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ABSTRACT. Tetraloops with the generic sequence GNRA are commonly found in RNA secondary structure,
and interactions of such tetraloops with “receptors” elsewhere in RNA play important roles in RNA structure
and folding. However, the contributions of tetraleengceptor interactions specifically to the kinetics of
RNA tertiary folding, rather than the thermodynamics of maintaining tertiary structure once folded, have
not been reported. Here we investigate the role of the key GAAA tetraloegeptor motif in folding of

the P4-P6 domain of thel'etrahymenagyroup | intron RNA. Insertions of one or more nucleotides into
the tetraloop significantly disrupt the thermodynamics of tertiary folding; single-nucleotide insertions shift
the folding free energy by-24 kcal/mol AAG*®"). The folding kinetics of several modified P#6 domains

were determined by stopped-flow fluorescence spectroscopy, using an internally incorporated pyrene residue
as the chromophore. In contrast to the thermodynamic results, the kinetics’ofiigiced folding were
barely affected by the tetraloop modifications, withAG* of 0.2—0.4 kcal/mol and ab value (ratio of

the kinetic and thermodynamic contributions) ©0.1. These data indicate an early transition state for
folding of P4-P6 with respect to forming the tetraloopeceptor contact, consistent with previous results
for modifications elsewhere in P46. We conclude that the GAAA tetraloepeceptor motif contributes

little to the stabilization of the transition state for Ktginduced P4-P6 folding. Rather, the tetraloep
receptor motif acts to clamp the RNA once folding has occurred. This is the first report to correlate the
kinetic and thermodynamic contributions of an important RNA tertiary motif, the GNRA tetraloop
receptor. The results are related to possible models for th&guced folding of the P4P6 RNA,
including a model invoking rapid nonspecific electrostatic collapse.

The recent X-ray crystal and NMR structures of large zippers, base triples, and tetraleaceptor motifs. Tetra-
folded RNAs have revealed a number of tertiary structure loops are readily identified from sequence alignmeg)s (
motifs (1). Prominent examples include relatively nonspecific and they generally fall into several classes depending on
interactions such as coaxial stacking of helices, as well assequence (the GNRA, UNCG, and CUUG tetraloops, where
more specific interactions such as adenosine platforms, riboser is purine and N is any nucleotided<{6). The structures
of isolated tetraloops have been extensively studedl(),
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higher-order RNA assemblied4, 15), so it is clearly an I
important element of RNA tertiary structure. § I ;f&é’f

All of the motifs mentioned above, including GRNA A & cﬁ}%ﬁ?ﬁ-’o (S-’@K .
tetraloops with their receptors, have been identified in RNAs FSFFTTTFS 6‘%’0 SNy ?'"?M)

studied at their thermodynamic minimum, that is, in a stable

folded state. The motifs are presumed to stabilize the folded GAAA
state, and in some cases, the thermodynamic contributions unfolded - - tetraloop
of individual motifs have been quantified (r&6 and refer- o w eonae
ences therein). However, RNA structure is dynanii)( - o, JEL
and RNA conformational changes clearly contribute to the 15 d
catalytic properties of ribozymes, including the ribosome. F|+U - Aah
What are the contributions of RNA tertiary structure motifs
during the folding process itself, rather than after folding  folded o Vi . 5 | INSERTED
has ended? v - Ba:;:ES
We have examined this question for the GAAA tetraloop - L2

receptor motif of the P4P6 domain of theTetrahymena
group | intron RNA, a 160-nucleotide autonomous folding
domain for which the structure and folding have been
extensively studiedl, 16, 18—22). Previously, Abramovitz
and Pyle modified the GAAA tetraloop that closes domain
V of the yeast aip group Il intron RNA @3). They found

