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ABSTRACT: Protein S4 is essential for bacterial small ribosomal subunit assembly and recognizes the 5′
domain (∼500 nt) of small subunit rRNA. This study characterizes the thermodynamics of forming the
S4-5′ domain rRNA complex from a thermophile,Bacillus stearothermophilus, and points out unexpected
differences from the homologousEscherichia colicomplex. Upon incubation of the protein and RNA at
temperatures between 35 and 50°C under ribosome reconstitution conditions [350 mM KCl, 8 mM MgCl2,
and 30 mM Tris (pH 7.5)], a complex with an association constant ofJ109 M-1 was observed, more than
an order of magnitude tighter than previously found for the homolgousE. coli complex under similar
conditions. This high-affinity complex was shown to be stoichiometric, in equilibrium, and formed at
rates on the order of magnitude expected for diffusion-controlled reactions (∼107 M-1 s-1), though at
low temperatures the complex became kinetically trapped. Heterologous binding experiments withE.
coli S4 and 5′ domain RNA suggest that it is theB. stearothermophilusS4, not the rRNA, that is activated
by higher temperatures; theE. coli S4 is able to bind 5′ domain rRNA equally well at 0 and 37°C. Tight
complex formation requires a low Mg ion concentration (1-2 mM) and is very sensitive to KCl
concentration{-∂[log(K)]/∂(log[KCl]) ) 9.3}. The protein has an unusually strong nonspecific binding
affinity of 3-5 × 106 M-1, detected as a binding of one or two additional proteins to the target 5′ domain
RNA or two to three proteins binding a noncognate 23S rRNA fragment of the approximately same size.
This binding is not as sensitive to monovalent ion concentration{-∂[log(K)]/∂(log[KCl]) ) 6.3} as specific
binding and does not require Mg ion. These findings are consistent with S4 stabilizing a compact form
of the rRNA 5′ domain.

Ribosomal protein S4 is one of the most extensively
studied of the 21 small subunit proteins. In early studies of
ribosomes, S4 was identified as a protein that bound directly
to 16S rRNA (1), was essential for in vitro assembly of 30S
subunits (2, 3), and was the first protein to bind 16S rRNA
during ribosome assembly in vivo (4). S4 was found to
protect an unusually large region of 16S rRNA from nuclease
digestion (5, 6), ∼500 nt termed the 5′ domain, though
footprinting experiments seemed to narrow the actual contact
region to a “five-helix junction” within which the 5′ and 3′
ends of the protected domain are base paired (7, 8). Recently
determined crystal structures of the intact 30S subunit
confirm that S4 binds only the five-helix junction (Figure
1; 9, 10). The central position of S4 in ribosome assembly
and its interaction with a large domain of the rRNA have
suggested that S4 contributes to ribosome assembly by
organizing the rRNA into a structure competent to bind
additional proteins (11).

To understand the consequences of S4 binding for rRNA
folding and ribosome assembly, it is essential to characterize
the thermodynamics of S4-rRNA interactions. A few studies
measured binding affinities ofEscherichia coliS4 protein

for 16S rRNA and its fragments under ribosome reconstitu-
tion conditions (12-14), but the marginal stability ofE. coli
S4, which is significantly unfolded at 37°C (15), limited
both thermodynamic and structural studies. To obtain a more
suitable system for RNA binding and ribosome assembly
studies, we have characterized an S4 homologue from the
thermophileBacillus stearothermophilus(Bst).1 Bst S4 is
highly homologous to theE. coli protein and readily
assembles into ribosome subunits withE. coli 16S rRNA
(16, 17). It is also stable up to∼70 °C (unpublished
observations) and can be purified without strongly denaturing
conditions. The structure of a large C-terminal fragment of
the protein has been determined by NMR and crystallography
(18-20); the 41 missing N-terminal residues are completely
disordered by several NMR criteria (21). In the work
presented here, we show that Bst S4 binds the 5′ domain of
Bst 16S rRNA with an unexpectedly high affinity, more than
an order of magnitude stronger than previously found for
the homologousE. coli S4-rRNA complex. Binding is
strongly dependent on K+ and Mg2+ concentrations, as
expected for a basic protein stabilizing a compact RNA
conformation. We unexpectedly found that Bst S4 binding
kinetics are extremely temperature dependent, a feature not
observed with theE. coli protein and relevant to thermophile
ribosome assembly.
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FIGURE 1: The 5′ domain of Bst 16S rRNA. The sequence has been superimposed on a diagram of theE. coli secondary structure (47);

differences from theE. coli sequence are depicted as lowercase letters (substitutions and insertions) or dashes (deletions). TheE. coli

numbering system has been retained for reference. Dots between nucleotides indicate the positions of phosphate oxygens that are within 3.5

