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ABSTRACT

Ribuiose 1P5“bisphosphate carboxylase hag been .iso
lated from leaves of glanded cotton (Gossvoium hirsutum L0) 
by techniques described in this report0 A yield of about 
4o 5 mg enzyme per gram of leaf tissue has been obtained by 
utilizing a sodium borate homogenizing buffer without the 
addition of any reducing agento Sodium dodecy1sulfate-ge1 
electrophoresis of the isolated enzyme shows the fraction 
to be relatively free of contaminants» A described enzyme 
assay of the isolate gave a specific activity (V max) of 
1o1 yumole CO2 fixed (minute » mg protein)“I at 3°°»

vii



INTRODUCTION

Since its discovery In. 19^7r rIbulose l(i 
phosphate carboxylase (RuBPC-ase or Fraction I protein) has 
become an important enzyme in several fields of study= It 
is the only knovm .carboxylating enzyme involved in net COg 
fixation, and it has been, therefore, the focus of several 
intensive studies to determine its kinetic action and 
enzymic mechanismso .Because it has both a nuclear and a 
chloroplast coded subunit, both often showing heterogeneity 

. upon isoelectric focusing, it can be a powerful tool for 
elucidating evolutionary and phylogenetic relationships 
among plants0 In addition, its aminO acid composition and 
abundance in all fresh leaf tissue has attracted nu
tritional agriculturists as a possible food source0

Isolation of enzymes (including Fraction I protein) 
from plant tissue is often hindered by the presence of poly- 
phenolic compounds which, when oxidized, can form covalent 
bonds with protein* This is especially severe in the case 
of Gossvplum hirsutum L 0 which stores large quantities of 
these damaging'compounds in the mesophyll glands of the 
leaves, stems and other tissues0 Homogenization of cotton 
leaves to extract Fraction I protein releases the ■.poly- 
phenolic compounds from the glands. These, compounds readily
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oxidize and irreversibly complex with other molecules0 Any 
successful protein isolation procedure must somehow reduce 
the binding of these compounds with the desired isolate„ 
Therefore» the objectives of this study, are as followss

lo To obtain a relatively pure and active isolate of
. ribulose l.c;5-bisphosphafe carboxylase from the 

leaves of normal glanded cotton (Gossvoium 
hlrsutum L.0)»

2 0 To demonstrate the purity of the isolate by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis<> 

3» To measure the specific carboxylating activity of
the isolate by measuring the transfer of from
carbon dioxide to phosphoglycerateo



LITERATURE.REVIEW

Discovery of Fraction I Protein 
and Its Eventual Identification as 

Ribulose 1,S-Bisohosnhate Carboxylase
Wildman and Bonner (1947) published their finding of

an interesting protein present in high quantities in spinach
leaves* While attempting to separate and characterize the 
protein to which auxin is "bound, they isolated an electro- 
phoretically homogeneous protein in an ammonium sulphate 
precipitate of the leaf homogenate* Because it precipi
tated with their first, fractional cut, they named it
Fraction I protein* Fraction IT, separated by a higher
ammonium sulphate concentration, was not e16ctrophoretically 
pure and was correctly he11eved to be. a mixture of proteins * 

Fraction I was reported to comprise up to 80 per
cent of.the total soluble.cytoplasmic protein, react with 
several phoephorylated compounds and exhibit an apparent mo
lecular weight of about 2 x lo5„ The phosphatase activi
ties were later physically separated from the main component 
(Mayaudon 1957» van Noort and Wildman 1964) and the re
ported percentage of the.soluble cytoplasmic protein was 
decreased to about 50 percent with improved purification 
(Kawashima and Wildman 1970)* However, the osmotic pressure 
measurement for the molecular weight was within .a,"factor of .

■' . - '■ . ■ ■' 3 V-V : '



three of the now accepted value, of 5»6 x 105 (Kung 1976)0 
Wildman and Jagendorf (195?) isolated Fraction. I protein 
from hoth:spinach.and tobacco leaves, obtaining a yield of 
about 5 mg:per gram of fresh leaf for the latter. .They were 
able to identify this protein.in both species by ultracen
trifugation and selective ammonium sulphate precipitation. 
That: same year. Singer et al. (195?) examined soluble leaf 
proteins from five families of flowering plants and found 
this high molecular weight protein present in all five fami-. 
lies. Upon ultracentrifugation an 18S band was observed, 
indicating a molecular weight of about 6 x 105. This single 
component constituted from 23 to 50 percent of the total 
leaf cytoplasmic protein from all species studied. They 
also noted that this protein.was completely and irreversibly 
precipitated at a pH range below 6,0. This feature was 
probably responsible for the relatively late discovery of 
Fraction X protein, since.nonbuffered leaf homogenates usu
ally have a low pH due to the,overall acidity of most 
leaves.

In the early 1950Vs, Melvin Calvin and his associ
ates conducted their how famous tracer studies to de
termine the path of carbon in photosynthesis, . While con
tinuing their work with exposed algae, they showed
that ribuldse bisphosphate (RuBP) was formed during photo
synthesis from triose and hexose phosphates, and that RuBP 
was carboxylated directly with COg to yield two moles of



phosphoglyceric acid (Bassham et al» 195^) Free -energy 
calculation? indicated that the carboxylation reaction was 
spontaneous if enzymically catalyzed»

That same year Quayle, Fuller, Benson and Calvin 
(1954) performed the first cell free enzymic,carboxylation 
using a crude enzyme extract of Chlorella algal cells«
They added and various sugars to the extract and found
labeled phosphoglyceric acid (PGA) was formed only when RuBP 
was the added substrate. No product was, formed when either 
ribose monophosphate or fructose diphosphate were substi
tuted, and no intermediates were detected between RuBP and 
PGA» '• They were certain that their extract contained at 
least one enzyme capable of driving the reaction RuBP + 
■COg— ►PGA, without any other energy requirements.

Two years later, Weissbach, .Horeckep arid Hurwitz 
(1 9 5 6) conducted the same reaction with a relatively pure 
enzyme from spinach leaves. The isolate behaved as a homo
geneous protein upon examination by electrophoresis and 
ultracentrifugation, and had an apparent molecular weight 
of 3 x 105o They reported the enzyme to have a higher 
carboxylation activity when divalent metal ions were pres
ent, and that this reaction was non-reversib 1 e at pH ?<,
The following year, Borner, Kahn and Wildman (1937) noted 
the similarities between the carboxylating enzyme of 
Weissbach et alo (1956) and Fraction I protein isolated in 
their laboratory» Both proteins were obtained from spinach



6
leaves, and both were homogeneous after electrophoresis and 
Ultracentrifugation, . Furthermore, both enzymes exhibited 
relatively close, values for molecular weight0 The Wildmah 
group suggested the probability that Fraction.I protein is . 
the carboxylating enzyme in spinach.

