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ABSTRACT

The MS2 RNA operator capsid offers an unparalleled
opportunity to study sequence-specific protein—protein
and RNA—protein interactions in molecular detail. RNA
molecules encompassing the minimal translational
operator recognition elements can be soaked into
crystals of RNA-free coat protein shells, allowing the
RNA to access the interior of the capsids and make
contact with the operator binding sites. Correct inter-
pretation of these structural studies depends critically
on functional analysis in solution to confirm that the
interactions seen in the crystal are not an artefact of the
unusual approach used to generate the RNA—protein
complexes. Here we present a series of  in vivo and in
vitro functional assays, using coat proteins carrying
single amino acid substitutions at residues which
either interact with the operator RNA or are involved in
stabilizing the conformation of the FG loop, the site of
the major quasi-equivalent conformational change.
Variant operator RNAs have been assayed for coat
protein affinity in vifro. The results reveal the robustness
of the operator—coat protein interaction and the
requirement for both halves of a protein dimer to
contact RNA in order to achieve tight binding. They
also suggest that there may be a direct link between
the conformation of the FG loop and RNA binding.

INTRODUCTION

soaked into crystals of RNA-free capsids, where it makes
sequence-specific contacts to coat protein dimers in the structure
(7,8). Solution studies with chemically variant oligonucleotides,

in which specific functional groups involved in the RNA—protein
interaction have been substituted, leave little doubt that the
complexes seen in the capsid crystals are representative of the
repression complex which forms initially in solution between a
coat protein dimer and the RNA operatb©(10). There is also

a very good correlation between the intermolecular contacts seen
in the operator capsid crystals and coat protein mutations which
give rise to reduced RNA binding,{1,12).

The canonical operator fragment consists of a 7 bp stem,
interrupted by a bulged adenosine at position —10 (seé fég.
numbering system), closed at one end by a 4 base single-strandec
tetraloop. Extensive sequence variation experiments showed that
the identity of only four nucleotide positions of the 19mer are
important for coat protein recognitiof)( These are adenosines
at positions —4, —7 and —10 and a pyrimidine at —5. Interaction
with the coat protein is preserved provided that the Watson—Crick
base pairing of the stem is maintained and this recognition is
insensitive to the identity of the base at —6. Solution studies
suggested that all three important adenosines were recognized
differentially (9,13) and this has been confirmed by the X-ray
crystal structure of the operator compl@)8). Within the capsid
each dimer binds one operator fragment. In the quasi-equivalent
protein shell there are two distinct types of dimer, A/B and C/C.
Operators bind in either orientation to C/C dimers, however, the
orientation at A/B dimers is unique and allows the molecular
details of the interaction to be modelled in the resulting electron
density maps (Fig8 and3). Adenosine residues at —4 and —10

The translational repression complex which forms betweenteract with the protein in hydrophobic pockets in a roughly

bacteriophage MS2 coat protein (and its close relatives) and @vo-fold symmetrical arrangement across each coat protein
RNA stem-loop of 19 nt has long been the paradigm fatimer. The orientation of the base and the functional groups
sequence-specific recognition of simple RNA target sitgs (  contacted at each site differ. Remarkably, the base at —7 is not
Fig. 1). Our understanding of this interaction at the moleculacontacted directly but is involved in an extended stacking
level has recently made major advances due to the determinatioteraction with the pyrimidine at -5, which in turn is stacked
by X-ray crystallography of three-dimensional structures for thagainst Tyr85 of the protein. Solution structures of the RNA
wild-type T = 3 phage particle3(4), RNA-free capsids, produced operator calculated from NMR datd4( Thompsonet al,

by over-expression of a recombinant coat protein gene in thumpublished results) suggest that the species bound by the protein
absence of genomic phage RNB),(a non-assembling coat is at best only a minor component of a set of conformers in
protein dimer §) and, most importantly, the structures of severakquilibrium, confirming earlier predictions based on chemical
operator capsids in which the 19 nt operator fragment has beeactivity of the various functional groups3j. It is clear that
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Figure 1. Structures of the RNA operator fragments used. Secondary structures of the MS2 operator sequences. The consensusisesheitmsezgiences for
the wild-type (WT), the C -5 variant, the loop, the A bulge (showing the position of the alkyldijkiie RNA loop—DNA stem chimera and the F6 aptamer.
Numbering is relative to the start of the replicase cistron for MS2. Py, pyrimidine; Pu, puriheaiN-NMomplementary Watson—Crick base pair.

