54.6; dT-dT, 59.6; pdC, 60.9; dCp, 64.5; pdT, 66.5; dTp,
68.3; pA, 76.3; pdA, 77.3; dAp, 79.8; Ap (2/,3'), 86.1, 96.3;
pdG, 88.8; dGp, 91.2; pAp (2/,3"), 110, 114.8. The amount
of each degradation product was determined spectrophoto-
metrically.
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Ultracentrifugal Characterization of the Mitochondrial
Ribosome and Subribosomal Particles of Bovine Liver:

Molecular Size and CompositionT

Mary G. Hamilton and Thomas W. O’Brien*

ABSTRACT: We have measured the molecular weights of
the bovine liver mitochondrial ribosome and subribosomal
particles by high-speed equilibrium centrifugation. The
formaldehyde-fixed ribosome, large subunit, and small sub-
unit had sedimentation coefficients (529 «) of 56.3, 44.9,
and 30.1 S, and had buoyant densities in CsCl of 1.42, 1.43,
and 1.43 g/cm?, respectively. These buoyant densities cor-

Mitochondrial ribosomes are considered to be of the
prokaryotic variety primarily on the bases of antibiotic sus-
ceptibility, sedimentation coefficient, and sizes of their
RNAs. Generally it has been assumed that these ribosomes
are about the size of typical bacterial ribosomes with the
notable exception, of course, of the 55S ribosomes that

t From the Sloan-Kettering Institute for Cancer Research, New
York, New York 10021 {(M.G.H.), and the Department of Biochemis-
try, University of Florida, Gainesville, Florida 32610 (T.W.0.). Re-
ceived July 2, 1974. This work was supported by U. S. Public Health
Service Grant 08748 and AEC Contract AT(11-1)-3521 (M.G.H.)
and by U. S. Public Health Service Grant GM-15438 (T.W.0.). It was
presented in part before the American Society of Biological Chemists,
Atlantic City, N.J., April, 1973.

5400 BIOCHEMISTRY. vOL. 13, NO. 26,

1974

respond to RNA contents of 31 and 33%. Partial specific
volumes, v, of 0.674 and 0.671 ml/g were calculated for
these compositions and used to compute molecular weights
of 2.83 X 109 1.65 X 10° and 1.10 X 10° for the three
species. Despite its low sedimentation rate, the 55 S ribo-
some is thus about the size of the bacterial ribosome.

occur in mammalian mitochondria. These ribosomes,
thought to be considerably smaller than other prokaryotic
ribosomes because of their unusually low sedimentation
coefficient and very small RNA molecules, have been called
“mini-ribosomes”’ in recent years (see review of Borst and
Grivell, 1971). We were interested, therefore, in measuring
the molecular weight (MW) of a representative 55S ribo-
some from mammalian mitochondria to define better the
relation of these ribosomes to others, and also to form the
basis for studies of their protein content (O'Brien er al..
1974).

We have measured the molecular weight of the bovine
liver mitoribosome and its subribosomal particles by high-
speed equilibrium centrifugation, one of the few absolute
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methods for determining molecular weight. Despite the
technical simplicity of the method, an additional datum, the
partial specific volume, ¥, is required. For material in short
supply, direct pycnometric measurement of ¥ is not feasi-
ble. Therefore, we have calculated v for these particles from
their composition. The present study shows that although
their sedimentation coefficient and composition differ con-
siderably from those of other ribosomes, 55S bovine mitori-
bosomes are about the size of bacterial ribosomes.

Experimental Section

Procedures for the isolation and analysis of mitochon-
drial ribosomes and subribosomal particles from bovine
liver have been described (O’Brien, 1971; O’Brien er al.,
1974) and further details are given in the legend of Figure
1. The ultracentrifugal techniques have been described
(Hamilton, 1974). All measurements were made at about
5° with ultraviolet absorption-photoelectric scanner optics
on solutions of less than 1 4560 unit/ml and can be consid-
ered as measurements at infinite dilution. The MW and
buoyant density in CsCl of essentially homogeneous prepa-
rations of 535S ribosomes and derived large and small subri-
bosomal particles were measured in FKTM! (0.3% HCHO,
50 mM KCl, 20 mM triethanolamine-HCI (pH 7.5)) con-
taining S mM MgCl, (ribosomes) or I mM MgCl, (subribo-
somal particles). For the molecular weight measurements,
replicate samples were centrifuged to equilibrium at two
speeds, 3000 and 4000 rpm, for the ribosome, and 4400 and
5600 rpm for the subunits. The absorbancy distributions at
265 nm were plotted as In ¢ vs. r2 (radius) and the slope of
the resultant straight line computed. FKTM has a density
of 1.005 g/cm? and a relative viscosity of 1.024.

