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Sequence Complexity of Polyadenylated Ribonucleic Acid from 
Soybean Suspension Culture Cells? 

Carolyn D. Silflow,* James R. Hammett,* and Joe L. Key* 

ABSTRACT: The sequence complexity of total poly(A) R N A  
from a higher plant system, soybean cultured cells, was de- 
termined. Labeled cDNA synthesized from the poly(A) RNA 
hybridized exclusively with the unique sequence component 
of total soybean DNA. Analysis of the hybridization reaction 
between cDNA and the poly(A) RNA template revealed three 
abundance classes in the poly(A) RNA.  These classes rep- 
resent 18, 44, and 38% of the poly(A) R N A  and contain 
information for approximately 60, 1900, and 30 000 different 

M a n y  eucaryotic genomes are very complex, containing 
10-100 times more information than is expressed during the 
lifetime of the organism. Cellular control mechanisms must 
therefore exist to select genetic information to be expressed 
a t  various times. To characterize such differential gene 
expression, it is important to measure the total amount of 
unique DNA sequence complexity that is represented in RNA 
a t  different developmental stages, in various differentiated 
tissues, or in response to various environmental stimuli. 

Several studies have estimated R N A  sequence complexity 
using either saturation hybridization of labeled unique DNA 
with R N A  (Davidson & Hough, 1971) or analysis of the 
hybridization kinetics of poly(A)' R N A  to a labeled cDNA 
probe copied from the R N A  (Bishop et al., 1974). A general 
pattern for R N A  sequence complexity in higher eucaryotes 
has emerged from these reports. The complexity of cyto- 
plasmic or polysomal mRNA represents approximately 1-3% 
of the unique genome complexity (Galau et al., 1974; Bishop 
et al., 1974; Ryffel & McCarthy, 1975; Hastie & Bishop, 
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1400-nucleotide RNA molecules. From these results, the total 
sequence complexity of poly(A) RNA was estimated to be 4.5 
X lo7 nucleotides. Saturation hybridization of labeled unique 
DNA with R N A  showed that the total cell R N A  represents 
12.4% of the unique DNA sequence complexity, or 6.4 X lo7 
nucleotides, while poly(A) RNA represents 8.7% of the unique 
DNA sequence complexity, or 3.3 X lo7  nucleotides. Thus, 
it is estimated that 5C-70% of total RNA sequence complexity 
is contained in poly(A) R N A  in these cells. 

1976; Bantle & Hahn, 1976; Kleiman et al., 1977). Ap- 
proximately 10-30% of the unique genome sequence com- 
plexity is represented in total cellular R N A  or nuclear R N A  
(Grouse et al., 1972; Liarakos et al., 1973; Hough et al., 1975; 
Bantle & Hahn, 1976; Kleiman et al., 1977). As all of these 
studies were done in animal systems, and in view of the 
differences in development and differentiation between plants 
and animals, we have investigated RNA sequence complexity 
in a higher plant system (Silflow & Key, 1977). In another 
report using a higher plant system, Goldberg et al. (1978) 
reported that the nuclear R N A  of whole tobacco leaves 
contains approximately 19% of unique DNA sequence 
complexity and is 3.6 times more complex than polysomal 
RNA.  

Previous studies on soybean genome organization have 
provided values for genome size and unique DNA sequence 

Abbreviations used: poly(A) RNA, RNA which contains poly(adenylic 
acid); AMV, avian myeloblastosis virus; cDNA, complementary DNA; 
PAS, sodium p-aminosalicylic acid; TNS,  sodium triisopropyl- 
naphthalenesulfonic acid; Tris, t is(  hydroxymethy1)aminomethane; Me$O, 
dimethyl sulfoxide; EDTA, ethylenediaminetetraacetate; CI,AcOH, 
trichloroacetic acid; PB, phosphate buffer; HAP, hydroxylapatite; A260 
unit, quantity of material contained in 1 mL of a solution which has an 
absorbance of 1 at 260 nm, when measured in a 1-cm path length cell; 
Cot or Rot, DNA or RNA concentration in moles of nucleotides per liter 
times the time in seconds; Cotll2 or Rot,,,, Cot or Rot value at which 50% 
of the reaction is complete; T,,,, temperature at which 50% of the duplex 
structure has melted; nt, nucleotide; ntp, nucleotide pairs. 
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mM Tris-HCI. pH 7.6, I mM EDTA, and 0.1% ( w / v )  
NaDodSO,), heated to 70 OC, cooled, and applied to oligo- 
(dT)-cellulose columns [200-400 pg of RNA per 100 mg of 
oligo(dT)-cellulose] . The elution buffer was 10 mM Tris-HC1, 
pH 7.6, and 1 mM EDTA at 45 OC. The “bound” fraction, 
which routinely contained 2-4% of the R N A  applied to the 
column, was precipitated with ethanol in  a siliconized flask. 
The poly(A) RKA was further purified by a second binding 
to oligo(dT)-cellulose following treatment with MezSO to 
disrupt the aggregation between poly(A) R N A  and rRNA 
(Bantle et al., 1976). 

