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ABSTRACT. The global structure of the hammerhead ribozyme was determined in the absencg& difyMg
solution NMR experiments. The hammerhead ribozyme motif forms a branched structure consisting of
three helical stems connected to a catalytic core.™Fhé®N andH-13C residual dipolar couplings were
measured in a set of differentiallyN/*3C-labeled ribozymes complexed with an unlabeled noncleavable
substrate. The residual dipolar couplings provide orientation information on both the local and the global
structure of the molecule. Analysis of the residual dipolar couplings demonstrated that the local structure
of the three helical stems in solution is well modeled by an A-form conformation. However, the global
structure of the hammerhead in solution in the absence of"Nfgnot consistent with the Y-shaped
conformation observed in crystal structures of the hammerhead. The residual dipolar couplings for the
helical stems were combined with standard NOE amtupling constant NMR data from the catalytic
core. The NOE data show formation of shearedAGbase pairs in domain 2. These NMR data were used

to determine the global orientation of the three helical stems in the hammerhead. The hammerhead forms
a rather extended structure under these conditions with a large angle between stems ~da®l), @
smaller angle between stems Il and H10C), and the smallest angle between stems | andNI ).

The residual dipolar coupling data also contain information on the dynamics of the molecule and were
used here to provide qualitative information on the flexibility of the helical domains in the hammerhead
ribozyme-substrate complex.

The hammerhead ribozyme is a small self-cleaving RNA e
motif that functions in the rolling circle replication mecha- U=Gies
nism of various plant viroid and satellite RNA$-3). The g:g Stem Ill
hammerhead motif consists of 3 stem regions flanking a C=-G
catalytic core containing 11 conserved nucleotides (Figure :j; y1 Cleavage Site
1). Naturally occurring hammerhead RNAs are single i 2A dA™! .
molecules that undergo self-cleavage; however, the hammer- AA???? Gauuaccs
head ribozyme motif can be divided into two molecules; one Agccaal, @CCAGCGGs
acting as a ribozyme and the other as a substta bese “istem 1 [° G 1 Yys " Steml

Domain

trans-cleaving systems have been shown to produce site- _ )
specific cleavage of RNAs both in vitro and in viva, () Ficure 1: Nucleotide sequence and schematic of the secondary
The h head rib | h hodi N b (itructure of the hammerhead construct used in this study. The
e amm'er_ eadn ozyme qgaves ap _OSp 0 'eSter_ on leavage site is indicateq by an arrow, and domain 1 (residues C3
ata 8 UH 3’ site (where U is uridine and H is any nucleotide aAg) and domain 2 (residues BA9 and G12-Al4) are boxed.
except G), leaving a' B'-cyclic phosphate and a-®H. The The 11 conserved residues required for catalytic activity, C3, U4,
cleavage reaction proceeds through a trigonal bipyramid G5, A6, G8, A9, A12, A13, Al4, A15.1, and U16.1, are shown in
transition state, and full catalytic activity requires divalent '@lics:

metal ions; however, cleavage activity is observed in the absence of divalent ions at very high concentrations of
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where stem 1l and stem Ill coaxially stack to form an determine the global domain orientation of the hammerhead
extended helix and stem | forms an acute angle with stem consistent with the NMR data. We found that in the absence
Il. Unfortunately, the X-ray structures of the hammerhead of Mg?" the hammerhead ribozyme exists in an extended
do not correlate well with the mutational/modification data, conformation similar to that predicted from the FRET and
and thus the role of the various conserved nucleotides in thegel studies 18—20). Stems | and Il are nearly collinear
cleavage mechanism of the hammerhead is still not well whereas stem Il is oriented with its helical axis almost
understood 12, 13. A possible explanation for this is that perpendicular to the other two stems. These studies demon-
the most populated conformation of the hammerhead in the strate how residual dipolar coupling data can be used to
crystals (or in solution) may not be the active conformation. determine the global conformation of RNAs, while also
Various conformational changes have been proposed for theproviding qualitative information on the global conforma-
hammerhead to proceed from X-ray structure to the catalyti- tional flexibility for the hammerhead ribozyme.

cally active conformationg, 10, 14, 1%, although the extent

of these conformational changes is controverdiél (7). A MATERIALS AND METHODS

drastically different conformation is proposed for the ham-
merhead ribozyme in solution in the absence of?Mg
Fluorescence resonance energy transfer, gel mobility,
transient electric birefringence solution studies indicate that
under these conditions, at low ionic strength the hammerhead
forms a rather extended conformatidr8{-20). Addition of
Mg?* triggers the folding of the molecule into the conforma-
tion observed in the crystal structures, and this folding has
been proposed to occur via a two-step Mgependent
process 19). In this paper, we determined the solution
conformation of the hammerhead ribozyme in the absence
of Mg?*, using residual dipolar coupling data. The global
structure under low salt conditions is compared with the
crystal structure and with other solution structural models
for the hammerhead. The studies here also demonstrate th
applicability of recently developed NMR dipolar coupling

Sample PreparationThe 35 nt hammerhead ribozyme
and(Figure 1) was prep_ared by_in vitro transcription with T7
RNA polymerase using previously described meth@®. (
Nucleotide-specific labeling was achieved by various com-
binations of uniformly**C/*N-labeled and unlabeled NTPs

in the transcription mixture. Three different specifically
labeled samples were synthesized: 1%&/*N-adenosine
ribozyme, a3C/*N-guanosine ribozyme, and &C/*N-
uridine/cytosine ribozyme. The RNA transcripts were puri-
fied by anion exchange HPLC, and theé-eéhd of the
transcript was cleaved by a second hammerhead ribozyme
to yield a homogeneous-8nd population, which was further
purified by either denaturing PAGE or anion-exchange HPLC
30). The noncleavable chemically synthesized 13 nt substrate
‘%Figure 1) was purchased from Dharmacon Research, Inc.

techniques to the global structure determination of a multi- (-@fayetté, CO), and purified by anion exchange HPLC as
domain RNA. described §0).

