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ABSTRACT

Ribosomes unfolded by the removal of Mg2+ at 25 C were studied by Raman
spectroscopy and electron microscopy. Raman spectra showed a reduction in
the 813 cm-l phosphodiester signal of 30S and 50S ribosomes compared to
intact ribosomes, suggesting that a fraction of the ribose moieties had
shifted from the 3' endo (ordered) to the 3' exo (disordered) conformation.

The maximum diameters of unfolded 30S and 50S ribosomes, judged by
electron microscopy, were 1.8 and 2.5-fold greater, respectively, than those
of intact ribosomes. Most unfolded 30S ribosomes had three distinct struc-
tural domains and appeared "Y-shaped"; whereas most unfolded 50S ribosomes
had four distinct domains and appeared "X-shaped". When ribosomes were
partially unfolded (by brief exposure to 0.04 mM Mg2+ or EDTA), several
possible intermediates in the unfolding process were observed.

Both the shapes of particles and their Raman spectra reached the same
final state in 0.04 mM Mg2+, where more than 50% of the rRNA phosphates are
discharged by Mg2+, as in 10 mM EDTA, where less than 1% are discharged.

INTRODUCTION
Since the earliest studies of ribosomes, Mg2+ was known to be required

for their stability. Gesteland (1) showed that when EDTA was used to remove

Mg2+ from ribosomes, the particles sedimented more slowly. He also
presented evidence that discrete intermediates in the unfolding reaction
exist. However, the observed changes in sedimentation coefficient gave
little information about specific structural changes during unfolding.
Subsequently, ribosome unfolding has been studied with many different
techniques. Investigators have characterized some of the hydrodynamic
parameters of unfolded ribosomes, such as viscosity and diffusion constant.
These studies generally reinforce conclusions drawn from Gesteland's
sedimentation analysis, but they do not yield additional information about
the conformation of unfolded ribosomes. The ultraviolet absorption and
circular dichroism of unfolded ribosomes have provided some information
about the unfolding reaction at the molecular level (4-6), but the precise
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interpretation of some of these data is uncertain.
In this study we have applied Raman spectroscopy and electron microscopy

(EM) to the phenomenon of ribosome unfolding. Since Raman spectroscopy has
already provided important information about the conformation of 5S rRNA
(7), it was possible that it might yield information about molecular changes
during the unfolding of ribosomes. EM permits the evaluation of the size
and shape of unfolded ribosomes and the identification of any intermediates

in the unfolding process.

METHODS
Ribosomes were prepared by conventional means from E. coli strain D10

(1,8). 30S and 50S subunits were separated by zonal centrifugation and
concentrated by ethanol precipitation. Ribosomal subunits for Raman
spectroscopy were dialyzed exhaustively at 4 C against Tris HC1, pH 7.4,
containing the indicated concentrations of Mg2+ or EDTA.

The Mg2+ content of buffers and ribosomes was measured with an Instru-
mentation Lab., Inc. flame photometer. Standard curves were constructed
using dry Mg2+ dissolved in 1 N HC1 or MgCl2 dissolved in H20.
Laser-Raman Spectroscopy

Raman samples (2% ribosomes by weight) were illuminated in Kimax-51

melting point capillaries with the 488 nm line of a Spectra-Physics 165
Ar-ion laser at a constant power of 250 mW at the sample. The scattered

light was integrated with a Spex 1400 holographic, double-grating
spectrometer equipped with a cooled RCA31034A-02 phototube and Ortec photon
counting equipment. Spectra were displayed on a Tektronix 4051 Graphic
Display System and a Gould Brush 110 strip chart recorder. Resolution of
the spectra were nominally 8 cm-1. Peak heights on the spectra were

measured from a tangent to the baseline. Raman samples were dialysed
extensively against buffers containing 20 mM Tris HC1 pH 7.4 and the
indicated concentration of EDTA or Mg2+ at 4C.

