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ABSTRACT. Comparative sequence analysis has successfully predicted secondary structure and tertiary
interactions in ribosomal and other RNAs. Experiments presented here ask whether the scope of comparative
sequence-based predictions can be extended to specific interactions between proteins and RNA, using as
a system the well-characterized C-terminal RNA binding domain of ribosomal protein L11 (L11-C76)
and its 58 nucleotide binding region in 23S rRNA. The surface of L11-&h&lix 3 is known to contact

RNA; position 69 in this helix is conserved as serine in most organisms but varies to asparagine (all
plastids) or glutamineMycoplasmy RNA sequence substitutions unique to these groups of organisms
occur at base pairs 1062/1076 or 1058/1080, respectively. The possibility that rRNA base pair substitutions
compensate for variants in LId-helix 3 has been tested by measuring binding affinities between sets of
protein and RNA sequence variants. Stability of the RNA tertiary structure, as measured by UV melting
experiments, was unexpectedly affected by a 1062/1076 base pair substitution; additional mutations were
required to restore a stably folded structure to this RNA. The results show that the asparagine variant of
L11-C76 residue 69 has been compensated by substitution of a 1062/1076 base pair, and plausibly suggest
a direct contact between the amino acid and base pair. For some of the protein and RNA mutations
studied, changes in binding affinity probably reflect longer-range adjustments of the praféA contact

surface.

Searches for compensatory base changes in ribosomaframework of L11 proteirRNA contacts has remained
RNAs (rRNAs) have been highly successful at predicting largely the same since early evolutionary times, though, as
secondary structures, and a number of potential tertiary discussed below, some details of the recognition strategy used
interactions have also been identified, 2). Similarly, by different groups of organisms vary.
covariations between ribosomal proteins and rRNA might | 11 is also one of the best understood rRNA binding
also be informative; some conserved ribosomal proteins haveproteins in structural terms. The minimum RNA fragment
evolved with rRNA since early times, and mutations in yecognizing L11 is~58 nt (10), though protection studies
protein residues contacting RNA may have been compen-gyggest that only one hairpin of this structure actually
sated by RNA mutations. It has been possible to select for contacts the proteirid, 12) (Figure 1A). The rRNA binding
Rev protein variants that compensate for deleterious muta-gomain of L11 is located solely within its 75 amino acid
tions in the target RRE RNA in vivo, showing that protein  c.terminal domain 13), and the structure of this domain
RNA covariation can take place in an artificial situati@®.(  from Bacillus stearothermophiluBst)! termed L11-C786,

A good place to look for protetnRRNA covariation in the has been determined by NMR4, 15) (Figure 1B). The
ribosome are those proteins that are conserved across allomain shows surprising structural homology to the homeo-
phylogenetic domains, as they have been under selectivedomain class of eukaryotic DNA binding proteins and seems
pressure for the longest time and are associated with theto employ a similar strategy for nucleic acid recognitia#)(
largest sets of sequences. Here we examine the L11 familyFrom NMR studies of the protein bound to its RNA target,
of ribosomal proteins, which is conserved in sequence andjt was found that the solvent-exposed surface of helix 3
function among eubacteria, archaebacteria, and eukaryotesmakes extensive contacts with the RNA, and that loops 1
The protein recognizes a small, conserved domain of largeand 2 at either end of helix 3 “clamp” onto the RNAG.
subunit rRNA @), and bacterial L11 binds to homologous Homeodomain proteins position helix 3 in the major groove
regions in eukaryotic¥) and archaebacterial rRNA6) of the DNA, and many of the homeodomain class of proteins
Replacement of L11 from one bacterial ribosome by that of contain extra loops (“wings”) that wrap onto the DNA
another restores GTP hydrolysis in the presence of elongationbackbone 17).
factor G (EF-G) and full functional activities of the ribosome
in protein synthesis in vitra7), and the RNA binding domain g recognition. Position 69 at the end of helix 3 coincides
can be swapped betweencoliand yeast ribosomes without ity the universally conserved asparagine 51 of homeo-
any apparent loss of activity in viv@(9). Thus, the basic domains, which is crucial for DNA bindingl8). NMR

studies of the L11-C7#&NA complex show Ser 69 is in close

Serine 69 of L11-C76 appears to contribute directly to
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Ficure 1: Structures of the components of the L11-ETRNA
complex. (A) The minimal L11 binding sité. coli 23S rRNA
nucleotides 10531108. Bases in outline type font are nearly
invariant among prokaryotic and eukaryotic rRNA sequences, and
those which are shaded are protected from hydroxyl radicaks. by
coli L11 in footprinting experiments (12). Triple base interaction
[C1072(C1092/G1099)] is showB2). (B) NMR-derived structure

of Bst L11-C76 (14). The side chain of residue S69 is shown. The
figure was generated using Molscript.

proximity to RNA (16), and its mutation to alanine weakens
RNA binding by about an order of magnitud®4j. It has,

GuhaThakurta and Draper

protein—RNA contacts. We find that the amino acid at

position 69 does discriminate between different rRNA

sequences. Covarying RNA bases may be in contact with
this amino acid; however, RNA covariations may also be
interpreted as maintaining a specific tertiary structure
required for L11 recognition.