Å of S4 side chains in theThermus thermophilus30S subunit structure (10).
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MATERIALS AND METHODS

RNA Transcription.Unlabeled and35S-labeled RNAs were
transcribed from linearized plasmid DNA using T7 RNA
polymerase (22). A plasmid for transcription of the Bst 5′
domain was prepared by PCR of Bst genomic DNA. One
primer contained anEcoRI restriction site followed by the
T7 promoter sequence and 19 nucleotides corresponding to
the sequence at or near the 5′ end of Bst 16S rRNA (23,
24); the other primer was complementary to nucleotides
544-560 of the Bst 16S rRNA gene (E. coli numbering)
and contained aBamHI restriction site. The PCR product
was cloned into pUC18 cut withEcoRI andBamHI to give
pAEW33. The DNA sequence of the cloned fragment
exhibited a number of differences from the published
sequence (three deletions, six insertions, and five substitu-
tions) (24); all the differences are consistent with the expected
bacterial rRNA secondary structure (Figure 1). Runoff
transcription ofBamHI-cut pAEW33 gives an RNA with a
5′ G and a 3′ GGAUC sequence in addition to 565 nt of Bst
rRNA. This transcript is termed “16S 5′ domain RNA”.
Transcription of the homologous sequence fromE. coli 16S
rRNA has been described (15). pTRS2 transcribes a 505 nt
fragment ofE. coli 23S rRNA when cut withSalI (25).
Mixtures for labeled transcription reactions contained 25µCi
of [R-35S]ATP (NEN Dupont or Amersham). RNA was
purified with reverse phase NENsorb purification cartridges
(NEN Dupont), resuspended in TE [10 mM Tris (pH 7.5)
and 1 mM EDTA], and stored at-20 °C for up to 3 weeks.

Purification of S4 Proteins.A plasmid containing the Bst
S4 gene has been described (20); the gene was recloned into
pET 11a (26) and transformed into BL21(DE3) cells. One
liter of LB medium containing 50 mg of ampicillin was
innoculated with 10 mL of overnight cell culture. Cells were
grown to an OD600 of 0.6 before inducing with 1 mM
isopropyl â-D-thiogalactopyranoside (IPTG). Cells were
pelleted and resuspended in buffer containing 20 mM MES
(pH 5.5), 0.5 M KCl, 2 M urea, 1 mM phenylmethanesulfo-
nyl fluoride, 1 mM benzamidine, 1 mM 1-chloro-3-(tosyla-
mido)-7-amino-L-2-heptanone, 5 mM EDTA, and 10µg/mL
DNase. They were lysed by twice being passed through a
French pressure cell. Cell debris was removed by centrifuga-
tion at 10 000 rpm for 1 h followed by ultracentrifugation
(Beckman Ti55 rotor at 45 000 rpm for 3 h) at 15°C to
remove ribosomes. The crude protein was then loaded onto
an HPLC cation exchange column (Bio-Rad TSK SP5 PW),
and S4 was eluted with a 0 to 1 Mgradient of KCl in the
same buffer that was used for lysis. Bst S4 eluted at 0.75 M
KCl under these conditions. The purified protein was
quantitated using a calculated extinction coefficient of 18 490
M-1 cm-1 (27) and was stored as 100µM aliquots in buffer
containing 30 mM Tris (pH 7.5) and 0.35 M KCl (TK
buffer). TheE. coli S4 homologue was overexpressed and
purified as described previously (15).

Binding Constant Measurements from Filter Binding
Assays.S4-RNA association constants were determined by
a filter retention assay (28). Dilutions of S4 (in TK buffer)
were made in siliconized 1.5 mL tubes (Ambion) at
concentrations ranging from 10-12 to 10-5 M, and kept at 4
°C until they were needed.35S-labeled RNA was diluted with
TK buffer containing 20 mM MgCl2. Under standard assay
conditions, RNA was added to each protein aliquot at 4°C

so that the final buffer contained TK buffer in addition to 8
mM MgCl2 (TKM8), and ∼104 cpm of RNA in a 60µL
volume. The mixture was incubated at 42°C for 10 min
and then cooled on ice for 5 min before filtration. In some
assays, the protein was incubated at 37°C for 20-30 min
and the RNA was incubated separately at 42°C in TKM20

buffer for 20 min; the protein and RNA were then placed
on ice before mixing. Protein-RNA mixtures (50µL) were
filtered through 25 mm nitrocellulose filters (Schleicher and
Schuell BA85) that had been soaked and degassed in TKM8

buffer. Suction was applied to the filters with a vacuum pump
for 8 s at∼15 psi (50 kPa). The filters were washed with
0.5 mL of TKM8 buffer. Suction was applied for an
additional 8 s before the filters were removed, dried, and
counted by scintillation. Samples containing RNA only were
filtered to determine the background level of retention of
RNA, and aliquots of RNA alone were spotted and dried
onto filters for a measure of the total amount of RNA.

