the RNA, the relative guanine content of the RNA 1s much lower than
otherwise found.

The full significance of such an enzymatic degradation inm
the work reported here is not certain. It has been shown thet
TCA~P, in the form of nucleotides, is lost slowly at o° C. but.mcre

rapidly at elevated temperatures. To minimize this loss, material

*The terminology FMA (pentose nucleic acid) 1s used in a generic sense
or where the pentose has not been conclusively shown to be ribose.
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intended for nucleic acld cdmposition studies was always worked up
as rapidly as possible, taking the utmost »recautions to maintain
a low temperature (< 2 - 3° ¢.) during ell operations, For the
analyses reported in Tekle IX, the cytoplasm from which the RIVA
was extracted was precipitated with TCA within two hours after

of extraction. It is well establighed thet nmuclecw

[ i}l’ﬁ!&%uﬁ
tides released by Rﬁé*ase are predominately pyrimidine nucleotides,
If a maximum loss of 5Q/o of the TCA-=-F initially cresent cccurs
during extraction, and if this ié entirely due to loss of pyrimidine
nucleotides, it would account for ?Dﬂ/o appérent excess of purine
residues, at the m@ét, in the RNA subjected to analysis. Actually
the loss of pyrimidine residues prior to precipitation of the
nucleoprotein for extraction‘of RITA is believed to be much less than
this,

The RNA which has been extracted from the cytopleasnmic
nucleoprotein may therefore be considered to be representative of
the native nucleic acid in composition, Furﬁhermore, sincevthere
seems to be but one nucleoprotein in the soluble cytoplasmic
proteins, the extracted RNA probably represents but one molecular
snecies éf RNA., Since the hydrolytic procedure used to degrade
the RITA and the chromatograshic method used to separate the hydrolysis
products are both émong the best availatle today, the snalyses
obtained must be considered as representative and accﬁrate.

For comparison purposes, the composition Qf RNA sanmples

from a number of sources, together with the most reliable analyses
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for two cytoplasmic RlA'g, are vresented in Table X. These analyses
are believed to be the best available from an analytical point of
#iew, though not necegsarily from the standpoint of belng representa~
tive of the ¥4 im the tissue from which they were extracted. All
results have been recomputed to an arbitrary total of 40.0 P M

of total nucleotides. The analyses of three different yeast RilA's

by three different methods of hydrolysis, shown in columms T, 11,

and 111, serve to 1illustrate the diversity of compogition of this
naterisl as commercielly available., FlA's extracted from plant
viruses are usually considered to be the most nearly representative
of P4 in the native state because they are tightly bound to the
virus protein and thus can be readily extracted, and slso because

it is presumed that there is only one molecular species aésoeiated
with a given virus proteln. Analyses Qf three RNA's from representa-
tive plant wviruses are shown in Columns V, VIy and VII. Column IV
containg the analysis of a RNA sample from rat liver, Although it

igs not certain how muchk enzymatic degradation of this ganmnle mey

have occurred during preparabion, the great excess of guanine and
cytosine, and of total purine in this sample is remarkable ~- end
characteristic of a number of PHA's of animsl origin,

In comperison with yeast Rila or PA's of plant viruses,
the RNA from spinach and Marylsnd Mammoth tobscco leaves show seversl
distinct differences in composition. Spinach RNA contains a grezter
relative excess of guanine over adenine than =zny of the other plant

RVA's. And, with the exception of the FNA from turnip yellow virus,
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TABLE X {(continued)

*
References:

(1) }()a.vid;son, JN, and Smellie, RM.Saey Biochem, Jes 52, 594
1952)

(2) Markham, R. and Smith, J.D., Biochem. J., 46, 513 (1950).
(3) Marshek, A. and Vogel, H.J., J. Biol. Chem.,189, 597 (1951).

(4) Markhem, R, and Smith, J.D., Biochem. J.s 49y 401 (1951).

# Hydrolytic methods
(1) 0.3 N KOH for 18 hours at 37° C.
(2) 1.0 N HC1 for 1 hour at 100° C.

(3) 12 N HC10, for 40 minutes at 100° ¢c.
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the KHA of both spinach znd tobacco are the only ones which contain
more cytidylic acid than uridylic acid. The total purine content
of Maryland Mermoth tobacec WA is also higher than found in any

RNA other than that of "type THMVM,
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Ve APPLICATIOH OF THE ANALYTICAL TECHNIQUES DEVELOPED TO A SFECIFIC
PHYSIOLOGICAL PROBLEM

A specific problem bearing on the physiological role
of Fraction I protein in the cell —— a study of the effect of
prhysiological age upon the amount and composition of the cytoplasmic
| micleoprotein component == will be considered as an illustration of
the application of the analytical techniques which have been developed.

A. Experimental and Results

Two samples of leaves were selected from a group of
Maryland Mammoth tobacco plants grown in the Earhart Laboratory.

One sample, E-12, was composed entirely of very small leaves
(< 2" long) from the growing points. The other sample, E-13,
was made up of an equal number of mature leaves (18 - 24" long)
from the same plants. Poth samples were ground (2 grams wet weight
of leaves/ml. buffer) and the cytoplasms prepared as desceribed
previously.

Appropriate aliquots of the whole cytoplasm were analyzed
for TCA-precipitable weight and TCA-P. Another aliquot of each
cytoplasm was dislyzed against 0.1 p K-maleate buffer pH 7.6. After
36 hours dialysis, both aliquots were diluted,with the same buffer
as used for dialysis, to equal total nitrogen contents and subjected
to UC analysis, The analytical data are presented in Table XI
and the UC schlieren diagrams in Figure 7.

If it is assumed that the percentage of protein extracted

was the same for the two samples, then the immature leaves contained
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TABLE XI

CHEMICAL ANALYSES OF THE CYTOPLASMIC FROTEINS FROM YOUNG AND MATURE
LEAVES OF MARYLAND MAMMOTH TOBACCO

E-12 (young leaves) F-13 (mature leaves)
Initial |After dieslysis |Initial |After dialysis
end dilution and dilution
TCh=-precipitable
welght (mg./ml.) 13.65 6.6 7.8 6.6
Total N (mg./ml.) 1.156 14123
TCa= (mg./ml.) 1,686 0,888 1.017 0.876
®/o W in protein  12.35 13.46 13.00 13.30

TCA-P (¢/nmg.
protein) 6.98 3.92 , 3.72 1.77
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nearly twice as much protein on a weight basis as did the mature
leaves., Furthermore, the young leaves contained nearly twice as
mich TCA-P/mg. protein as did the mature leawes. The protein and
nitrogen contents of the dialyzed aliquots subjected to UC analysis
were identical, hence the schlieren diagrams are directly comparable.
In these diagrams, the poorly defined baseline, which makes accurate
measurement of the areas under the peaks difficult, is clearly
evident. It is apperent, however, that there 1s much less of the
198 component in the sample from immature leaves than in the sample
from mature leaves. This fact, together with the greater RNA
content/mg. protein found in immature leaves, indicates that
although the relative amount of the mucleoprotein iﬁ these rapidly
growing leaves is less than that in mature leaves, the RNA content
of the nucleoprotein itself is much greater in growing leaves than
in mature leaves. This is further evidence that the cytoplasmic
nucleoprotein of plants has a variable RNA content rather than a
definite RNA cohtent, as do the plant viruses. The data of Table

IX indicate, however, that although the amount of RNA associated
with the protein may vary, the composition of the RNA from both

immature and mature leaves of the same speciles is identical,

B. Discussion
Purther investigation of the influence of environmental
and physiological factors upon the 19S5 component of cytoplasm has

not been possible, although it is conceivable that such studies
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might help to elucidate the fcle of this major nucleoprotein come
ponent in the economy of the cell. One suggested role for nuclec=
prdteiﬁs in the cell 1g in relation to protein synthesis. In growing
yeasi cells and in regenerating liver tissue, for instance, it has
been found that rapid growth is accompanied by a relatively

high content of RNA as compared to resting cells or to normal tissue.
In many cases, cytoplasmic and nuclear RINA have not been separately
determined, but where this has been done, the increase in cytoplasmic
RIUA, which hag been interpreted to mean an increase in nucleoprotein,
has always been much grester than that of nuclear RNA. It is this
increage in cytoplasmic RNA during rapid growth which caused the
suggestion of a possible role of nucleoprotein in the synthesis of
new protein material [cf. Theorell (1947)], a view recently
substantiated by Holloway and Ripley (1952), who demonstrated a

close correlation between the RINA content of rabbit reticulocytes

and incorporation of radicactive I~-leucine into the totsl cellular
proteins, In contrast, the cytoplasmic nucleoprotein content of
’rapidly expanding lea&es, vhich are certainly synthesizing new
materiél at a rapid rate even though the total number of cells is
not increasing, is less, on either a relative or a total protein
bagis, than in mature leaves.r What ig the significance of this
apparent contradiction? Is the cytoplasmic nucleoprotein of leaves
concerned with protein synthesis, or ig it concerned with some other,

as yet unlnown, function? ¥hy is there so much more nucleoprotein
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in m&tnye>leaves then in rapidly growing leavesg? Much more work
will be necessary before these, and gll the other questions con-
cerning the role of nuclevproteins inm general, and of Fraction T
protein in particular, can be answered. The various possible roles

‘will be further discussed in Part III.
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PART 1T

THE IS8CLATION AND CHARACTERIZATION OF & HIGH-MOLECULAR WEIGHT
CYTOFLASHIC NUCLEOPROTEIY

I. FRACTIONATION OF THE SOLUBLE CYTOPLASMIC FROTETNS

The classical methods for fractionation of protein
mixtures have been fractional precipitation by high sall concentra=
tions (ammonium or sodium sulfate), iscelectric precipitation and
.precipitation with large, positively charged molecules such as
histcnes or nucleic acids. These methods have been successfully
applied to mixtures containing only a few protein components;
Difficulties are encountered, however, unless the protein species
are of widely different characteristics. These classical methods
have for example, achieved separation of the total globulin fraction
from the albumin fraction of serum but have failed to achieve
resolution of the clogely related globulins. Disscciation and
denaturation frequently attend use of these classical procedures.

Two fractionation techniques which minimize the extent
of denaturation have been developed during the past ten yszars. Cohn
and his group at Harvard have developed a method for fractionation
of the blood serum complex by differential preeipitatibn with cold
alcohol (—80 to =20° C.)‘at precigely controlled pH's and ilonie
strengths., Cold acetone has been uged in a sinilar manner., Though
it is more complicated and time consuming than any of the other
tecﬁniques now available, the electrophoresls-convection technique
perfected by Kirlwood, et al. (Cann, et al., 1949; Cann and Kirkwood,
3956), is capable of achieving the most complete resolution of

mixtureg yet obtained. This technique, which utilizes a combination



of electrephoreiie anﬂ‘convéctive trangport to separate molecular
species on the basis of thelr differences in mobility, requires that
- the proteins be soluble on both sides of the isoelectric point

and that denaturation not occur concurrently with iscelectric

- precipitation, These requirements are necessary because the several
components in a mixture are successively immobilized at the
isoslectric point during the fractionation,

Certain of the fractionation methods described above are
obviously unsuited for application to ihe cytoplasmic proteins of
leaves. Electrophoresis-conveciion, for example, can not be used
because these cytoplasmic proteins are unstable at thelr iscelectric
points, and on the alkaline side of the isoelectric point the
mobility distribution is too narrow to permit separation before
autolysis of the extract becomes gignificant. Isoelectiric precip~
itation is not feasible for similar reasons. Fractional precipitation
with ammonium sulfate has therefore been utilized in most of
’the earlier work on leaf proteins. The application of this method
will be discussed in detail in the following section, Fractionation
by coid acetone of alcohol is undoubtedly feasible but because
development of a suitable procedure would be laborious and require
more running time on the ultfacentrifuge than has been available,
this possibility has not yet been investigated. Instead, effort
was first centered on salt fractionation and, when this proved

inadequate, upon physical methods of fractionation,
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Ammeniun Sulfate Fractionation

Historically, fractionation of the soluble cytoplasmic
proteins, prepared in a manner acceptable to the writer &s repre-
sentative of the prolteins as a whole, begins with the ammonium
 su1fate fractionations reported by Wildman and Boaner in 1947,
Subgequent work has also been limit.ed to the group assoclated with
this laboratory. Extraction by the techniques commonly employed
by other groups working in this general field (Tekahashi; Commoner;
Pirie) actually results in an initial unrecognized and undesirable
fractionation due to conditions which cause denaturation during
extraction. That this is the case is self-evident from the
stability studies discussed in Section III E, Part I;

Wildman and Bonner (1947) separated the cytoplasmic
proteins into two fractions, "Fraction I" and "Fraction IIV,
insoluble and soluble, respectively in 0,35 saturated ammonium
~sulfate at pH 7.0. The precipitated fraction was readily and com-
pletely soluble in cold phosphate buffer at pH 6.8 or in veronal
buffer at pH 8.5, When examined electrophoretically, this fraction
appeared to be homogeneoﬁs in elther buffer and td have the same
mobility as the major cémpongnt of cytoplasm., All the minor
components of cytoplasm as well as a small amount of a protein
component with the same electrophoretic mobllity as the principal
component, were present in Fraction II. Thus it appeared that by

a simple salt fractionation, an electrophoreticaelly homogeneous protein
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had been separated from the complex mixture of cytoplasmic proteins,
and that this homogeneous protein constituted the major portion,
the "bulk protein" of cytoplasm. The term "Fraction I", therefore,
was used by these authors to designate either the fraction of
. eytoplasm insoluble in 0.35 saturated ammonium sulfate or the
principal component of cytoplasm as determined by electrophoresis.

| Data obtained by Wildman and Bonner indicated that
approximately 50 - 530/0 of the total protein of sgpinach cytoplasm
was precipitated by 0.35 saturated ammonium sulfate, and that
another 22 - 250/0 was precipitated by a series of three operations
which involved concentration, water dialysis and electrodlalysils.
Each protein fraction precipitated by these operations was shown to
be electrophoretically homogenecus and to have the same mobility
as the fraction precipitated by 0.35 saturate%#alt. On this basis,
all of these fractions were presumed to be identical., Thus, 750/0
of the total protein in whole cytoplasm was thought to be a single
protein species, a conclusion in agreement with area measurements
of the scanning patterns obtained by electrophoresis of whole
cytcplasm preparations,’

The techniques available to Wildman and Bonner at the
time this fractionation was'developed did not readily permit
further testing of the homogeniety of Fraction I. But with the
finding early in the present work that the only principal component
of cytoplasm which was homogeneous in the ultracentrifuge comprised

but 25 = 5GP/0 of the total protein in most instances (Table 1X),
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it became probable that Fraction I as prepared by salt precipitation
might contain more than a single wolecular species, That this is
thé case was shown by examinatien in the ultracentrifuge of a
Turkish tobaceco Fraction I sample prepared by precipitation with
0.38 saturated ammonium sulfate at pH 7.0 and re-solution in Oyiy
phosphate buffer of pH 6.8, This sample appeared to be electro-
phoretically homogeneous, but its UC pattern was similar to that

of the initial whole cytoplasm from which it was preparsd excepd
for a slight enrichment of the 195 component. A similar fraction-
ation at pH 8.5 producéd substantially the same results, and
repeated reprecipitation at either pH 7.0 or 8.5 falled to improve
the separation. This finding serves to emphasize the impartanee of
the ultracentrifuge as an analytical téol and the inadequecy of

the salt fractionation procedure that had been used.

The possibility that a lower salt concentration, a con-
centration which, for instence, precipitated only 25 - 30°/0 of the
total protein, might preferentially precipitate the high-moleculsr
weight, 195 component was therefore investigated. Since there was
no infmrmation then available as to the amﬁunﬁ of pratein precipitated
at variocus degrees of salt saturatilon, a complete series of
fractionations from 25 to 50°/o saturation in steps of 5°/o0 was
carried out as follows:

200 ml. of Turkish tobacco whole cytoplasm (sample V-51-75,

pH 6,91 in K-meleate buffer) which had been quick=-frozen and stored
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at -20° Ca fmrvfaur days was thawed and centrifuged at 57,000 x g.
for one hour. The supernatant solution (whole cytoplasm) was
dialyzed at 2° ¢. for 18 hours against three, 1-liter changes of
0,1 P Na-barbitel buffer at pH 8.50. Ho detectatle opalescence
-appeared during dialysis, and 30 minutes centrifugation at
50,000 x g. failed to produce a pellet, Six 20.0 ml. sliquots
of this dialyzed cytoplasm, containing 11.65 mg, protein and 42.7%
TCA=-P per ml., were fractionated at o® by dropwlse addition of
saturated ammonium sulfate at pH 8.5 (glass electrode et 10° ¢.)
to 25, 30, 35, 40, 45 and 50°/0 saturation. & volume of water such
that the final volume of proteln, salt and water mixture would be
40,0 ml. in sach case was added prior to addition of the salt
solubtion, The salt sclution=protein mixtures were permitted 1o
stand at 0° for one hour before the precipitated protein was
removed by centrifugation (at 2° C.) at 20,000 x g. for 30 minutes,
The precipitates were redissolved at 0° ¢, in 0.1p Ha=barbital
vbuffer at pH 8.5. The precipitate formed at 25°/0 saturation was
dissolved in 10,0 ml, buffer, all others in 20.0 ml, Thus, in all
cages excepl that at 25°/o saturation, each redissclved sanmple
contained the protein precipitated from an equivalent volume of
cytoplasm, The sample at,250/o gaturation contained twice the
equivalent amount, Suitable aliquots were analyzed for TCA=-P and
TCA precipitable weight,

" The results of these enalyses (Table XI and Figure 8)

indicate that no sharp separation of proteins occurred at any salt



TABLE XI

AMMONTUM SULFATE FRACTIONATION OF WHOLE CYTOPLASM AT pH 8.5

Salt concentration Protein precipitated TCA-P precipitated

per cent of saturation

at 0° ¢c. mg./ml. per cent ¥ml. per cent
0 11,65 - 42,7 -
25 1.9 8 3.5 8
30 6.5 52 8.5 20
35 8.6 74 13.2 N
40 9.6 82 16,8 39
45 9.6 g2 214 50

50 10.1 87 25.5 60
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- Flgure 8, Percentage of initial amount of protein and TCA=-P
precipitated at pH 8.5 from a sample of Turkish tobacco
cytoplasm by various concentrations of ammonium sulfate,



concentration. Furthermore, the linear incresse in amount of
TCA=F precipitated at increasing salt concentrations, in contrast
to the asymptotic protein precipitation curve, implies thal the
TCA=-P molety may be split from the protein by the salt and
independently precipitated, A linear increase in the amount of a
single protein precipitated by increasing salt concentration over
this range would be inconsistent with present knowledge concerning
galting out of proteins,

Examination of several of the precipitated and supernatant
fractions in the UC verified the non-gpecificity of salt precipitation.
Typical patterns obtained with the initial whole cytoplasm, the
fractions precipitated at 0.25, 0.30, and 0,40 saturation and the
supernatant solution from 0.40 saturation are illustrated in
Figure 9, It may he seen that although all of the 198 component
is precipitated at 40°/o saturation, where only 18°/o of the total
protein remains in solution (Figure 9E), the spectra of the proteins
precipitated at both 25°/0 (Figure 9B) and at 40°/o saturation
(Figure 9D), vhere 8°/o and 82°/0, respectively, of the protein
is precipitated, are quaiitatively similar. Thils indicates that
the 195 component is not preferentially precipitated at any salt
concentration,

The concentration of ammonium sulfabte required to
precipitate a1l of the 198 component is not known since the only
supernatant sclution examined in the UC was the one from the Aﬁc/o

saturation precipitation., However, since the TCA~P is initially
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Figure 9.