Figure 2. Locations of residues in the operator binding site and the FG loop. Schematic drawing of an AB coat protein dimeg ilesitha¢is involved in RNA
binding, the positions of mutations within the FG loop and the side chains they interact with and the positions of ttentrgpidpé (Trp82) believed to contribute
to the change in intrinsic fluorescence upon RNA binding. The A subunit is in yellow and B in green.

complex formation with coat protein must involve conforma- Here we correlate structural and functional studies and report
tional changes from the dominant form of the RNA fragment ithe results ofn vivo andin vitro analyses with RNA operator
solution in which A —10 is intercalated in the base paired stemvariants and coat protein mutants. The overall aim is to dissect the
Despite this wealth of structural and functional data, a numb@nportant interactions responsible for stability of the operator
of key questions remain to be answered. In the operator capsiomplex and for triggering self-assembly of the phage st#ll
both coat protein and RNA components appear to have undergon&wo protein mutants carrying single amino acid substitutions,
significant conformational changes from their solution formsThr45Ala and Thr59Ser (Fi@), have been studied because the
Precisely how these changes occur and what drives self-assemditie chains of these residues form part of the sequence-specific
of theT = 3 phage shell is still unknown. The contributions of eacladenosine binding pockets. Thr45 is universally conserved
interacting partner to the overall stability of the complex is alsamongst RNA bacteriophage coat protein sequeeofisist-
unknown. ent with its roles as a hydrogen bonding partner to the N1 and N6
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positions of A —10 and the N6 and N7 positions of A —4. Thr59
is less well conserved, its side chain, together with that of Lys61,
forming one of the walls of the adenosine binding pockets. It is
believed to make primarily hydrophobic contacts with operator
RNA. The X-ray crystal structures of these two mutant capsids,
with or without operator RNA, are reported by van den Weirm

al. in this issue 16). In these structures the mutant proteins still
bind operator RNA in a very similar fashion to wild-type, with
only minor differences in the orientations of the adenines at —4
and —10, despite, at least for the Thr45Ala variant, a significant
reduction in the number of intermolecular hydrogen bonds.

Two further singly substituted mutant proteins, Glu76Asp and
Pro78Asn (Fig.2), were studied to probe the mechanism of
self-assembly and quasi-equivalent conformational switching.
Glu76 and Pro78 are distal to the RNA binding site, lying in the
FG loop, connecting the F and3strands. This is the site of the
major conformational difference between quasi-equivalent sub-
units @), resulting in three types of conformer in the capsid; A,
B and C. In B-type conformers Glu76 forms a hydrogen bond to
GIn40, locking the FG loop into a folded back position. This
conformation is associated witleia peptide linkage at Pro78, the
equivalent peptides in A and C subunits bdnags Cis-trans
isomerization and conformational switching at the FG loop have
been proposed as the origin of quasi-equivalence in this system,
consistent with the absolute conservation of proline at position 78
in available protein sequencé$ (Recent results with a deletion
mutant of the related phage fr, however, show that it is possible
to generate & = 3 shell with coat protein subunits lacking an
extended FG loop region (Axblost al, personal communica-
tion), although in the wild-type phage the FG loop is almost
identical in conformation to the MS2 loap7). The two MS2 FG
loop variants, Glu76Asp and Pro78Asn, both still farns 3
shells and the X-ray crystal structures of their RNA-free capsids
have been reportedl)( The Glu76Asp mutation is silent in terms
of phage morphology, since the reduced length of the Asp side
chain is compensated for by insertion of a bridging water
molecule. The Pro78Asn mutation also does not affect the
organization of the phage capsid, although all Asn linkages are
trans An infectious clone has been used previously to examine
the phenotype of both mutaints/ivo. The Glu76Asp substitution
is viable, whereas the Pro78Asn is not. We have proposed that
Pro78 may play a role in binding the essential maturation protein,
the A protein, to the final capsid, which would be consistent with
these datal).

