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The crystal structure of ribosomal protein S4 reveals
a two-domain molecule with an extensive
RNA-binding surface: one domain shows structural
homology to the ETS DNA-binding motif
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We report the 1.7 A crystal structure of ribosomal
protein S4 from Bacillus stearothermophilusTo facilit-
ate the crystallization, 41 apparently flexible residues
at the N-terminus of the protein have been deleted
(S4A41). SA41 has two domains; domain 1 is com-
pletely a-helical and domain 2 comprises a five-
stranded antiparallel B-sheet with three a-helices
packed on one side. Domain 2 is an insertion within
domain 1, and it shows significant structural homology
to the ETS domain of eukaryotic transcription factors.
A phylogenetic analysis of the S4 primary structure
shows that the likely RNA interaction surface is pre-
dominantly on one side of the protein. The surface is
extensive and highly positively charged, and is centered
on a distinctive canyon at the domain interface. The
latter feature contains two arginines that are totally
conserved in all known species of S4 including eukary-
otes, and are probably crucial in binding RNA. As has
been shown for other ribosomal proteins, mutations
within S4 that affect ribosome function appear to
disrupt the RNA-binding sites. The structure provides
a framework with which to probe the RNA-binding
properties of S4 by site-directed mutagenesis.
Keywords protein evolution/protein—RNA interactions/
ribosome architecture/translational feedback/X-ray
crystallography

Introduction

exclusively Escherichia coli using techniques such as
RNA footprinting, cross-linking and mutagenesis. There-
fore, much effort is being directed towards solving the
structures of ribosomal proteins, fragments of rRNA and
protein—rRNA complexes, and the past few years have
seen a significant increase in the number of protein
structures that have been determined. Currently, 15 unique
ribosomal protein structures are known (Ramakrishnan
and White, 1998), and two of these have been fitted into
models of 16S rRNA (Heilek and Noller, 1996; Tanaka
et al., 1998).

Although it is now accepted that the fundamental
mechanisms of the ribosome are mediated by the RNA
component (Dahlberg, 1989), evidence so far indicates
that functional ribosomes cannot be formed in the absence
of the proteins. Thus, catalytic activity is still possible
after the majority, but not all, of the proteins have been
removed by proteolysis (Nollegt al, 1992). It is likely
that the primary function of the proteins is architectural,
to help fold the rRNA into the correct three-dimensional
structure for biological activity. Antibiotics that are
directed against the ribosome generally bind to RNA, and
the observation that many of the antibiotic resistance
mutations occur in proteins indicates that the proteins can
modulate rRNA structure within the intact ribosome.

Ribosomal protein structures have also provided some
fascinating insights into the early events of protein evolu-
tion and the possible origins of modern protein folds. The
15 known prokaryotic ribosomal protein structures contain
a total of 20 independently folded domains, and it is
remarkable that only two of these domains are completely
unique. All of the rest are clearly recognizable in other
proteins, often with related functions such as DNA and
RNA binding (Ramakrishnan and White, 1998). These
observations are consistent with the view that ribosomal
proteins were amongst the earliest proteins to have
evolved, and that during the course of evolution their folds
have been retained and modified for different functions. It
is possible that the set of folds that will eventually be
found in all the prokaryotic ribosomal proteins provided
the structural templates for many modern proteins. It was
noted recently that an efficient strategy will have to be
adopted to determine unique structures amongst the vast
numbers of proteins that are being discovered by genome

Despite many years of effort by numerous investigators, sequencing (Pennisi, 1998). Clearly, the ribosomal proteins
our understanding of the structure of the ribosome is still represent a rich source of structural information that needs
not sufficiently detailed to answer many of the fundamental to be fully tapped.

guestions concerning its mechanism. An approach thatis S4 is one of the largest bacterial ribosomal proteins,
now making significant advances is to incorporate high with a mol. wt of 23 kDa and comprising some 200
resolution models of isolated ribosomal components into amino acids. It is also one of the more important
low resolution models of the individual subunits based on proteins, with key roles in the assembly of the 30S
images from electron microscopy. This process is made subunit and the maintenance of translational fidelity. Its
possible by the numerous structural constraints that arelocation in the body of the 30S subunit close to proteins
being accumulated from the bacterial ribosome (almost S3, S5 and S12 has been established by neutron
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Table |. Data collection statistics

Native 2 PIP TET CNPT URAC
Molarity (mM) sat (~5) 0.1 20.0 10.0
Length of soak 8 days 20 h 30 days 16 days
Stabilizing buffeP AS AS LS AS
Temperature (K) 100 298 298 298 298
Reflections (unique) 25148 9776 5639 7799 7627
Reflections (measured) 24 852 139 696 54 551 31795 46 834 33 263
Completeness (%) 95.3 96.4 94.7 99.6 96.9 98.7
Resolution (A) 2.25 1.65 25 2.8 25 25
Rsym’ 7.8 5.6 7.3 11.7 8.7 5.4

aDerivative abbreviations: PIP, di-mu-iodobis-(ethylenediamine) di-platinum nitrate; TET, dipotassium tetrakis (thiocyanato) platinate (I1); CNPT,
Eotassium tetracyanoplatinate (II); URAC, uranyl acetate.