DiVA Isolation and Shearing. DNA was isolated from 
soybean embryos as described by Gurley et al. (1 979). Purified 
DK.4 was sheared by sonication, and the single-strand size 
of the DNA was determined by band sedimentation in a 
Beckman Model E ultracentrifuge. Sedimentation coefficients 
were determined and the equation of Studier (1965) was used 
to determine molecular weight. 

cDNA was prepared by using 
modifications of the methods of Efstratiadis et al. (1975) and 
Monahan et al. (1976). The reaction mixture (200 pL) 
contained 110 pM (0.5 mCi) [3H]dCTP, 25 mM KCI, 50 mM 
Tris-HC1, pH 8.3,8 mM MgCI,, 500 pM each dGTP, dATP, 
and dTTP. 20 ~g mL actinomycin D, 10 mM dithiothreitol, 
0.01% ( w / v )  Triton X-100, 40 pg mL-’ BSA, 50 pg mL-.’ 
poly(A) RNA, 4 pg mL oligo(dT),2-,,, and 100 units mL-’ 
AMV reverse transcriptase. The reaction mixture was in- 
cubated at 42 OC for 1 h. The cDNA was separated from the 
reaction components on a Sephadex G-50 column (0.9 X 30 
cm) equilibrated with 0.5 mM EDTA and I O  mM Tris-HCI, 
pH 7.6. The excluded fractions were precipitated in ethanol 
with 100 pg of carrier Escherichia coli RNA. The cDNA was 
fractionated on alkaline sucrose gradients, and the fractions 
containing cDNA larger than I00 nucleotides were pooled and 
neutralized. The specific activity of the cDNA was calculated 
to be 7 X I O h  cpm pg- ’ .  by assuming that 25% of the nu- 
cleotides in the product was dCTP. The estimated yield of 
cDNA was 10-15% (1--1.5 pg of cDKA from 10 pg of poly(A) 
RKA in  the reaction mixture). 

Isolation and Labeling of Unique DNA. Sheared DNA 
(450 nucleotides) was reassociated to a Cot of 100, and the 
single-strand DNA was isolated by HAP chromatography. 
This DNA was reassociated to a Cot of 50, and the single- 
strand DNA was again isolated by H A P  chromatography. 
The hyperpolymer DNA formed by reassociating this DNA 
to a Cot greater than 10000 was labeled in vitro by the “nick 
translation” procedure of Galau et al. (1976). The specific 
activity of the unique DKA was 8.1 X I O 6  cpm pg-’ and the 
average single-strand length was 220 nt. 

Gel Electrophoresis. Polyacrylamide gels for RNA analysis 
were prepared and samples were electrophoresed as described 
by Loening (1967). Formamide gels for size determinations 
of cDNA were prepared by using the methods of Maniatis et 
al. ( 1  975) in 0.6 X 10 cm plexiglass tubes. Markers used on 
the gels were purified yeast tRNA and HindIII restriction 
fragments of XDNA and E .  coli plasmid pBR313 DNA (gifts 
from Dr. J. Rawson). The HindIII restriction fragment sizes 
for XDNA were determined by Wellauer et al. (1974). 

