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ABSTRACT: We apply synchrotron-based small-angle X-ray scattering to investigate the relationship between
compaction, metal binding, and structure formation of two RNAs at 37°C: the 76 nucleotide yeast tRNAPhe

and the 255 nucleotide catalytic domain of theBacillus subtilisRNase P RNA. For both RNAs, this
method provides direct evidence for the population of a distinct folding intermediate. The relative
compaction between the intermediate and the native state does not correlate with the size of the RNA but
does correlate well with the amount of surface burial as quantified previously by the urea-dependent
m-value. The total compaction process can be described in two major stages. Starting from a completely
unfolded state (4-8 M urea, no Mg2+), the major amount of compaction occurs upon the dilution of the
denaturant and the addition of micromolar amounts of Mg2+ to form the intermediate. The native state
forms in a single transition from the intermediate state upon cooperative binding of three to four Mg2+

ions. The characterization of this intermediate by small-angle X-ray scattering lends strong support for
the cooperative Mg2+-binding model to describe the stability of a tertiary RNA.

Proteins and certain RNAs, such as ribozymes, adopt well-
defined tertiary structures that are essential for their biological
function. How these tertiary structures form from the
denatured state has proven remarkably difficult to understand.
When tertiary RNAs compact in their Mg2+-dependent,
thermodynamic folding pathway is unclear. Collapse of the
negatively charged phosphate backbone is electrostatically
unfavorable, and folding to the native structure requires
charge neutralization by cations. The compaction of a tertiary
RNA can be envisioned to occur in at least two stages. The
formation of independently stable secondary structure brings
unstructured regions into close proximity. Formation of the
tertiary structure brings secondary structural motifs together.
Actual experimental information, however, is sparse on the
relationship between compaction and other processes in
tertiary RNA folding.

Small-angle X-ray scattering (SAXS)1 can determine the
dimensions of macromolecules in solution as described by
the radius of gyration,Rg, and theP(r) function (1-5). The

P(r) function contains shape information and is the prob-
ability distribution of vector lengths within the particle.
SAXS is particularly useful for the characterization of
unfolded and partially folded states that are not readily
studied by high-resolution techniques such as NMR or
crystallography. SAXS also is an effective technique to
follow changes in size and shape accompanying folding
transitions (6-15). Furthermore, SAXS is well-suited for the
study of RNAs due to their∼5-fold increase in scattering
signal over that of proteins (3). This increase in signal is the
result of an increase in electronic density difference, or X-ray
contrast, between the denser RNA and the aqueous solvent.
Although SAXS has been frequently applied to protein
folding studies, its potential in RNA folding studies has yet
to be fully explored.

Here we apply SAXS to determine the physical compac-
tion of yeast tRNAPhe and the catalytic domain (C-domain)
of the B. subtilis RNase P RNA during Mg2+-dependent
folding to their biological relevant forms. These studies are
conducted at relatively low (micromolar) RNA concentra-
tions at the Advanced Photon Source (APS) synchrotron at
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the Argonne National Laboratory. The relationship between
compaction and other folding events, the nature of partially
folded species, comparisons between the observed and
predicted structures, and thermodynamics of tertiary RNA
folding are discussed.

MATERIALS AND METHODS

Sample Preparation.RNAs were prepared by in vitro
transcription using standard methods (16). After transcription,
RNA transcripts were precipitated with ethanol, dissolved
in 7 M urea, 100 mM EDTA loading buffer, and purified
on polyacrylamide gels containing 7 M urea and 2 mM
EDTA. The RNAs were eluted from the gel by the crush-
and-soak method in 50 mM potassium acetate/200 mM KCl,
pH 7, precipitated in ethanol, and stored in water at-20
°C.

In all experiments, the purified RNAs were first heated in
20 mM TrisHCl, pH 8.1, at 85-90 °C for 2 min followed
by incubation at ambient temperature for 3 min. The RNA
at this stage was designated as the U state.