900

D E
Sedimentation diagrams of the precipitated and soluble
fractions of Turkish tobacco sytoplasm at several different
ammonium sulfate concentrations. Time in second after attain-
ing a rotor speed of 850 r.p.s. indicated in corner of each
diagrem, Sedimentation from left to right. Solvent was |
0.1 Na=-barbitel buffer, pH 8.5. Fach sample contains an
amount of protein equivalent to that precipitated from an
equal volume of whole cytoplasm except B, which contains
twice the eqﬁivalent concentration, A, initial whole cyto-
plasm, 11.65 mg./ml. B, C and D, fractions precipitated at
25, 30 and 400/0 saturation, respectively; céncentrations

are 3.8, 6.5, 8.6 mg./ml. E, supernatant sclution from

40%/o saturation, 2.5 mg./ml,



associated with the 198 cgmpamemt; the increazsed precipitation of
TCA-P (from 39°/0 at 40°/0 salt seturation to 60°/0 at 50°/0 salt
satﬁraticm) following complete precipitztion of the 195 component
at 480/0 salt saturstion is further evidence that the TCA-P 1g

- dlssociated from the protein and independently precipitated by
~high salt concentrations.

Becauge of the dissociatlon of the TCA-P molety from its
carrier protein and because éf the non=specificity of the nrecipitation,
attempts to fractionate the cytoplasmic proteins with sslit were
discontinued. Instead; a differential centrifugation method, which
1s sultable for prepering solutions containing 90 - 950/0 of
Fraction I protein and its higher molecular weighlt apgregates,

vas developed,

Purification of Fraction I Protein by Preparative
Ultracentrifugation.

Since Fraction I vrotein constitutes a large part of the
total cytoplasmic proteins and pogsesses & sedimentation constant
considerably greater than those of the other proteins of cytoplasm,
it is possible to achieve substantial purification of Fraction I
protein by the application of wery high centrifugal forces. In an
idealized case, the relative composition of a pellet collected by
sedimentation in a grevitational field 1g 2 function of the relative

concentrations snd gedimentation rateg of the individusl components
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in the mixture. In tbe cytoplasnic protein mixture, the composition
of the first materisl sedimented may be calculated as follows,
assuming for illu&trative purpoges that the mixture consists of
500/0 Fraction I protein and that the "average sedimentetion rate™

' *
of the low-molecular weight fraction is 4.75 3

°/o Fraction I protein Spe 1 p?oteiﬁ

0 . [ ]
/Q low=mol, wt. fraction OlOWWmOln Wt

S50 . 19.0 4
50 .75 1 °

Thug,; the pellet will consist of 4 parts of 198 protein to 1 part

of low-molecular weight protein, If this pellel is redissclved

and the solution centrifuged again, the first material sedimented
will consist of 16 parts 193 protein to 1 vart of low-molecular
weight material, In practice, however, this ideal fractionation

igs not achieved tecause: (1) Fraction I prétein seldom.éonstitutes
500/0 of the original mixture; (2) a non-ideal, convective sedimenta=-
tion system is used for centrifuging large lots of material, and

(3) as sedimentation proceeds, the relative amount of Fraction I
protein in the supernatant solution steadily decreases, leading to a
reduction in the proportion of 198 protein deposited in the pellet

during the last stages of sedimentation,

- ; ;
The "initial sedimentation rate” for the low-molecular weight group

of proteins is approximately 4-5S, as determined in the synthetic
boundary cell, As sedimentation proceeds, the aprarent sedimentatlon
rate decreases due to loss of the higher-molecular weight components.
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The procedure summarized in Figure 10 has been found to
produce Fraction I protein preparations of 90 - 95°/0 purity, as
judged byvanalysis‘inithe ultracentrifuge, from the cytoplasms of
spinach, pea and tobacco. Approximately 10/0 solutions of cyto~
- plasmic proteins (WC) are spun at 40,000 rep.m. for 45 minutes in
the no. 40 rotor of a Spinco Model 1, Preparative Ultracentrifuge.
The rotor is pre-cooled to o° C., or lower, and the centrifuge
refrigerator set to maintain the temperature of the rotor chamber
at about -20° C. The small pellet (R), which constitutes less
then 50/0 of the tctal’cytoplasmic proteins and often contains
slight amounts of green matter, formed during this initial centri-
fugation is discarded and the supernatant solution (8) centrifuged
for 2.5 hours at 40,000 r.p.m. An appreciable pellet, representing
20 = LGO/Q of the total cytoplasmic proteins,is deposited during

this second centrifugation., The supernatant solution (Fr .I. - 8)

1
consisting of 50 = 70°/0 of the Fraction I protein and almost all
of the low-molecular weight material initially present in the whole
cytoplasm, is discarded and each pellet dissolved in 1 to 2 ml.

of 0.1'p ¥X-maleate buffer, pH 7.0, at 0° Cs The pellet is allowed
to stand in contact with tuffer for 12 = 24 hours with occasional
maceration and stirring to éffect re~solution. The small amount

of protein which fails to redissolve (Fr I1 - R) is removed by a
low=gpeed centrifugation and discarded. This completes the first

fractionation cyele., The redissolved protein solution (Fr 11),

contailning about 8@0/0 Fraction T protein, is again centrifuged for
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WHOLE CYTOPLASM (WC)
11,0 ml./tube

centrifuge
40,000 Tap.iia, N0, 40 rotor, 45 min,

pellet (R) supernatant solution(s)

centrifuge
40,000 ropams, nm§140 rotor, 2.5 hrs.

| , ; | -

pellet , supernatant solution
i | (Fr1,-5)

dissolve in 1 to 2 ml.
0.1 R K-mzleate buffer, pH 7.0

centrifuge
20,000 Papalay NO. 40 rotor, 20 min,

pellet | supernatant solution
(Fe1,~R) | (Fr1y)

, |
|

centrifuge
404000 T.DaMes NO, 40 rotor, 2 hrs,

| | l
pellet ' gupernetant solution
(Fri,-s)

dissolve in Q.1 ]p
K=meleate buffez, pH 7.0

 centr 1fuge
20,000 TaPoMay no.IAO rotor, 20 min,

pellet . supernatant solution
(FrI,-R) | | (FrI,)

Figure 10, Scheme for preparation of Fraction I protein solutions
by differentiasl centrifugation.
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2 hours at 40,000 r.p.m. The supernatant sclution (Fr I, - g)

is discarded end the pellet redissolved in 0.1 yp buffer as
described above, The small amount of protein (Fr I, - R) which fails
to redissolve 1s removed by & low=speed centrifugation and dis-

" carded, as during the first frectionation cycle. The clear, amber—
£o~browng non-opalescent Fraction I protein solution (Fr Iz) which
remaing contains about 70 - 800/0 of the protein which was present
in Fr 12. Two fractionation cycles have been found to be the
practical 1imit for large scale preparationg., The Frection I protein
sclutions & prepared contzin only about 5 = 100/0 of low-molecular
weight contaminants. The ultracentrifuge pattern of a solution of
Fraction I protein (Fr 12) prepared from gpinach cytoplasm by

this method is illustrated in Figure 11,

Analyses of Fractiong Obtained by Differential Centrifugation

The fractionation of several typical samples of Turkish
tobacco eytoplesms will be considered in detail. ¥or one sample,
E=5, a detailed chemical"balance sheet" ig evaileble. For sample
E-8, chemical, UC and electrophoretical anslyses of each fraction
will be discussed, and for sample E-11, chemical and enzymstic
analyses will be presented. The fractionation of E-8 will be

congidered first.

Physicel Chemical snalyses. Sample E-8 wag fractionated

according to the scheme presented in Figure 10 and suitable aliquots
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A - B

Figure 11, Analytical ultracentrifuge patterns of a typical épinach
whole cytoplasm (A) and the Fraction I protein preparation
made from it by two preparative UC cycles, (B)'.‘ Arrovs

'~ indicate the 198, Fraction I protein component., Direction
‘of sedimentation is from left to right. Time in seconds
after reaching rotor speed of 850 r.p.s. 1is indicated
in upper right corner of each diagram, A, in 0.3 M
K-maleate buffer, pH 6.9; 13.0 mg, protein/ml. B, in 0, 1 p
Kemaleate buffer, pH 7.5; 4.0 mg. protein/ml.
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of esch fraction, including those normally discarded, were analyzed
for TCh-precipitable weight, TCA=P, and total-P. Other aliquots
were algo analyzed in the UC and by electrophoresis. The chemical
5 analyses are summarized in Table XII,

For UG analysis, the various fractions were dialyzed
to equilibrium at 2° 0. against 0.1 R K-maleate buffer, pH 7.0,
then all diluted to the same concentration with buffer from the
dialysis. The schlieren diagrams obteined during analysis of
the original whole cytoplasm, and of fractions Fr I1 = S and Fr 12
are gshown in Figure 12, The pattern obtained with whole cytoplasm
is presented in Figure 12A and that obtained with the supernatant
solution from the first cycle of fractipnaticn (Fr I1 - 8) in
Figure 12B. Since these solutions, which iaitially/eontained 10.95
and 7.58 mg. protein/ml., respectively, were dialyzed and diluted
t0 a common concentration before analysis, diminution of the amount
of Fraction I protein in the supernatant solution is not readily
apparent from direct comparison of the size of the 19S peak in
each diagram, It is immediately obvious, however, that the area
under the peak representing low-molecular weight components is
mueh greater in the supernatant solutian»Fr I] = S than in the un-
fractionated cytoplasmic praiein solution, Therefore the relative
amount of the 195 component in Fr 11 = S must be less than in whole
cytoplasm. The product of the second fractionation cycle (Fr Eg) is

shown in Figure 12C. Only about 5°/0 of the total area is due to
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TARLE XIT

CHEMICAL ANALYSES OF THE SEVERAL FRACTIONS OBTAINED DURING
CENTRIFUGAL FRACTIONATION OF 4 TURKISH TCBACCO CYTOPLASM

PREPARATION (E-8).
. Q .
Fraction /o sedimented
WC. Fr 11 -3 Fr 12 during lgt cycle
mg. proteinfml, 10,95 7.58 13.2 31
¥ TCA=P/ml. 1144 437 20.7 61
¥ TCA-P/mg. protein  1.04 0. 57 1.57
¥ Total-F/ul, 179 143 21
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Figure 12,

A typical series of analytical ultra-
centrifuge patterns illustrating the course
of fractionation of tobacco cytoplasmic

proteins by high-speedcentrifugation (E=8).

Rotor speed 850 r.p.s. A, whole cyto~ -
plasm before centrifugation; NaCl-Na
cacodylate buffer, 0.1 p, pH 7.1; 5.0 mge
protein/ml. B, supernatant solution after
first centrifugation cycle; same buffer
as Aj 5.6 mg.protein/ml. C, twice-
cycled Fraction I protein solution;
X-maleate buffer, pH 7.5, 0.1 p; 5.0 mg.
protein/ml;
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compoﬁents witﬁ sedimentation constents lover than those of
Fraction I, However, in addition to the 195 peak, other faster
sedimenting peaks are also present., Evidence to be presented
later indicates that these are aggregstes of the 19S component.

The scanning patterns obtained during electrophoresis
of these same fractions after appropriate dilution and eguilibrium
dialysis at 2° ¢. against 0.1 B NaCl=Na-cacodylate buffer, pH 7.12,
are shown in Figure 13. The patterns show that under the electro-
phoresis conditions used, there is little separation of the proteins
present in whole cytoplasm (Figure 13A). Thils is in accordance
wilth the observations discussed in Sectlon III-D, Part I, Aifter
removal of 310/0 of the totel protein from whole cytoplasm by
sedimentation, there was no evident change in the electrophoretic
pattern except for the more pronounced shoulder at the base of the
trailing edge of ﬁhe main peak (Figure 13B). The curve is also
somewhat broader in relation o its height, indicating either that
the average diffusion rate of the remaining proteins is greater
than the average diffusion rate of the unfractionated cytoplasmic
proteing or that they are more heterogeneous with respect to
electrophoretic mobility., Twice recycled Fr 12 (Figure 13C), on
the other hand, has a sharp, symmetrical peak with the game
mobility as the principal component of cytoplasm. The calculated
mobility of the principal component in each fraction is presented
in Table XIIT,

From these data and the UC and electrophorssis analyses



TABLE XITI

ELECTROFPHORETIC MORILITY OF THE PRINCIPAL COMPONENT CF VARIOUS

FRACTTIONS PREPARED BY HIGH=-SFIED CHETRIFUGATION OF TURKISE TOBaCCO

NV AE

CYTOPLATM (E-8)

Mobility
e : 2 -1 -1
Preparation (em™ volt = sec )

o 4
A, Whole cytoplasm ‘ ~5,25 x 107

B. Whole cytonlasm supernatant

C.

solution after first centri=

fugation cycle =5,19 x% 1Dm§
Fraction T prepared by two L=
centrifugation cycles =5,15 x 10~

Calculated in descending limb, Buffer composition: 0,08 M NaCl,

0,0032 ¥ cecodylic acld, 0,02 Na cacodylate, Ionic strength C.13
pH 7,12 at 270 ¢,
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Figure 13, Electrophoresis diagrams showing the course of fraction=-
ation of tobacco cytoplasmic proteins by high-speed
centrifugation (E-8). 4, B, and C are the same fractions
as analyzed ultracentrifugically in Figure 12, All are
in NaCl-Na cacodylate buffer, pH 7.12, 0.1 p. Protein
concentration 5.50, 5.65 and 4.85 ng./ml, in 4, B,
and C, respectively. Only descending boundsaries are
ghown, Time of migration is given to the right of

each diagramj arrows indicate starting boundary.
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presented in Figures 12\and 13, it is clear that the 193 component
of cytoplasm has the same electrophoretic mobility as many of

the other cytoplasmic proteins under the conditions of these
observations and that all the components of Fraction I protein
‘preparations which sediment more rapidly than 198 have the same
electrophoretic mobility as does the 198 component. OFf more
significance is the demonstration that differential centrifugation
provides a means of preparing the 19S5 component comparatively free
of low-molecular weight material, This, of coursge, is of prime
importance for any chemical, physical chemical or biochemical
studies of this nucleoprotein,

Chemical analyses. To provide material for detailed

chemical analyses, Sample E-5 was fractionated according to the
scheme presented in Flgure 10 and suitable aliquots of each fraction
were analyzed for TCA-precipitable weight, TCA-P and total=F, The
results of these analyses are presented in the form of a "halance
sheet™ in Table XIV., Several important facts are immediately
apparent from these data, During the first fractionation cycle,
38°/0 of the protein, 63°/o of the TCA=P and 21°/0 of the total~P
were sedimented, Thus the proteins which were sedimented contained
more TCA~P/unit weight than did the proteins as & whole in the
unfractionated cytoplasm. Recovery of 98.2%/0 of the total-p

in the several fractions 1s indicative of the overall experimental
errors in P analyses and volu@e measuremnents; hence recovery of

only 870/0 of the TCA-=P indicates some loss of TCA-P other than
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throﬁgh sedimehtaﬁisn from solution., This loss was probably

due to enzymatic activity. During the second fractiomation
vcycle, 58°/0 of the protein, 63.5°/0 of the TCA=-P and 52.2%/0 of
the total-P were sedimented, resulting in a further enrichment of
 TCA-P/mg. protein in the pellet,

Similear analyses, expressed on a volume bagis, of 5
other tobacco samples are presented in Table XV, In each case,
regardless of the initial TCA=-FP concentration, the proportion of
the total TCA-P sedimented from solution (based on analyses of
the sedimented material) is greatly in excess of the proportion of
protein sedimented (columns 7 and 8). This results in a 2 to 5-fold
enrichment of TCA-P/mg. protein in Fraction I protein preparations
as compared with the initial whole cytoplasms and a corresponding
decrease in TCA-P content/mg. protein in fraction Fr I} - 8
(Table XVI). The further increase in TCA-P obtained during the
‘second fractionaticn’cycle, corresponding to the increased
enrichment of the 198 component, is well illustrated by the data

presented for sample E-5 in this latter table.