AS, ammonium sulfate; LS, lithium sulfate.

cngm= 2|l — I|/Z1, wherel; is the intensity of the measured reflection dpds the mean intensity of all symmetry-related reflections.

scattering (Capelet al, 1987) and immune electron- Gerstner and D.E.Draper, unpublished). Th&&U struc-
microscopy (Stffler and Stdfler-Meilicke, 1984). Based  ture comprises two domains, both of which have recogniz-
on a variety of footprinting and cross-linking data, the able structural homology to other proteins, most notably
RNA-binding region for S4 in the 30S subunit is well the ETS DNA-binding domain. The structure also reveals
defined. Nuclease protection experiments and hydroxyl an extensive RNA interaction surface which is consistent
radical probing show that S4 contacts a compact with the role of S4 as an important assembly protein.
structure at the junction of five helical segments formed
within a 460 nucleotide region at the’ ®nd of 16S
rRNA (Sternet al, 1986; Powers and Noller, 1995a).
This so-called ‘S4 junction’ site encompasses nucleotides Purification and crystallization
27-47 and 394-556, and is supported by S4-RNA The gene encoding residues 42—-200 of ribosomal protein
cross-links to nucleotides 413 (Greuet al, 1987), S4 from Bacillus stearothermophilusvas incorporated
427-500 and 528-565 (Ehresmaanal, 1977). into the plasmid pET13 expression vector and transformed

S4 is one of the six small subunit ‘primary’ RNA- into BL21 (DE3) cells. Protein expression was excellent,
binding proteins that can interact specifically with 16S yielding some 50 mg/l of S¥41. Crystals of SA41 were
rRNA in the absence of other proteins (Heltlal,, 1974). obtained using ammonium sulfate as a precipitant, in the
Moreover, together with S7, it initiates the assembly of pH range 8.0-9.5. The best crystals grew in 2.15 M
the entire 30S subunit and is absolutely essential to theammonium sulfate, 100 mM Tris pH 8.5 at 22°C, using
assembly process (Nomura and Held, 1974). S4 initially an initial protein concentration of 20 mg/ml. These
organizes a subdomain that includes proteins S20, S16,appeared after 5-6 days and eventually grew to be very
S15, S6 and S18 (Nowotny and Nierhaus, 1988), and large with dimensions 1X1.0x1.5 mn?¥. The crystals
this eventually creates the ‘body’ of the small subunit. belong to space group F22,, with cell dimensionsa =
Functionally, this region contains the ‘accuracy domain’ 50.38 A,b = 57.23 A andc = 76.25 A, and diffract to
of which S4 is a principal component, together with S5 1.65 A resolution. Assuming an average packing density
and S12, and the 530 and 900 loops of 16S rRNA within the crystal, the dimensions are consistent with one
(Powers and Noller, 1991). The other assembly protein, molecule in the asymmetric unit (Matthews, 1968), which
S7, organizes the’®nd of 16S rRNA to form the ‘head’ eventually proved to be the case.
of the small subunit.

S4 is also one of the proteins that autogeneously Structure determination
regulates the expression of other ribosomal proteins by The S4\41 structure was determined using standard
binding to polycistronic mMRNA (Dean and Nomura, 1980; multiple isomorphous replacement (MIR) techniques. A
Thomaset al., 1987). S4 specifically binds to a pseudoknot total of nine derivatives were identified using various
structure consisting of 110 nucleotides within tloe platinum, uranium, mercury and gold compounds, but
operon mRNA (Spedding and Draper, 1993). There is no some of these heavy atoms occupied identical sites in the
detectable sequence homology between the mRNA- andcrystal lattice, and only the best were used for phasing.
rRNA-binding sites for S4, and it is not obvious whether These were potassium tetracyanoplatinate (lIl), di-
the two RNAs have any structural similarity. mu-iodobis-(ethylenediamine) di-platinum nitrate (PIP),

Here we present the structure of S4 that has been solveduranyl acetate and dipotassium tetrakis (thiocyanato)
using X-ray crystallography and refined to 1.7 A resolution. platinate (Il) (Table 1). Initial phasing at 2.5 A produced
For crystallization purposes, 41 residues at the N-terminus an overall figure of merit of 0.693, and this increased to
that are apparently flexible have been deleted. This con-0.828 after solvent flattening. The data collection and
struct was selected on the basis of the trypsin digestion phasing statistics are shown in Tables | and Il. The
experiments of Changchien and Craven (1976). The resulting MIR electron density map was of excellent
resulting protein, referred to as 841, retains the wild- quality (Figure 1A) and allowed the fitting of the entire
type protein’s ability to interact specifically with rRNA  model, including side chains and both termini. This initial
and mRNA, albeit with a slightly lower affinity (R.B. model refined toR and Ry values of 21.2 and 35.2%,

Results
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Crystal structure of ribosomal protein S4

Table Il. Phasing statistics

Type of datd PIF? TET CNPT URAC

iso ano iso ano iso ano iso ano
Resolution (A) 2.5 2.5 2.8 2.8 25 2.5 2.5 2.5
No. of reflections 7246 5863 5182 4003 7230 5904 7427 6028
Rmerge 20.3 6.5 10.9 6.5
Phasing power 1.60 1.66 1.25 1.20 2.00 1.69 1.28 1.46
Reutis” 0.57 0.67 0.55 0.67

Kraut 0.33 0.31 0.11 0.21 0.14 0.15 0.10 0.11

Mean figure of merit 0.25 0.23 0.29 0.23 0.34 0.31 0.30 0.25
Overall figure of merit 0.69

@Derivative abbreviations are as in Table I.

biso is isomorphous and ano is anomalous.

“Rmerge = Z|FpH — Fpl/ZIFpH-

“Reutis = Z|(Fpn = Fp) — Fy(calc)[EFpy — Fpl.

*Riraut = Z|Fpr(0bs) —Fpi(calc)|EFpp(obs).