The first strong evidence identifying Fraction I as 
RuBP carboxylase came from J, MayaudonVs (1957) "Study of 
Association Between■the Main Nucleoprotein of Green leaves 
and Garboxydismutase," In this experiment, he isolated 
Fraction I protein from the leaves of- New Zealand spinach, 
using the same ammonium sulphate precipitation (35 to 39 

percent saturation) as .Wildman” s. group used in isolating 
spinach Fraction I protein. His isolate also comprised the 
greatest part of the soluble cytoplasmic proteins and ex
hibited a single sharp peak upon electrophoresis, The . 
protein was capable of catalyzing the carboxylatior.of RuBP 
with NaH1^002 to produce a heat stable product. This 
activity was highly associated with his Fraction I protein 
and remained so after electrophoresis and sedimentation. No 
phosphatase activity was detected in his Fraction I protein 
after these final purification steps,

Wildman0 s lab also separated the phosphatase activi
ties as contaminants in Fraction I protein (van Noort and 
Wildman 1964), Fraction I protein isolated from tobacco by 
ultracentrifugation appeared to exhibit phosphoriboisomerase 
and- phosphoribulokinase ,activities, as well as.the
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carboxylase activity» However» this same isolate, further 
purified by precipitation with a (Fraction I induced) 
rabbit antibody, retained only the carboxylase activity0 

Trown (1 9 6 5) separated the phosphatase activities 
from the carboxylating Fraction I protein by yet another 
method* By passing a spinach isolate through a Sephadex 
G- 2 00 column, he was able to separate these contaminating 
enzymes from the carboxylase enzyme by virtue of their lower 
molecular weights* Sedimentation equilibrium measurements 
indicated a molecular weight of 5=15 x to5 for the 
carboxylase, a value very close to that of Wildman0s protein 
(Singer et al* 1952)* He concluded that Fraction 1 protein 
is crude carboxydlsmutase (carboxylase), which could be 
further purified on the basis of its high molecular weight* 

The identity of Fraction I protein as rlbulose bis- 
phosphate carboxylase was now certain* Work in several 
laboratories on the physical and enzymic properties of this 
unique enzyme had already begun* These major fields of 
study will be discussed separately.in the following two 
sections*

Physical Properties and Sites of Synthesis 
of Ribulose 1.5-Bisohosohate Carboxylase.

Although previous studies had suggested; that
Fraction I protein is located in the cytoplasm (Wildman and
Bonner 1947o Singer et al* 1952), little evidence was
available on its•specific locale until Lyttieton (195 6)



found that Fraction:1 protein is present only in plant cells, 
that contain chloroplastso He noted an absence of the 
protein in roots? dark grown coleoptiles, and albino leaf 
mutants of com=> He found that the amount of Fraction I 
protein increased rapidly when etiolated leaves were ex
posed to lighto Lyttleton and Ts’o (1958) published 
stfonger evidence that Fraction I protein is present in . 
chloroplastso They separated intact chloroplasts from the 
other cellular constituents, lysed them, and found that at 
.least 65 to 70 percent of the leaf Fraction I protein is 
associated with the chloroplasts. They correctly believed 
that the other 30 to 35 percent was lost when some chloro
plasts prematurely ruptured during their isolation from 
the cytoplasm0 Park and Pon (1961) followed this experiment 
by measuring the relative carboxylase activities of the 
various cellular fractions, They lysed intact spinach 
chloroplasts and found that 90 percent of the total 
carboxylation activity is associated with the supernatant 
proteins of the chloroplast lysate* Electron microscopy of 
this same supernatant revealed oblately spherical particles 
10 nm in height by 20 nm in diameter* Indistinguishable 
particles were seen in Fraction I protein isolated by the 
Standard techniques (specific ammonium Sulphate precipi
tation and ultracentrifugation)*

Early studies had shown Fraction I protein to have a 
relatively large molecular weight (Wildmah and Bonner 1947,
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Singer et alo 1952» Weissbach et ale 1956)o Little else %as 
known of the physical.properties of this enzyme until Pon 
(1 9 6 7) reported his characterization of spinach Fraction 1 
proteino He measured a specific extinction coefficient of 
1082 at 1 mg per ml, a sedimentation coefficient of 1807-S 
and an apparent diffusion coefficient of 3°01 x 10**7 cm2 
sec”l0 The measurements indicated a molecular weight of 
5o59 x 1 0 6o This.same preparation, which had been isolated 
following.the procedure Cf Trown (1 9 6 5)» exhibited a spe
cific, carboxylation activity of 0o64 umole COg fixed 
(minute 0 mg protein)“*1«

That same year, two laboratories reported on the 
dissociation of Fraction I protein into smaller components 
by treatment with SDS, Sugiyania and Akazawa (1 9 6 7) isolated 
a protein of molecular weight 5=15 x lo5 from wheat leaves0 
Treatment of this isolate with SDS revealed considerably 
smaller peptides which were believed to be subunits of 
Fraction I protein. They also reported finding 96 SH-groups 
per whole molecule of Fraction I protein, Rutner and Lane 
(1 9 6 7) reported isolating RuBPC-aSe from spinach leaves that 
was free of contaminants usually associated with Fraction I 
protein (nucleic acids, carbohydrates and smaller molecular 
weight, proteins) 0 Gel electrophoresis of RuBPG-ase in the 
presence of 0=3^ SDS, and Sephadex G-100 gel filtration in 
the presence of 0<,59& SDS, both revealed, two distinct sub- 
units of different molecular weight„ Further, the subunits
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were not covalently linked» Amino acid composition analy
sis. confirmed the existance of two different subunits«
They reported a phenolalanine e. tyrosine s glycine ratio 
of 1 s 0*9 8 2 for the. large subunit (LSU) and 1 a 106 s I d  
for the small subunit (SSU) o'-