. Engymatic Activity. As one methed for following con=-

tamination of Fraction I protein preparations by low-molecular

weight proteins, and in order to determine whether the 19S component
possesses enzymatic properties, the several fractions obtained from
fractionation of a number of Turkish tobacco cytoplasms were assayed
for phosphatase activity. Phosphatase was chosen for three reasons:

(?) This enzyme has a rather low molecular weight {ca. 50,000);
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TABLE XVI

PROTETN PREPARATIONS

SMOAND FRACTION I

YTCA-P/ng. protein

Pr;g;;:;icn : Fraction
We Fr I Fr I, -8

V-51-70 5.86 8.80 % 3.85
B3 2.81 421 1.20

L 86%%
-6 2,74 13.7%% 1.26
-8 1.04 1451 %% 0,57
11 2.89 YRVES 0.98
E-20 3.89 10.4%% 2.99

Product of first fractionation cycle,

Product of second fractionation cycle,
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(2) Thosgphatase is very steble toward both acid oH's and high
temperature, and would hence be resistant to denaturation during
the mild fracticnation scheme employed; and (3) Wildman and Bonner
(1947) had shown that the major portion of the phosphatase activity
‘in spinach cyvtoplasm is concentrated in the fraction precipitated
Ty 350/0 saturated ammonium sulfete. Tt was shown in Section ITI-D,
Part I, that the principal component of thig salt-precipitated
fraction is the 198 component. Therefore if the 198 component is
agsociated with vhosphatase activity, phosphatase should be con=-
centrated in Fraction I protein solutions prewvared by cenmtrifugation.

The following system wasg emploved for assay of phosphatase
activity: 0.1 ml. of the solution to be assayed was added to 2.0 ml,
of nitrophenyl phosphate (2.0 mge/ml. in 0.1 ¥ sodiunm acetate-acetic
ecid buffer, pH 5.0) and the mixture incubated at 25° to 37° . At
appropriate time intervels, generally 0, 5, 10 and 20 minutes, 0.5
mla aiiquots'were removed and added to 9.5 ml. of 0,2 N HalH., The
intensity of the resulting stable yellow coler, due to liberated nitro-
phenol, wag determined in a Klett-Summerson colorimeter with a 42
filter. The specific activity of the protein (activity in arbitrary
units/mg. protein/minute) was determined from the straight-line
portion of curves obtained from a plot of the Klett readings, corrected
- for reagent blank values, against time.

The results obtained from the aseay of sample F-11 frazctioms
are pregented in Figure 14. In this case, the portions of the curves

fram O - 10 minutes were used to compute specific activities, and



Activity /mg. Protein

201

W.C.

F’TIZ-S

FFIZ

5 10 5 20
Minutes

Figure 14. ' Phosphatase activity of several fractions of a Turkish

tobacco cytoplasm preparation (sample E-11}. Substrate

wag nitrophenylphosphate in 0.1 M Na acetate buffer

at pH 5.0. Activity is expressed in arbitrary units.

- Fractions are designated as in Figure 10,
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frcm-thése activity values the activities/mg. protein relative to
that of the whole cytoplasm were calculated. These activities are
- given in Table XVII. Since the slopes of the curves for fractions
Fr 11 = 5 and WG in Flgure 14 decrease with time, an appreciable
error is intrqduced by not using initial slopes. This error
lowers the apparent activity of these two fractions and thus

increases the relative activity of fraction Fr I, somewhat.,

2
It i1s clear, however, that phosphatase is separated from Fraction I
protein by the preparative procedure used,

Similar fractions of sample E-8, for which the chemical
and physical analyses were presented above, wére agsayed for
phosphatagse and peroxidase activity*, The results obtained, presented
in Table XVIII, indicate that in each case the activity is similarly
partitioned between the various fractions. The level of activity
ocbserved for fraction Fr'I2 in this sample9 1.8, 5?/0 of the activity
found in whole cytoplasm, is more in accord with the values normally

obtained than is the 23°/o observed in fraction Fr I of sample

2
E-11 (Table XVII). In other instances, only trace amounts of
-phosphatasé activity have been found in Fraction I protein preparations,
In general, however, reletive activities of 5—100/o, roughly
correspodning to the amount of low-molecular weight material present,

have been found in these solutions,

Two facts are evident from these data. First, the

The peroxidase assays‘were kindly performed by Dr., Howard Boroughs,
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TARLE XVII

PHOSPHATASE ACTIVITY OF SEVERAL FRACTIONS OF TURKISH TOBRACCO
CYTOPLASM SAMPLE E~11

Actlvity per

Fraction  mg. protein Relative activity
WC - 890 100
Fr 1, -8 1180 132
Fr I, -8 550 62
Fr I 210 23

2
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TABLE XVIII

PHOSPHATASE AND PEROXIDOSE ACTIVITY OF SEVERAL FRACTIONS OF TURKIGH
TOBACCO CYTCPLASM SAMPLE E-8

Peroxidose Activity Fhosphatase Activity
Fractlon per ﬁg. protein relative per mg. protein relative
WC - 23,7 , 100 9.2 . 100
Fr 11 - 3 3443 145 41,0 141
1.3 5.6 1.5 5.2

/FT 12
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_specific activity of phqsphatase and of other low=-molecular weight
enzymes decreases as the relative amount of 195 protein in a
preparation increases. Secondly, the relative activity of phosg=
phatase in each fraction is similar to that of other stable enzymes
of approximately the same molecular weight., This indicates that,
contrary to the earlier suggestion of 1'ildmean and Fonner (1947),
Fraction I protein is not itself’a phosphatase. Further evidence
in support of this conclusion is the fact that 70 = £5°/0 of the
initial phosphatase activity is recovered from solutions in which
ell of the 193 component has been precipitated by acidification
to pH 4 to 5. This 1s indicative that the 195 component is not
necessary for phosphatase activity tut it does not eliminate the
possibility that at least part of the phosphatase activity may be

associated with it in situ.
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II, CHEMICLL CHARACTTRIZATION OF FRACTION I PROTFITT PR7ERRATIONS

Chemical inalyses

Chemical analyses of Fracticn I protein prensrations
have been limited to TCA- and total=N and P analyses, Crotein
preparations made by two fractionation cycles have ap-roxinately
the same nitrogen content per mg. of vrotein as do the cytoplasmic
proteins as a whole (i.e., 14 - 15°/0). Only about 70 - 85°%/0 of
the total nitrogen present in such prenarations is precipitable
by TCA. This is surprising, since it would be expected that low=
molecular weight nitrogen-containing compounds would te &almost
completely removed during two fractionation cycles. The nature
of the compounds containing the non=-precipitable porticn of the
nitrogen is unknown., Probably, they are not of very low molecular
weight, however, for even in thoroughly dialyzed prenarations
only 85 - 90°/o of the total-ll is TCA precipitable.

TCA=P and total=-P analyses of sample E=5 are included in
Table XIV, The TCA-P content per mg. of protein in Fraction I protein
preparaticns is always much greater than that of the cytoplasmic
proteins as a whole. Inlgeneral, 80 - 90°/0 of the total-P is
precipitable with TCA, although in sample E=5 only 700/0 &g
TCA=precipitable. The non-TCA=P is bhelieved to arise from
engymatic degradation of TCA~P during the last re-solution of the
probein, In Fraction I protein preparations which have very low

ribonuclease and phosphatase activities, as much as 900/0 of the
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total-F 1s in the form of TCa~P; however, in preparations, such
as that from ssmple E~5, which have high phosphatase and ribo=
nuclease activities, only 60 to 700/0 of the total-P may e

TCA-P, the remainder being in the form of inorganic~P,

Identification of ithe TCA-P loiety

Ry experiments similar to those outlined earlier for
whole cytoplasm, the TCA;P moiety in Fraction I protein preparations
has»been identified as ribonucleic acid. Indeed, this finding
necessarily followed the demonstration that all of the TCi-P
present in whole cytoplasm is present in the form of RIIA. The
micleotide composition of the PNA in Fraction I protein vreparations
was found to te similar, except for a somewhat higher purine/
pyrimidine ratio, to that of the RI'A in the whole cytoplasm
from which the prepearations were made. This finding is consistent
with the results generally obtained when RlA's are partially
hydrolyzed with ribonuclease, It therefore tends to supcort the
supposition that TCA-P is lost from whole cytoplasm because of
ribonucliease activity,

As with vhole cytoplasm, all of the TCA-P in fraction

Fr I, is accounted for in the form of nucleotide-P.

To What is the Ribonucleic Acid Attached?

It is evident from the data presented in Tables XTIV, XV,
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and XV that the RNA moiety is concentrated in the high molecular
weight fraction. It may be attached Yo a rapidly sedimenting
protein, or it may itself have a high molecular weight. Protein
free'preparations of RNA with a molecular weight greater than

ca., 100,000 have seldom been obtained. This 1s too low to account
for the 2 = to 5= fold increase in RIA /mg. protein observed during
the purification of Fraction I protein from whole cytoplasm,
Furthermore, it has not been possible to demonstrate free RIA in
such preparations éven when, as in fraction Fr 12 of sample E-b
(Table XVI), RVA constituted as much as 350/0 of the total solute
in a 2°/0 solution of Fraction I protein. Thus it is logical to

| assume that the RNA is atbtached to a protein,

| That the protein to which the RNA is attached is the 1983
component of cyfoplasm 1s suggested from the partition of TCA-P
and protein which occurs during the fractionation; In every case,

‘the TCA=P content/mg. of protein increased directly as the purity of

the 198 component (or aggregates of it) increased, In sample F=5,

for ingtance, the TCA-P content/mg. of protein increased 100/0 betveen

the first and second fractionetion cycles desplite the fact that
only 63°/0 of the TCA~P was sedimented from solution and aporoxi-

- mately 10°/0 more was destroyed (only 90°/o recovery - Table XIV),

This increase of TOO/o.in TCA-F ig similar to the expected 10 ~ ?SQ/O

increage in the relative amount of 198 protein in fraction Fr 12

as compared with fraction Fr Tye

The RIA cannot be attached to a protein sedimenting faster



than the 198 component (e.g, the 25 - 283 component) ovecause
preparations which do not possess this faster sedimenting component
glso contain TCa-P and show the sume TCA-P protein partition that
is typicel of preparations with a fast component present.

Because of this correlation between the amount of 198
component and the TCA-P content, it is possible to estimate the
amount of TCA-P to be expected in the final Fraction I protein
preparation. Suchean estimate may be made from the TUA-P content /fng.
protein and the percentage of the 19S protein in vhole cytoplasm,
as illustrated by the following data obtained from analyses of
sample E-8:

The whole cyoplasm contained 11,4 ¥ TCA-P and 10.95 ng.
protein/ml. (Table XII). From UC schlieren diagrams similar to
those presented in Figure 124, 530/0 of the total ares wasg found
to be due to the 198 and 26 - 28S components*. If it is assumed
that all of the TCA-P is associated with 53°/0 of the protein, then
the TCA-P content is 1.96 ¥/ng. of 198 protein, TFraction Fr 12,
which may be assumed to have not more than 100/0 low-moleuclar
weight components in it, contained 13.2 mg. total protein per ml.
Thus, 23.4 ¥ TCA-P/ml. [(13.2)(0.90)(1.96)] would be expected
in this fraction, Actually, 20.7 % , or 890/0 of the expected
amount, was found. This is excellent agreement in view of the errors
inherent in the method used to measure the relative amount of the
198 component and the enzymatic loss of TCA-P that occurs during

the isolation of Fraction I protein,

* These two components are treated together because, as will be
shown later, the faster sedimenting component is a dimer of the
198 component .
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ITI. FHYSIC&L CHEMICAL CHARACTERTZATION

A number of experiments have been performed to define
some of the physical chemical properties of the 19S5 component of
cytoplasm, The presence of more rapidly sedimenting components in
preparations‘obtained by two sedimentation cycles, could cause
serious complications iﬁ interpretation of results obtained from
viscosity, diffusion and light scattering measurements. ‘Physical
studies have;therefore, been limited to determination of the
partial specific volume and to examination by electrophoresis,
.analyvtical ultracentrifugation and, in a wvery preliminary manner,

electron microscopy.

Electrophoretic Analyses

Two preparations of Fraction I protein from Turkish
tobacco cytoplasm were subjected to electrophoresis in 0.1 p Na
cacodylate»buffer at pH 7.12., Doth preparations were characterized
by a’highciegree of homogeniety under these conditions, The mobility
of the principal componént'in each sample was, within experimental,

5

error, the same (-5.15 x 10 en® volt™! sec-q). For illustration,

the patterns obtained with sample E-8 are reproduced in Figure 13C.

Determination of Sedimentation Constants

Sedimentation diagrams of several typical Fraction I

protein preparations are reproduced in Figure 15, A similar



Flgure 15,

Sedimentation behavior of several typical Fraction I
protein preparations from Turkish (A,B) and Maryland
Mammoth (£) tobacco leaves (samples E=8, E~11 and
E-20,respectively). Rotor speed 850 r.p.s. Solvent,
0,1 B K-maleate buffer,}pﬁ 7.0 The 195 component
is the major component in each case. In 4 and B, there
are clearly two fasgter moving aggregates of Fraction I

protein, and in C there are three.
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Figure 15
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prepsration from spinach is illustrated in Figure 11B. In spinach,
an appreciable amount of a component of 26 - 28S was observed, In
tobacco, two or more components with a sedimentation constant greater
than 198 were observed. The nature and crigin of these rapidly
sedinenting components will be discussed letera

Thé presence of higher molecular weight components does
not affect the sedimentation rate of Fraction I protein, which
is the same in highly purified preparations as it is in whole
cytoplasm., The sedimentation constants of Fraction I protein
rrepared from spinsch and tobacco are essentially the same, as
1N lustrated by the data in Table {T¥X., These data also indicate
that over a 10~fold concentration range, the sedimentation constant
of the Fraction I protein component exhibits virtually no dependence
on concentration., This means that the low dsgrees of spreading
of the 198 peak during sedimentation (cf, Figures 17 and 23)
is not to be attributed to the boundary sharpening that oﬁcurs with
substances which exhibit a large dependence of g upon concentration,
It is indicative of the homogeniety of the protein with respect to
molecular welght, |

Since in general the concentration dependence of g
increases with increasing asymmetry of the sedimenting material
(Singer, 1947), the fact that, for Fraction I protein, g is essentially
independent of concenfration strongly suggests that the molecule
is nearly spherical, The importance of this in determination of the

probable molecular weight will be considered shortlv.



TABLE XIX

- SEDIMENTATION CONSTANTS OF THE HIGH=-MOLZCULAR WEIGHT COMPONENTS IN
SEVERAL FHRACTIONS OF WHOLE CYTOFLASM AND FRACTION I PROTEIN

PREPARATIONS
éi ’X icij%*
Component
Specles, Sample Concen- Buffer I T I1I
and Fraction tration
ng./ml,
A. Spinach 4a0 (1) 18,1 26,0
Fr 1, 2.0 (1) 18.6 2644
1.0 (1) 17.9 —
305 (1) 18&1& —
B. Turkish tobacco (E=b)
Fr 12 21.6 (1) 18,0 25,7 30,7
€. Turkish tobacco (E-8)
&) Whole cytoplasm 5.0 (1) 18.8
b) Whole cytoplasn
supernatant after
Tt centrifugation
cycle (Fr I, - 8) 5.6 (1) 18.7
1.3 (1) 18,6
D. Turkish tobacco (E=11)
a) Whole cytoplasm 5.0 (2) 19,1
b) Whole cytoplasm
supernatant after
1gt centrifugation
cycle (Fr I, - S) 5.5 (2) 18.9
C) Fr 12 9»85 (2) 19&5 27:4 3399
4,.92 (2) 19. 27.9 34.8
®. Maryland Mammoth 2,90 (M) 19.2 28.L 36.8
tobacco (E=20) L.95 (1) 19.1 28.0 o
Fr I, 2.47 (1) 19.0 28,7
, - 3.23 (’3) 19,0 = biatand



TAELE XIX continued

W =13
S50 X 10 T u
v A ‘ Component
Species, Sample Concen= Buffer I 11 11T
and Fraction tration '
mg./ml.
F, Various spinach and (1)
tobacoo whole cyto= or
plasms 3 -15 (3) 18,9 #

#* Yalues corrected to a solwent having the density and viscosity
of water at 200 C,

=# Average of 20 indeperdent experiments.,

(1) K-maleate buffer, pH 7.0, 0.1 .
(2) EK-maleate buffer, pH 7.5, C.1 p.

