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ABSTRACT

The thermal stability of folded transcripts of the td
intron of bacteriophage T4 that carried up to three
base substitutions was investigated by temperature
gradient gel electrophoresis (TGGE) and UV melting.
The unfolding of this autocatalytic group | intron is
endothermic and entropically driven. Although the
effects of mutations in base pairs follow in most
cases the expected order G-C>A-U>G-U>A-C, the
extent of global destabilization varies strongly
according to the helix in which substitutions are
located. Effects are more pronounced in the P7 helix
which forms, together with the P3 helix, the central
pseudoknot of group | introns. The stability of the
tertiary fold was also monitored as a function of ionic
concentration and of the nature of the ion. At low
ionic strength, the stabilizing effect of divalent ions is
independent of the nature of the ion. However, with
increasing ionic concentration, stabilization is most
pronounced for Mg 2* and less for Mn 2* with Ca 2* having
intermediate effects. Ammonium ions stabilize folding
with a similar slope, but at concentrations about 400
times higher than divalent ions. The apparent
enthalpic change associated with the tertiary structure
thermal unfolding increases strongly with increasing
concentrations of divalent ions. A similar increase is
observed with the monovalent ammonium ions. How-
ever, in the presence of NH ,* ions, the apparent
enthalpy peaks at 2.0 M and decreases beyond.

INTRODUCTION

While large-scale studies of the thermodynamics of RNA
secondary structure formation in model compounds are available
(8), much remains to be learnt about the thermodynamic
aspects of tertiary structure formation in large RNA molecules.
Within a hierarchical approach to RNA folding (9), the helices
belonging to secondary structure (defined as composed of con-
tiguous Watson—Crick base pairs) form first. Then, in a second
step, remaining unpaired sections (single-stranded and loop
segments) organize the tertiary contacts allowing the self-
assembly of RNA three-dimensional architecture. The simplest
demonstration of a well-defined, stable tertiary structure is
provided by UV melting curves, as already shown for tRNAs
(10,11), a fragment of ribosomal RNA (12,13), several group |
introns (14-16) and a group Il intron (17,18). In the cases
investigated (reviewed in 19,20), melting experiments usually
revealed two well separated transitions; the first one—occurring
within a small temperature range and therefore considered as
very cooperative—was attributed to the melting of tertiary
structure, while the other, generally broader one was regarded
as reflecting the disruption of secondary structures at higher
temperatures. For group | and group Il introns, the temperature
of the first transition coincides with the temperature of inactivation
and direct evidence as to the physical origin of observed trans-
itions was obtained by chemical modification and activity
measurements (14,15,18). A majority of the residues affected
in their accessibility to chemical modification during the major
initial transition were found to be in single-stranded segments,
as would be expected for the unfolding of most if not all of the
tertiary structure. However, part of the P3 and P7 helices,
which constitute the central pseudoknot of group | introns, are
found to melt before the rest of the secondary structure, con-
comitantly with the loss of tertiary interactions (15). Indeed,
the P3-P7 pseudoknot, because it involves distant segments of
the molecule, is unlikely to form before much of the secondary
structure has already come into existence. Zarrinkar and

Despite a uniformly charged backbone, complex catalytidVilliamson confirmed thatjn vitro, P4 and P6 are formed
RNAs, such as group | introns, possess a well-defined, stabkarlier than P3 and P7, the formation of which coincides with
tertiary structure in the presence of magnesium ions (1-3). Thiése rate-limiting step for activity (21).