Small-Angle X-ray Scattering.SAXS experiments were
carried out at the SAXS instrument on the BESSRC ID-12
beam-line of Argonne National Laboratory’s Advanced
Photon Source (17). Data were collected using a 9-element
(15 cm× 15 cm) mosaic CCD area detector, and exposure
times were 1-6 s for each measurement. Sample to detector
distance was 3 m, and energy of X-ray radiation was set to
13.5 keV. Computer-controlled Hamilton brand syringes
injected sample into a thermostated flow cell made of a 1.5
mm diameter cylindrical quartz capillary of 0.01-0.02 mm
wall thickness. The background scattering was from a buffer
solution in the identical configuration to enable proper
background subtraction. Some measurements were performed
at the BIOCAT ID-18 beam-line using the same camera at
8.5 keV. Although the sample to background scattering level
for 0.3 mg/mL tRNAPhe was less than 1.1 atQ < 0.01 Å,
the high number of counts produces data with less than 3%
statistical error per data point.

To reduce the possibility of radiation damage, samples
were measured under constant flow conditions. Mg2+ titra-
tions were performed using a second syringe that added
aliquots of concentrated MgCl2 solutions to a 0.5-1 mL
sample followed by withdrawal through the quartz capillary.

Radiation Damage.The high flux of X-rays at the APS
generates a large number of hydroxyl radicals that can cause
secondary radiation damage to RNA [as is applied to RNA
tertiary structure footprinting studies (18)]. We observed such
radiation damage, as indicated by sample aggregation or an
increase in theRg, within 30 s of static exposure in control
studies on fully folded, unmodified yeast tRNAPhein 10 mM
Mg2+, 10 mM phosphate, pH 7 (data not shown). Inorganic
phosphate, however, is known to be a poor hydroxyl radical
scavenger (19). Hence, subsequent measurements were
performed in TrisHCl buffer that rapidly scavenged hydroxyl
radicals. Additionally, experiments were conducted under
constant flow conditions to further reduce the possibility of
radiation damage. Using these protocols, we observed no
radiation damage during the course of the measurements.

Data Analysis.In a SAXS experiment, the X-ray scattering
profile is measured at very low scattering angles (θ < 3°).
Data are presented as the scattering intensity per solid angle,

I(Q), where the scattering vectorQ is defined asQ ) 4π
sinθ/λ, λ is the X-ray wavelength, andθ is the half-scattering
angle. The dimensions of a particle can be determined from
the width of the inner part of the scattering profile which
can be approximated as a Gaussian,I(Q) ) I(0)e-Q2Rg

2/3. The
Rg is the root-mean-square of the distances of all regions to
the center-of-mass of the particle. For globular particles,Rg

can be obtained with∼3% accuracy from the slope of ln
I(Q) versusQ2 for Q e 1.3/Rg in a Guinier plot (20, 21).

More precise structural parameters were derived from a
P(r) analysis using the entire scattering profile. TheP(r)
function has a maximum at the most probable distance in
the object (e.g., slightly larger than the radius for a sphere)
and goes to zero at the maximum dimension,dmax, of the
object (e.g., the diameter).P(r) functions were calculated
according to

using the indirect Fourier inversion algorithms developed by
Moore (4) and Svergun (22). Results obtained from these
two different approaches were nearly identical; however, only
the results using the Moore algorithm were presented. The
Rg is determined from the second moment ofP(r) according
to

No significant differences were observed for theRg values
determined from the Guinier Plots and from theP(r) analysis.

The scattering at various Mg2+ concentrations during the
I-to-N transition is from a binary mixture of two equal mass
states. Assuming the scattering from each state has the same
X-ray contrast and same volume so that each contributes
equally to the scattering intensity, theP(r) function is the
weighted sum of each of the individualP(r) functions:

where fI and fN are the fractions of the I and N states,
respectively. The observedRg

2 from such a mixture is the
weighted sum of theRg

2 for each of the particles:

whereRI andRN are theRg values of the I and N states,
respectively.