(3) Na cacodylate - cacodylic acid - NaCl buffer, pH 6.9, 0.1 B
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Determination of Partial Specific Volume

The partizl specific volume (V) of the total protein
éoﬁt&inea in fraction Fr 12 from sample B-20, for which data are
given in Section E, Table XIX was determined in the usual manner,
This fraction contained approximately 50/0 low=molecular weight
material and 3 components which sedimented more rapidly than 198
(see Figure 15C). The concentration of the low-molecular weight
naterial is too small to be significant (since its partial specific
volume ig undoubtedly cloée to that of most proteins), The faster=
sedimenting componente are aggregates of the 19S5 component, as
will be shown shortly; hence they presumably have the same density
as the 198 component, Therefore, the partial specific volume of
the total protein in this solution is very close to the true partial
specific volume of the 198 component alone,

The densities of a dialyzed solution containing 4.95 mg.
TCA-precipitable weight per ml., and of the buffer sclution against
which it was dislyzed were determined at 25.000 C. in a pycnometer
of approxinately 15 ml, capacity. From these dgta, the value of
ﬁ, célculated according 4o the method of Koenig (1950}, was found
to be 0,69, . 7

This value of V is low for a protein but is in the
renge expected for a nucleoprotein since nucleic acids possess
high densities, The particular preparation used for this determination

contained 13;20/0 micleic acid, as determined either by direct
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nucleotide analysis or com@uted from TCA~P content., Using the
- value 0,52 for the partial specific volume of ribonucleic acid
(Koenig, Larkin and Perrings, 1952), the partial specific volume
of the protein moiety alome is computed to be 0,72, “‘his value
is léuer than that of most proteins but is not unprecedented (c¢f.

Cohn and Edsall, 1943, p. 428).

Probable Molecular Weight of the 198 Component

The molecular weight of proteins may be determined from

the expression

M = = 720, ‘ (Bgn. 1)

where M is the anhydrous molecular weight, £ the molar frictional
coefficient, £20,u the sedimentation constant extrapolated to

zero concentration and corrected to the viscosity and dengity of
water atv 20° Cas T the partial specific velume of the anhydrous
protein, and g the density of the solvent., The use of this equation
requires experimentsl determination of V, g and f.

Determination of V was described above.,

The sedimentaﬁioﬁ,constanta 85 was determined for a
number of preparations and is esgentially constent over a wide
range of concentrations (Table XIX), Thus the value at zero
concéntration may be taken as the average walue for a sample ab

several concentrations. Since V was determined for sample E~-20
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and this valué, as well as the sedimentaiion consteant itself,
will depend to some extent upon the RIA content of ithe sauple
characterized, the wvalue of g obtained with this sume sample
will e used. From Section E, Table XIX, this is secn to be
19.¢8.

Normally, in order to determine f, independent diffusion
experiments are performed and f 1s obtained from the Finstein

relation:

£= %2 (Zgn. 2)

whers D is the diffusiocn constant extrapolated to zerc concentration,
R is the gas constant and T the absolutetemperature. For Fractiom
I protein solutions, diffusion measurements are at present impractical
for two reagons: (1) the aggregates of Fraction I protein usually
present in these preperations seriously complicate diffusion
constant debterminations (whereas they do not materially affect
measurements of sedimentation constants); and (2) the instability
of soluticns of Fraction I protein (which is similsr to the instability
of the 195 component in solutions of whole cytoplasm) makes lengthy
diffusion experiments impossible. The Fraction I protein molecules,
however, are essentially spherical in shape. For spherical molecules,
or molecules of known axial ratio, f may be evaluated without
recourse to diffusion experiments.

In the case of spherical, unhydrated mclecules, f 1s equal

to the molar frictional coefficientwio, calculated from Stokes!
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equation?

7 1 a
iO =‘ ‘637'7{ N (%%) /3 (iﬂq:flt 3a)

where ‘q is the viscosity of the solvent in poise and I is
Avogadro's number. Combined, equations 1 and 3 simplify to-

1/3 3/2

3
_fo %0 SN G 220

M= =2
o 1-Tp 1 - ﬁe

(Eqn. 4)
where Na is the anhydrous molecular weight. Using T = 0,69 and
s = 19,€$3 the molecular weight of Fraction I protein celculated
from this equation is 315,000,

In arriving at this molecular weight, the effect of
hydration, which will increase the frictional coefficient, was
ignored, The ratio of the frictional coefflcient of ahydrated
molecule of any shape to the friletional coefficient of an
- equivalent unhydrated spherical molecule may be written as i[_g.

Egn. 1 may be rewritten as:

) £, 2550,
M = *0" T0 =200 . (2725} M (Eqa. 5)

The degree of hydration of Fraction I protein is unlmown., If it
1s assumed to be hydrated to the extent of 400/0 by weight, the
value of §/§Q is 1415 (Oncley, 1941). The molecular weight, from

Eqn. 5, is 360,000, This should be regarded as a good first
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approximation to the true moleculer welght of Fraction I protein,
gnd refirenents of this wvalue must walt upon the prepsraticn of

‘statle sclutions contairning mo aggregates,

Flectron Microscopy of Fraction I Protein Solutions

Cn the basis of the density and molecular weight
deterninations reported above, the diameter of an anhydrous
molecule of Fraction I protein was computed to te 90& . This
basic diameter is little affected by changes in hydration, for a
AOO/Q increase in molecular volume only raises the diameter to
1008, 3ince the ultimate resclution of most electron microscopes
is in the order of 208 (Williams, 1952), little detail will be
seen in an object of 90 diameter. Fxamination of Fraction T
protein solutions in the electron microscope should, however,
give information about the general size and shape of the molecule.

For examination, spproximately 1°/c solutions of
Fraction I protein were diluted 1:10,000 with 0.05 M K-maleate
buffer, pH 7.0, and sprayed onto collodion coated screens.%

The screens were air—-dried and shedowed with Cr. ZIxemination of
these alr-dried screens showed a large number of particles csz.

2008 in diameter. Only occasionally were particles somewhat less
than 1003 in diameter seen. It was obvious, though, that excessive

clumping had occurred during drying and there were strong indications

that the 2008 particles were clusters of smaller subunits.

The screens were prepared and examined by Dr. L. Henderson of the
Chemistoy Division of tae Institute.
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To determine if this were go, screens sprayed with &
13500 dilution of the protein solution end freeze-~driled according
to the Williams technique (1953) were shadowed with a gold alloy
and exemined, The results were disappointing in that less than
1°/o of the grids hed any material whatever on them, apnarently
as & result of losses during lyophilizastion of all except the
initial layer of sprayed material., With such dilute solutions,
the initial layer is slmost entirely water, with only an occasicnal
protein molecule. Tune few particles seen seemed to be about evenly
distributed between spheres of 2008 and spheres of ca. 90 - 1008
diameter., Further work has not been possible, but it is believed
that with the proper techniques, electron microscopy will verify
the size and shape factors arrived at from other physical

*
measurenents,

Components of Higher Molecular Veight Than Fraction I Protein

In the general survey of the soluble cytoplesmic proteins
which was discussed in Part I, a small percentage of a component
sedinenting faster than Fracticn I protein was found in four species

(tomato, Turkish tobacco, gherkin and pea) out of the eight species

¥ Ir., Morris Cohen and Dr., Sam G, Wildman of the Rotany Department
of U.L.L.ke have also found (personal commmicaetion) a number of
spherical particles of ca. 90 - 100 2 dismeter in Fraction I
protelin preparations.



examined (see Figure 3). Mo component with a sedimentstion
constant greater than 19S was observed in spinach whole cytoplasm.

The absence of a component with a higher molecular
veight than Fraction I protein in spinach cytoplasm, even when
exanined in the ultracentrifuge st concentrations as high as
1.50/0 total protein, has been confirmed several times. As may
ke seen, however, in Figures 11 and 23 and from Table XI¥X, there
is a small amount of a 268 cdmponent contained in Fraction I
protein solutions prepared from spinach. The work performed with
spinaéh cytoplasmic proteins strongly suggests that not only in
spinach but also in other gpecies where a 265 component is
initially present in whole cytoplasm, these faster-sedimenting
components are eggregates of the Fraction I protein., That this
may be so is suggested by the following argunent:

As little as 0.1 mg./ml. of the 263 component may te
observed in Fraction I preparations., TFailure to find the 265 com-
ponent in spinach cytoplasmic protein solutions at 15 mg./ml. total
~ protein suggests that it must constitute less than this minimal
amount, or less than one part in 150 in such preparations. This
means that the ratio of 268 to 198 component must be less than
1175 in whole cytoplasm solutions containing roughly 500/0 Fraction
I protein, Simple enrichment of the 268 component during two
cycles of centrifugation should result in a product containing only

1 part of 265 protein to 59 parts of 198 protein. Area measurements
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of twice sedimented Fraction 1 protein preparations show, houever,
the presence of approximately 1 part of 268 to 10 parts of 198
protein. It is evident, therefore, that the 208 component must
have been formed during the isqlation procedure and has not merely
been enriched,

411 preparations of Turkish and Maryland Mammoth tobacco
cytoplasm examined have had a 26 - 288 component, In Figure 16
is reproduced the UC pattern of a Turkish tobacco Fraction I
protein preparation and slso that of the solution of whole
cytoplasm (FE-6) from which it was prepared. Although the whole
eytoplasn contained Fraction I protein and one faster sedimenting
component, the purified Fraction I protein preparation contained
not only these two components, but also four others which sedimented
even more rapidly. The corrected sedimentation constants of
Fraction T protein and the first two of the components with &
higher molecular weight are 18,0, 25.7 and 30.7, respectively.
The sedimentation constants of the other three components could
not be determined sccurately from the material at hend., Of these
six components, only two, those of 18S and 268, were present in
the wvhole cytoplasm. The other four were formed during the
fractionation procedure, This particular ozreparation represents
the most extreme aggrégation yet observed, but all Fraction I
protein preparations made from any variety of !I. tabacum have had
at least two comnonents sedimenting faster than does Fraction I

protein itself.



Figure 16.
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Sedimentation behavior of a Maryland Mamroth whole
cytoplasm preparation (4) and the Fraction I protein
preparation (B) made from it, illustrating the extreme
aggregation sometimes observed, In the whole cytoplasm
there was only & small amount of one component moving
faster than 198; in the Fraction I preparation there
are five components moving faster than 19S. The
resclution of these is shown in B. Numbers by the
peaks indicate the 198 component (1) and higher
molecular weight aggregates (2,3,4,5,6) which are
miltiples of the 198 units. TRotor speed 850 T.peS.

A, in 0.3 M K-maleate buffer, pH 6.9; 8.6 mg.
protein/ml., B, in X -maleate buffer, pH 7.5, 0.1 p;

21.6 mg., protein/ml,
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If we consider the three componentes characterized by
sedimentetion constants of 18 - 198, 26 - 283 and 31 - 358, the
valueg of these constants are congistent with the hypothesis that
thege components are related as nonomer, dimer and trimer,
reapectively. Furthermore, it is noteworthy thét the latter two
components, while exhibiting more variation in sedimentation
constant from preparation to preparation than does Fraction I
protein, nevertheless show but little more depehdence of sedimentzation
constant upon total protein concentration than does Frection I
protein itself., This is alsoc consistent, since dimers and trimers
of spherical molecules are relatively symmetfical molecules and
should show little dependence of their sedimentation constants
on concentration,

The only factor so far correlated with the degree of
aggregation is the TCA-P content of the Fraction I protein
preparations, Fraction I preparations made from a whole cytoplasm
which contain less than about 1% TCA—P/mg. protein, as is
generally the case with spinach, also have a low TCa-P content,
and contain only & small zmount of the 268 component. Tobacco
cytoplasmic protein wmreparations from grecnhouse grown plants, on
the other hand, generally have a much higher TCi-P content. The
Turkish tobacce cytoplasms used to make the prepsrations of Fraction
I protein, for which data are given in Sections C, D and 5, Tzble
XIX, contained 2.74¥ ,2.89¥ and 3.89% TCa-P/mg. protein,

respectively, (Table XVI). The corresponding Fraction I



preparations were highly aggregated (Figures 16B, 15B and 15C,
regpactively).

Further evidence that extengive aggregation, such as
that shown in Pigure 16B, is caused during centrifugal fractionation,
and that for analytical purposes such aggregates should be treated
ag Fraction I protein, is illustrated by the UC runs shown in
Figure 17, These runs were made in the synthetic boundary cell
in order to estimate the amount of the low-molecular weight
material oresent; hence the resolution of the high-mclecular
welght components is too poor to permit their quantitetive
estimation, but rough visual comparisons among the several runs
may be made.

The original whole cytoplasm preparation (Turkish tobacco)
conteing & large amount of the 19S5 component and & small zmount
of the 26 - 28S component (Figure 174). o component sedimenting
fagter than 26~28S is visitle. The product at the end of the first
fractionation cycle (Figure 17B) contains, in addition <o 15%/u laue
molecular weight material, aporoximately the same asmount of 198
protein as in the originel whole cytonlasm (as seen from the
similerlity in areas under the 198 component peak in the two
fractions). The relative amount of the 26 - 288 component has
been increased over that present in the original cytoplasm, but
there is no evidence of a discrete peak sedimenting faster then
26 - 288 in this fraction. In the final nroduct of the second

fractionation cycle {Figure 17C), thelow-molecular weight material
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is decreased to only ca. 10 - 11%/0 of the total protein. The
relative zmount of the 26 - 28S component is considerably greater
~than it was in the one-cycle product and, for the firsttinme, a
discrete peak sedimenting at ca. 34 - 368 is visible., The
appearance of this new component and the increase in amount of
26 = 283 component in this fraction can be interpreted only as
aggregation phenomena,

The evidence available at this time indicates thet
this aggregation results from the close packing of the nucleo=
protein molecules during the second fractionation cycle. COnce
formed the aggregates apparently are stable to the extent that
they do not break down even over seversl days in dilute solutions

kept at o° c.



IV, DIsCUsSION

Praction 1 protein preparations have been made from

spinech, pea and tobacco leeves and ag far as can be agcerteined

 at present, there is a striking similarity in this protein in &1l

three snecies. Variations in the TCA-P content and sedimentation
constant are no greater among preparations made from three genera
of plénts than among different preparations made from the same
species. If generic or species differences exist, their detection
will devend on more refined techniques, such as detailed nucleic
ecid and amino acid analyses, rather than from the gross chemical
and physical chemical analysass of the type utilized in the studies

reported here,

Variation in TICA-P Content

Preparations of Fraction I protein exhibit some variation
in the amount of TCA-P associated with the protein moiety. Such
preparations generally contain 0.4 - 0,7%/0 TCA-P, with 1.4°/0
the meaximum amount found as yet. Tvidence has been presented in
Part, I of this dissertation to show that all of the TCi=~P in whole
cytoplasm is contained in Rlln and evidence presented in Section IIT
above strongly suggests that all of the RNA is properly associated
with Fraction I protein. It follows then that the RNA content of
the nucleoproteih preparations is primarily dependent on the amount

of TCA~P initielly voresent in whole cytoplasm. The latter has
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beeﬁ feund td vary with the phosohorus nutrition of the plant and,
ag indicated in Sectidﬂ Yy, Part I, with the physiological age

of the material, but the influence of these factors has not vet
been fully assessed,

Ar additional source of variation in the RNA content of
the nucleoprotein is enzymatie destruction of the RNA initilally
present in whole cytoplaém. Cyﬁoplasmic protein solutiong were
found to contain phosphatases and ribomiclease. These Lwo classes
of enzymes are capable between them of rapidly degrading nucleic acid
to a mixture of ribosides, inorganic phosphete and resistant poly-
rucleotides. These same enzymes readily destroy the TCAi=P present
in whole cytoplasm solutions. Some destruction occurs even at 0° Ca
The RNA content of the isclated nucleoprotein, therefore, depends
somewhat upon the rapidity with which the preparation is made and

the care taken to keep it at a low temperature at all times,

What Has Been Characterized in the Ultracentrifuge?

Congiderable emphasis has been placed uvcon the lability
of the RIA moiety of the Fraction I protein molecule, Because of
this lability, which is greatly aggfavated at the temperatures .
maintained during analysis in the ultracentrifuge, the question
arises as to what has been characterized in the ultracentrifuge w=
a mucleoprotein, or the protein moiety alone? The TCA-P content
of whole cytoplasm samples which have been dialyzed i1s very low due

to loss of TCA-P during dialysis (cf, Table VII), Analysis of
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dielyzed cytoplasms following incubation at 25° ¢, for 90 minutes
v(the time required to set up and complete a normal centrifuge run)
indicates a loss under these condltions of only 10 - 260/0 of the
TCA~P present, Thus, in the case of dialyzed cytoblaﬁms it is fairly
- certain that at the end of a UC run the 195 component still contains
nearly all of the RNA initially present. This amount, however, is
so low (usually in the order of < 1°/0) that the physical properties
of the 198 component are essentially those of the protein molety
alcone rather than those of a nucleoprotein containing a high per-
centage of nucleic aci&. It would‘seem, therefore, that in dialyzed
whole cytoplasms, the protein moiety alone has been characterized.,
Experiments on the lability of the TCA~P in twice-
sedimented Fraction I protein preparations indicate that in general
the TCA=~P in these preparations is much more stable than in whole
cytoplasm preparations. For example, only 5 - 100/0 logs of
TCA=~P cccurs in solutions kept at o ¢. fﬁr 24 hours, and the loss
during 24 hours dialysis at 0° C. is only 20 - 30°/0 of that
initially present. Considerable variation in the amount of TCA~P
lost during incubation at 25° to 37° ¢. haé been observed. This
{variation is roughly correlated with the enzymatic activity of each

particular preperation. Thus, fraction Fr I, from sample E=20,

2
which contained & high phosphatase activity (and presumably a high
ribonuclease sctivity as well) lost ca. 40°/0 of the TCA-P initially

,present during two hours incubation at 3&0 C» whereas a similar
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fracﬁion from sample E~8, vhich had & very low enzymatic activity,
lost only 5 - 10°/0 of its initial TCA-P under the same conditions.
In Praction I protein preparations which were not dialyzed
pricor to UC énalysis, the only loss of TCA=P which occurred was that
- due to enzymatic activity during the actual run at 20 - 250 C. For
most samﬁléé, this is in the order of 5 - 200/0 of that initially
present, The RNA content of the 19S component in such preparations
is, therefore, much grezter then the RNA content of the 198
component in dialyzed whole cytoplesm sclubions. This difference
in RV4 content of the nucleoprotein molecule should be reflected
in a difference in the density and perhaps iﬁ the size of the 198
component., These latter differences should in turn be reflected
in a different sedimentation rate for the 19S5 component in the
two preparations,
The magnitude of the change to be expected in g,may ke
estimated from the basic equation for molecular weight cited in

Section IIT above:
| | fs
M E — (Eqn. 1)
,UV-Ve)
If £ and M are assumed to be constant, g should decrease ca. 10%0
between the extreme cases where the nucleoprotein contains 11.20/0
RNA and the proteinrmqiety alone, for the corresponding vslues of ¥V
are 0,69 and 0,72, respectively. ILoss of TCA-P, however, must

"necessarily decrease not ohly the density of the nucleoprotein

moiety but also its molecular weight. The decrease in g will
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thus he even grester Than the 100/0 computed on the assumption thab
both f and M are constant. The data in Table XIXVindicat@, however,
that the sedimentation rates of the 198 component in whole cyto-
plagm and in the corresponding Fraction I protein preparations are,
: withiﬁ X2 - 30/0 experimental error, the same for all preparations
regardless of the RNA content.,

In order for s to remain constant while both M and K
change, the value of f must decrease. Returning to our previous
example of a hucleoprotein containing about 110/0 RHA, loss of the
RYA moiety will decreaée the molecular weight roughly 100/0. On
the basis of V = 0.69 and M = 1 for the mucleoprotein and V = 0.72
end 1 = 0,9 for the protein moiety alone, the valuebof f for the
protein without ény nucleic acid attached must be only 8?.50/0 of
'bha't: of the nucleapro‘bevin if s is constant. If the interpretation
of Singer (1947) that concentration dependence of gﬁis a function
solely of the asymmetry of the molecule is correct, then the shape
factor contribution to £ is minimal and remains constant. This
necessarily follows from the observation that g is independent of
conceﬁtration regardless of the RVA content. A decrease in f, there=-
fore, may be caugsed only by a decrease in the effective particle
volume, Such & decrease in #olume may be due to a decreasa.in
the size of the.molecule, as though removal of RNAL occurred from
the surface of the molecule or caused a ghrinkage in some other
manner; or it may be due to a change in hydration., TUndoubtedly both

of these factore enter, for a 18,50/0 decrease in gris equivalent
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to décreasiﬁg the hydration from 130°/0 by weight to 40°/o by
weight (Oncley, 1941).