Hybridization and Reassociation. DNA reassociation and 
RNA-DNA hybridization reactions which were to be assayed 
on HAP columns were carried out in 0.12 M PB, pH 6.8, at 
60 OC or 0.48 M PB, pH 6.8, at 68 OC. Cot or Rot values in 
0.48 M PB were corrected to the equivalent Cot or Rot value 
for 0.12 M PB at 60 O C  (Britten et al., 1974). Reactions which 
were to be assayed with S- 1 nuclease were carried out in 0.1 8 

Preparation of CDRA. 

complexity which can be used to calculate the coding capacity 
of soybean DNA (Hepburn et al., 1977; Goldberg, 1978; 
Gurley et al., 1979). The kinetic complexity of the haploid 
soybean genome is 1.29 X lo9 ntp, corresponding to 1.39 pg 
of DNA (Gurley et al., 1979). This value, compared to the 
chemically determined amount of DNA per nucleus [5-6.5 
pg (Gurley et al. 1979)], indicates that soybean is tetraploid. 
Soybean single-copy DNA makes up approximately 43% of 
the total genome and has a complexity of 5.16 X I O 8  ntp 
(Gurley et al., 1979). Assuming asymmetric transcription, 
this amount of DNA would be sufficient to code for about 2.6 
X I O5 different RNA molecules having an average size of 2000 
nt. 

In this report we describe for soybean tissue culture cells 
the sequence complexity represented in the total cellular RNA 
and in the total polyadenylated RNA and show that poly(A) 
R N A  is transcribed from single-copy DNA. 

Materials and Methods 
[S3H]dCTP (22.8 Ci/mmol) and [methyl- 

3H]TTP (37 Ci/mmol) were obtained from ICN. DNA-grade 
Bio-Gel H T P  hydroxylapatite (lot no. 13920) was purchased 
from Bio-Rad. Oligo(dT)-cellulose T-3 was obtained from 
Collaborative Research. Purified AMV reverse transcriptase 
was supplied by Dr. J .  W. Beard (Life Sciences, Inc., St. 
Petersburg, FL) under the auspices of the National Cancer 
Institute. 

Cell Cultures. Soybean (Glycine max)  suspension cultures, 
a gift from Dr. Ernest Jaworski (Monsanto Co., St. Louis, 
MO), were maintained as previously described (Silflow & Key, 
1979). Although the D N A  content of the cultured cells was 
chemically determined to be similar to that of soybean hy- 
pocotyl cells (Chang, 1976), the possibility of chromosome 
aberrations in the cultured cells was not ruled out. For the 
experiments reported here, it was assumed that the majority 
of soybean DXA sequences are present in at least one copy 
in the tissue culture cells. 

R N A  Extraction. All procedures were carried out at 4 OC, 
using baked glassware. Cells from exponentially growing 
cultures were mixed with 2 volumes of extraction buffer [ 50 
m M  Tris-HCI, pH 8.0,4% (w/v) PAS, and I %  (w/v) TNS]  
per gram fresh weight of cells. An equal volume of Tris- 
saturated phenol was added, and the mixture was homogenized 
with a Brinkman Polytron at speed 8 for 3-4 min. The 
homogenate was shaken for 20 min, and the phases were 
separated by centrifugation. The aqueous phase was reex- 
tracted with an equal volume of phenol-chloroform-isoamyl 
alcohol (25:24:1). The organic phases were combined and 
reextracted with fresh buffer. R N A  was precipitated by 
bringing the combined aqueous phases to 0.15 M sodium 
acetate, pH 7.0, and adding 2.4 volumes of ethanol. The RNA 
was collected by centrifugation, dissolved in 1% Sarkosyl N L  
97 and 10 mM Tris-HCI, pH 7.6, extracted once with the 
phenol-chloroform mixture, and reprecipitated. When the 
RNA was to be used for the isolation of poly(A) RNA,  it was 
further purified through CsCl gradients as described by GliSin 
et al. (1974). 

Total RNA for hybridization was treated with RNase-free 
DNase (Worthington) prior to the CsCl gradients (Rawson 
& Boerma, 1976). The 5.7 M CsCl cushion was omitted from 
the gradients in order to permit recovery of small R N A  (Dr. 
James Rawson, personal communication). 

