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Abstract

The assembly of ribonucleoprotein complexes occurs in a broad range of conditions, but the
principles that promote assembly and allow function at high temperature are poorly understood.
The ribosomal protein S8 from the hyperthemophilic bacterium Aquifex aeolicus (AS8) is unique
in that there is a 41 residue insertion in the consensus S8 sequence. In addition, AS8 exhibits an
unusually-high affinity for the 16S ribosomal RNA (rRNA), characterized by a picomolar
dissociation constant that is approximately 26,000 fold tighter than the equivalent interaction from
Escherichia coli. Deletion analysis demonstrated that binding to the minimal helix 21 occurred at
the same nanomolar affinity found for other bacterial species. The additional affinity required the
presence of a three-helix junction between helices 20, 21, and 22. The crystal structure of AS8 was
solved, revealing the helix-loop-helix geometry of the unique AS8 insertion region, while the core
of the molecule is conserved with known S8 structures. The AS8 structure was modeled onto the
structure of the 30S ribosomal subunit from E. coli, suggesting the possibility that the unique
subdomain provides additional backbone and side-chain contacts between the protein and an
unpaired base within the three-way junction of helices 20, 21, and 22. Point mutations in the
protein insertion subdomain resulted in a significantly reduced RNA binding affinity with respect
to wild-type AS8. These results indicate that the AS8-specific subdomain provides additional
interactions with the three-way junction that contribute to the extremely tight binding to rRNA.

Introduction

Understanding the adaptation of organisms to their environment often comes from studies of
the relationships between protein thermostability and structure. A common and informative
strategy is to compare the sequences, the three dimensional structures, and the
thermodynamics of folding for homologous proteins from mesophilic and thermophilic

and provide insights into the molecular forces that stabilize biological molecules.
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Relatively little is known about the adaptations to high temperature of ribonucleoprotein
complexes (RNPs). The prokaryotic ribosome provides a convenient source for investigating
the general principles of RNP thermostability. Comparative studies of the thermodynamics
of the interactions between ribosomal proteins (r-proteins) of the large subunit and the 23S
ribosomal RNA (rRNA) have been conducted for L1 7, L10:L.124 8, and L11 systems, while
similar studies for the binding to the 16S rRNA have been conducted for the small subunit
proteins S4 9 10 and S8 11, The general trend is that binding is tighter in thermophilic
systems with 10 to 1000 fold higher affinities being seen when compared to mesophilic
systems.

Of all r-proteins, S8 is particularly well suited for the simultaneous comparison of sequence,
structure, and thermodynamics because these data are available from multiple organisms
including both mesophiles and thermophiles. A recent investigation into the assembly of the
central domain of the 30S ribosomal subunit from Aquifex aeolicus reported a picomolar Ky
between the A. aeolicus S8 (AS8) r-protein and the central domain of 16S rRNA at 65°C 12,
This represents a 26,000 fold increase in binding in comparison to a similar interaction
between S8 and 16S rRNA from Escherichia coli measured at 40°C 11: 13 but the structural
and thermodynamic basis for this increase was unknown.

In E. coli, S8 is critical for the proper assembly of the 30S subunit and contributes to
bacterial growth 14, S8 binds to the central domain of the 16S rRNA (Figure 1a)
independently of other r-proteins 14 15 In vitro assembly of the 30S subunit in the absence
of S8 produces an incompletely formed RNP with highly reduced function 16, and mutations
of the 16S rRNA that disrupt S8 binding correlate with greatly reduced growth rates 17: 18,
Nuclease protection studies originally mapped the S8 binding site to helix 21 of the central
domain 19 20: 21,22 and similar results where observed in both protein cross-linking 23 and
chemical modification experiments 24 25, Enzymatic and hydroxyl radical footprinting
investigations identified additional interactions with helices 20, 22, 25, and 26a 19: 26, Also,
the footprinting pattern of hydroxyl radicals generated from iron-dervatized S15 (Fe(ll)-
S15) in helices 24 and 26 depends on the presence of S8 27. Furthermore, protection from
hydroxyl radicals generated from Fe(11)-S8 link its binding to progression through transition
states of 16S rRNA folding with consequences throughout the entire subunit 28, Protein S8
is present in the crystal structures of the 30S subunits from both E. coli. (Protein Data Bank
(PDB) code 2AVY) 29 (Figure 1b) and Thermus thermophilus (PDB code 1J5E) 30, The
RNA contacts in these structures are in excellent agreement with the biochemical data and
indicate major contacts along helix 21 and helix 25 31.