The changes which ocecur in the size and shape of the nucleo=-
protein as the nucleic acid is lost are amenable to attack by light
. scattering techmiques provided the preparations can be "cleaned up"
and the éggregat@s eliminated., Certainly elucidation of these
changes is an interesting aspect of the characterization of Fraction
I protein which should be further investigated.

| On the bagis of the present work, héwever, it apoears that
in purified Fraction I protein preparations, the nucleoprotein
itself, though édmittedly of somewhat variable nuclelc acid comtent,
has been cheracterized in the UC. This variability in nucleic acid
content is relatively unimportant for the determination of &, For
the determination of the molecular welght of any particular semple,
however, it is necessary to lmow the value of both s and of V for
that semple. Thus, the anhydrous molecular weight, 315,000,
determined without regard to hydration effects, is not the molzscular
weight of any sample of Fraction I protein but is the molecular

weighﬁ of a particular sample which contains 11.20/0 mucleic acid,



PanT TIT
“THE BIOLOGICAL ROLE OF THE NUCLEOFRCTEIN COMPONENT

It is reasonable to exvect that a nucleoprotein which
constitutes from 30 to 50 per cent of the total.soluble protein in
so many plant species should have an important role in the economy
of the cell. The exact nature of this role is unknown at the present
time, but one mey méke a few sugrestions, based in part on analogy
with other systems. Some evidence is alsc availeble as to what
the role of the leaf ﬁuéleopraﬁein cannot be,

Wildmen and Bonner (1947) showed that phosphatase
activity wee the only enzymatic aétivity assoclated vith a salt
precipitated fraction, = fraction which has been found during the
pregent studies to e lasrgely the 198 nucleoprotein component.

But on the basis of experimental work outlined szbove in Section

I-C, Part II, the phosphatase activity must ke assumed to be
geparable from the 198 componémt. Therefore, the nucleoprotein
does not nessess any of the common enzymatic activities, TIndeed,
that any one enzyme shbuld congtitute so preponderant a share of the
total protein is a radical departure from current concepls of
enzymatic catalysgis.

Thet the mcleoprotein component may under some conditions
function as a "protein pool™ is suggested by two different types of

exceriments., Axelrod and Jegendorf (1951) found that during 2 period
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when détaehed 1eéves under gtarvation conditions lost 50 per cent

of the total soluble proteins, the content of several engvnmes
(catalase, invertase and phosphatase) remained constant., I‘ﬁis
suggests that the level of protein, the enzymes, directly concerned
with metabolic activity is meintained at the expense of other proteins.
Although these authors did not srpecifically estimate the amount

of 198 protein in their preperations, it is apparent that the
micleoprotein is the only component or fraction which may ke reduced
sufficiently to decrease the total protein content 50 per cent
without affecting enzymatic activity. Thus, the nucleoprotein may
act as a "btulk protein' or a "protein pocl" in the sense that during
times of stress it is more labile than the enzymatically active
proteins.

Turther evidence for such a possible function comes from
investigations vith virus infected plants. It has been established
by Bawden and Kassanis (1950) and by others that during the course
of infection of tobacco leaves by tobacco mosaic wvirus, the amount
~of non-virus protein decreases. ildmen, Cheo and Ronner (1949)
showed that this decrease was primafily in the soluble cytoplasmic
protein fraction, end that as the amount of wvirus increased the
principel electrophoretic component of cytoplasm showed & proportion-
ate decrease, Since the major portion of the prinecipsl electiro=
phoretic component is the mucleoprotein moiety, these results of
Wildman, et al., are again indicetive that under stress the nucleo-

protein is more labile than are the other protein components.
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‘Expafim%nts by ﬁeneghini and Delwiche (1951), by Wildman and Jagendorf
(1952b), and by others, in which the incorporation of an ﬁ?ﬁ label
from ammonia into virus protein and into several other fractiopgof
the rormal soluble proteins was followed, indicate that the label
is incorporated into wirus protein more rapidly than into any
fraoction of the normel proteins. Thus, if virus isg synthesized
at the e xpense of the nucleoprotein, it arpears most likely that
the nucleoprotein acts as a "protein scurce"” and is degraded
before belng converted into virus protein. The interpretation of
the Niﬁ sxperiments is gtill controversial, however, and further
investigation is necesgsary to esteblish the mechanism of the
transformation,

That the nucleoprotein may 1f necessary act as a "proteln

pool', thus seems reasonakly well established., Starvabtion and virus

s

nfection are, however, abnormal occurrences in the normal life of
a cell, Ye may, therefore, expect thet normally this najor protein
component hag a more fundamental role in the cell and that its
functioning as a "protein pool" during times of stress ls incidental.,
A commonly proposed role of cytoplasmic nucleoproteins
per se is iﬁ protein synthegis, Thisg aspect of Fraction T protein
wag discussed in Section V, Part I. Evidence presented there
indicated, howeﬁér, that in rapidly expanding leaves vhere the rate
of @rotein synthegis should be urusually rapid, the amount of
nucleoprotein, on either an absolute or on a relative basis, is less

than in meture leaves. Similer results were obtained when the experi-



ment Qas fe§aatéd with a different set of plants, The significance
of these results, which apnarently contradict analogous expsriments
Qith liver tissue and microbial cells, is not fully understood,

but cne possible interpretation is that this particular nucleoprotein
e not involved in protein synthesis.

Ho further experimental evidence on which to base hvpotheses
ig available from work with Fraction I protein directly. On the
tagis of recent work with muscle, nerve and protozoa cells, however,
it is wery tempting to speculate on a nossible role of the 193
component in one of the most important and fundamentel of all
proces=es in the cell -- thet of ion-uptike.

In two recent orovecative reviews, Goldacre (1952) and
Ling (1952) have independently advanced the speculative hyvothesis
that reversible, energy-requiring changes in the configuration of
protein molecules are responsible for the binding end release of
jons, and have cited experimental data obtained with muscle, nerve
and amoeba cells in support of their arguments. The arguments of
Liﬂg are particularly convineing, for his hypothesis, which is
baged on apparently sound physical chemicsl data, 1s capable of
explaining all obsgerved experimental facts in connection with lone
upteke and accumulation in muscle or nerve cells without recourse to
postulating a selectively-permeable membrane, a lipld-protein mosaic
membrane, or an "activated ion-complex" to sccount for the specificity
of both anion and cation accumilation. Attractive as the hypothesis

of Ling is, it does not provide for accumilation of higher cone
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Ceentrations of solutes within the vacuoles of protozosn snd plant
cells than in the external mediun or in cyboplasm, ‘Indaed, Ting
dQes not even consider accumulation within vacuoles. That vacuolar
accumulation does occur is evident from dve accumaletion studies
cited by Goldacre (1952). To explain this phenomenon, Goldacre
retaing the concept of "relative impermeability" of the vacuole-
protoplasm interface.

There is nothing in the hypotheses of either Goldacre or
Ling to implicate nueleic aqid or a nucleoprotein with ion
accumilation., A protein moiety alone is all that is required to
qualitatively explain the observed specificity. Lansing and
Rosenthal (3952)’have, however, indicated that a nucleoprotein
may be involved in ion-upteke. These authors demonstrated rather
convincingly that in Elodea leaves, the uptake of caleium or
strontium ions, as measured by formaﬁion of oxalate crystals
intracellularly, is greatly inhibited by brief exposure of the
leaves to the actlon of ribonuclease. DBy histochemical and cyto=
logical techniques, these authors were able to demonstrate a
peripheral layer of basic?stainiﬁg meterial immediately below the
hyaline layer in Arbacia'eggs. This basophilic layer was presuned
- to ke ribonucleic acid or a ribonuclsoprotein, for it was nol present

following treatment with ribonuclesase.,

Il

implicated in lon-uptake by extrapolation from a demonstrable los

n

of ribonuecleic acid in Arbacla eggs to a pwesuned lasgs of ribo-

miclsic acid in ribonucleasge treated Tlodea cells whieh would no
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1anger accuzmlaﬁe ions,

If ianwaptaké and accumalation in the cell does in fact
occur in accordance with either of thesc hypotheses, it 18 qguite
pogsitile thal the 195 component cheracterized herein is regponsible
for ion accumulation activity in piant cells, Thie hypothegis is
egpecially abtractive sinece both nucleic acid chelating properties
and protein-ion binding capacity are combined in a single moietv.
vith our present knowiedge concerning preparation of Fraction T

protein solutlons and the techniques available for studying ion-

binding, the hypothesis that Frrction I protein is implicated in

s

ion accumulation should be subject to experimental study,



APFENDIX I

DETERMINATION OF THE COINCENTRATION OF TRICHLORACETIC ACID
PRECIPITABLE PHOSPHORUS {TCA=-P) AND TOTAL PROTEIN IN
CYTOPLASMIC PROIEIN SOLUTIONS

"~ The choice of a protein precipitating agent for quanti-
tative work is a difficult one. The ultimate choice depends
largely on: (1) the method used to determine the amount of protein
subsequent to precipitation (e.g., direct weighing, or analysis,
as for a component group or for total nitrogen), (2) the molecular
size distribution of the proteins in solution and how low a
molecular weight is considered to be a protein, and (3) the non-
amino acid constituents of the proteins and whether or not analyses
for them are desired. At best, any procedure and any precipitant
used 1s largely arbitrary, and although the method may be capable
of a high degree of precision the absolute accuracy is eqﬁivocal.

Kirk (1947) has recently reviewed the chemical methods
for determination of proteins and concluded there is no adequate
comparison of methods and procedures in the literature. If the
"deproteinization” methods which are designed to eliminate protein
and perhaps other interfering substances in a particular analysis
for non~protein material are excluded, the quantitative precip=
itants of choice seem to be trichloracetic acid (TCA), metaphosphate,
or possibly perchloric acid [Briggs (1940), Neuberg and Strauss

(1945), Meuberg, et al. (1944)]. Since it was desired to analyze
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the precipitated material for phosphorus, the use of metaphosphate,
thch 1s tightly bound td the protein in an amount approximating
the charge on the protein molecule (Briggs, 1940), is eliminated.
Bacause it was thought that weighing of the precipitate would be
more accurate and convenient on a routine basis than any other
method of determining the amount of precipitated protein, the
precipitant had to be volatile at 105° C., the drying temperature
used. Both TCA and perchloric acid fulfill this requirement but
due to the difficulty in handling and the corrosive properties of
perchloric acid, TCA was the precipitant of choice,

Strangely enough, there are no good comparisons in the
literature of the effectiveness of TCA as & protein precipitant
ag a function of final TCA concentration and temperature of
precipitation. Hiller and Vaen Slyke (1922), in & study of a number
of acidic precipitating agents foundv2.5°/o TCA to be superior to
other concentrations of TCA for precipitating a mixture of ox blood
proteins and "Witte's peptone". Precipitations were made at
room temperature and the precipitates were filtered off immediately.
The superiority of 2.5%/0 TCA lay in how little of the "peptones”
were precipltated in comparison with other concentrations of TCA and
with other reagents. No study of time and temperature as varlables
was made.

It was early observed in the studies reported here that
the rapidity of precipitation, and hence completeness of precip-

itation in a given time, was a function of protein concentration
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. and tﬁe temperature at which the mixture was kept, although no
precise data were taken, Because of the golubility of TCA~P in
warm TCA, all precipitetions were performed at QO C. and the
mixtures of protein and TCA kept at that temperature until
precipitation was complete, If the orotein concentration was
fairly low (< 0&150/0}, floceulation was slew in comparison
with more concentrated solutions., Two criteria were used to judge
conpleteness of precipitation., Both were based on formation of
additional precipitate after removal of thehmitial precipltate,
One method consisted of’centrifuging down the precipitate (at
about 2° G, in a conical 12 ml, centrifuge tuﬁe) formed in 1 hour,
then ellowing the clear supernateant solution, still in contact
with the précipi‘hates to remsin at 0° C. for an additional pericd
of time., Feriodically this scluticon was observed for formation of
additional precipitate, which would be deposited on the conical
sides of the centrifuge tube and as a looge flocculum on top of
the previcus precipitate. The other method consisted of removing
by centrifugation the precipitates fgrmed at the end of several
time périods, decanting the supernatant solutions and heating them
to 80° ¢, for 10 minutes. This hastens formation of any edditional
precipitate,

When solutlons of tobacco cytoplasmic proteins aﬁ about
0.7 m»3g00/0 protein cancentration are precipitated with 2 volumes
of 1.0 7 TCA (0.67 T final concentration) at 0° C. and held at that

temperature, precipitation eppears to be complete in é to 8 hours,
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as judged by failure to form additional precipitate at 0° C. If,
however, the supernatant solution after 8 hours at Oo C. 1s heated

to 80° Cay & slight additional precipitate is formed. When the
initial TCA-protein mixture is kept at o C. for 24 hours before

- centrifugation, heat treatment of the supernatant solution will not
cause additional precipitation, indicating “complete® precipitation. If
on the other hand, the TCA-protein mixture is centrifuged immediately
upon mixing, the supernatant solution heated to 80° C. for 10
minutes, then cooled and centrifuged again to remove the flocculum
formed during heating, no additional precipitate is formed upon
standing for several days at 0° C. This indicates that precipitation
is complete in a few minutes at elevated temperatures. Such heat
treatment to hasten complete precipitation, which is widely used

in some routine procedures, is unsuitable for the present study
because of the solubility of TCA~P in wafm TCA. This latter factor
will be discussed below.

Vthen the initial protein concentration is below about
0.15%°/0, precipitation is much slower but also appears to be com—
plete in 24 hours, at least in the case of tobacco cytoplasmic
proteins. With the proteins from crown gall tissuwe cultures, however,
the formstion of additional precipitate after as long as 7 days at
0° €. has been observed. Thus, even though the precipitation of
"total protein® is arbitrary, preliminary tests are necessary to
insure that precipitation conditions are such as to obtain as com=-
plete precipitation as possible with the reagent employed and the

protein system under study.



- 162 -

As de.tailed in thé body of this thesis, there is a
phosphorus-containing cémpound, identified as ribonucleic acid
(RNA), which is precipitated with the protein., It 1s unfortumnate
that those conditions which tend to give the most complete precip-
‘itation of the proteins, e.g., prolonged treatment with cold TCA or
heating to 80 - 90° C. for a few minutes, split +the RNA from the
protein moiety. Similar conditions of precipitation cammot, there=-
fore, be used for both total protein and TCA-P analyses., This
splitting of the RNA-protein linkage by acid is not completely
unexpected. For example, Kaplan and Greenberg (1944) reported that
cold TCA split rat liver nucleoprotein after long exposure (7 days)
"and Schneider (1945) proposed a procedure for quantitatively
separating RNA and desoxyribonucleic acid (DNA) from protein
moieties by heating with 5°/o TCA for 15 minutes. The latter
author reported that splitting of RNA and DNA from proteins of rat
liver and calf thymus tissue was complete in & minutes at 90D C.
with 3 - 4°/0 TCA. Steele, et al. (1949) modified the Schneider
technique somewhat for the extraction of RNA and DNA from pollen
grains in microquantities and Ogur and Rosen (1950) reported
quantitative extraction of RNA and DNA from corn root tips and
rabbit liver tissue by successive extractions with cold and hot
perchloric acld, They reported complete extraction of 211 RNA by
1.0 N perchloric acid in 3 - 4 hours at 40 C. from a homogenate of
corn root tips, and from rabbit liver homogenate in 6 hours. From

one of their figures, though, it may be seen that 75°/o of the RNA



is removed from corn rqot tips in 1 hour and that extraction is
virtuelly complete in two hours. Similar results were reported
with 1,0 N TCA.