The dipolar couplings of a macromolecule average to zero _1he ribozyme and substrate RNAs were dialyzed exten-
in isotropic solution; thus, observation of RDQmquires  SiVely against buffer containing 25 mti-succinic acid, pH
partial alignment of the molecule2, 22. Unlike local ~ °-5 100 MM NaCl, 0.1 mM EDTA, and 10%;D. Substrate
structural parameters such as NOEs dncouplings, the was added to the ribozyme to form a 1:1 r!bozymelbstr_ate
RDCs give information on the relative orientation of inter- €0omplex, and the sample was further dialyzed against the
nuclear vectors in the molecule, and therefore provide long- S2Me buffer. Before each NMR experiment, the sample was
range structural data. NMR RDCs have recently been usegh€ated to 60C for 2 min and cooled on ice to ensure proper
to determine the global domain orientation of multidomain COMPplex formation. The concentrations of the NMR samples
proteins and nucleic acids where the local structures of theanged from 0.6 to 1.9 mM for the complex.
domains are knowr2@—25). Several approaches have been ~ Resonance Assignme#tomatic 'H, **C, and**N reso-
developed for determining the global structure of multi- nances were assigned from 2BN, 'H) and ¢*C, 'H) HSQC,
domain molecules. One method reorients one domain relative(*H-*H) NOESY, and base-specific magnetization transfer
to the other by superimposing the PAS of the alignment experiments 31-34). Intranucleotide H6/H8 to Hlcon-
tensors of the individual domain€3). A second method  nections were established from HCN &Ad-edited NOESY
fixes the local structure of the individual domains and then experiments 1). Ribose 'H and **C resonances were
uses rMD calculations to change the relative orientation of assigned from 2D%C, *H) HCCH-COSY and 3D, *C,
these domains to find the best fit to all the RDQ§+28). 'H) and (°C, 1*C, H) HCCH-TOCSY experiments3(Q).

A third method fixes one domain and rotates the other Sequential assignments were made ff8@redited NOESY
domain as a rigid body, searching for the orientation that Spectra as well as a 3D%C, *C, 'H) HMQC-NOESY-
provides the best fit to the experimental dipolar coupling HMQC experiment performed on the uridine/cytosine-labeled
data @4, 25. We have used the third approach here to sample. All NMR spectra were acquired on Varian Inova
500 or 600 MHz NMR spectrometers operating at°Z5

1 Abbreviations: CT, constant time; COSY, correlation spectroscopy; US'”Q a double- or triple-resonanceaxis pulsed-field

DSSE, doublet-separated sensitivity-enhanced spectroscopy; FRETradient probe.
HON, proton. Garbon. and nirogen coralation experiment. HCCh, - Determination of Residual Dipolar CouplingSne-bond
proto'n,pcarbclm, carbon, hydrog%n; HMQC, hetergnuclear' multiple 'H-13C and*H-**N RDCs were determined for tHéC/lSN'
guantum correlation spectroscopy; HSQC, heteronuclear single quantumlabeled G, C, and U residues of the ribozyme in the
correlation spectroscopy; NOESY, nuclear Overhauser effect spectros-hammerhead ribozymesubstrate complexes. Samples of

copy; NOE, nuclear Overhauser effect; nt, nucleotide; NTP, nucleotide 13~ /15n_ ; 5Nt i : .
5'-triphosphate; PAS, principal axis system; RDC, residual dipolar *C/*N-guanosine ané"C/*N-uridine/cytosine ribozyme

coupling; rMD, restrained molecular dynamics; TEB, transient electric Substrate complex were weakly aligned in a medium
birefringence; TOCSY, total correlation spectroscopy. containing filamentous phage Pf35-37). The phage was
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Ficure 2: Definition of the polar angles used to define the
orientations of the helical stems in the hammerhead ribozyme. (A)
A helical stem shown with the corresponding helical axis and the
vector connecting the two Chtoms in the terminal base pair. (B)

0 and¢ are defined as the polar coordinates of the helical axis in
the coordinate frame. (C) The helix from (A) rotated through the
polar coordinate® and ¢ to position the helical axis along tte
axis. (D) w is defined as the angle between tkeaxis of the
coordinate frame and the projection of the'€C1' vector in the

xy plane. The Clatom of the 5nucleotide defines the head of
the C1—C1 vector.

dialyzed against 25 mM succinic acid, 100 mM NacCl, 0.1
mM EDTA, and 0.05% Nap| pH 5.5, then pelleted by

Bondensgaard et al.

deuterium quadrupole splitting for HDO of 16.4 and 28.0
Hz for the uridine/cytosine-labeled and guanosine-labeled
samples, respectively.

The one-bondH-*C and'H-*N couplings were measured
for samples with and without phage. THe8-1>N couplings
were measured from 2B%, *H) t;-coupled HSQC experi-
ments. A'H-13C version of the DSSE-HSQC experime88)Y
was used for measuring the one-bond C8H8 couplings in
guanine bases; and a sensitivity-enhanced CT-TROSY
experiment 89, 40 was used to measure the one-bond C6H6
and C5H5 couplings in cytidine and uracil bases. The RDCs
were calculated from the difference between the couplings
measured from the aligned and unaligned spectra. The errors
in the measurements were estimated from the difference
between dipolar coupling values obtained by manual mea-
surement of peak splittings and values determined through
fitting the lines to a Lorentzian curve. These errors range
from £1.0 to 12.0 Hz, with the large errors arising from
poorly resolved or broad resonances (see Table S1 of
Supporting Information).

The one-bondH-3C couplings for ribose CH groups were
measured with d&-modulatedH-3C CT-HSQC experiment
(41). The constant time period was set tddt, 25 ms. Ten
experiments were acquired for each sample, with a delay,
A, ranging from 3.8 to 17.0 ms. The couplings were
determined by fitting the intensity of the line as a function
of A, to a cosine function as describetl) (see Figure 3B).
The errors in these measurements were estimated from fitting,
and generally ranged froat1.0 to 5.0 Hz; however, some
couplings had larger errors due to poorly resolved or broad
resonances (see Table S1).