Several thermodynamic studies have defined the interactions that provide the free energy of
S8-rRNA binding. The original studies used filter-binding assays to monitor E. coli S8
binding to the 16S rRNA followed by studies using progressively smaller fragments of the
16S rRNA 13: 25,3233 These studies most consistently identified interactions in the tenths
of micromolar range and indicated that nearly all of the energy of binding derives from
interactions with a short stretch of helix 21 within the region of the universally conserved
A642 (Figure 1a). Nuclear magnetic resonance (NMR) studies of model oligomers based on
the RNA target site in the absence and presence of E. coli S8 indicate little change in the
RNA structure upon protein binding 34 35, Furthermore, crystal structures of RNA-free S8
protein from T. Thermophilus 36 and Bacillus stearothermophilus 37 are available in addition
to RNA-bound structures of S8 from several other species 2% 30: 38 Comparisons of these
structures are consistent with a model of minimal conformational changes within the protein
upon RNA binding. Most of the specific interactions are believed to originate from shape
complementarities between S8 and the rRNA with organism specific modulation from
interactions between bases and hydrophobic areas of protein side-chains 38,
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The reported three-dimensional structures of S8 proteins from different organisms (Figure
1b) 36: 37: 38: 39 exhibit a conserved architecture. S8 folds into an N-terminal domain
containing a three-stranded antiparallel B-sheet (strands 1, B2, and B3) packed against two
a-helices on one side (a1 and a2) and a C-terminal domain composed of a four-stranded
antiparallel B-sheet (B4, 6, B7 and p8) and two a-helices. An extended hydrophobic
interface is formed between the two a—helices a1 and a2 of the N-terminal domain and the
B-sheet of the C-terminal domain.

Interestingly AS8 contains a peptide insertion unique to Aquifex bacteria in the B-sheet
region of the N-terminal domain. This peptide is 41 amino acids long (positions 51-92), and
Blast searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi) on the peptide sequence return only
AS8 and the S8 protein of Aquifex pyrophilus. The position of the unique AS8 insertion led
us to speculate that additional interactions between the rRNA of the central domain and the
insertion sequence might occur, contributing to the extra affinity.

In this study we investigate the molecular mechanisms that result in the picomolar
interaction between AS8 and the central domain of the 16S rRNA. A combination of
fluorescence anisotropy and electrophoretic mobility shift assays (EMSA) were used to map
the RNA contacts required for this uniquely tight binding. A three-dimensional structure of
AS8 was determined by X-ray crystallography and homology modeling within the known
structures of the 30S subunit of E. coli (PDB code 2AVY) and T. thermophilus (PDB code
1J5E) was performed to investigate the molecular rationale for the extremely tight
interaction between AS8 and rRNA. In total, these experiments provide a structural
framework for the conserved and AS8-specific interactions that contribute to the binding of
the minimal rRNA site along helix 21 and unique interactions with the three-way junction of
helices 20, 21, and 22 that contribute to the picomolar binding affinity of AS8 for the larger
rRNA.

Binding of AS8 and rRNA

A series of RNA constructs were prepared based on the central domain of the A. aeolicus
16S rRNA (Figure 2a—e) to map the interaction between AS8 and the 16S rRNA by EMSA
and fluorescence anisotropy assays (Figure 3a & b). AS8 binds to the AFrl construct (Figure
2b) at 65°C with an apparent Kq of 21 pM (Figure 3). The affinity of AS8 for AH21 (Figure
2¢) and AH23 (Figure 2d) RNA constructs were also measured by direct titration at 65°C
(Table 1). The respective K4 values of 60 and 18 pM show only modest deviations from the
value of AFrl RNA and demonstrate that neither the stem loop region of helix 21 nor all of
helix 23 are required for picomolar affinity. Both a larger construct containing the total
central domain of A. aeolicus 16S rRNA (ACD in Figure 2a) and a helical construct
containing only the A. aeolicus sequence homologous to the minimal S8-binding region of
helix 21 identified in studies of E. coli (minimal RNA in Figure 2e) were investigated by
competition assay. A small, two-fold deviation from the K4 observed with AFrl RNA
demonstrates that additional interactions with the central domain of 16S rRNA do not make
a large contribution to the picomolar affinity. However, the interaction with the minimal site
on helix 21 is dramatically reduced, with a K4 value of 1.5 nM.

The interaction of AS8 with the RNA corresponding to the minimal site on helix 21 was
further monitored by fluorescence anisotropy. AS8 was titrated into fluorescein labeled
rRNA at 25°C and the resulting interaction was measured by a change in anisotropy. The
reaction was monitored in a range of salt conditions varying from 0.33 M to 0.90 M KCI.
AS8 binds the minimal construct of helix 21 with a Ky of 2 nM at 25°C and 0.33 M KClI,
which is consistent with both EMSA competition experiments conducted at 65°C and with
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past observations with other thermophilic S8 proteins. The reaction is largely independent of
KCI concentration with only a five-fold increase in K4 measured in 0.90 M KCI, suggesting
that S8-RNA interactions with this site are driven by shape complementarity with the protein
backbone and modulated by hydrophobic interactions that are not affected by high ionic
strength.

Taken in total, these results show that two regions of rRNA contribute significantly to the
affinity of the interaction with AS8 (Figure 2a). One region consists of the minimal binding
site surrounding the unpaired A of helix 21 and has a nanomolar affinity for AS8 (red box in
Figure 2a). The other region contains the three-way junction of helices 20, 21, and 22 that
contributes to picomolar affinity when combined with the minimal binding site (blue box
Figure 2a).