In the early part of the work reported here, the require=-
-mentg for low precipitation temperature and a long period of contact
with TCA to completely precipitate the protein and to obtain a fine,
readily redisperséd precipitate which could be eagily washed were
appreciated and complied with tut it was assumed that the TCA-P was
tightly bound to the protein and could be removed only by TCA, HC1
or perchloric acid at élevated temperature (Vildman and Bonner,
1947). Accordingly, precipitates were frequently allowed to
remain in contact with cold 0.67 N TCA for 48 - 60 hours, then
centrifuged and washed at room teméerature. TCA-P analyses of
such samples were alwéys consistent within themselves but were
variable from replicate to replicate on different days. This
variation was finally correlated with the time of contact with TCA
and conditions of centrifugation. In fact, if the results of Ogur
and Rosen were equally applicable to the nucleoprotein component
studied here, it was fortunate that any TCA-P was ever found in
the precipitate.

To test the applicability of the results of Ogur and Rosen
to the cytoplasmic protein system, twenty seven, 2,00 ml. aliquots
of a whole cytoplasm solution were pipetted into centrifuge tutes
in an ice bath and precipitated with two volumes of ice-cold

1.0 N TCA. At varicus times after precipitation, sets of triplicates
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were centrifuged and the precipitates washed twice with 4.0 ml, of
ice=cold 0.5 N TCA. Two sets were also taken for TCA-weight, one
at "O" time and one at 24 hours. Centrifugation was of five minutes
duration in a centrifuge kept in a 2° C. cold room. Temperature

- rise during centrifugation was negligible. Except for the period
of centrifugation, the mixtures were kept in an ice bath until
after the last wash and transfer to digestlon tubes. One set of
triplicates at ca. 28 hours was also centrifuged and washed at
room temperature to test the necessity of a cold room or a
refrigerated centringé at this step. The results are presented

in Table XX, from which it is evident that for determination of TCA
precipitable weight, precipitation at 0° C. should proceed for at
least 24 hours. By this time, however, about 10°/o loss of TCA-P
had occurred. This loss of TCA-P also represents logss of TCA
precipitable weight, but 1f it is assumed that a total of 15 mgs.
of "protein® is precipitated and that 6°/c of this is RNA, 10°/o

of which is lost in 24 hours, then the loss in weight is only

0.09 mg. This is much less than the experimental errors due to
other causes and may be neglected.

In a somewhat similar experiment using perchloriec acid
at a final concentration of 0.67 N as the precipitant, the results
were similar. The variation within a set of replicates, however,
wag greater than with TCA. This was thought to be due to the very
definite granular character of the precipitate, which could not

be redispersed and washed readily. The particles were quite spongy



TABLE XX

EFFECT OF PRECIPITATION TIME UPON WEIGHT AND TCA~P CONTENT
OF CYTOPLASMIC FROTEIN PRECIPITATES

A, Weight of TCA precipitates kept in contact with 0.67 N TCA

for various periods of time at 0° G.

Time of o

contact* ng./aliquot /o increase
30 minutes 12,17 -

26 hours 12.67 4.0

B. Phosphorus content of precipitates kept in contact with
0.67 N TCA for various periods of time at 0° C.

Time of ¥TCA=F per

contact* aliquot ®/o 1oss

1 hour 57.0 -

3 hours 57.0 0

5 hours 5644 1,0
10 hours 55.7 2.3
26 hours 517 9.3
28 hourg** | 48.8 1hed
A9 hours 46,8 21.0

Time of contact computed4from addition of TCA during initlal
precipitationkuntil completion of final wash.

Centrifuged and wasghed at ca. 25° C.y all other precipitates
centrifuged and washed at 2° C.



and vﬁriable iﬁ s8ize and undoubtedly contained varying amounts of
non=-TCA-P mechanically frapped within, Thus, it is apparent that
the findings of Cgur =and Rosen are not applicable to the cytoplasmic
proteins studied here insofar as logs of RINA in a few hours is
.concerned. There is, though, a very marked loss of TCA~FP over
longer intervals. Hence in all the early work reported herein the
results within any one experiment where the precipitates remained
in contact with TCA for the same length of time are comparable,
but comparison smong different experiments may not be justified.
Mention of this is made when necessary.

On the basis of the above findings, the procedure finally
edopted is:

1. Add two volumes of ice-~cold 1.0 N TCA to the samples and
keep the mixture in an ice bath.

2. TFor TCA-P analyses, centrifuge at 2° ¢. and wash twice
after 3 - 6 hours, using two volumes of ice—colﬁ 0.5 N TCA
for each wash.

3. For TCA precipitable weights, centrifuge and wash as above

after 24 = 30 hours.



APFENDIX II

4 BRIEF DESCRIFTION OF THE AWALYTICAL ULTRACENTRIFUGE AND A
DISCUSSION OF THE PROBELEMS AND TECHNINUES INVOLVED IN ESTIMATING
THE CONCENTRATION OF COMPONENTS IN 4 POLYDISFFRSE SYSTEM

A, Description of the instrument
Rotor and cells
Power supply
Optical system

Temperature messurement and control

B. Observation of concentration gradients within the cell
The dn/dx, x diagram
Calculation of area under dn/dx, x diagram from concentration
data
Relation of area to concentration
Dilution effect
Johnston-Ogston effect

C. Measurement of the area under the dn/dx, x curve
Factors affecting base line position and shape
Compressibility of solvent
Window distortion
Sedimentation of buffer ions
-~ Cecil-Qpgston effect
Dilution effect
Backward diffusion

Fixing the correct base line position
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De GenaralAdiscussion of estimation of concentration from
area measurements
Systems in which resolution from the meniscus is complete
Systems in which resolution from the meniscus is incomplete
Tirst method used--uncorrected relative areas

An absolute method
Direct calibration of machine from optical constants
Experimental determination of calibration factor
The synthetic boundary cell
Comparison of methods-—=experimental data

Recommended procedures



The énalytical ultracentrifuge (UC) utilized for these
studies was designed aﬁd tuilt at the California Institute of
’Technulogya Tnasmich 2g no description of it has been published,
a brief gynoposgis of thé mechanical and optical features employed
. Qill be presented here, A discussicn of the principles involved
in determination of concentration gradients within the cell and
an evaluation of the factors which affect the bage line position
and apparent concentration of a component will also be presented
because this material is ﬁot conveniently available in the
1itérature. lestly, several methods used for determining the
concentration of a component in a mixture wiil be disﬁussed and
eveluated, and a procedure recmmmeﬁded for analysis of the cyto=

plasmic protein mixture,

A, DESCRIPTION OF THE INSTRUMENT
The rotor and cells were manufactured by the Spécialized

Ingtrument Corporation, Belmont, California, and are ldentical
-with those employed in the Spinco Model E Ultracentrifuge. The
distance from the center of the elliptical=ghaped rotor to the

top edge of the compartmenﬁ in which the sample is placed is

5,74 cm, in the conventiocnal 0811, In order to eliminate convection
" currents caused by materisl reflecting from the Qallsg the sample
compartment is sector ghaped, the angle subtended being Aoa A

"dummy" cell is used in the opposite side of the rotor as & balance,
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The rotor is suspendéd inside an armored and insulated
chamber on & 0,10" stesl piano wire which is directly coupled to
& synchronously driven electric motor. The power supply consists
of an audio oscillator, & phase splitter and two power zmplifiers,
- together with appropriate regulating equipment. Acceleration
and deceleration are obtained by manually sdjusting the frequency
of the oscillator. The speed at any time may be determined by
matching the frequency of the oscillator with the speed of the
rotor, using an oscilloscope to detect synchronism. Since the
oscillator is accurateiy calibrated, the speed of the rotor may
be determined to a high degree of accuracy.

The optical system employs conventional schlieren opties,
except that parabolic mirrors, as in the Swingle electrophoresis
apparatus (Swingle, 1947), are used in place of lenses. The
knife edge is permanently fixed at 450, but the entry slit may be
rotated to achieve the samegesult as 1s ususlly obtained by
rotating the knife edge in other schlieren optical systems. The
cylindrical lens of Philpot (Philpot, 1938) is utilized to give
a dn/dx, x diagram directly from the concentration gradients in
the cell. The schlieren diagram is visualized on a viewing screen
which is also equipped with a camera back that accepts a standard
3 1/4" and 4 1/4" Graflex plate holder. The incident beam is
suitably masked so that six pictures may be taken on each plate.,
An unfiltered AH-6 high pressure mercury lamp is used as the

light source.
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The tempersture of the rotor is measured continuously
during a run by a thermocouple system that indicates the temperature
differential between an exilsrnal reference junction and an internal
junction which 1s rigidly positioned in the rotor slip-stream,

‘The precision of this system is of the order of + 0.02° C. and

the overall accuracy probably of the order of * 0.050 C. when
calibrated against diphenylether in an atmosphere of 2 mm hydrogen.
Temperature control is accomplished by regulating the temperature

and rate of flow of water circulating through copper cooling

coils which surround the ingide wall of the rotor chamber. Conduction
of heat from the periphery of the rotor to the cooling coils is by
means of the hydrogen atmosphere (2 mm pressure) maintained inside

the chamber. W¥With practice, temperature during a run may be kept

constant to within + 0.05° C.

B. OBSERVATION OF CONCENTRATION GRADIENTS WITHIN THE CELL

During the course of a velocity sedimentation run,
molecules are separated from one another on the basis of their
effective hydrodynamic mass, In a systen composed of two molecular
species, A and B, with sedimentation rates of SA and SE’ respec-
tively, the concentration of each of the speciles at two different
times during a run may be represented as shown in the upper two

diagrams of Figure 18. (The treatment given here is for a cell

with parallel sides but is equally apvlicable to the conventional
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Figure 18, Relationship between C vs. X curves and dn/dx vs. X curves

for =z two component system,

Disgrams A and B represent

concentration gradients in the cell at two different times

during sedimentetion,

Diagrams € and D are the corresponding

derivative curves such as are observed with the schlieren

optical system.

See text for full sxplanation of gymbols,
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} sectérnshaped éell when the dilution effect due to the sector
shape is taken intc conéideration, as discussed below.) In
thesé diagrams concentration is shown as a function of the distance,
X, from the axls of rotation, Superimpoéed on the X-axis is the
_position of the meniscus, M, and the end of the cell, E, farthest
from the axis of rotation. Initially the cell is fillled with a
uniform mixture of molecular species A and B but as sedimentation
proceeds both species sediment from the meniscus, leaving a region,
o, of pure solvent behind the moving boundary of the slowest
component, Since the rates of sedimentation are different, the
two molecular species a&lso become separated from cone another and
there exists a region, a, where only species A4 is found &nd a
region, b, where both species A and B are present. The concentra-
tion of species A, a, may be readily determined in region =, but
the concentration in region b,@B, is the sum of the concentrations
of A and B. Thus the concentration of B is gﬂ— Qe

The two general methods used to observe sedimentztion are
based on either the absorption charzcteristics or the refractive
index properties of the molecules., At the present time only
refractive Index methods are extensively used, largely as a
result of the "scale method" introduced by Lamm [Lamm (1937),
Svedberg and Pedersen (1940)], the schlieren lens optics of
Tiselius, et 2l. (1937), and the Philpot-Svennson cylindrical
lens modification of the latter [Philpot (1938), Svennson (1939,

1940, 1946)]. These methods as applied to the ultracentrifuge



 have been described in detail by Svedterg (1940), Pickels (1942)
and by Lundgren and Ward (1951). With the schlieren optical
gystem and a cylindrical 1sns, a plot of dn/dx vs. x is obtained
&irectly on the photographic record. Such curves (cf. Figure 18
¢y d) may be employed to follow the rate of sedimentation and to
evaluate, subject to the limitations discussed below, the con-

centration of the components,

The dn;dx, x diagram: TFigure 18 ¢ and d are the
dn/dx, x plots for the situations depicted in Figure 18 a =nd b,
respectively. The maxima of the dn/dx curves correspond to the
inflection points of the ¢ vs. x plots and the limits on the
X-axis corres:ond to the points where the concentration does not
change with distance in the cell, That is, where dn/dx = O the
curve returns to the bage line, Thus any elevation of the dn/dx,
X curve above the base line due to solvent alone 1s an indicetion
that the dn/dx gradient in that portion of the cell where the
base line is elevated is greater than expected from the solvent
alone. Provided the “Cecii—Ogston effect® [Cecil and Ogston
(1948)7] is negligible and the true position and shape of the
base line may be determined, this elevation of the dn/dx, x curve
is & sensitive means of determining whether heterogeneousmaterial
which does not form definite peaks is present. In the idealized
example presented in Figure 18, the total area under both dn/dx

peaks is a function of the total concentration of 4 and B and is
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the same in thé two lower diagrams. However, since diffusion

occurs simultaneously with sedimentation, the concentration
gradients decrease with time. For this reason the ¢ vs. x

gradients in Figure 18 b are not as sharp as in Figure 18 a end

. the height of the corresponding dn/dx peaks is not as great in
Figure 18 4 as in Figure 18 ¢, although the area under corresponding
peaks is the same, If the refractive index increment (dnAmit
weight of material) is the same for both species A and B, then

the ratio of the ereas under the respective peaks is the ratio

of theconcentration of each component.

Calculation of the Area to be Expected under a dn/dx,

X Posks The refractive increment, N, for each molecular species
in a mixture is the product of the specific refractive increment
(a) (refractive increment/gm./100 ml. solution) and the con-

centration (C) of each species.
N =a Eqn. 1.)

The total refractive increment arising from the solut#spacies is
the sum of the refractive increments of the individual species.
Svedrerg (1940) first derived the relationship relating the area
under the dn/dx, x curve obtained by scale optics to concentration.
For schlieren optics, a useful form of Svedberg's basic equation,

adapted from Cecil and Ogston (1948), is:
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= - A

mﬁMSMC ab tan ¥

where ¥ is the refractive increment; A the area of the peak measured

a =

c = 9 (E:q.ﬂn 2-)

2
in cm. 3 ME the enlargermagnification; M, the magnification of the

8
schlieren lens; M, the magnification of the cylinderical lens; a,

C
the focal length of the focusing lens; b, the thickness of the
fluid layer in the cell, and ¥ the angle of the diagonal knife edge
from the vertical {or the angle of the entrance slit from horizontal
in our instrument). From ¥Fqn. 2 it is possible to compute the
area, A, to be expected in an enlargement of the dn/dx, x diagram
due to a given concentration of a comoonent of knownspecific
refractive index, or, conversely, if the area of the peak is known
the concentration of the component may he computed.

Some of the considerations invelved in determining the

true area under the dn/dx, x curve will now be considered.

True Concentration in s Sectorial Cell: The considerations above

apply to en idealized case where the sides of the cell in which
sedimentation occurs are parallel., In practice, a 40 sector-
shaped cell is used to eliminate convection due to sedimenting
particles striking the sides of the section., This means that when
the materisl contained in a volume element of thickness dx at XO
is moved to Xn by sedimentation, the same quantity of material is

now spread through a larger volume of solvent (Figure 19). The



- 177 -

Tigure 19, Dilution Effect from Xo to Xn in a Sectorial Cell,
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vblume in each element of thickness dk is proportional to (XO)2
and (Kn)z, respectively. Hence the dilution factor is given by
(XD/Xn)z, and 1f the concentration at Xo is Co’ then the concentra=-
tion, Cn’ at X is given by:
2
C, =S T~ | (Zqn. 3.)

The concentration at the meniscus at the beginning of a sedimentation
run 1s the total concentration of the material placed in the cell,
This is the only point at which an analytically determined con=-
centration exists and is ususlly teken as CO. The pogition of the
meniscus with reference to the axis of rotation is Xo’ ana the
centers of the dn/dx, x pesks as the components sediments through
the cell are X1, Xz, aes 9 Xn. From measurement of the area under
each peak, a serleg of wvalues, Aq, 32, sae 9 An is obtained., After
correction for the dilution factor these measured wvalues should

all be equal to a constant, Ao’ which 1s proportional to Co‘ In

a monodisperse system this dilution effect is the only factor
which should decrease the concentration of the sedimenting component,
and hence the concentration gradient, dc/dx, as it moves through
the cell, If the base line may be accurately located, the
constancy of Ao (A1, Az, eoa An after correction for dilution)
may be used as & test for loss of faster or more slowly sedimenting
components which are not present in high enough concentration to

be discernlble as a discrete peak,
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The magnitude of this dilution effect under the conditions
prevailing in the rotor used in these experiments is shown in Figure
20. 1In curve A of this Figure, the reciprocal, (Xn/Xo)z, of the
dilution factor has been plotted for X values from 5.74 cm. to
» 7.21cme, the distance of the top and bottom, respectively, of the
sector of the normal cell from the axis of rotation. The appropriate
correction factors for the synthetic boundary cell, in which the
distance to the top reference line (the bottom of the insert cup)
in the cell is 5.87 cm., are shown in curve B, These tvo curves
are given only to illustrate the magnitude of correction necessary
and not as cslibration curves since the meniscus is very seldom
at the top of the sector due to formation of an air bubble

during filling of the cell.