Since RDCs were measured for samples with different

ultracentrifugation and resuspended in the NMR sample degrees of alignment (different phage concentrations), a

buffer twice, and finally added to the RNA sample. The final
Pfl concentrations were15 and~30 mg/mL, leading to a
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factor of 1.71 was used to correct for differences in phage
concentration{15 and 30 mg/mL). The factor was calcu-
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FIGURE 3: (A) The C1—H1 region of aJ-modulated CT-HSQC spectrum of th/1°N-guanine-containing sample acquired in isotropic
solution, with an evolution tim&-A of 17.1 ms. The asterisk marks the position of the overlapping G10.1, G10.2, G11.3, and G15.4
resonances. (B) A plot of the intensities of the G8 and G2.6 resonances as a funcTiax iof both isotropic &) and anisotropic®)
solution. The curves represent the fits of the intensities, measured in isotrop&n@ anisotropic{ —) solution, to the function cos-
[Icu(T-A)]. The values of the best fits to the coupling constants are also shown.



Global Structure of the Hammerhead Ribozyme Biochemistry, Vol. 41, No. 39, 20021535

lated from the ratio of the splitting of the deuterium line of ribozyme-substrate complex using a modified version of
HOD observed for the two phage concentrations. It has beenXPLOR (44) (provided by G. M. Clore, NIH). NOEs were
previously shown that the deuterium splitting is proportional measured from3C-edited 2D NOESY spectra, afdhy—nz
to the phage concentration and to the degree of alignmentcoupling constants were determined from 38C( 13C, H)
(35). E-COSY experimentsib). Repel NOEs were added for pairs
Determining Global ConformatiorThe global conforma-  of H1', H6, and H8 protons in the uridine turn for which no
tion of the hammerhead ribozyme was determined from NOEs were observed. All simulations were performed with
residual dipolar coupling data using a modified version of the AMBER94 force field 46) including energy terms for
the program Conformist2d). The program was adapted to bond lengths, bond and dihedral angles, and nonbonded van
perform simultaneous reorientation of three domains. Since der Waals and electrostatic interactions. Tables &4 in
the orientations determined from RDC data are sensitive tothe Supporting Information give the constraints used in the
variations in local structure, four models for the local structure calculations. Each of the 16 global structures,
structure of each stem were employed. Three of these model®btained by stem reorientation with Conformist, was used
were derived from the three copies of the hammerhead as input for a separate XPLOR calculation. The torsion angles
ribozyme in the asymmetric unit of the crystal structure by in the core of the hammerhead ribozyme, including the
McKay and co-workers f), PDB identifier LHMH]. These  nucleotide backbone torsion angles (3, vy, and{), were
models are referred to here as: AB, CD, and EF and randomized at the start of the XPLOR calculation, generating
represent molecules A and B, C and D, and E and F, five starting structures for each global structure. To maintain
respectively, in the PDB coordinate file. A fourth model of the orientation of the stems determined from the calculations
each stem was generated as a regular A-form double helixwith Conformist, simulated RDCs were generated, using an
with the program Insightll (MSI). The crystal structure by artificial alignment tensor wittA, = 1.7 x 103 andR =
McKay and co-workers consisted of an RNA ribozyme 0.55, and these simulated RDCs were used as constraints.
complexed with a DNA substrat8)( The RNA:DNA hybrid Five simulated RDC restraints per nucleotide were employed
stems | and Ill, however, crystallize as A-form helices, and in the stems. Rigid body dynamics were employed to keep
therefore represent a satisfactory model of an all-RNA double the local structure of the stems fixedi2j. The goal of this
helix. The X-ray models were modified to correspond to the protocol was to fix the local structure and the relative
sequence of the construct employed here (Figure 1) where:orientation of the stems while still allowing translation of
(i) the deoxyribose rings of the substrate strand were changedhe stems and rearrangement of the core.
to ribose rings by adding' hydroxyl groups (except for the These calculations employed an initial stage of simulated
cleavage site adenosine dA17); (i) the cytosine at the annealing using protocols similar to those previously de-
cleavage site, dC17, was replaced by dA; (iii) the base pairsscribed 47, 48. For this initial stage, only nucleotides in
U15.5:dA16.5 and dC1.4:G2.5 in the crystal structures were the core and in the three base pairs flanking the core (C2.1:
substituted by U15.5:G16.5 and U1.4:G2.4 wobble base G1.1, G10.1:C11.1, and C15.2:G16.2) were included in the
pairs, respectively; the atomic coordinates for the G:U base calculations where the local structure of these three base pairs
pair in the X-ray structure of a mismatch duple®) were was fixed. Next the full structures for the three stems were
used for these substitutions; and (iv) thymine bases wereintroduced (by superimposition on the base pairs flanking
replaced with uracil. The three models of the stems basedthe core) followed by a low-temperature simulated annealing
on the crystal structure had an average rmsd of 0.78 A, while protocol.
the A-type RNA models differed from the crystal structures  During the calculations, the conformation of some of the
by an average rmsd of 1.24 A. ribose rings in the core was fixed in either an S- or an N-type
The global conformation of the hammerheaibstrate conformation (see Table S4) based on the measUrgdy>
complex was described by the set of anglesy, and w couplings (N-type:3Jur—p2 < 2 Hz; S-type: 3Jur—p2 > 9
which represent the orientation of each stem relative to stemHz). The distance restraints included 93 NOE restraints for
Il. A coordinate frame was chosen in which stem Il is core nucleotides and 120 repel distance restraints between
oriented with its helical axis along theaxis andé and ¢ H1', H6, and H8 protons in the uridine turn (Tables S2 and
are the polar angles describing the orientation of the helical S3). The NOE distance restraints were assigned qualitatively
axis of each stem in this coordinate frame (see Figure 2).from peak intensities with an uncertainty #0.75 A. The
The anglew represents the rotation of the stem about its repel restraints were assigned a lower bouh8l & and no
own helical axis (Figure 2D). To determing the stem was  upper bound. Four hydrogen bonds for the G8:A13 and A9:
rotated through an angle-¢ about thez axis and then  G12 base pairs in the purine tract in domain 2 (Figure 1)
through an angle—6 about they axis. These rotations were enforced with distance restraints betweer-N8 and
position the stem’s helical axis parallel to thexis. w is H2—N7.
then determined as the angle between xhaxis and the
projection in the xy plane of the C2C1T internuclear vector ~ RESULTS