Data were normalized to the total amount of RNA
contained in each assay, and fit to a binding isotherm that
assumes two proteins bind independently to two different
RNA sites with different association constants (K1 andK2)
and different filter retention efficiencies (ε1 and ε2). The
binding polynomial describing all the possible states of the
RNA is P ) 1 + K1[S4] + K2[S4] + K1K2[S4]2, and the
fraction of the RNA retained on the filter is

B is the background level of retention of RNA in the absence
of protein. The term for the retention efficiency of the S42-
RNA complex assumes that the probability of the complex
being retained by one protein is independent of the presence
of the other protein; i.e., the probability of passing through
the membrane is (1- ε1)(1 - ε2) (29). Since the concentra-
tion of labeled RNA in these assays was∼10-10 M, the
concentration of complexes was always small compared to
the total protein concentration, and the total S4 concentration
could be used for the free S4 concentration in the above
equation. In the experiments reported here, the variation
between independently determined binding constants was
typically less than∼30%.

In some titrations, unlabeled RNA was added so that the
S4:RNA stoichiometry of the complexes could be measured.
Filter binding curves were calculated by the same approach
described above, assuming eithern independent binding sites
in the case of a 23S rRNA fragment [P ) (1 + K[S4])n] or,
for binding to the 16S 5′ domain RNA, two classes of tight
and weak sites with different numbers of each [P ) (1 +
K1[S4])n(1 + K2[S4])m]. Retention efficiencies were assumed
to be the same for all equivalent sites, but different for tight
and weak sites. As in eq 1, retention of a complex withn
bound proteins is related to the independent probabilities of
any one of the proteins binding the filter; i.e., in the case of
a complex with three proteins, the overall retention is 1-
(1 - ε1)(1 - ε2)(1 - ε3).

RESULTS

Strong and Weak S4-rRNA Complexes.The first equi-
librium measurements of the affinity ofE. coli S4 for 16S

[RNA]bd

[RNA]0

) B + [ε1K1[S4] + ε2K2[S4] + (ε1 + ε2 -

ε1ε2)K1K2[S4]2]P-1 (1)
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rRNA were achieved using filter binding assays in which
protein-RNA complexes passed through the filter while the
free protein was retained (12, 30); evidently, the large rRNA
prevented bound S4 from interacting with the filter. Those
studies reported unit binding stoichiometry and an affinity
of 18 µM-1 under standard ribosome reconstitution condi-
tions (buffer containing 0.29 M KCl and 20 mM MgCl2;
see ref31). When rRNA fragments of<900 nt were used,
S4 complexes were retained on filters (13). RNA fragments
containing nucleotides 39-500 of the 16S rRNA bound with
affinities of ∼15 µM-1 at KCl and MgCl2 concentrations
similar to those in the ribosome reconstitution buffer (13).

Via application of the filter binding assay to the Bst 5′
domain fragment of 16S RNA (corresponding toE. coli
nucleotides 7-560; Figure 1), apparent binding constants
for Bst S4 similar to those of theE. coli S4-16S RNA
complex were measured (Figure 2B). In these assays, protein
and RNA were renatured separately and then cooled on ice
before forming the complex (see Materials and Methods).
When RNA and protein were instead heated together at 42
°C for 10 min, a biphasic curve was obtained (Figure 2A).
This curve was fit to a binding isotherm that assumes
formation of two stoichiometric protein-RNA complexes
with different affinities and filter retention efficiencies (see
Materials and Methods; the assumption of unit stoichiometry
is tested below). The two apparent affinities, 1.7 nM-1 and
6.5 µM-1, differ by more than 100-fold.

The tight binding portion of the biphasic S4 binding curves
has a rather low retention efficiency,∼20% (Figure 2A).