MATERIALS AND METHODS

RNA PreparationThe DNA sequence corresponding to
the 58 nucleotide L11 binding fragment of 23S rRNA
(1051-1108) was previously cloned in a derivative of
pUC18 containing a T7 promoter an8td site (18).
Mutations were made in this plasmid by the “unique site
elimination” protocol {9) using a kit available from Phar-
macia Biotech. Plasmids were linearized usksg, tran-
scribed with T7 RNA polymerase, and purified by denaturing
gel electrophoresis followed by electroelution, as described
(18). RNA fragments produced in this way were 59 nucleo-
tides in length, and contained an extraG nucleotide.

For filter binding assays®S-labeled RNA was prepared
by transcription in the presence of°$]ATP. For some
assaysS-labeled RNA containing 23S rRNA nucleotides
1029-1126 was transcribed from plasmid pLL1 cleaved with
BanHl (20). The 1029-1126 RNA fragment containing the
AA1089/90— GU mutation was transcribed from a pLL1
derivative cut withEcoRV (21). All labeled RNAs were
purified by NENsorb (DuPont) reverse-phase colunf3, (
ethanol-precipitated, and checked for purity on 8% denaturing
polyacrylamide gels. Autoradiography showed a single major
band for each RNA.

Preparation of L11-C76 and L11-C76 MutanfspET11a
derivative overexpressing L11-C76 has been describ&d (
Mutagenesis of L11-C76 was done in this plasmid by the
same “unique site elimination” protocol used to make rRNA
mutants. Overexpression plasmids were transformeddnto
coli BL21(DE3), and L11-C76 and its variants were purified
as described1@). All proteins except wild-type L11-C76
and mutant R68K/S69Q were purified only through the gel
filtration step. Mutant R68K/S69Q was passed through an
anion exchange column (Biorad TSK-DEAE-5PW) to re-
move nucleic acid contaminants. The protein did not adhere
to the column (20 mM phosphate buffer, pH 6.0), and the
nucleic acids were eluted after the protein with buffer
containirg 1 M KCI. Wild-type L11-C76 was further purified
using a cation exchange column (Biorad TSK-SP-5PW) as
described 13).

Concentrations of wild-type L11-C76 and R68K/S69Q
mutant were measured by absorbance at 230 nm using an
extinction coefficient of 24.8x 10 Mt cm™t (13).

however, been substituted by asparagine in all known plastid Concentrations of the other L11-C76 proteins were measured
sequences and by glutamine in a few other instances, notablypy Bradford assayX3), using a Bio-Rad assay kit. Known

Mycoplasmg(see sequence alignments in Supporting Infor-
mation). Plastid andlycoplasmaRNAs have base substitu-

concentrations of wild-type L11-C76 (determined by 230 nm
absorbance) were used to calibrate the Bradford assay.

tions unique to those groups of organisms and located on an RNA UV Melting.Unfolding of rRNA fragments was

irregular helix of 23S rRNA protected by L11 in hydroxyl
radical footprinting experiments (Figure 1A)l4). These
RNA substitutions thus correlate with protein Ser 69 variants
and potentially lie within the protein binding site.

observed as a function of temperature by following hyper-
chromicity at 260 and 280 nm, using a modified spectro-
photometer and procedures as descrid&iZ4). RNA was
renatured at 65C for 15 min in 10 mM MOPS (pH 7.0), 5

In the present work, we use site-directed mutagenesis tomM MgCl,, and 175 mM monovalent salt (NaCl, KCI, or
ask whether the covariations between L11-C76 residue 69NH.Cl). RNAs were melted from 10 to 9%C at a heating