Results and Discussion

The mitoribosomes and subribosomal particles used in
this study were purified by repeated centrifugation in su-
crose gradients (Figure 1). Table I presents the results of
various ultracentrifugal measurements on the 55S mitoribo-
some and its subunits. In addition to sedimentation coeffi-
cients and buoyant densities in CsCl, data obtained by the
high speed method of equilibrium centrifugation and the
molecular weights calculated from these data are given.
The values for M (1 — v p) in Table [ represent all the quan-
tities directly accessible from the ultracentrifugal data, i.e.,
the right hand side of the expression

M@ = 2p) = QRT/w¥d In ¢/d +*

To calculate M from this expression we also require v, the
partial specific volume, and p, the solution density. The so-
lution density was taken to be equal to the solvent density.
The partial specific volume of the ribosomal particle was
calculated from its RNA and protein composition using the
following relationship

- % RNA ~ % Prot ~

= 100 (URNA) + - 100 (U Prot)
For ¥ rnaA, we have used the value of 0.53 ml/g, measured
pycnometrically for rat liver cytoribosomal RNA (Peter-

! Abbreviations used are: buffer FKTM, 0.3% HCHO, 50 mMm KCl,
and 20 mM triethanolamine-HCI (pH 7.5) containing 5 mM MgCly
(ribosomes) or I mM MgCl; (subribosomal particles); buffer T, 20 mM
MgCl,-100 mM KCi-20 mM triethanolamine-HC! (pH 7.5)-5 mM §-
mercaptoethanol; buffer O, 5 mM MgCi,-300 mM KCI-20 mM
triethanolamine-HCI (pH 7.5)-5 mM $-mercaptoethanol.
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Absorpance at 260 nm
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FIGURE 1: Sucrose gradient analysis of bovine (a) mitoribosomes and
(b) subribosomal particles. The ribosomes were prepared from mito-
chondria by treatment with 0.5% sodium deoxycholate and 2% Triton
X-100 in buffer T (20 mM MgCl,-100 mM KCI-20 mM triethanolam-
ine-HCI (pH 7.5)-5 mM B-mercaptoethanof) containing heparin, 50
wg/ml, and yeast oligonucleotides, 2 mg/ml, and were incubated for 5
min at 37° in buffer T containing puromycin (1 mM) to discharge nas-
cent polypeptides (O’Brien, manuscript in preparation). (a) The 558
ribosomes, recovered from sucrose gradients in buffer T, were fixed by
the addition of 37% HCHO to a final concentration of 5%. After 1 hr,
the ribosomes were concentrated by vacuum dialysis against FKTM
and recentrifuged in a sucrose gradient containing FKTM to obtain es-
sentially homogeneous preparations of 55S ribosomes. Centrifugation
in 10-30% sucrose gradients in the Beckman SW 27 rotor was for S hr
at 27,000 rpm. Fractions containing 55S ribosomes were pooled as in-
dicated, and dialyzed against FKTM in preparation for analytical ul-
tracentrifugation. (b) Sucrose gradient analysis of subribosomal parti-
cles prepared by dialysis of unfixed 55S ribosomes against buffer O (5
mM MgCl;-300 mm KCI-20 mM triethanolamine-HCI (pH 7.5)-5
mM f-mercaptoethanol). Centrifugation of the sucrose gradient in
buffer O was for 14 hr at 19,000 rpm in the SW 27.1 rotor. Fractions
containing small or large subribosomal particles were pooled as indi-
cated, and dialyzed against FKTM containing | mM MgC}; for analyt-
ical ultracentrifugation.

mann and Pavlovec, 1966).2 For ¥ p,o, a value of 0.74 ml/g
was calculated from the amino acid composition of the pro-
teins of rat liver cytoribosomes (Hamilton, 1971) or E. coli
ribosomes (Craven et al., 1969).