Fractionation of Poly(A) RNA on Oligo(dT)-Cellulose 
Columns. Poly(A) R N A  was isolated on oligo(dT)-cellulose 
by using modified methods of Aviv & Leder (1972). R N A  
samples were dissolved in binding buffer (500 mM NaCI, 10 

Materials. 
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M NaC1, 10 m M  Tris-HC1, pH 7.6, 1 m M  EDTA, and 0.01% 
(w/v) NaDodS04  a t  60 "C or in 0.5 M NaC1, 10 m M  
Tris-HC1, pH 7.6, 1 m M  EDTA, and 0.01% (w/v) NaDodSOI 
a t  68 "C. Cot or Rot values were corrected to the equivalent 
Cot or Rot value by using the rate correction factor of 1 .O for 
the 0.18 M NaCl buffer and 4.17 for the 0.5 M NaCl buffer 
(Britten et  al., 1974). R N A  and D N A  concentrations were 
measured spectrophotometrically by assuming that 1 A260 unit 
equals 40 pg mL-' for R N A  and 50 pg mL-' for DNA. 
Reaction samples of 5-100 pL  were sealed in capillary tubes 
and heat-denatured (100 "C; 3 min). The reactions were 
terminated by quick-freezing. 

H A P  Chromatography. Fractionation of single- and 
double-strand nucleic acids on H A P  columns was carried out 
as described by Gurley et al. (1979). Samples which contained 
less than 10 pg of nucleic acid were loaded with 100 pg of E .  
coli R N A  to prevent nonspecific binding. For the determi- 
nation of radioactivity, the fractions were precipitated in 10% 
(w/v) Cl,AcOH, collected on nitrocellulose filters, and counted 
in a liquid scintillation counter. 

S-1 Nuclease Digestion. Single-strand specific S-  1 nuclease 
was purified from crude a-amylase powder by using the 
methods of Vogt (1973). Hybridization samples for S-1 
analysis were diluted into 20C-400-pL reaction mixtures which 
contained 25 m M  sodium acetate, p H  4.5, 200 m M  NaC1, 1 
m M  ZnS04, 25 m M  2-mercaptoethanol, and 10 pg mL-' 
single-strand calf thymus DNA. The reaction mixture was 
divided into equal parts, and 10-20 pL  of S-1 nuclease (more 
than enough to digest the single-strand DNA)  was added to 
one part. The samples were incubated a t  37 "C for 30 min, 
and cold C1,AcOH-precipitable radioactivity was determined. 
The ratio of radioactivity in the treated sample to that in the 
untreated sample represented the fraction hybridized. 

Computer Analysis. The kinetic components of the hy- 
bridization and reassociation curves were analyzed by using 
a modified form of a least-squares computer program for 
second-order or pseudo-first-order reactions (Britten et al., 
1974; Pearson et al., 1977). 

Results 
Poly(A)  R N A  Isolation. In  order to determine whether 

poly(A) R N A  is transcribed from unique or repetitive DNA 
and to measure the sequence complexity of this RNA, it was 
necessary to prepare highly purified poly(A) RNA.  Earlier 
work with soybean hypocotyl poly(A) R N A  (Key & Silflow, 
1975) had shown that purification of total R N A  on CsCl 
gradients improved binding reproducibility on oligo(dT)- 
cellulose columns. However, as a result of R N A  aggregation 
during CsCl treatment, the R N A  bound to oligo(dT)-cellulose 
contained approximately 20% r R N A  by weight (Figure la). 
The r R N A  contamination was not significantly reduced by 
rebinding the R N A  to the column. To reduce the r R N A  
contamination, the bound material was dissociated with a short 
Me2SO-heat treatment and then reapplied to the oligo- 
(dT)-cellulose column (Bantle et al., 1976). About 60% of 
the R N A  was rebound to the column, and contamination by 
r R N A  was reduced to approximately 4% by weight (Figure 
lb) .  

cDNA Synthesis. Poly(A) R N A  was used as a template 
for the synthesis of cDNA for use in subsequent hybridization 
experiments. Alkaline sucrose density gradient profiles of 
c D N A  revealed a Gaussian peak with an average size of 
600-700 nt, approximately half the average size of soybean 
poly(A) R N A  [1400 nt (Key & Silflow, 1975)l. A variety 
of techniques reported to increase the length of the cDNA 
product was tested. Efforts to denature the R N A  template 
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FIGURE 1: Distribution of total cellular poly(A) R N A  on 2.4% 
polyacrylamide gels. Total RNA was isolated, purified, and frac- 
tionated on oligo(dT)-cellulose columns as described under Materials 
and Methods. (a) R N A  bound to oligo(dT)-cellulose on the first 
passage of total RNA through the column. (b) RNA re-bound to 
the column after Me2SO-heat treatment of the material bound on 
first passage. 