three-dimensional architecture of group | intron molecules is Previous work on group | introns showed that their overall
composed of two main structural domains, P4-P5-P6 and P3hermal stability could be altered by changing a single or a few
P7-P8, that form, by proper association, the active site of thaucleotides involved in long range tertiary interactions (15,22).
ribozyme (4-6). Further details about the architecture of groun this study, we develop further this approach by quantitatively
| introns have now become available with the recentinvestigating the destabilizing influence of specific base-pair
publication of a medium-resolution crystallographic structuresubstitutions, located in helices, on the thermal stability of the
of the entire core of th@&etrahymenantron (7). td group | intron. Our approach is purely thermodynamic and
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the questions we ask pertain to the role of given helices anc Aua,
divalent and monovalent ions in the stability of the global u ou
tertiary structure. With the aim of investigating the relationship Aot
between the extent of destabilization caused by a base substitutic g-c Po1
in a helix and its location, mutations were introduced in the P9 950 po Y m;'l'J;, P9.2 o
and P6a pairings, as well as in the two helices, P3 and P7, the riiiiiiiiiiiiiiiiiiiiigAcauGEAG gg@g;,g&;““ A
constitute the central group | pseudoknot (Fig. 1). Since diva- :: UgGUACGUC 9elALUS . o
lent ions are necessary for RNA folding, the contributions of ! A G v
three divalent cations, Mgy C&* and Mr?*, to the stability of B L praamieda
the td group I intron were also investigated and compared to  ::u’ e P9.0a A4 G --- Cenno ||
the stabilizing effects of the monovalent ammonium ions. Further, =3 g'*;,5 > — = ¥
because a conformationally homogeneous RNA population is A-U_ e A | v
S H H H H : o C, uu U- oS - G
prerequisite for quantitative interpretation of UV-melting ... ¢ oA it ~|J Agim 200
experiments, different nucleotide sequence variants otdhe Ay Gelg CFG geC-Gry c-g P72
intron were also analyzed by temperature gradient gel electro c-G e . * - s
phoresis (TGGE). P4 C-G s C-g P7 &1 GoA o
geigt U ™ G, Al
TE . E. : A/ ><':‘ oA
MATERIALS AND METHODS l >< sipel) K .. |
LIS A b
DNA constructs iﬁl}f:'-'%”; Al - : b‘-’d.n ea
* ’ G = A0 sl
Thetd-derived ribozyme used in this work is described in (23). FOY A G : ﬁpc “uu®
Nucleotide substitutions were introduced by standard muta- %, . T wec.n P3
genesis procedures (24). All constructs were verified by u-a G-CUUGUAHGAAU-A
i ; ; pea G°C U-A
sequencing the entire length of the insert. U-a A
A -U |-
In vitro transcription, RNA purification and renaturation kS A~ Iﬁ P2 a-a
S zneh = U -
DNA templates were generated by PCR using the following gf:;_; o E?
primers: 5-ATTTAATACGACTCACTATAGAATCTATC- U s Geeso T PO A -Usizo P8
TAAAC- 3' (T7 promoter underlined) defines the 5' extremity el -
and 5-TGTTCAGATAAGGTC-3'the 3' extremity. RNA synthesis ' A G
was as described in (15), except that higher concentratior Ayt
ratios of magnesium ions over nucleotides were used during
transcription by T7 RNA polymerase. Figure 1. Secondary structure model of thiegroup | intron of bacteriophage

All transcripts were purified from acrylamide—urea gels.T4 (49), redrawn after (50). Heavy arrows point to splice junctions, exons are
Elution was in 10 mM Tris—HCI (pH 7.5 at 2&), 250 mM in lower case. Tertiary interactions are indicated by broken lines. Numbefring o

- : the intron sequence is according to (51). Nucleotides substituted in this study
NaCl, 1ImM NQEDTA‘ After passive elution, the volume of e in red boldface letters. The truncated ribozyme form of the intron used for

the _ﬁltered supernatant was prec;ipitated _in the_presence of 3 elting experiments begins with a surnumerous G (shaded) after the // symbol
sodium acetate. Pellets were rinsed twice with 70% ethan@k3). Asterisks indicate the position of the open reading frame that was deleted
before drying and resuspended in water. RNA concentrations the constructs used in this work (52). The junction between P7.1 and P7.2
were estimated from absorbance at 260 nm. follows the proposal of (53).

Each particular RNA to be renatured was incubated at a tem-
perature within its melting range for 10 min and then allowed

simple model. Our model assumes that each transition—
to cool slowly to room temperature (25) after 5 concen- tertiary structure unfolding on one hand and secondary structure
trated buffer was added. ry g ry

unfolding on the other—is a continuous process over a given
UV melting curve analyses temperature range during which a folded population unfolds.
O\%e therefore deconvoluted the derivative curve assuming that

Samples were adjusted to an approximate absorbance of 0.25 eh transition follows a gaussian distribution G(TeSTm).

50 mM NaCacodylate (pH 7.5), 50 mM N8I and the appro- : L
priate concentrati%n of(trr)\e ion )studied. Sl\émples were %ggassghthe dA/dT versus T_representanon, each transition is param-
under vacuum prior to collecting melting data. Absorbanc&tered by S, a correction factor for the surface of the gaussian;
was measured at 260 nm with a heating rate ofO/@inona O th(_a standard—dewatlon and Tm, the temperature where the
Uvikon 941 plus spectrophotometer (Kontron Instrumentsfunction reaches a maximum, a good approximation for the
equipped with two cells thermostated by a Neslab RTE 100nelting temperature. The theoretical profile is then written as
circulating bath coupled to a thermoprogrammer (Neslahe sum of the constitutive transitions:

Instruments). Data were collected from 30 td80at 0.05C _

intervals. Derivatives of absorbance versus temperature were Pealc ™ z G; (T:; o, Tm;)

generated using the locally weighted least squared error !

method provided by the Kaleidagraph program (Abelbeck To estimate the ;So, and Tm, the difference between the
Software) on a Macintosh computer. The thermodynami@xperimental and theoretical profiles was minimized by a least
parameters were derived as described in (25) assuming sguared error method in the Excel program.
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Calculated Tm values are based on nearest neighbor thermo-
dynamic parameters (8,26,27).