Overall structure of AS8

The crystal structure of AS8 was solved at 2.16 A resolution. Data processing and
refinement statistics are summarized in Table 2 and the three-dimensional structure is
presented in Figure 4. AS8 maintains the core architecture of the N- and C-terminal domains
found in other S8 proteins (Figure 1b) but also includes two additional a helices formed by
the unique peptide insertion. The N-terminal domain is formed by helices a1 and a2 packed
on one side against the three-stranded antiparallel B-sheet (formed by strands 1, p2 and 33)
and flanked on the other side by two o helices formed by the AS8 peptide insertion (Aal-
Ado2). The insertion replaces the short loop that connects p2 and g3 in the known S8
structures. Aal is connected to B2 through an ordered loop (AL1), while Aal and Aa?2 are
connected by a loop (AL2) that is not well defined in the crystal structure. Aa2 is connected
to B3 by a third loop (AL3). A cluster of positively charged residues is observed on the
solvent exposed side of helix Aa2 (residues Lys75, Lys77, Arg78, Lys81). A loop of 13
amino acids connects the N- and C-terminal domains (loop between strands p3 and 4 in
Figure 4a). This loop is shorter than the inter-domain loop in T. Thermophilus (PDB code
1ANY7), but similar in length to B. Stearothermophilus S8 (PDB code 1SEI) and E.coli S8
(PDB code 2AVY). The C-terminal domain consists of a four-stranded antiparallel g-sheet
(B4, p6, p7 and B8,) flanked by two short alpha helices (a3 and a4) on one side and packed
against helices al and a2 of the N-terminal domain.

Although the helix-loop-helix insertion is one of the regions in the structure that has the
highest atomic displacement parameters, a network of hydrophobic, aromatic, and polar
interactions take place between Aal, Aa2 and the N-terminal 3-sheet. Charged interactions
occur between the side chains of Glu60 on helix Aal and Tyr26 and Lys95 in the
antiparallel B-sheet. Residues in the hydrophobic patch include Phe24, Tyr26, Pro28 on
strand B1 and Tyr79, Tyr86 on helix Aa2 (Figure 4b). Interestingly, the residues
corresponding to Tyr26 in the known bacterial structures are solvent-exposed polar residues,
but a tyrosine is present at this position in the Methanococcus jannaschii structure. The M.
jannaschii residues Val24, Tyr26, and Lys62 occupy equivalent positions to Phe24, Tyr26,
and Lys95 of AS8. This core contains solvent exposed patches in the M. jannaschii protein
while the equivalent patches of AS8 are involved in interactions with the helices of the
unique subdomain. This demonstrates that the surface of the N-terminal -sheet of S8
protein can accommodate structures of similar hydrophobicity in multiple ways.

Two more clusters of interactions are observed between the helix-loop-helix insertion and
the conserved core. These include a hydrophobic cluster formed by Pro93 at the N-terminus
of B3, Leu52 in AL1, and Tyr57 at the base of Aal. An additional network of interactions is
present between the side-chains of Ser29 on the C-terminal end of 1, Lys53 of AL1, and
Tyr92 of AL3.
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Conservation of S8

An estimate of the sequence diversity of S8 proteins is presented in Supplementary Figure 1
as position-dependent conformation scores based on a multiple sequence alignment of sixty-
two S8 orthologs obtained from the COGS database (www.ncbi.nlm.nih.gov/COG/)
(Sequence names are listed in Supplementary Table 1). These scores were calculated for
each position based on a combination of the Shannon entropy and a gap penalty resulting in
a score of increasing conservation from zero to one 40, The unique sequence of the AS8
insertion was excluded from the alignment to increase accuracy (See Materials and
Methods). The scores are presented in Supplementary Figure 1 along with the protein
sequence of AS8 and a map of its secondary structure determined from its three dimensional
structure. The aligned sequences of S8 proteins with previously-determined three-
dimensional structures are also presented.

The greatest region of conservation in these structures include the hydrophobic cores of both
the N and C-terminal domains, the core region connecting the two domains, and the C-
terminal region of S8 contributing to interactions with the minimal RNA binding site within
helix 21 of the 16S central domain. Ser143 (A. aeolicus numbering) in the C-terminal
domain is universally conserved within S8 sequences. An interaction between an equivalent
Ser and an unpaired A equivalent to A642 in helix 21 makes the only amino acid side-chain
to base contact observed within all the structures of S8-RNA complexes.

In general, the sequences of the N-terminal domain of S8 are far less conserved than those of
the C-terminal domain. The longest stretch of variable sequences occurs from the beginning
of B2 and continues through the linker that connects 3 of the N-terminal domain to 4 of
the C-terminal domain. Within this variable stretch is the unique helix-loop-helix subdomain
of AS8 (positions 51-92). Low conservation scores in this region result from the unique
AS8 insert and the sequence variability of the strands and loops of the N-terminal -sheet.