Phasing power Fy/Erus.

Fp, Fpy andFy are the protein, derivative and heavy atom structure factors, respectivelfgards the residual lack of closure.

respectively, using data to 2.5 A resolution. This model and Asn190 N-cap helices1, a2 anda7, respectively.
was refined further by alternating rounds of XPLOR and In addition, there is a short region of 3/10 helix between
manual rebuilding using 1.65 A data collected from cryo- residues 181 and 185. The arrangement ofaHeelices
cooled crystals. The findk and Ry values are 24.4 and  within the bundle is rather unusual sinaé anda2 form
30.0%, respectively, using all data in the range 15.0— a 98° angle and interact very little, but7 is wedged
1.7 A, and the model includes 243 water and six sulfate between thema3 is packed against2 at a more typical
molecules. A Ramachandran plot shows that 93.6% of the angle, and leads directly into domain 2. A notable feature
residues are in the most favored region and 5.7% are inof domain 1 is a cluster of aromatic residues in the
the additional allowed region. The statistics of the final hydrophobic core that interact in a typical edge-to-face
model are shown in Table lll, and the correspondifg-2 orientation (Burley and Petsko, 1985). The residues include
F. map is shown in Figure 1B. phenylalanines 68, 72, 86 and 197 and Tyr198. Of these,
Phel97 and Tyrl98 are also close to the protein surface,
Structure description and they probably also have a role in binding RNA (see
The molecule is numbered from residues 42 to 200 below). Other hydrophobic core residues include Leu57,
according to theB.stearothermophilussequence (S.E. Leu90, Val63, Met87, 1le189 and 1le194. The relatively
Gerchmann and V.Ramakrishnan, unpublished), and itlarge number of aromatic residues in S4 fr@rstearo-
starts with a methionine at the N-terminus which replaces thermophilusmay contribute to the molecule’s thermal
an arginine in the wild-type sequence (R.B.Gerstner and stability. In addition to the hydrophobic core, there are
D.E.Draper, unpublished). 841 is a two-domain, slightly ~ two additional types of specific interaction that appear to
elongated molecule with dimensions>480x65 A3, The be important for maintaining the fold of domain 1. The
entire structure is well ordered, and the only significant first involves salt bridges that tether potentially flexible
regions of flexibility in the main chain are at the termini regions of the fold. One is between Arg182 and Glu191
and between residues 157 and 158 where the electronthat connects the 3/10 helix ta7, and the second is
densities are weak. With the possible exception of S15 between Lys54 and Glu65 that links helices anda?2.
(Clemonset al,, 1998), S4, like all the ribosomal proteins, It is interesting to note that the 3/10 helix is also held in
shows no evidence of having an artifactual conformation place by a third salt bridge between Arg178 and Glul184.
when isolated from the ribosome. For example, there is a The conservation of these salt bridges suggests an impor-
clear and conserved hydrophobic core which extends tant role for the 3/10 helix in RNA binding that is specific
through the entire molecule, including the domain inter- to prokaryotes (Figure 3). A number of other salt bridges
face. The sequence of secondary structure elements inn the domain probably stabilize the helical structures
the molecule isx1-02-a3-a4-05-31-B2-33-06-B4-p5-07. (Margusee and Baldwin, 1987). The second type of
Domain 1 is entirelya-helical @1-02-a3-a7), whereas interaction involves polar side chains that provide impor-
domain 2 has am/( structure ¢4-a5-31-p2-B3-06-p4- tant structural hydrogen bonds. The & Glu53 is suitably
5) and represents an insertion into domain 1. Att@ce positioned to hydrogen-bond to the main chain nitrogen
and a ribbon diagram are shown in Figure 2, and the of Asn190, and the ®of Asn85 forms a hydrogen bond
secondary structure is shown in Figure 3, superimposedto the carboxyl group of Pro79 and stabilizes loop 3
on an alignment of S4 sequences from several bacterialbetweena2 anda3.
and chloroplast species. Domain 2 (residues 92-179) is composed of three
Domain 1 comprises a bundle of foarhelices from a-helices and five3-strands organized as an antiparallel
the non-contiguous residues 42-91 and 180-200. Thesheet in a Greek key motif. The locations of the secondary
locations of thea-helices within the sequence are as structure elements within the sequence are as follows:
follows: al, residues 45-62¢2, residues 64-77q3, residues 93-101p5, residues 106-116f1, residues
residues 82-92; and7, residues 192-200. Ser45, Asn64 119-122;(32, residues 124-12333, residues 137-141;
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Fig. 1. Stereoviews of the electron density map of ribosomal protei3$4The area shown is in the interdomain hydrophobic core which features
the two aromatic residues Tyr164 and Tyrl176. Both maps are contoured atahd displayed using the ‘O’ program (Joretsal., 1991). A) The
solvent-flattened MIR map calculated at 2.5 A that was used to build the initial m@&JeThe 2F, — F. calculated phased map generated from the
final refined coordinates at 1.7 A.