The Johnston-Ogston Effect: In monodisperse systems, or

in polydisperse systems vhere the sedimentation constant of each
component is independent of concentration and where resolution of
components is complete, the considerations above with regard to
determination of concentration from ares znalyses apply without
reservation., If, however, the sedimentation rate of the more
slovwly sedimenting component in a mixture is strongly concentration
dependent, the trailing side of its sedimenting boundsry, which is
in a region vhere ths total concentration is less than at the

front of the boundary, will sediment more ravidly than the front

edge of the same boundary. Johnston and Ogston (1946) examined the
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guantitative asvects of this phenomencm and have shoun that under
these conditions the concentration of the slow component is always
greater at its boundary than it is in the initial mixture. This
causes the dn/dx, x curve to register an enhsncement of the area
under the slow peak. An apparent decrease of the area under the
fast peak occurs due to a negative dn/dx gradient of the slow
component across the boundzry of the fast component.

Fortunately, since the 195 protein charzcterized here
does not exhibit any concentration dependence, the Johnston-
Cgston effect need not enter into area analyses. It is important,
though, in determining the concentration of a component from area
measurements made on a mixture, that the possibility of such inter-

ference be examined,

C. MEASUREMENT OF THE AREA UNDFR A dn/dx, x CURVE

The theoretical considerations involved in determining
the concentration of'a component from the arez under the dn/dx,
x curve, discussed above, presuppose that the correct area under
the curve may be measured accurately. In practice, the zccurate
measurement of this area poses several complications. The
discussion of the complications will be divided into those factors
which affect the position of thelmse line, and those factors which
affect the shape of the base line., Methods for partially overcoming

these difficulties have been developed and will also be discussed.
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Factors Affecting Base Line Position: The shape of the

dn/dx, x curve is determined by changes in dc/Adx or dn/dx with X,
but the position of the curve with respect to some fixed point in
the optical axis is a function of the magnitude of dn/dx. For
example, if an emnty cell is placed in the static rotor end aligned
in the optical path, the shadow of the knife edge is a straight
line, for there is no change in dn/dx witk X. The position
relative to the optleal axis of this knife edge shadow through
air remains the same so long as the position and angle of the
knife edge itself remains unchanged with respect to the optical
axis. Thus, the position of the knife edge through an air bubble
at the top of the cell may be used as a fixed reference point
common to reference runs with solvent and to sedimentation runs.
Similarly, if the cell is filled with liguid and placed in a
static rotor, dn/dx will again be zero and the knife edge shadow
position will be identical with its position as seen through
air., Such an effect is shown in line a, Figure 21.

As soon as the liquid column in the cell is subjected
to & gravitational field, foreign concentration gradients or
extraneous dn disturbances, both of which register as changes in
the dn/dx, x pattern, are created. Such effects may be separated
into those due to the solvent and cell employed, and those due to
sedimenting materilal.

Disturbances due to the solvent and cell, vhich may be
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Figure 21, Position of Knife Bdge Shadow {Base Line) on the dn/dx,
x Diagram under Different Conditioms, '
Line A - Pogition throﬁgh air or through liquid in a static rotor.
Lines B and C = Relative elevation of base line dus to change in
gravitational fisld. B, at 500 r.p.s.; C at
800 ropes.

Line D = Relative elevation and curvature of base line due to
window distortion at 1000 r.pe.s.
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deternined by means of & sultable '"reference" run with solvent
alone, are:

1. Compressibility of the solvent. All liquids are com=
pressible to some extent. This accounts for the finite value of
dn/dx in a gravitational field and the subsequent elevation of
the base line position through the liquid layer relative to the
position throughair. The magnitude of dn/dx and the effect of

compressibility may be determined as follows:

«;‘—I—l = .d.'_}} - QE 3
dx dp dx (Eqn. l{--)

From the equation for pressure [pressure = (mass).(gravity)e
(height), or dp/dh = (m)+(g)],

%XE =pw % (Eqn. 5.)
whefe E>= density, (v the angular wvelocity, x the distance from
the axis of rotation and ngx is the gravitational field;

The refractive index, n, is proportiocnal to the density

of the ligquid, or

ns= Ke (Eqn. éa)

and

no =X eo’ (Eqno 6b)

where X 1s a proportionality constant. Differentiating Egn. éa and

substituting the value of X from Eqn. 6éb,

dn = —— ap (Eqn. 7)
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But since dn/dp is the function desired, hoth sides
mey be divided by dps
an_ "o X

0
=22 (Zqn. 8)
dp Po dp

The term % s the change in density with pressure, may be defined
in terms of density alone by introduction of the coefficient of

compressibility,@ , which is defined as

4av d
@“g%“%p (Ean. 9)
d 5 = (‘5{’ (Eqn. 10)
Substituting Eqns. 5, 8 and 10 in Egn, 1,
2 2
dn _ o w2 o, B? w x ]
I R mommm . pre = (Eqn. 11)
dx eo @? ? eo

If we consider ﬁ to be constant and the variation of E:e
to be small over the pressure range, then dn is a linear function

dx
of GJ and x. Thus the value of %Z for a constant position in the

cell )(x) y is proportional to the second power of the angular velocity,
and at a constant angular velocity, it is proportional to x. In
the Spinco rotor, the cell limits are at 5.74 and 7.20 cm., hence
the change in dn due to change in the gravitational field over

ax
the length of the cell is 72/57 of the value of dn/dx at 5.74 cm.



The magnitude of this change (12.70/0) may be seen in proper
perspective when it is realized that the chznge from a static
rotor to a speed of 900 r.p.s., which chenges the value of dn/dx

2 =010 b&z = 3.2 x 106),

approximately 32,000,000 fold (from (J
produces only about 2 ¢m. rise of the base line above the reference
level through air. In comparison, s change of 12.7°/0 in dn/dx
through the cell is too small to be detected.

Thus,-compressibility of the solvent has the effect
of raising the base line relative to some fixed reference point
in the optical path, as shown in lines b and ¢, Figure 21,
and Figure 22, but does not impart a slope to it.

2. Window distortion. At speeds from about 500 r.p.s. upward,
the quartz discs which cover the ends of the center sector in the
cell become distorted in their mounting and bulge outward at
the far end, producing a lens effect which acts as a non-uniform
vdn/dx gradient. The magritude of the effect is variable, depending
on the speed, the particular quartz discs, their mounting, and the
cell employed. The effects, though, are manifested as an additional
slope &t both ends of the cell, as shown in line D, Figure 21,

3. Sedimentation of buffer salts. Some large inorganic ions
used in the solvent to maintain pH or to suppress charge effects
may be slowly sedimented in high gravitational fields. Sedimentaticn
of the salt ions may be detected by making a refersnce run with
solvent alone under conditions identical to those used for a normal

run. If the shape of the base line changes with time, sedimentation
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is oécurring ahd it will te necessary to make a reference
exposure under the samé conditions and at the same time as each
of the exposureg in a normal run. No evidence for the sedimentation
of maleate ion in the tuffer used wag found in these studies, and
~ Cecil and Ogston (1948) reported no sedimentation of acetate ions
at 1C00 TepaS.
TThen a sedimenting component(s) is introduced into the
system, several additional factors affect thé shape of the dn/dx,
x diagram:

1, The first of these factors is the dilution effect discussed
above. This simply lowers the de/dx gradient, and hence the dn/dx
gradient, as a component moves through the cell from Xo to Xn‘

2. The second effect due to the oresence of a sedimenting
component, & change in slope of the base line ahesd of the sedimenting
boundary, was first descrihed by Cecil and Ogston (1948) in a

(3-1actoglobulin system. They attributed this change in slope
to the difference in the absolute refractive indices of the solvent
and the soluticn acting in conjunction with the distorted cell
windows (which form a lens) to alter the focal length of the entire
optical system and cause an incfease in slope of the base line
above that expected on the basis of a reference run with solvent
alone. The magnitude of this effect, if this is indeed the true
explanation for it, should be dependent on the concentration of

solute (which determines the differentisl between the indices of
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refraction of solution and solvent) and the amount of cell window
idistortion. Under such circunstances, it may not always be possible
to discern the presence of the Cecil-Ogston effect.
With @—1actoglobulin of very high homogeneity, Cecil and

.Ogston, using & "base line filting" procedure which they describe,
were able to measure in sedimentation diagrams, about 99°/b of the
refractive index increment expected on the basis of differential
refractometer measurements of the solutions before centrifugation,

3+ Another possible disturbance of the position of the base
line in front of the sedimenting component is backward diffusion
of the solute from the end of the cell. This phenomenonwill
occur with a slowly sedimenting and rapidly diffusing meterial
and will be most marked late in the run, for at this time the
concentration gradient at the extreme end of the cell (due +o
piling up of solute by sedimentation) and the time for diffusion
will both be greatest. The result will be a change in slopé of
the base line ahead of the sedimenting boundary, just as in the
Cecil-Ogston effect above. Under certain conditions, in fuct, the
two effects may be indistinguishable. This backward diffusion
effect has not been discussed in the literature and is probebly
unimportant for most systems studied in the ultracentrifuge,
Certainly it was of no importance in the studies on cytoplasmic
proteins because in these systems the protein is actually packed

as an insecluble pellet at the end of the cell.
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Fixing the Base Line Position: According to Cecil and

Ogston (1948) the correét base line may be determined by fitting
a tracing of the reference base line made with solvent alcme
to the base line ahead and behind the dn/dx peak on an experimental
‘curve, tilting the reference base line ahead of the peak to fit the
increased slope due to the protein solution (Cecil=-Ogston effect,
above) so that the two parts of the reference base line intersect
at the‘center of the peak., Only experimental curves in which
there_was considerable length of base line on both sides of the
peak were used, By their technique, the authors were able to
measure and compute corrected areas to about + 20/0.

With the schlieren diagrams obtained from the ultra=
centrifuge employed for the studies repcorted here, however, it
is necessary to use a fixed reference point in addition to the
method of Cecll and QOgston, to locate the base line. This‘is
necessary because of an optical imperfection, as yet undefined,
vhich makes the knife edge shadow fuzzy. As a result, its
apparent position on a vhotographic plate is somewhat dependent
on the exposure given; the longer the exposure, the lower the
position of the knife edge. To obviate the exposure effect, a
series of reference exposures was made at each of the speeds
used in norma1>0peration of the instrument, using a fixed glit
angle and mechanical stops on the knife edge to define a repro=

ducible position with respect to the optical axis. Calibration
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_ at‘each speed was necessary because the apparent knife edge
position, when fixed at a given point relative to the optical
axis, is a function of dn/dx through the cell, which in turn
depends on the gravitational field acting on the ligquid column,
-These reference base lines, therefore, were rigidly defined with
reference to the optical system and, most important, with respect
to an edge of the mask which limits the area of the photographic
plate exposed to the incident beam., This mask 1s, of course,
permanently fixed in relation to the optical axis. Thus, all
variables were reproducible and the effects caused by poor
definition of the knife edge could be minimized by using fixed
reference points instead of a hazy shadow, As a result, the
location of the base line was better defined than by use of the
Cecil=Cgston technique alone, Thils is important, for small errors
in location of the base line greatly affect the area under a broad
peak.

Even with this modification, however, the accurascy obtain-
able is not as great as 1s desirable, probably due to failure to
properly orient the base llne. Some of the results obtained are
shown in Table XXI and are discussed below in the section on

calibration,

D. GENERAL DISCUSSION

In polydisperse systems where all components have the

same specific refractive index and may be completely resolved, the
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TABLE ZXXI

MEASURED AND CORRECTED AREAS UNTER THE dn/dx, x CURVES
OBTAINED DURING SEDLMENTATION OF  “OVINE SERUM ALBUMIN

‘Protein Conc. Measgured Computed Average
mg./ml.” (x /%) Area” Area’ A,
3.80 1.090 634, €90
1,136 610 694
1.169 582 €78
14201 534 640
1.237 497 615
661
7.55 1145 1177 1347
1.160 1166 1351
1.177 1132 1334
1344,

*  Determined by precipitation with TCA and drying to constant weight,

#*% In arbitrary planimeter units at an enlarger magnification of
13,05 diameters.



propprtion of each component in a mixture may be simply determired
by correcting messurements of the area under the dn/dx, x curve

of each component to a common lewvel in the cell (usually the
meniécus) an@ for the Johnston-Ogston effect. From the proportiems
of each component and the total concentration, determined by
-suiteble analytical methods, the absclute amount of each cocmponent
may be determined. If the specific refractive indices differ
nmarkedly, appropriate corrections for this difference must be

made., The concentration of each component may be found by come

bining Egne. 2 and 3 and rearranging:

2 2
R Y A Ty
° @ Xo dMé M, M, &b tan V¥ Xo
§°C
(Eqn. 12)

If resclution of one or more of the components is
incomplete but all components are resclved from the meniscus, the
above methods may still be used. It will be necessary, though, to
reconstruct the incompletely resolved curves into their component
parts, Methods for performing this reconstruction are given by
Svedberg (1940).

Incomplete resclution from the meniscus is a much more
gserious problem and until recently the concentration of the un-
regclved component could be obtained only by determining the
concentration of all the other components and subtracting them from

the initisl total concentration, In the case of a complex mixture
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such éa the cytéplasmic proteing, this procedure proved exceedingly
difficult. As an alternative, during the early phases of this
work, when the whole cytoplasms of a number of species of plants
were examined and the proportion of Fraction I protein estimated,
an approximatg method was used. The areas under the Fractlon I
protein peak and under the peak representing the incompletely
resolved proteins were measured in several photographs where

the 198 component was completely resolved from the more slowly
moving components. No dilution corrections were applied for
dilstance down the cell, The specific refractive incrsment was
assumed to be the same for all components and the percent of the
total refractive increment contributed by each component was
computed., These values were averaged for the available exposures.
By this method, the percent of Fraction I protein showed a steady
decrease with distance through the cell, as would be expected from
both dilution effects and from increased resolution of low
molecular weight material from the meniscus. Since at that time
there was no way of knowing what the refractive area of the
incompletely resolved component should be, the accuracy of the
methed was unknown. By measurement of the area under the 198
peak in a seriles of samples run at identical concentrations in

the ultracentrifuge, it was possible, though, to get good com=
parisons of the relative amounts of Fraction I protein in a series

of samples even if the absolute amount of 1t could not be determined.
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w the absolute amount of

An accurate nmethod of determini

Fraction I proteins wasbnecessarya however, for studieg of the
- physiclogy and bioehemﬁsﬁry of Fraction I. Accordingly, consider-
able time wag spent in attempbing to develop an exact assay
.procedure for this vrotein,

.The narticular centrifuge emrloyed for these studies
presented two problems which had to be overcome. The first and
most serious of these preblonsg was the "fuzoy" knife edge shadow
and attendent difficulties in properly locating the base line
so that corrected area measurements would be constant to within
a few per cent. A partial solution to this problem has been
discussed above, but it is at best only an expedient, and not a
substitute for optical perfecticn. It sbill leaves an element of
douht as to the exact loeation of the basge line.

The second problem wag to determine the amount of protein
the area under a dn/dx, x curve corresponds to, since the constants
of the optical components in the centrifuge are not known. The

constants Iinvolved are M., Mﬁ, a; by, and T in Tgn, 12, IFf these
J ,

S

factors are held constant and o is algo assumed to be constant for

-all proteins, then

- 12 2
’ - - s = - 200N. 1.
o a 4{0 ) ,@K ,&0

vhere X = (a)(MS)(M?) (a) (v)(tan 7). Since €, may be determined

independently, the value of K may be experimently determined by
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calibratlon with a homogenous protein, such as crystalline bovine
© serum albumin (BS&), in the cell. The procedure employed will
be described in detail.

Two calibration runs were made in a 12,00 mm cell, using
bovine serum albumin et a concentration of 3.80 and 7.55 mg./ml.
in C,1 ionic Strength potassium maleate buffer of pH 7.0. The
s1lit angle wasg 339 An appropriate stop was employed during the
calibration runs and the reference run with buffer alone. The
rung were continued until the albumin peak was about 6Q°/o of the
way through the cell, Exposures intervals were so timed that 3 = 5
photographs in which there was considerable base line on either
gide of the peak were available for measurements. Tracings of
the dn/dx, x paﬁterns were made at an enlarger magnification of
13,05 diameters. The base line was arbitrarily located from the
refarenc;{?; described in Section C above. The areas under the
dn/dx, x peaks were measured with a planimater.* Measurements
were repeated until the range of three values was within 1%/o
of the total area messured., The average areas measured, in
' plani#eter units, and the appropriate correction factors for
dilution are given in Table XXI. The average of the corrected
areas corresponds to 178‘andv374 planimeter units per mg., protein
for protein concentrations of 7.55 and 3.80 mg./ml;, respectively.,
The average, 176, may be used to convert area measurements to

protein concentration as long as the planimeter constant and

Lasico Serial No. 1613 = Chem, Dept. No. 2803.
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enlarger magnification remain the same., For use with other
planimeter& or with a different enlarger magnification, the value
of X in Eqn. 13 may be computed.

The planimeter constant was found to be 99.94 units per
bcmz. Employing the average value of 176 planimeter units/mg.

pratein/ml., the value of X is found from:

vAo/planimeter constant 176/99.94
K = = = . - .
w2 o (13.05)% (1.0)

= 1,034 x 1072 cm%/mg. protein,
This value is applicable under any conditlons in this particular
ultracentrifgue provided only:
1. That the material be examined in a 12,00 mm sector,

2. That the material have the same specific refractive

increment as BSA,
3. That the glit angle be set at 1°.