Temperature-gradient gel electrophoresis

TGGE experiments were performed essentially as previously
described (28). The instrument used was the commercially
available TGGE system (DIAGEN). Native polyacrylamide
gels (5%) containing 20 mM MOPS (pH 7.5) and 5 mM
magnesium acetate were set between one glass plate and a
GelBond film (FMC BioProducts). The hydrophobic side of
the GelBond film was in contact with the glass plate, the
hydrophilic side being covalently linked to the gel to avoid
deformation at high temperature. Gels were 1 mm thick. RNA
samples were renatured as described above. After renaturation,
wild-type and mutant transcripts were mixed if necessary and
glycerol was added to 10% final concentration. The gel was
loaded with 100-30Qul samples. It was then electrophoresed

at room temperature and low voltage to ensure entry of the E Y

1

sample into the gel matrix. After 30—-45 min of electrophoresis, i —
the gel was placed onto the pre-equilibrated aluminium plate ’ —
and covered with glass plates for thermal insulation. The o [WT AT i:Ug46iAS48]

temperature gradient was established perpendicular to the
electric field using two thermostated baths. In reference runs
the linearity of the temperature gradient used was tested inside
the gel by thermoresistors. The deviation from linearity was
checked several times to be*Cleverywhere in the gel. RNA
was allowed to equilibrate for 10 min and was then electro- i .
phoresed at 500 V for 1.5 h. The gels were visualized by silver 45 50 55 60
staining (29). To determine the transition temperature, the Temperature gradient (°C)
position of the midpoint of the transition was estimated and the
temperature obtained from the reference linear gradient.
Repeat experiments yielded transition temperatures withifigure 2. Perpendicular TGGE-melting profiles of variotdsgroup I intron
+1°C of one another. transcripts. A) Wild-type td group | intron transcript. §) Wild-type and
single substituted C873U mutantC) Wild-type and double-substituted
A871:U946 mutant. @) Wild-type and single substituted G948A mutant.
RESULTS (E) Wild-type and triple-substituted A871:U946 and G948A mutaf.Single
substituted G89A mutant. For this mutant, in addition to the main band and the
Monioring of the conformationaltransiions of t P e Ly
ribozyme transcripts by TGGE other mutants. Electrophoresis was performed in 20 mM MOPS-KOH

. . pH 7.5 at 28C), 5 mM Mg(OAc), as described in Materials and Methods.
TGGE (28) ofa sample of RNA molecules makes it pOSSIble térhe arrow heads point to the melting transitions. The arrow indicates the sense

detect the presence of multiple conformers and to estimate thg migration.
thermal stability of each of them in a single experiment. A

continuous temperature gradient is applied perpendicular to the
direction of migration in a non-denaturing gel, so that temperature?-

In the TGGE profile of a mixture of wild-type and, in the
elix P7, singly substituted C873U mutant molecules
Fig. 2B), two bands can already be distinguished at the lowest
temperature of the gradient, which shows that the two trans-
cripts have distinct conformations. Since the slower migrating
wild-type td intron molecules run as a single band at low tem-band merges with the Othef one at the temperature expected for
perature, indicating the presence of only one major conformef1® Main monophasic transition of the wild-type RNA (compare
At higher temperatures the RNA undergoes a monophasi'(::'g' 2B with A), it can pe concluded thgt the moIepuIes in that
transition, seen as a shift in mobility, with a Tm valils6°C. band already lack most if not all of the wild-type tertiary structure
This value coincides with the Tm of the first peak in absor-at low temperatures. In contrast, another substitution in helix
bance melting profiles of the wild-typtel molecule (see below P7 (G871A-C946U) results in a wild-type-like migration
and Fig. 3) and, accordingly, we interpret this transition agxcept that the transition is shifted towards lower temperatures
reflecting the cooperative melting of the three-dimensionaWvith a Tm value close to S& (Fig. 2C). The assignment of a
structure of thetd intron. Because the observed transition isband to mutant molecules was confirmed by running the same
continuous, the process it visualizes must be reversible und&@nscript separately on another gel (data not shown).

the conditions of electrophoresis (30). As expected from the In Figure 2D, the TGGE profile of a mixture of wild-type
presence of magnesium ions, a smear caused by RNA degmaolecules with transcripts carrying a single substitution
dation becomes visible around €D (G948A) in helix P9.0a is shown. A clear difference in the

induced structural transitions can be visualized as spatiall
localized changes in electrophoretic mobility.