by heat or Me2S0  treatment before adding it to the reaction 
mixture or by raising the reaction temperature to 50 OC and 
lowering the salt concentration (Monahan et al., 1976) did 
not increase the length of the transcript. Addition of 4 m M  
pyrophosphate as a ribonuclease inhibitor (Kacian & Myers, 
1976) or variation of the concentration of unlabeled deoxy- 
nucleotides from 200 to 500 p M  also had no effect on 
transcript length. Two different lots of reverse transcriptase 
with specific activities of 29 000 and 35 000 units mg-' were 
used, with no difference in the product size or yield. The size 
distribution of the cDNA was determined by electrophoresis 
under denaturing conditions on 98% formamide gels (Maniatis 
et al., 1975). While the average size of the cDNA was 
600-700 nt, molecules up to approximately 2000 nt long were 
synthesized by the reverse transcriptase (Figure 2). The T,  
of the hybrid molecules formed between cDNA and total DNA 
(80.6 "C) was similar to the T,  for single-copy soybean DNA 
[82.3 "C (Gurley et al., 1979)], indicating high fidelity of 
transcription of the R N A  template. 

Hybridization of cDNA with Total Soybean DNA. Using 
cDNA prepared as described above, it was then possible to 
determine whether the poly(A) R N A  from tissue culture cells 
was transcribed from unique or repetitive D N A  sequences. 
First, total D N A  was sheared to 450-nt fragments and 
reassociated (Figure 3, open circles). Computer analysis of 
the reassociation data using a second-order rate equation 
indicated that the most slowly reassociating component 
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Table I :  Analysis of cDNA-Poly(A) RNA Hybridization Reactions 
no. of 

different 
1400- sequence 5P of 

component hybridized transition (mol L-' s) (mol L-I s ) ~  sequencesb (nucleotides)c D N A ~  
7ccDNA %in  obsd R , t , , ,  pure R o t , , ,  nucleotide complexity unique 