Finally, we have used the structural information to try and
identify the key recognition features of the RNA operator. The
interaction of the stem—loop with a coat protein dimer immediate-
ly suggests two operator ‘half-sites’; one consisting of the
residues of the tetraloop, which interacts with A-type subunits,
and the other consisting of the bulged adenosine in the stem,
which contacts B subunits. We have determinedhti@ro coat
protein affinities of a series of operator variants (Ejidpased on
these ideas using a sensitive fluorescence titration assay. We have
also compared coat protein binding to an RNA aptamer of the
natural operator, which lacks the tetraloop and has a spacing of 3
bp between a 3 base loop and a bulged adendsielrf the

Figure 3. The base recognition pockets. Diagram showing details of the cgntext of a tetraloop this spacing is known to be extremely

RNA—protein interactions at the two adenosine binding poclkats;4( and
(b) —10, andd) the interaction at —5. The RNA is shown as a stick model (red);

deleterious for coat protein recognitiat).(The X-ray crystal

the protein chain is coloured as in Figure 2; hydrogen bonds are shown as dashgffucture of the aptamer—capsid complex has also recently been

determinedZ0).
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MATERIALS AND METHODS also in TMK. RNA was added in small aliquots, each addition
T . . being followed by a 5 min incubation to ensure equilibration prior
Purification/synthesis of proteins and RNAs to making the measurement. Twelve single measurements with an

Proteins were over-expressed and purified as RNA-free capsi#éegration time of 10 s were averaged for each aliquot. The total
as described previously21,22). Protein concentrations were Volume added to the cuvette waS5% of the initial volume.
measured by UV spectrophotometry, using extinction coeffiMeasurements were corrected for buffer effects and when
cients at Agg estimated according to Gill and von Hipp2B) necessary for mner.fllter effects according to Carpepter and
Disassembled coat protein was prepared by acetic acid extracttofeale 80). Quenching of tryptophan by photobleaching was
according to Sugiyanet al.(24) and kept on ice in 20 mM acetic controlled by shutting off the excitation beam between measure-
acid, pH= 3.4, until use. The RNA operator fragments Werénents.Aqldltlon of RNA to saturating levels resulted in a decrease
synthesized and purified as described previough2¢). The  0f [B0% in fluorescence at 340 nm.

triethyleneglycol phosphoramidite was purchased from Glen

Research. RNA concentrations were determined from the absor-

bance at 260 nm using calculated extinction coefficients based

known values for mono- and dinucleotides as describgd ( l\itro operator affinities

Binding data from the fluorescence titrations were fitted to a

simple binding model (see equation bel8d);using the program

Thermal denaturation assays were carried out as describ8gmaPlot (Jandel Scientific).

previously @2). Briefly, 1 ml samples of capsids @ mg/ml F={(Lt+E+Kg) —[(Lt + Bt + Kg)2 — 4x Ly x E]O¥(2 x Ey)}

were dialysed at 4C against 10 mM HEPES, 100 mM NacCl, x (Fe—Fg +Fsg

1 mM EDTA and 1 mM DTT, pH 7.2. Aliquots of 1Qd in ~ where F is the measured fluorescence intensity at a given

Eppendorf vials were then incubated at defined temperaturesdoncentration of RNAFsis the fluorescence intensity of the coat

a heating block for 10 min prior to immediate processing foprotein in the absence of RNRg is the fluorescence intensity at

TEM. Samples were subjected to negative staining using 4¥#e saturation point, is the total concentration of RNA present

(wiv) uranyl acetate on formvar/carbon-coated copper gridfn the cuvette for each measureménts the total concentration

which were examined at 100 keV at a magnification of 5&.000 of binding sites present in the cuvette aqgdis the apparent
equilibrium dissociation constant.

