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ABSTRACT. The P5abc peripheral element stabilizes Tieérahymenaroup | ribozyme and enhances its
catalytic activity. Despite its beneficial effects on the native structure, prior studies have shown that early
formation of P5abc structure during folding can slow later folding steps. Here we use a P5abc deletion
variant (B*P%3b9 to systematically probe the role of P5abc throughout tertiary folding. Time-resolved
hydroxyl radical footprinting shows that*B>a*cforms its earliest stable tertiary structure on the millisecond
time scale~5-fold faster than the wild-type ribozyme, and stable structure spreads througlf6tfcia
seconds. Nevertheless, activity measurements show that the earliest detectable formation offative E
ribozyme is much slower~0.6 mim?), in a manner similar to that of the wild type. Also similar, only

a small fraction of EP5abcgttains the native state on this time scale under standard conditions’&t 25
whereas the remainder misfolds; footprinting experiments show that the misfolded conformer shares
structural features with the long-lived misfolded conformer of the wild-type ribozyme. Thus, P5abc does
not have a large overall effect on the rate-limiting step(s) along this pathway. However, once misfolded,
EAPSaberefolds to the native state 80-fold faster than the wild-type ribozyme and is less accelerated by
urea, indicating that P5abc stabilizes the misfolded structure relative to the less-ordered transition state
for refolding. Together, the results suggest that, under these conditions, even the earliest tertiary folding
intermediates of the wild-type ribozyme represent misfolded species and that P5abc is principally a liability
during the tertiary folding process.

Adoption of a specific three-dimensional structure for tRNA (8, 9) and has more recently been shown to be a near-
RNA is a complex process that typically involves the ubiquitous feature of folding for large, multidomain RNAs
formation and accumulation of intermediates. Most funda- (10—16).
mentally, this behavior arises because local RNA structure A wealth of information on folding steps and intermediates
can form rapidly and can be stable in the absence of has been obtained from studies of thetrahymenaroup |
enforcing long-range or global structure, allowing partially ribozyme. The ribozyme includes a core and several periph-
structured intermediates to form and accumulate. The stability eral elements that surround the core. Several lines of evidence
of RNA structure may lead, in general, to a hierarchy in its have indicated that one of the peripheral elements, termed
folding process, with global tertiary structure forming P5abc, plays a vital role in folding. Time-resolved oligo-
primarily from preformed units of secondary and local nucleotide hybridization and footprinting studies showed that
tertiary structure §). This folding behavior contrasts with  tertiary folding begins with P5abc, followed closely by the
that of many proteins, whose local elements of secondaryrest of the P4P6 domain2, 3, 17, 18) (Figure 1). The rest
and tertiary structure are unstable in the absence of the globaPpf the ribozyme then acquires stable structure through a series
fold of a subunit or domain and are therefore formed in of intermediatesZ, 3, 18), while P5abc and the entire P4
concert 6, 7). P6 domain retain structure in each subsequent intermediate.

This hierarchy may facilitate the folding of RNAs, as stable In addition to being the first subdomain to form, PSabc is

structure that forms early can provide a scaffold upon which :Ee Imost ft'a%'f part Oftth? nboz;(;rrtf, rr?'mham![ntg orderef[d at
additional structure is built. However, hierarchical folding € lowes concentration and the highest temperature

also introduces the possibility that incorrect structure will (19, 20). Consistent with the view of P5abc being F‘:" crlflcal
form and be stable, generating misfolded or “kinetically part of the structure, its deletion gives a ribozyméXe)
trapped” intermedia’Ees which require partial or complete that is substantially destabilized and has greatly diminished
unfolding to continue f'olding productively. Indeed, RNA catalytic activity @, 21), defects that are rescued by addlition
misfolding has been recognized since the early studies ofOf PSabe as a separate moleculk 22). Because of its

1 Abbreviations: DMS, dimethyl sulfate; EDTA, ethylenedinitrilotet-
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Ficure 1: Tertiary folding of theTetrahymenaibozyme. Double-stranded regions that do not have stable tertiary structure are shown as

gray cylinders, and regions that have formed tertiary structure are colored as follows. The core doménrtsaRd P3-P8, are purple and

red, respectively. The peripheral elements are P5abc (blue), P2/P2.1 (orange), and P9/P9.1/P9.2 (green). The species are separated by
multiple arrows to emphasize the fact that additional intermediates are formed but not shown for the sake of simplicity. There are also
additional pathways and misfolded species that are not sh®/rl8, 41) (see also Results and Figure 7).

stability and rapid formation of tertiary structure, P5abc was populated misfolded intermediate. Finally, we build on
proposed to facilitate folding by nucleating formation of the previous studies by showing that P5abc stabilizes the native
P4—P6 domain, which would then provide the scaffold for state relative to partially structured and unstructured inter-
the entire ribozyme3, 23). mediates, supporting previous results in providing a rationale
On the other hand, studies of folding kinetics called into for its presence in the natural RNA even if the deleterious
guestion the productive role of early P5abc folding. Several effects observed here are also present during folding in vivo.
mutations that weaken native structure within P5abc increase
the rate of formation of the stable tertiary structure within MATERIALS AND METHODS
the P3-P8 domain, suggesting that native structure formed
early within P5abc is transiently disrupted at a later stage of
folding (14, 24, 25), and similar mutations accelerate
refolding of a long-lived misfolded intermediate that is
formed by most of the ribozyme population during folding
(26; see also refsb, 27, and28). Further, the small fraction ) ‘ ;
of the ribozyme that avoids the misfolded conformation folds |2Peled at theSend as described previous§Q). Unlabeled
only slightly more slowly upon deletion of P5abt5j. RNA was quantitated spectrophotometricallys).