ovalbumin mRNA 
1 82 0.0064 0.0053 1.9 X 

Soybean poly(A) RNA 
1 15 18 1.021 0.184 57 7.98 x l o 4  0.015 
2 31 44 14.23 6.26 1930  2.7 x 106 0.52 
3 32 38 258.4 98.19 30 280 4.24 x 10' 8.2 

~~~ ~ ~ 

a Pure R O f l , ,  = observed R o t l , ?  times percent in transition. Number of different 1400-nucleotide sequences = (pure R,t,,,/0.0044) 
(1900/1400). 
was 450 nucleotides, while the average size of the soybean cDNA was 650 nucleotides. The pure R o t l ,  , of the ovalbumin cDNA was adjusted 
from 0.0053 to 0.0044 mol L-' s assuming that the reaction rate is proportional to the square root of the length of the cDNA (Monahan et al., 
1976). 
nucleotide uairs)l times 100. The seauence complexity of soybean unique DNA is 5.16 x lo* ntp (Gurley et al., 1979). e Woo et al. (1975). 

1400 is the number-average size of soybean poly(A) RNA (Key & Silflow, 1975). The average size of the ovalbumin cDNA 

Complexity = 1400 times the number of different 1400-nucleotide sequences. 5% of unique DNA = [complexity/(5.6 X 10' 

I O  20 30 40 50 60 7 0  
E LE C T R 0 P H O R  E T 1 : MOB I Ll T Y (m m) 

FIGURE 2: Formamide gel electrophoresis of cDNA. cDNA was 
precipitated with marker D N A  restriction enzyme fragments in 
ethanol. The precipitate was dissolved in formamide, heated to 100 
OC for 1 min, and loaded onto the gels. After electrophoresis, the 
gels were stained with ethidium bromide and the bands were visualized 
on a UV light box. The gels were frozen and sliced, and the slices 
were solubilized for scintillation counting. Arrows with numbers 
indicate the location and single-strand sizes (in nucleotides) of marker 
D N A  fragments. 

represented 43% of the DNA, as had been previously reported 
(Goldberg, 1978; Gurley et al., 1979). This component had 
an observed rate constant of 2.43 X 

Then labeled c D N A  was renatured with an excess of the 
total soybean D N A  (Figure 3, square symbols), and the as- 
sumption was made that the renaturation kinetics of the tracer 
D N A  would be determined by the driver total DNA. The best 
computer fit for the resulting Cot curve was for one kinetic 
component with an  observed rate constant of 4.48 X M-' 
s-I. The rate constant was corrected for the difference in the 
chain length between tracer (650 nt) and driver (450 nt) by 
using the long tracer-short driver equation of Chamberlin et 
al. (1978). The corrected rate constant was 3.17 X M-' 
s-I, The 12-13% reassociation found at Cot values lower than 
10 may have been due to cDNA molecules which bound to 
the H A P  column because they contained a small amount of 
double-strand material a t  the 3' end (Leis & Hurwitz, 1972). 
Indeed, in similar experiments assayed with S-1 nuclease (data 
not shown), the fraction of double-strand material a t  low Cot 
values was less than 5% of the total. In such experiments, 
greater than 95% of the cDNA hybridized as a single com- 
ponent. 

Finally, labeled unique soybean tracer D N A  was reasso- 
ciated with excess total soybean D N A  (Figure 3, solid circles) 
by using conditions similar to those of the cDNA experiment. 
A computer fit of the data showed the presence of a single 
component with an observed rate constant of 3.2 X lo-) M-' 

M-' s-'. 

1.0 

L t  

I 
0 I 2 3 4 5 
LOG EQUIVALENT COT (MOLES,CI,SEC) 

FIGURE 3: Kinetics of hybridization of [3H]cDNA and -'H-labeled 
unique DNA with excess soybean total DNA and reassociation kinetics 
of total soybean DNA. (M) ['HIcDNA with total DNA; (0) 3H- 
labeled unique DNA with total DNA; (0) total D N A  reassociation. 
Reactions with cDNA and unique D N A  contained a 100 000-fold 
excess of total soybean DNA. Hybridization was analyzed by H A P  
column chromatography. Solid lines represent the best fit of the data 
by least-squares computer analysis, assuming ideal second-order 
kinetics. 

SKI. Corrected for the difference in chain length between tracer 
(220 nt) and driver (450 nt) by the short tracer-long driver 
equation of Chamberlin et al. (1978), the rate constant was 
4.6 X M-' s-I. Thus, the rate constants obtained for the 
cDNA and unique DNA trace-drive experiments, and for the 
unique component of total D N A  reassociation, are in rea- 
sonable agreement and suggest that the cDNA hybridizes with 
sequences present only once or a few times in the soybean 
genome. 

Sequence Complexity of Poly(A) RNA.  The sequence 
complexity of total poly(A) R N A  from the soybean cells was 
assessed by using cDNA hybridization to template RNA.  
Under conditions of large R N A  excess, the ROtl/2 of the 
hybridization reaction is proportional to the base sequence 
complexity of the R N A  (Bishop, 1972; Birnstiel et al., 1972). 
The complexity of an unknown R N A  population may be 
determined by comparing the Rot 1,2  of the reaction between 
the R N A  and its cDNA with the ROtl/2 of a similar reaction 
between an R N A  of known complexity and its cDNA. The 
kinetic standard used as a reference in this experiment was 
the reaction between pure ovalbumin mRNA (a gift from Dr. 
Bert O'Malley) and cDKA prepared from the ovalbumin 
m R N A  (Figure 4 and Table I). 