After sample is applied to filters, an additional aliquot of
buffer is run through the filter to reduce the background level
of protein-independent RNA binding. To see if this wash
step was removing complexes from the filter, the aliquot of
buffer was varied in volume (from 0.5 to 3 mL), temperature
(4 °C or room temperature), and salt concentration (up to
0.6 M KCl). Neither the tight or weak portions of the binding
curves were affected by these variations. Omission of the
wash step increased the background level of retention of the
RNA and the variability of the data without increasing the
retention efficiency. Inclusion of 50µg/mL BSA, which can
prevent nonspecific protein adsorption on surfaces, also did
not affect the binding curve. We conclude that low retention
efficiency is an intrinsic property of the tight complex and
not an artifact of complex dissociation from the filter.

Nonspecific S4 Binding to 23S rRNA.To assess the level
of nonspecific binding for Bst S4, we used a fragment of
23S rRNA (505 nt) that was roughly the same size as the 5′
domain of 16S rRNA (558 nt) used in the filter binding assay
(Figure 2B). The apparent binding affinity is 9.9µM-1 and
the filter retention efficiency∼65%, both comparable to the
weak binding observed with 5′ domain RNA. (This calcula-
tion of the binding constant assumes a stoichiometry of one
protein per RNA, and overestimates the actual affinity; see
the determination of stoichiometry below.) With a smaller,
103 nt fragment of 23S rRNA and Bst S4, the apparent
binding constant was reduced 2-fold with no change in
retention efficiency (data not shown).

Binding Stoichiometry.Filter binding assays typically use
low concentrations of labeled RNA and excess protein so
that the concentration of the complex is negligible compared
to the total concentration of added protein. Fitting such data
to a binding isotherm determines the productnK, wheren is
the number of binding sites and must be determined in a
separate experiment. We supposed that tight binding of S4
to the 16S rRNA 5′ domain might represent a specific,
stoichiometric complex and that the weak binding would
reflect S4 binding at additional, nonspecific sites. Therefore,
S4 binding stoichiometries were determined in both tight and
weak parts of the biphasic curve, by adding unlabeled RNA
to the binding reaction in concentrations comparable to or
larger than the expected dissociation constant of the complex.
The additional RNA increases the amount of protein needed
to reach a given saturation level, and the binding stoichi-
ometry can be calculated from the increase.

Figure 3A shows the result when S4 titrated 5 nM 5′
domain RNA under tight binding conditions. The binding
curve has been shifted to higher S4 concentrations in the
initial part of the titration, compared to the analogous curve
with only labeled RNA present (dotted line in Figure 3A),
though the low concentration of added RNA has a negligible
effect on the curve at higher S4 levels. Simulations of
expected binding curves were made assuming either one or
two tight binding sites and a single weak site, and using the
value ofnK calcuated from Figure 2 data (i.e.,n ) 1 andK
) 1.7 nM-1, or n ) 2 andK ) 0.85 nM-1). It is clear that
the tight binding complex has the approximately 1:1 stoi-
chiometry expected for a specific interaction; this experiment
also indicates that the protein is fully active in binding.
(Deviations from the calculated curve when>1 equiv of S4
has been added could be a result of assumptions made about
the weak binding.) To examine the weak binding portion of

FIGURE 2: Filter assays of Bst S4 binding to 16S and 23S rRNA
fragments in TKM8 buffer. (A) Bst 5′ domain RNA complexes
formed at 42°C (K1 ) 1.7 nM-1, E1 ) 0.171;K2 ) 6.5 µM-1, E2
) 0.575;B ) 0.026). Points from 12 data sets have been averaged
together; approximate errors in the measurements are represented
by the error bars. Estimated errors for the binding constant
measurements are(30% forK1 and(12% forK2. For comparison,
the fit to the 4°C titration in panel B is also shown (thin line),
normalized to the same maximum retention as the 42°C curve.
(B) (0) Titration of Bst 5′ domain RNA complexes formed at 4
°C (K ) 16 µM-1, E ) 0.84,B ) 0.043). Points are the averages
of five data sets. (b) Titration of a 505 nt fragment ofE. coli 23S
RNA (Ka ) 9.9 µM-1, E ) 0.76, B ) 0.060). Points are the
averages of five data sets.
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the biphasic curve, other titrations included 0.7µM 5′ domain
RNA (Figure 3B). Curves calculated using values ofnK from
data in Figure 2 suggest that than one or two weak binding
sites are present in addition to the one strong binding site.
Presumably the weak binding represents nonspecific interac-
tions.