The two Mg2+-dependent transitions were described ac-
cording to a semi-emperical cooperative binding model:

P(r) ) 1

2π2∫Qmin

QmaxI(Q)Qr sin(Qr) dQ (1)

Rg
2 )

∫0

dmaxr2P(r) dr

2∫0

dmaxP(r) dr
(2)

P(r) ) fIPI(r) + fNPN(r) (3)

Rg
2 )

∫r2[fIPI(r) + fNPN(r)] dr

2∫P(r) dr

)
fI∫r2PI(r) dr + fN∫r2PN(r) dr

2∫P(r) dr
(4)

) fIRI
2(r) + fNRN

2
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wheren andKMg are the Hill constant and Mg2+ midpoint
of each transition, respectively (23). Because the two folding
transitions in SAXS are sufficiently well-separated, the I-to-N
transition can be fit separately for the fraction of fully folded
molecules,fN, according to

TheKMg andn parameters were used to define the Mg2+-
dependent stability. Curve fitting was performed using the
Microcal Origin V5.0 nonlinear fitting routine. Listed errors
are the standard deviation calculated by the fitting algorithm
and reflect the statistical uncertainty of the fitted parameters.

Molecular Modeling.Calculations ofP(r) functions from
high-resolution structures, either crystal structures or pre-
dicted models, were conducted using the program XTL
modified for use with nucleic acids (24).

The C-domain with the extended P1 and L1 loops was
built based on the structural model by Westhof and co-
workers (25). A total of 17 nucleotides were added as a
closing loop connecting C4 and A395 in helix P1. These 17
nucleotides were modeled as an extending stem-loop from
P1, which formed an energy-favoring continuous groove

surface with the neighboring helix P19. This model was
refined by 1000 steps of conjugate gradient refinement.

RESULTS

Monodispersity of Yeast tRNAPhe and C-Domain.SAXS
measurements reflect the time and ensemble-averaged struc-
tures for molecules in solution. For a monodispersed system,
the intensity at zero angle is related to the molecular weight
of the scattering species (MW), the RNA weight concentra-
tion (C, in mg/mL), and the electron density (F) according
to (20)

Our results (Figure 1C) indicate that tRNAPhebehaves as
a monomer based on several lines of evidence. (i) TheRg

and the P(r) function of the tRNAPhe are in excellent
agreement with those calculated from the crystal structure
(Figure 1D). (ii) TheRg values at tRNA concentrations of
0.3-0.5 mg/mL are in agreement with earlier studies
conducted over a more extensive concentration range [up to
20 mg/mL (26, 27)], including a study where the correct
monomolecular weight of tRNA was obtained from the
absolute scattering intensity (28). (iii) The normalized
scattering intensity,I(0)/C, is independent of concentration

FIGURE 1: Secondary structure representation (A, B) and monodispersity of yeast tRNAPhe and the catalytic domain of theB. subtilis
RNase P RNA (C-E) (39). (C) Scattering profiles normalized to RNA concentration for tRNAPhe (76 nucleotides) and C-domain (255
nucleotides) at 0.3 and 0.5 mg/mL in 10 mM Mg2+, 20 mM TrisHCl, pH 8.1, 37°C. The overlap for each molecule along with the relative
intensities indicates that aggregation and interparticle interference are negligible within this concentration range, and that both RNAs are
monodispersed. (D) Comparison ofP(r) determined from experiment on the native state of modified (Rg ) 23.5( 0.3 Å) and unmodified
tRNAPhe(Rg ) 23.6( 0.3 Å), and from the crystal structure (Rg ) 23.5 Å). (E) Comparison between experimentalP(r) function (Rg ) 38.0
( 0.5 Å) with that predicted for the C-domain portion of the Westhof model with an added P1 helix and L1 loop for better comparison to
the C-domain construct used in the present study (Rg ) 37.5 Å).

fN([Mg2+]) )
[N]

[I] + [N]
)

[Mg2+]n2

[Mg2+]n2 + (KMg
IN )n2

(5)

I(0)∝ (FRNA - Fsolvent)
2 × MW × C (6)
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for both unmodified (Figure 1C) and modified tRNAPhe(data
not shown) at 0.3 and 0.5 mg/mL. The value ofI(0)/C should
have increased with an increase in the level of aggregation,
or decreased if scattering from different particles destruc-
tively interferes with scattering from other particles (inter-
particle interference). Neither of these two effects is signifi-
cant. For these reasons, we conclude that folded tRNAPhe is
a monomer under the experimental conditions, and the
average solution structure of tRNAPheis similar to the crystal
structure.