In order to cornpare different Raman spectra quantitatively it is
necessary to normalize peak intensities for differences in nucleic acid
concentration and laser power. Most investigators (9-10) have chosen to use

the intensity of the 1100 cm-1 peak (phosphate dioxy stretch) as a

normalization factor, since it is expected to be proportional to nucleic
acid concentration (one P02 group per nucleotide) and since it does not
vary with nucleic acid conformation. Since the 1100 cm-1 intensity varies
with Mg2+ concentration (Fig. 1), however, it is not an ideal standard for
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Fig. 1. Relative intensity of 1100 cm-l and 785 cm-1 signals from 23S
rRNA as a function of Mg2+ concentration. Mg2+ was added in small
aliquots to a solution of 23S RNA, Raman spectra were obtained after each
addition and the theoretical dilution of the RNA in the sample was
calculated. The 1100 cm-1 and 785 cm-1 peak intensities determined from
these spectra divided by the theoretical dilution are plotted as a function
of Mg2+ concentration. Curves are drawn using slopes obtained by linear
regression of the experimental points. The intensity of the 785 cm-1 does
not depend on Mg2+ c ncentration ¢slope = 0) whereas the intensity of the
1100 cm-1 peak does oepend on Mg2 concentration ts ope not equal to 0).

these studies. Instead, the intensity of the 785 cm-1 peak has been used,
since it is independent of the Mg2+ concentration (Fig. 1). Because the
785 cm-1 vibration arises from cytosine and uracil (9), its intensity
depends on the base composition of the nucleic acid studied. However,
because only nucleic acids of identical base composition are compared here,
it is an adequate normalization standard.
Electron Microscopy

The Mg2+ concentration of the buffer used to adsorb ribosomal subunits
to grid support films significantly altered the efficiency of this
attachmnent. In order to minimize differences in binding efficiency when
different Mg concentrations were studied, subunits were attached to
grids in 0.2 mM Mg2+ and subsequently treated with solutions of different
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Mg2+ concentration. Similar results were obtained when subunits were
attached to grids in buffers of different Mg2+ concentrations.

Ribosomal subunits were diluted to a final concentration of 0.5 to 1.0
ag/ml in 20 mM Tris HC1 pH 7.4, 0.2 mM MgC12 at 25°C. Freshly prepared
Parlodion coated grids were touched to the surface of a 100 il droplet of
the subunit suspension, rinsed briefly in 20 mM Tris HC1 pH 7.4, and then
floated on a droplet of 20 mM Tris HC1 pH 7.4 containing the indicated
concentration of Mg2+ or EDTA for 5 or 45 minutes at 25 C. The grids were
stained by immersion in 0.05% aqueous uranyl acetate for 30 sec, rinsed for
10 sec in 90% ethanol, blotted, and air dried. Most grids were subsequently
rotary-shadowed with tungsten at an incident angle of 80.

Two parameters of unfolded ribosomal subunits were measured from
electron micrographs in order to characterize ribosome unfolding at
different Mg2+ concentrations. First, the maximum diameter of particles
was measured by determining the smallest diameter circle into which each
particle could be fit (using a circle gauge with increments of one-tenth
inch). The diameters obtained were used to construct histogrms. Second,
particles were classified into shape categories by inspection (see Results).

RESULTS
i) Raman detects unfolding

Raman spectra of RNA include a strong vibration at 813 cm-1 which is
correlated with nucleic acid conformation (10). The 813 cm-1 peak arises
from the in chain phosphodiester (0-P-0) symmetric stretch when the ribose
rings of a polynucleotide are in the 3' endo conformation (11). (The
intensity of the 813 peak is therefore expected to be proportional to the
number of nucleotides in the 3' endo conformation.) If the ribose moieties
of a polynucleotide are perturbed from the rigid 3' endo conformation, the
0-P-0 symmetric stretch vibration is shifted to lower wave numbers (12). As
a result, the intensity at 813 cm-1 is diminished. The dependence of the
intensity at 813 cm-1 on the 3' endo conformation is predicted by
theoretical calculations (11) and has been demonstrated by comparison of LR
spectra of DNA in the A form (3' endo, where the 813 cm-1 peak is present)
and in the B form (3' exo, where the 813 cm-1 peak is absent; ref. 12).