In vivo superinfection assays The binding data fitted well to this model with correlation

coefficients in all cases >98%, suggesting that the dominant

The mutant proteins were assessed for their ability to bind ﬂl%mplex being formed was of a coat protein dimer bound to a
wild-type translational operatdn vivo. Mutant genes were pna operator fragment.

cloned into the leaky expression plasmid ptachA@B) and

used to transform the piliat&kcherichia colistrain EMG23 to

ampicillin resistance?Q). Using the soft agar overlay technique,

200l cells with an Olggg of 0.8—1.2 were plated with 1¢08 = RESULTS AND DISCUSSION
wild-type phage (5.8 101 p.f.u./mlat dilutions of from 163 to
109 onto tryptone plates (containing 1 mM CgCh mM
glucose and 10Qg/ml ampicillin). EMG23 and wild-type MS2
phage were purchased from ATCC (Rockville, MD). Proteins still )

able to bind the operator repress translation of the incoming/fée assays have been used here to examine the effects of the
replicase cistron and thus prevent replication of the phage aR#Htations. Effects on capsid stability have been assessed by
hence plaque formation. The numbers of plagues formed gpserving thermal disruption of tiie= 3 shells directly by TEM

different phage titres can therefore be used to assess oper@pinedgatively stained samples, as described previodsly (
affinity in vivo (28). Effects on wild-type operator RNA binding have been stuidied

vivo using a superinfection assay,48), in which wild-type
phage are used to infect cells carrying a leaky expression plasmid
(ptachACP) for the mutant protein of interest. If the mutant
protein is stable and can still bind the operator fragment it
Fluorescence measurements were made on a Perkin-Elmepresses translation of the incoming phage replicase gene,
LS50B fluorimeter with spectral band widths of 3.5 (excitation)preventing formation of plaques, the appearance of which can be
and 8.0 nm (emission), at excitation and emission wavelengthsuged as an indication of a defect in operator binding. Binding to
295 and 340 nm respectively. A water bath was used to keep thgerator fragmentms vitro has also been monitored, using the
temperature constant at 26 1°C in the cuvette during intrinsic fluorescence of the protein as a probe of RNA binding,
experiments, except for loop titrations, which were performed as described previouslgX). This is an equilibrium assay and is
10°C (due to the low loofi,)). The temperature was measuredtherefore more accurate than the nitrocelluose filter binding
directly using a thermocouple probe. assays traditionally used in this systety82,33). Interactions

The RNA/coat protein titrations were performed as follows. Abetween molecules lacking some of the essential recognition
sample of coat protein in 20 mM acetic acid was diluted to thieatures of the wild-type species are likely to result in complexes
desired concentration in TMK buffer (0.1 M Tris—HCI, pH 7.5,with shorter half-lives, which are not suited to techniques
10 mM MgCh and 80 mM KCI;15), placed in a stirred cuvette involving separation of equilibrium mixtures. The details of these
and allowed to equilibrate for 30 min prior to addition of RNA,assays and their results are listed in Tablasd2 and Figuret.

Capsid thermal denaturation assays

Functional assays of complex formation

Fluorescence binding assays of RNA—protein complex
formation



Nucleic Acids Research, 1998, Vol. 26, No. 51341

Table 1.1n vivosuperinfection and thermal denaturation assays its affinity for operator RNA is only very slightly reduced,
consistent with a reduced hydrophobic interaction due to the loss
Coat protein  Denaturation temperaturég) In vivo phenotype of 25 A2, out of a total interaction surface of 708 dhn the coat
10-7 10-9 protein, contributed by the Thr59 methyl groug$)( The
Wild-type &0 — — magnitude of this effedn vivo is perhaps surprising, but is

probably due to the fact that the assay measures competition

Thra5Ala 69 + + between coat protein and ribosome for operator binding, rather
Thr59Ser 71 + + than simply the intrinsic RNA—protein affinity. Surprisingly, the
Glu76As Thr59Ser mutant capsid has a slightly increased denaturation
p 66 - - .
. 66 temperature. The crystal structure of the RNA-free capsid
ro Sn — —