These studies indicated that under the conditions of these Time-Resaled Hydroxyl Radical FootprintingData were
experiments (10 mM Mg and <20 mM Na', “low-salt” collected on beamline X-28C of the National Synchrotron
conditions), the early formation of P5abc provides no overall Light Source (Brookhaven National Laboratory, Upton, NY)
benefit and even appears to slow folding steps involving the @s described previousl). The 8- or 3-3?P-labeled EP>a
ribozyme core. However, it remained possible that P5abc llbozyme was incubated in CE buffer [10 mM sodium
accelerated early folding steps, but the beneficial effect was cacodylate (pH 7.5) and 0.1 mM EDTA] and loaded into a
not detected because it was obscured by later steps that werKintek RQF-3 mixer positioned with a portion of its mixing
unaffected or slowed by P5abc. More recently, it has beenloop in the path of the X-ray beam. Folding was performed
shown that mutation of a tertiary contact within P5abc or at 42°C in 10 mM Mg for various times (from 10 ms to
addition of the denaturant urea to the wild-type ribozyme 180 s) before exposure to the X-ray beam (50 ms). Irradiated
accelerates even early folding steps, most simply suggestingsamples were precipitated with ethanol, resolved by 8%
that structure within P5abc is detrimental even early in denaturing PAGE, and visualized on a phosphorimager. Band
folding (29). intensities were quantitated using SAF34) with limited

To more fully understand the role of P5abc structure in RNase T1 digestions to assign bands.
folding, here we use footprinting and activity assays to  Fe(ll)-EDTA Footprinting 3?P-labeled BF%acribozyme
systematically examine early and late folding steps, compar-(20 000 cpmuL, <10 nM) was folded predominantly to the
ing folding of the wild-type ribozyme and the*B2variant misfolded conformation by incubation in 50 mM Na-MOPS
under low-salt solution conditions. Strikingly, we find that (pH 7.0) and 10 mM Mg" at 25°C for 10 min. P5abc was
deletion of P5abc accelerates even the early folding steps,then added, if desired, to a final concentration of 200 nM.
suggesting that, under these conditions, most or all of the Native ribozyme was generated by incubating the mixture
partially structured intermediates that accumulate are kineti- at 50°C for 30 min under the same solution conditions in
cally trapped. Further, although P5abc has little effect on the presence of P5ab83). For all reactionsY o volume of
the rate constant for native state formation along the sparselyFe(Il)-EDTA reagent was added [final concentrations of
populated pathway that avoids the long-lived misfolded 2 mM (NH,).Fe(I1)(SQ)2, 2.5 mM Na-EDTA, and 6 mM
conformation, it dramatically slows refolding of the heavily sodium ascorbate], and footprinting reaction mixtures were

Materials. RNA and DNA oligonucleotides were from
Dharmacon (Lafayette, CO) and IDT (Coralville, 1A),
respectively. Ribozymes were prepared as described previ-
ously 30, 31). Ribozymes were labeled at theaghd 3 ends
as described previousl3Q, 32, 33). Oligonucleotides were
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incubated for 10 min at 28C. Reactions were quenched 60 min-!
with 33 mM thiourea and 30% formamide and processed as Pg.2 P91 s 15
described above. GCGL::T}UGUUUAALJCAAG—GGUCGCCGAGGU AAC

DMS Footprinting Misfolded and native ribozyme were QA(;'U;“L Rty ey i e
prepared as described above. Footprinting was performed a A v 400 y Aughio A’
25 °C as described previously2§, 35) [2 uM ribozyme, A G';%AG \Poa 0 A
50 mM Na-MOPS (pH 7.0), and 10 mM Mggl Reverse w0t &€= LIITIT 7 |\ /
transcription products were separated via 8% denatur- psi-8 " O B A |
ing PAGE and quantitated manually using ImageQuant S5 mgsrﬂ'” A T
(Amersham). A I—

Measurement of Initial Folding Rates by Enzymatic * A Sga ;',
Activity. Tertiary folding was initiated by adding Mg c—g gzcP7 I
(typically 10 mM) under the desired conditions [25 or AEZ Q- a0 B 50 min- /
42 °C in 50 mM Na-MOPS (pH 7.0) or 10 mM sodium Pac—s U 40 min—" ®1s |
cacodylate (pH 7.5)]. Aliquots were “quenched”, i.e., blocked 1 )g 0.7s7 f@;j: g ]
from formation of additional native ribozyme, by being PEE G Aa z o U /P13
transferred to OC and adding 50 mM Mgy, 500 nM P5abc, N ?: g ) S-SP3 l!
and 500uM guanosine (see Figure S2 of the Supporting won s ‘ A 50%2:: M‘ 100 min-'y
Information). The fraction of native ribozyme was then 70 min-' &= %a 5 TN 25|
determined by addingP-labeled substrate (S%2 nM) and LT %TG 280 J'
following its cleavage. S* is bound by base pairing with the ’}G O S=S$ps I
native ribozyme and folding intermediates, but it is only y-a ¥ v-3 f
cleaved by the native ribozym@&g). Therefore, the fraction =0 psb v H
that is cleaved in a burst provides a good measure of the cZe “1 @ !
fraction of ribozyme present in the native st&28)( Cleavage P 4(;0 rlmn
reactions were quenched with 2 volumes of 70% formamide, . 0410 Yol ;‘ g @

100 mM EDTA, 0.1% bromophenol blue, and 0.1% xylene ~ v*“§54$Y4745144%  ocihuyuaa®y MR g0 min-
cyanol and analyzed via 20% denaturing PAGE, 30, 36). cupauacey ‘é""’“ UUARACEAVA 25
Data were fit by eq 1 100 in-! P2 300min-! P21

257! 5571

: _ okt o ket
fracion P*=A(1-e ™)t A(l1—e ™) (1) FicurRe 2: Time-resolved footprinting of ££52¢ribozyme folding.
Regions that undergo a change in exposure to hydroxyl radicals

whereA, is the fraction of the substrate that is cleaved rapidly are shown on the ribozyme secondary structure, along with the
corresponding rate constants, and are color-coded by rate constant.

with the rate constark;. The parameteh; was then plotted Colors are green for 150 min-i. orange for 40-150 mir1, and
f"‘ga'”St folding time in Flgure 3A) 1o prpduce the plots purple for <40 mirrL. The color scheme is modeled after that used
in panels B and C of Figure 3 (see Figure S2C of the previously for the wild-type ribozymesj. Regions marked with a