and rRNA bases in the protein footprint region reflect specific

rate of 0.8°C per minute. Melting profiles are plots of the
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i 69 1070 1070
6|0 Helix 3 | A AGAAG B AGAAG
Eubacteria UU AC UU AC
Archaea C-G C—-G
Eukaryote G- - 8:0
- G=C—=U—-A c
Synechoscystis sp. U A A 1060_8 G
Spinacia oleracia o Y e I G=C 1o
Porphyra purpurea A U=A—»G=C U U-AT—G
Odontella sinensis A A_UU i GA_UU
-——§-IV----- N -- Cyanophora paradoxa G(|3IC/|\GG |UA G(I:(I:'?‘G |UA
-~-LK-VL~--KQ -- Mycoplasma pneumonae UGGUC,  aA UGIGUC,  aA
---LK-VL---KQ -- Mycoplasma genitalium C—Gp S—GAA
FiGURE 2: Residues 5771 of L11-C76 and its homologues; helix 1100—%—GAA 11oo—c—Gé\/\
3 extends from 57 to 69. Representative sequences from each G_Clogo\G Ejg 000 UG
phylogenetic class are showrBacillus stearothermophilugeu- U“' % u Uy 2U

bacteria) Sulfolobus acidocaldariugrchaea), an8accharomyces AA

cerevisiae (eukaryote). Amino acids in dark shading are conserved Ficure 3: Differences betweeR. coliand plastid oMycoplasma

in all of the available sequences within a phylogenetic domain, and |11 binding rRNA domains. (A) Base changes in the 58 nucleotide

those in light shading are highly conserved (at least 17 out of 23 fragment seen in chloroplast®dontella sinensisPorphyra pur-

available eubacterial sequences, 6 of 8 of eukaryotic sequences, opureg and Cyanophora paradoxaand SynechocystisBase pair

6 out of 8 archaeal sequences). L11-C76 sequenc@gethocystis ~ G1062-C1076, common in eubacteria, is replaced by U062

all four chloroplasts, and twiMycoplasmaare given separately. 1076A, and base pair UL105&1080 is replaced by G1058-1080.

Amino acids identical to Bst sequence are indicated by dashes. (B) Base changes observed in eubactdtimoplasma genitalium
and Mycoplasma pneumoniaé&shaded substitutions also occur

derivative of absorbance with respect to temperature, aver-g_“f—:fquenﬂy i'} otheLgubacI;_teria and art(k:]h?ea. In eaChtPanﬁl‘ onlybthose

: : ifferences from thé&. coli sequence that are present in all members
age_d ove_r a_‘ﬁwmdow and _normgllz_ed to 16C (18). of the group are shown. The triple base interaction [C1072(C1092/
Filter Binding Assaysf-or filter binding assays, RNAwas  G1099)] is not shown for clarity.

renatured in the same way as described for melting experi-
ments; 3006-5000 cpm of renatured RNA was used per which is most likely to be contacting L11 (Figure 1A), to
assay; filtration and scintillation counting were as described see if changes that uniquely correlate with protein position
(14, 22). Association constants between RNA and thiostrep- 69 variants could be detected (see Supporting Information).
ton were determined in 10 mM MOPS (pH 7.0), 3 MM | Synechocystiand the four plastids (listed in Figure 2),
MgClz, 175 mM NHCI, and 5% v/v DMSO (to solubilize  rRNA sequences consistently contain two base pair changes
thiostrepton). Buffer for proteiiRNA binding experiments  compared to thé. coli sequence; viz., base pairs G1062/
was 10 mM MOPS (pH 7.0), 3 mM Mggland 175 mM  C1076 and U1058/A1080 are replaced by U1062/A1076 and
KCI. The RNA-thiostrepton or RNA-protein mixtures were  G1058/C1080 (Figure 3A). (Among all chloroplast 23S
incubated for 15 min at room temperature {22 °C) prior rRNA sequences, a U10621076 mismatch is most fre-
to filtration through nitrocellulose filter membranes. Plots quently found.) G1058/C1080 is common in eubacterial and
of RNA retained on filters against thiostrepton or protein archaebacterial sequences as well and thus a less likely
concentration were fit to hyperbolic binding isotherms, letting candidate for covariation with Ser 69. A-@ mismatch at
the equilibrium constant, background retention, and maxi- position 1058/1080 occurs iM. genetaliumand M. pneu-
mum retention be variables in a least-squares fit using moniae (Figure 3B), the two organisms in which L11
KaleidaGraph (Synergy Softwarel?). sequences show the unique S69Q change. Thus;-S60
correlates uniquely with U1062/A1076 (plastids and cyano-
RESULTS bacteria), and S69~ Q is found only in conjunction with