of the base pair flanking the core of the ribozyme. Thé C1  Resjdual Dipolar Couplings in the Hammerhead Ri-

atom of the Snucleotide in the base pair is considered 10 pozymeThe residual dipolar couplings for a partially aligned
be the head of the CC1' internuclear vector. Coordinates  molecule with a fixed shape can be described 24) (

for the helical axes of the stems were calculated with the

program CURVES 5.043). Dpo= Dy “SAJ(3 cos 6 — 1) + (3/2)R sin’ 6 cos (2h)]
Molecular Dynamics SimulationdMolecular dynamics (1)

simulations with NOE distance] coupling torsion angle,

and RDC restraints were performed on the hammerheadwhere Do"? = —(1/27)(us/87?)hypyqlieg 30 yx is the



11536 Biochemistry, Vol. 41, No. 39, 2002 Bondensgaard et al.

100 T T T 100 T T . 100 . T T
—;r [ ¢ 00.
L sof { s0 ® 50 4
° o0 b ° ° o
8 . S % o* o ® e
(a] o* o o> <
° °
o 0 . ® .:' ° o, o® ‘ 1 ° p 0 . .
g . o o S ') °
5 . e y
- L)
T 50| 1 sof -50 | . -
2 §
o
-100 -100 -100 L 4

-100

-50

0

50

Measured RDCs (Hz)

100

-100

-50

0

50

Measured RDCs (Hz)

100

-100

-50

50

Measured RDCs (Hz)

100

Ficure 4: Comparison of measured and predicted residual dipolar couplings for the hammerhead ribozyme. (A) All residual dipolar coupling
data were fit to the X-ray derived structure model AB. (B) Only data for stem Il were fit to the model AB. (C) All data were fit to the
solution conformation obtained after domain reorientation.

differs from that found in solution. However, when the
observed and predicted dipolar couplings are compared for
each individual stem separately, the correlation improves
dramatically (Figure 4B), indicating that the crystal structure
is a good representation of the local helical structure in
orientation of the internuclear vectosg in the PAS of the  solution. Therefore, significant differences must exist be-
alignment tensor. In the studies heBwas assumed to be  tween the global conformation of the hammerhead ribozyme
a constant value for all the residual dipolar couplings. The in the crystal and the solution conformation studied here in
general degree of order (GDO), which is proportional to the the absence of Mg ions.

overall degreelof .aIignment of the molecule, was also Orienting the Stems of the Hammerhead Ribozyfioe
calculated and is given byt9) obtain the solution conformation of the hammerhead RNA,
the relative orientation of the three helical stems was
determined from RDC data using the program Conformist
(24). The program fixes the orientation of one domain in
the molecule and then performs a hinge rotation of a second
gomain (and/or a third domain) relative to the fixed domain.
onformist searches for the global conformation of the
molecule that yields the best agreement between experimental
and calculated dipolar couplings. Four different sets of atomic
coordinates were used in these calculations derived from the
three crystal structures and the regular A-type RNA model
of the stems (see Materials and Methods). Each of the three
shows part of the C+H1' region of theJ-modulated CT- heli_cal stems of the_ hamme_rhead ribc_)zyme was t_reated as
an independent rigid domain. Domain reorientation was

HSQC spectrum of the guanosine-labeled ribozyme . . .

substrate sample acquired on the isotropic sample. I:igureapplled to pairs qf stems or to all three s_temg simultaneously.

3B shows the analysis of th&modulated data for two In these calculations, stem Il was kept fixed in the molecular

residues in both the oriented and the unoriented samples.frame’ and independent hinge rotatlohs were applied to §tems
| and/or Ill to generate the set of solution-state conformations.

The RDCs were only measured for residues on the labeled ©
ribozyme, yielding 27:H-13C RDCs for the catalytic core Figure 4C compares the observed and calculated RDCs after
the reorientation of the stems for the AB X-ray model,

and 62'H-13C and'H-N dipolar couplings in the stems. | g :
Only RDCs from the stems were used in the calculation of illustrating the good fit of the measured RDCs to the
optimized hammerhead conformation.

the global structure, but the RDCs from the 8nd 3-end
nucleotides were not included. Thus, 51 RDCs, ranging from  To assess the consistency of the experimental data for the
—76 to 79 Hz, were used for determining the global three stems and the reliability of the results of the stem
conformation of the hammerhead and were distributed asreorientation procedure, the alignment tensors for each stem
follows: 17 for stem |, 23 for stem I, and 11 for stem Ill and for the entire molecule were calculated with Conformist
(Table S1). (Tables 1 and 2). The following sets of RDCs were used:
Comparison between the measured RDCs for these stemgi) stem Il alone; (ii) stems | and Il together after reorientation
and those predicted from the X-ray structure of the ham- of stem | relative to stem II; (iii) stems Ill and Il together
merhead [structure AB in9j] is shown in Figure 4. The after reorientation of stem Il relative to stem Il; (iv) all three
measured RDCs correlate poorly with those predicted from stems where stems | and 11l were reoriented relative to stem
the X-ray crystal structure (Figure 4A). This means that the Il. Table 1 presents the results of these calculations for the
local and/or global structure of the hammerhead in the crystal AB model and shows that the value of the axial component

gyromagnetic ratio of nucleus J)§ is the generalized order
parameterA,,, Ay, andA, are the principal values of the
alignment tensorA, = A, is the axial component of the
tensor Ris the rhombicity defined biR = (2/3)(Ax — Ay)/
Az, and 0 and ¢ are the polar coordinates describing the