In Figure 2A, the TGGE profile of the wild-typtd intron
transcript is shown from 40 to 7C. Under these conditions,
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higher-order stability of the two RNA species is apparent in
this temperature range, since the Tm of the mutant transcript
(49°C) is Or°C lower than that of the wild-type. Interestingly,
a diffuse slower migrating band is observed at low tempera-
tures, suggesting the presence of more than one conformer.
Conformational inhomogeneity has similarly been invoked to
account for the incomplete reactivity of molecular populations
of the closely relatedsunY intron (15,31) and was also
observed on native gels by Emerick and Woodson for the ] 5 :
Tetrahymenantron (32). 0,01 Joreeresglimnnlh = ;
Figure 2E shows the TGGE profile of a mixture of triple- PV Helix P7
substituted G948A/G871A-C946U mutant transcripts, disrupting a : . . -
P7 and P9.0a simultaneously, and wild-type molecules. As in i
Figure 2C, the significantly different shapes of the wild-type
and G948A/G871A-C946U bands result from the lower thermal
stability of the mutant molecules, which have a Tnidf7°C.
Interestingly, comparison of Figure 2C, D and E suggests that
at the resolution of the gel, the mutations A948 and A871-
U946 have additive effects. The TGGE profile of the G89A
mutant (Fig. 2F) also reveals a dominant band with a transition
around 52C. However, a minor, very slowly migrating band is
also observed at lower temperatures. The molecules in this
band, which disappears around62could result from the partial
dimerization of the intron. Indeed, in TGGE experiments, the
RNA molecules are allowed to assume their equilibrium
conformations at each temperature of the gradient before
application of the electric field and, thus, a discontinuous
transition points to strand separation (30). More specifically,
we suggest that dimerization results from the partial destabil-
ization of the P6a element and involves the L6a loop. Formation
of a helix between two intron molecules would implicate the
imperfect palindrome GCCCGGGU. By using the thermo- 5 H
dynamical data provided by Serra and Turner (8), we calculate Sm—
for this intermolecular helix a Tm of 3& and this value agrees : | i Helix P9
well with our experimental data (assuming a concentration - —— - ; —
similar to that used in UV melting experiments, see below). "D ] b
To summarize, bands tend to be fairly homogeneous in most
of our TGGE profiles (<10% of the material in smears) until
[B5°C. In most cases, a single band is observed at low temper-
atures, just as expected for a population of molecules dominated
by a single conformer, a situation ideal for conducting UV
melting experiments.

WT GET1:0048
— CHT G D4G

T Y| —— an7iU4E
—— T S46G
— AAT1ICE4E
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Probing individual interactions by UV absorbance versus
temperature curves

= i Helix P6a
Monitoring of UV absorbance as a function of temperature has S AR AARAY RAAES RAARN RARAY LAALS RAREA AR
been used to follow the overall unfolding of several group | ke :‘E‘C} N
introns under a variety of conditions (14-16,33). When
wild-type transcripts are heated in a buffer containing 5 mM_ _ _ _ _ ,
MgCIz, an initial unfolding transition is observed to give rise to Figure 3. Melting curves for varioudd group | intron transcripts. The first

. . . L rivative profiles (dA/dT) are shownAj Melting profiles of the wild-type
amajor peak in the first-derivative absorbance versus temperatug d various mutants affecting the P7 pairirig) Melting profiles of the wild-

profile (Fig. 3). The width of the transition suggests a highlytype and various mutants affecting the P3 pairii@). Iflelting profiles of the
cooperative process. Similar early occurring and highlywild-type and various mutants affecting the P9 pairii). ielting profiles d
cooperative transitions were observed for fhietrahymena the wiId-ty_pe and \{arious mutants affectir_lg the P6a pairing. Derivative absorb-
(14) andsunY(15) group | introns and shown in both cases toggfg),’g‘gtmﬂ ﬂf;g?zr‘:‘éegemdﬁt&'gqc'?w in 50 mM NaCacodylate (pH 7.5 at
reflect the disruption of the three-dimensional structure of the
molecule.

In order to assess the contribution of various helical elementéie central group | pseudoknot, whereas the last two may be
to the global stability of thed intron, we chose to introduce considered as classical secondary structure pairings. The
substitutions in the P7, P3, P9.0a, P9 and P6a pairings. Thautant G948A in P9.0a, already characterized (15), was used

first two pairings correspond to the two constitutive helices ofas an internal reference. In all instances, destabilizing a single
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Table 1. Thermodynamic parameters calculated from absorbance versus temperature?profiles

