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forming ferrocytochrome c. 

The development of very fast pulse 
radiolysis techniques in aqueous solu- 
tions makes possible the quantitative 
production of simple radicals, such as 
hydrated electrons, e-;aq hydrogen 
atoms, H; and hydroxyl radicals, OH. 
These have only thermal energy and 
react in a specific and selective way 
with solutes. The reactions of cyto- 
chrome c (1) with e-aq or H (2) 
allow one to demonstrate the effects of 
one-electron equivalent reagents on 
oxidation reduction enzymes down to 
the diffusion-controlled time limit. The 
role of the protein in the electron 
equivalent transfer can also be demon- 
strated. 

Using such methods, we studied the 
reactions of these radicals with the 
hydrolytic enzyme, ribonuclease, and 
showed that primary, very fast, non- 
selective addition to the protein was 
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followed by consecutive first order in- 
tramolecular processes of radical trans- 
fer, affecting specifically and selectively 
the divalent sulfur and aromatic amino 
acid components in a linked process. 
For the hydrolytic enzyme, not de- 
signed for redox processes, there were 
irreversible chemical changes and en- 
zyme inactivation (3). 

Using spectrophotometric techniques, 
we studied the reaction of H atoms 
(produced by nanosecond pulse radi- 
olysis) with Fe(lII)-cytochrome c in 
aqueous solution at pH 2.5 and 6.5 
(4). We found that H atoms add to the 
enzyme with the second order rate con- 
stant k c 2 X 1010 liter mole - 1 sec-1. 
The primary addition was followed by 
three consecutive intramolecular proc- 
esses, with first order rate constants of 
approximately 1 X 105, 2 X 104, and 
2 X 103 sec-1. The spectroscopic char- 
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acteristics of the first two processes 
were consistent with the transfer of an 
electron equivalent through the protein 
to the Fe(III) moiety, to yield Fe(II). 
The slowest, third process could be at- 
tributed to configurational changes 

We also reported briefly our results 
on the reaction of e-,q with Fe(III)- 
cytochrome c, for which we obtained 
k 4 X 1010 liter mole-1 sec-1. Hy- 
drogen atoms do not absorb energy in 
the spectroscopic range of cytochrome 
c (370 to 650 nm). Above about 500 
nm, e-aq absorbs sufficiently to com- 
plicate observations on the transition 
Fe(III) -> Fe(II). Accordingly, proc- 
esses involving e- aq are somewhat 
harder to elucidate than those involving 
H. 

Land and Swallow (5) studied the 
reaction of e-aq with Fe(III)-cyto- 
chrome c by using pulses of approxi- 
mately 200 to 400 rads and cytochrome 
c concentrations of 4 X 10-6 to 3 X 
10- SM. At a pH of about 7 they 
found k c 2 X 1010 liter mole-1 sec-1. 
In their system, 0.1M formate buffer 
was present, and they corrected for its 
reaction with the radicals produced by 
irradiation. Their results at pH 7 were 
interpreted as showing that within 150 
nsec Fe(III) was converted to Fe(II), 
the rate of reduction being equal to the 
rate of addition. 

Pecht and Faraggi (6) reported simi- 
lar experiments, with 100-nsec pulses 
(approximately 400 to 500 rads) at 
cytochrome c concentrations of 5 X 
10-7 to 3 X 10-6M, but they found 
k - 1.5 X 1011 liter mole-' sec-1. The 
interpretation of their results is compli- 
cated by the fact that at the low con- 
centrations and relatively high dose em- 
ployed, there are more e-aq available 
than Fe(III)-cytochrome c. They as- 
sumed that at the very high rate con- 
stants they calculated, e- aq reacts di- 
rectly with the Fe(III) moiety. 

For the experiments reported here we 
used deaerated aqueous solutions of Fe- 
(III)-cytochrome c (Sigma type IV, 95 
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chrome c kobs , k ohb ko ko kkob ki kobs k, kobs k, 
X 10- 'MH X 105 X 101? X 10 X 101? X 10o X 101? X 105 X 10lo X 105 X 101? X 105 X o10I 

5 27 5.4 27 5.4 30 6.0 30 6.0 
? 3 - 0.6 ?3 ?0.6 

1 6.2 6.2 5.5 5.5 6.8 6.8 5.1 5.1 5.3 5.3 4.2 4.2 
?1.7 ? 1.7 + 1.5 ? 1.5 +1.7 ? 1.7 ? 1.4 ? 1.4 ? 0.5 ?0.5 - 0.2 - 0.2 