Moon and Thompson (1969) first reported approximate 
molecular weight values for the two subunits* They disso
ciated. RuBPC-ase from spinach beet leaves with 8 M urea and 
separated the LSU and SSU by Sephadex G-200 gel filtration* 
The molecular weights were determined by comparing the 
elution volumes of the subunits to an elution Volume vs* 
log^o molecular weight plot of several well characterized 
proteins* They reported a molecular weight value of 
5*4 x 104 for the LSU and 1*6 x 10^ for the SSU* They too 
found very.different amino acid compositions for the two 
subunits* That year, Kawashima (1969) compared the amino 
acid compositions of the two subunits of.spinach and to
bacco t two distantly related species* He found expected 
major differences in the compositions of the SSU"s of the 
two plants* The compositions of their LSU's were, however, 
surprisingly similar*

The subunits, of RuBPC+ase were further characterized 
by Sugiyama, Matsumoto and Akazawa (1970)* Noticing that 
dissociation by SDS inactivated the enzyme» they dissociated 
their spinach carboxylase with urea and separated the sub
units by sedimentation* Although they were unable to
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reassociate the enzyme» they were able to detect enzymic 
activity in the fast sedimenting component (LSU)0 They 
speculated that this subunit may be catalytic and the other 
(SSU) regulatoryo

By 1970, Fraction I protein had been isolated from 
numerous higher plants including members from Lycophyta, 
Cycadophyta, Ginkophyta and Con.iferophyta, as well as ten 
monocot and forty dicot species0 Isolations from non- 
vascular plants and micro organisms included members of 
Bryophyta, Chlorophyta, Oyanophyta and numerous bacteria«
One interesting discovery was the finding of only the. LSU 
in the bacterial species (Kawashima and Wildman 1 9 7 0)»

Kawashima and Wildman (1971a) crystallized tobacco 
Fraction I protein and published micrographs of the twelve 
sided crystals with diameters up to Go.2 mm0 Crystallization 
was.achieved by slowly dialyzing NaCl out of the protein 
solution at a controlled pH0 The crystals were identified 
as Fraction I protein by U»V, absorption, analytical centri
fugation, Sephadex chromatography, immunological properties 
and enzymic activityo The specific carboxylase activity of 
the crystals was higher than that of the mother liquid, 
demonstrating crystallization as a purification step. Kwok, 
Kawashima and Wildman (1971) demonstrated specific effects 
of RuBP, Mg^4- and HCO^- on the solubility properties of 
.Fraction I protein, Mg24- and HCO^-, . together, were shown to 
induce crystallization under proper conditions= RuBP
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inhibited formation of crystals and instantly dissolved 
pre-existing crystals when added inyu molar quantities<,
The group suggested that the solid-fluid transitions may 
occur naturally in the chloroplast» Controlling its mobile 
phase and degree of movement within the. cell0

More advances were made on the amino acid compo
sitions of the subunits that same year„ Kawashima and 
Wildman (1971b) compared tryptic digests of the large and 
small subunits of spinach and tobacco Fraction I proteins. 
They found only six similar tryptic polypeptides (out of 16 
total) for the small subunits of the two species»• For the 
large subunits» however, 1? out of 24 were similar for the 
two species.

Trypitc peptide analysis of Fraction I protein from 
several Nicotiana species in Wildman”s lab led to the dis
coveries that the SSU is nuclear coded and that the LSU is 
cytoplasmic coded. Differences in SSU tryptic digest 
patterns were observed between N. tabacum and N. glauca 
(Kawashima and Wildman, 1972). Reciprocal crosses were made 
from these parental species. All FI hybrid plants had the 
same SSU tryptic digest pattern* regardless of which parent 
was femaleo Amino acid composition of the SSU was, 
therefore„ shown to follow Mendelian inheritance. Although 
this experiment was fundamental in demonstrating that the 
SSU is nuclear coded, no.differences in;the LSU tryptic 
digest pattern could be detected for these.two species.



To find such a difference between two similar species» Chan 
and Wildman (1972) compared the LSU tryptic digest patterns 
of the Australian No gossei with the American No tabacum.
An extra polypeptide Was found in the LSU of No gossei. The 
LSU patterns of the reciprocal FI hybrids contained this 
marker only when N. gossei was the female parent, v Thus, the 
LSU was shown to be maternally inherited0 It was assumed 
that the DNA of the chloroplast coded for the LSU, mainly 
because of the locale of Fraction .1 protein and its role in 
photosynthesiso Blair and Ellis (1973) demonstrated con
clusively that chloroplast DNA codes for the LSU. Working 
with labeled amino acids and isolated pea chloroplasts, they 
synthesized labeled; large, subunits. The chloroplast synthe
sis was light driven and the tryptic polypeptide pattern of 
the product matched that of the LSU of pea Fraction I 
proteino They also demonstrated that RNA could not enter 
the chloroplasts, thereby showing that transcription and 
translation must occur within the chloroplasto

Singh and Wildman. (1973) found that the catalytic 
site for carboxylase is maternally inherited and therefore 
located on the chloroplast coded LSU. The marker was a sig
nificantly higher Km (RuBP) and specific activity of N. 
gossei Fraction I protein. The hybrid FI*s-of. crosses in
volving No gossei and several other soecies received this 
trait only when N. gossei was the female parent„ Gray and 
Kekwiok (1974':) supported this finding with their work
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involving rabbit antibodies of the SSU, LSU and whole 
Fraction I protein0 Their French be an Ru3PG-ase was in
activated by reaction with antibodies to either the LSU or 

■ whole enzyme» suggesting that the LSU contians the catalytic 
siteo They found.little reaction between the enzyme and the 
antibody to the SSU» suggesting that the SSU may be buried 
within the whole molecule„

Ellis,(I9 7 4) demonstrated a possible regulatory role 
of the SSU by specific inhibition of cytoplasmic protein . 
synthesis with 2-(4-methy:l-2»6-dinitroanilino)-N-methyl- 
propionamide (MDRiP)6 This compound blocks initiation of 
protein synthesis on cytoplasmic ribosomes, but allows 

. synthesis by bacterial and chloroplast ribosomes0 Whole pea 
cells treated with MDMP were shown to synthesize several 
chloroplast proteins» but not any .cytoplasmic proteins;, as 
expected0 The, LSU» however» was not synthesized by the 
chloroplast after this treatment„ This suggested that the 
presence of the SSU may be necessary for the synthesis of 
the LSU in the chloroplast„

Kungs, Sakano and Wildman (1974) obtained accurate 
values of the molecular weights for the two subunits by gel 
chromatography on Sephadex G-LOOo The SDS dissociated, 
carboxymethylated subunits exhibited molecular weights of 
12,500 (SSU) and 5 4 ,0 0 0 (LSU),