Potential rRNA Coariants Associated with Residue 69 G1080 (someMycoplasmg Our initial strategy was to
of L11-C76.As mentioned in the introduction, serine 69 at Prepare these substitutions in the contexEofcoli rRNA
the C-terminus of L11-C76 helix 3 appears to make specific for testing against various position 69 mutations of Bst L11-
contacts with the rRNA target: the serine methylene shows C76. As detailed below, substitution of G1062/C1076 had
NOEs to the RNA in NMR experiment4§), and the binding unexpected effects on 'RNA tertiary structure ;tab|l|ty, which
affinity of the mutant S69A to the rRNA is decreased by necessitated preparation of a more extensive set of RNA
about 10-fold as compared to wild-type proteld); Position variants.
69 is highly conserved as a serine among eubacteria (26 out Structural Analysis of Mutant rRNAs by UV Melting
of 29 sequences), archaebacteria (7 out of 8 sequences), anBxperimentsL11 recognition of the 58 nucleotide rRNA
eukaryotes (10 out of 10 sequences). However, in all four domain requires a specific RNA tertiary structur20)(
chloroplast L11 sequences and in L11 from their close Hence, before studying the binding of L11-C76 to mutant

evolutionary relative, the cyanobacteri8ynechocystig25), rRNAs, it was important to verify whether these rRNAs had
asparagine replaces serine at the homologous position. Instable tertiary structures. The tertiary structure of the 3051
two other eubacteriaMycoplasma genetaliurand Myco- 1108 rRNA fragment can be detected by UV melting

plasma pneumoniaeas well as in one archaeAdidianus experiments. Thermal unfolding & coli 1051-1108 rRNA
ambialeny, the residue at position 69 is replaced by a monitored by UV hyperchromicity shows a broad unfolding
glutamine. A comparison of L11-C76 helix 3 sequences is transition at low temperaturel, 26, 27). Since this low-
shown in Figure 2. temperature transition could not be ascribed to unfolding of
In organisms for which L11 sequences are known, the any of the secondary structural elements of the RNA, it was
rRNA sequences were searched in the 1085086 region, initially assigned to unfolding of tertiary structur&g). This
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0.012 T T T T T . .- . . s
T T i Table 1: Ligand Binding Affinities and Tertiary Structure Stabilities
- B 3 of rRNA Fragments
L 3 RNA?Z }’éilgcgpe 1089GU | ChRNA1 | ChRNA2 |ChRNA3 | ChRNA4 | MycRNAT | MycRNA2
[ - 62G-C76 G-C G-C U-A U-A U-A G-C G-C
voloo oo oo fo6 |od (o [od
E 4 Sequence gy ago | u-A u-A G-c U-A G-c u-6 u-G
[ ABQ a G A G G A G
\od A u u A y u A y
o B IR > apparent TmP| 41 o 59 °C X X 46 °C 47°C 44°C 58°C
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 K, uMt e
T(°C) T (C) Thiostrepton | 0.97+0.4 [1.1320.6 | <01 [0.20:0.0 [0.98+0.4 |1.1220.5 | 0.7120.4 [1.1720.6
7 1 7 5 3 1 4
' ' . 0.012 T T , . L11-C76 9.4x1.3 | 32.225.7 <01 0.4+.01 7.5x1.9 9.6+1.1 2.5£0.4 8.9x0.2
o014 } : 0.01 S69N 1.0+0.8 1.6+0.1 <01 1.120.7 8.5+1.7 | 11.1z0.1 < 0.1 1.0£0.5
0.012 E ' $69Q 1.740.1 | 6.452.9 ND ND 2.3:0.7 | 2.5£0.6 | 0.420.2 | 1.220.2
0.01 - ©0.008 R68K/S69Q | < 0.1 <01 ND ND ND ND <01 <0.1
= 0.008 : 0.006 S69A 1.2+0.3 | 3.020.1 ND ND 1.1£0.4 1.6+0.1 ND 1.1£0.4
g ER:)
ER . .

o000 3 S0 aBinding constants reported for wild-type and 1089GU RNAs were
0004 3 o002 determined with rRNA fragments containing 23S rRNA sequence
0002 3 0 1029-1126; all other determinations were made with the 59mer

0 = Lol sequence containing nucleotides 1691.08. Controls did not detect

10 20 30 40 50 60 70 80 90 >0'00210 20 30 40 50 60 70 80 90

T 00 T00) any significant differences between the two fragments in binding either

. . . L L11-C76 or thiostrepton: binding of L11-C76 to a U1061A variant
FIGURE 4. Representative UV melting profiles of L11 binding  \yas determined to be 28V1-* and 40uM~* for the larger and smaller
domain RNAs. RNA melting experiments were done in 10 MM  fragments, respectively, and thiostrepton binding to the same two RNAs
MOPS (pH 7.0), 5 mM MgGl and 175 mM monovalent salt.  \yas identical (0.9:M~2). b ApparentT,s of 59mer rRNA fragments
Melting profiles in NHCI (—), KCI (---), and NaCl ¢:-) are shown. were determined in 5 mM Mggl175 mM NH,CI, and 10 mM MOPS
(A) 58 nucleotide wild-typeE. colirRNA fragment. (B) ChRNA2. (pH 7.0) as described under Materials and Methods, and are reproduc-
(C) ChRNA4. (D) MycRNAL. ible to -1 °C. The melting temperature of the 1089GU mutant is taken

from Lu and Draper44). X, tertiary unfolding transition not detected.