The monodispersity of the C-domain in 10 mM Mg2+ is
determined by comparison to the scattering intensity of
tRNAPhe (Figure 1C). Assuming both RNAs have the same
electron density and X-ray contrast, theI(0)/C for each RNA
should be proportional to its molecular weight, or ap-
proximately the number of nucleotides (eq 6). Based upon
tRNAPhe having 76 nucleotides, the effective number of
residues of the C-domain is 262( 5, very close to the actual
value of 255. Furthermore, the normalized scattering profiles,
I(Q)/C, for the larger RNA are independent of concentration
at 0.3 and 0.5 mg/mL.

Although a high-resolution structure of the C-domain is
not yet available, three-dimensional models have been
proposed by Westhof (25) and Pace (29) and their co-
workers. TheP(r) function and Rg calculated from the
Westhof model are similar to the experimental data (Figure
1E). TheRg calculated from a similarly modified version of
the model proposed by Pace and co-workers is within 0.5 Å
of that from the Westhof model.

Mg2+-Dependent Folding of tRNA. (A) Folding Transi-
tions. Changes in the dimension during the Mg2+-induced
folding of unmodified tRNAPhe are examined by SAXS in
the presence and absence of 4 M urea (Figure 2). In the
presence of urea, two distinct folding transitions are indicated
by the dependence ofRg on Mg2+ concentration. The first,
termed U′-to-I, occurs between 0 and 0.2 mM Mg2+, and
the second, termed I-to-N, occurs between 0.3 and 2 mM
Mg2+. The I state has anRg of 29 ( 1 Å and completely
folds to the native state as Mg2+ is increased beyond 2 mM.
The native state in 4 M urea has aRg of 23.5 ( 0.3 Å,
identical to the value determined in the absence of urea and
calculated from the crystal structure (Figure 1D).

In the absence of urea, the I-to-N transition is clearly
evident and occurs between 0.02 and 0.2 mM Mg2+. Little
change in theRg, however, is observed for the U-to-I

transition which occurs at Mg2+ concentrations below 0.02
mM. This result indicates that even in the absence of Mg2+

and urea, the U state of tRNAPhe adopts a structure that is
nearly as compact as the I state.

The value ofI(0)/C is constant for the three states in the
absence (Figure 3A) and presence of urea (data not shown).
This result indicates that there are no significant differences
in the monodispersity of these three states.

Our previous folding studies (30) of this tRNA can be
used as a guideline to quantitatively evaluate the folding
transitions observed by SAXS. The thermodynamic folding
pathway of tRNAPheis described with three populated species
and two Mg2+-dependent transitions:

wheren andKMg are the Hill constant and Mg2+ midpoint
of each transition, respectively. The values forn and KMg

are determined from the change inRg
2, rather thanRg, as

appropriate for a binary mixture [(12) and see Materials and
Methods]:

The resultingn andKMg values for the I-to-N transition
are 3.7( 0.5 and 0.063( 0.003 mM, respectively. A urea-
induced unfolding titration identifies a denaturant response
parameter, them-value, that is the amount of destabilization
per molar of added denaturant (units of kcal mol-1 M-1).
The m-value correlates with the amount of surface area

FIGURE 2: Mg2+ titration of unmodified tRNAPhe (0.3 mg/mL) in
the absence (open circles) and presence (solid triangles) of 4 M
urea at 37°C. Inset: [Mg2+] dependence ofRg

2 for the I-to-N
transition. Solid lines are fits to the I-to-N transition using a
cooperative Mg2+ binding model (eq 5).

FIGURE 3: Uurea(U′), U, I, and N states of unmodified tRNAPheat
37 °C. (A) The scattering profiles of the U (no Mg2+), I (0.01 mM
Mg2+), and N (10 mM Mg2+) states in 20 mM TrisHCl, pH 8.1.
Solid lines are the fits to the data using the Moore algorithm.
Inset: Guinier plot; solid lines are best fits of the data up toQ )
1.3/Rg. (B) P(r), calculated from the fits to the scattering data. (C)
Kratky plot. (D) Unfolded state in the absence (U) or presence of
4 M urea (U′). The scattering from U′ has been normalized to the
intensity of the other three to account for the change in scattering
contrast of the buffer due to the presence of urea.