06, residues 148-15834, residues 164-168; anf@b, leucines 94, 97, 101, 103 and 155, valines 98, 114, 121,
residues 173-177. The connecting loop betwp2rand 126, 133 and 141, isoleucines 119, 139 and 151, and
B3 has an extended conformation and is anchored at thePhel67, most of which are highly conserved as hydro-
center by a short antiparallel strand—strand interaction phobics. The surface of the sheet is populated by a mixture
involving residues 129-133 with residues 92-95 at the of charged and polar residues that are not conserved.
interdomain junction betweem3 anda4. This interaction The two domains are packed closely together and form
also serves to N-cap4, and Thr106 N-capa5. There is a canyon on one side of the molecule (Figure 2). The
also a 3/10 helical region connectif§ anda6 (residues domain interface is well conserved (Figure 3). The central
143-147). This 3/10 helix occupies a potentially flexible region is formed by the contiguous hydrophobic cores of
region of domain 2, and it is anchored by the side chain each domain and is characterized by five tyrosine residues,
of Arg146 that interacts with Glu170 within the typeBl 61, 99, 131, 164 and 176, although 99 and 131 are close
turn betweenB4 and 5. The guanidinium group forms to the surface and probably also interact with RNA (see
both a salt bridge with the side chain and a hydrogen below). The periphery of the interface contains three salt
bond with the main chain oxygen. The threehelices bridges, Glu74 to Arg132, Glu91l to Arg100 and Glul84
pack against one side of thp-sheet and create the to Argl78. The 91/100 salt bridge is located at the base
hydrophobic core of the domain. The core residues are of the canyon and is particularly well conserved. Other
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Table Ill. Statistics of the final model

Resolution range (A) 15.0-1.7
Sigma cut-off applied 0.0

No. of reflections used in refinement 21 044
Reflections used ifRqee calculation (%) 10.0
Completeness of data in resolution range (%) 98.1
No. of protein atoms 1309
No. of water molecules 243

No. of sulfate molecules 6

R factor (%) 24.4
FreeR factor (%) 30.0
r.m.s. deviations from ideal stereochemistry:

bond lengths (A) 0.011

bond angles (°) 2.123

dihedrals (°) 21.67

impropers (°) 1.462
MeanB factor (main chain) (A) 25.67
r.m.s. deviation in main chaiB factor (A3) 1.18
Mean B factor (side chains and waters) PA 30.18
r.m.s. deviation in side chaiB factors (&) 1.69
Ramachandran plot:

residues in most favored region (%) 93.6

residues in additionally allowed regions (%) 5.7

features of the interface that may contribute to interdomain
stability are an extensive network of ordered water mole-
cules in the canyon, and two proline residues in the loop
connectingB5 with a7.

Sites of interaction with RNA
In our previous structural analyses of ribosomal proteins,

Crystal structure of ribosomal protein S4

of al, and this pair appears to be particularly crucial to
the region since both are almost completely conserved in
bacterial-type sequences of S4. The importance of Tyr47
as an RNA-binding residue is also supported by a mutation
of this residue to aspartate, in a strairto€olithat is cold-
sensitive and which has altered release factor 1-binding
properties (A.E.Dahigren and M.Ryadulin, unpub-
lished).

The most distinctive potential RNA-binding region
is centered on the interdomain canyon which covers
approximately two-thirds of the circumference of S4. It
is possible that either an extended region of RNA binds
into the interface and bends around the protein or that
several regions of RNA converge on this central portion
of S4 from different directions. These scenarios are
supported by the surface electropotential of S4 which
shows that the highest concentration of basic charge is
around the waist of the molecule (Figure 5). Many
conserved, putative RNA-binding amino acid side chains
project into this canyon from both domains. From domain
1, the residues are Arg58, Arg66, Arg93, Lys70, Lys77,
His59, Asn64 and GIn67. From domain 2, they are
Tyr99, Tyrl31, Arg100, Arg107, Arg108, Arg111, Thrl106,
Thr115, GIn112, His116, Asnl127 and Ser130. Pro79 is
immediately adjacent to this region, and kcoli its
equivalent is Lys82 which has been cross-linked to rRNA
(Wittmann-Lieboldet al., 1995). The 3/10 helix (residues
181-185) may also have a role in binding RNA that is
specific to prokaryotes. This region is highly conserved

we have used a phylogenetic approach to deduce the likelyonly within prokaryotes (Figure 3) and, as mentioned

regions of contact with RNA. There is a great deal of

previously, is tightly constrained by two salt bridges. Two

sequence data available for most of the ribosomal proteins,residues, Glul81 and Ser183, protrude from this helix and

and these make it possible to look for conserved aromatic,
basic or hydrophobic residues on the surfaces of the

proteins. The validity of this approach has been vindicated
by independent studies in which the RNA-binding regions

may contact RNA.

Two adjacent arginines, 93 and 111, warrant particular
attention since they are conserved in all known species of
S4 including eukaryotes and Archaea. The orientation

have been identified by more direct methods such asof Arg93 appears to be constrained by an electrostatic

mutagenesis, protein—RNA cross-linking, hydroxyl radical
footprinting and NMR (Urlaubet al, 1995; Adamski
et al., 1996; Heilek and Noller, 1996; Hinckt al., 1997).

interaction with Asp95 which is totally conserved in
prokaryotes (Figure 6). Interestingly, these arginines inter-
act with a sulfate ion, and it is tempting to speculate that

When the sequence conservation pattern of S4 is mappedhis mimics a phosphate group on the backbone of bound
onto the crystal structure, an extensive potential RNA- RNA. A similar situation occurs with Arg100 and Arg107
binding surface is apparent that covers one side of thewhich are also located in this region. Since the canyon is
protein (Figure 4). This entire surface, which is spread lined by so many hydrogen bond donors and acceptors, it
across both domains and which includes the interdomainis not surprisingly that the region also contains a large
canyon, is concave and has a distinct positive electropoten-number of ordered water molecules. These are presumably
tial (Figure 5). This is in contrast to the opposite surface displaced when RNA is bound.
which is convex and highly electronegative (Figure 5).  The third region is located on domain 2, at the top of
This putative RNA-binding surface of 841 can be the molecule (Figure 4). It comprises the adjacent His118,
loosely divided into three regions: two major regions in and Argl25 and 142, and compared with the other two
domain 1 and at the domain interface, and a minor region probably represents a minor site of interaction with RNA.
in domain 2.