By using the "area constant! and the arbitrary method of
positioning the base line, outlined above, it has been possible
to determine the amount of Fraction I protein in whole cytoplasm
to about + 5°/0 of the smount present. The estimated amounts
‘measured in this way are probably low because it has been found
that>as sedimentation proéeeds the corrected area deﬁreasesa This
anomalous decrease in afea is probably due to incorrsct positloning
of the tase line. The whole cytoplasm system is convenient to

work with for there is very little elevation of the bage line in



‘frontAof the 195 or 265 peaks, leaving little ambiguity in
interpreﬁation of the afeas. In twice=-sedimented Fraction I
protein preparations, however, the base line in front of the

198 and 268 peaks is elevated considerably, apparently due to the
presence of heterodisperse materiai that does not form discrete
peaks. This makes area measurement and correction difficult., This
in turn leads to errors which, percentage wise, are negligible
for Frﬁction I protein assay but which have a very large effect
on the small amount of slow component computed by difference
between the total protein content and the Fraction I protein
content. When_it is necessary to lmow the concentration of low
molecular weight material accurately, a new type of cell recently
developed by Schachman (1952) has proven useful.

Low molecular weight material is not resolved from the
meniséus in the normal cell because the rate of diffusion back to
the meniscus i1s as great as the rate of sedimentation in the
gravitational fields employed. The "synthetic boundary" cell
dewveloped by Schachman obviates this difficulty by forming a
sharp, stable protein seluticnpbuffer boundary after the rotor
is running at 60 to 80 r.p.s. This creates a gharp gradient
 between the solution and solvent, just as is formed during

sedimentation, The fast maviég components sediment as usual
band the low molecular weight material remains more or less stationary

- at the solution=solvent interface, where its concentration may be
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measured by the change in refractive increment across the interfece.,
Since the low molecular weight meterial is heterogeneous, the
heaviest portion of it is sedimenting and the lighter portion is

- diffusing backward through the buffer layer. The buffer layer,
however, is of sufficient depth that material does not diffuse
completely across it before the fast component has sedimented
clear,_affording a measurement of the true concentration gradient
across the solution-solvent interface. This technique sensitively
detects concentration changes across an interface, hence it is
necessary to eliminate all gradients except the gradient due to
protein alone, This is accomplisped by throughly dialyzing the
footein solution against the same buffer solution used to overley
it in the cell, This eliminates all salt concentration effects
except that due to the Donnan eguilibrium across the dialysis
membraﬂe. By means of this technique it is possible to estimate
accurately the concentration of only a few percent of a low
molecular weigh® compenent in a mixture of predominantly high
moleculer weight material, Simultaneous estimetion of large
percentages of the high molecular weight materisl present in high
concentration is difficult because there is very limited space
available between the solution-solvent boundary and the region at
the end of the cell where ancmalies occur, and beceuse concentration
of the high molecular welght components in a mixture where only a

feu percent of low molecular weight meterial is being essayed is
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so great that 21l of the corresponding dn/dx peak cannot be
 Photographed (cf. Figure 17).

The analyses of a sample of spinach whole cytoplasm by
the different methods used during these investigations will be
~ presented as a summary., FPhotographic records of thé analyses in
the normal cell and in the synthetic boundary cell are shown in
Figures 23A and 23B, respectively. Hstimations of the amount of
the 198 component in this sample, computed in three different
ways, are tabulated in Tabie XXIT.

The relative amount of the total rgfractive ares in the
2100 and 2400 second exposures in Figure 23A that is due to the 198
component is shown in Section A, Table XXII., DBecause the low
molecular weight, heterogeneous component is not completely
resolved, its area continues to increase as the heavier portion
of it slowly sediments. Simultaneously, the area under the 198
peak decreases because of the dilution effect as this compbnent
moves through the cell. The net effect, on the basis of relative,
uncorrected areas, 1s to decrease the apparent amount of the 198
component as sedimentation‘proceeds. Thus, choice of the particular
exposures maaﬁufed will have a significant effect upon the amount
- of Fraction I protein determined by this method. This is
illustrated by the observed differenca between the two exposures
measured.,

It should be emphasized that the relative area method

uged here is basically unsound unless the area of zll components
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TABLE XXII

COMPARISON OF THE AMOUNT OF FRACTION I FROTEIN IN A SPINACH WHOLE
CYTOFLASM PREPARATICH AS ASSAYED IN THE NORMAL CELL AND IN THE
SYNTHETIC BOUNDARY CELL

Initial Protein Concentration 7.20 mg./ml.

A, Normal cell=--Relative arsa method.

Area* under Total |_Percent of total area under
Exposurs ¥* 17198 peak | slow peak | Area# 198 peak slow peak
2400 sec., 382 650 1032 36.9 63.1

B. Normel cell--Corrected area-protein calibration method.

Average corrected area under 198 peak 453%
Protein squivalent of corrected aresa 2458 mg.
°/o Fraction I protein (2.58/7.20) 35.8

C. Synthetis boundary cell-=both methods of computationm.

Average corrected area under 19S peak 485%
Average corrected area under slow pesk OLL*
Total area 1429%

o/o Fraction I protein based on total refractive
increment (485/1429). 34.0

Protein equivalent of average area under 193 peak, 2.7 mg.

®/o Fraction T protein based on amount of 198
component in mixture (2.76/7.20). 38.3

%  Arbitrary units. 1.0 mg. protein equivalent to 176 units.
#% Refers to Figure 23A.
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can be measured and corrected for all factors which affect the
area, The agreement bet#een the results in Section A and those

in Sections B or C of Table XXITI is entirely fortuitous., If the
molecular weight distribution of the low molecular weight fraction
had been such that the weight average molecular weight of the
fraction was much lower, then the proportion of the protein in
this fraction that was resolved from the meniscus would have been
lower, the measured area less and the apparent relative amount

of Fraction I protein much higher.

As indicated earlier in this discussion, the inadequacies
of the relative area method where one component is not completely
resolved from the meniscus may be overcome by conversion of the
observed area of the resolved component(s), after suitable
correction for dilution effects, into absolute amounts of protein,
The results of calculations made from measurements on the 1100,
1800, 2100 and 2400 second exposures in Figure 23A are presented
in Section B, Table XXII. The results obtained by this method
are basically sound and may, therefore, be compared with those
obtained by use of the synthetlec boundary cell.

The results of similar measurements and computations for
the synthetic boundary cell rn {Figure 23B) are given in Section
€y Table XXII. In this case, since all components are regolved,

a direct comparison of the relatiﬁe area method and the "absolutbe
anmount” method is possible. The area under the 198 component

peek was taken as the average corrected area measured in the first



four exposures; that of the low moleculer weight component was
taken as the average corrected area under the slow peak in
exposures 2 through 5. In exposure 6, a marked decrease in the
corrected area of the slow component, indicating thalt some of
the very low molecular welght portion of this fraction had
diffused backvard to the meniscus, was observed.

The average value for the amount of Fraction I protein
| determined in the synthetic boundary cell by the two different
methods, 36°/0, is the same as that determined in the normal
cell on the basis of the protein area calibration factor., The

value of 38.3%/0 of Fraction I protein as determined from the

corrected ares under this peak in the synthetic boundary cell
is probably high due to improper location of the base line. This
is believed tc be so beczuse the average total refractive area
- measured was ca. 120/0 greater than it should have been on the
bagls of the measured protelnconcentration of the mixture and the
protein‘area calibration factor., All methods of computation,
except fer the method in Section 4, Table XXII, produced values
within + 50/0 of the average value.

A further use of the synthetic boundary cell to determine
the amount of low molecular weight protein in Fraction I protein
- golutions is shown in Figure 17 (presented in Section III, Part II).

On the basis of the considerations discussed ahove, the
following procedures are recommended for studying the cytoplasmiﬁ’

proteins in the ultracentrifuge:



1., For determination of the sedimentation constants of
components which are resclved from the meniscus, use the normal
cell bécause of the extra sedimentation distsnce available. The
-1low molecular weight fraction is so heterogeneous that a
"sedimentation rate" for it, which may be obteined from the early
stages of a run in the synthetic boundary cell, is meeningless.

2, Por assay of Fraction I protein in whole cytoplasm, use
the normal cell and determine the absclute amount of this component
by means of the area calibration method described above, it low
total protein concentrations, the synthetic boundary cell may
also be used advantageocusly. Where this is possitle, the relative
area method will give satisfactory results,

3. For assay of low molecular weight material in either whole
cytoplasm or in Fractlom I protein preparations, the synthetic
boundary cell must be used. In general, simultaneocus assay of
the low molecular weight fraction and the amount of the 198
component in Fractien I protein preparations will not be possible.
The amount of the 19S component may, however, bte assayed in the
same solutions in the normal cell.

On the basls of these procedures, it is possible to
estimate the amoﬁnt of Fraction I protein in any mixture to a

probable accuracy of ca. 50/0 of the amount present.



- 206 =

REFERENCES

Abrams, Re, Arch. Fiochem., 30, 44 (1951).

Abramson, H.h., Moyer, L.J. snd M. H.Gorim, Llectrophoresis of
Proteins, Reinhold Publ, Corp. Hew York, 1942, .

- Alberty, R.:&,s J. Chem. Tducation, 25, 426 (1948a).
Alberty,>ﬁ.ﬁs, Js Chemn. Bducati@n9 25, 619 (1948b).

Mlen, R.L.J., Biochem, Jay 34, 858 (1940).

ixelrod, B. and 4.T. Jagendorf, Flant Physiol., 26, 406 (1951).
Bacher, J.E. and F.M, Allen, J. Biol, Chem., 183, 641 (1950).
Bandurgki, R.S. and Ba Axelrod, J. Biol. Chem., 193, 405 (1951),
Bawden, F.C. end B, Kassanis, Ann. Applied Biol., 37, 215 (195Q),
Bawden, F.C., and .V, Pirie, Proc. Roy, Soc., B, 123, 274 (1937).
Bonner, J., Fortschr, chem. organ. Naturstoffe, 6, 290 (1950).
Briggs, D.R., J. Biol. Chem., 134, 261 (1940).

Briggs, D.R., Biophysical Research Methods, ed. F.M, Uber
Intergcience Pub. Inc., Wew York, 1950,

Gampbell, J.M., Doctorsl Thesis, University of Celifornia, lLos
Angeles, 1951,

Cann, J.R. and J.G. Kirlwood, Cold Spring Herbor Symp. “uant,
Biol. 14, 9 (1950).

Cann, J.H.s Kirkwood, J.G., Erown, R.h. and O, Plescia, J. am,
Chem, Soc., 71s 1603 (1949).

Cecil, R, and A.G. Ogston, Biochem. J., 43, 592 (1948).

Chibnall, A.0., Protein Metabolism in the Flant, Yale Univ., Fress,
llew Heven, Conn., 1939,

Gohn, E.J. and J.T. Hdsall, Proteins, Anino Acids, and Peptides,
Reinhold Pubil. Corpes lNew Tork, 1943,

Commoner, Be.s Newmark, P.s znd 5.D. Hodenberg, srch. Biochem.
Diophys., 37, 15 (1952).



Davidson, J.M. and R.M.S. Smellie, ©iochems Jay 52, 594 (1952),
Tdman, P., Acta Chem. Scend., 4, 277 (1950a).
Edman, Pas Acta Vhem. Scand., 4, 283 (1950D),

Bggmzn, L., Singer, 5.J. and 5.G. ¥ildman, Ja Biol. Chems, {In oress),
(1953).

Fontaine, TeDes Irving, G.W. Jr., and R.C. Werner, Arch. Biochem,.,

8, 239 (1945). |
Frampton, V.l. and ¥W,., Takahashi, Arch. Biochem., 4. 249 (194A).
Frempton, V.L. and W,11, Takahashi, Phytopathology, 36, 129 (1946).

Goldacre, Rad.s Inter. Review of Cytology, Vol. TI. ed by Bourne, G.He
end J,F., Danielli, Academic “ress, New York, 1952,

Hanes, C.S. and TF.A. Isherwood, Nature, 164, 1107 (1949).

Hiller, L. and D.D. Van Slyke, J. Biol. Chem., 53, 253 (1922).
Holden, M., Piochem. J., 51, 433 (1952),

Hollovey, B.¥W. and S,H. Ripley, J. Biol. Chem., 196,695 {1952).
Johnseon, P., Trans. Faraday Soc., 42, 28 (1948),

Johnston, J.P. and A.G. Ogston, Trans. Faraday Soc., 42, 789 {1946,
’Kaplan, M.0. and D.M. Greenverg, J. “iol. Chem., 156, 511 (1944).
Kirk, P.L., Adv. FProtein Chem., 3, 139 (1947).

chhﬂ’?.ﬂ, and T.L. McMeekin, Jour. in. “hem. Soc., 46,,2066 (1924),
Koenig, V.Le, Arch, Eioch@m,, 25, 241 (1950).

Koenig, V.L., Larkins, L. and J.D. Perrings, Arch, Biochem.

Biﬂphysg, ’3_23 355 (—3952)»
Lamr, CO., Mova Acta Reg. Soc. Scient. Upsala., IV, 10, No. & (1937).

Lenni, F., Peigen, G.A., and A.L. LeRosen, Arch, Bilochem., &, 251

(1945) . ‘



Lansing, 2.T. and T.B, Rosenthel, J. Cell. Comps Physiol., 40,
337 (1952). |

Ling, G., Phosphorus Metabolism, Vol. TT, ed. by McElroy, V.D.
and B, Glass, Johns Hopkins Frezss, Bzltimore, 1952,

Longsworth,L.G. and D.h. MeIanes, Chem, Rev., 30, 323 (1942),
Luggg J»’Z&ZQQHQQ Adv: ?Z’Oteiﬂ Chemgg 2‘3 230 (’!9!4,9.}3

Iundgren, H.P. and W.H. Ward, Amino 4Acids and Proteins,
Fd. Greenberg, Thomas, 1951,

Markham, Ro end T.D. Smith, Blochem. J., é@, 513 (1950);
Markham, 2, and J.D. Smith, Biochem. J., 49, 401 (1951),
Vearshak, A. and H.J. Vogel, J. Biol. Chem., 189, 597 (1951).
MeCalla, A.G., Ann. Rev. Biochem., 18, 615 (1949).

McKee, H.S., Mew Phytologist, 48, 1 (1949),

Meneghini, M, and C.C. Delwiche, J. Biol. Chem., 189, 177 (1951).
Menke, V., Z. Botan., 32, 273 (1938), ‘

Miller, G.L. and B,E. Viller, Anal, Chem., 20, 481 (1948),
Hevberg, Ca and T 8trauss, fxptl, Med. Surg., 3, 39.(1945).

Wewberg, C., Strauss, ¥., end L.&. Lipkin, Arch. Bilochem., 4, 101
(1944.)

Ogur, M. and G, Rosen, Arch, Riochem., 25, 262 (1950).
Onclev, Jalias Ann. N.¥. Acad. Sci., 41,121 (1941),
Philpot, J.S.L., Nature, 141, 283 (1938),

Pickels, EaGay Chem; Reva, QQ, 341 (1942),

Pickels, E.G., Riophysical Regearch Methods, ed., F.M, Uber,
Interscience Publ, Inc., New York, 1950.

Pickels, F.G., Harrington, ¥.F. and H.K., Schachman, Proc, Hat,
Acad. Sci., 38, 943 (1952).



- 209 =

TYE TN o
off 21 ¥ it T\ & el
Ji@s}} B e Rt & | W oo

Pir‘l& £ I\I—Q’"g L ] Biﬂ(jheiﬂ. 'Jo k] '1}::7_5 6‘1 A!lé‘ (3950) %
Sanger, F. and R.P. Porter, Biochem. J., 42, 287 (1948),
SChneidBT‘, é"go{’f‘a, Ju Piolo Lh@fﬂ.g lé_ig 293 (’394,5)9

Singer, S.J., J. Chem. Phys., 15, 341 (1947),

Singer, S.J., Eggman, L., Campbell, J.M. and S.G, Vildman,
Federation Proc., 10, 248 (1951),

Singer, S.J., fggmen, Luther, Campbell, J.M, and 8.C. Vildmen,
J. Biol. Chem., 197, 233 (1952).

Smith, J.D. and R. Markhem, Biochem. J., 46, 509 (1950).

Steele, R., Sfortunata, T. and L. Ottolenglie, J. Biol. Chem.,
177, 231 (1949).

Steward, F.C. and J,F. Thompson, inn. Hev, Plant Physiol., 1, 233 (1950),

Svedberg, T. and Pedersen, K.C., The Ultracentrifuge, {larendon
Press, Oxford, 1940,

Svensson, F., Kolloid 2., 87, 181 (1939).

Svensson, H., Kolloid Z., 90, 141 (1940).

Svensson, H., Arkiv. Kem. Min. Geol., 224, Mo, 10 (1946).

Swingle, S.M., Rev. Sci. Instr., 18, 128 (1947),

Thompson, J.F. and G.R, Morrison, Arch. Chem., 23, 1153 (1951).
“Thorell, B., Cold Springs Harber Symp, Juant. Eioia, 12, 247 (1947).

Tiselius, A., Pedersen, K.C. and T. Svedberg, Nature, 140, 848
(1937). '

 Vickery, H.B., Physiol, Hev., 25, 347 (1945).
Wildman, S.G. and J., Bonner, Arch. Biochem., 14, 381 (1947).
Wildmen, S.C. and J. Bonner, Sci. Yonmthly, 70, 347 (1950).

Wildman, $5.G., Carpbell, J.lM. snd J. Bonner, Arch, Eiochem., 24,

9 (1949a).



Wildman, 8.G., Cheo, C.C. and J. Bonner, J. Hiol, Chem., 180,
985 (1949b).

Wildmen, S.G. end A.T. Jagendorf, ann. Rev, Plant Fhysiol., 3.
131 (19528).

Wildman, S.G. and 4.T. Jagendorf, Unpublished (1952b),
"s;ﬁsfi]_lj_aﬁs, RoCa, {:'Xp'tvla Cell RE?S-; ég 188 (3953);
Williams, R.C., Biochem., et biophys, acta, 8, 227 (1952),

Vood, J.G., Ann, fev. Biochem., 14, 665 (1945),