that inserting one or more nucleotides between the second
and third positions of the tetraloop (&AA) led to measur-
able effects on thé&../Kn, for splicing activity, but that the
observed effects were more modest than might have been
expected from perturbing a highly conserved structural motif.
However, their system did not readily allow dissection of
the kinetic versus thermodynamic basis for the effects of
tetraloop modification, because their functional readout was
catalysis and not folding. Here, we made similar modifica-
tions to the P4P6 tetraloop and directly studied the ther-
modynamic effects on the fully folded state, as well as the
kinetic effects on Mg™-induced folding. Our data reveal a
striking difference between the thermodynamic and kinetic
roles of the GAAA tetraloopreceptor motif in the Mg-
dependent folding of P4P6. While the tetraloopreceptor
motif contributes considerably to the thermodynamic stabi-
lization of folded P4-P6, it participates very little during
the rate-determining Mg-induced folding step. These are
some of the first data to focus specifically on understanding previously (L6), in 1x TB buffer [89 mM Tris and 89 mM
the role of a particular RNA tertiary structure motif during boric acid (pH 8.3)] maintained at 3&. Values ofAAG®’
the folding process itself, rather than on the stabilization of for each modified RNA were calculated from the rightward
the fully folded state. shift in the Mg+ midpoint for the mobility versus [M&f]
curve as described previouslid), using the equationG*'

= nRTIn[Mg?"]12, where [Mg*]. is the M@g@" concentra-
tion required to fold half of the molecules. An unresolved

performed as described previously6( 20). A modified ~ iSSue is whether [Mij]., means “half of the molecules are
15-mer RNA oligonucleotide with a U107-pyrene (pyr3) fully folded and half fully unfolded” (i.e., two-state folding)
label was prepared by solid-phase synthesis (DharmaconCf “on average, each molecule is half folde@; the data
Research, Inc., Lafayette, CO), using the pyrene phosphor-Presented here do not address this question. Because
amidite reported earlier2(). The pyrene-labeled oligonu-  [M9*Tu2mod > [Mg?"li2m for a destabilizing modification
cleotide was then attached by splint ligation as described (I-€., the titration curve for a modified RNA is shifted to the

previously @1) to T7 RNA polymerase transcripts compris- "ght), AAG* > 0 in such a case, and therefore, the data in
ing the remaining 145 nucleotides of PR6 plus any  Figure 1 show that all of the P46 RNAs with modified

nucleotides inserted into the tetraloop. tetraloops are thermodynamically destabilized relative to

Nondenaturing Gel Electrophoresis and Data Analysis. Wild-type P4-P6. The Hill coefficientn for each modified
The Mg*-dependent nondenaturing gel electrophoresis (na_RNA was assumed to be 4 for the purpose of calculating

tive PAGE} experiments were performed as described AG™ values from [Mg']., values. For a complete discussion
of this assumption, see ré®. If the Hill coefficient n for

1.15

1.10

1.05 4

mobility relative to unfolded control

[Mg?*], mM

Ficure 1: Nondenaturing PAGE for determining the thermody-
namic perturbation AAG®') upon inserting nucleotides into the
GAAA tetraloop of P4P6. (A) Representative Phosphorimager
data obtained at various Mg concentrations [wt, wild-type
P4-P6 RNA; unf, unfolded control mutantl®); the GAAA
tetraloop sequence is shown with nucleotide insertions in boldface].
The location of the insertions in the L5b tetraloop of-fRbB
between positions A151 and A1523) is shown schematically on
the right. (B) Plots of mobility vs [Mg'], fit to a titration curve as
described in Materials and Methods. Fit parameters and the
calculated values oAAG®' are given in Table 1.

MATERIALS AND METHODS

Cloning, RNA Preparation, and Radiolabelinthese were

1 Abbreviations: P4P6, P4-P6 domain of thdetrahymenaroup
I intron RNA; P5abc, P5abc subdomain of-P86; PAGE, polyacryl-
amide gel electrophoresis.

any particular modified RNA is actually less than 4 as
observed for wild-type P4P6, then the calculatedAG®
for that modified RNA would be even larger than that
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Table 1: Thermodynamic PerturbationsXG*") upon Modifying assay is the differential_ electrophoretic mob_ility qf folded
the GAAA Tetraloop of P4P6& and unfolded conformations of P46, as described in more
tetraloop (Mg Hill AAG” deta|! elsewherel(6) and shc_>wn s_chematlcally on the far
sequence (mM) coefficientn  (kcal/mol) left side of Figure 1A. Insertions into the GAAA tetraloop
GAAA (wild type)  0.68+ 0.04 350+ 0.27 ©) led to easily measurable rlghtward_ sk_n_fts in the mobility
GAAAA 1504+ 012  3.40+ 0.26 2.04+0.3 versus [M@"] curves (Figure 1B). Significantly, all of the
GACAA 2.87+052  2.514+0.18 3.5+ 0.5 single-nucleotide insertions led to curves that were shifted
GAUAA 293+£058 284020  3.6+0.6 to the right but eventually rose to the same limiting relative
gﬁfﬁ‘ﬁA 3g’gi 2:88 gfigi 8&8 g?i 2:2 mobility of ~1.15-1.20. Therefore, the overall structure of
GAACAA 70+3.6 2.23+0.22 57+ 1.8 P4—P6 is retained approximately unchanged at hlthMg
GACAAA 7.7+43 2.37+0.24 >6 concentrations for these modified RNAs. The thermodynamic
GACCAA 9.3+£53 2.14£021  >6 free energy perturbatiohAG®' for each modified RNA was
GAAAGG AA 9.0+55 2.33+0.23 >6