Supporting Information for full cleavage reactions). blue P are protected in the folded structure relative to the unfolded
Refolding of the Long-kied Misfolded Conformer of the  structure, and regions marked with a red E are enhanced in the
folded structure. Conditions: 4ZC, 10 mM sodium cacodylate,

EAPSabe RihozymeNative ribozyme formation was followed
by enzymatic activity, analogous to experiments described pH 7.5, and 10 mM MgCl
above except that here the low-temperature incubation is not i . L . "
used; folding is instead quenched by adding?M a final nd '°".‘9 lived m|51;ollded speme;*s{%(t)) min at 10hmM Mg |
concentration of 50 mM at 28C (26, 28, 33). The low- (Seff'g“re 5) and s expeé:te to be eg/en shorter at k:)wer
temperature quench is unnecessary because the misfolde %e dcogﬁgngﬁ}ggis)’sagcigsan;r'gog‘:’ |§2§?e:5a?£t (er
conformation is sufficiently long-lived that its refolding can . . b ]
. Additional Mg?" (50 mM) and P5abc (500 nM) were then

be arrested at higher temperaturg3)((The low-temperature
quench, although unnecessary, gives the same results withir added to restore catalytic activity, allowing determination
error: compare Figures 3C and 5A JF0C (from 200 NM 'S the fraction of native ribozyme present during the initial
to 1uM) was first incubated to generate misfolded ribozyme mcubathn Alter a 10 min mcubatlon to allow _P5abc binding
(25°C in 10 mM Mg for 10 min). The solution conditions ar_1d folding Of. unfolded_ ribozyme (predomma_ntly o the
were then changed if desired, and aliquots were blocked fromm'SfOl.ded SPecies, see Figures 3 and 7), 9“3”05'”9 was added

; ) X I to a final concentration of 500M and S* was added for
further refolding after various times by addition of 250 nM . . hed and mi d
P5abc, 500M guanosine, and 50 mM Mg at 25°C (33). é mln_.bRgactt;ons were quenched and mixtures processed as
S* was added for 1 min to determine the amount of native °coc 00 A00VE.
native ribozyme from the fraction of substrate cleaved pegyiTS

rapidly.
i Acceleration of Early Folding Steps upon Deletion of

Measurement of the Mg Dependence for Formation of
the Natve Ribozyme.EAP%3b¢ ribozyme (100 nM) was  P5abc.To explore the effects of P5abc on early folding steps,

incubated with Mg"™ (0—20 mM Mg at 25°C and pH we used X-ray-dependent hydroxyl radical footprinting to
7.0) for 2 h toallow equilibration of the native species and follow folding of the E*P>2*°ribozyme under conditions used
folding intermediates. This incubation is expected to be previously for the wild-type ribozyme [42C, 10 mM sodium
sufficient because the half-life for equilibration of the native cacodylate, pH 7.5, 10 mM Mg (2, 3)]. Like the wild-



4954 Biochemistry, Vol. 46, No. 17, 2007
A

[EAPS5abe

ribozyme Mg2*

Mg2*
P5abc
0°C

Folding, ,
25°C or 42 °C

Folding quench
50 mM Mg?*

0°C %6

Cleavage reaction, t,
50 mM Mg?*,0 °C

Reaction quench
EDTA, formamide

vy}

o
-
T
1

L <
» -
T T

1

o
N
1

Fraction P* in burst

10 20
Folding time t,, min

o

08| -

Fraction P* in burst

50 700 150

Folding time t;, min

o~

FiGure 3: Monitoring initial folding by activity. (A) In the reaction
scheme, folding is initiated by addition of Migfor time t; before
being arrested by the transfer of the sample ®C0and addition

of higher M@+ concentrations and P5abc. The fraction of ribozyme
present in the native state at the time of the transfer is then
determined by measuring the fraction of input S* that is rapidly
cleaved during,. (B) Progress of ribozyme folding to the native
state. White circles show folding of AB5a¢ under footprinting
conditions, and black circles show folding of#abcat 42°C in

50 mM Na-MOPS (pH 7.0). The equilibrium fractions of the native
ribozyme reported in the text were calculated by dividing the end
point of the curve by the maximal end point, 0.88), with the
remaining 0.15 presumably representing the damaged ribozym
Triangles show folding of the wild type under footprinting
conditions. The slower phase, representing refolding of the mis-
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ence was that several regions were enhanced in reactivity,
rather than protected, in the folded®#2 ribozyme.
Although enhancements were not noted in earlier time-
resolved footprinting studies, they were observed in recent
equilibrium footprinting of the wild-type ribozyme in the
same regions26). The enhanced regions are all expected to
be solvent-exposed in the foldedt2*ribozyme @8) and
presumably become more exposed upon folding because they
transiently adopt positions in the unfolded ensemble that give
at least weak protection from solvent.

The protections and enhancements occurred over a range
of time scales, and data from each group of contiguous
nucleotides were described adequately by a single rate
constant In contrast to the wild-type ribozyme, for which
the most rapid changes were localized within the-P8
domain, the earliest changes for th&"&ribozyme were
outside P4-P6, near the junction of P2 and P2.1. These
changes gave rate constants of 3@00 min?! (5—7 s),
larger than any for the wild type under these conditidds (
3). Further changes then appeared throughd@paE= with
rate constants of 40100 mirr? (0.6—-2 s1), the same time
scale as the most rapid changes for the wild type. These
changes included most of the periphery (L2, L2.1, L9, and
P9.1aj and the core (P6a, P7, P8, and P3). Thus, under these
conditions, BP5a¢achieves stable formation of its global
tertiary structure substantially faster than the wild-type
ribozyme.