We have defined an ordering parameter "^f" by dividing the intensity of
the 813 cm-1 peak by that of the 785 cm-1 peak (i.e. normalizing the
intensity of the 813 peak for nucleic acid concentration, etc.). y is a
sensitive indicator of changes in ribosome structure induced by heating.
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Ribosomal subunits are more stable to increases in temperature and melt more

cooperatively than their corresponding rRNAs, in agreement with UV and CD

data (13). Fig. 2 shows a portion of a spectrum of 50S ribosomes at 25 in
0.2 mM Mg2+ solution (solid line); the 813 and 785 cm-1 signals are

prominent. When the ribosomes were heated to 60 in 10 mM EDTA, most of the
spectral peaks, including that at 785 cm-1, were unchanged; but the 813
cm-1 signal (dashed line, Fig. 2) was essentially absent. We found that
the 785 cmn- peak intensity did not vary relative to the intensity of the

standard peak from cacodylate buffer (10) up to 60 C (data not shown).
Others have found that the 785 cm-1 peak intensity from tRNA increased 16%

between 32 and 80 C (14), but even the small changes observed in that case

below 60 C (14), would have only a small effect on the value of y compared
to the changes occuring in the 813 cma1 peak.

A part of the 813 cm-1 signal is lost when Mg2+ is removed from the

ribosomes, even at 25*C. Comparison of the y values of ribosomal subunits
at different Mg2+ concentrations indicates that y is a sensitive function

of Mg2+ concentration at 25*C (Fig. 3) [unlike UV and CD spectra which

show only small changes during ribosome unfolding at 25 C (see Discussion)].

600 800 1000 1200 1400
WAVENUMBER, cm-1

Fig. 2. Raman spectrum of 50S subunits in 0.2 mM Mg2+ at 25*C isolid
line). A portion of a spectrum of subunits in 10 mM EDTA at 60 has been
superimposed (dotted line), with the intensity of its 785 cm-1 peak
normalized to that of the subunits in 0.2 mM Mg2+, laser power = 300 mW,
sample concentration= 2.6%, scan rate = 1 cm-t per second, time constant
= 3 sec. Slit width = 600/800/600.
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Fig. 3. The Mg2+ content of ribosomes (expressed as moles Mg2+/moles
and tle valyges of for ribpsomes as a function of the jmbient Mg2+coWen ra ion. Te scale have been selected so that the values of y and

moles Mg2+/moles P04 are the same in EDTA and 5 mM Mg2+. Note that
these two parameters deviate from each other maximally when subunits in EDTA
are brought to 0.04 mM Mg2+: the Mg2+ content of ribosomes increases
from nearly zero to more than 50% saturation of ribosomal phosphates (one
Mg2+ per two P04 is complete saturation), while y increases by only 13%
of its total change between EDTA and 5.0 mM Mg2+. Bars indicate standard
errors for six experiments. (Three experiments with 50S and three with 30S
ribosomes gave indistinguishable results.)