U 798
KMg

UI ,n1
I 798

KMg
IN ,n2

N

Rg
2 ) fIRI

2 + fNRN
2 ) (1 - fN)RI

2 + fNRN
2 (7)
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exposed in the unfolding transition of RNA (30). In the
presence of 4 M urea, theKMg increases 13-fold (0.81(
0.05 mM), while the Hill constant remains unchanged (n )
4.0 ( 0.7). This sensitivity ofKMg to urea indicates that the
urea-sensitive surface area is buried in this folding transition
(30), and this amount equates to anm-value of 1.6( 0.1
kcal mol-1 M-1.

Both the Hill constant and them-value determined by
SAXS are in excellent agreement with those obtained from
circular dichroism and hydroxyl radical protection (30).
However, theKMg determined by SAXS is about 3 times
higher than that obtained from the previous studies. This
difference primarily is due to the 30-fold higher RNA
concentration used in the SAXS studies (13µM versus 0.5
µM), as verified for C-domain folding (see below).

(B) Scattering of the U, I ,and N States.Figure 3 shows
the scattering profiles andP(r) functions for the three
thermodynamic states. The dimensions of the I (Rg ) 29 (
1 Å; dmax ∼ 90 Å) and N states (Rg ) 23.5( 0.3 Å, dmax ∼
80 Å) remain unchanged in 0 and 4 M urea. This result
suggests that the I state, as well as the N state, is a distinct
structural entity and not an ensemble of structures having
different dimensions whose population is sensitive to solvent
conditions. This interpretation is consistent with our previous
studies where minimal spectroscopic difference is observed
for each of these two states upon the addition of 4 M urea
(30).

In contrast, the U state is sensitive to solvent conditions
and becomes much more extended in the presence of 4 M
urea. TheRg increases from 29 to 43 Å, and thedmax from
90 to 130 Å (Figures 2 and 3D). This result indicates that
the U state has a considerable amount of residual structure
that is disrupted upon the addition of urea. The U (no urea)
state, however, represents an ensemble of structures that is
continuously disrupted upon the addition of urea, and leads
to the U(urea). Because of differences in the U states, the
Rg changes by less than 1 Å in theU-to-I transition in the
absence of urea, and by 15 Å in the presence of 4 M urea.

A Kratky plot [Q2I(Q) versusQ] is used to illustrate the
differences in compaction between the different conforma-
tions of tRNAPhe(Figure 3C,D). In general, scattering from
spherical particles at high angle obeys Porod’s law and
decreases asI(Q) ∝ Q-4 (9). The Kratky trace has a
maximum at aQ-value dependent on the size of the particle,
and the trace goes to zero at high angles. For extended
particles such as coiled chain molecules, the scattering
decreases asQ-2 at intermediate angles andQ-1 at high
angles. This behavior results in a plateau followed by an
upturned region at highQ in the Kratky plot.

Experimentally for tRNAPhe, the Kratky traces for the Uno

urea, I, and N states exhibit a pronounced peak indicating that
all three states are reasonably compact. However, the upward
trace for the U state in 4 M urea indicates that this species
is largely an extended, coil-like structure.

Mg2+-Dependent Folding of the C-Domain. Two transi-
tions are observed by SAXS in the Mg2+-dependent folding
of the C-domain (Figure 4). The U-to-I transition occurs
between 0 and 1 mM Mg2+ and the I-to-N transition between
1 and 6 mM Mg2+. An intermediate is populated at∼1 mM
Mg2+ and has aRg value of 46( 0.5 Å. The dependence of
Rg

2 on Mg2+ concentration for the I-to-N transition is
analyzed using a Hill-type analysis to obtain a Hill constant

of 2.7( 0.4 and aKMg of 2.2( 0.5 mM. Just like tRNAPhe,
the Hill constant of the C determined by SAXS is identical
to that obtained by spectroscopy, hydroxyl radical protection,
and catalytic activity (31, 32). The nearly 2-fold higherKMg

value is due to the higher RNA concentration used in the
SAXS experiments (3.8µM) compared to that used in our
previous studies (0.2µM). The I-to-N transition at 3.8µM
RNA monitored by hydroxyl radical protection (Figure 4,
inset) is identical to this transition determined by SAXS.
Presumably, the higher RNA concentration reduces the free
Mg2+ concentration through nonspecific binding (33, 34),
resulting in an increase in the apparentKMg.