The stoichiometry of complexes formed with a 23S rRNA
fragment was also measured, with 1µM RNA fragment
added to each assay point. The titration data, shown in Figure
3C, are bracketed by curves calculated assuming either two
or three independent binding sites per RNA and the value
of nK derived from titrations in the absence of unlabeled
RNA (Figure 2). The stoichiometry and affinity are similar
to those estimated for the weak binding part of the 16S rRNA
5′ domain RNA. We conclude that S4 has a relatively high

nonspecific binding affinity (∼3-5 µM-1) under these buffer
conditions, but that a large RNA cannot accommodate more
than one S4 for every∼200 nt.

Tight Binding Complexes Are in Equilibrium.To be sure
that the tight binding complexes were in equilibrium with
the free protein, Bst S4-5′ domain complexes were formed
at 42 °C, diluted 2-50-fold, and further incubated at the
same temperature (see Materials and Methods). If the
complexes were in equilibrium with the free protein, dilution
would cause partial dissociation to the new equilibrium level.
Figure 4 shows that retention of diluted complexes essentially
retraced the original binding curve. As the change in signal
(RNA retention) was small in these experiments, data tended
to be variable; the figure shows a typical data set with minor
deviations from a normal binding curve. The deviations were
not systematic between the data sets and did not suggest any
deviation from equilibrium behavior.

The same experiment was also carried out with continued
incubation at 4 or 22°C after dilution. A temperature of 22
°C produced the approximately same results as obtained at
42 °C. However, at 4°C, even 50-fold dilution does not
diminish the level of retention of complexes (Figure 4). Thus,
S4 becomes kinetically trapped on the RNA at low temper-
atures.

Temperature Dependence of Tight Complex Formation.
The range of temperatures over which tight complexes could
be formed was explored. S4-RNA complexes were routinely
mixed on ice, heated to the temperature of interest, and then
cooled on ice before filtering; similar results were obtained
if the initial or final temperatures were increased to 22°C
(data not shown). However, incubation at temperatures
between 35 and 50°C was required to observe tight
complexes; higher or lower temperatures considerably re-
duced the extent of complex formation (Figure 5). Fitted
values of the tight binding constant vary only∼3-fold over
the 22-50 °C temperature range; thus, the binding affinity
is not strongly temperature dependent.

We also attempted to observe the kinetics of complex
formation at various temperatures. When protein and RNA
were mixed at 42°C, binding was complete within 1 min
(Figure 6). Only at 30°C was complex formation slowed to

FIGURE 3: Stoichiometry of S4-rRNA complexes. (A) S4 titration
of 5 nM 16S 5′ domain RNA under tight binding conditions. Curves
are calculated using tight and weak binding affinities from Figure
2 and either one [(s) E1 ) 0.14,E2 ) 0.55] or two [(- - -) E1 )
0.075,E2 ) 0.50] tight binding sites per RNA; see text for further
details. To show the effect of adding unlabeled RNA to the titration,
the dotted line is calculated using the same parameters that were
used for the single-binding site curve, but assuming that only a
trace amount of RNA is present (as in Figure 2). The panel and
inset show the same data set and curves, but with different S4
concentration scales. Panel B is the same as panel A, but with 0.7
µM RNA. Binding curves are calculated using binding affinities
from Figure 2, with one strong binding site (E1 ) 0.14) and either
one [(s) E2 ) 0.72] or two [(- - -)E2 ) 0.50] weak binding sites
per RNA. (C) S4 titration of 1µM 505 nt 23S rRNA fragment.
Binding curves are calculated using binding affinities from Figure
2 and two [(- - -)E2 ) 0.72] or three [(s) E2 ) 0.58] equivalent
sites.

FIGURE 4: Equilibrium formation of tight S4-RNA complexes.
Complexes were formed in TKM8 buffer at 42°C and a protein
concentration of 10 nM, diluted with various amounts of TKM8
buffer at 4 (0), 22 (4), or 42°C (b), and incubated for an additional
10 min at the chosen temperature. A binding data set without the
additional incubation is shown for comparison (O), and the thick
solid line has been fit to these data by the same method used to
draw in Figure 2.
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a time scale of several minutes. Though the small signal and
short time scale of the reaction preclude accurate measure-
ment of the rate constant, we estimate a lower limit of∼107

M-1 s-1 at 30°C.