Changes in y which occur when Mg2+ is removed from ribosomes, result
from changes in the 813 cm-1 peak intensity, since the intensity of the

785 cm-1 peak does not depend on Mg2+ concentration (see Methods).
Since the 813 cm-1 peak arises from a phosphate vibration, it is

conceivable that the discharge of phosphate groups when Mg2+ is removed

from ribosomes could produce changes in y, independent of changes in ribose

conformation. If this were the case, the Mg2+ content of ribosomes at

different ambient Mg2+ concentrations would be expected to be proportional

to the value of y at the corresponding Mg2+ concentration. In order to

investigate this possibility, we determined the Mg2+ content of ribosomes

at different ambient Mg2+ concentrations by flame photometry (see
Methods). Fig. 3 demonstrates that these two parameters are not propor-
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tional, making it unlikely that y is only measuring the discharge of
phosphate groups.
ii) Electron microscopy detects intermediates in unfolding

Electron microscopy revealed large increases in the maximum diameter of
ribosomal subunits when they were exposed to EDTA or low Mg2+ concentra-
tions. Histograms representing the distribution of 30S and 50S subunit
diameters measured from electron micrographs (see Methods) at different
Mg2+ concentrations are presented in Fig. 4. The maximum diameters of 30S

and 50S subunits were unaffected (differences not significant by t test)
when the Mg2+ concentration was decreased from 1 mM to 0.2 mM. The mean
diameters obtained in 0.2 mM Mg2+ (30S = 24 nm, 50S = 24 nm) are in good

agreement with estimates of subunit diameter by electron microscopy (15) and
low angle X-ray scattering (16). The size distribution of particles was not
altered by prolonged incubation in 0.2 mM2+ before staining (data not
shown). Decreasing the Mg2+ to 0.04 mM resulted in a time-dependent
increase in the maximum diameter of both 30S and 50S subunits (see Fig. 4,
panels b and c; f and g). After five minutes in 0.04 mM Mg2+ (see
Methods), 34% of the 30S particles examined had diameters greater than two
standard deviation units above the mean for 30S particles in 0.2 mM Mg2+
(i.e., 29 nm). After 45 min the diameter of 62% of the 30S particles was

greater than 29 nm. The 50S subunit apparently unfolded more rapidly than
the 30S subunit in 0.04 mM Mg2+, since within five minutes 81% of the SOS
particles examined had diameters greater than two standard deviation units
above the mean for SOS particles in 0.2 mM Mg2+ (i.e., 26 nm).

Both 30S and 50S particles unfolded much more rapidly in 10 mM EDTA than
in 0.04 mM Mg2+. After a 5 min exposure to 10 mM EDTA, none of the
particles examined retained the dimensions of native subunits. Furthermore,
unfolding was complete after 5 min exposure to 10 mM EDTA, since the mean

diameters measured after 5 min (30S = 44 nm; 50S = 58 nm) were little
different from those measured after 45 min exposure to 10 mM EDTA (30S = 44
nm; SOS = 54 nm).

In order to define any structural intermediates in the unfolding
reaction, ribosomal subunits at different Mg2+ concentrations and in EDTA

were classified into six shape categories. The catagories were defined as
follows: I, round or elliptical particles (i.e. "native" subunits); II,
particles with a single projection; III, particles with 2 projections; IV,
rod-like particles of uniform width; V, particles with three distinct
domains; and VI, particles with four or more distinct domains. Figure 5a
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Fig. 4. Histograms representing the percent of particles with particular
maximum diameters. Samples were attached to grids in 20 mM Tris HC1 pH 7.4
(see text) and were then exposed to the indicated Mg2+ or EDTA
concentration for 5 or 45 minutes. Mean diameters (x) and the number of
particles measured (n) are indicated for each condition.

a) 30S subunit 0.2 mM Mg2+ 5 minutes
b) 30S subunit 0.04 mM Mg2+ 5 minutes
c) 30S subunit 0.04 mM Mg2+ 45 minutes
d) 30S subunit 10 mM EDTA 5 minutes
e) 50S subunit 0.2 mM Mg2+ 5 minutes
f) 50S subunit 0.04 mM Mg2+ 5 minutes
g) 50S subunit 0.04 mM Mg2+ 45 minutes
h) 50S subunit 10 mM EDTA 5 minutes

x = 24 nm
x = 27 nm
x = 31 nm
x = 44 nm
x = 24 nm
x = 37 nm
x = 47 nm
x = 58 nm

n = 90
n = 89
n = 100
n = 100
n = 79
n = 89
n = 87
n = 226

shows representative particles from each shape class for 30S and 50S
subunits (no class III or class VI particles were observed among the 30S
subunits at any Mg2+ or EDTA concentration). Fig. 5b shows a field of 505
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Fig. 5. a. Typical 30S and 5OS subunits from each shape class (see text).
No 30S particles could be assigned to class III or class VI. Magnification

X157,500. b. A field of 50S ribosomes in EDTA, predominantly of class VI.