Element Mutation Tmx0.2°C) ATm (°C) -AH? (kcal/mot?)  -AS (e.u.) AGY; (kcal/mot) AAGY,P (kcal/mot?)
P7 G871-C946 (wt) 55.2 / 154 469 -85 /
C871-G946 53.9 1.3 152 465 -7.8 0.7
A871-U946 52.6 2.6 146 448 -7.0 1.5
G871-U946 54.6 0.6 126 384 -6.9 1.6
A871-C946 49.5 5.7 103 319 -4.1 4.4
P3 A42-U912 (wi) 55.2 / 154 469 -85 /
G42-C912 55.1 0.1 164 499 -9.2 -0.7
G42-U912 53.5 1.7 126 385 -6.6 1.9
A42-C912 54.3 0.9 121 369 -6.6 1.9
P9 G953-C966 (W) 55.2 / 154 469 -85 /
A953-U966 54.3 0.9 158 482 -85 0.0
G953-U966 54.4 0.8 169 516 -8.9 -0.4
A953-C966 51.8 3.4 173 532 -8.0 0.5
P6a G89-C854 (wt) 55.2 / 154 469 -85 /
A89-U854 54.0 1.2 154 470 -8.2 0.3
G89-U854 53.4 1.8 165 505 -8.4 0.1
A89-C854 50.6 4.6 169 522 -6.6 1.9

aSee Materials and Methods.
PAAGY;, = AGY(mutant) -AG%(wild-type).

Watson—Crick pair results in shifting the first melting transition to AT3=AT +AT,
lower temperatures and starting with a G-C pair, relative (__ZE—W
extents of destabilization are typically as expected, with molecule |<—AT>=
carrying an A-U usually being less destabilized than those witr |<—-L|
a GeU pair, which tend in turn to be more stable than A-C P!
mutants (Fig. 3). However, the effects of a given type of sub- ]
stitution are strongly dependent on the helix in which it is 0.05 3
located. For instance, while mutations affecting the P7 paii
(which binds the guanosine cofactor of group | splicing) are 0.04 J
already among the most destabilizing ones (Fig. 2), the C873L g ]
mutant in the middle of the same helix is even more severely 0.03 3
affected, to the point that there is no discernable peak corres 3 ] .

ponding to the melting of the three-dimensional structure. 002 7 il
Interestingly, even replacing the G-C base pair that forms the ] e -—:’L:‘"‘""“’G‘“
G-binding site in P7 by a C-G pair is slightly destabilizing. In 001 s T asrivess
comparison with P7, mutations in the other helix of the core ] o memnee ABTI:USAEIAD4E
pseudoknot, P3, have less severe effects and their melting profile s a0 a5 s0 e e e
are more comparable to those of mutations in P9 and P6: T(C)

Three mutants exhibit a complex melting profile. The U912C

mutant in P3 and the C946U mutant in P7 show an additional

early transition around 4Z, suggesting the presence of Figure 4. Additivity of the effects of mutations affecting long range inter-

. - . actions in thed group | intron coreAT,; = Tm(wild-type) — Tm(A871U946)AT, =
another RNA population with a less stable fold. A third mutant,; i type)—Tm(Go48A) andiT, = Tm(wild-type)—Tm(A871U46/GIAEA).
A89-C854 in P6a, exhibits a twin-peaked transition with Tm
values of 51.4 and 55%€; we checked that varying the RNA
concentration does not change the relative amplitudes of thedependent from each other. The derived thermodynamic
two peaks and concluded that none of them can be attributed tmrameters are given in Table 1.
the postulated dimer. Finally, we showed that some mutations . . .
have additive effects (Fig. 4): combining an A-U pair at the -Effects of cations on the unfolding of tertiary structure
binding site with an A+C one in P9.0a shifts the major peak byMagnesium ions are known to stabilize group | intron tertiary
roughly the same amount as the sum of the individual shiftsstructure so that reducing or increasing their concentration
indicating that mutations at those two sites have effects on stabilitgsults in shifting the early transition towards lower or higher

0.06
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Figure 5. Stabilization of the wild-typed group | intron transcript by MY in A A
the 2-10 mM range. Derivative absorbance melting profiles were determined 000310 ]
in 50 mM NaCacodylate (pH 7.5 at 26), 50 mM NH,Cl and various concen- ' 1 " ] i
trations of MgC}. - 1 . A
g’ 0.00305 ] A“
g 0003057 [
S - ' ay
temperatures, respectively (14,16). In order to quantitatively ] T- . L
estimate these effects] intron transcripts were submitted to 0003007 .
UV melting experiments at different ionic concentrations. ] ! l
Figure 5 shows that when the concentration of magnesium wa: 000295 -] T .
varied, the initial transition was shifted by approximately€5 1 10 100
by going from 5 to 2 mM Mg* and by +5C by going from 5 to Magnesium Ion ct ation (mM)