calculated from the magnitude of the rightward shift in the
— : : Mg?* midpoint as described in Materials and Methods. The
2 The nucleotide insertions (shown in boldface) are between A151 values ofAAG® are substantial. between 2 and 4 kcal/mol
and A152 of the wild-type P4P6 sequence (nucleotide numbering . . ! ;
from ref 12). Error ranges are the standard deviation for eANG®' dependl'ng on the inserted single nugleotlde (Table 1).
based on the fitting error and on the reproducibility between sets of  Insertion of more than one nucleotide had a larger effect.
experiments. The [Md] values and Hill coefficients are from the  The mobility curves are still rising at the highest testec®Vig
specific experiment shown in Figure 1. As indicated in the text, the concentration of 20 mM, and the calculated valueA A

AAG®' values are calculated from the [®fg,, values assuming = e -
4. For AAG® values of >6 kcalimol, the assumption of a Hil are at least 6 kcal/mol (Table 1). This is near the previously

coefficient of 4 introduces substantial uncertairitg)( For this reason  €Stablished upper limit for being able to quantifAG™
and also because the [Rfg. values themselves typically have a high  values in this systeml1g). That is, theAAG®' values for
level of error, more quantitative values ANG®' are not estimated in  these modified RNAs are best reported as betr§kcal/
these cases. mol, as in Table 1.

) Equilibrium Fluorescence Spectroscopy Accurately Re-
reported here (Table 1), which would further strengthen our ports on the Thermodynamic Perturbations Due to Tetraloop
conclusion about there being a difference between the |nsertions. Because the nondenaturing gels necessarily
thermodynamic and kinetic consequences of tetraloop modi-ayamine the RNA at equilibrium, they are silent with regard

GACCCCAA 11.9+10.4 2.19+0.26 >6

fication. o . to the kinetic contributions of the GAAA tetraloop that has
_Equilibrium  Fluorescence Titrations with Mg The  peen perturbed by modification. Previously, we documented
titrations were performed as described previoug),(in that appending a pyrene chromophore onto thpagition

1x TB buffer [89 mM Tris and 89 mM boric acid (pH 8.3)]  of p4-P6 nucleotide U107 (near thé-&rminal nucleotide
at 35°C on a ThermoSpectronic AB2 fluorescence spec- G102) allows spectroscopic monitoring of the RNA's folded
trometer fe. = 340 nm; relative fluorescence intensity  strycture with millisecond time resolution, using the pyrene
monitored at 380 nm). For the equations used to fit the data, g pission intensity as the signaQ 21). Here, several of
see ref20. the tetraloop insertions were made in the U107-pyrene
Stopped-Flow Fluorescence Spectroscdpippped-flow  ps_pg (see Materials and Methods) such thaMigduced
fluorescence data were acquired on a ThermoSpectronic ABZstopped-flow fluorescence could be used to investigate the
spectrometer equipped with a MilliFlow stopped-flow mod-  fo|ding kinetics. First, the equilibrium fluorescence intensity
ule. Samples of pyrene-labeled RNA<2 uM in 1x TB) as a function of Mg" concentration was examined, to verify
and of MgC} (20 or 200 mM in  TB) were equilibrated  {hat the fluorescence probe responded as expected to the
at 35°C for >5 min before 1:1 mixing and data acquisition.  thermodynamic perturbations. The same modifications that
The Aexc was 319 nm; emission was collected at 380 Nm ¢4yse rightward shifts in the Mtzdependent nondenaturing
(monochromator, 8 nm band-pass) and separately through &e| “itrations” (Figure 1) caused similar shifts in the
KV-370 cutoff filter (>370 nm). Both data sets typically i grescence titrations (Figure 2; same rank order and
gave similar results. Data were typically collected at 1.0 ms approximate magnitude of shift for the various insertions;
intervals out to 7 s. A total of 618 shots (typically 8) were  gee the legend of Figure 2 for details). This demonstrates
averaged to provide the final data for fitting. Data acquired {5t the U107-pyrene fluorescence adequately reports on the

at 15°C (not shown) were qualitatively similar to the data tertjary structure of P4P6 in the context of the tetraloop
acquired at 35C (Figure 3). modifications.