Magnification X1 56 ,600

subunits predominantly of class VI. Particles could be classified with

little ambiguity; less than 5% of all the particles examined were unassign-

able, and independent observers agreed on more than 85% of the assignments.

The percentage of particles in each shape category is shown in Table I.

Native 30S particles accounted for over 90% of the particles examined in

0.2 mM Mg2b. After 5 minutes in 0.04 mMMg2b, class I still accounted
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Table 1

Distribution of Ribosomes in Electron Micrographs as a

Function of g24 Concentration

Class, as %

I II III IV V VI

30S 0.2 mM Mg2+ 90 5 0 5 0 0

30S 0.04 mM Mg2+ 5 min 56 42 0 1 1 0

30S 0.04 mM Mg2+ 45 min 19 33 0 28 20 0

30S 10 mM EDTA 5 min 1 10 0 31 58 0

50S 0.2mMMg2+ 96 3 0 0 1 0

50S 0.04 mM Mg2+ 5 min 39 18 21 9 10 3

50S 0.04 mM Mg2+ 45 min 18 12 27 13 18 12

50S 10 mM EDTA 5 min 0 5 11 14 30 40

Class I particles are native subunits; II, particles with a single
projection; III, with 2 projections; IV, rod-like particles of uniform
width; V, with 3 distinct domains; VI, with 4 or more distinct domains (see
Fig. 5).

for the majority of 30S particles observed; but after 45 min less than 20%
of the particles were assigned to class I. Class II 30S particles were found
infrequently in 0.2 mM Mg2+, but accounted for more than 40% of the
particles examined after 5 minutes exposure to 0.04 mM Mg2+. Class II
particles were found less frequently after 45 minutes in 0.04 mM Mg2+, and
accounted for less than 10% of the particles examined in 10 mM EDTA. Class
IV and V 30S particles first appeared after 45 minutes in 0.04 MM Mg2+,
becoming the predominant species in 10 mM EDTA (89%).

Native 50S particles (class I) were the major species in 0.2 mM Mg2+
(96%), but were found with decreasing frequency after 5 and 45 minutes in
0.04 mM Mg2+; and in 10 mM EDTA, no class I particles were observed. Class
II and III particles were rare in 0.2 mM Mg2+ but accounted for a signifi-
cant fraction of the particles examined in 0.04 mM Mg2+ (30% jointly).
Class II and III particles were less than one-half as frequent in 10 mM EDTA
as in 0.04 mM Mg2+. Class IV particles were absent in 0.2 mM Mg2+ but

656



Nucleic Acids Research

formed a small fraction of the particles observed in both 0.04 mM Mg2+ and

in 10 mM EDTA (10-15%). Class V and VI particles appeared after 5 minutes
in 0.04 mM Mg24 and accounted for an increasing fraction of the particles

observed after 45 min in 0.04 mM Mg2+ (30%) and in 10 mM EDTA (70%).