TheP(r) analysis and Kratky plots (Figure 5) indicate that
the I and N states of the C-domain are quite compact and
have similar dimensions. In contrast, the U state is extended
with its Kratky trace exhibiting a mild hump with charac-
teristics of both a compact and an extended particle. This
behavior suggests that the U state may be composed of
regions of structure connected by extended regions. This
residual structure is disrupted by the addition of 8 M urea
and 4 mM EDTA to result in an increase inRg from 80 (
2 to 180( 10 Å and indmax from ∼225 to∼450 Å (Figure
5D).

DISCUSSION

Compaction and RNA Folding Transitions.Based upon
the present results for tRNAPheand the C-domain, we propose
that the compaction for tertiary RNA folding can be thought
of as a two-stage event (Figure 6). Starting from a completely
unfolded state in 4-8 M urea in the absence of Mg2+ (U′
state), the first compaction event occurs upon the dilution
of urea and/or the addition of Mg2+. This stage of compaction
generates a distinct intermediate (I state). The detection of
this intermediate by SAXS corroborates well with our
previous spectroscopic studies of these RNAs. Starting from
this intermediate, the second compaction event occurs upon
the addition of more Mg2+. This stage of compaction
generates the native state (N state). Again, SAXS results
correlate well with the I-to-N folding transition characterized
previously by spectroscopic methods and by chemical
modification (30, 32).

FIGURE 4: Mg2+-induced folding of the C-domain at 0.3 mg/mL,
37 °C, in 20 mM TrisHCl, pH 8.1. Arrows denote the Mg2+

concentration where the U, I, or N state dominates. Inset: Mg2+

binding plot of Rg
2 for the I-to-N transition. Solid line is the fit

using a cooperative Mg2+ binding model (eq 5). The open triangles
show the folded fraction determined by hydroxyl radical protection
at the same RNA concentration.

SAXS Studies of Tertiary RNA Compaction Biochemistry, Vol. 39, No. 36, 200011111



The degree of compaction may be described by the
normalized ratio of theRg values of the U′, I, and N states
(Figure 6). For the yeast tRNAPhe and the C-domain, the I
state is∼74% and∼96% compact compared to the N state,
respectively. This comparison suggests that the I state of the
C-domain is relatively more structured compared to the I
state of tRNAPhe even though the C-domain has 3.4 times
more residues.

The difference in the degree of compaction for the I-to-N
transition of these two RNAs is consistent with the difference
in their uream-values and spectral properties (30, 32). The
m-value correlates with the amount of surface buried in a
folding transition. For the C-domain, them-value is 1.0 kcal
mol-1 M-1, significantly smaller than them-value for
tRNAPhe, 1.7 kcal mol-1 M-1. In relative terms, them-value
for the I-to-N transition of the C-domain is only about 10%
of the total for folding starting from a completely unstruc-
tured state [estimated by assuming totalm-value scales
linearly with RNA size (30)]. In contrast, them-value for

the I-to-N transition of tRNAPhe is about 60% of the total
m-value. No UV absorbance change is observed in the I-to-N
transition for the C-domain, suggesting that its I state contains
a native amount of secondary structure. In contrast, a
significant change in UV absorbance is observed for the
I-to-N transition of tRNAPhe(V. Shelton, unpublished results).

It should be noted that theRg andP(r) functions of both
I and N states of tRNAPhe remain the same in 0 and 4 M
urea and do not change with Mg2+ concentration. This result
is consistent with both states being distinct structural entities
rather than ensembles of structures having different dimen-
sions and variable amounts of surface burial. The existence
of a physically defined I state supports the use of this I state
as a thermodynamic reference point for defining tertiary RNA
stability.

In contrast to the I and N states, the U state for both RNAs
characterized by SAXS is very sensitive to solvent condi-
tions. The addition of urea disrupts residual structure and
results in an increase in dimension. This effect is most
dramatic for tRNAPhe where in the absence of urea, the U
state is nearly as compact as the I state. The extreme
sensitivity of the U state to solvent conditions suggests that
the U state arises from overlapping and independent structural
formation starting from the U′ state. It is likely that until
the solvent condition favors the formation of the I state, the
U state is composed of a multitude of RNA structures.