Hybridization between soybean poly(A) R N A  and cDNA 
prepared from that R N A  is also shown in Figure 4. The 
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FIGURE 4: Hybridization of ovalbumin mRNA and soybean poly(A) 
R N A  with their respective cDNAs. Open symbols represent the 
ovalbumin m R N A  standard; closed symbols represent soybean total 
poly(A) RNA. For the ovalbumin mRNA reaction, the mRNA and 
[3H]cDNA concentrations were 0.1 and 0.01 pg mL-’. For the 
soybean poly(A) R N A  reactions, the following concentrations were 
used: (0 )  2.1 pg of poly(A) R N A  and 6 X pg of cDNA in 25 
pL; (A) 4 pg of poly(A) R N A  and 8 X pg of cDNA in 25 pL; 
(V) 7.9 pg of poly(A) R N A  and 8.3 X fig of cDNA in 8 pL; 
(m) 5.8 pg of poly(A) R N A  and 8 X lo4 pg of cDNA in 5 pL. 
Hybridization was in NaCl buffer and was assayed with S-1 nuclease. 
The solid lines represent the best fit of the data by least-squares 
analysis, assuming first-order reaction kinetics. 

reaction extended over more than 4 log units of Rot, suggesting 
that more than one abundance class is present in the RNA.  
The best fit to an equation describing a first-order reaction 
was provided by assuming three abundance classes. The pure 
Rotli2 values were determined by correcting the observed ROt112 
values for the percentage which each class represented of the 
total cDNA (Table I). Using the value for ovalbumin 
m R N A  as a standard, we calculated the number of different 
1900-nt molecules in each class, and the number was corrected 
for the 1400-nt number-average size of soybean poly(A) RNA 
(Key & Silflow, 1975). A correction also was made for the 
size difference between the ovalbumin cDNA (450 nt) and 
the c D N A  transcribed from the poly(A) R N A  (650 nt) 
(Monahan et al., 1976). The complexities of the three classes 
were calculated to be 7.98 X lo4, 2.7 X lo6, and 4.24 X lo7 
nt. On the basis of a complexity value for soybean unique 
D N A  of 5.16 X lo8  ntp (Gurley et al., 1979), the three 
abundance classes represented in cDNA transcripts of poly(A) 
R N A  together account for approximately 8.7% of the total 
unique sequence complexity. It should be noted that a 
two-component fit for the soybean cDNA-poly(A) R N A  
hybridization data gave a residual mean square which was only 
12% higher than that for the three-component fit. By use of 
the two-component fit, the estimated total complexity in the 
poly(A) R N A  was approximately 20% less than that with the 
three-component solution. 

The unique D N A  sequence complexity in total cell R N A  
was determined by saturation hybridization between trace 
amounts of labeled unique D N A  and a large excess of R N A  
(Figure 5 ) .  The saturation value of 6.4% was determined by 
a computer fit of the data to the equation for a first-order 
reaction. The data points for two separate experiments (solid 
circles and squares) are similar, even though the mass ratio 
of D N A  to R N A  was doubled in one of the experiments. 
Therefore, the hybridization seen is pot due to contaminating 
D N A  in the R N A  preparations, in which case more hy- 
bridization would be expected in the preparations with the 
higher mass ratio of D N A  to RNA.  

The saturation value of RNA-DNA samples was corrected 
for nonspecific binding by incubating unique D N A  samples 
to Cot values similar to those in the RNA-DNA samples. The 
highest D N A  Cot value reached was approximately 2 X 10-I 
mol s L-’. N o  renaturation of unique DNA would be expected 

OO I 2 3 4 5 
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FIGURE 5 :  Hybridization of 3H-labeled unique DNA with total cell 
RNA. The following concentrations of 3H-labeled unique DNA and 
total RNA were used in the reactions: (m) 109 pg of RNA and 1.35 
X pg of DNA in 25 pL; (e) 74 pg of RNA and 4.6.X lo4 pg 
of DNA in 25 pL. Open symbols represent samples of unique DNA 
alone incubated to the DNA-DNA Cot values obtained with the 
DNA-RNA samples. Hybridization was in 0.48 M PB and was 
assayed by HAP chromatography. The solid line represents the 
computer-generated best fit of the data to a first-order reaction. 
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FIGURE 6: Saturation hybridization of 3H-labeled unique DNA with 
total cell poly(A) RNA. The following concentrations of unique DNA 
and poly(A) R N A  were used in the reactions: (0) 8.3 pg of R N A  
and 5.4 X lo4 pg of DNA in 7 pL; (0) 17 pg of RNA and 1 X lo-’ 
pg of DNA in 9 pL. Hybridization and analysis was as described 
for Figure 5 .  

e 

E O U I V A L E N T  R O T  X 10-3(MOLES.l?fEC) 

a t  this Cot value (Gurley et al., 1979), and no increase above 
background levels of H A P  binding (1.44% of unique DNA)  
was observed. The correction for nonspecific binding resulted 
in an R N A  saturation value of 4.9%. This value was further 
corrected for the fact that only 78.3% of the unique D N A  was 
able to participate in the hybridization reaction (Figure 3) 
(Galau et al., 1974). The 4.9% ofunique DNA in hybrid form 
is thus representative of about 6.2% which would have been 