Optical and X-ray diffraction of crystalline U «,
. tabacum RuBPC-ase by Baker et al, (1975) have provided the
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best physical description of the'Fraction I molecule« Com
bining their data with the reported molecular weights of the 
subunits, they proposed a model for the enzyme« It appears 
to be a two layered structure with eight LSU's and eight 
SSU° s totalo Each layer has four LSU-SSU pairs arranged 
about a four-fold axis. Their electron micrographs show a 
single prominent hole in the molecule,

Bnzvmic Properties of RuBP Carboxylase 
As was previously mentioned, the enzymic carboxy- 

; lation of RuBP with COg was confirmed and conducted in vitro 
(Quayle et al, 195^) by scientists in Melvin Calvin°s lab in 
the early 1950“s, Weissbach et al, (1956) .discovered that 
the enzyme requires divalent metal ions for full activity,

Pon, Rabin and Calvin (I9 6 3) measured the effects of 
Mg2*, Ni2+ and Co2* on the activity of RuBPC-ase, Although 
the other metal ions did increase enzymic activity slightly, 
only Mg2+ was found to drastically raise the rate of 
carboxylation. They also found that preincubation of.the 
enzyme with bicarbonate (in the presence of Mg2*) had a 
still greater effect, while exposure to RuBP gradually in
hibited the enzyme, Pon (1 9 6 7) measured a specific carboxy
lase activity of 0,64 jumole OOg (minute 6 mg protein)”  ̂for 
• spinach Fraction I protein in the presence of Mg2*,

Sugiyama, Nakayama and Akazawa (1 9 6 8) examined the 
effects of NaHCO-^ and Mg2* on the enzyme at different levels
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of RuBP„ Their findings suggested a cooperative interaction 
between sites for COg on the enzyme9 Further» raising the 
concentration of Mg2* from Oo 0 to lOmM resulted in a four
fold decrease in apparent Km (COg)» thereby acting as a 
metabolic activator* VYishnick and Lane (1970) demonstrated 
that 2-carboxy-D-ribitol 1 * 5-disphosphate is tightly bound 
to RuBPG-ase only in the presence of M g ^  or kln^o This 
sugar is an analogue of the proposed (enzyme bound).six 
carbon intermediate between RuBP and PGA0 It was bound to. 
the enzyme in equal amounts with the divalent metal ions» 
suggesting that they might be intimately involved with the 
bound product0

Jensen (1 9 7 1) reported that physical disruption of 
previously intact spinach chloroplasts raised the Km for 
bicarbonate to levels near that of the isolated enzyme»
Bahr.and Jensen (197*0 reported finding three kinetically . 
.different forms of RuBPG-ase from spinach c hi 0 r o pi a s t s „
These forms were described as follows 8 (1) a low Km (COg)
form from freshly ruptured chloroplasts„ (2) a high Km (GOg) 
form and (3) an intermediate Km (COg) form* The low Km form 
was unstable and could spontaneously transform to the high 
Km form0 Both the low and high Km,forms could be con
verted to the intermediate Km form by incubation with MgCl2 

and NaHCO-p in the absence of RuBP* Further, the maximum 
activity of the intermediate form was three to four-fold 
greater.than that of either the low or high Km form.
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That same year, Arron and Bradbeer (197^) reported 

that the rate of carboxylation in living bean plants was 
due to the amount of RuBPC-ase present, and to the activity 
state of the enzyme = De novo synthesis of the enzyme oc
curred throughout the first 50 hours of illumination of 
previously dark grown plants» Although this synthesis 
dropped significantly after 50 hours, the rate of carboxy
lation continued to rise continually from 0 through 100 
hours of illumination„ Some activation.factor, similar to 
the one discovered in vitro. was occuring in. living plants = 
Andrews, . Badger and Lorimer (1975) confirmed two distinct 
Km (CO2 ) forms of RuBPG-ase from spinach extracts. Form 1 
had a high Km of 200 juM 002 and was "believed to be the form 
studied in many earlier works. Form 2 had a low Km of 20 juM 
CO2 and was obtained simply by isolating the carboxylase in 
the presence of Mg2*5" and atmospheric levels of OO2 , Again, 
the high Km form could be converted to the low Km form by 
incubation with Mg2^,and HG0g°, 1

Although 25 years have uncovered many interesting 
aspects of the carboxylation mechanisms of RuBPO^ase, there 
is, obviously, much yet to discover about this enzyme. The 
carboxylation reaction can now be .written with certainty as 
follows; RtiBP. + CO'g + H20 — 2 PGA *. 2 H+ (Siegel and 
Lane 1975)-

In the early 1970’s, a second catalytic function of 
Fraction I protein was discovered. This function is the .
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oxygenation of RuBP with 0^ to form one mole of: PGA and one 
mole of phosphoglycolateo A brief history and description 
of RuBP oxygenase activity will now be presentedo

Orgren and Bowes (1971) reported an oxygenase ac
tivity present in soybean RuBPC-ase0 They suggested that 
the enzyme regulates photorespiration by alternately oxy
genating RuBP to produce- phosphoglycolateo This product is 
rapidly converted to glycoiate, the substrate for photo- 
• .respiratione Andrews, Lorimer and. Tolbert (19,73:) isolated 
Fraction I protein from spinach leaves by DEAE .cellulose 
chromatography and sucrose density gradient centrifugation. 
They too. reported an oxygenase activity that copurified 
with the carboxylase activity in Fraction I protein* 
Interestingly, no oxygenase activity was detected in the 
absence of Mg^** Andrews, Badger and Lorimer (1975) demon
strated that the low Km (COg) form of the enzyme had both 
higher carboxylase and oxygenase activities than did the 
high Km form* These and other experiments confirm a dual 
activity for the same enzyme, which is now frequently 
called ribulose 1, 5-blsphosphaie carboxylase-oxygenase 
(Jensen and Bahr 1977)»

The oxygenase reaction can be written as f ollows $ 
RuBP + C>2 >• PGA + phosphoglycolate (Jensen and Bahr
1977)o ■:
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Fraction I Protein as an Evolutionary Tool -
Sakano» Kung and. Wildman (1974) published 

isoelectric focusing patterns of the e arb o xyme thyla t e d sub
units of Fraction I protein from several members of the 
genus Nicbtianao i%ny of the species showed a different 
banding pattern from each other in either the SSU, LSU, or 
botho Reciprocal crosses of such differing species were 
made. In all cases, the FI hybrids exhibited a LSU pattern 
of the female parent and a SSU pattern of both parents com- 
binedo Thus, the maternal inheritance of the LSU and the 
Mendelian inheritance of the SSU was again confirmed. Of 
significance, however, was the discovery of an accurate 
chloroplast and nuclear marker within the same protein mole-4 
cule.