10mM Mg?*. It may also be noted that the cooperativity of this
transition decreases at low magnesium concentrations, in line _ _ _
with previous observations on other RNAs (10,14,17 19)F|gure 6. Dependence of Tm on divalent cation concentratiéy).1/Tm as a
H f if hel Li ! ’I S function of ionic concentration for the three-dimensional melting transitfon o

owevgr, a eaturg speci |(-:.to thd group !ntron me tmg. the wild-typetd group I intron in the presence of the divalent M¢square),
profiles is that the first transition, corresponding to the meltingcz+ (circle), Mr?* (open triangle) and monovalent \H(closed downward
of the three-dimensional structure, becomes distinct only &tiangle) cations.B) 1/Tm as a function of log [M#] for the three-dimensional
Mgz+ concentrations >2 mM. In contrast to the effects OfZMg melting transitions of the wild-typéd group | intron (square) and its mono-

: - : substituted G948A mutant (closed upward triangle). Melting experiments were

on tertiary unfolding, the broad peak centered arountiCr2 co. cied in 50 mM NaCacodylate (pH 7.5 at@h 50 MM NHCI
(which corresponds to unfolding of secondary structure elements

remained essentially unaffected.

The dependence of thiel intron melting temperature on e enthal
. . N py (11,12,34). The apparent enthalpy of lowest
Mg?* concentration up to 40 mM is shown in Figure 6A. The o nerature transition is 127 keal/mol with 5 mMZa con-
curve exhibits an inflection point around 10 mM, the slope of

th b ing | ¢ b d thigha trati trast to 150 kcal/mol at the same ktgoncentration, further
€ curve becoming fess steep beyond thisfégncentration. uggesting that th&l group | intron tertiary structure chelates

The dependence is, however, approximately linear over the %gﬁ ions in specific ways

10 mM Mg?* range. Figure 6A also shows the differential . : o

effects of Mg*, C&* and Mr?* on the stability of thed intron. We wished to find conditions under whidtl intron trans-

) ) ) . . 2
It is clear that the divalent cations differ in their eﬁ‘ectivenessCrIptS fold into their tertiary structure in the absence of“¥g

at stabilizing the intron, with the order being ftigCa>Mn2+  '0NS, SO that interactions with Mgions could be studied
(data for Mr#* over 15 mM were judged unreliable due to !ndependently of _foldlng reactions. We_ therefore me_ltdd
significant RNA hydrolysis at high temperatures). At ion intron transcripts in buffers with increasing concentrations of
concentrations below 5 mM, the slopes of the three curvedH4Cl- A new transition appears at ~#5when 0.5 M NHCI
appear identical. However, their inflection points are differentiS réached. This transition, sharp and well resolved from the
10 mM for Mg2*, 7 mM for C&* and 6 mM for Mi#*. The  higher-temperature unfolding transition, was attributed to the
difference in thermal stability between the wild-type and thetértiary structure unfolding. Because EDTA was included in
G948A mutant observed at 5 mM Nitconcentration (Fig. 6B)  the purification of the RNA, we exclude that contaminating
is confirmed by the analysis of their melting profiles at otherdivalent ions are responsible for folding in these experiments
Mg?* concentrations: upon addition of Mfg both RNAs are  (Materials and Methods). So, whilé intron transcripts appear
stabilized to the same extent. The data suggest that divalettt adopt a folded tertiary structure in the absence of divalent
ions, especially Mg, are binding specifically to sites present ions, a much greater molar concentration of Nlkbns is
only in the folded state (34). A likely explanation for strong required to observe the same extent of stabilization as can be
linear increase in the apparent enthalpy of the transition ovesbtained with Mg* ions. For instance, the same extent of
the M¢?* range considered (Fig. 7; Table 2) is that ¥Mgpns  stabilization obtained at 1.5 M NHis achieved with a 375-
help organize the intron structure into a form with more negafold lower concentration of M& ions. The enthalpy of the
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Table 2. Melting temperatures a@rapparent emlpies d transtion cdculated from soance versus temperature pres as duncton o
ionic concentrations of three different ions

lonic concentration (mM) Mg ca* Mnz*
Tm (°C) AHapp (kcal/mol) TmqC) AHapp (kcal/mol) TmqC) AHapp (kcal/mol)
2 50.7 62
3 52.4 89 51.1 89 49.9 99
4 53.9 118 53.1 110 51.5 105
5 55.6 150 53.9 127 52.4 138
6 56.7 176 55.1 162 53.1 128
7 58.0 181 55.9 147 53.5 140
8 58.7 215 56.3 142 53.8 151
9 59.5 198 56.5 171 54.0 145
10 60.4 216 56.8 158 54.2 162
15 61.8 217 57.5 180 54.6 171
20 62.7 261 57.9 209
30 63.8 257 58.0 202
40 64.8 274 58.2 222
300 . . Table 3. Melting temperatures and apparent enthalpies of
] E ; ] g;s? transition calculated from absorbance versus temperature profiles
L 4 +
250 -] .y : Mn2+ as a function of ionic concentrations of ammonium ions
9 v NH4+
'Tg 20 ] s INH,*T (mM) Tm (°C) AHapp (kcal/mol)
§ ] 500 45.1 68
< ]
2 15 1 600 47.1 68
£ ] vy 700 49.0 81
< 9 v v
100 ] 4 ! 800 50.4 92
] VV
] ' ea) 900 50.6 104
50 g 1000 51.3 113
1 10 100 1000
lonic concentration (mM) 1500 53.6 132
2000 53.6 136
2500 51.4 121