Mg2+ and K+ Dependences of S4-rRNA Interactions.Mg
ion promotes folding of RNA into compact structures and
may, as a consequence, stimulate protein binding (32, 33).
To see if the tight S4-rRNA complex is Mg2+ dependent,
we first renatured 5′ domain RNA at 42°C in buffers with
Mg2+ concentrations as high as 40 mM; these treatments did
not promote tight complex formation at 0°C. Binding assays
were then repeated with various concentrations of Mg2+

during co-incubation of protein and RNA at 42°C; binding
affinities of 0.11 (0.5 mM Mg2+), 2.2 (2 mM Mg2+), and
0.35 nM-1 (16 mM Mg2+) were measured. (Affinities are
the averages of three determinations, and have associated
errors of∼50%.) Titrations were also repeated with 1 mM
EDTA substituting for Mg2+. These conditions reduced tight
complex formation to undetectable levels (Figure 7). We
conclude that Mg2+ concentrations on the order of 1 mM
are essential for forming a specific S4-rRNA complex
(Figure 7, inset). The drop off in binding affinity at high
Mg2+ concentrations can be attributed to the effectiveness
of Mg2+ as a competitor for electrostatic interactions between
protein and nucleic acids.

The sensitivity of S4-RNA complexes to K+ concentra-
tions was also examined (Figure 8). Both tight and weak
portions of the binding curve shifted to higher protein
concentrations (lower affinity) as the salt concentration was
increased (Figure 8A). Doubling the KCl concentration

weakened the tight complex affinity by more than 2 orders
of magnitude, while there was a smaller decrease in the weak
binding affinity. The binding constants extracted from these
titration curves are plotted in Figure 8B;-∂[log(K)]/∂(log-
[K +]) is 9.3 for tight binding and 6.3 for weak binding.

Comparison with E. coli S4.Previous studies of Eco S4
reported similar binding constants whether protein and RNA
were heated together under ribosome reconstitution condi-
tions (12) or mixed at low temperatures (13). Thus, the Eco
S4-RNA complex is qualitatively different from the Bst

FIGURE 5: Effect of incubation temperature on Bst S4-RNA
complex formation in TKM8 buffer. Protein and 16S 5′ domain
RNA were incubated together for 10 min at 22 (0), 35 (b), 42
(O), 50 (4), or 65 °C (9). The same 42°C data set has been
duplicated in both panels for comparison. The 65°C data have
been fit to a single-site binding isotherm; the other curves were fit
to the two-site model described in Materials and Methods.K1 and
ε1 are 0.793 nM-1 and 0.137, 1.73 nM-1 and 0.197, and 0.481 nM-1

and 0.219 for the 35, 42, and 50°C data sets, respectively.
Uncertainties inK1 are approximately(30%.

FIGURE 6: Kinetics of Bst S4-rRNA binding in TKM8 buffer, using
1 nM protein. Complexes were formed at 42 [top (O)], 35 [middle
(9)], or 30 °C [bottom (0)], and data sets were fit to a first-order
exponential with time constants of 2.4, 0.77, and 0.31 min-1,
respectively.

FIGURE 7: Mg2+ requirement for Bst S4-rRNA binding. Binding
assays were carried out under standard conditions in either TKM8
buffer (O) or TK buffer with 1 mM EDTA (0). The inset shows
tight Bst S4-5′ domain RNA binding affinity as a function of Mg2+

concentration. Binding assays were carried out under standard
conditions, but with various Mg2+ concentrations.
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complex, in being kinetically competent to form a specific
complex at low temperatures. To confirm this difference,
we repeated binding assays under our standard conditions
with the homologous Eco S4 and 5′ domain RNA (Figure
9A). As in previous filter binding studies (13), the Eco S4
protein exhibited a single binding phase with high retention
efficiency, and inclusion of a 37°C incubation increased
the binding affinity by no more than 4-fold, to 280µM-1

(Figure 9A). This affinity is higher than that reported
previously but still significantly lower than that of the Bst
S4-RNA complex, and the lack of a requirement for a heat
activation step is confirmed.

To determine whether the different behavior of the Eco
and Bst complexes at low temperatures is a property of the
protein, the RNA, or both, we also examined the heterologous
complexes. Eco S4 binding to Bst 5′ domain RNA did not
show any indication of a tight complex (Figure 9A). In
contrast, Bst S4 binding to Eco 5′ domain RNA was very
similar to its interaction with Bst RNA; i.e., incubation at
42 °C results in the appearance of a tight complex with an
affinity of ∼109 M-1 (Figure 9B). The binding curve created
with only low-temperature incubation does show some
systematic deviation from a single-binding site isotherm and
is better fit by a two-site binding isotherm. However, the
requirement for a heat activation step seems to be largely a
function of the protein.