Gray, Kung and Wildman (1974) used this discovery 
in ascertaining the parentage of No tabacum, an allotetra- 
ploid of unconfirmed origin. This species was believed 
to have arisen from a cross involving N„ svlvestris and 
either No oto^hora or No tomentosiformis. Comparison of the 
isoelectric focusing patterns of all four species revealed 
both the parentage and the direction of the original cross. 
The SSU pattern of N. tabacum was clearly the combination of 
No svlvestris and N. tomentosiformis. thereby excluding No 
otoohora from the original cross. Further, the LSU pattern 
of No tabacum was the same as for N. svlvestris. indicating 
that No svlvestris was the female parent in this cross. .
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Partial amino acid sequencing of the SSU of these 9 and 
otherB species confirmed the same parentage for No tabacum 
(iwaip Tanabe and Kawashima 1976)0

Chen, Gray and Wildman (1975) used the same tech
niques in determining the probable parentage of the hexa- 
ploid wheat Triticum aestivumo According to their findingsp 
a species' similar to Ae» soeltoldes (BB) served as the 
female parent in a cross with T0 monococcum (AA) to produce 
the tetraoloid T0 dicoccum (AABB) after a doubling of the 
hybrid's chromosomes» This tetraploid then served as the 
female parent in a cross with Ae0 souarrosa (DD) to everitu- 
aly produce the hexaploid wheat To aestivum (AABBDD)„ The 
LSU pattern of the hexaploid was more similar to that of Ae, 
sceltoides than to any other diploid species • studied»

A similar comparison allowed Steer and Thomas (1976) 
to determine the general origin of the cytoplasmic genome 
of the hexanloid, oat Avena sativao They demonstrated that a 
diploid parent of the A genome (rather than of the C genome) 
served as the cytoplasm donor to the hexaploid species. 

Isoelectric focusing of Fraction I protein of 
members of five monocot and ten dicot genera has revealed 
polymorphism of the LSU and SSU within half of the genera 
(Uchimiya j, Ghen and Wildman 1976) , Two different LSU and 
SSU patterns have, been observed in the genus Gossvoium, with 
only three species studied. It is hoped that a more



complete analysis of this genus.can be conducted in order 
to determine the parentage and maternal inheritance of the 
New World tetraploid cottonso



MATERIALS AND METHODS

Growth of Plants - 
Fresh leaves of Gossvpium hirsutum L» variety TM1 

were used in the. experimento The plants were grown to 
maturity for three months or more in 6 cm flat trays of 
sterile vermiculite in a controlled growth chamber. The 
temperature was maintained at 30° during the day and 28° at 
nighto The light intensity was approximately 200 juEinsteins 
per (m2 » sec) on a 12 hour dayo The flats were watered at 
three to four day intervals, when the soil "became dry to the 
touch at a depth of about 1 cm* A dilute nutritive watering 
solution was substituted about every 10 dayso This solution 
consisted of 0o3$ (w/y). -•Rapid Groie fertilizer and 30 ppm 
••Sequestrene" iron suppliment. (All percent solutions are 
w/v unless otherwise indicated.) 0

After three months, leaves of suitable size and ma
turity could be repeatedly harvested from the plants almost 
every week. For each isolation, 10 to 12 grams of leaves 
with a width between 4 and 8 cm were•harvested. There was 
no apparent problem in using the larger and tougher leaves 
from these plants, as they usually constituted a majority of 

: the leaf mass harvested.
It should be mentioned here that the leaves of the 

same species and variety,/ grown in the field or greenhouse,
22 ; ■



- . 23
were not suitable for. protein isolation.. Preliminary isola
tion attempts with these sources of leaves yielded no solu
ble proteins as tested by ammbnium sulfate,, and trichloro- 
acetic acid (TCA) precipitations.

Protein Isolation
Leaves grown as described above were harvested» 

washed with deionized water and cut with scissors to remove 
the midribs just prior to homogenization. Eight grams of 
leaf tissue was then cut into 1 cm strips and placed in a 
stainless steel vessel along with 120 ml (1 g s 15 ml) of 
4° 0.2 M NagB^O? (sodium borate) pH adjusted to 7.6 with 
HC1 (King 19?l)o The vessel:was placed in an ice water bath 
to allow rapid heat transfer. The leaves were well homo
genized by a 45 second run of a Brinkmanri Polytron PCU 1 
homogenizer(, equipped with a PT35K generator, at full line 
voltage. The generator was pre-chilled before homogeni
zation. '

The cold homogenate (still light green in color) .was 
quickly filtered through two layers of Miracloth into four 
cold 50 mi centrifuge tubes and centrifuged at 1 7 ,0 0 0 x g 
for 5 minutes to clear the supernatant. Although cold 
temperatures and speed of Operation were maintained through
out the above steps, the supernatant had already started to 
turn brown in color. This is an indication that the poly- 
phenolics are oxidizing to their quinpne forms. Solid
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ammonium sulphate was then added to. the supernatant at a 
ratio of 0.4 g per ml in a. flask on ice0 After sufficient 
swirling to dissolve the salt, flocks of protein formed in v 
the supernatanto After allowing 2 minutes for precipi
tation, the protein fraction was pelleted at 8,000 x g for

• - I •5 minuteso
The light tan pellets, were then combined and sus

pended in 2 ml 25 mM Tris-HCl pH 7,4, 0.2 M NaOl, 0,5 mM 
EDTA (Chan, Sakano, Singh and Wildman 1972) and 10 mM 
dithiothreitol (DTT)„ This suspension was then centrifuged 
at 8,000 x g for 2 minutes and the proteinacious supernatant- 
was applied to a 2»5 x 36 cm Bio-Gel A-5m (Bio-Rad) column, 
vwhich was previously equilibrated with the suspension, buffer 
and 2 mM DTT, A pressure head of 56 cm allowed 5°5 ml 
fractions to be collected at 2 minute intervals0 The en
tire gel filtration system was contained in a 10° cold room0 
Absorbance at 280 nm was measured for each fraction, using 
reservoir buffer previously passed through the column as the 
blank0 ■ Carbon dioxide fixation activity, protein determi
nation and electrophoresis of selected fractions were per
formed 0 ;