GDO = [(2/3)5;A,7"? @)

whereA; represents the components of the alignment tensor.
Partial alignment of the hammerhead ribozyme was
achieved using Pfl phage as a cosolute. These phage hav
a highly negatively charged surfacd (p 4.0) and have been
previously shown to align negatively charged nucleic acids
through steric-type, nonbinding interactiorgs( 39. One-
bond!H-3C and'H-*>N RDCs were measured for G, U, and
C residues in the various samples&E/°N-labeled ham-
merhead ribozymeunlabeled substrate complex. Figure 3A
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Table 1: Alignment Tensor Information for Reorientation of Helical
Stems in the Hammerhead Ribozyme

stem 1] =1 =1 I =11=Ill

Aa(x1079) 1.72 1.65 1.76 1.76
R 0.44 0.37 0.57 0.50
ob 300 301 299 300

B° 108 107 109 109

yo 111 112 110 111
angle -II° - 151 — 150
angle llI-I1° - - 109 106

aThe results are for the AB X-ray model and are relative to stem I
which was held fixed. Tables S5 and S6 in the Supporting Information
give similar results where stems | and Il are held fixed, respectively.
b All values for the angles are in degrees.

Table 2: Components of the Alignment Tensor for the Three Stems
of the Hammerhead Ribozyme

Aa(x1073) R GDO(x1079)
domain  X-ray Atype X-ray Atype X-ray Atype
stem | 1.62 1.79 0.21 0.17 1.65 1.81
stem Il 1.62 1.73 048 0.44 1.76 1.85
stem Ill —-1.75 -1.65 0.37 0.32 1.84 1.71
full HH® 1.71 1.74 0.50 0.47 1.86 1.88

aThe values ofy; andR for the X-ray structure are averages over
the results from the three X-ray-derived model structures AB, CD, and
EF (9). P The values for the whole molecule are calculated after domain
reorientation.

of the tensor, A, is independent of which stems are
reoriented. There are some differences in rhombidRy,
which likely reflect the rather limited set of RDCs in the
hammerhead and th&tis often difficult to define precisely
even with an extensive set of couplings0( 5J). Signifi-
cantly, the Euler angles defining the orientation of the PAS
of the tensor (relative to the molecular frame for stem II)

Biochemistry, Vol. 41, No. 39, 200241537

dipolar couplings in these different, but not independent,
media (unpublished results). Thus, here we used additional
structural information from NOESJ4r—n2 coupling con-
stants, and the covalent structure to identify the correct
solution conformation of the ribozyme among the 16
possibilities.

The arrangement of the stems of the hammerhead in the
16 possible solution structures requires the core of the
molecule to adopt conformations very different from the one
in the crystal structure. For each of these 16 structures, we
tested the ability of the core of the hammerhead ribozyme
to accommodate both the new orientation of the stems and
the available experimental distance and torsion angle re-
straints. Cross-strand NOEs for domain 2 in the hammerhead
[A9:H2—A13:H1 (strong), A9:H2-G12:HI(medium), A13:
H2—A9:H1'(strong), and A13:H2G8:H1 (medium)] pro-
vided evidence for formation of the two G:A mismatch base
pairs, G8:A13 and G12:A9. For domain 1, which forms a
uridine turn in the X-ray structures, NOE patterns similar to
A-type RNA were observed, and no long-range NOEs
expected for a uridine turn were observed. These findings
impose additional limitations on the possible conformations
of the ribozyme core. Molecular dynamics simulations were
used to determine which of the 16 global conformations from
Conformist was consistent with the experimental NMR data
and the covalent structure of the molecule (see Materials and
Methods for details).

Most of the 16 input structures produced a variety of
violations predominantly in the regions connecting the core
and the stems. In eight of the structures, stems | and Il are
oriented almost parallel to each other, forcing the connecting
nucleotides C4 through A9 to make an extremely sharp turn
inconsistent with the observed NOE data. Thus, these
solutions for the global structure were discarded. In the

are essentially the same. Thus, the components and Euleremaining eight structures, stems | and Il are antiparallel,
angles of the tensor are unchanged no matter which set ofwith a~150 angle between their helical axes. However, in
RDCs are included in the stem reorientation with the program five of the structures, C11.1 and C15.2 are on the opposite

Conformist. The results in Table 1, therefore, indicate that
the hammerhead is aligning as a rigid speci; @1 (also

sides of stem Il. Thus, it is not possible to satisfy the observed
NOEs and also have the purine track GI15.1 connect

see Discussion). Furthermore, the relative orientation of the stems Il and Il without creating steric interference with the
stems is unchanged independent of whether two or threereminder of the core. These structures were not considered
domains are reoriented (Table 1). Similar results are obtainedfurther.

when stems | or Ill are held fixed instead of stem Il (see

In two of the remaining three structures, it is possible to

Tables S5 and S6 in Supporting Information). This means connect the stems with the core and still satisfy the NOE

that the global conformation of the molecule is reliably
defined by the experimental dipolar coupling data.

Due to the invariance of a dipolar coupling value with
respect to rotation of the domain by F8about thex, y, or

restraints. However, to avoid steric clash between stem Il
and residues-35, the uridine turn is forced to adopt a bend
which creates steric interference between the backbones (with
phosphate phosphate contactsé A), and these structures

z axes of the alignment frame, there is a 4-fold degeneracywere judged not feasible. Only the final structure is free of

for orienting one domain relative to a second dom&ig).(

any NOE and coupling constant violations and had no steric

Because the hammerhead ribozyme has 3 separate domaingroblems. This structure is shown in Figure 5A and

this leads to 16 different solution conformations, and
Conformist generates all 16 solutions. All these solutions
fit equally to the experimental dipolar coupling data; thus,

additional information is required to resolve the degeneracy.

One solution to this problem involves measuring RDCs in
two independenalignment mediag3, 59, but this approach

only works if different mechanisms govern the alignment
of the molecule in the two media. In our experience with

represents the global structure of the hammerhead ribozyme
in solution in the absence of divalent ions.