The first region covers most of the lower half of domain Structural homology to other proteins
1 and includes conserved amino acids fram, the As noted earlier, the majority of ribosomal protein struc-
N-terminal end ofn2 and the C-terminal end af7. Each tures have been found to be homologous to many types
of the residues along the solvent-exposed sid@ bfis of protein families, and they may represent structural
well conserved and a candidate for interaction with RNA. prototypes. To search for known protein structures that
Three aromatic residues, Tyrd7, Tyrl98 and Phel97, are homologous to S4, the coordinates were submitted to
dominate the region and are contiguous with the aromatic the Dali server (Holm and Sander, 1995). Two significant
side chains in the hydrophobic core of the domain. Other matches were obtained, one for each domain.
conserved residues in the region include Lys43, Lys56, As shown in Figure 7, helices2, a3, 3/10 anda7 of
GIn52, GIn55, Arg69, Arg200, Asn190 and Ser199. Tyr47 domain 1 can be superimposed on heliodsa4 of the
interacts closely with Leu51 on adjacent, exposed turns N-terminal domain of the Tet repressor (Hinricasal.,
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Fig. 2. The overall structure of ribosomal protein/84L. (A) A stereo G trace of the SA41 backbone with every tenth residue labeled and marked
with a filled circle. 8) A stereo ribbon representation of 841 showing the elements of secondary structure determined using PROMOTIF
(Hutchinson and Thornton, 1996). The figure was produced using MOLSCRIPT (Kraulis, 1991).

1994). The first three helices of the Tet repressor form in Klenow (residues 751-793) it forms a section of the
the DNA-binding domain which includes a helix-turn— variable part of the RNA recognition motif (RRM).
helix (HTH) motif (a2-turn-a3). The major difference  None of these structural similarities are accompanied by
between the structures is that the loop connecting the sequence similarities.

second and thirdi-helices of the Tet repressor is replaced  Domain 2 of SA41 has an unexpectedly close relation-
by the entire domain 2 of S4. Helical bundles are rather ship to the ETS domain, which is the distinguishing
common structural motifs in proteins, and the significance characteristic of the ets family of eukaryotic transcription
of this homology is difficult to assess. For example, similar factors. The two domains have a very similar architecture
arrangements afi-helices occur in such diverse proteins of a-helices packed onto one surface of an antiparallel
as thea’® subunit of RNA polymerase (Malhotret al, B-sheet, and the topologies of the secondary structure
1996), type 1 cytochromes (Dickersogt al, 1971), elements are identical (Figure 7). When optimally super-
lysozyme (Blakeet al., 1965), the myosin motor domain  imposed, the overall r.m.s. deviation in, Qositions is
(Raymentet al, 1993), c-Myb (Ogateet al, 1992) and 3.3 A. The correspondence of the t@esheets is particu-
the finger domain of Klenow (Olliset al, 1985). In larly close, with an r.m.s. deviation of 1.6 A. Despite this
myosin, the equivalent structure (residues 508-553) forms similarity, there is no detectable sequence homology
the interaction site with actin (Raymeet al., 1993) and, between the two domains, and three invariant tryptophans
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Fig. 3. An alignment of representative sequences of ribosomal protein S4 from bacteria and chloroplasts. The abbreviations for each are as follows:
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Bstearo,B.stearothermophiluéS.E.Gerchmann and V.Ramakrishnan, unpublished); BsuBtgdibtilis(Grundy and Henkin, 1990); Ecolk.coli
(Thomaset al,, 1987); Haemophtiaemophilus influenzé-leischmanret al.,, 1995); SpinChl, spinach chloroplast (Ben Tabaal., 1986);

TobacChl, tobacco chloroplast (Shinozakial., 1986); MarchanMarchantia polymorphahloroplast (Ohyamat al., 1986); Euglenakuglena
chloroplast (Stevensoet al., 1991); ChlamydoChlamydomonas reinhardtihloroplast (Randolph-Andersaat al., 1995). For clarity, 31 residues at
the C-terminus of th&.reinhardtii chloroplast sequence, which are unique to this species, have been omitted. The numbering corresponds to the
B.stearothermophiluprotein, and the regions of secondary structure withidd4are indicated. Blocks of amino acids are color coded as follows:
yellow, hydrophobic core residues; red, salt bridges; green, putative RNA-binding residues; and blue, residues cross-linked to other ribosomal

components and sites of mutation. The alignment was performed using
Madison, WI].

that form part of the hydrophobic core in ETS domains
(Donaldsonet al, 1996) are not observed in S4. The
ETS domain is a member of the winged HTH (WHTH)
superfamily that interact with DNA via the secoaehelix
and the adjacent ‘wing’ or loop that bind at consecutive
major and minor grooves, respectively. S4 differs from
the ETS domain primarily in the HTH region. The first
‘supporting’ a-helix is replaced by a short region of 3/10
helix which, together with a shorter connecting loop,
results in a more direct connection to the second ‘recogni-
tion’ a helix (a6). The wing of the ETS domain corres-
ponds to the loop betwedd andf5 in S4.