Figure 7. Dependence of the apparehl on ionic concentration. Melting
experiments were conducted in 50 mM NaCacodylate (pH 7.5 a€Rs
50 mM NH,CI and various concentrations of additional ions: ¥M¢square),
Ca* (circle), Mr#* (open triangle) and Nii (closed triangle).

It was therefore necessary to complement UV melting with a

method that allows us to check conformational homogeneity
transition shows about the same dependence on the log of i@hd also provides qualitative diagnostic information about the
concentration for monovalent and divalent ions (Fig. 7 andtability of the molecules under study. We thought of the
Table 3). However, with monovalent ions, the apparenff GGE method since it allows us to monitor gel mobility as a
enthalpy peaks at 2 M and then appears to decrease (no poffitect function of increasing temperature. The method was
could be obtained above 2.5 M due to RNA precipitation).  initially introduced to analyze the conformational transitions of
double-stranded RNA (28). During the course of this work,
TGGE was applied to the study of single-stranded RNA
DISCUSSION (35,36) and to studies of tertiary structure in tRNAs (37) and
In this work, two different approaches have been applied to théhe P4-P6 domain of thieetrahymenaibozyme (38). We have
study of thermal unfolding of the Tel ribozyme—TGGE and extended TGGE to the analysis of the melting behavior of
the monitoring of UV absorbance. Because the informatiorsequence variants of thd group | intron that have the same
provided by UV absorbance is averaged over all structuresize as the original molecule but differ from it by one to three
present in solution it is important that the initial, undenaturedbases. We find that the analysis of RNA transcripts by TGGE
sample be composed of homogeneously folded molecules ia a good complement to UV melting curves, especially since
order to extract thermodynamic data from UV melting experimentdwo different mutants (or even more) can be applied to one and
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the same gel and thereby compared under exactly the sartiee latter interaction is regarded as a typical tertiary long-range
ionic conditions. Moreover, TGGE is easy to implement usingone, it is the P7 helix, rather than the P3 helix, that is best
a commercially available gel electrophoresis instrumentyiewed as resulting from tertiary interactions.
consumes little RNA (even when unlabeled RNA is used, only Morerover, different positions within the P7 helix are not
~100 ng are necessary for one run) and there is much freedosaguivalent. In the case of the guanosine-binding site (G871-
in choosing the buffer conditions. C946), base substitutions appear to have moderate global
. . oo . . structural effects, since all mutants investigated exhibit a
Assessing the energetic contribution of single nucleotides  yigtinct peak attributable to the melting of the tertiary structure.
The thermal unfolding behavior of RNA rapidly becomes aln the case of th&etrahymenaroup | intron, direct structural
complex problem as the size of the RNA increases. In the pastudies using Fe(ll)-EDTA failed to reveal any difference
ticular case of group | introns, although the identity of secondarpetween the wild-type and mutant ribozymes (40). In contrast,
structure elements is now firmly established (reviewed in 39)the C873U mutant RNA generates no discernable absorbance
it is not yet possible to estimate their exact contribution to theehange that would correspond to the melting of tertiary
global structure. The same is true of the central pseudoknasiructure (data not shown). This mutant can therefore be
whose energetic contribution to the overall fold remains to bessumed to have no structured three-dimensional folding, or
measured even though it is known to be essential for activityelse to have difficulty in forming a conformationally homo-
We introduced base substitutions in two peripheral helices angeneous population. However, under the resolution of the
in the two helices P3 and P7 which constitute the group I introd GGE method, the mutant molecules migrate as a single band
pseudoknot. The two peripheral helices we chose to mutate amder conditions that ensure native folding of wild-type
present in a majority of group I introns, but differ in that P9 ismolecules, and that band remains parallel to the dyes, so that it
involved in a tertiary contact by its terminal loop, whereas P6seems reasonable indeed to assume that this mutant has lost the
is not. ability to adopt a native three-dimensional fold.