To test the role of repel antd coupling restraints on the
results, two sets of additional test calculations were per-
formed for the last eight structures; one with the repel
distance restraints left out of the restraint list and another
set where no restraints were included for the ribose rings in
the core. The simulation protocol was identical to that

several types of phage as well as a nonionic liquid-crystalline described under Materials and Methods. The resulting

medium B5), nucleic acids align by a steric-type mechanism,

structures were not significantly different from those obtained

and no new useful information is obtained when measuring with the full restraint set (see Table S7 in the Supporting



11538 Biochemistry, Vol. 41, No. 39, 2002 Bondensgaard et al.

simulated dipolar couplings that mimic the errors in the
experimental data. This analysis yielded uncertaintie&,in
for the three stems of less than 10%, with most of the
variation arising from differences in the local structure.
As seen in Table 2, the magnitudes/Afand the GDOs
for the three stems are very similar, indicating that the stems
experience a similar degree of alignment. In particular, the
I absolute values of the axial components are identical within
the error for the three stems. The good agreement between
these parameters for stems | and Il indicates that the
alignment of these two stems can be described by a common
tensor, and interstem motion, if present, must be limited. As
explained under Results, the somewhat larger difference in
FiGURe 5: Three-dimensional conformation of the hammerhead Iti?r?itg] don;gtlchngrCt:ea\s/';eirlrgslés frgfsét;::kﬁ Igt:r;esélitvgrltr;ﬁe
ribozyme. The interstem angles are shown. (A) Solution conforma- """ =™ :
tion derived from dipolar coupling data in the absence ofMg  Similarity between thé\, and the GDOs for stems | and I,
(B) X-ray structure in the presence of kfg(9). the measured RDCs can be directly used to determine the
relative orientation of these two stems. However, the results
Information). Thus, the structures mostly depend on structural fo; stem Il are more complicated. Although the GDO is
constraints from the RDCs, the observed NOEs, and thegjmjlar to that of the other two stems, indicating that stem
covalent structure. Il experiences the same degree of alignm@afor this stem
has an opposite sign compared to stems | and II.
DISCUSSION The sign ofA, (A;,) contains information on the orientation

Theoretical Considerations When Applying the Domain of the associated principa axis of the alignment tensor
Orientation Method to Multidomain Systentor a multi- relative to the magnetic field5f). For systems with the
domain molecule, RDCs contain information on whether the axis parallel to the magnetic field\, will be positive, and
molecule aligns as a single rigid unit in the alignment when the axis is perpendicular to the magnetic field, then
medium or whether the domains orient independeraf— A, is negative. For the Pfl phage system, the alignment of
24, 49, 56. For a rigid multidomain system, the overall nucleic acids is thought to occur by a steric-type mechanism
ordering of the molecule can be described by a single and depends on the shape of the molecBie 89. We have
alignment tensor, and each of the individual domains will recently measured residual dipolar couplings on tRNA and
have identical alignment tensor componemdg, and R. DNA in several different phage as well as a nonionic
However, for domains connected by highly flexible linkers, (uncharged) liquid-crystalline mediund%), and found the
both the magnitudes and the orientations of the alignmentsame alignment tensor independent of the medium (P.
tensor will generally be different for the individual domains Hanson, A. Vermeulen, and A. Pardi, unpublished results).
(56). This provides further confirmation for alignment by a steric-

If the magnitudes of the alignment tensor components aretype mechanism where the shape of the molecule dictates
similar in the various domains, this is a strong indication the alignment of the nucleic acid. For an elongated shape,
that the molecule is aligning as a relatively rigid species and the long axis of the molecule (corresponding to zfaxis of
that RDCs can be used to refine the global structure. PAS) should align roughly parallel to the Pfl1 phage, which
However, if the various domains do not have fixed orienta- also aligns parallel to the magnetic field, giving a positive
tions, interdomain motion can lead to an additional averaging sign forA.. A negative sign foA, would mean that the long
of the RDCs for the mobile domain. Tolman et &6) have axis of the molecule is no longer parallel to the long axis of
recently used simulations to show that an accurate averagehe Pfl phage (the angle must be greater than the magic angle
global conformation of the molecule can still be obtained in of 54.7°). However, this would be inconsistent with the
the presence of moderate internal motion. However, they steric-type alignment mechanism that has been observed for
found that for large-amplitude motions 80°) the global negatively charged Pfl phage aligning negatively charged
structure determined from RDCs deviates from the correct nucleic acids 35, 36. Thus, we next consider other
structure. mechanisms that could lead to a negative sigA.dbr stem

The general degree of order, GDO, has been used tolll compared to stems | and II.
estimate the effect of internal motions on structure determi- There are two other factors that can affect the magnitude
nations employing RDCg10). To detect the presence of large or the sign of the components of the alignment tensor of a
interstem motions, the alignment tensor and GDO were molecule aligning by a steric-type mechanism. One is the
calculated for each of the helical stems using the RDCs for presence of internal motion, and the second is inaccuracies
that stem, and the four different helical models of each stemin the experimental data and/or local domain structure. If
(see Materials and Methods). The results for the three stemsstem 1ll is only loosely connected to the rest of the
are compared in Table 2 which gives the rangeAgfR, hammerhead and hence does not experience significant
and GDO for the average of the three X-ray models and for restriction on its mobility, it could interact with the aligning
the A-form model. To estimate the uncertainty in these medium somewhat independent of the rest of the hammer-
parameters arising from both variations in the local structure head. However, steric-type alignment of stem Il alone would
and errors in the measured RDCs, test calculations werelead to a smaller GDO for this domain due to the smaller
performed using the different helical models and sets of more globular shape of stem Ill compared to the rest of the
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hammerhead, and this is not Obser\_/ed in_ the hammerh_eadl'able 3. Relative Stem Orientation for the Hammerhead Ribozyme
(Table 2) 66). Thus, the change in sign with no change in -
domain angle NMR X-ray° FRET