Discussion
Interaction of S4 with RNA

PILEUP [Wisconsin Package Version 9.0, Genetics Computer Group (GCG),

the polycistronic mRNA that contains the translational
initiation site for the first gene (S13). In a series of
experiments, Draper and co-workers have shown that the
site folds into a complicated double pseudoknot structure
that is stabilized by S4 (Deckman and Draper, 1985,
1987a,b; Tang and Draper, 1989, 1990; Gluekal.,
1997). Translational control is thought to occur via an
allosteric mechanism in which S4 traps the mRNA in a
conformation that is able to bind 30S subunits, but unable
to form an initiation complex (Spedding and Draper,
1993). Several other primary ribosomal proteins perform
a similar function within their operons, and their rRNA-
and mRNA-binding sites are generally very similar
(Draper, 1989). This is apparently not the case with S4,
although the sites may have common three-dimensional
structures that are not obvious from the secondary struc-

It has been known for some time that S4 organizes andtures. Clearly, the three-dimensional structures of the S4—

promotes the folding of a substantial fraction of the 16S
rRNA molecule (Zimmermanmt al, 1975). S4 also has

rRNA and S4-mRNA complexes are very complicated
and impossible to model with any degree of confidence.

a major role in the translational feedback process that However, there have been a number of studies of these

coordinates the synthesis of ribosomal proteins and rRNA
(Yateset al., 1980). The S4 gene is located within the
operon ofE.coli, and S4 specifically binds to a region of

interactions, and these can now be re-evaluated in the
light of the crystal structure.
Craven and co-workers studied a numberEotoli S4
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Fig. 4. A stereoview of ribosomal protein 841 showing the overall distribution of residues believed to be involved in mediating interactions with
rRNA. The residues (in standard coloring) are distributed throughout this entire face of the molecule, but can be grouped into three clusters: domain
1 (bottom), domain 2 (top) and the domain interface. The orientation of the molecule is identical to that shown in Figure 2. The figure was produced
using MOLSCRIPT (Kraulis, 1991).

Fig. 5. The surface electrostatic potential of ribosomalA\82. The view on the left corresponds to the putative RNA-binding surface shown in

Figure 4 and has a high overall positive potential. The view on the right corresponds to the opposite surface and is generally electronegative. The
extreme ranges of red (negative) and blue (positive) represent electrostatic potentials of less than -9 to gres®ek,Hamherek, is the

Boltzmann constant and T is the temperature. The figure was calculated using the GRASP program @iehpll991).

fragments to determine the minimal region required for Fragments terminating at residues 171, 119 and 101
binding rRNA and promoting 30S assembly. Trypsin (B.stearothermophilusiumbering) were also made. All

digestion of an S4-rRNA complex resulted in loss of the retained some affinity for rRNA (Changchien and Craven,
first 46 residues; the remaining fragment was able to 1985, 1986; Conrad and Craven, 1987). However, later
bind rRNA and promote normal 30S subunit assembly studies using circular dichroism showed that any truncation
(Changchien and Craven, 1976). These experiments sug-of the molecule prior to residue 171 resulted in a marked
gested that the equivalent N-terminal deletiorBistearo- destabilization (Baker and Draper, 1995). From the struc-
thermophilusS4, the SA41 of the present study, would ture, it is now clear that in such fragments domain 2
yield a stably folded protein, which is indeed the case. cannot fold properly. In addition, the absence of the final
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Fig. 6. Stereoviews of two significant regions of ribosomal proteid&H# discussed in the text. (Top) GIn50 within domain 1 has been identified as

the site of a point mutation that results imram phenotype. It is involved in a hydrogen-bonded interaction with the conserved Arg200, and appears
to orient it precisely for interaction with RNA. (Bottom) Arg93 and Arg111 are highly conserved and within the putative RNA-binding site at the
domain interface. Conserved Asp95 is mostly buried and appears to orient the adjacent basic residues. A strongly bound sulfate group may reflect
the position of a phosphate group when RNA is bound in this region.

helix in domain 1,a7, would probably cause a dramatic has a major RNA-binding site at the domain interface. It
alteration in the packing arrangementaf anda?2, both has been demonstrated that L1 has considerable inter-
of which probably contact RNA. It is remarkable that domain flexibility that may allow the protein to adopt
such fragments retain the ability to recognize a specific open and closed conformations during the RNA-binding
rRNA site, even though a hydrophobic core is lacking.  process. Unlike L1, where the crystals had a large variation

S4 deletions that affect rRNA recognition have parallel in unit cell parameters related to the flexibility, S4 shows
effects on mRNA binding (Baker and Draper, 1995), no crystallographic evidence of interdomain movement.
suggesting that the two binding activities utilize the same However, the packing arrangement in the S4 crystal, where
regions of S4. The concentration of potential RNA-binding both domains are fixed by symmetry-related molecules,
residues on one side of the protein certainly supports this may preclude possible movements. The major interdomain
idea. The same mMRNA binding studies also suggestedconnection in S4 is via the helices8 anda4, which have
that residues 43-101 stabilize different MRNA secondary the lowest main chain temperature factors in the entire
structures than 102-17B (stearothermophilusiumber- molecule. In addition, there is also a clear interdomain
ing). This is consistent with domain 1 and domain 2 hydrophobic core as described earlier. These would appear
recognizing different regions of the mRNA. It is not yet to rule out major movements of the domains. However, a
possible to assess in detail whether the mRNA and rRNA relative twisting of the domains is still possible, and
structures bind in a similar fashion, but with the structure tentative evidence supporting this has been obtained from
in hand it will now be possible to address this question a parallel NMR analysis of the S4 structure (Markus
directly by site-directed mutagenesis. Efforts are also et al., 1998).
underway to co-crystallize S4 with cognate RNA
fragments. S4 mutations and RNA binding