identification was later supported by unusual sensitivity of °Thiostrepton binding constants were determined by filter binding in

e transion foons: the fertary sructre is speifcaly STMNOC, 1Ts mMNNCL 10T HOPS (10 ey,
s " - . :
stabilized by M@" among divalent ions2(7, 28) and by lacking DMSO and containing 175 mM KClI instead of MH. Values

monovalent ions in the order N> K* > Na* (26) (Figure  are averages of at least two determinations; associated standard
4A). Conveniently, the tertiary unfolding transition shows deviations are shown. ND, not determined.

hyperchromicity only at 260 nm and little or no hyperchro-

micity at 280 nm 24). Thus, comparison of UV melting MycRNAL (Mycoplasma-like rRNA sequence 1) has the
experiments performed at 260 and 280 nm or in different A1080G mutation unique to/ geﬁtaliumand_M pneu-
monovalent salts detects formation of tertiary structure within . - - 4 <hows a stable tértiary structure thét is prefer-

this TRNA domain. entially stabilized by NH" and Kt (Figure 4D). The part of
UV melting studies were performed with the paréht  the helix containing the 10581080 base pair is known to
coli RNA and all mutant RNAs (Figure 4 and Table 1). First, ynfold first among the secondary structure elementg of
a mutant with 1062U/1076A (ChRNAL; Chloroplast-like = ¢coji RNA (18). Replacing the U-A base pair at this position
rRNA Sequence 1), a base pair unique to chloroplasts, didith 5 U-G mismatch further weakens the secondary structure
not show any evidence of tertiary s_t_ructure in melting o this region, as seen in the decreadadof the second
experiments (data not shown). Additional sets of base yansition relative to the parent sequence (Figure 4A); thus,
changes that are found in all chloroplast @yhechocystis e first transition appears as a shoulder on the larger
sequences, though also common among eubacteria andgcongary structure unfolding transition. As observed with
archaea (Figure 3A), were then added to see if the tertiary o wild-type and chloroplast-like RNAs, the additional
structure of this mutant could be re_scued. Two additional mutation AAL090— GU in MycRNAL (which gave My-
variants are found outside the putative L11 contact region cRNAZ2) increases the stability of its tertiary structure (Table
(Figure 1A). G1051A occurs frequently in eubacteria and is 1). Another mutation that occurs in both. genitaliumand
known to increase L11 binding modestly (by about 1.8-fold) M. pneumoniass 1053C/1106G— 1055A/1106U This
(29), but is without any effect on the stability of the RNA mthation was not made because the sequence éhange was

tertiary structure Z4); it therefore seemed unlikely to ; T .

compensate for the destabilization caused by 1062U/1O76A.n0t located in the protein binding region and both MycRNA1

The sequence G1089-U1090 is found in all plastids and mostanOl MycRNA2 already had stable tertiary structures neces-
sary for protein binding.

archaea and eubacteria, includiBg stearothermophilys
mutation of theE. coli A1089-A1090 sequence to GU is ~ The apparent melting temperaturég,g) of the tertiary
known to increase the tertiary structure stability by about structures of all the RNA variants are shown in Table 1.
20° (24). Inclusion of AA1090— GU in ChRNA1 or The tertiary structuré,, is dependent on Mg concentration
ChRNA2 (to give ChRNA3 and ChRNAA4, respectively) and on the monovalent cation type, NHor K* (26—28).
reversed the destabilizing effect of 1062U/1076A. Like the Here the apparentys were all estimated in 5 mM Mggl
parentE. coli rRNA fragment, ChRNA3 (data not shown) and 175 mM NHCI. Note that in rRNAs where melting of
and ChRNA4 (Figure 4C) show a distinct tertiary structure secondary and tertiary structures is closely spaced in tem-
unfolding transition that is observable at 260 nm but not at perature, the estimated apparéptunderestimates the actual
280 nm, and is preferentially stabilized by hHand K" thermodynamicT,, (see discussion of coupled unfolding
relative to Nd. transitions in ref30).
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F!tGURE"E’:l Thif(_)ltstrepton biFr;ding to }["%[riou]f‘t RtNﬁs,dmeasured bY Fure 6: Representative L11-CZ&RNA binding isotherms,

nitrocellulose Tilter assay. Representative Tits to binding Curves aré measyred by a nitrocellulose filter assay. Binding curves for the

shown: ChRNA4 @ and—), ChRNA2 (v and -—-), and ChRNAL 569N protein are shown, with RNA variants GU1089/10mGd

(. andu-)_ B|nd|ng constants are given in Table 1. ...)’ ChRNA3 (V and ___), and ChRNA4Q and _) Blndlng
constants are given in Table 1.