Modeled Interactions Between AS8 and 16S rRNA

To model potential contacts with the rRNA, the structure of AS8 was aligned with other S8
proteins within the known structures of the 30S ribosomal subunit (E. coli, PDB code 2AVY
Figure 5a and T. thermophilus, PDB codelJ5E). The alignment, conducted with

MacPymol 41, results in RMSD values of 0.77 A and 1.39 A respectively. The AS8 structure
was also compared to the M. Jannaschii S8 in complex with helix 21 (PDB code 116U). The
proposed protein-RNA interactions are described using the A. aeolicus numbering system
for AS8 and the E. coli numbering for 16S rRNA. For protein-base contacts where the
sequence is not identical between E. coli and A. aeolicus (see Figure 2a), the A. aeolicus
sequence is indicated. The models indicate that AS8 could make extensive contacts with the
minimal RNA binding site on helix 21, as well as with helices 25 and 26, and the three-way
junction of helices 20, 21, and 22. The model built by superposition of AS8 with E.coli S8
bound to rRNA is shown in Figures 5a—c. Contacts were considered to be similar among the
two structures when the interacting amino acid residues belong to the same group in the
conservation score calculations (see Materials and Methods). The model shows several AS8-
rRNA contacts that are conserved with respect to all the reported S8-RNA bound structures.
Other interactions are found only in the bacterial (E. coli and T. thermophilus) or archaeal
(M. jannaschii) systems. Additional AS8-specific interactions are described below.

Interactions With the Minimal RNA Binding Site—Contacts with the minimal RNA
binding site on helix 21 are observed in all the homologous structures and are mediated both
by the N- and C-terminal domains of AS8 (Figure 5b). In the C-terminal domain, two loops
formed by residues Ser143-Asp145 and residues Val116-Val123 wrap around the bulged
bases U641-A642. This interaction is driven both by shape complementarity between the
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loops and the RNA minor groove surface and base-specific contact between the universally
conserved Ser143 and A642. In the RNA-free structure of AS8, the loop formed by Val116-
Val123 has high B factors suggesting it may be flexible in the absence of RNA.

Additional contacts between the C-terminal domain of AS8 and the minimal RNA binding
site on helix 21 that are conserved in all the RNA-bound S8 structures may include the
interaction between the side chain of Arg122 and the ribose of U644 and between the
backbone of Val127 and the base of C599 (G in A. aeolicus). Contacts found in the bacterial
structures but not in M. jannaschii include the side-chain of Tyr124 and the base of G597
and between the side-chain of Glu162 and the 2’ hydroxyl of C643. Potential AS8-specific
interactions found in the C-teminus involve the side-chain of Asp145 and the 2" hydroxyl of
AB640.

The N-terminal domain is proposed to interact with helix 21 through a smaller surface.
Similar to all of the other structures, the backbone NH group of Lys31 may interact with the
phosphate backbone of U590, while its side-chain nitrogen is in close proximity to the
phosphate backbones of U590 and U591. The only interaction we propose to be uniquely
homologous with the M. jannaschii complex is the contact between the side chain of Arg35
and the phosphate backbone of A642. Potential AS8-specific contacts may occur between
Thr90 in the AS8 subdomain and the ribose of U590.

Contacts with the Three-way Junction between helices 20, 21 and 22—Our
model suggests that the AL3 loop is deeply inserted into the three-way junction (Figure 5c),
which could allow a combination of backbone and side-chain interactions between residues
Glu85, Lys88, and GIn91 and the unpaired base of U653 and the ribose of U589. These
unique interactions expand the shape complementarity between AS8 and the rRNA beyond
the minimal site on helix 21.

Contacts with helices 25 and 26—A cluster of conserved interactions occurs between
helix a1 of AS8 and the helix 25 of the 16S rRNA and include side-chain to base contacts
between Ser12 to C876 (G in A. aeolicus) and Asn16 to C826. Possible contacts found only
within the T. thermopholus structure include the side-chain of Asp9 and the base of G824 (G
in A. aeolicus) and the side-chain of Lys15 and the phosphate backbone of C876. AS8-
specific interaction include contacts between the backbone and side-chain of Arg20 and the
ribose of U827 and the phosphate backbone U828 respectively.

The unique AS8 subdomain packs against the backbone of the minor groove of helix 26.
This results in potential additional salt bridges between the phosphate oxygen atoms of the
RNA backbone and positively charged protein side chains (Lys75, Lys77, Arg78, Lys81).
Possible contacts originating from the subdomain of AS8 include electrostatic interactions
between the side-chain of Arg78 and the phosphate backbones of U828 and G829 of helix
25 as well as between the side-chain of Lys77 and the phosphate backbone of U851 of helix
26.

Disruption of High Affinity AS8-rRNA Interactions by Mutation of AL3

The protein-RNA interactions proposed to be AS8-specific occur with the three-way
junction of helixes 21, 22, and 23 and with helixes 25 and 26. Our RNA-binding studies
indicate that helices 25 and 26 can be removed from the rRNA with a modest two-fold effect
on the binding affinity. Based on this observation we focused on the interaction between
loop AL3 and U653 and U589 that seem to contribute most significantly to the interaction
with the three-way junction. A triple alanine variant of AS8 was made by mutagenesis to
positions Glu85, Lys88, and GIn91 to eliminate most of the potential for side-chain
interactions with U653 and U589 while retaining some potential for backbone-RNA
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contacts. The superposition of the 2D [*°N, 1H]-HSQC NMR correlation spectra of wild
type AS8 and the AS8 triple alanine mutant indicated that the fold is preserved (data not
shown). About 90% of the resonances appear at the same position while only a few are
shifted due to the change of chemical environment introduced by the mutations. These
mutations resulted in a weaker Kq of 520 = 80 pM, as observed by EMSA using the AFrl
RNA at 65°C (Table 1 and Figure 3b). The reduction in Ky value associated with the triple
mutation is consistent with a significant contribution of the AL3 loop to the high-affinity
binding of AS8 with the RNA of the central domain.