We have estimated the RNA and protein content of the
ribosomal particles from their buoyant densities in CsCl.
For the 558 ribosome, the buoyant density in CsCl was 1.42
g/cm* in FKTM at 4°, while the corresponding figure for
either subribosomal particle was 1.43 g/cm?3. These calcula-
tions of RNA and protein content are made by assuming
that the buoyant density of ribonucleoprotein particles in
CsCl reflects their chemical composition. Experience has
shown that the contributions of hydration and ion binding
tend to offset each other, allowing the estimation of particle
RNA and protein content according to the following rela-
tionship

1 % RNA 1 . % Prot 1
Brne 100 Bpga 100

where @ is the buoyant density of the ribonucleoprotein par-

BProt

2 This value is close to the average of the most disparate published
values, 0.495 ml/g for bacteriophage MS2 RNA (Slegers er af., 1973)
and 0.557 ml/g for E coli 16 S tTRNA (Ortega and Hill, 1973). Recal-
culating v with either of the extreme values gives molecular weights
about 9% lower or higher.
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TABLE 1: Physical Data on the Bovine Liver Mitochondrial Ribosome and Subribosomal Particles.

Published Data

Experimental Data

Calculated Quantites B i
T Mol Wt of RNA

Buoyant % _
Density Mol RI:IJAZ’ Mol Wt¢ . (X, 107%)
inCsCl, 8 M1 — tp)’ & Wt from of RNA Xenopus’ Xenopus'’
Particle Sa0  (gfcm?) x 1076 (ml/g) (X 10°% 4 (X 107%) HeLa® luecis luetis
Ribosome 56.3 1.42 0.910 0.674 2.83 31
0.017.9)
Large subunit 44 9 1.43 (.535 0.671 1.65 33 0.54 0.54 0.58 0.53
(0.008,7)
Small 30.1 1.43 0.360 0.671 1.10 33 0.36 0.35 0.32 0.30
subunit (0.007,7)
Sum of large and small 2.75 0.90 0.89 0.90 0.83
subunits

"Ml — 7p) = QRT/w)(d In ¢/dr?) calculated from the concentration distribution at equilibrium in the analytical ultra-
centrifuge. The numbers in parentheses are the standard error of the mean and the number of values. * See text for calculation

of these quantities. ¢ Molecular weight calculated from M(1 — @p) and 7 with p =

1.005 g/cm?®. ¢ Molecular weight X %

RNA/100. Sec text. ¢ Robberson er al. (1971). / Leister and Dawid (1974). Y Dawid and Chase (1972).

ticle, RNA, or protein (Hamilton, 1971). The value com-
monly used for frna in CsClis 1.89 g/cm? (Bruner and Vi-
nograd, 1963). For particles of high protein content such as
nuclear RNPs (Faiferman er al, 1970), some viruses
(Hamilton, 1971), and mammalian mitoribosomes (O’Brien
et al., 1974), Op should be determined experimentally in
CsCl; the value for bovine mitoribosomal protein is 1.28
g/cm*: (T. W. O’Brien, manuseript in preparation). With
these values, the 55S ribosome, with frnp = 1.42 g/cm?,
contains 69% protein, while the subribosomal particles, with
frnp = 1.43 g/cm?, contain 67% protein. Using these
values for protein content, the best estimates that can pres-
ently be made for v are 0.674 ml/g for the ribosome and
0.671 ml/g for the subribosomal particles. The values of A
given in Table | were calculated using these estimates for v.
Thus, by the method of high speed equilibrium centrifuga-
tion, a MW of 2.83 X 10 has been calculated for the 558
mitoribosome, and MW’s of .65 X 10% and 1.10 X 10° for
the large and small mitochondrial subribosomal particles
respectively.

While the assumptions made in estimating ¥ seem empir-
ically valid, it is instructive to compare these MW values
with ones that can be calculated on a different basis, using
the MW of their RNA components. The best estimates
presently available for the MW of bovine mitoribosomal
RNAs probably are the values obtained by electron micro-
scopic length measurements of human mitoribosomal RNA
(Robberson er al., 1971). These values, 0.54 X 10¢ and 0.34
X 10° for the MW’s of the large and small RNA compo-
nents, can be used with the RNA content of the particles to
calculate particle MW according to the relationship

Mpyp = (100/% RNA)M py 4

The values so obtained are 2.87 X 10 for the 558 ribo-
some and 1.65 X 105 and 1.06 X 10° for the large and small
subribosomal particles. The close agreement of these figures
with those obtained by equilibrium centrifugation provides
confidence in the assumptions made in determining ¥ and %
RNA from the particle buoyant density in CsCl.

Finally, we have used the molecular weights and RNA
5402 voL. 13,
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contents of the subribosomal particles to calculate the size
of their RNAs. As Table 1 shows, these values agree very
well with literature values for the mitochondrial rRNAs de-
termined by electron microscopy and polyacrylamide gel
electrophoresis.