Thiostrepton Affinity for RNA VariantsThe tertiary
structure of the 10521108 rRNA fragment is specifically  to make such discrimination and binds weakly to all RNAs.
recognized by an antibiotic, thiostreptofO( 31). Thio- Thus, we conclude that an asparagine residue at position 69
strepton protects both hairpin loops in the rRNA fragment makes a positive contribution to RNA binding, but only in
from nuclease digestion81), and its binding depends on  the context of chloroplast-like RNA sequences. Surprisingly,
formation of a triple base interaction involving base pair serine at the same position, as found in most eubacteria,
1092/1099 and base 10722). These observations suggest contributes to binding with both eubacterial and chloroplast-
that the two hairpin loops come very close to each other in like RNA sequences, though binding to chloroplast-like
the correctly folded RNA molecule and form the binding RNAs is weaker (compare binding affinity of L11-C76 to
site for thiostrepton. The rRNA affinity for thiostrepton thus  1089GU and ChRNA3 or ChRNA4, Table 1).
provides a second method to assay for the presence of the The Mycoplasmasubstitution, S69Q, however, does not
tertiary structure in various rRNA mutants. recognizeMycoplasmaike RNA sequences well (Table 1).
Nitrocellulose filter binding experiments were used to An additional mutation was then added to S69Q to make it
obtain association constants of various RNAs with thio- more like theMycoplasmalL1l sequence. Position 68 is
strepton. Representative binding isotherms are shown inusually an arginine in eubacteria (19 out of 23 sequences),
Figure 5 and the data are summarized in Table 1. There isbut is substituted by a lysine in tiMdycoplasmaand another
a good correlation between tertiary structure stability as eubacterium,Thermotoga maritimaThis arginine residue
observed by UV melting and the thiostrepton binding contributes to the electrostatic free energy of ERINA
capacity of the RNA variants, in that ChRNA1 and ChRNA2 recognition, as its mutation to alanine reduces the pretein
show undetectable or significantly reduced thiostrepton RNA affinity and the salt dependence of the affinity
affinity, respectively. However, it is intriguing that ChRNA2,  (unpublished observations). However, the double mutant,
which shows no detectable tertiary structure in melting R68K/S69Q, bound more poorly than S69Q, and did not
experiments, can still bind thiostrepton, though about 5-fold show detectable affinity to any of the RNAs tested. CD
less tightly than RNAs with stable tertiary structures. spectra taken of the wild-type Bst L11-C76 and the R68K/
Wild-Type and Mutant Protein Binding to Various RNAs. S69Q variant in 20 mM phosphate buffer (pH 7.0) were
The association constants between protein and RNA variantshearly identical in shape (data not shown), the mutant
were measured by filter binding assays. The proteins initially SPectrum being slightly more intense. Thus, loss of rRNA
used were the wild-type L11-C76 and its variants S69N binding activity cannot be ascribed to drastic misfolding of
(representing the chloroplast aBgnechocystisubstitution ~ Protein structure by this mutation.
at position 69), S69Q (representing tigcoplasmasubstitu-
tion at position 69), and S69A (representing a negative DISCUSSION
control, because of the inability of alanine to be involved in  Ribosomal ProteinrRNA Caariation. Comparative se-
any hydrogen bonding interaction). Representative binding quence analysis has been a powerful tool for rRNA structural
curves are shown in Figure 6, and results are summarizedanalysis , 2). Because substitution of one Watse@rick
in Table 1. or wobble base pair for another has little structural conse-
Chloroplast-like RNAs with unstable tertiary structures, quence in most helices, two-position nucleotide covariations
ChRNA1 and ChRNA2, bind weakly to the S69N protein have occurred throughout the rRNAs during evolution and
variant, while chloroplast-like RNAs with stable tertiary make it possible to identify many helical elements in an RNA
structures, ChRNA3 and ChRNA4, show higher affinity for by analysis of relatively few sequence83). Isosteric
both wild-type L11-C76 and S69N, but bind S69A poorly. substitutions of tertiary interactions may require simultaneous
A comparison of S69N binding affinities to all RNAs clearly covariation of a number nucleotides [for instance, neighbor-
indicates that it recognizes the stably folded chloroplast-like ing base pairs may covary with triple base interacti@® (
RNAs, ChRNA3 and ChRNA4, in preference to wild-type 34)], making them less frequent and more difficult to detect.
RNA and all other RNA variants. In contrast, S69A is unable Nevertheless, the large number of sequences now available
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has made it possible for comparative analysis to suggest aThough we consider a Ser 661062/C1076 hydrogen bond
number of intriguing tertiary contacts. For instance, a triple a plausible hypothesis, only atomic resolution structure will
base interaction within the 58 nt rRNA domain [C1072- reveal whether Ser 69 participates directly or indirectly in
(C1092/G1099); Figure 1A] was recently predicted and RNA recognition. In the following sections, we argue that
confirmed experimentally32). Since many ribosomal pro- data in Table 1 reveal the presence of indirect effects
teins have been an integral part of the ribosome since themediated by both RNA and protein in other aspects oft11
last common ancestor, presumably some pret&NA rRNA recognition.
compensatory mutations have occurred over the intervening General Effects of RNA Variants on Protein Recognition.
eons, in addition to RNARNA covariations. Only recently ~ The 10511108 rRNA domain folds into a compact tertiary
has it become feasible to search for such compensatorystructure in which the two distant hairpin loops in the RNA
variants, as the number of ribosomal protein sequences hagome very close to each other, as indicated by nuclease and
expanded. chemical protection experiment$l) and the formation of