Carbon Dioxide Fixation Activity
Eibulose 1,5-bisphosphate carboxylase activities 

were determined for various fractions by measuring the 
transfer of ^ 0  from sodium bicarbonate (NaH^^CO^) to
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phosphoglyceric acid (PGA) as described below. The re
actions were conducted at pH 80 0 in 8 ml glass scintillation 
miriivialsV in 0o5 ml reaction mixture consisting of 25 mM 
N-2-Hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES)»
. 20 mM'MgCl2» 3 mM dithioerithritol (DTE)g 20 mM NaHl4C05 
(specific activity 0„5^ Ci per mole) and Oo5 mM ribulose 
1,5-hisphosphate (RuBP)0 The above reagents, minus RuBP, 
were combined in the minivials with water to bring the 
volumes to 0*43 ml. The minivials were then covered with 
Parafilm to prevent excessive loss of ; gas6. A 50 jul
aliquot of enzyme solution (for each eluent fraction as
sayed) containing: 10 to 50 /ig protein was incubated in the 
above mixture, minus RuBP, for 4 minutes at 30°» The enzyme 
aliquots were carefully measured via a 50 ̂ 1 Hamilton sy- 
ringe and injected through the Parafilm covers of the 
minivials* The minivials were partially submerged in a 
temperature controlled Water bath* . RuBP was then added and 
carboxy1ation allowed to proceed at 30° for 30 seconds* The 
reaction was terminated^by the addition of 0*1 ml 2 N H01 to 
the reaction mixture* The RuBP and HOI solutions were 
quickly injected via Gilson "Pipetman" microliter pipettes 
into the minivials at the initiation arid termination of the 
reaction to assure accurate timing* The minivials were 
gently shaken to facilitate mixing of these reagents*
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The covers were then removed from the minivials and 

the samples were heat dried hy placing the minivials on a 
90° heat "block and gently passing air over the open tops in 
the laboratory hood. To assure complete dryness,, the 
samples were left on the heat block for 10 minutes past the 
time that they first appeared, to be dry. The samples were 
then rewet with 0o2 ml 2 N HC1 and heat dried as before to 
assure the loss of all unfixed sodium bicarbonate0 The heat 
stable residues9 including the newly synthesized PGA, were 
dissolved in 0o5 ml HgOo Liquid scintillator (3o5 ml) was 
then added directly to the aqueous solutions in the mini
vials and the activity was measured on a Beckman LS-3133 T 
scintillation counter0 The scintiliation fluid consisted of 
0,60 PPO and Oo030 POPOP in a toluene to Triton X-100 ratio 
of 2 s lo The counting efficiency was lo13 dpm per Cpm as 
measured with toluene.

Table 1 lists the steps of the above assay along 
with the concentrations and volumes of the reagents used„

Protein Determination 
Protein determination was performed following a 

procedure by Schaffner and Weissman (1973), All steps were 
conducted at room temperature, A 0,1 mg per ml bovine serum 
albumen (BSA) standard solution was prepared using a BSA 
extinction coefficient of 6,6 at 278 nm, BSA,standards of .
5s 10, 15 and 20yUg» and protein samples of roughly lO yWg
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Table lo Operational steps, and reagents used in assay of 
carboxylation activityo ;

Reagent Volume (pi) 
in Sample

Volume (jul) 
in Blank

■ Final 
Concentration

50 mM HEPES, 
40 mM MgClgs 
. pH 8.09-

250 250
25 mM HEPES 
20 mM MgCl2 

pH 8.0
125 mM DT# 10 10 3 mM

250 mM NaH^CO^ 
(0.56 0i/mol)a

40 40 20 mM

H2Ca 127 177 =■ "■
Enzyme

Solutions'3
50 0

11 mM RuBPc ■ 23 23 0.5 mM
2 N HCld 100 100
2 N HCle 200 200 .
H20f 500 500

a First four reagents are. combined and minivials are covered 
' with Parafilnu
"b Minivials are placed in waterbath, enzyme solutions are 

added and incubation is conducted for 4 minutes.
G Thirty second reaction is initiated by injecting RuBP into 

reaction mixture.
d Reaction is terminated by injecting HOI into minivials. 

Covers are removed and samples are dried.
.e Residue is rewet with HC1 and dried again.
^ Residue is dissolved in HgO and 3 = 5 ml scintillator is 

added.
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were placed in individual 5 ml test tubes and treated as 
follows 8

1o Each volume was raised to 0o27 ml by .adding an ap
propriate amount of water0 

2o The protein solutions were complexed by addition of 
30 >1 1. M Tris pH ?o5 with 1% SDS.

3o The protein-SDS complexes were precipitated by
addition of 60 jj.1 60% TO A and were then agitated on • 
a "Vari-whirl" shaker to minimize the flock size0 

40 Each sample was spotted onto a Millipore HAW? filter 
with a clean capillary pipette 0 A rinse, of 0>2 ml 
6fo TO A was added to each spot to recover any protein 
left in each,tube and pipette 0 Four spots of about 
Oo5 cm in diameter could be applied to one'4,5 cm 
filtero

5o The filters were washed under vacuum with 2 ml 6%
TCAo

60 The filters were stained for 6 minutes in 1% Amido
Black in methanol * acetic acid s HgO = 45 s 10 8 45 - 
(v/v)o This staining solution was filtered through 

■ a Whatman NoY. 1 filter just prior to each usage,
7o The filters were rinsed for 1 minute in water with a 

gentle swirling action«
So Destaining of the background was accomplished by 

three 4 minute baths of 200 ml methanol s acetic 
, ■ acid 8 HgO = 90 s 2 $ 8 (v/v)> The filters were
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rinsed again in HgO for 1 minute .and then dried 
between paper towels and Kimwipes <>

9» . The individual spots were cut out with scissors„
placed in clean 5 ml test tubes along with 1 ml ex
tracting solution and covered with Parafilm to 
prevent evaporation„ . The extracting solution con
sisted of 25 mM NaOH,, 10”5 . m EDTA in 5®f° (v/v) 
ethanolo Elution, with occasional agitation, was
conducted for 2 hours« A blank was prepared with an
equal size piece of the filter background0

10o • Absorbance at 630 nm of the extracts was measured in
covered cuvettes using the blank for a zero refer
ence,

11, Absorbance at 630 nm vsoyUg protein was plotted for 
the BSA standards, and the enzyme concentrations 
were determined from this graph,
Table 3 in the Results and. Discussion section shows 

the combined data of the spot test, enzymic assays and spe
cific activities of the Various samples.