RESULTS Stopped-Flow Fluorescence Spectroscopyelés Very
Small Kinetic Effects of the Maodifications that Strongly
Nondenaturing Gel Electrophoresis #als Thermody-  Perturb the Thermodynamics of Foldirtdaving shown that
namic Perturbations from Modifying the GAAA Tetraloop the pyrene probe provides a reliable signal for the tetraloop-
of P4—P6. Inspired by the study by Abramovitz and Pyle modified RNAs, we investigated their Mginduced stopped-
(23), we inserted one to four nucleotides into the GAAA flow folding kinetics. These experiments were performed at
tetraloop of P4P6 as shown in Table 1 (a total of 10 a final concentration after mixing of 10 mM Mg (arrow
modified RNAs, and the wild-type RNA). The thermody- in Figure 2). At this concentration, the portion of the
namic consequences of these insertions were assayed bfluorescence change due to tertiary folding is complete or
Mg?*-dependent nondenaturing gel electrophoresis, which nearly so 20), and the nondenaturing gel data also show
provides quantitative information about the contributions of that folding is complete, at least for the single-nucleotide
structural motifs to P4P6 folding (L6). The basis of the  insertions (Figure 1). Surprisingly, the single-nucleotide
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Ficure 2: Equilibrium fluorescence titration with Mg of pyrene- §
labeled RNAs with tetraloop modifications. Data are presented for g |

modified RNAs in the same order as the plot of Figure 1B. Fits g

are to the equations of r&0, with the Hill coefficientn equal to é

1 for the second (high-Mqg) transition. For the first three data
sets (wt, GAAAA, and GACAA), the Hill coefficient for the first
transition equaled 3 (a higher value was not required to fit the data),
and the [M@*]1, values were 0.97, 1.92, and 3.29 mM, respectively.
The AAG® values thus calculated assumimg= 3 are 1.3 2 e e 3
(GAAAA) and 2.2 kcal/mol (GACAA). These values compare ¢ =54+2ms GAGAA
reasonably well with those determined from nondenaturing gels 0.04
(Figure 1), particularly considering the uncertainties in the Hill 00 01 02 ime, s 03 04 05
coefficients. For the remaining three data sets, the proximity of

the presumed first and second transitions made curve fitting to
multiple transitions difficult to believe; the fits shown are to single

BRI

100 mM Mg2+, 1x TB, 35 °C

transitions. For each of the modified RNAs, note that qualitatively 103 - . ., .
similar shifts in [Md]1» were observed in both Figure 1 and this ] : XM SRS
> 3 i . S 0.5
figure. For a more detailed discussion about the limitations of the 1 t..,=165+08ms  Wild-type
. . . p 1/2 - *
fluorescence titration method and of the comparison between 00] (GAAA)
1.0

nondenaturing gel and fluorescence titration data, se2Qefhe
arrow indicates 10 mM M, the concentration at which most of
the stopped-flow data depicted in Figure 3 were recorded.

o
3

0.0

insertions that changed the folding free energy byt Xcal/
mol (AAG®') affected the folding rate by a factor of only
<2 (Figure 3), which is equivalent to a free energy change FIGURE 3: Stopped-flow fluorescence traces for Menduced
AAG* of <0.5 keal/mol at the folding transition state (Table folding of U107-pyrene labeled P46 domains. Data were

. . . collected in & TB at 35°C; see Materials and Methods for details.
2). We also examined one double insertion (CC) at 100 MM 11,5’ GaAA tetraloop sequence is shown with nucleotide insertions

Mg?* (Figure 3; the higher Mg concentration was required  in boldface. (A) Data at a final Mg concentration of 10 mM. (B)
to observe reliably the fluorescence change upon mixing). Data at a final M§" concentration of 100 mM.