The analogue of a WatserCrick covariation in an RNA- a triple base interaction involving nucleotides at 1072 and
protein contact would be the substitution of an interacting 1092/1098 82). A number of conserved bases surrounding
base-amino acid pair with a different, isosteric pair yielding the central junction are also required for tertiary structure
the same complex stability; we refer to this as direct formation and presumably form additional tertiary contacts
compensation. Alternatively, maintenance of complementary (24); these include A1077, A1085, and A1088 (Figure 1A).
protein and RNA surfaces may require an extensive set ofL11 binding is strongly linked to formation of the correct
amino acid or base changes to accommodate an amino acidertiary structure: mutations destabilizing the structure also
or nucleotide mutation, analogous to the sets of rRNA baseweaken L11 binding, as seen here in the dual effects of
changes sometimes needed to maintain an rRNA tertiary 1062U/1076A mutation on RNA stability and protein affinity,
structure; we call this indirect compensation, since residuesand L11 dramatically stabilizes the entire tertiary fold of the
some distance apart from each other may covary. In therRNA fragment (3, 20). The extensive network of tertiary
results presented here, it is clear that an L11 sequence varianinteractions may thus be able to transmit subtle conforma-
occurring in plastids (69N) is selective for plastid-like rRNA tional changes from many parts of the RNA to the protein
sequences versus closely related bacterial rRNAs: comparingbinding site. This kind of indirect effect may account for
1089GU and ChRNAZ3, the simple substitution of a & the effects of two variants shown in Table 1, 1089GU and
base pair for G1062/C1076 is seen to enhance S69N proteinl080G.
binding 5-fold while discriminating against Ser, Ala, or Gin The 1089GU substitution is found in nearly all eukaryotic
at position 69 by 3-4-fold. Both RNAs have similar (if not  rRNAs and is widespread among prokaryotic rRNA. It
identical) tertiary structures at room temperature, as evidentappears to enhance tertiary structure stability in any sequence
from their nearly identical thiostrepton binding affinity (Table context (compare apparefit,s in Table 1 for 1089GU vs
1). (The difference in tertiary structure stability between wild-type RNA, and MycRNA2 vs MycRNALl). Since
1089GU and ChRNA3 can be ignored, since both RNAs are substitutions at 10891090 do not covary with any other
fully folded at the temperature of the binding assays.) Thus, part of the rRNA, it is impossible to tell whether these
an S69— N mutation may have been compensated by rRNA nucleotides are directly involved in tertiary contacts or simply
mutations at the divergence &ynechocystiand plastids stabilize other nucleotides (e.g., A1088) in a conformation
from the rest of the eubacteria, and direct compensation offavorable for tertiary folding. In any case, an A4 GU
G1062U/C1076A for S69N is suggested. mutation at 10891090 should promote L11 binding in an
The free energy differences by which 1062/1076 variants RNA with an otherwise unstable tertiary structure; this
discriminate between L11 sequences are modest, on the ordeaccounts for the increases in protein and thiostrepton binding
of 0.7—1.0 kcal/mol, and within the range of 6:3..8 kcal/ affinity in going from ChRNA1 to ChRNA3 and from
mol observed for the gain or loss of a single hydrogen bond ChRNA2 to ChRNA4.
in other recognition systems%, 36). In the few RNA- In cases where the RNA fragment already has a stable
protein complexes for which atomic resolution structures are tertiary structure, the 1089GU mutation still enhances binding
available, loss of a single hydrogen bond is frequently of wild-type and variant proteins roughly 3-fold (cf. protein
accompanied by very small free energy changes. For affinities for wild type vs 1089GU and MycRNAL1 vs
instance, the side chain of Gln 85 of the U1A protein makes MycRNA2, Table 1). At the temperature of the binding assay,
a single hydrogen bond to a cytidine N4, and its mutation to 22 °C, the effects of 1089GU on the stability of the tertiary
valine reduces the binding affinity by only 2-fol@7%, 38). structure in these RNAs should be negligible, and in fact
Similarly, Asn 87 of the MS2 coat protein bonds to a cytidine thiostrepton binding affinities are unaffected; thus, GU1089
02, but its mutation to Ala does not significantly affect the must stabilize the protein complex by some other means. A
binding affinity (39). A single hydrogen bond between Ser 3-fold enhancement of protein binding affinity could result
69 and base pair 1062/1076 is therefore plausible. from a subtle change in RNA structure transmitted to the
Since this work was completed, a new plastid L11 protein interaction site by RNA tertiary interactions. Direct
sequence appeare@ifillardia thetg (40). This organism contacts of 1089GU with the protein are a less likely
has Asn at L11 position 69 and a 23S rRNA C1062/U1076 possibility, as these nucleotides lie outside of the protein
mismatch which is common among (and unique to) plastids. “footprint” region (12).
This suggests that Asn 69 discriminates in favor of both  The A1080G mutation, which replaces a-8 base pair
C1062/U1076 and U1062/A1076. The presence of a carbonylwith a wobble UG, is similar to the 1089GU variant: RNA
vs an amino group on the minor groove face of 1062 is a tertiary structure remains stable and thiostrepton binding
potential discriminant that could be detected by Asn vs Ser. affinity is unaffected, but binding of all protein variants is
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reduced 3-5-fold (cf. wild-type RNA vs MycRNA1 and adjustments to the RNA tertiary structure; and (iii) helix 3
1089GU vs MycRNA2, Table 1). Since the 1058/1080 base variations found irMycoplasmacannot be transplanted into
pair is within the presumed protein binding region, subtle other L11 proteins, presumably because these mutations
changes in helix structure caused by introduction of a wobble require adjustments in other parts of the protein.

