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1. Introduction

The ribosome of Escherichia coli contains about
52 proteins most of which are basic and have molec-
ular weights between 5000 and 18 000 and some
bind directly to the ribosomal RNAs and facilitate
their folding [1]. The functions of the proteins are
uncertain, however, and although some have been
assigned functions, indirectly, such as GTPase and
peptidyl transferase, no such activity has been exclu-
sively and unambiguously assigned to any single
protein [2]. On the other hand the direct involvement
of the RNA in the functioning of the ribosome has
been established (e.g.[3]).

Ribosomal proteins are generally prepared under
strongly denaturing conditions {4]. Most of the 30 S
subunit proteins, however, are biologically viable since
they can be subsequently reconstituted into active
subunits [5]. Very little is known however about the
protein structures, for two reasons:

1. Most of the proteins are difficult to dissolve in
buffers at neutral pH.

2. They have not been systematically studied because
of doubt as to whether they assume similar structures
in the free state as in the ribosome.

In the present study, 24 ribosomal proteins were
investigated to establish whether they exhibited
terti:{ry structures or behaved as random coil polypep-
tides in solution. High resolution proton NMR was
chosen since it yields direct information about (a) the
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presence of tertiary folding within the proteins and
(b) the degree of flexibility of the structure. The
occurrence of tertiary folding, involving aromatic resi-
dues, is indicated by the formation of ring-current
shifted apolar methy! resonances and perturbation

of aromatic residue resonances in the spectra. The
degree of flexibility in the protein is reflected in the
relative widths of the amino acid resonance peaks
under ‘native’ and denatured conditions. Of the 24
proteins studied, six, namely S4, S15, S16, L7/12, L18
and L25 exhibited tertiary structure but none was
detected in the remainder.

2. Materials and methods

Proteins were prepared by CM-cellulose chromatog-
raphy and Sephadex G 100 gel-filtration in 6 M urea
{4]. They were lyophilised and dissolved in D,O
containing 0.1 mM dithiothreitol or in 10 mM K
phosphate, 0.1 mM dithiothreitol, pD 7.0. Denatured
protein spectra were obtained at low pHorin 6 M
urea. The proteins were provided by Dr H G Wittmann.
Protein concentrations were determined by weighing
or using the Folin reagent [6]. They were between 1
mg/ml and 5 mg/ml. Proton NMR spectra were
obtained using a Bruker WH 270 spectrometer
operating in the Fourier Transform mode. Typical
observation conditions were 12 us pulse length, data
collection over 0.5 s and multiplication of the free
induction decay by an exponential equivalent to
line broadening by about 2 Hz.
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3. Results Only the spectra of proteins S4, S15, S16, L7/12,
L18, and L25 were typical of structured proteins. They
each exhibited ring-current shifted resonances in the
high-field region of the spectra and perturbations in
the low-field aromatic region. They are shown in fig.1

Protein NMR spectra were obtained for the following
proteins: S3, 84, S5, S6, S7, S8, 89, S11, 812, 813,
S15, S16, S18, 820, S21, L1, L2, L7/12, 118, L.24,
125, 127, 129 and L30. They were examined in low
salt at pD 7, because only under these conditions were
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Fig.1. 270 MHz proton NMR spectra of proteins (A) S9, (B) S15, (C) S16. (D)L7/12, (E) L18 and (F) L25. For each protein

spectra were obtained (a) in 10 mM K phosphate, 0.1 mM dithiothreitol, pD 7. Denatured protein spectra (b) were obtained in
6 M urea. Aromatic region is shown X4 for each spectrum.
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together with the spectra of the denatured proteins in
6 M urea. The spectra of protein S4 have been published
elsewhere [7]. The degree of tertiary folding in
these proteins decreased from S16, with six well-resolved
ring-current shifted peaks, to S4 and L7/12 with only
one or two such peaks occurring as shoulders on the
high-field side of the apolar methyl resonance position.
Each of the proteins also yielded complex perturbations
in the low-field aromatic region. The remainder of the
proteins yielded spectra typified by S9 in fig.1 A. No
ring-current shifted peaks or low-field perturbations
were seen and there was almost no dipolar broadening
of the resonance line-widths: it was concluded that
they exhibit very little or no tertiary structure (see [8]
for a general review on protein NMR). Proteins S6, S8
and L1 were exceptional in that they tended to
aggregate during the NMR run at neutral pH. This
reduced the signal to noise ratio in the spectra.
Nevertheless, there was no evidence for tertiary
structure.