In terms of its overall architecture and putative inter- We have shown for a number of ribosomal proteins
action with rRNA, S4 most closely resembles ribosomal that mutations which produce defined ribosomal pheno-
protein L1 (Nikonovet al., 1996). L1 also comprises two types are invariably within their RNA-binding sites
domains that appear to have arisen by gene insertion, andRamakrishnan and White, 1998). These mutations appar-
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Ribosomal
protein S4

N terminal

Q\/ Tet repressor

\

C

Fig. 7. The structural homology of ribosomal protein/84 to regions of other proteins. Domain 1 of/84 (bottom) is homologous to the

a-helical DNA-binding domain of the tet repressor, and domain 2 (top) is homologous to the ETS domain. The corresponding elements of secondary
structure in both homologies are colored identically. Note that these elements are not in precisely the same orientation, but the topological
relationships in both cases are the same. The figures of each protein were produced using MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and
Bacon, 1997).

ently exert their effects indirectly by perturbing the local binding element, and the interaction appears to orient the
rRNA structure. Mutations it.coli S4 were amongst the  guanadinium group precisely (Figure 6). Therefore, the
first to be discovered, and they were found to modulate mutation also strongly suggests that the domain 1 RNA-
the accuracy of protein synthesis. They initially were binding site is crucial to the function of S4.
characterized as revertants to non-dependence on strepto-
mycin (Birge and Kurland, 1970) and later identified as Structural homologies to S4
rammutants that lower the intrinsic accuracy of translation Most of the ribosomal protein structures have been found
(van Acken, 1975). S4, together with S5, S12 and the 900 to be structurally homologous to other families of proteins,
and 530 regions of 16S rRNA are now collectively including those that interact with DNA and RNA
known as the ‘accuracy domain’ which is also the site of (Ramakrishnan and White, 1998). We have suggested that
streptomycin binding (Kurlaneet al., 1990). Green and these ancient proteins discovered successful structural
Kurland (1971) were the first to demonstrate that S4 prototypes that have been retained throughout evolution.
mutants have defective rRNA binding, and Noller and co- In certain cases, these homologous proteins have proved
workers (Allen and Noller, 1989) have shown thatr@sh to be useful indicators of how the ribosomal proteins bind
mutants perturb rRNA structuren situ. Clearly, these RNA, since the structures of a number of them have been
sites of mutations are an excellent indicator of RNA- analyzed bound to nucleic acids. None of the putative
binding sites. ribosomal protein—-rRNA complexes based on these homo-
Most of the S4ram mutants are truncations of the logies has been confirmed by detailed structural analysis.
protein that result in defective rRNA binding and poor However, an NMR analysis of the L11-RNA complex
cell growth (Daya-Grosjeaet al, 1972; Funatstet al., does support the homology to the homeodomain—DNA
1972). The truncations occur around residue 175 (A.E. complex (Hincket al, 1997). Each domain of S4 has an
Dahlgren and M.RydeAulin, unpublished), and would intriguing homology to a DNA-binding protein motif, but
allow domain 2 but not domain 1 to fold correctly. This a closer inspection of the similarities reveals that they are
indicates that the putative RNA-binding site in domain 1 unlikely to represent useful models for how S4 interacts
is important for interacting with rRNA, and is supported with RNA.
by the observation thaam mutants with unaltered lengths Domain 1 resembles the DNA-binding domain of the
show wild-type rRNA binding (Daya-Grosjeaat al., Tet repressor which uses a HTH region to interact with
1972). One such mutant has been characterized as ahe major groove of DNA. However, the corresponding
glutamine to leucine change &.coli position 53 (van HTH region of S4 is interrupted by the entire domain 2
Acken, 1975). This residue corresponds to GIn50 in the and the second helix is sterically hindered from binding
B.stearothermophilusnolecule, and is highly conserved RNA to any great extent. At first sight, the homology of
in prokaryotic sequences. In the structure, the residuedomain 2 to the ETS domain appears to be a better
forms a hydrogen bond interaction with the highly con- candidate for modeling. The ETS domain is a member of
served Arg200 that we have identified as a probable RNA- the ‘winged-helix’ family of DNA-binding proteins that
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also use a HTH motif to interact with the DNA major are potential sites of protein—protein interactions have
groove, and one or two loops or wings to bind to the been observed on S5 (Davies al, 1998), S8 (Davies
adjacent minor groove (Brennan, 1993). Domain 2 of S4 et al, 1996b) and L14 (Daviest al., 1996a), but are not
and the ETS domain both have a single wing, and by present in SA41. The role of the N-terminal region of
superimposing domain 2 onto the ETS domain within S4 in binding RNA should not be ignored, especially
the PU.1-DNA co-crystal structure (Kodandapahnial., since the construct of S4 used in this study has a somewhat
1996), it was possible to investigate its putative interaction lower affinity for both rRNA and mRNA compared with
with a region of double-stranded RNA. The model is wild-type S4 (R.B.Gerstner and D.E.Draper, unpublished).
generally unconvincing, principally because the RNA site Indeed, the first 16 residues of S4 are highly conserved
does not match any of the sites suggested by the pattern(Figure 3) and may contact RNA.