The time scales for the folding transitions here may be
estimated from previous kinetic studies on the tRNAPhe(35),
the C-domain (32), and other tertiary RNAs. Our stopped-
flow absorbance and CD studies have shown that the U-to-I
transition for the whole length P RNA at 37°C occurs on
the submillisecond time-scale (36). Hence, for both RNAs
studied here, the U-to-I transition probably occurs on the
submillisecond range as well. The I-to-N transition for these
RNAs probably occurs in a time range of 10-100 ms at 37
°C. Starting from the U state, the C-domain folds along a
sequential pathway, and there is no evidence that the highly
collapsed I state needs to undo structure in order to continue
folding. These estimates suggest that the compaction of
tertiary RNAs can be very rapid.

Mg2+ and Tertiary RNA Stability.Many tertiary RNAs
only fold to their biologically relevant conformations in the
presence of divalent cations, typically Mg2+. Two types of
Mg2+-RNA interactions can be considered in a tertiary
folding transition: delocalized and specifically bound (37,
38). Although delocalized cations preferentially associate
with folded RNA structures having increased negative charge
density, we have proposed that the stability of the C-domain
can be described adequately by the cooperative binding of
three specific Mg2+ ions in the I-to-N transition (31). Further,
our kinetic studies have shown that the C-domain folds in
discrete steps upon the sequential binding of these specific
cations (32).

Our proposal that stability can be defined with a coopera-
tive, Hill-type analysis assumes that the interactions are
similar between delocalized Mg2+ ions with the I and N
states, so that the delocalized Mg2+ interactions would not
appreciably alter the relative equilibrium between the I and
N states. This would be the situation if both states have
comparable charge density. The similarity in the size of the
two states, as measured by SAXS, suggests that they are
likely to have similar charge densities. Hence, the cooperative

FIGURE 5: The U′, U, I, and N states of the C-domain at 37°C in
20 mM TrisHCl, pH 8.1. (A) Scattering profiles and fits for the U
(no Mg2+), I (0.9 mM Mg2+), and N states (10 mM Mg2+) at 0.5
mg/mL. Inset: Guinier plot; solid lines are best fits of the data up
to Q ) 1.3/Rg. (B) P(r). (C) Kratky plots. The scattering from the
U′ has been normalized to the intensity of the other three to account
for the change in scattering contrast of the buffer due to the presence
of urea.

FIGURE 6: Dimensions of thermodynamic states of tRNAPhe and
the C-domain. U′ represents the unfolded state in the presence of
4 and 8 M urea for tRNAPhe and the C-domain, respectively. U
represents the unfolded state in the absence of Mg2+.
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binding of a few specific Mg2+ ions probably is the dominant
factor to be considered in C-domain stability (i.e., the N state
over I state), and delocalized Mg2+-RNA interactions do
not contribute significantly.

In contrast to the C-domain, the I state of tRNAPheis much
less compact. Nevertheless, we have shown that the Mg2+-
dependent stability of this tRNA can be described by the
cooperative Mg2+ binding model as well (30). Potentially,
the suitability of a specific binding model to this RNA with
a less compact intermediate state is due to the much lower
levels of Mg2+ required to form the native state. Both
hydroxyl radical protection (unpublished results) and SAXS
show that tRNAPheis completely folded below 100µM Mg2+

in the absence of urea. Delocalized Mg2+ interactions are
probably less important at such low Mg2+ concentrations.
Hence, under these conditions, delocalized Mg2+-RNA
interactions probably have little effect on the stability of this
tRNA, and the cooperative binding of a few specific cations
is the dominant factor.

CONCLUSION

We have used SAXS to measure compaction during Mg2+-
induced folding of yeast tRNAPheand the C-domain of RNase
P RNA from a fully denatured state, U′. Upon the dilution
of denaturant, but without the addition of cations, the
unfolded state forms structure and undergoes a large decrease
in dimension. SAXS physically identifies a distinct thermo-
dynamic intermediate for both tertiary RNAs. For tRNAPhe,
significant amounts of compaction occur in both the U′-to-I
and the I-to-N transitions. For the C-domain, however, the
vast majority of the compaction occurs in the U′-to-I
transition, and the I state is nearly as compact as the native
state. Hence, the compaction process can be different and
does not necessarily correlate with the size of the RNA.
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