Electrophoresis 
SDS-po ly a cry lami de. gel electrophoresis was conducted 

at room temperature in 0,6 x 9 cm gels in plastic tubes.
The . gel mixture consisted of 10^ acrylamide and 0:27ft 
methylene-bis-acrylamide in 0,5 M sodium phosphate pH 7 , 0  

with 0,1# SDS (Huber, Hall and Edwards 1976), For a 20 ml
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preparation., 15 mg ammonium persulphate and 15 yul N,N,Ng,N8- 
tetramethylethylene-diamine were added just prior to de
gassing and casting in the tubes. The reservoir buffer was 
0=5 M sodium phosphate pH 7»0 and 1^ SDS0

Protein samples were concentrated to roughly 5 yug 
per jul in a Millipore. Pellicon appratus = The sample buffer 
was modified from Huber, Hall and Edwards (1976) to 10 M 
urea (Bio-Rad, ultra pure), 1.25# SDS and 1\25# (v/v) 
^-mercaptoethano1. The protein concentrates were diluted 
1 s 2 (v/v) with the sample buffer and heated at 100° for 1 
minute» A 1# bromphenol blue tracking dye solution was next 
added to the samples at a ratio of I s 99 (v/v).. Samples of 
50 jag protein were then applied to the gel tops and electro
phoresis was conducted at 8 miHiamp per gel until the 
bromphenol blue dye reached the bottom of the gels.

The gels were next removed from the tubes by air 
pressure and immediately fixed in 20# (v/v) acetic acid for 
1 houro The SDS was then removed from the gels by three 4 
hour incubations in 7# (v/v) acetic acid and 5# (v/v) 
methanol at 60° in culture tubes. After the final wash was 
drained, the gels were covered with 13 ml 12# TOA in test 
tubes and allowed to equilibrate for 30 minutes. Then 1.1 
ml 0.25# Coomassie Brilliant Blue G was added to each tube 
and the gels were allowed to stain for 8 hours. The.gels 
were stored in 7# (v/v) acetic acid, which was replaced : 
every day for three days.



RESULTS AND DISCUSSION

Preliminary attempts to isolate RuBP carboxylase 
from leaves of glanded cotton using various isolation pro^ 
cedures proved fruitless. Homogenizing buffer systems that 
were successful for tobacco (Chan, Sakano, Singh and Wildman 
1972), wheat (Chen, Gray and Wildman 1975) and other species 
(Chen, Kung, Gray and Wildman 1976) yielded no soluble . 
protein from cotton leaves. These systems employ fast ho
mogenization at low temperatures in buffers containing re
ducing agents such asjB-mercaptoethanol or potassium 
metabisulfite. These agents are used in an attempt to main
tain the reduced phenolic forms, which themselves have no 
direct damaging effect0 However, with cotton and other 
highly phenolic homogenates, oxidation still occurs and 
damaging quinones are quickly formed. An alternate method 
is to use no reducing agent in a homogenization buffer con
taining molecules to which the rapidly oxidizing poly- 
phenolics will preferentially bind. For homogenizing leaves 
of Gossvpium hirsutum, sodium borate is such a compound 
(King 1971)o This molecule (NagB40^) can covalently bind to
gossypol and related polyphenolics contained in cotton 
tissues (Loomis 197^), thereby preventing them from com- 
plexing to protein,

" " 31
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it was also noticed that other methods of leaf 

homogenization, such as grinding with mortar and pestle, 
high speed Sorval or Waring "blender did not isolate 
RuBPC-ase in any appreciable amount0 The sodium borate. 
system, in conjunction with the shearing action of the 
Polytron homogenizer, was by far the best method found to 
work for cotton leaves.

RuBPC-ase is a relatively large enzyme with a 
molecular weight exceeding one-half million. It comprises 
a large percentage of.the soluble protein fraction of green 
leaves. These two features allow the separation of this 
enzyme from, .the -other leaf proteins by molecular weight 
chromatography. r Bio-Gel A-5m is an agarose bead with a pore 
size suitable for separating RuBPC-ase from the lower mo
lecular weight proteins present in "the ammonium sulfate pre
cipitate, of a leaf homogenate. This filtration system has a 
much faster flow rate than Sephadex G-200, which is other
wise acceptable for purifying Fraction I protein.

Figure 1 shows the elution profile of the Bio-Gel 
column. The uppermost curve is the absorbance at 280 nm of 
the eluent, which includes, both protein and phenolics. The 
major peak following the void volume is largely Fraction I 
protein, while the minor peak reveals the polyphenolic com
pounds which eluted from the column, only after fraction 160.
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Figure 1. Elution profile of Bio-Gel A-5m column. -- 
Uppermost curve, absorbance at 280 n m ; 
middle curve (•) protein concentration via 
the spot test; lower curve (*) relative 
carboxylase activites. Arrows A, B and C 
point to the fractions electrophoresed (see 
Figure 2). Arrow A also points to the 
fraction with the highest value of specific 
activity.
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Fractions 160 through 185 .-were characteristically orange to 
red, while those of the preceding protein peak; were color- 
lesso

The middle curve of Figure 1 shows the protein 
concentration via the spot test.o This determination in
volves measuring the amount of stain taken up "by a protein- 
SDS-TCA precipitate, and is apparently not influenced by the 
presence of phenolic compounds0 Notice that the poly- 
phenolic peak of the A2 8O curve is not reflected in the spot 
test curve. This feature alone is a major advantage over 
other methods of protein determination of plant isolates, 
integration of the protein peak shows a yield.of about 5 mg 
protein per gram of fresh leaf.

.. The lower curve represents the relative enzymic 
activities of the fractions collected and coincides closely 
with the protein concentration peak. Arrow A points to the 
fraction with the highest specific activity. After this 
point, the specific activity begins to-decrease, presumably 
because of an increase in lower molecular weight proteins in 
the later fractions. Successive isolations and enzymic 
assays confirmed a higher specific activity for this 
fraction on the:leading edge of the protein peak.