Each protein was examined under higher ionic
strength conditions in order to establish whether
extra structure could be induced by salt. This was
achieved by slowly titrating with 1 M KCl. Many of
the proteins precipitated and no spectra were obtained.
A few proteins S4, S18, S20, L2 and L24, appeared
soluble but showed a loss in the NMR signal area
indicating that they were partially aggregated; however,
the general features of the spectra remained unaltered.
Only proteins S9,S21 and L.7/12 were very soluble at
higher ionic strengths, but under these conditions they
yielded spectra identical to those in low salt. There
was no evidence, therefore, for salt-induced tertiary
structure in the latter proteins.

4, Discussion

Very little is known about the secondary and
tertiary structures of ribosomal proteins. The o-helix
contents of proteins S3, S4, S6, S7 and S8 were
determined at neutral pH where they exhibit the most
structure and they fell in the range 18—50% [9].
Theoretical secondary structure estimations have also
been made (reviewed in [1]) but the extent to which
they apply to the exceptional and complex structures
of the ribosomal proteins is uncertain. Shape
determinations have been performed on proteins S4,
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L7/12, L18 and 125 and they were each shown to have
asymmetric and extended structures (e.g. [10—12}).

Our NMR results demonstrate that proteins S4,
S15, 816, L7/12, L18 and L25 contain some tertiary
structure, although less than expected for fully globular
proteins. No evidence of such structure was detected
in the other 18 proteins. Moreover, no salt-induced
structure was observed for those proteins that were
soluble in high salt:

Two inferences can be drawn from these results:

1. The spectra reflect the ‘native’ protein structures
in solution and the six proteins are more
structured than the others.

2. All proteins are to some degree denatured after

the fractionation procedure, and the group of

structured proteins simply have more stable, or more

easily renaturable, structures than the rest.

In an attempt to distinguish between these two possible

inferences we examined further the known primary
sequences to see whether the structured proteins
exhibited any properties that distinguished them from
the others. Of the proteins examined by NMR, S4, S6,

S8, 89, S12, S13, S15, S16, S18, 820, S21, L7/12,

L18, L25, L27, 129 and L30 have been sequenced

(reviewed in [1]). The six structured proteins are

included in this group. In fig.2 the proteins are arranged
in histograms according to (A) charged residue content

(B) charged/apolar residue ratio and (C) basic/acidic

residue ratio. For comparison, data are included for
globular proteins of known tertiary structure, fibrous

proteins and histone proteins [13].

In fig.2 A it can be seen that the ribosomal proteins
are exceptional in that their percentage content of
charged residues is highly conserved; 11 of the 21
sequenced proteins have a charged residue content of
31 (21)%.

The distribution of the same proteins according
to their charge/apolar residue ratios (fig.2B) shows
that the values for the ribosomal proteins are higher
than for the globular proteins. Since high charge/apolar
ratios would be compatible with more extended
protein structures in which there is a maximum
exposure of polar residues to the solvent, the high ratio
values for the ribosomal proteins supports the NMR
data which indicated little tertiary structure.