0.5 2.8 5.6 3.0 6.0 2.5 5.0 
+ 1.7 ? 0.8 + 0.7 + 1.4? 0.3 ?0.6 

0.25 2.4 [10] 2.5 [10] 2.2 [91 2.3 [9] 1.2 [4.8] 
?0.4 ?0.8 ?0.3 ?0.3 ? 0.2 

68 SCENE VOL 179 . .... 

650 nm 580 nm 535 nm 520 nm 510 nm 370 nm 
Cyto- 

chrome c kobs , k ohb ko ko kkob ki kobs k, kobs k, 
X 10- 'MH X 105 X 101? X 10 X 101? X 10o X 101? X 105 X 10lo X 105 X 101? X 105 X o10I 

5 27 5.4 27 5.4 30 6.0 30 6.0 
? 3 - 0.6 ?3 ?0.6 

1 6.2 6.2 5.5 5.5 6.8 6.8 5.1 5.1 5.3 5.3 4.2 4.2 
?1.7 ? 1.7 + 1.5 ? 1.5 +1.7 ? 1.7 ? 1.4 ? 1.4 ? 0.5 ?0.5 - 0.2 - 0.2 

0.5 2.8 5.6 3.0 6.0 2.5 5.0 
+ 1.7 ? 0.8 + 0.7 + 1.4? 0.3 ?0.6 

0.25 2.4 [10] 2.5 [10] 2.2 [91 2.3 [9] 1.2 [4.8] 
?0.4 ?0.8 ?0.3 ?0.3 ? 0.2 

68 SCENE VOL 179 . .... 

Reaction of Hydrated Electrons with Ferricytochrome c 

Abstract. The reaction of ferricytochrome c with hydrated electrons produced 
at pH 6.8 by radiolysis with electron pulses lasting 50 to 1000 nanoseconds has 
a specific rate constant of 5.5 X 1010 liter mole-1 sec-1 for the formation of the 
primary adduct. By using appropriate wavelengths, another fast, consecutive 
process was demonstrated, with the pure first order rate constant 1.0 X 105 sec-1. 
Its characteristics agree with it being an intramolecular process within the enzyme. 
Approximately 50 percent of all electrons which add to ferricytochrome c end in 
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Fig. 1. Traces of oscilloscope pictures ob- 
tained at 580 nm, with 2.5-Mev electrons, 
5 X 10-5M Fe(III)-cytochrome c, pH 
6.8. (a) Pulse duration, 300 nsec; dose 
per pulse, 1000 rads; sweep rate, 500 nsec 
per division; V0, 100 my; 5.0 mv per divi- 
sion. (b) Pulse duration, 500 nsec; dose 
per pulse, 1500 rads; sweep rate, 10 tusec 
per division; V0, 100 my; 2.0 mv per divi- 
sion. The initial rise shows the formation 
of e-aq during the pulse. The following 
fast decay is due to the disappearance of 
the electron and the formation of the 
primary adduct. The final slow reaction, a 
first order intramolecular process, is par- 
ticularly clear in (b), bringing the absorb- 
ancy below the base line. 

to 100 percent, prepared without the use 
of chloroacetic acid). Tertiary butanol 
(always 104 times the cytochrome c 
concentration) was present to scavenge 
OH radicals. The t-butanol radical has 
a low reactivity (7) and was found not 
to affect the results. The pH was set in 
the range 6.4 to 6.9 with NaOH or 
HC104. Special attention was paid to 
the optical conditions. Spectra were 
taken with a bandwidth of 2 nm, an 
optical path of 2 cm, and appropriate 
filters to remove stray light. Details of 
the experimental arrangements have 
been described (3). Pulses of electrons 
(2.5 to 5 Mev) lasting 50 to 1000 nsec 
were applied. The dose per pulse was 
300 to 3000 rads. All the kinetic data 
reported were obtained from the first 
pulse given to a fresh solution. From 
an inspection of the oscilloscope traces, 
the primary reaction of e-aq with 
Fe(III)-cytochrome c was found to be 
a second order process with k = (5.5 ? 
1.5) X 1010 liter mole-' sec-1, inde- 
pendent of wavelength. Table 1 shows 
the pseudo first order constants, and 
the second order constants obtained 
from them. At cytochrome c concen- 
trations of 1 X 10-5 and 5 X 10-5M 
the rate constants do not change in the 
dose range 350 to 1000 rads, and at 
5 X 10-6M cytochrome c they do not 

16 FEBRUARY 1973 

change from 350 to 600 rads. The yield 
of electrons is approximately 3 X 
10-9M per rad. With a lower concen- 
tration of cytochrome c, 2.5 X 10-6M, 
and doses of 350 to 1000 rads, a pseu- 
do first order process is observed. Un- 
der these conditions the concentration 
of e-aq is greater than or equal to that 
of cytochrome c. Nevertheless, if one 
divides by the concentration of cyto- 
chrome c, an apparent second order 
constant of approximately 1 X 1011 
liter mole-1 sec-1 is obtained, leading 
to an apparent increase in the rate of 
constant over the constant value at 
higher concentration. Even at this low- 
est concentration at 370 nm (where 

e-aq does not appreciably absorb), the 
lower rate constant is obtained. 