of sequence conservation. In particute, which would The positioning of S4 with respect to the 16S rRNA
be the principal ‘recognition’ helix, is in the most weakly can be refined further from the results of recent, more
conserved region of S4. A closer examination of the S4/ precise experiments. Directed hydroxyl radical foot-
ETS homology does reveal an important difference in the printing of 16S rRNA with an Fe-EDTA moiety attached
HTH motif that also argues against the model. In the to Cys31 inE.coli cleaves at nucleotides 419-432 and
ETS-DNA complex, the first helix of the HTH motif acts 297-303 (Heileket al., 1995). This experiment suggests
as a platform for the second ‘recognition’ helix and that the N-terminal domain of S4 is oriented towards
orients it appropriately with respect to the adjacent wing helices 16 and 13. Also, Wittmann-Liebold and co-workers
(Kodandapanét al., 1996). In domain 1 of S4, this precise (Urlaub et al., 1995, 1997) have identified S4-cross-
orientation is absent, and the first helix is a short 3/10 links involving E.coli residues Lys44 and Lys82 which

structure that does not act as a platform. correspond toB.stearothermophilusesidues GIn40 and
Pro79, respectively. The first location is at the periphery
S4 and the 30S subunit of the interface RNA-binding site, and the second, although

Early studies on the assembly of the 30S subunit demon-not included in our construct, is near the domain 1 RNA-
strated that S4 has a pivotal role in the early stages of thebinding site. Thus, as with proteins S8, S17 and L6, these
pathway (Heldet al., 1974). S4 is now recognized as a cross-linking data firmly support the RNA-binding sites
primary RNA-binding protein that specifically binds a deduced from the structures. These types of data currently
region of 16S rRNA and, together with S7, initiates the are being used in modeling studies of the 30S subunit
folding of the molecule into its functional conformation which have yet to be completed. Functionally, S4 is
(Nowotny and Nierhaus, 1988). The general location of located in the ‘accuracy domain’ that also includes S5,
the S4-binding site on the 16S rRNA molecule has been S12 and the 530 and 900 regions of 16S rRNA. This
studied extensively by a number of techniques including domain originally was thought to be distant from the
base probing (Steret al, 1986), hydroxyl-radical foot-  decoding site, but recent data suggest that they may be
printing (Powers and Noller, 1995a,b), protein—rRNA adjacent or contiguous (reviewed in Davietsal., 1998).
cross-linking (Greueet al., 1987) and fragment binding  This is an important question with fundamental implic-
(Vartikar and Draper, 1989; Sapadg al., 1990). The site  ations for the mechanism of translation which has yet to
is within the B domain at the junction of five helical be resolved satisfactorily. The crystal structure of S5 has
regions encompassing nucleotides 27-47 and 395-556had a major impact on this problem (Davietsal., 1998),
Using Brimacombe’s numbering scheme (Brimacombe, and has enabled a number of precise RNA footprinting
1991), these helices are 3, 4, 16, 17 and 18. The latestexperiments to be performed (Heilek and Noller, 1996).
model of the folded 16S rRNA molecule does reveal a Similar experiments will now be possible using S4 as a
suitable clustering of the S4 footprint and cross-linking site-directed probe.
sites (Mueller and Brimacombe, 1997), and the S4 structure
should now facilitate a more detailed modeling of the
S4 environment. High resolution structures of ribosomal Materials and methods
proteins together with associated biochemical data have . ] o
provided important restraints for the evolving models of %’:’"’"9 and protein purification
. . ) . e procedure for cloning and sequencing the full-length S4 gene from

the ribosome (Mueller and Brimacombe, 1997; Davies B.stearothermophilussing the T7 system was the same as that described
et al, 1998; Tanakat al., 1998). previously (Davie®t al, 1996a). The gene was inserted into the pET13a

The complicated pattern of S4—rRNA footprints agrees vector using the standandde and BarHl sites at the 5and 3 ends,
well with the structure of Si41 which has the general  speciush, To nr i a1 mmamert s pT/oe ek wes o

P . . ‘g wi

"’.‘ppearame of blndlng extensively with RNA. The distinc- nucleotide 177 of the coding rgegion.pThis vgas replaced by a synthetic
tive difference in charge between the two surfaces of S4 54 pp fragment which resulted in the deletion of residues 2-42.
suggests that one entire surface of the protein faces theescherichia coli cells incorporating the T7 expression system
30S subunit and interacts mainly with 16S rRNA, while [BL21(DE3)] and containing the @41 pET13a expression vector
the opposite face is exposed to the exterior. Consistent(Novagen) were grown in Luria broth medium (25 g/l) and 25 mg/l

. . g . S kanamycin. Batches of 2 | were inoculated with 3 ml of an overnight
th this, the majority of the putative RNA-bIndIng culture and grown until the Of3y reached 0.6, at which point the cells
residues are on the former surface and the latter surfacewere induced by adding isopropgto-thiogalactopyranoside (IPTG) to
is poorly conserved. This general orientation would suggest a final concentration of 0.4 mM. After 3 h, the cells were harvested by
a large electrostatic contribution to the S4-rRNA inter- ggztgifgignzﬂo%athI\;)O%hrg)s-g-a{ae”dpaesgsge”fea’j;‘ ‘IlioD'Ir]X Ofl 5‘ tr’r:"\f/lfer
action which has been observed (DeCk.m.an a.nd Draper’B-mercaptoethanoI and 50 mM potassiufn chloride. The’sample was
1985). It also suggests that S4 has minimal interaction frozen at -20°C after adding 2 mg of DNase to promote DNA cleavage,
with other ribosomal proteins. Hydrophobic patches that and then subjected to several freeze—thaw cycles to lyse the cells. The
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The extinction coefficient of S¥1 was estimated to be 1.0 based on
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