Discussion

The Unique Subdomain of AS8 Contributes to the Extremely Tight Interaction with 16S

rRNA

AS8 binds with an extremely high affinity to the central domain of the 16S rRNA when
compared to the homologous interactions in both mesophiles and thermophiles. In a study of
both bacterial and archaeal systems, a correlation between affinity of S8 for rRNA and
growth temperature was observed 11. Dissociation constants at 40°C ranged from the low
nanomolar for the thermophilic T. thermophilus, which has an optimal growth temperature
(Tog) of 75°C 11, to the low micromolar for the mesophilic Methanococcus vannielii (Tog
=37°C 1), A. aeolicus has a relatively high growth temperature (Tog= 85°C #2) that is
consistent with the correlative trend. The low picomolar affinity of AS8 and the ACD RNA
is 600 fold tighter than the corresponding T. thermophilus interaction and shows a 200,000
fold increase when compared to M. vanniellii. The differences in Ky values are particularly
remarkable considering that the earlier measurements were performed at a temperature 25
degrees below that of the A. aeolicus study.

The thermodynamic and structural data presented in this work confirm that the unique
subdomain of AS8 contributes significantly to this picomolar interaction. The insertion
subdomain of AS8 clearly has the opportunity for additional interactions between protein
positions 85, 88, and 91 and the residues equivalent to U653 and U589 when modeled onto
the 30S subunit of E. coli. Mutation of these protein positions significantly reduces the
affinity of AS8 for rRNA containing this platform. Similarly, interaction between wildtype
AS8 with the minimal site, that does not contain the three-way junction, has only nanomolar
affinity. This is tight by comparison to mesophilic organisms, and the affinity is likely
modulated by the contacts found similar to other organisms and the contacts unique to AS8.
However, the interaction with the minimal site alone is approximately 1,000 fold weaker
than the interaction that includes the unique AS8 subdomain and the three-way junction of
helices 20, 21 and 22.

The larger surface of the protein provides the opportunity for increased interactions with the
rRNA and is consistent with the general observation that thermophilic ribosomal proteins
contain long extensions important for the stabilization of the RNA tertiary fold 3. In
addition to contacts with the rRNA, the larger structure allows for further contact with other
r-proteins. In the T. Thermophilus structure, S8 contacts S2 through the inter-domain loop.
Although the corresponding loop in AS8 is not large enough to make a homologous contact,
there is the potential for contact between S2 and the apical part of helix Aal of the unique
subdomain. It is possible that stabilization of the S2 complex is a general feature of
enhanced thermostability of ribosomes from thermophilic organisms.

High-affinity protein-RNA interactions may be required throughout the assembly of the
entire central domain of the 30S subunit of A. aeolicus. A recent study of the free energy and
enthalpy of this assembly assayed the cooperative RNA binding by AS15 and the AS6:AS18
heterodimer and independent binding by AS8 and AS11 12, In that study, the picomolar
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binding affinity observed for AS8 is the tightest interaction by an order of magnitude. This
interaction is followed by the hundreds of picomolar interaction observed for the fully
cooperative binding of AS6:AS18 to the preformed complex with AS15. Both AS11 and
AS15 have individual Ky values on the orders of nanomolar. Collectively, these interactions
are all within the high affinity range when compared to the r-protein-rRNA interactions
measured for mesophilic systems. This suggests that the assembly of the entire central
domain of A. aeolicus requires more stable interactions than those of mesophiles.

Possible Functions for AS8-RNA Interactions Outside The Tight Binding Interface

For E. coli, the S8 interaction with helices 25 and 26 is linked to progression through
transition states along the RNA folding pathway 28. However, this relationship has not been
investigated in other organisms. There is extensive sequence diversity for both of these
helices when compared to E. coli for both A. Aeolicus and T. Thermopholius 16S rRNA
(Figure 2a). Helix 25 of A. aeolicus and T. thermophilus is made entirely of G-C pairs and
shares sequence identity at all but one position out of twelve. In contrast, helix 25 of E. coli
contains two A-U pairs and shares sequence identity with A. aeolicus at only two positions.
Helix 26 is considerably more diverse, with E. coli having four and five more bases than A.
aeolicus and T. thermophilus respectively, and with only limited sequence identity between
the organisms. It is not clear that the folding transition states for the thermophilic RNAs are
the same among these organisms. It is possible that the unique contacts observed between
AS8 and helix 26 are necessary for the transition states required by the sequence of A.
Aeolicus 16S rRNA.