Although nearly all of the changes in accessibility were
complete within a few seconds, one was substantially slower;
nucleotides 9698 of P3 were protected at 5 mih
(0.08 s1). The slowest protections for the wild type are also
within P3 under these condition®,(3), suggesting that
reorganization of the core occurs in a slow step for both
ribozymes 27, 39). However, unlike the wild type, for which
the slowest changes occur simultaneously with the earliest
formation of the native ribozyme3( 15, 17), the slowest
change observed here forfEabcis 5—10-fold faster than
the earliest appearance of the native state (see below),
implying that the slowest folding steps do not give detectable
changes in the footprinting pattern.

Initial Formation of the Natie E*P5a°¢ Ribozyme.To
monitor the effect of P5abc on later folding steps, we
followed the formation of the native ribozyme by measuring
the onset of enzymatic activitylp, 17, 28). It was shown

o Previously that, at high Mg concentrations and slightly

lower temperatures (50 mM Mg, 37 °C), EAP5abcfolds to
the native state with a rate constant similar to that of the

folded ribozyme and not detectable on the time scale shown, gavemost rapid phase of native state formation for the wild-type

a rate constant of£10-3 min~1. (C) EAP5aberihozyme folding under
conditions that give accumulation of misfolded ribozyme {25
50 mM Na-MOPS, pH 7.0, and 10 mM My).

type ribozyme, groups of nucleotides throughout the ri-

bozyme core and periphery changed in their accessibility to

hydroxyl radicals upon addition of Mg (Figure 2 and
Figure S1 of the Supporting Information). Nearly all of the
groups overlapped with those that are protected during
folding of the wild-type ribozyme 2, 3), suggesting that
EAPSabefolds to a globally similar structure. Only a subset of
the wild-type protections were observed forPEPS as
expected from the large interface of P5abc with the ribozyme
body 37) and consistent with previous equilibrium foot-
printing experiments with £52¢(21). An additional differ-

2 Under some conditions, the wild-type ribozyme gives multiple rate
constants and bursts for some region$Q ms) (, 2). Comparison of
our time-resolved data with patterns oflabeled ribozyme in the
absence of Mg did not provide evidence of bursts (data not shown),
nor did any groups of residues necessitate multiple rate constants.
However, the uncertainty is such that we cannot rule out bursts with
small amplitudes (see Figure S1 of the Supporting Information).
Because the wild type does not display bursts under these conditions
(2, 3), bursts for BPsabcwould strengthen the conclusion that P5abc
slows early folding steps.

3 Protection within L2 was surprising because its tertiary contact
partner, L5c, is not present in*B>*¢ Thus, the protection apparently
arises from formation of structure within the loop or from a non-native

tertiary contact of the loop. These nucleotides were protected on the

same time scale in the wild typ8)( suggesting that the same transition
gives protection in both ribozymes.
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ribozyme [0.4 min? for EAPSacand 0.9 min? for the wild Scheme 1

type (15)]. Folding of E*P5@was followed only at high Mg N
concentrations, because at lower ¥goncentrations its N s A
cleavage reaction is slower than folding),(and therefore, v ! | slow
an analogous experiment would not provide a measure of \‘r\'n

the folding rate.

To allow a broader exploration of conditions and to Figure 3B), suggesting that higher temperature and the
integrate results with those from footprinting, we sought cacodylate buffer conditions each stabilize the native state
conditions that would effectively block folding on the somewhat relative to the misfolded state.
experimental time scale but would allow substrate cleavage Under the conditions of the footprinting experiments, the
(Figure 3A). Then we could monitor folding under any set native wild-type ribozyme appeared with a similar rate
of conditions using a discontinuous assay by transferring constant [1.3+ 0.2 min! (Figure 3B)]. However, folding
aliquots of a folding reaction to these “folding quench” was biphasic, with only a small fraction of the ribozyme
conditions and then determining the fraction of native reaching the native state in this initial process. This low
ribozyme by measuring the fraction that is enzymatically fraction was expected, as it was shown previously that the
active @8, 33). We found that 0°C, 50 mM Mg", and ribozyme partitions during folding to give predominantly a
500 nM P5abc RNA provided an effective folding quench long-lived misfolded conformation under similar conditions,
(Figure S2 of the Supporting Information). First, when we which slowly refolds to the native state (Scheme 1, where
started from the unfolded ribozyme, no native ribozyme was U, M, and N refer to unfolded, misfolded, and native
detectable for~ 150 min under the conditions of the folding ribozyme, respectively, and | is a folding intermediate; see
guench, indicating that folding is effectively blocked. Second, refs 15, 25, and28 and Figure 7). The accumulation of a
ribozyme preincubated with P5abc to form the native state large fraction of misfolded ribozyme for the wild-type but
gave rapid substrate cleavage (0.7 mjrunder the quench  not the B3¢ ribozyme suggests either that thePEbc
conditions? To confirm that this assay accurately measures ribozyme does not populate a long-lived misfolded species
the rate of folding to the native state, we assessed folding of under these conditions, implying a change in the predominant
the BEP5a¢ and wild-type ribozymes under conditions folding pathway upon P5abc deletion, or that it does misfold
that also allow the use of the published continuous assaybut then refolds to the native state rapidly enough that it is
[in which Mg?" and substrate are added simultaneou8)] ( not detected as a distinct phase. A control experiment in
and obtained similar results with the two methods which E*P%®cwas misfolded at lower temperatures (fef
(Figure S3 of the Supporting Information). and see below) and then transferred to the footprinting