Discuss i on
i) Raman spectroscopy compared to other optical techniques

Raman melting curves (y) of ribosomal subunits and rRNA at different
Mg2+ concentrations closely parallel CD melting curves (i.e., e265, the

change in ellipticity with temperature at 265 nm) (4), implying that Raman
and CD spectra are sensitive to the same types of conformational changes in

RNA. However, when EDTA is added to native ribosomes at 25°C, there is no

change in e265, although the peak shifts 3 wave numbers higher (4-5). In
contrast y decreases 11% in corresponding conditions (Fig. 3). (There is a

much larger change observed by both techniques if EDTA is added to native
ribosomes at 37 C). These results seem inconsistent with the notion that

Raman and CD measure identical aspects of RNA conformation. However, the

observations are self consistent if the CD results are interpreted as

suggested by Yang and Samejima (17). They argue that a constant value of

e265 indicates that the number of bases in a stacked conformation is
constant, and that a red shift of the 265 cm-1 peak implies that the
hydrogen bonds between base pairs have been broken. Raman theory implies
that a decrease in the intensity of the 813 cm-1 peak (a decrease in y)
indicates that some nucleotides have been disrupted from the 3' endo

conformation. A decrease in y, however, does not necessarily imply that any

bases have been unstacked. Taken together, the Raman and CD results are

consistent with the breaking up of base pairs in some rRNA helices during

unfolding, with a change in the ribose conformation of the involved
nucleotides, but without base unstacking. This interpretation is also

consistent with UV absorption data (6), which demonstrate no change in

absorbance at 260 nm during unfolding, and only a small (1-2%) hyperchromic

effect at 280 nm, implying little or no base unstacking.
Whether or not this suggested interpretation of the spectral data is

correct, the LR data presented here imply that a substantial number of

nucleotide residues in rRNA are disturbed from the 3' endo conformation
during ribosome unfolding. Significantly, the greatest change in y observed
under the conditions studied (10 mM Tris HC1, 25 C) occurred between 0.2 mM
and 0.04 mM Mg2+, rather than between 0.04 mM Mg2+ and EDTA. This
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implies that RNA structure was significantly "relaxed" before the amount of
bound Mg2+ was reduced below 50% saturation of ribosomal phosphates (a
ratio of 0.25 in Fig. 3).
ii) EM compared to sedimentation results

Since RNase I minus strains were not available when Mg2+ depleted
ribosomes were first examined by electron microscopy (18), ribonuclease
activation resulted in extensive degradation of the unfolded particles.
Although a loosening and unfolding of ribosome structure was apparent in
those studies, sample degradation precluded any detailed analysis of the
unfolding. In another study, when partially deprotonated 50S subunits from
B. subtilis were depleted of Mg2+, they became elongated with a two-fold
increase in maximum diameter (19). No specific structural features of the
unfolded 50S subunits were noted, however. Mg2+ depleted mammilian

ribosomes also showed an increase in maximum diameter over native subunits
(20,21), with a suggestion of threadlike extensions from unfolded 60S
subunits (20). These projections may be comparable to those seen here with
class II and III particles.

Since the sedimentation coefficient of a spherical particle is inversely
proportional to its Stokes radius, it is possible to compare the
sedimentation coefficients of unfolded ribosomes with the diameters measured
from electron micrographs. If the native 50S subunit corresponds to a
particle with a diameter of 24 nm (measured from electron micrographs of
particles in 0.2 mM Mg2+), completely unfolded 50S subunits observed at
21S by Gpsteland (1) would have a diameter of 57 nm. Analogously,
completely unfolded 30S subunits observed at 16S would have a diameter of 45
nm. Comparison of these calculated diameters with Fig. 4 indicates
excellent agreement between the diameters calculated for the completely

unfolded subunits and those measured in 10 mM EDTA (30S mean diameter = 44
nm, 50S mean diameter = 58 nm). Other sedimentation analyses (22-24), using
conditions less similar to those used here, agree substantially with
Gesteland's results and with the results presented here.