In Table 2 the results obtained for 
the consecutive process are shown. This 
reaction-a strictly first order process 
-is observed most clearly at 580 nm; 
it is also detectable at 560 and 535 nm. 
Its rate constant, 1 X 105 sec- , is un- 
affected by changes in the total dose or 
the cytochrome c concentration, unlike 
that of the primary addition process. 
Because it is a fast process, it cannot 
be separated at lower cytochrome c 
concentrations, where the slow rate of 
the primary process causes the reac- 
tions to overlap. At 1 X 10-5M cyto- 
chrome c, the two processes can be 

C 
GO 

I 
0 0.1 

o 

0.0 

o. n 
:0 <, 

Table 2. First order rate constant of the 
intramolecular reaction, measured at 580 nm, 
pH - 6.8. 

k (X 105 sec-1) 
Cytochrome c 

X 10-rM 600 1000 1500 3000 
rads rads rads rads 

5 1.0 1.0 1.0 1.1 
1 1.1 

separated with difficulty, but at 5 X 
10-5M they can be separated readily. 

The measurements at 580 nm (Fig. 
1) gave clear-cut results. Over the 
spectral region 500 to 650 nm absorp- 
tion due to Fe(III)-cytochrome c, 
Fe(II)-cytochrome c, e-aq, and the 
intermediate or intermediates initially 
formed by the addition of e-aq to cyto- 
chrome c is observed. A complex tem- 
poral sequence occurs with consecutive 
decreases and increases in absorption. 
At the Fe(II)-cytochrome c absorption 
peak at 550 nm, for instance, as long 
as the initial concentration of Fe(III)- 
cytochrome c is high enough, the 
changes due to the disappearance of 
e -aq and the formation of intermedi- 
ates followed by Fe(II) appear to com- 
pensate exactly. At 580 nm the extinc- 
tion coefficient of Fe(III) is greater 
than that of Fe(II) (1, 8), and the 
results give clearly separable events. 

Fig. 2. Difference 
absorption spectrum 
of 2 X lOM Fe- 
(III)-cytochrome c 
solution at pH 6.8. 
The continuous line 
was calculated by 
assuming full reduc- 
tion to Fe(II)-cyto- 
chrome c by e-aq 
and H produced by 
the pulse. (Dotted 
line) Measurements 

\ I^ 0; 5 asec after a pulse 
of approximately 

/ -f V'd 1500 rads. (Dashed 
line) Measurements 
30 ,sec after a pulse 
of approximately 
1500 rads. (Dotted 
and dashed line) Re- 
sults at 5 and 30 
Ausec coincide. 

Wavelength (nm) 
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Thus we observe, after the initial fast 
rise due to the formation of e-aq, two 
consecutive processes: first, a fast addi- 
tion of e-aq to Fe(III)-cytochrome c, 
and second, the resultant slower forma- 
tion of Fe(II)-cytochrome c. There 
may be faster intramolecular processes. 
With our present procedures, only the 
process with k = 105 sec-1 can be de- 
termined. The observations between 
320 and 580 nm are summed up in 
Fig. 2. 

Under the present experimental con- 
ditions the yield of e- aq is approxi- 
mately six times that of H. Reactions 
due to H are thus of secondary impor- 
tance. 

From the results at 550 and 580 nm 
we can estimate approximately the 
fraction of the electrons which, having 
all added to the enzyme, reach the iron 
moiety and reduce Fe(III) to Fe(II). 
From the known extinction coefficients 
of Fe(III), Fe(II), and e-aq, the yield 
of e-aq, and the resultant absorbancy 
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Organisms differ in the proportion 
of rDNA, the DNA that is comple- 
mentary to ribosomal RNA (rRNA). 
The published values vary from 0.011 

percent of total DNA for Neoceratodus 
forsteri to almost 4 percent for certain 

yeasts (1, 2), and in higher plants the 

proportion ranges from 0.02 percent 
for Helianthus ruberosis to 3 percent 
for Cucurbita maxima (3-5). A study 
was undertaken to determine whether 
this proportion might be similar for 

species within a genus and thus perhaps 
of phylogenetic or phyletic significance. 
Data for ten species in the genus 
Nicotiana are shown in Table 1 along 
with their position in the phylogenetic 
scheme devised for this genus by 
Goodspeed (6). Although the genomic 
proportion of rDNA varies consid- 