We then used the discontinuous assay to follow folding conditions gave a refolding rate constant of 0.6 Thifdata
of EAPSabcynder conditions that were previously inaccessible. not shown), the same within error as the appearance of native
Under the footprinting conditions, the native ribozyme ribozyme starting from the unfolded population. Thus, the
appeared with a single rate constant of 07%.10 min?! misfolded ribozyme refolds fast enough under these condi-
and an end point of-80% (Figure 3B). This transition is  tions that it would not be detected even if it were formed.
5—10-fold slower than the slowest change detected by To determine whether 48%%¢ can form the long-lived
footprinting (5 min?, Figure 2). The~80% end point misfolded conformer of the wild-type ribozyme and to further
indicates that not all of the 42%2°ribozyme achieves the explore the effects of P5abc on its formation and ultimate
native state, consistent with the previous finding that it refolding to the native state, we measured the initial rate of
equilibrates between the native species and a long-livedformation of the native ribozyme at the lower temperature
misfolded species under similar conditior&3); The equi- of 25 °C, shown previously to give misfoldind $, 33). As
librium fraction of native ribozyme is somewhat higher here expected, there were two distinct phases of native>¥e
(0.6 previously), suggesting that the higher temperature or ribozyme formation under these conditions, indicating that
changes in solution conditions stabilize the native structure most of the ribozyme transiently misfolded (Figure 3C). The
modestly (10 mM sodium cacodylate buffer here, 50 mM initial phase of native ribozyme formation (1 3%) gave
Na-MOPS buffer previously). A reaction in MOPS buffer a rate constant of 0.2& 0.15 minm?, and the second phase
at 42 °C produced similar behavior and an intermediate was ~20-fold slower (0.013+ 0.001 min?), ultimately
fraction of the native ribozyme at equilibrium (0.72, giving an end point that reflects equilibration of the native

and misfolded conformer88). The rate constant for initial

4 Unexpectedly, reaction mixtures that were not pre-incubated with folding and the fraction tha_t f_0|d5 to the native State_ in this
P5abc at high temperatures produced slower cleavage «0.03 process are the same within error as for the wild-type
min~1), even when the ribozyme was allowed long folding incubations ribozyme under the same conditiors). Also similar to

(up to 3 h at 25°C prior to addition of P5abc at 6C) and long : ; : :
incubations with P5abc at @ before addition of S* (up to 1 h). The the situation for the wild type, the Mg concentration

slow substrate cleavage did not affect the results because completd@s only a small effect on this rate constant, with a 20-
progress curves were collected, allowing the fraction of native ribozyme fold increase giving an only -24-fold increase in rate
to be determined unambiguously (see Figure S2C of the Supporting (Figure S3 of the Supporting Information). These results most

Information). We do not understand the origin of this slow cleavage; . . L
however, P5abc binding gives conformational changes of the “native” SIMPIY suggest that the same or similar steps are rate-limiting

EAPSabethat increase its enzymatic activi)( and some of these may  for folding of the wild-type and EP***ribozymes along the
be slow at low temperatures and high Mgoncentrations. Alterna- pathway that avoids the misfolded conformation and that

tively, the less active structure may be more stable than the fully active P5abc has a minimal influence on this folding transition
structure at ®C, but with a large energy barrier between the states, . L . . sabe
such that the prefolded®85P5abc complex remains fully active Chemical Footprinting of Natie and Misfolded &

on the experimental time scale. RibozymeTo probe further the degree of similarity between
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Ficure 4: Fe(Il)-EDTA footprinting of core regions of the native
(blue line) and misfolded (red line) complexes ¢fEbewith P5abc.
Data for the unfolded ribozyme are also shown (black line).

Russell et al.

was suggested to differ in topology from the native ribozyme
(26), and this altered topology may also be present in the
misfolded BP5abcribozyme.

On the other hand, a small number of additional differ-
ences were observed between the native and misfolded
EAPSabe rihozyme complexes with P5abc that were not
detected for the wild-type ribozyme (Figure 4 and
Figures S4 and S5 of the Supporting Information). A major
change is within P5, close to the connection point of P5abc
in the wild-type ribozyme, suggesting that the trans com-
plexes undergo small-scale rearrangements that are not
possible when P5abc is covalently connected. A second
difference is in single-stranded J8/7 segment (nucleotides

Differences between the native and misfolded complexes in the 299-300), within the core, where the native complex is

same regions as previously identified for the wild type are indicated
with black bars 26), and differences that were not observed
previously for the wild type are indicated with green bars.

folding of the wild-type and E%3cribozymes, we were
interested in determining whether the misfolded”&c
ribozyme is structurally similar to the wild-type ribozyme.
Prior hydroxyl radical and DMS footprinting showed that,
although the native and misfolded species of the wild type

protected relative to the misfolded complex. Smaller differ-
ences are also present in P8, P9a, P9, and J9.1/9.1a. It is
possible that rearrangements at the “broken” junction of
P5abc and P4P6 propagate through P9 to regions within
the core. Alternatively, the misfolded2Ba>-P5abc ri-
bozyme complex may be more dynamic than the native
complex and therefore give localized regions of increased
solvent accessibility.

are indistinguishable over most of the sequence, there are Refolding of the E53¢ Ribozyme from the Long-4éd

significant differences in localized regiorg]. Specifically,
the native ribozyme is protected from hydroxyl radicals
within P7 and from DMS principally within the interface of
the P4-P6 and P3P7 domains, as well as in J9.1/9.1a,
which packs against P7 in the folded structure.
Populations of predominantly native or misfolde¢f&c
ribozyme each gave hydroxyl radical footprinting patterns
that were qualitatively consistent with prior experiments in
which the native and misfolded species were not distin-
guished 21), with protections appearing principally within
P3—-P8, as well as within P2.1 and P9.1. In contrast to the
wild-type ribozyme, no significant differences were ob-
served between native and misfoldet"E°ribozyme, in
either hydroxyl radical or DMS footprinting experiments

Misfolded ConformerTo further explore the effects of P5abc
on folding, we measured the rate of refolding of the long-
lived misfolded conformer of £%2°¢ Ribozyme was folded
predominantly to the misfolded species, and refolding to the
native state was assessed by activity as described above
[except that folding was quenched by adding P5abc and an
increasing Mg" concentration at 25C; see Materials and
Methods 83)]. The fraction of native B3¢ ribozyme
increased slowly from a population of misfolded ribozyme
(kobs = 0.018 mirr?), indicating net refolding of misfolded
ribozyme (Figure 5A; this refolding reaction is also visible
in Figure 3C as a second phase of native ribozyme forma-
tion). Consistent with previous results, this fraction was
observed to plateau at a value significantly less than one,

(Figures S4 and S5 of the Supporting Information and data indicating that BP5a¢equilibrates between the native and
not shown). This may be because the protections andmisfolded species3@). From the observed rate constant and

enhancements are relatively weak for thi&®E¢ribozyme
(refs21and33and Figure S4 of the Supporting Information),
perhaps reflecting a dynamic or “floppy” structure, which

the equilibrium constant calculated from the end point, the
rate constant for refolding was calculated to be 0.011 #in
80-fold faster than that of the wild-type ribozyme

may also underlie the result that the slowest folding steps (Figure 5A). Thus, deleting P5abc destabilizes the misfolded

were not detected in time-resolved footprinting experiments.
Further, the population of “native”4£%aribozyme actually
includes ~40% misfolded ribozyme, which persists at
equilibrium @3) and would be expected to dampen any
differences in signal between the two species.