Again, the substantial thermodynamic effect seen at equi-
librium was not observed in the folding kinetics, as the Table 2. Kinetic Parameters Observed upon Modifying the GAAA
folding rate dropped only 2-fold upon modification of the Tetraloop of P4P6

tetraloop. tetraloop [Mg?+] AAG*

The kinetic and thermodynamic data are correlated by sequence (MM)  Koos(s)  tie(ms) (kcal/moly

plotting as shown in Figure 4. The slope of the fit link)( GAAA (wildtype) 10 212+12 33+2  (0)
equalsAAGY/AAG'. In the protein literature, suchk value AAAA 10 153406 4542 0.19+0.06

By S B B LB p
0.0 01 O'Ztime.s

0.3 04 05

fluorescence signal, arbitrary units

; ; . UAA 10 152406 46+2 0.20+0.06
analysis has been used extensively to document the locationgacaa 10 128+07 54+2  0.30+ 0.06
of protein-folding transition state2%—28). A @ value near GACAA 10 10.2+04 68+2 0.44+0.06

0 is deemed an “early” transition state, one that has adoptedGAAA (wild type) 100 42.1£2.1 16.5-08 (0)

little if any of the structure found in the fully folded state. A 100 203+08 34+2 0444005
Conversely, ab of ~1 is a “late” transition state in which 2 AAG* = RT In(Kobsmodified Kobs wild-type) at 35°C.

folding is nearly complete. The slope of the fit line in Figure
4 is 0.07, clearly indicating an early transition state forP4

principles of RNA structure and folding. This includes
P6 folding with respect to forming the tetraloegeceptor fundamental investigations of high-resolution RNA structure
interaction. That is, when folding is induced by mixingP4 (12 and energeticslg), metal and water binding to RNA
P6 RNA with Mc?*, the GAAA tetraloop-receptor motif (29 30), and RNA folding mechanism={, 22, 31-33).

forms its native structure onlpfter the rate-determining ~ 1€r€, we sought to use P46 as the model system for
folding transition state has been achieved. understanding the relationship between the thermodynamic

and kinetic roles of an extremely common RNA tertiary
DISCUSSION structure motif, the GNRA tetraloefreceptor. Previously,
interactions scattered throughout-F26 (including in the

The Tetrahymenagroup | intron P4P6 domain has  A-rich bulge and P5c stem) were examined for their ther-
proven to be immensely useful for examining general modynamic and kinetic contribution22), but no focused
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0.7 in the context of two models for Md-induced P4-P6 RNA
slope @ = 0.07 folding. Both this study and a previous rep@®) conclude
0.6 that modifications to various thermodynamically important
_ 05_' regions of the P4P6 RNA have surprisingly small kinetic
8 o consequences. In RNA folding model 1, these data suggest
@ 0.4 that we have yet to identify some key region of-H26 that
x - directs its M@"™-induced tertiary folding. A candidate is the
& 031 J5/5a “hinge” region Z4), around which P4P6 bends
ps 0 2_‘ essentially in half upon binding Mg (see the small cartoon
-] images on the left side of Figure 1A). However, this model
0.14 currently has no experimental support.
00 1+ wild-type In alternative model 2, the available data collectively imply
: —r T T 111

" that no regionof P4—P6 contributes to the Mg-induced

0 1 2 3 4 5 6 7 . o . . .
AAG®" keal/mol folding kinetics, and instead, the rate-determining folding
» Kealmo step is dominated by nonspecific interactions. Recently, the
Ficure 4: Correlating the kinetics and thermodynamics of folding  general model of rapid, nonspecific electrostatic RNA

for P4—P6 with modifications at the GAAA tetraloop. Data are ; ; ;
taken from Table 1 values) and Table 2/(values). The inserted collapse ha?]_ recegleld Zl(th_)gtantlfal expedrlmental su_gport
nucleotides are labeled near each data point. Error bars are(34—36). In this model, addition of M§ induces a rapi