DISCUSSION

Structure of the S4-rRNA Complex.The crystal structure
of the entire 30S ribosomal subunit fromThermus thermo-
philushas been determined recently (9, 10). The Bst S4 and
16S 5′ domain rRNA sequences are closely homologous to

those fromT. thermophilus, and the structure of the globular
domains of S4 within theT. thermophilusribosome is not
significantly different from the structures determined for free
Bst S4 (18-20). [The S4 N-terminal sequence is disordered
in the absence of RNA (21), but adopts a specific conforma-
tion in the ribosome.] The S4-rRNA contact surface in the
T. thermophiluscrystals is undoubtedly very similar to the
homologous Bst complex, and several features of the surface
help in the interpretation of the thermodynamic results
discussed in the following sections.

As suggested by footprinting experiments with Eco S4 (7,
8), the protein straddles the junction of five helices located
in the “upper” half of the 5′ domain, as drawn in Figure 1.
The contacts are numerous and predominantly made with
the backbone; thus, nonbridging phosphate oxygens of 31
nucleotides are close (e3.5 Å) to protein side chains (Figure
1), while only seven bases are hydrogen bonded to S4.
Fifteen of the side chains approaching phosphates are
arginine and lysine residues. Not all of these positions are
conserved as basic residues in Bst S4, but the total number
is likely to be very similar. Last, the contacted backbone
phosphates are largely in the approximate A-form helical
conformation.

FIGURE 8: Salt dependence of Bst S4-RNA binding. (A) Binding
curves obtained under standard conditions but with various KCl
concentrations: 300 (O), 400 (9), 500 (0), and 600 mM (b).
Curves are best fits using two binding constants, with the exception
of the 600 mM data set, which was fit with a singleK. (B) Plot of
log(Ka) vs log[KCl] for either high-affinity binding (b) or weak
binding (0). Lines are linear least-squares fits to the data, with
slopes and intercepts of-9.3 and 4.9 (tight binding) or-6.3 and
3.8 (weak binding), respectively. FIGURE 9: Heterologous binding between Eco and Bst S4 and 5′

domain RNAs. (A) Eco S4 binding to 5′ domain RNAs in TKM8
buffer: (9) protein and Eco RNA warmed together at 37°C for
10 min before filtering (284µM-1), (O) protein and Eco RNA
mixed and incubated at 0°C (K ) 7.2µM-1), and (b) protein and
Bst RNA warmed together at 37°C for 10 min before filtering (K
) 8.8 µM-1). Binding curves are least-squares fits of single-site
isotherms. (B) Bst S4 binding Eco 5′ domain RNA in TKM8
buffer: (9) protein and RNA warmed together at 42°C for 10
min before filtering (K1 ) 1.5 nM-1, K2 ) 0.01 nM-1) and (O)
protein and RNA mixed and incubated at 0°C (K1 ) 1.5µM-1, K2
) 5.5µM-1). Binding curves are fits to the two-site model described
in Materials and Methods.
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The five helices of the recognized junction region are
closely packed together, yet have relatively few sets of
tertiary contacts that would maintain their orientation in the
absence of S4. It therefore seems plausible that the junction
region is poorly structured in naked RNA and that S4 binding
promotes the helix arrangement seen in the intact ribosome.
Among the few hydrogen bonds made by S4 to RNA bases
is a set of highly conserved contacts with two stacked base
pairs from different helices [C436-G406 and U437-A496 (E.
coli rRNA numbering), bonding to His123 and Gln119 (T.
thermophilusnumbering)]. This feature of the complex also
hints that a function of S4 in ribosome assembly is to stabilize
coaxial stacking of two helices within the five-helix junction.

Specific and Nonspecific Binding of S4 to 16S rRNA.
Recognition of ribosomal RNA by primary binding proteins
typically takes place with affinities on the order of 106-108

M-1 in the high-salt buffers used for ribosome reconstitution
(30, 34), and previous work withE. coli S4 had placed its
binding constant in the middle of this range (∼2 × 107 M-1;
12, 13). (Much tighter binding constants have been reported
for some ribosomal proteins in buffers containing lower salt
concentrations; cf. refs33 and35.) Thus, observing such a
high affinity, ∼1 nM-1, for Bst S4 binding its cognate 5′
domain RNA was unexpected. A nanomolar S4-rRNA
dissociation constant is probably not essential for ribosome
assembly, as the concentration of free S4 in the cell is
substantially higher (∼1 µM; 36), and additional S4-protein
and protein-RNA interactions stabilize the S4-RNA com-
plex in the assembled subunit. However, the high affinity is
consistent with the unusually large number of protein-RNA
contacts, which might be needed for S4 to manipulate the
rRNA five-helix junction into a functional conformation.