In conclusion

AS8 contains a unique subdomain that enhances the affinity for the central domain of 16S
rRNA through interactions with the unpaired U of the three-way junction of helices 20, 21,
and 22. The subdomain is accommodated into the conserved architecture of S8 proteins
through extensive interactions with the B-sheet of the N-terminal domain. It is clear that N-
and C-terminal additions to highly conserved globular domains of ribosomal proteins have
been a frequent feature of structural and functional evolution of the ribosome. In the case of
AS8, an insertion sequence has provided an evolutionary advantage to a thermophile by
providing additional interactions, which is a novel extension to this general observation. The
present investigation into AS8-rRNA interactions provides a structural framework for
comparative studies on the evolution of the ribosomal assembly.

Materials and methods

Preparation of A. aeolicus S8

AS8 was overexpressed in E.coli BL21-CodonPlus (DE3)-RIL (Stratagene) and purified as
described 12, SeMet substituted AS8 was prepared for multiwavelength anomalous
dispersion (MAD) phasing by expression in M9 minimal medium supplemented with 50 mg/
L L-selenomethionine. The SeMet-protein was purified using the same protocol used for the
wild-type protein, except that the buffers contained 5 mM beta mercaptoethanol to keep the
SeMet in a reduced state.

Point mutations were introduced via site-directed mutagenesis. The vector encoding the
triple mutant AS8(E85A/K88A/Q91A) was constructed in a single step with PCR primers
containing all three mutations.
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RNA constructs

The AH21 and AH23 were prepared by Quickchange mutagenesis of the AFrl plasmid and
sequenced for validation. All RNAs except the minimal helix 21 RNA construct were
transcribed as described previously 43. The fluorescein labeled minimal RNA and was
purchased from Thermo Scientific. AFr1, AH21, and AH23 were labeled with 32P as
described previously 43.

All RNA sequence and secondary structure displays were adapted from the Comparative
RNA Web Site and Project (www.rna.ccbb.utexas.edu).

Electrophoretic mobility shift assay

The EMSA was performed as described previously 43. Prior to protein binding, the 32P-
labeled AFrl RNA was heat denatured in water at 90°C for two minutes and cooled on ice
for five minutes. The RNA was diluted to 0.2 nM in binding buffer (20 mM K-Hepes pH
7.5, 330 mM KCI, 10 mM MgCI2, 0.1 mM EDTA, 0.1 mg/ml tRNA, 5 mg/ml heparin, 0.01
% IGEPAL) and incubated with an equal volume of protein diluted in the same buffer. The
protein concentration in the reconstitution mixture ranged from 50 nM to 0.1 pM. The
protein-RNA complexes were incubated for 1 hr at 65°C. The incubation time was
optimized as described previously!2. 65°C was chosen because volume changes during
incubation where both large and variable at higher temperatures. 4 ul of loading buffer (30
% (w/v) glycerol, 0.25 %(w/v) bromophenol blue, 0.25 % (w/v) xylene cyanol) were added
to 20ul of reaction mixture and 5 pl of sample were loaded onto 15 %, 29:1
acrylamide:bisacrylamide gel in 0.5 TBE buffer. The gels were run at 500 V in the cold
room for 17-19 hours and dried prior to exposure on a Phosphorimager screen. It was
previously demonstrated that the temperature during the initial binding and incubation time
is the most significant for determining the K of the interaction 12, The data were quantified
using ImageQuant software (Molecular Dynamics) and analyzed as described with IgorPro
software (Wavemetrics).

Competition EMSA experiments were performed by using identical conditions, except that a
constant concentration of AS8 was included in each equilibration. The protein concentration
was chosen in order to yield a 70%-90% bound complex. Unlabeled competitor RNA was
titrated into each reaction at varying concentrations. The observed dissociation constant for
each competitor was calculated by fitting the data to a quadratic solution of the Lin Riggs
equation as described previously 44.

Fluorescence Anisotropy

The fluorescence anisotropy assay was conducted with 10 nM fluorescein labeled minimal
RNA in pH 7.4, 20 mM HEPES, 0.33 M Variable KClI, (0.33 M-0.9 M) 10 mM MgCl,, and
0.1 mg/mL tRNA (High-Purity yeast tRNAPMe was purchased from Sigma) at 25°C. The
final sample volume was 100 pL per well. Samples were equilibrated in 96-well opaque
microtiter plates (Grenier) and the anisotropy determined using a Fusion a-FP plate reader
(Packard). The average anisotropy value for each AS8 concentration was calculated from 10
consecutive readings of each plate. These values were averaged over at least three separate
titrations and the reported error is one standard deviation calculated from the averaged
titrations. Apparent Ky values were determined by nonlinear least squares fitting of the
binding data to a model for a single-transition isotherm using Igor (Wavemetrics). The
titration data were fit to the following equations:

T=(1+Ka(R,+P) - ( V(1+Kq - R+P)? — 4 - K4* - RiPy)
f(P)=(2 - Kqg - 17 - Ri+(rpr = 1)T)/(2 - Ka - Ri+T)
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where Py is the total concentration of AS8 and R; is the total concentration of labeled
minima-RNA at each step. r; is the anisotropy of free RNA and ry; is the anisotropy of AS8
bound RNA.