It appears that mutations in P6a are affecting both the peak The U912C mutation in P3 and C946U mutation in P7 do not
corresponding to the melting of the three-dimensional structureesult in a significantATm as far as tertiary structure is
and the section of the melting profile that corresponds teoncerned, but the presence of additional peaks centered
secondary-structure pairings. The observation that disruptioaround 41 and 4&, respectively, may indicate that only a
of the P6a helix influences the temperature of the initialfraction of molecules carrying these mutations fold correctly.
unfolding transition may be due to the fact that even a singleh light of what is currently known of group I intron folding, it
base substitution within a helix can bring the melting temperaturis tempting to propose that these mutations somehow impair
of the helix near the temperature range over which tertiarghe formation of the kinetic folding unit constituted by the P3
structure is lost. Comparing the effects we observed with thand P7 helices (formation of P7-P3 is a determining step in the
ones estimated using Turner’s thermodynamic data suggesisquisition of the native fold; 21,41,42). These single mutations,
that this is indeed the case. Replacing the G89:C854 base pitidependently of their effect on the stability of the native
in P6a by an A:U or G-U base pair is calculated to decrease ttaéructure, probably alter the pattern of folding in such a way
Tm of the helix by 6.3 and 12°C, respectively, which could that some molecules become trapped in alternative confor-
altogether explain the shoulder visible on the initial transitionmations (43,44).
and modification of the secondary structure massif. On the.. . . . .
contrary, predicted Tm values for the P9 helix variants stai)n‘fe_r.enual effects of divalent cations on tertiary structure
strictly above 71C, which is far above the Tm of the three- stability
dimensional fold. Therefore, the destabilizing effects of theAlthough the importance of divalent ions, and particularly
G953A mutation in the P9 helix are best attributed to an indiredMg?*, for group | intron structure and function is widely
effect on the geometry of the the L9:P5 contact, which isecognized (45), there have been relatively few thermo-
important for stabilization of the tertiary structure (22). dynamic studies of their overall contribution to group | intron

Helices P3 and P7 have in common that their individualktability (14,16,33). Thed group | intron is suitable for such
strands are located relatively far from one another on théwvestigations because its tertiary unfolding transition is well
sequence of the intron and that they cannot be simultaneoustigsolved from the higher-temperature (secondary structure)
included in a planar tree-like representation of the group broad unfolding transition.
intron secondary structure, i.e. they form a tertiary motif called As observed for other group | introns, the first transition,
a pseudoknot. Formally, of the two helices constituting acorresponding to the melting of the tertiary structure, is
pseudoknot, one of them should be considered as belonging dependent on divalent cations. In the case ofttheatron, we
secondary structure and the other one to tertiary structuréound that when the Mg concentration drops below 2 mM
However, there is no a priori rule to tell which one is which. this transition is no longer seen. For the closely relatedY
Our results suggest that P3 and P7 are not equivalent fromiatron, Michel and coworkers observed complete precursor
thermodynamic point of view. Analysis of Table 1 reveals thatranscripts to become active between 2 and 3 mM*NRL). In
all but one of the mutations in the P3 helix result in Tm shiftslight of the present work, it is reasonable to suppose that in that
that are actually lower than the ones observed for classicatudy no catalytically active tertiary structure was present
secondary structure helices. In contrast, mutations in P7 bp2der 2 mM Mg*.
appear to be the most destabilizing ones. For example, theWhen comparing divalent ions with one another, we found
ATm (-5.6'C) that results from an A-C mismatch is similar to that, with increasing ion concentration, stabilization is most
the one caused by introducing the same mismatch in thpronounced with Mg and least with M#A", with C&* being
isolated P9.0a Watson—Crick base-paifih = —6.5C). Since intermediate. On the basis of metal ion supplementation
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experiments conducted on the L-3td ribozyme (46) and the  13.
catalytic RNA subunit of RNase P (47) two distinct classes ofl4:
metal binding sites were postulated: structural sites and tho
more directly involved in catalysis. These authors showed thajg
Ca* can reduce MY and Mr#* requirements for occupation of 17.
structural sites, while these latter ions are the only ones
efficient for catalysis by these ribozymes. UV cross-linking 18-
experiments further support the conclusion that*@ad Mr¥¥,
as well as M@, can stabilize a specific RNA structure in a
group | intron (48). The order by which the divalent cations 23,
stabilize the tertiary structure of thid intron is in full accor-  22.
dance with the order of preference for the structural siteg3:
defined in previous works (46-48). However, Celander and*
Cech observed that the tertiary structure of Tregrahymena
intron, when stabilized by G§ is not quite as compact as the 25,
one stabilized by Mg (2). 26.
The studies presented here demonstrate that the introduction
of base changes within helical stem regions may hav
profound effects on the structure and stability of transcripts of,g
thetd group | intron, especially when these substitutions affectg.
the central pseudoknot, whose P7 helix appears to be crucial
for stability. Derivation of the thermodynamic parameters 30
associated with tertiary folding demonstrates that this proces
is enthalpically stabilized and has an unfavorable entropic
term. The selectivity for M indicates that there is a site- 32.
specific component in the further stabilization of tertiary 33.

structure by Mg". gg
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