suggests a possible explanation for this. The smaller serine side
chain at residue 59 allows the side chain of GIuA89 to re-orientate
+, plaques/confluent lysis on agar plates; —, no plaques, binds operator RNA lis#dd move away from the main chain of Lys57, facilitating
wild-type. interactions with ArgB49 and SerB5%uch an increase in
Mutant coat proteins were assessed for their ability to bind the opieraten  electrostatic interaction between residues on different strands of

and for their thermal stabilitp vitro. Plaque formation by wild-type MS2 phage the extendeﬁ-sheet of the subunit would be consistent with the
on cells expressing the mutant proteins was used to assess operatoriraffinity

_ : : : increased thermal stability observed.
vivo. The presence @50 A diametef = 3 shells in TEM images was used to
estimate the denaturation temperatures of RNA-free capsids. Denatured
samples appeared as amorphous aggregates from which it was not possible to
reform capsids by cooling below the denaturation temperature. The FG loop mutants

From the structural dat&)(it appears that the reduced thermal
; P ; stability of both Pro78Asn and Glu76Asp could be due to the
Mutants in the RNA binding site absence of the same hydrogen bond, namely that betweegithe O
The Thrd5Ala mutant capsid has a wild-type thermal stability, gsosition of the side chain of GluB76 and the2Ngroup on
expected, since mutations in the RNA binding site would not b&InB40 (Fig.2). This is lost completely in the Pro78Asn mutant,
expected to affect capsid stability vivo Thr45Ala cannot where minor adjustments to the polypeptide conformation
repress replicase translation andlitro its affinity for operator —adjacent to the site of mutation lead to a large (5 A) shift in the
RNA is reduced by a factor of 5. These results correlate well withosition of the carboxyl group of Glu76. In the Glu76Asp mutant
the lost hydrogen bonds from the operator capsid structutke contact to GIn40 is, however, maintained via a bridging water
reported in this issu€el@), a total of five hydrogen bonds per molecule. Glu76 also stacks on TrpB82, an interaction which is
operator—coat protein dimer complex having been lost and a ldsst completely in the Pro78Asn mutant, but does occur with the
favourable salt link between the phosphate oxygen O2P of G —&horter aspartate side chain in Glu76Asp molecules. The
and LysB61 being generated (F&). water-mediated contact is probably easily lost at elevated
Interpretation of the Thr59Ser data is not so clear cut. As faemperatures, resulting in similar overall reductions in thermal
Thr45Ala, this mutant fails to repreissvivo. In vitro, however,  stability for both mutant capsids.

Table 2.In vitro operator binding data

Coat protein Kg (nM) n Relative affinity (% wild-type) E; (UM)
Wild-type 39 &5) 4 100 0.34 ¢ 0.03)
Protein mutants

Thr45Ala 190 £ 29) 3 20 -

Thr59Ser 494 7) 2 79 0.28£ 0.03)

Pro78Asn 23£2) 2 167 0.26% 0.03)
Operator variants

C variant 17£3) 2 231 0.21£0.03)

Loop 310 & 22) 1 12 -

A bulge 330 £ 30) 2 11 -

Chimera 360% 8) 1 10 -

F6 82 (£ 6) 1 47 0.28 ¢ 0.03)

The apparent equilibrium dissociation constal{t§ for the binding of wild-type MS2 coat protein or its mutants to the wild-type operator fragment, together with
values for several operator-related sequences binding to wild-type coat protein derived from Figure 4, are listed. Datedvémdthe curve fitting algorithm
described in Materials and Methods. The protein concentration in all the titrationgMa&®at protein (monomer). Experimental errors, in parentheses, are standard

deviations of the mean valueis the number of repetitions performed. In the case of single experiments the errors are those of the fitting fristducalculated
concentration of binding sites.
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Figure 4. Fluorescence binding assays of RNA—coat protein complex formagohVild-type (WT) and mutant proteins with wild-type operator RNA and
(b) wild-type (WT) protein with variant RNAs. Assay details are as described in Materials and Methods.