SDS-Polyacrylamide.electrophoretic gels of three 
fractions' marked ,by a r r o w s A , B and C in Figure 1 are 
illustrated in Figure 2. The top band is the large subunit 
of Fraction I protein, while the lower band is the:small
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A B

L-SUE

ssu

Figure 2. Diagram of SDS-polyacrylamide electro
phoretic gels of fractions A, B and C of 
Figure 1. —  LSU, RuBPC-ase large subunit; 
SSU, small subunit. The arrow points to 
the contaminant appearing in gel C.
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subunit. The relative mobilities of the polypeptides are 
proportional to their molecular weights, since any charge 
differences are masked by the complexing of the protein with 
SDSo The relative migrations and intensities of the two 
bands are in agreement with the Nicotiana tabacum Fraction I 
protein SDS-polyacryTamide gels of Kung, Sakano and Wildman 
(197^)o Gels A and B, both from the leading edge of the 
protein peak, contain no apparent protein components other 
than the subunits of Fraction I protein. Only in gel C, 
taken from the trailing edge of the peak, does a faint ad
ditional band appear. The purity df the gels, along with 
the carboxylation assay data, indicates that the protein 
peak of Figure 1 is largely Fraction I protein. Assuming 
at least 90 percent purity, a yield of about 4.5 mg. 
RuBPG-ase per gram.of leaf tissue has been achieved. This 
yield is comparable to reported values for tobacco; Fraction
1 protein (Kung 1976).

Ribulose blsphosphate carboxylase catalyzes the 
carboxylation of RuBP to form two moles of phosphoglycerate, 
as shown in the following reactions RuBP > 00% + HgO — —
2 PGA + 2 (Siegel and Lane 1975)° Enzymic activity is 
determined by measuring the transfer of -^C from sodium ' 
bicarbonate to phosphoglycerate. The in vitro reactions 
were conducted with a MgGlg concentration of 20 mM to satis
fy the Mĝ *5" requirement. The RuBP and NaHCO^ concentrations 
used (0.'5 mM and 20 mM, respectfully) were above the •



concentrations required for enzyme saturation at pH 8, 
Furthermore» the enzyme was preincubated in Mg^+ .and HCO^- 
for 4 minutes to convert it to a higher activity state 
(Bahr and Jensen 1974). Because this state is gradually 
lost /by exposure to RuBP, the assays were conducted for only 
30 seconds.

A maxium specific activity of 1. Ivjumole '.COg fixed 
(min . mg protein)""^ was measured for successive isolations. 
This maximum value was, in all cases, for an eluent fraction 
on the leading edge of the protein peak. Furthermore, the 
maximum value was measured for different isolations using 
independently prepared and calibrated solutions of RuBP and 
NaHl̂ CQo.

Table 2 lists the specific activities of RuBPG-ase 
isolated from several species. The cotton enzyme exhibits 
a specific carboxylase value near the upper end of the range 
reported in the literature. This relatively high value, 
along with the apparent purity, of the: isolate, indicates 
that cotton RuBPO-ase may be usefuil in further studies of 
Fraction I protein.

Table 3 lists the A2 8o« ihe protein concentration 
and the activities for each eluent fraction measured. Ap
pendix A demonstrates tbe algebraic operations used in 

:■ calculating the specific activity from the counts per minute 
measured in the enzymic assay.
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Table 2» Comparison of specific activities of RuBPC-ase 

isolated from various species.

Species Specific Carboxylase Activity 
. (jiimole.COg fixed per min 0 mg protein)

Tobacco3- 0.11
Tobacco*5 . . 0,42
Tall Fescue0 0,44
Red Kidney Bean^ 1,10
Cotton . 1.10
Spinach6 1.48 '
a Kavvashima, Singh and Wildman (1971)»
"b Chollet» Anderson and Hovsepian (1975) = 
c Randall» Nelson.and Asay (1977)» 
d Harris and. Stern (1977)« 
e Siegel and Lane (1975)»
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Table 3» Aggo, protein concentration and activities for 

eluent fractions assayed.

Fraction

ml

a280 Concen
tration
■ . mg ml

Activity 
Relative " Specific

jumole GOo nmole CO? 
min 0 ml min « mg

94 0,54 O 00 .0 , 1 7 0.99
105 1,14 0 , 5 6 0 ,6 2 1,10
110 1,43 0,79 0,79 M- O Q

116 1 .6 2 0.99 O .9 2 0 .9 2

121 1.71 1,02 0,94 0 ,9 2

12? 1.6-9 0,99 0,90 0 .9 0

132 10 59 0,87 0-77 0 ,8 9

138 1,42 0,78 0,64 0 ,8 3

143 1,25 0,66 0 , 5 0 0 ,7 6

154 0,91 0,46 0 , 3 0 0 ,6 6

165 0 ,7 6 . 0,24 0,14 ' 0 ,5 7

1?6 0,86 0 ,1 6 0,05 0 - 3 3



SUMMARY

Ribulose bisphosphate carboxylase has been iso
lated from the leaves of glanded cotton, Gossvoium hirsutum<. 
Homogenization of the leaves in a simple sodium borate so
lution has permitted this isolation while other systems have 
note In the absence of reducing agents the oxidizing poly- 
phenolics are believed to have bound to the borate, leaving 
much of the Fraction I protein undamaged, A yield of about 
405 mg RuBPC-ase per gram of leaf tissue has been obtained. 

The isolated enzyme exhibited a relatively high rate 
of carboxylation (V max) as measured in vitro, A specific 
activity of 1,1 yomole COg fixed (minute « mg protein)- -̂ was 
measured. Further, the isolate was shown to be. relatively 
free of contaminating proteins by SDS-polyacrylamide gel 
electrophoresis.

.40



APPENDIX A

CALCULATION OF SPECIFIC ACTIVITY 
FROM 14-C PGA. COUNTS PER MINUTE

•1.13 dpm/opm = Counting Efficiency of System
1 7 ,1 6 0 cpra = cpra (Fraction 105) - cpra (Blank)
0 0 565 yiuCiŷ umole = Specific Activity of NaHl^CO j
2 0 22 x 10& dpm/^uCi - ' . Conversion Factor
0 005 ml - Volume of Sample used
0 0 56 mg/ml = Concentration of Sample

2 runs/min ° I. 13 dpm/cpm « ly, 160 cpm/run
0.565 p- Ci/^umple « 2.22 x I06 dpm/^uCi '* 0.05 ml
Relative Activity = 0 .6 1 8 yumole (min « ml)”!

Oo618 jumole (min 0 ml)-I _
0= 56 mg/ml

Specific Activity =1.1 yamole (min » mg protein)”^
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