A nonspecific binding mode of Bst S4 also has an
unusually high binding affinity, on the order of 106-107 M-1

(in ribosome reconstitution buffer) and comparable to that
of many specific protein-RNA complexes. Two factors may
contribute to this promiscuous behavior: (i) much of the S4-
RNA interface is roughly A-form helical backbone, which
will be commonly found in structured RNAs, and (ii) the
disordered N-terminal region is very basic in Bst S4 (eight
Arg and Lys residues, and only one Glu) and may be
adaptable to many RNAs. The N-terminal sequence is,
however, essential for specific, high-affinity binding to
ribosomal RNA (R. B. Gerstner and D. E. Draper, unpub-
lished observations).

The steep salt dependence of S4-rRNA binding is notable,
as the value of-∂[log(K)]/∂(log[KCl]) for this interaction
(9.3) is larger than those observed for other ribosomal
protein-RNA complexes [1.3 for L11 and 4.8 for S8 (35,
37)]. The salt dependence of basic peptides binding poly-
nucleotides is proportional to the number of basic residues
in the peptide (38), but this simple relationship does not
extend to specific protein-RNA complexes (37); other
factors, such as protein or RNA conformational changes and
anion binding by protein, may also affect the salt dependence.
Nevertheless, the extensive protein contacts with backbone
phosphates and the large number of S4 basic residues
contacting phosphates [15 in theT. thermophilus30S subunit
crystal structure (10) and probably a comparable number in
Bst S4] are consistent with the steep salt dependence of
binding. Nonspecific binding is less steeply salt dependent
than specific binding; thus, binding becomes more specific

at lower salt concentrations. This is opposite from the usual
case with DNA-protein interactions. The nonspecific bind-
ing of Lac repressor, for instance, is almost all attributable
to salt-dependent, electrostatic interactions with the DNA
backbone (39). Specific binding to the DNA operator is much
less steeply salt dependent, and specificity derives from a
large, salt-independent free energy of interaction with bases
(40, 41).

A last comment concerning S4 binding specificity is the
role of Mg ion, which, at low concentrations, promotes
formation of specific complexes but is not needed for
nonspecific binding. Mg2+ strongly stabilizes compact RNA
folds relative to less tightly folded structures, simply by virtue
of its preferential interactions with the higher charge density
of a compact RNA (42). Chelation of dehydrated ions by
RNA tertiary structures may add to the stabilization of folded
RNAs as well (43). Thus, the linkage of S4-RNA complex
formation to an uptake of Mg ions implies that the protein
imposes a more compact conformation on the RNA, in line
with suggestions that S4 organizes the RNA for subsequent
protein binding during subunit assembly.

Temperature Dependence of S4-RNA Complex Forma-
tion. E. coliS4 binds specifically to 16S 5′ domain RNA at
cold temperatures, as shown in this study, a previous binding
study (13), and 30S subunit reconstitution studies (3, 44).
The very steep temperature dependence of Bst S4 binding
to 16S 5′ domain RNA was therefore unexpected, and we
initially attributed this different behavior to inappropriate
structures in Bst RNA. The kinetics of large RNA folding
may be strongly temperature dependent, because of the
activation energy needed to escape stable but incorrectly
folded structures (45, 46). We reasoned that ribosomal RNAs
may strongly depend on proteins to fold properly, and thus
be particularly prone to folding into inappropriate (and slowly
exchanging) structures at low temperatures. However, our
data point to the Bst S4 protein as the source of temperature-
dependent binding. Comparison of Bst and Eco S4 binding
Eco RNA at low and high temperatures shows that Eco S4
binding is relatively insensitive to temperature, while Bst
S4 requires higher temperatures for specific binding (Figure
9). Thus, Eco RNA is competent to bind protein at low
temperatures, and we conclude that higher temperature is
needed to activate the Bst S4 protein.

What aspect of the binding reaction might be temperature
dependent? One possibility is that the protein undergoes a
reversible, temperature-dependent conformational change that
favors binding at high temperatures. We have no data to
support this possibility, but cannot rule it out. A more
interesting possibility is that the N-terminus of the protein,
which is disordered in solution and highly basic, first binds
nonspecifically to RNA, where it has a large activation
energy for rearrangement to the correctly folded form. The
N-terminal domain sequence differs considerably between
the Eco and Bst proteins, which might explain the difference
in binding behavior between the two proteins.
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