GDO for stem Il compared with stems | and Il cannot arise

from internal motion when alignment occurs by a steric- ~ Stem!| o° éggiz zggi %g &SX
- @
WFE)e :"tha”'Sm- , , N o load 1 A 102+ 4 181+ 8 N/A
ata |nahccuraq|es_ or |mpre(_:|5||onI can also ?? _ od an ) 1004 6 1604 9 %
apparent change in sign 4§, particularly in cases of limite ¢ 50+ 7 451 20 N/A
RDC data. Very small variations in the structure or the RDCs » 2864 11 2944 41 N/A

can cause a change in sign in systems with a large rhombicity a All angles are measured in degre&¥alues for the global structure
(R~ 2/3) (23). In such systems, the two largest components calculated from NMR dipolar coupling data, averaged for the X-ray-
of the alignment tensoA,, andAyy, which by definition are derived model structure9). ¢ Averaged values for the three copies of
of opposite sign, are similar in magnitude. Data variations the molecule in the crystal structur®)( The uncertainty is calculated

: : from the dispersion of the values for the three copidsstimated values
can cause the magnitude &}, to become slightly larger from the FRET model in the absence of M{L9). © The definition of

than that ofA,, inducing a switch in the principal axes with e angles, ¢, andw is presented under Materials and Methods.
a concurrent change in the sign Af (by definition thez
axis corresponds to the tensor component with the largest
absolute value). However, this requires Brclose to its
maximum value of 2/3, which is not observed for stem llI

time scale of the TEB experiment-(0® s) the average
conformation and dynamics are similar to those of the linear

in the hammerhead (Table 2). Nevertheless, examination ofR'.\IA du.plex. Thus, any internal motion changing.the relative
the orientation of the axes of PAS for stem Il and stem [11 Orientation of the stems must be on a shorter time scale.
reveals that a switch of theandy axes has indeed occurred There are solution data indicating motions in the core of
for stem Il (data not shown). It should be noted that with the hammerhead that occur at a much longer time scale. For
only 11 RDCs measured for stem Ill it is expected that the €xample, temperature-jump relaxation experiments using
alignment tensor for this stem will be the least accurately 2-aminopurine fluorescence as a probe of conformational
defined, and inaccuracy or imprecision for either the RDCs dynamics have shown conformational changes in the catalytic
or the local structural model for this stem will have the largest core of the hammerhead with lifetimes ranging from a few
effect on the calculated alignment tensor. To investigate this, Microseconds to 0.2 $§). Recent*F NMR studies of the
stem Il was refined with dipolar coupling restraints using hammerhead also showed exchange-broadenifi seso-

the A, and R values determined for stem II. The resulting nances for 5-fluorouridine substitutions at position U4 or U7
structure, which satisfied all dipolar couplings, displayed an in the catalytic core of the hammerhe&®); The*F NMR
average change of°8n the bond vector orientations. In  data suggest that these residues are experiencing multiple
addition, simulations mimicking inaccuracies in the model conformations, with exchange lifetimes in thel ms range.
structures showed that there was a sign inversion when a've have also measured the power dependenchofor
random change of*8vas applied to the bond vectors. These '°C resonancess() in the hammerhead in the absence of
results suggest that very small differences between the localMg®" (S. A. McCallum and A. Pardi, unpublished results),
structure in solution and in the crystal or A-form models for and these data show evidence for exchange lifetimes in the

the helical stems in the hammerhead could lead to the 10—50 us range for multiple residues in the catalytic core.

observed change of sign. This is similar to what was previously reported in the
Thus, the most likely explanation for the observed change catalytic core of the leadzym&1). Together these results
in sign of A, for stem Ill is the smaller number of demonstrate that there is significant conformational flexibility

experimental RDCs for this stem, combined with some in the catalytic core of the hammerhead. However, the
imprecision in the local structural model or the measured residual dipolar coupling data do not show evidence of
couplings. The similar GDOs for all three stems (Table 2) differential dynamics for any global structural rearrangements
provide Strong evidence that the hammerhead is OrientingOf the helical domains in this RNA. Further studies are
as a single rigid species in solution and that no significant Needed to determine to what extent the local structural
interstem motion is present. dynamics in the catalytic core are coupled to the dynamics
Dynamics of the Global Conformation of the Hammerhead for global rearrangement of the helical regions in the
Domain.In addition to providing information on the global hammerhead ribozyme.
structure of multidomain molecules, RDCs also contain  Global Conformation of the Hammerhead Ribozyme in
information on the dynamics of the molecules. The GDO Solution As seen in Figure 5A, the solution conformation
parameter, which quantifies the degree of alignment of of the hammerhead ribozyme determined here in the absence
individual domains in a macromolecule, has similar values of Mg?" is rather extended. The orientation of each stem
for all three helical stems in the hammerhead, as seen inrelative to stem Il is given in Table 3. Stems | and Il are
Table 2. This is consistent with all three domains in the nearly coaxial, forming an interhelical angle of 25&hile
hammerhead aligning as a single unit and, as discussedstem lll is close to perpendicular to these stems, forming
above, means that none of the helical domains are undergoingngles of 77 and 100 with stems | and Il, respectively.
large-scale motional averaging independent of the other two The helical axes of the three stems in the hammerhead are
helices. Hagerman and co-workeg) showed that in the  not coplanar but are arranged in a slight pyramidal shape.
absence of Mg, the hammerhead RNA with extended arms Previous studies indicated that the precision of the global
for stems | and Il has essentially the same gel mobility and structure of a multidomain macromolecule is only slightly
the same TEB decays as an RNA duplex with length equal influenced by the experimental errors for the RD24,(25,
to the sum of both extended stems. This means that on the62). Test calculations with simulated dipolar couplings which
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FIGURE 6: (A) Schematic of global conformation of the hammerhead ribozyme as a function of tHechtacentration derived from FRET
studies 19, 64. (B) Schematic of global conformation of the hammerhead ribozyme in solution derived from dipolar coupling data in the
absence of M.