The wild-type behaviour of the Glu76Asp mutant in thebe more difficult in the mutant protein capsid because of the
superinfection assay (Tabl® was as expected, due to thelowered Ky of aspartate relative to glutamate. Alternatively,
separation of residue 76 and the RNA binding site. It was notassembly with this mutant protein might occur in the dilute
possible to perform a fluorescence binding assay on this mutaatetic acid solutions used to stabilize the dimeric form of the
protein due to the unusual behaviour of the mutant capsids undeld-type protein subunit.
dissociation conditions. Wild-type capsids are fully dissociated In vivothe Pro78Asn mutant coat protein also behaves like the
using the method described previousiy)( whereas Glu76Asp wild-type as judged by the superinfection assay. The increased
capsids are not, as judged by TEM (data not shown). A possildgparentin vitro affinity of this mutant for operator RNA is
explanation of this behaviour comes from the crystal structures mitriguing, since this change was not expected to affect RNA
wild-type and Glu76Asp capsids, in which the side chains of theinding, for the reasons discussed above. The initial hypothesis
residue at position 76 stabilize the B-type conformer by makingegarding control of quasi-equivalence in this system, however,
a contact to GIn40. Protonation of the acidic side chain at residire/okedcis-transisomerization at this proline residue, implying
76 would disrupt this contact and might well be the cause of theat the conformation of the coat protein dimer forming an
acid-induced dissociation of bacteriophage capsids. This woulperator complex might be linked in some way with RNA