Protein crystallization

Prior to crystallization AS8 was dialyzed into 10 mM Tris-HCI pH 7.50, 50 mM KCI and
concentrated to 11 mg/ml. AS8 crystals were grown using the vapor-diffusion technique.
Large orthorhombic crystals grew in 0.1 M Tris-HCI, 1.8 M ammonium sulfate pH 8.5 but
were of poor diffraction quality. Better diffracting crystals were obtained by mixing 2 ul of
AS8 with an equal volume of reservoir solution containing 0.1 M sodium acetate pH 4.6, 0.2
M lithium sulfate, 40% PEG400 and equilibrated against 0.8 ml of the same solution at 22
C. Needle clusters appeared in 1-2 days. Despite extensive optimization of the
crystallization conditions, no single crystals were obtained. A single needle was broken off
from the cluster, harvested from mother liquor and flash cooled in liquid nitrogen for data
collection. Se-Met derivatised crystals grew in similar conditions (a slightly lower
concentration of PEG400 yielded the best crystals).

Structure determination

X-ray diffraction data were collected at the Stanford Synchrotron Radiation Lightsource
(SSRL) beamline 11-1. Two native datasets were collected from the same native crystal at
2.40 and 2.16A respectively on two different synchrotron trips. The native datasets were
merged and processed with HKL2000 4. A three-wavelength MAD dataset was collected to
2.6A resolution and was processed in space group P4 with HKL2000. Seven selenium sites
were identified in P41 21 2 space group with PHENIX AutoSol 4°, with a figure of merit of
0.62. An initial model was built with PHENIX Autobuild,. 100 of 168 residues were placed
and 50 were residues built without side chains into the SeMet-phased electron-density map.
Further model building and fitting were carried out with the program COOT 46 and the
model was refined using PHENIX Refine 47. The model was then refined against the higher
resolution native dataset and several iterations of building and refinement were performed.
No electron density was observed for the first three N-terminal residues. Electron density for
residues Ser71 to Lys75 is poor, therefore only the backbone of the amino acids were
modeled and the occupancy was set to zero for refinement. The data processing and
refinement statistics are summarized in Table 2.

Conservation Score Calculations

A conservation score for each position in the sequence of S8 was determined using the
sequences available from the Clusters of Orthologous Groups database
(www.ncbi.nlm.nih.gov/COG/). This score was calculated as a combination of the
normalized sequence entropy and a gap probability as previously described. 4. To be
consistent with other calculations of sequence entropy, the twenty amino acids were grouped
by the method of Mirny and Shakhnovivh 48 into the following six groups: (1) Arg, Lys; (2)
Asp, Glu; (3) His, Phe, Trp, Tyr,; (4) Asn, GIn, Ser, Thr, (5) Ala, Cys, lle, Leu, Met, Val; (6)
Gly, Pro. Alignments for comparing S8 sequences were calculated using ClustalW (1.8)
with the default parameters (European Bioinformatics Institute:
http://www.ebi.ac.uk/clustalw/). Alignments where conducted with positions 52-92 edited
out of the AS8 sequence to increase accuracy. This sequence was returned for the
conservation calculations.

Molecular Modeling

All three dimensional structures and models were rendered using the PyMOL Molecular
Graphics System, Version 1.3, Schrédinger, LLC.
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Figure 1.

a. Secondary structure of the E. coli 16S rRNA with the central domain highlighted in white.
The minimal site for specific S8 binding is highlighted in red. b. Known structures of S8
proteins: Tth (T. thermophilus, PDB code 1AN7), Eco (E. coli, PDB code 1SO3), Bst (B.
stearothermophilus, PDB code 1SEl), Mja (M. jannaschii, PDB code 116U). The conserved
elements of S8 secondary structure are labeled on Tth. Tth and Bst are RNA-free structures,
Mja and Eco were extracted from complexes with RNA.
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Primary and predicted secondary structures of RNA constructs used in this work. a. ACD,
central domain of 16S rRNA from A. aeolicus. The ACD helices are labeled (italic) as the
homologus secondary structure of E. coli 16S rRNA. Identical bases in the central domains
of A. aeolicus, T. thermophilus, and E. coli are printed in black. A. aeolicus bases identical
to E. coli, T. thermophilus, or neither are printed in green, orange, and gray respectively.
The italic bases indicate non-ribosomal nucleotides included in the sequences for ease of
transcription. The helical region corresponding to the minimal site for specific binding of E.
coli S8 is boxed in red. The smallest sequence of RNA mapped to a picomolar K4 for AS8 is
boxed in blue. b. AFrl is the A. aeolicus 16S rRNA construct that was previously identified
with a picomolar K for AS8. ¢ and d. AH21 and AH23 were used in EMSA experiments to
map the smallest RNA with a picomolar Ky for AS8 (blue box in Figure 2a). e. Minimal 16S
rRNA construct required for specific binding to AS8. Protein binding to this site was
monitored by both competition EMSA and fluorescence anisotropy assays. The position of
the fluorescein label on the minimal RNA construct is labeled Fl.
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Figure 3.