Gesteland (1) also observed discrete intermediates in the unfolding
process, sedimenting at 36S for the 50S and 26S for the 30S subunit. There
are no maxima in the histograms that might correspond to such intermediates;
rather, particle diameters show a very broad distribution (Fig. 4). However,
asymmetric intermediates could sediment homogeneously but bind to EM grids in
different orientations, leading to variable measurements of their maximum
diameter.
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Support for this possibility comes from the analysis of the shapes of
particles observed during unfolding in 0.04 mM Mg2+ and EDTA solutions.
For example, as Table I and Fig. 5 indicate, after 5 min in 0.04 mM Mg2+, a
major fraction of 30S subunits appear in class II (which has a single projec-
tion). Such particles are virtually absent after comparable incubations in
0.2 mM Mg2+ and in 10 mM EDTA (Table I). Their selective presence at an
intermediate Mg2+ level is consistent with the possibility that class II
particles are intermediates in the unfolding of 30S subunits. Similarly, the
progressive increase in frequency of class IV and V particles as the Mg2+
concentration is decreased (or as the incubation in 0.04 mM Mg2+ is
prolonged) is consistent with their being final products of the unfolding
reaction.

A hypothetical unfolding scheme for the 30S subunit would then have

class I particles (Fig. 5) giving rise to one projection (class II), and
then opening further to produce classes IV and V.

A basically similar argument holds for the 50S ribosome, for which class
II and class III particles are much more common in 0.04 mM Mg2+ than in
0.2 mM Mg2+ or in EDTA; and class V and class VI particles become
increasingly more frequent at low Mg2+ concentrations. A possible
unfolding scheme would then start from class I particles, which form either
one (class II) or two (class III) projections, and then open further to give
rise to class V and VI particles.

Class IV particles, which are a major form of unfolding 30S ribosomes,
are much less frequent in preparations of unfolding 50S ribosomes. Those
observed are smaller than other particles, and are rare with subunit
preparations (like that in Table I) in which greater than 85% of the 23S
rRNA is intact. In contrast, with 50S ribosome preparations in which a
break has occurred near the middle of most 23S rRNA molecules, class IV

particles are much more frequent, and few class VI particles are seen (data
not shown). It seems likely that class IV 50S particles are fragments of
the ribosomes similar to those obtained by partial nuclease digestion (25).

Of course the results do not establish these unfolding pathways as
correct; class I particles could, for example, proceed directly to class V
or VI. It should be possible to assess the unfolding pathway more
accurately by defining more precisely the kinetics of unfolding in 0.04 mM
Mg2+, and by examining the distribution of r-proteins in the putative
intermediates using monoclonal antibodies (26). Such studies might help to
test the speculative possibility that the domains of structure suggested for
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unfolded subunits may correspond to the domains of secondary structure
predicted for rRNA (27).

It is of some interest that native ribosomes were observed to reach
almost the same EM configuration and Raman spectrum in 0.04 mM Mg2+ as in
10 mM EDTA (Figs. 1, 3-4, Table 1, and unpublished data). These results
imply that ribosomes can be unfolded to the same determined structure when
only a fraction of bound Mg2+ ions are displaced (i.e. 50%). In our
experiments--at 250 in 20 mM Tris HCl, pH 7.6--0.04 mM Mg2+ was a critical

Mg2+ concentration for ribosome structure; but the minimum level of Mg2+
required to maintain ribosomes as native subunits depends on other variables
as well as Mg2+ concentration, including temperature and ionic strength
(1, 13, 22).

Since EM and Raman measurements of ribosome unfolding are correlated
with regard to the Mg2+ concentration at which changes occur, it is likely
that the two techniques measure similar phenomena or different aspects of
the same phenomenon. Kinetic Raman studies would further elucidate this
relationship by showing whether these techniques are correlatzd with regard
to time course as well as Mg2+ concentration. Although only the 813
cm-1 Raman peak was observed to change with ribosome unfolding in this
study, spectral data already indicate that some other rRNA peaks also change
in intensity. Indeed, if the sensitivity of Raman spectra were
significantly improved, it might be possible to study changes in r-protein
peaks which are now undetectable because of the much more intense rRNA peaks.
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