The most interesting aspect of this study concerns the
size of 558 mitoribosomes. It was recognized only recently
that, despite their low sedimentation coefficient, they are
actually about the size of bacterial ribosomes (Hamilton
and O’Brien, 1973; Sacchi et al., 1973; DeVries and van
der Koogh-Schuuring, 1973; Leister and Dawid, 1974).
Thus, although they contain only about half the amount of
RNA present in E. coli ribosomes, they are only slightly
larger than these model prokaryotic ribosomes (Hill et al.,
1969) both in MW (Table 1) and physical size (DeVries
and van der Koogh-Schuuring, 1973). It would seem that
their RNA deficiency is compensated by a corresponding
increase in protein content. They are the most protein-rich
ribosomes known (O’'Brien ez al., 1974).

In an electron microscopic study of 55S mitoribosomes
from rat liver, Aaij et al. {1972) noted that the mitoribo-
some was smaller and less asymmetric than the cytoribo-
some. Our data on the size of the subribosomal particles
(Table 1) confirm their observation. The frictional coeffi-
cient of the mitoribosome calculated from s, M, and ¥,
which includes hydration as well as asymmetry contribu-
tions, is 1.57, while that for the rat liver cytoribosome is
1.70 (Haga er al., 1970).

The sum of the MW of the subribosomal particles is
about 80,000 less than the MW of the ribosome. This dif-
ference probably reflects the loss of some proteins during
the preparation of the subribosomal particles in the high
salt buffer O. Indeed, if one compares the total protein mass
of the subribosomal particles, 1.84 X 10° daltons, estimated
from their per cent protein and MW, they appear to contain
about 110,000 daltons less protein than is calculated to be
present on the same basis in the 558 ribosomes. This mass is
equivalent to three or four proteins of the average size
found in bovine mitoribosomes (O’Brien et af., 1974), and
is a reasonable estimate for the amount likely to be washed
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from the ribosome under these conditions.

Finally, in addition to their high protein content, it
should be emphasized that the unusually low sedimentation
coefficient of these ribosomes remains a major physical~
chemical property distinguishing them from other ribo-
somes, whether of the eukaryotic or prokaryotic variety, in-
cluding the mitoribosomes of primitive eukaryotes (Kuntzel
and Noll, 1967; Chi and Suyama, 1970). In most earlier
studies. the sedimentation coefficient of mammalian mitori-
bosomes was estimated relative to the sedimentation rate of
E. coli or extramitochondrial ribosomes in sucrose density
gradients. In view of the fact that the physical properties of
55S ribosomes differ considerably from those of either of
these sedimentation standards, it is interesting that the
§20.w of nominal 55S bovine mitoribosomes, 56.3 S, is very
close to the relative sedimentation coefficient, 55.4 S, deter-
mined earlier for these ribosomes in sucrose gradients
(O’Brien, 1971). Thus, while it is no longer appropriate to
refer to 55S ribosomes as being “‘the smallest,” they aptly
deserve the distinction of being “the slowest.”
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An Investigation of the Triplet State of Flavines and
Flavoproteins by Optical Detection of Magnetic Resonance?

Thomas A. Moore and Alvin L. Kwiram*

ABSTRACT: The magnetic sublevels of the lowest excited
triplet state of riboflavine, deazaflavine, FMN, FAD, and
alloxazine, as well as two flavoproteins have been investi-
gated by optical detection of magnetic resonance. Lifetimes,
relative steady-state populations, relative radiative rate con-
stants, as well as zero-field splitting parameters are re-

The triplet state of riboflavine makes a major contribu-
tion to the intra- and intermolecular photochemistry of fla-
vine (Song and Metzler, 1967; Penzer and Radda, 1967; De
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supported by a grant from the National Science Foundation (GP-
28183X).

BIOCHEMISTRY, VvOL. 13, NO. 26,

ported for riboflavine and deazaflavine. This double reso-
nance technique has been used to observe and characterize
phosphorescence from flavodoxin and yeast hemoglobin and
is shown to be a powerful technique for investigating the
triplet electronic structure of weakly luminescent biological
systems.

Kok er al., 1971). Triplet riboflavine also serves as a model
system for mechanistic studies of flavoenzyme-catalyzed
reactions. Moreover, excited flavine is implicated in a wide
range of biological processes including photodynamic action
as well as phototropism wherein it may function as the pho-
toreceptor (Foote et al., 1968; Song and Moore, 1968;
Thomas, 1965). For these reasons the riboflavine triplet
state has been extensively investigated both experimentally,

1974 5403