mimicked the experimental data on the hammerhead andsuggested that in the absence of metal ions the hammerhead
incorporated random errors for the dipolar couplings show adopts a conformation where the helical stems are connected
that only a 3° uncertainty for the angles in Table 3 is by a rather unstructured extended core. In this conformation,
caused by uncertainty in the dipolar couplings (data not stems | and Il subtend a large angle, similar to the collinear
shown). However, other calculations show a larger42 orientation of these two stems found by transient electric
uncertainty in the relative orientation of the stems arising birefringence 20), whereas smaller angles are observed
from differences in local structure in the three crystal between stems-lll and II—Ill. This observation is con-
structures. From these simulations, we estimate an uncerfirmed by FRET studies which also suggest that stem Il is
tainty of <10° in our determination of the interhelical angles  roughly perpendicular to both stems | and 19).
in \thﬁer;a:mglglceuﬁg.ali ns by a steric-tvoe mechanism. it is The global structure of the hammerhead determined here
predicted to have simila% aligr)llment and)(/j?ffusion tensors: (the was obtalneq in the presence of 100 _mM+Nans. The
latter is well approximated by the inertia tensor), where the structure derived from the dipolar coupling data has a large

: ; ' angle (153) between stems | and Il and a smaller angle
properties of both tensors are dictated by the overall shape .

i ) d (100°) between stems Il and lll, and the smallest angle is
of the molecule§3). An important confirmation of our global between stems | and Il (7Y (see Figure 5A). This is
structural model for the hammerhead ribozyme (Figure 5A) L S . g .

qualitatively similar to the interstem angles as predicted from

is that the principal axes of the alignment tensor of the - SR
L . ._ the gel mobility patterns and FRET efficienciesd( 64.
molecule are nearly parallel to the principal axes of the inertia : : ) )
yPp princip Thus, the dipolar coupling NMR data reinforce previous

tensor calculated from the atomic coordinates of the model, : ) ) .
solution studies19, 64 demonstrating that concentrations

as seen in Figure 1S of the Supporting Information. The . .
similar properties for the alignment tensor and the diffusion °f 50~100 mM Na do not induce the folded conformation
adopted by the hammerhead in the presence of*Mg

tensor provide additional support for the global conforma- )
tional model of the hammerhead determined here. It should However, there are some differences between the NMR and

be pointed out, however, that the exact conformation of the FRET results. FRET efficiencies measured at low ionic
core could not be determined on the basis of the limited NMR Stréngth suggest approximately equal angles subtended by
data here. Since the RDCs contain only orientational StemSs I and IIl, and stems Il and I, as well as an unfolded
information on the stems, there may be some additional COr® With domain 2 not yet formed. In contrast, the NOE
minor translational variations for the stems caused by the data obtained here in the presence of 100 mM Nas show
structural variation of the conserved core in the hammerhead.base-pairing of G8:A13 and A9:G12 in domain 2, indicating

The NMR global conformation in solution is very different that the hammerhead core has a partially folded structure
from that observed in the crystal (Figure 5A,BY)( under this condition. This partial folding of domain 2 brings
Comparison of the measured dipolar couplings in solution stem | closer to stem Ill, forming an acute angle of.77
with the predicted dipolar couplings for three X-ray structures Lilley and co-workers have proposed a two-step folding
(Figure 4) unambiguously demonstrates that the solution mechanism for the hammerhead, with a lowagransition
conformation in the absence of Kfgis different from the involving formation of domain 2, coaxial stacking of stems
X-ray structures (which are obtained at high ionic strength Il and lll, and stem | forming an acute angle with stem lil
or in Mg?"). However, the global conformation of the (see Figure 6) 19). There is a second Mg transition
hammerhead ribozyme determined here (Figure 5A) is involving folding of domain 1, and above 10 mM WMig the
consistent with the results of the gel electrophoresis and gel mobility (18), TEB (65), and FRET experimentsl9,
FRET studies of the hammerhead in the absence of divalent66), are all consistent with the X-ray structur®s 10, where
metal ions 19, 64. Analysis of the electrophoretic mobilities ~ stem Il coaxially stacks with stem Il but stem | forms an
of hammerhead species with two elongated ste?ds ¢4 acute angle with stem Il (Figures 5B and 6).



Global Structure of the Hammerhead Ribozyme
CONCLUSIONS 7.

8.
9.

We have determined the global solution structure of the
hammerhead ribozyme from NMR residual dipolar coupling
data under low salt conditions in the absence ofMgns.
This report together with our previous work on tRN25f
clearly demonstrates that the RDCs measured for the helical 11.
stems of an RNA molecule provide important long-range
structural information that can be used to obtain the global 73
solution conformation of RNAs from a relatively small set
of experimental data. Careful analysis of the alignment tensor 14-
components and the related generalized order parameters for
each domain is necessary to confirm the applicability of the
method for global structure determination to the macromo-
lecular system of interest. The RDC data also provide
information about the global dynamics of the molecule and
its interaction with the orienting medium.

The global solution structure of the hammerhead ribozyme
presented here is very different from the crystal structures
that are at high ionic strength or in ¥ig The structure is
in good agreement with the qualitative results for the
hammerhead conformation in low salt solution obtained from
FRET, gel mobility, and TEB experiment$§, 19, 65, 65
The hammerhead has a slightly pyramid-shaped conformation
where stems | and Il form an angle of 58d are connected
by a stretch of nucleotides in the conserved core that adopts
a rather extended conformation. Stem Il is almost perpen- g
dicular to the other two stems. The RDC data argue against
the presence of internal motion involving significant con-
formational rearrangement of the stems, illustrating that these
NMR data provide qualitative information on the domain
dynamics of molecules in solution. We are currently extend- 28.
ing these NMR studies to test for changes in the global
structure and dynamics of the hammerhead as a function of
Mg?+.
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SUPPORTING INFORMATION AVAILABLE 36

Tables S1S4 give the restraints used in the molecular
dynamics calculations. Tables S5 and S6 give the alignment
tensor information for reorientation of helical stems relative 3g.
to fixed stem | and stem I, respectively. Table S7 gives the
average pairwise RMSD for the structural ensembles of the 3°-
hammerhead using the subset and full set of restraints. Figure 4
S1 shows the orientation of the principal axes of the inertia 41.
tensor and the alignment tensor for the hammerhead. This 42.
material is available free of charge via the Internet at http://
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