Nucleic Acids Research, 1998, Vol. 26, No. 51343

binding and self-assembly,(5). This would also be consistent that tight binding requires that both sets of interactions are made
with the unique orientation of the operator fragment bound at A/Bimultaneously. (The A bulge site was synthesized with a
coat protein dimers within the phage capsid. The recent resuttgethyleneglycol linker between the two oligonucleotide strands
with a fr mutant lacking most of the FG loop make this seem le&s order to stabilize the duplex produced.) The low affinity of the
plausible (Axblonet al, personal communication). One possibil-loop oligonucleotide was surprising, since it is in this region that
ity to account for the effect of this mutation might be that capsithe majority of intermolecular contacts are made with the intact
assembly is occurring in the fluorimeter cuvette, making thevild-type operator. Th&y, of this fragment was determined to be
apparent here affinity dependent on ¢ieetrans isomerization 24.1+ 2.0°C and, since the binding assays were carried out at
reaction in the wild-type. The MS2 Asn78 mutant might be ableéR0°C, itis possible that the loop RNA was not fully folded under
to assemble more readily because of absence of this isomerigigese conditions. Repeating the assay &€1Where we would
tion, consistent with the increased flexibility of the FG loop inexpect the loop to be mostly fully folded, did not result in an
capsids of this mutanb). The increased affinity, however, is increased affinity. We then produced and tested an RNA-DNA
clearly visible throughout the binding curves (Fg), even at chimera in which the MS2 loop sequence was stabilized on an
stoichiometries of coat protein:RNA of between 10 and 100:Ekxtended base paired deoxynucleotide stem. The deoxynucleo-
where it has been reported previously that a maximum of ontjde ‘support’ would not be expected to make the additional
30% of the protein would be assembled into capsid and even theamonical contacts between the operator backbone and the protein
only after much longer incubation times than used Hege ( in the wild-type operator complex (FiD. Once again the affinity
The magnitude of the increased affinity seen helef@ld),  of the chimera was similar to the loop alone.
therefore, appears too large for such an explanation and sugges®reliminary X-ray data have been obtained for capsids soaked
that therds a direct linkage between operator RNA binding andwith the loop, A bulge and chimera oligonucleotides (Gedfaih,
coat protein conformation, consistent with earlier proposals gpersonal communication; Stonehoesel, personal communi-
the role of the operator in assembly initiatidb)( although  cation). The results confirm the importance of the loop interac-
charge neutralization is clearly also importaBt)( Further tions, since there is good density for the loop fragments bound to
support for a direct linkage comes from quenching of the intrinsis- and C-type coat protein subunits, as expected. The capsids
fluorescence upon RNA binding. The fluorescence spectrum sbaked with bulge RNA and the chimeric molecule, however,
the coat protein is dominated by the two tryptophan residueshowed only poorly ordered density for the RNA.
Trp32 and Trp82. Of these, Trp32 is in th@dStrand, does not  Finally, we assayed binding of the wild-type protein to an RNA
change its environment between quasi-equivalent conformesiptamer produced vién vitro selection experimentsl9).
and is distal to the bound RNA. Trp82, on the other hand, Schneideet al.(36) have shown previously that RNAs based on
adjacent to the FG loop, changes its orientation markedly betwettye wild-type operator are the highest affinity ligands for the coat
A, B and C conformers but is still no closer than 7.2 A (to the Cprotein. However, it has now been possible to isolate a series of
carbon) to the RNA when bound. CD spectra of the coat prote@tptamer families with reasonable affinity for protein having
as free dimers or as capsids suggest that there is very little, if adifferences in the canonical recognition sites. The oligonucleo-
rearrangement of the secondary structures in these two 3Etes (tide studied here is the consensus of Family 6 (F6) of ldirab
These data, therefore, suggest that quenching of the fluoresce(it® and has a 3 base single-stranded loop, compared with the
signal is a direct effect of RNA binding, probably correlated withwild-type tetraloop. There are also 3 bp instead of two between
conformational changes at the FG loop and not due to effectstbke loop and the bulged adenosine (Rig.The X-ray crystal
dimerization and/or refolding. If such changes do occur, the likelgtructure of the aptamer operator complex, however, shows that
candidate for a switch linking loop conformation and RNAthis RNA is able to fulfil most of the key recognition contacts by
binding is the side chain at AlaB80, which would clash stericallpdopting a flattened loop conformation, allowing G -7 to
if the orientation of the operator RNA on an A/B coat proteirparticipate both in the stacking interaction seen with wild-type
dimer were reversedy operators and to make a Watson—Crick baseZ1aiF{g.5). Thus
the adenine contacts at —4 and —10 are still made, as is the
pyrimidine stacking interaction at —5. Backbone and sugar
contacts are similar to the wild-type operator structures. There
As expected25,32,33), the C —5 operator variant had a higherare' however, some S|gn|f|ca_n_t differences, including rearrange-
ment of non-sequence-specific phosphate contacts and elonga-

in vitro affinity for coat protein than the wild-type in the '
fl ot lthouah h he eff | of others (LysA43 to the phosphate at —4 anq.the contact
uorescence titration assay, although here the effect was Stween the '20H of —5 and GIUAG3). In addition, one

marked (2.5 times) than reported previously for filter binding . I d and her sh

assays (6-30 time;32). This is consistent with the significantly Watér-mediated contact has been elongated and another short-

increased half-life of the C —5 operator complex, which woul@"€d- The sequence-specific contact between N4 of —5 and the
glosphate backbone at -6 is lengthened, as is the contact betweel

Binding of operator variants

have a proportionally larger effect in such assays. We ha o
proposed that the higher affinity is due to the additional intern&2 Of =5 and AsnA87. The decreased apparent afinityro is
fggnsistent with the loss or modification of these important

hydrogen bond, compared with the wild-type, made between t
exocyclic amino group of C —5 and the adjacephBsphodiester contacts 7).
(Fig. 3c). This probably stabilizes the RNA in solution in a
conformer closer to that bound by the protein, hence reducing theynclusions
free energy required to distort the RNA during complex
formation (7,14). The Thr45Ala mutant gave the expected phenoitypétro and
Both RNA variants encompassing operator half-sites haith vivo, given the degree of sequence conservation. The X-ray
significantly reduced affinities for the coat protein, suggestingrystal structure of this operator capsid, however, shows that this
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