To overcome these limitations, we added P5abcTE:
in trans, trapping a complex with the misfolded ribozyme
or giving an essentially homogeneous population of native
ribozyme after a 50C incubation 83). Both complexes gave
additional changes in hydroxyl radical footprinting, in good
agreement with earlier results (r2f and Figures S4S6 of
the Supporting Information). Further, the differences char-
acteristic of the native and misfolded species for the wild-
type ribozyme were present for the complex, both by
hydroxyl radical and DMS footprinting (Figure 4). Thus, the
misfolded BP%abcripozyme is rapidly converted when P5abc
binds to a conformer that resembles the misfolded wild-type
ribozyme, most simply suggesting that the nature of the
misfolding is the same. The misfolded wild-type ribozyme

conformation substantially relative to the transition state for
refolding to the native state.

Addition of urea accelerated refolding, indicating that
partial unfolding is required to refold the misfolded™&bc
ribozyme to the native state. The concentration dependence
gave ammvalue of—1.0 kcal mot* M~1in the presence of
10 or 50 mM Mg+ (Figure 5B), equivalent to the exposure
of ~12 bp to solvent 40). Thus, even without P5abc,
considerable unfolding is required. Nevertheless,rtinglue
is nearly 2-fold smaller than that of the wild-type ribozyme
[-1.7 kcal mof! M~t (ref 26 and data not shown)],
indicating that, in the absence of P5abc, only approximately
half as much structure becomes exposed to solvent in the
transition state for refolding.

Stabilization of the Natie Ribozyme by P5abdaken
together, the results given above suggest that P5abc generally
hinders folding of the ribozyme. On the other hand, it
contributes significant thermodynamic stability to the folded
ribozyme by stabilizing folded species relative to unfolded
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FIGURE 6: Mg?" concentration dependence for nativéPgoe
ribozyme formation. Data from two independent determinations
gave aKy, value of 2.44 0.2 mM Mdg?™ and a Hill coefficient of
1.8+ 0.4. The maximum fraction of native ribozyme, 048.04,
reflects equilibration between the native and misfolded spe8®s (
The fraction of native ribozyme present at tpeaxis (i.e., at “0”
Mg?*t, 0.09 &+ 0.02) is not zero because a small fraction of the
ribozyme folds to the native state rather than misfolding upon
addition of 50 mM M@+ and excess P5abc. Any ribozyme present

. in the native state prior to addition of P5abc produces an increase

v

0 02 04 06 08 1 above this baseline value, as shown by the curve. Fitting the data
[urea], M by a simple hyperbolic binding curve (shown as a dashed curve)
FiIGURE5: Acceleration by urea of refolding of the misfoldedPebe gave a systematic deviation from the data and a siriiarvalue
ribozyme. (A) Time courses of refolding. Conditions and results (2.8 mM).
are as follows: no uread), k = 0.018 mirr%; 0.1 M urea ¢), k . o
= 0.016 mirr?; 0.3 M urea ©), k= 0.026 mirr%; 0.5 M urea ), within error as that observed by Fe(Il)-EDTA footprinting
k = 0.037 min’; and 1 M urea (crossesk = 0.091 min™. for much of the ribozyme under the same conditioB3).(

Refolding of E*P5abcin the absence of urea has been described and 1 ; i i
gave the same result within err@d3). Refolding of the wild type Thus, the Mg" dependence for native state formation is

in the absence of urea is also shov®).(Analysis of these and similar to that for global structure formation. Apparently,
longer time points gave & of 1.2 x 1074 min~1. All reactions the misfolded species is no more stable than the native
were carried out at 23C and pH 7.0 in 10 mM Mg'. (B) species at low Mg concentrations, so the appearance of
?%%?%?gzekggl rrﬁfgrlid:\r)lgl]r.a;en ;gg‘ﬁ:‘rgggﬁgﬁg?&:ﬂ’aﬁ‘;ﬂ;er native ribozyme mirrors the formation of global structure.
Mg2+ concentration [50 mM)] gave the same value within error A the two structures share high degrees of global and local
(0.93 % 0.05 kcal mott M1, similarity, it is perhaps not surprising that they exhibit similar
Mg?* concentration dependences. As expected, the wild-type
ribozyme had a much lower Mgrequirement [0.20.5 mM
Mg?* (data not shown)], similar to that determined by Fe-
(IN-EDTA footprinting under similar solution conditions at
higher temperatured 9).

ones (9, 21, 33), stabilizing the native structure relative to
related but poorly active or inactive structures and thereby
activating catalysisA), and stabilizing the native fold relative

to the long-lived misfolded structure3d). Here we use
enzyme activity to make a distinct measurement, the fraction
of EAPSaberihozyme present in the native (or nativelike) state
as a function of Mg" concentration. Although the Mg
dependence of global structure formation has been followed
by Fe(ll)-EDTA footprinting @1, 33), the native and
misfolded species are similar in free energy at 10 mMMg
(33), so these experiments presumably followed formation
of a mixture of these species and may even have followed a
transition predominantly to the misfolded species.