Thermodynamic mapping of AS8-rRNA interaction by EMSA and fluorescence anisotropy
assays. a. Representative gel for EMSA of ASS titrated into 32P AFr1 at 65°C. b.
Comparison of titrations of AS8-AFrl interaction (EMSA) (circles), the AS8 E85A, K88A,
N91A triple mutant—AFr1 interaction (EMSA) (diamonds), and the AS8-minimal RNA
interaction (fluorescence anisotropy)(squares). The titrations shown yield an apparent
dissociation constant of about 14 pM (65°C), 0.5 nM (65°C), and 2nM (25°C) respectively.
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Figure 4.

Cartoon representation of the AS8 crystal structure. a. The elements of AS8 secondary
structure are labeled. Structural elements that are unique to AS8 are colored in orange (helix
Aal), red (helix Aa2) and yellow (AL1, AL2, and AL3). The strands of the N-terminal p-
sheet (B1, B2, p3) are colored in purple, cyan, and blue respectively. b. Tertiary structure
connecting the subdomain formed by the AS8 insertion peptide and N-terminal domain.
Only the N-terminal domain is shown. The side-chains are colored according to their
corresponding secondary structure element. Residues Pro28 and Tyr57 are not visible in this
orientation.
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Figure 5.

Modeled rRNA contacts of AS8. a. AS8 is shown after alignment with S8 in the crystal
structure of E. coli 30S ribosomal subunit (PDB code 2AVY). The helices of the E. coli
RNA are labeled as in Figure 2a. The RNA corresponding to the minimal S8 binding site is
colored red; the RNA homologous to the picomolar binding site of A. aeolicus RNA is blue.
b. Modeled interactions with the minimal site. The universally conserved A642 is shown in
ball and stick representation. The positions of AS8 modeled to contact the RNA are colored
on the protein. Contacts similar in all the S8 proteins of known S8-rRNA structures are blue.
Contacts similar to only E. coli and T. thermophilus complexes are orange. The contact
similar to only the M. jannaschii complex is yellow and contacts unique to AS8 are red. c.
Modeled amino acids contributing to the picomolar AS8-rRNA interaction. Glu85, Lys88,
and GIn91 are structured to make contact with the platform created by U653 which
hydrogen bonds to the ribose of U589. An E85A, K88A, N91A variant of AS8 has an
apparent Ky of approximately 500 pM.
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Apparent Ky values for AS8 RNA Interactions

Table 1

RNA® Kd (PM)
EMSA 65°C
AFr1

(Wildtype AS8) 21+3
(E83A, K86A, Q89A ASB) 520 + 80
ACD™ 6.0+05

AH21 60+ 7

AH23 18+4

Minimal RNA™ >1500

Fluorescence Anisotropy Assay 25°C

Minimal RNA

KCI (0.33M) 2800 * 500
KCI (0.54M) 2100 £ 400
KCI (0.71M) 7000 + 2000
KCI (0.91M) 12000 + 2000

*
Interaction is with wildtype AS8 except where indicated

*%
EMSA of Competition with AFrl
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Table 2
Data Collection And Refinement Statistics
SeMet? NativeP

A. Diffraction data

Peak Inflection Remote
Space group P4 P4 P4 P41212
Cell dimensions
a,b,c(A) a=h=96.711 a=b=96.711 a=b=96.736 a=b=96.235

c=37.970 c=37.978 c=37.978 c=37.614
o, B, 7(°) a=p=y=90 a=p=y=90 o=p=y=90 a=p=y=90
Wavelength (A) 0.97826 0.97862 0.91837 0.97945
Resolution range (A) 50-2.60 50-2.60 50-2.60 50-2.16
Total reflections 208216 194405 2129366 121797
Unique reflections 11301 11285 11311 9985
Rmerge (%) 12.2(36.5) 11.0(35.9) 11.3(36.8) 6.1(21.3)
1/s(1) 23.9(5.8) 25.6 (5.2) 24.7 (5.4) 38.5(5.6)
Completeness (%) 98.6(90.3) 98.2(88.6) 98.3(89.6)  99.4 (96.1)
Redundancy 18.8 (14.6)  9.3(7.0) 19 (15.5) 6.8 (2.6)

highest resolution shell=2.64-2.60
B. Refinement statistics
Resolution range (A)
Rwork
Riree
Stereochemistry
Ramachandran outlier residues (%)
Ramachandran favored residues (%)
Number of atoms
Protein
Water
Ligand
B factors (A)
Protein
Water
Ligand
RMSD from ideal values
Bond lengths (A)
Bond angles (°)

Residues not modeled

highest resolution shell=2.24-2.16

30.43-2.16
0.223
0.267

0.7
93.3

1333
51
25

515
47.0
88.8

0.007
0.990
1-3(MSA)

Numbers in parentheses represent values in the highest-resolution shell

aUsed for phasing and initial model building.

b ] e
Used for structure refinement after molecular replacement with initial model from MAD data.
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