formed if all of the unique D N A  had been able to react. 
Assuming asymmetric transcription of unique sequences, the 
6.2% of unique DNA in duplex form equals 12.4% of the total 
unique sequence in the genome. The sequence complexity 
represented in total R N A  is therefore 12.4% of 5.16 X lo8 or 
6.4 X lo7 ntp. 

The sequence complexity of poly(A) R N A  was then de- 
termined by saturation hybridization (Figure 6). The poly(A) 
R N A  used for this determination (Figure lb) was enriched 
(50-100)-fold relative to total RNA;  this poly(A) R N A  
hybridized to 3.97% of unique DNA. Corrections were made 
as described above for the unique DNA-total R N A  hy- 
bridization experiment. Assuming asymmetric transcription, 
6.4% of unique D N A  sequence complexity is represented in 
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ization experiments (Figure 4) indicated that three abundance 
classes in the total poly(A) R N A  were present. The most 
abundant class represented 18% of the hybridizing cDNA and 
contained approximately 57 varieties of 1400-nt sequences. 
The complexity of this class represented about 0.015% of the 
total unique DNA complexity of these cells. The second 
abundance class represented 44% of the hybridizing cDNA 
and contained approximately 1900 different 1400-nt sequences, 
representing approximately 0.52% of the total unique D N A  
sequence complexity. Thus, the abundant classes of poly(A) 
R N A  in these cells are transcribed from less than 1% of the 
unique genome sequence complexity. The least abundant 
component represented about 30 000 different sequences of 
1400 nt and contained 8.2% of the total unique DNA sequence 
complexity. 

Saturation hybridization of labeled unique DNA with 
poly(A) R N A  (Figure 6) showed that 6.4% of unique D N A  
sequence complexity, or 3.3 X I O 7  ntp, is represented in 
poly(A) RNA,  a value 35% lower than that obtained for 
cDNA-poly(A) R N A  hybridization. The two results are in 
reasonable agreement, however, in view of the possible 
two-component solution of the cDNA-poly(A) R N A  hy- 
bridization curve mentioned earlier. 

Given these determinations of poly(A) R N A  sequence 
complexity, an estimate of the proportion of total R N A  se- 
quence complexity which was contained in the poly(A) R N A  
was obtained. The sequence complexity of total R N A  in 
saturation hybridization experiments (Figure 5) was 6.4 X IO’ 
nt. Using the values of 3.3 X lo7 and 4.5 X lo7 nt for poly(A) 
RNA sequence complexity, we estimated that 5&70% of total 
R N A  sequence complexity is represented in total poly(A) 
RNA.  

One question which needs further investigation is whether 
the RNA which is transcribed in undifferentiated cultured cells 
is similar in sequence complexity to the R N A  present in 
normal intact plant tissues. Preliminary experiments have 
indicated that the R N A  sequence complexity of soybean 
hypocotyl tissue is similar to that found in the soybean cultured 
cells. 
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Hemocyanin of Octopus vulgaris. The Molecular Weight of the 
Minimal Functional Subunit in 3 M Ureat 

B. Salvato, A. Ghiretti-Magaldi, and F. Ghiretti* 

ABSTRACT: In the presence of 3 M urea Octopus vulgaris 
(Mollusca) hemocyanin dissociates completely, giving a single 
functional component which reassociates in the original ag- 
gregate after removal of urea. The molecular weight of this 
subunit has been determined by gel filtration, by viscosity 
measurements, and by ultracentrifugation. The values ob- 
tained with the different methods range from 247000 to 
262 000. Electron microscopy shows that the reassociation of 

H e m o c y a n i n s  belong to a large family of chemically and 
functionally related proteins which reversibly bind oxygen and 
occur in several classes of Mollusca and Arthropoda. 

Molluscan hemocyanins are present in the hemolymph as 
large aggregates with sedimentation coefficients from 50 S to 
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the functional subunit after removal of urea is complete and 
gives the typical cylindrical structure of the native protein. 
This component is the minimal functional subunit which can 
be obtained from Octopus hemocyanin without splitting co- 
valent bonds. It is suggested that this component is made by 
five protomers (50 000 daltons) containing one oxygen binding 
site each bound covalently through, perhaps, the carbohydrate 
moieties of the protein. 

100 S or more. Under different experimental conditions (pH, 
ionic strength, etc.), they dissociate into subunits of different 
size and shape. The minimal functional subunit containing 
one oxygen binding site, as calculated from the copper to 
protein and the copper to oxygen ratios, would have a mo- 
lecular weight of about 50000. A component of this size, 
however, has never been observed among the dissociation 
products of molluscan hemocyanins. 

The molecular weight of the minimal aggregate which can 
be obtained without splitting covalent bonds is a controversial 
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