experimental errors from Tables 1 and 2. The weighted linear fit Yet nonspecific collapse of RNA to a compact structure in
to all six data points has a slope of 0.07 (correlation coeffid®nt  as little as several milliseconds, roughly analogous to forming
T 2 hoimon glct:hgagﬁhtahligs\gltijoenilssljlggleurcti;ﬂ e otabonon the & protein molten globule but with a different physical basis
text. If the CC data point is omitted, the linear fit appears to be (3|7)' On_s longer t;]meRch:Ii, pergaps r_nlnfu;tles In _the case of
similar, with a slope of 0.08R2 = 0.69). alargeri OZ-ym.e., the then a. opts its fully natlve- tertiary
structure. Significantly, the studies that support this model
efforts were made on a specific structural motif such as the were all performed with large multidomain RNAs, in which
tetraloop-receptor, which is remote from the previously native structure requires both folding of individual domains
examined Interactions. and correct positioning of these domains relative to one
A Sharp Distinction between the Effects of Tetraloop another. No data have been published regarding collapse of
Modifications on the Thermodynamics and Kinetics of an individual RNA domain such as P#6, where “domain”
Formation of P4-P6 Structure.The data unambiguously s used here according to the literature conventit).(The
reveal a striking contrast between the effects of GAAA data reported here, in conjunction with those reported earlier
tetraloop modifications on the thermodynamics and kinetics (22), are consistent with this rapid nonspecific electrostatic
of tertiary structure formation in P4P6. Modifications that  collapse model for P4P6 folding, although they do not
significantly perturb the thermodynamics of folding of the prove the model.
entire RNA (Figures 1 and 2) barely affect the #gnduced Interactions involving the P5abc subdomain of 6 and
folding transition state (Figure 3). The corre.latlon of these separately the GAAA tetraloegreceptor motif are generally
observations in the context @ value analysis (Figure 4)  qngjdered to be the two main tertiary contacts enforcing
_prowde_s a consistent picture in Whl(;h the tetra}eupceptqr. the Mc?+-dependent folded structure of PR6 (19). Because
interaction is largely unformed during the rate-determining p5ih of these regions have now been shawtto contribute
folding step that is probed by U107-pyrene fluorescence. (, he folding kinetics (this report and rég, respectively),
Because pyrene fluorescence tracks the overall folded state; 4 pecause no data positively identify regions of-P8
of the RNA at equilibrium (Figure 2 and réD), we conclude 5t would support model 1, we currently favor the nonspe-
_that this tetraloop—mdependent rate-determining folding step ific collapse model (model 2) for P46 folding. However,
involves global tertiary folding of the RNA. Thus, the tetra-  he gata are not conclusive either way, and at least two lines
loop—receptor interaction does not direct the Mgnduced of future experimental inquiry may be fruitful. First, inves-
folding of_P4—P6, but instead acts to clamp th_e RNA_closed_ tigation of the J5/5a hinge region and other parts of P8
once folding has ended. These data are the first to differenti- 5,14 e undertaken to seek tertiary contributions to the
ate between the thermodynamic and kinetic contributions of folding kinetics. Second, it would be worthwhile to search

a GNRA tetraloop-receptor motif to RNA folding. experimentally for a collapsed intermediate for-f5 itself,
The use of the “local” fluorescence probe U107-pyrene ;. oqdition to large multidomain RNAS4—37).
to monitor “global” P4-P6 RNA structure has been well-

documented20—22). It is important to note here that the coNCLUSIONS
stopped-flow kinetics are entirely>©5%) monophasic for
each modified RNA that was examined, even for those with By a combination of nondenaturing gel electrophoresis and
substantial ground-state thermodynamic perturbations due toequilibrium and stopped-flow fluorescence spectroscopies,
insertion(s) into the tetraloop. This strongly suggests that athe GAAA tetraloop-receptor motif of the P4P6 RNA
common folding transition is being observed for all-H26 domain has been shown to contribute much more strongly
variants, including those with even substantial thermody- to Mg?"-dependent thermodynamic stabilization of the
namic perturbations, and that multiple folding pathwa#® (  folded state than to stabilization of the transition state for
are not complicating the observations. Mg?*-induced folding. Thus, the main role of the tetra-
Relationship of the Obseations to Models of RNA  loop—receptor motif, at least in this RNA, is to maintain
Folding. The observations presented here may be consideredhe RNA structure clamped in its folded state, not to direct
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the folding process. These data are the first to distinguish 18

the

kinetic versus thermodynamic contributions of a very

common RNA tertiary structure motif, the GNRA tetraleop

receptor. The results have been related to alternative models

for Mg?*-induced folding of the P4P6 RNA domain, and

they suggest specific experiments for discriminating between 20.

these models.
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