erably among the species (from 0.27 
to 0.90 percent), it does not agree with 
the taxonomy of the genus as deduced 
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change, we calculate that at 550 nm 
45 + 5 percent and at 580 nm 60 ? 12 
percent of the electrons produce reduc- 
tion of the central Fe atom. 
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from other characteristics. There is a 
substantial difference between species in 
all three subgenera examined and even 
between the species N. paniculata and 
N. glauca belonging to the same section. 
Thus, genomic proportion of rDNA 

appears to be a poor indicator of 

species relatedness, in agreement with 
the conclusion drawn from a similar 

study of the genus Cucurbita (5). 
A relation between proportion of 

rDNA and chromosome number of the 

species becomes apparent, however, 
when the data in Table 1 are examined 
further. The genus Nicotiana contains 

species with either 24 or 48 chromo- 
somes (or derivatives of these num- 
bers), which we shall refer to, respec- 
tively, as diploid and tetraploid species. 
The tetraploid species examined have 
a genomic proportion of rDNA rang- 
ing from 0.27 to 0.43 percent, whereas 
the diploid species all have a higher 
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ing from 0.27 to 0.43 percent, whereas 
the diploid species all have a higher 

value (0.67 to 0.90 percent). Thus, the 
DNA's of tetraploid species appear to 
have a lower proportion of rDNA than 
do the diploid species in this genus. 
Nicotiana glauca is a seeming excep- 
tion to this rule because it has a rela- 
tively low proportion of rDNA and 
is reported to be a diploid species (6). 
In matter of fact this proved not to be 
an exception, because the plants used 
for DNA extraction were a local wild 
isolate that proved to be tetraploid when 
root-tip mitotic figures and flower-bud 
meiotic figures were examined. 

The DNA's of several plant species 
such as pumpkin and Chinese cabbage, 
which have a relatively high genomic 
proportion of rDNA, also display a 

Table 1. Genomic proportion of rDNA and 
chromosome number for ten Nicotiana species. 
Chromosome numbers (CN) and species ar- 
rangement are from Goodspeed (6). The 
values for rDNA were obtained by incubating 
an excess of 3H-labeled tobacco leaf rRNA 
with 10 to 60 /g of alkali-denatured nuclear 
DNA embedded in nitrocellulose membranes; 
incubations were done in medium containing 
0.3M sodium chloride and 0.03M sodium 
citrate at 68?C for 18 hours (14). Each 
value represents the average of at least two 
(usually more) determinations with indepen- 
dently prepared reagents. The listed values are 
within 10 percent of the most divergent de- 
terminations. Reagents were prepared as de- 
scribed (7, 15). Nuclear DNA was prepared 
from a 100Og pellet of a leaf macerate. The 
pellet was washed with Triton X-100 (Rohm 
and Haas), treated with ribonuclease and 
Pronase, and extracted with phenol; the re- 
sultant material was purified by preparative 
isopycnic banding in cesium chloride. Labeled 
rRNA was prepared from a macerate of leaf 
tissue that had been exposed to [3H]uridine 
(17); the material extracted with phenol was 
purified by successive precipitations with 
ethanol and 2M lithium chloride (18). The 
different rRNA preparations were monitored 
for purity by polyacrylamide gel electrophore- 
sis before use and had 5000 to 6000 count/ 
min per microgram. Most populations of N. 
glauca have 24 chromosomes, but the plants 
used in this study had 48. 
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rDNA 

Genus Nicotiana (% of CN total 
DNA) 

Subgenus Tabacum 
Section Genuinae 

Species tabacum 0.28 48 
Section Tomentosae 

Species glutinosa 0.67 24 
Subgenus Rustica 

Section Rusticae 
Species rustica 0.27 48 

Section Paniculatae 
Species paniculata 0.80 24 
Species glauca 0.32 24 (48) 

Subgenus Petunioides 
Section Alatae 

Species sylvestris 0.90 24 
Section Acuminatae 

Species acuminata 0.67 24 
Section Bigelovianae 

Species bigelovii 0.32 48 
Section Suaveolentes 

Species benthamiana 0.33 38 
Species occidentalis 0.43 42 
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DNA Complementary to Ribosomal RNA: Relation between 

Genomic Proportion and Ploidy 

Abstract. Ten Nicotiana species were assayed for the proportion of DNA that 
is complementary to ribosomal RNA. This proportion varies from 0.27 to 0.9 
percent, with tetraploid species having lower values than the diploid species. The 

tetraploid species have about twice as much DNA per cell as do diploid species. 
Thus, the absolute number of genes for ribosomal RNA varies less than the 
proportion of complementary DNA. Further, the number of genes for the RNA 
in 80S ribosomes varies less among species than does that for the RNA 
in 70S ribosomes. The data indicate that loss of DNA complementary to ribo- 
somal RNA is associated with tetraploidy in the genus Nicotiana. 
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