The arrangement of the proteins according to their
basic/acidic residue ratios (fig.2C) indicates that the
proteins which exhibited structure in their NMR
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Fig.2. Histograms of ribosomal proteins, histones and other
proteins of known sequence arranged according to (A)
charged residue content (B) charged/apolar residue ratio and
(C) basic/acidic residue ratio. The following abbreviations are
used: A=bovine trypsinogen, B=ribonuclease T1, C=bacterio-
phage F2 coat protein, D=repressor protein, LAC operon,
E=TMYV (vulgare) coat protein, F=bovine RNAase, GFHEW
lysozyme, H=cytochrome ¢ (k angaroo), [=Myoglobin (sperm-
whale). H2A, H2B, H3 and H4 denote the histones from calf
thymus. The basic residues do not include histidines. The
apolar residues do not include alanine, which because of its
small size is assumed to be readily incorporated into any
structured region. ‘Structured’ proteins are shown stippled.
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spectra occur in the same region as the globular
proteins. Proteins S6 and S8, that were difficult to
study at neutral pH (see Results section), and L.29,
also occur in this region but showed no structure.
Apart from these exceptions, however, the grouping
of the proteins correlates with the NMR results. The
relatively low basicities of ‘structured’ ribosomal
proteins would lead to less intra-molecular repulsions
between positively charged amino acids, and this in
turn would produce stable (and possibly more easily
renaturable) tertiary structures in those proteins. It
also suggests the possibility that the more basic
proteins may assume tertiary structure when their
positive charges are partially neutralised in the environ-
ment of either ribosomal RNA or the acidic regions of
other ribosomal proteins.

A further correlation was also possible between
the distributions of basic, acidic and apolar residues
in the sequences and the NMR data. For most proteins
the distributions are fairly random. However, a few
proteins are very polarised and they include five of the
six structured proteins. S4 has a highly apolar central
region. In S15 the basic residues are concentrated in
the C-terminal region and in S16 and L18 they are
concentrated in the N-terminal region. L7/12 is rich
in apolar residues. This concentration of basic
residues at the ends of four of these proteins will
render the composition of the other region of the
protein more suitable for forming a tertiary structure.
Moreover, the highly basic regions will be too highly
charged to assume a globular structure, and this could
explain why none of the spectra observed for the
‘structured’ proteins resemble those of globular
proteins in all aspects.

There are two criteria that can be invoked to show
that many of the proteins under study have retained
some native structure and are therefore not irreversibly
denatured, namely the capacities of the acid—urea
extracted proteins (1) to reconstitute into subunits
and (2) to bind specifically to ribosomal RNAs. The
former has been established for the 30 S subunit
proteins [5]. We have tested each of the proteins,
prepared as described above, for binding to the RNAs
(reviewed in [14]). Of the proteins examined by NMR,
ten bind specifically to the RNAs, namely S4, 87, S8,
S15, 820, L1, 1.2, L18, 124 and L25. Four of these,
only, fall in our group of structured proteins. This
result, together with the observation that proteins
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prepared by procedures that minimise protein denatur-

ation show very similar RNA binding properties to the

acid—urea extracted proteins [15], suggests that even
in the ‘native’ state these proteins exhibit very little
tertiary structure.

There is one reservation, however, about the acid—
urea extracted proteins, in that little quantitative RNA-
binding data is available. There is the possibility, for
example, that, say, a large percentage of the protein
molecules are denatured and only a small percentage
are not; the NMR signals from the ‘native’ and
presumably more structured protein molecules, might
then be too weak relative to those from the denatured
material. There are three lines of evidence to suggest
that this may be so at least for some acid-urea extracted
proteins.

1. Limited proteolysis of protein 84 when free and
complexed with 16 S RNA gives higher yields of a
protected fragment from the complex; this together
with the observation that the protein fragment
binds more efficiently to the 16 S RNA than the
free protein suggests that the free $4 protein-
contains some denatured molecules [16].

2. Fluorescence spectroscopic studies on protein S4
indicated the presence of two different conforma-
tions [17].

3. When one of the ‘structured’ proteins, namely S 16,
was dissolved in 8 M urea and dialysed into high
salt buffer at neutral pH, there was great enhance-
ment of the ring-current shifted peaks in the NMR
spectrum. The procedure selectively enriched the
structured form of the protein by causing precipi-
tation of denatured material. The results of similar
experiments performed on other proteins, including
some of the ‘non-structured’ ones, suggest that
renaturation of already denatured material does
not occur.

4. NMR experiments currently in progress on ribosomal
proteins prepared under non-denaturing conditions
suggest that some of them contain significantly more
structure than those prepared under the denaturing
conditions described in this paper [18].
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