pair (41, 42) could be responsible for the small destabilization  Similar kinds of compensatory mutations have been

of protein complexes. studied in tRNA-synthetase recognition systems. For in-
How Do Mycoplasma L11 Homologues Bind rRNRe stance, a base pair substitution (G3/U#0G3/C70) in the
attempt to detect compensation betwééycoplasmalLl1l tRNAA2 acceptor stem eliminates charging by the cognate

and rRNA sequences was a complete failure. Not only did synthetase, but a base pair mutation in the anticodon stem
Mycoplasmdike L11-C76 variants S69Q or R68K/S69Q (U27/A43 — U27/U43) revives chargingdd). These base
bind theMycoplasmdike RNA variants weakly, they also  pairs are some distance apart in the tRNA structure, but both
recognized wild-type and GU1089 RNAs with higher affin- probably interact with the protein; the compensatory effect
ity. Conversely, L11-C76 bound thidycoplasmdike RNA may be mediated by a protein conformational change. The
variants more strongly than did tiMycoplasmdike protein same G3/U70—~ G3/C70 mutation is also compensated by
variants. How then doeMycoplasmalLll recognize its a synthetase mutation in the domain proximal to the acceptor
cognate rRNA site? Aside from the 1080G variant tested stem @5).

(which maintains RNA tertiary structure required for protein It is probably not surprising that protetfRNA complexes,
binding),Mycoplasma_11 binding domain RNA sequences in which both components have specific tertiary structures,
show only variations common among eubacteria. However, respond in both local and global ways to mutations intro-
Mycoplasmd.11 sequences are quite different from all other duced in or near their interaction surfaces. The limited
known eubacterial and plastid sequences; presumably varianumber of pairs of L11 and rRNA sequences now available
tions in other parts of the protein compensate for the inability has already directed us to interesting features of this complex;

of 68K/69Q to bind rRNA strongly. the growing databases of homologous ribosomal protein and
There are several residues within the L11-C76 rRNA RNA sequences will be a useful guide in designing further
binding domain of the two knowMycoplasma_11 homo- directed mutations to probe proteiRNA recognition en-

logues that are unique or rare among other L11 sequencesergetics.

The most striking of these differences lies within loop 1.

Loop 1 is crucial for RNA binding: NMR experiments show ACKNOWLEDGMENT
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