DISCUSSION

Using time-resolved footprinting and enzyme activity
assays, we probed the effects of deleting the peripheral
element P5abc throughout tertiary folding. Our results are
summarized in Figure 7 [developed from previous schemes
(3, 28, 41)]. Strikingly, deletion of P5abc tends to accelerate

Thus, we incubated the ribozyme in varying concentrations fﬁldmg lr_athe(rj than 'E:"bf't i, "’“?d thef accgleratlon begmﬁ‘_ﬁt
of Mg?* to allow equilibration between folding intermediates. the earliest detectable Tormation of tertiary structure. The

P5abc and additional Mg (50 mM) were added, and the first_regi(_)n of the B> ¢ribozyme to become structured is
fraction of native ribozyme was determined by activity. tN€Junction of P2 and P2.1, whereas PSabc andGlare
Because the ribozyme folds predominantly to the misfolded the €arliest for the wild type. Thus, deletion of P5abc alters
conformation in the presence of P5abc and the commitmentthe predominant pathway early in folding, giving accumula-
between alternative pathways is late in foldir@g;(see tion of an mtermedlate that is not populated significantly by
Scheme 1 and Figure 7), most of the ribozyme that was the wild-type ribozyme. Then structure forms throughout
unfolded or partially folded was expected to misfold upon E*"*%*°on a time scale similar to the earliest protections for
addition of P5abc and Mg (the small fraction expected from  the wild-type ribozyme. Together, these results suggest that,
Figure 3C to avoid misfolding and form the native state although P5abc and the PR6 domain may provide a stable
would give a baseline value of 11% native ribozyme). In structure upon which other structure is built during folding,
contrast, any ribozyme that was native in the initial incuba- the partially structured intermediates that accumulate and are
tion, or near-native, i.e., past the commitment point between therefore detected experimentally do not await the formation
alternative pathways, would be activated upon binding P5abcof additional structure. Instead, they await the disruption of
to give rapid substrate cleavage. Two determinations gave astructure, either non-native structure or native structure that
Mgt midpoint of 2.4+ 0.4 mM Mg (Figure 6), the same  must transiently be disrupted to allow other native structure
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FiIGURE 7: Ribozyme folding schemes for (A) the wild type and (BYE¢ In each panel, rate constants measured at 42 arfi€ 25e

shown in red and blue, respectively. For the sake of simplicity, early folding steps are shown along a single pathway, but folding probably
occurs along multiple pathways, with the pathway shown carrying the largestifid§, 41). At 25 °C, only transitions afteryh, are

given rate constants because the earlier steps have not been measured. The commitment points between pathways to the native and misfoldec
species are shown late in folding for both ribozymes, as shown previously for the wild-type riba2gnaad inferred for BP5abcfrom its

similar overall folding kinetics and partitioning between native and misfolded species. The slow rearrangemegi,fi@shbwn as a

distinct step from the commitment to pathways (frommhi) because under some conditions the wild-type ribozyme aveig®uit still

gives the same partitioning between pathwa@).(It should be emphasized that partial unfolding @ Is required for further productive

folding (17), and kommitis likely to be less structured thagm) even though it is formed aftegd, The rate constants for folding fromuhmit

are labeled as ratios rather than numeric values because, if the observed rate constant for folding reflects foldiggtfierddta do not

provide values for folding fromebmmitto N and M; however, the ratios are constrained by the fractions that fold to the native or misfolded
states. The species formed frogami for the E*P5abcribozyme are labeled N-like and M-like to emphasize the structural differences
between the wild-type and P5abc-deleted ribozyme and the fact that the fully active native structure and the fully stable misfolded structure
are not realized unless P5abc is present. Rate constants for folding from native to misfolded species are based on the kinetics and equilibria
of interconversion of the two species for thé”E2bcribozyme and, for the wild type, on the measured rate of misfolded ribozyme refolding

and the equilibrium constant calculated from the difference in binding affinity of P5abc for the native and misfferéeriozyme @3).

Under these conditions, the fastest phase of folding to the native state occurs in minutes, as shown. With bound oligonucleotide substrate
or higher concentrations of monovalent ions prior to?Mgddition, bursts of native wild-type ribozyme appear on a time scale of seconds

(1, 2, 41, 49). These pathways are not shown because they are not populated significantly under these conditions.

to form. As resolution of these trapped intermediates allows How could this inhibitory structure be undetectable via
folding to proceed along a pathway that ultimately gives footprinting? One possibility is that the inhibition arises from
predominantly the long-lived misfolded structure, the early local structure within P5abc, which does not give a foot-
traps are presumably distinct from the non-native structure printing signal either because its formation does not involve
and/or topology that underlies the long-lived misfolded significant burial of the ribose backbone or because it is
conformation, underscoring the large number of kinetic traps already present prior to addition of ¥ig As P5abc is known
in RNA folding (16). to form an alternative secondary structure, and this alternative
It is striking that the most rapid protections forfgabe structure is influenced by the presence or absence of P4
occur faster even than protections for the wild type of P5abc P6 @43, 44), the prior observation of inhibition of P5abc
and other parts of P4P6. This result implies that in folding ~ Pprotection by the rest of the P46 domain 42) can be
of the wild-type ribozyme, P5abc inhibits structure formation rationalized by such a model.
before it forms detectable tertiary structure itself. A similar It is more difficult to understand how local structure within
observation, that P5abc is protected more rapidly as aP5abc could inhibit the formation of structure elsewhere in
separate molecule than within the ribozyme or the intaet P4 the ribozyme. An alternative is that P5abc rapidly collapses
P6 domain, previously led to a similar conclusiat®) It with the P4-P6 domain to form an intermediate that inhibits
appears that a P5abc-dependent structure is formed very earljyurther folding but does not give protection from hydroxyl
in folding of the wild-type ribozyme, and this structure radicals, either because the intermediate is heterogeneous at
inhibits the formation of stable contacts within P5abc and the level of atomic contacts or it is sufficiently dynamic that
P2/P2.1 yet does not itself give changes in accessibility to no regions are strongly protected?f. Such a model has
hydroxyl radicals. been proposed previously to underlie the finding that global
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tertiary structure formation is accelerated by mutation of L5b early folding steps under solution conditions more similar
or its contact partner, the receptor of J6a/@B)( to those found in vivo, i.e., with a higher monovalent ion
In contrast to its strong effects on early folding steps, concentration and a lower Mgconcentration, but hydroxyl
P5abc has only a small effect on the rate of overall folding radical footprinting has shown that in Naeven in the
to the native state for the fraction of the population that complete absence of Mg overall folding is much slower
avoids the long-lived misfolded species, giving a small than structure formation in P46 (1, 2). Thus, there is no
increase in the rate. P5abc also has a minimal effect on thesimple expectation for acceleration of early steps to accelerate
partitioning between pathways to the native and misfolded overall folding. Indeed, it is reasonable to consider that
species. The similarity of these folding properties and of the peripheral structures, in general, may be deleterious for the
misfolded species, as indicated by footprinting, suggests thatprocess of RNA folding. Their presence increases the number
the folding pathways for the wild-type and'B2*°ribozymes of contact-forming regions, which increases the number of
are similar, as shown in Figure 7. A further similarity is that potential incorrect contacts. Further, their location on the
neither ribozyme gives detectable “bursts” of native ribozyme outside of the RNA structure introduces the possibility that
more rapidly than the time scales predicted for the pathwaystheir formation can trap core elements outside the globular
shown in Figure 7 (tens of seconds), indicating that “fast- structure 41) or can stabilize non-native structure or topology
track” folding pathways are not significantly populated under within the core 26). Thus, the presence of peripheral
these conditions1). elements strengthens the requirement for a particular order
As folding of the fraction of the wild-type ribozyme that of contact formation, as well as increasing the likelihood
avoids the long-lived misfolded conformation is modestly and exacerbating the consequences of forming non-native
accelerated by uredl4, 24; H. Suh, Y. Wan, R. Russell, contacts. It is perhaps not surprising that the group | intron
and D. Herschlag, manuscript in preparation), the process isfrom Azoarcuswhich folds rapidly, lacks peripheral elements
apparently rate-limited by rearrangement of a kinetically almost entirely 46).
trapped species, in Figure 7). The similar folding rate In contrast to its apparent deleterious effect on the kinetics
and partitioning between pathways suggest that the rate-of folding, P5abc clearly provides assistance with the
limiting step is similar to that of the wild-type ribozyme, thermodynamics4, 21, 33; Figure 6). This stabilization
and the absence of a strong effect of P5abc deletion onwould presumably cause P5abc to be retained during
folding from lyap then suggests that PSabc does not unfold evolution of group | RNAs even if it were an impediment
in this transition and does not stabilize the contact or contactsduring folding, and there may be analogous pressure for
that are disrupted. However, it remains possible that deletingretention of other peripheral structures. One possibility is
P5abc changes the nature of the rate-limiting step andthat because of the presence of RNA chaperone proteins and
coincidentally gives an overall rate constant that is similar high counterion concentrations in vivo, there is no selective
to that of the wild type. The discontinuous activity assay pressure for fast folding of RNAs, so there is no deleterious
developed here may be useful for probing the nature of the effect of retaining peripheral elements even if they slow
rate-limiting step for the %5 ribozyme by allowing folding. On the other hand, the ubiquitous involvement of
examination of the dependences of the folding rate on DExD/H-box proteins in RNA folding and RNP biogenesis
solution conditions. suggests that, at a minimum, RNAs misfold frequently to
In contrast to its small effects on folding of the.J conformations that are sufficiently long-lived to require
intermediate, P5abc strongly inhibits refolding of the mis- assistance from proteind?). Thus, there may be selective
folded ribozyme to the native state, implying that contacts pressure for RNAs to increase their folding rates by reducing
involving P5abc are disrupted in the folding transition. the size of their peripheral structure. Consistent with this
Interestingly, ablation of individual tertiary contacts within idea, some group | RNAs have apparently lost peripheral
P5abc gives similar acceleration26), implying a high elements during evolution or replaced them with proteins
degree of cooperativity between the tertiary contacts of (48). Indeed, recruitment of a protein may offer the best of
P5abc. It is notable that a higher Rfgconcentration does  both worlds; the protein could bind tightly to the native
not strongly inhibit refolding of the misfolded Ag>abc structure, stabilizing it relative to unfolded and perhaps
ribozyme [16-50 mM (Figure 5B)], whereas dramatic alternative structures, while its presence as a separate
inhibition is observed for the wild-type ribozym&§g, 45). molecule would minimize any deleterious effects during
Several M@" ions bind to sites within P5ab&8, 37), raising folding of the RNA.
the possibility that the V& dependence for the wild-type
ribozyme arises at least in part from a requirement for ACKNOWLEDGMENT
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Pros and Cons of RNA Peripheral Elemertur results of beamline X-28C (National Synchrotron Light Source,
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ones. The most straightforward explanation for slower folding printing experiments and Michael Brenowitz, Dan Herschiag,

is that P5abc forms contacts that must be disrupted for?hnednr;ennJgsrristOf the Russell lab for helpful comments on
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these conditions, early formation of structure within P5abc  Time-resolved synchrotron hydroxyl radical footprinting
is an impediment to the folding process rather than a benefit. data (Figure S1), control reactions using the discontinuous
It remains possible that structure within P5abc does facilitate assay for folding of EPS¢ (Figure S2), comparisons of
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folding reactions using discontinuous and continuous folding 21
assays under conditions that allow the use of both assays

(Figure S3), gel images from Fe(ll)-EDTA and DMS ,,
footprinting of native and misfolded ribozyme species
(Figure S4), quantitative results from Fe(ll)-EDTA foot-
printing (Figure S5), and a summary of regions of tH&%c

ribozyme that gave M{-dependent changes in hydroxyl

radical modification in time-resolved and equilibrium foot-  24.

printing experiments (Figure S6). This material is available
free of charge via the Internet at http://pubs.acs.org. o5
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