14396

Biochemistry2005,44, 14396-14408

Conformational Heterogeneity at Position U37 of an All-RNA Hairpin Ribozyme
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ABSTRACT. The hairpin ribozyme is an RNA enzyme that performs site-specific phosphodiester bond
cleavage between nucleotides-A and Gt+1 within its cognate substrate. Previous functional studies
revealed that the minimal hairpin ribozyme exhibited “gain-of-function” cleavage properties resulting
from U39C or U39 to propyl linker (C3) modifications. Furthermore, each “mutant” displayed different
magnesium-dependence in its activity. To investigate the molecular basis for these gain-of-function variants,
crystal structures of minimal, junctionless hairpin ribozymes were solved in native (U39), and mutant
U39C and U39(C3) forms. The results revealed an overall molecular architecture comprising two docked
internal loop domains folded into a wishbone shape, whose tertiary interface forms a sequestered active
site. All three minimal hairpin ribozymes bound Co(§kit at G21/A40, the E-loop/S-turn boundary.

The native structure also showed that U37 of the S-turn adopts both sequestered and exposed conformations
that differ by a maximum displacement of 13 A. In the sequestered form, the U37 base packs against
G36, and its 2hydroxyl group forms a water mediated hydrogen bond tod&+1. These interactions

were not observed in previous four-way-junction hairpin ribozyme structures due to crystal contacts with
the ULA splicing protein. Interestingly, the U39C and U39(C3) mutations shifted the equilibrium
conformation of U37 into the sequestered form through formation of new hydrogen bonds in the S-turn,
proximal to the essential nucleotide A38. A comparison of all three new structures has implications for
the catalytically relevant conformation of the S-turn and suggests a rationale for the distinctive metal
dependence of each mutant.

hairpin ribozyme is a member of the small ribozyme reconstituted to produce a minimal, junctionless hairpin

family that includes naturally occurring catalytic RNA motifs  ribozyme (0, 11). Whereas the steady state cleavage rate
such as the hammerhead, VS, hepatitigirus, and metabo-  of the parental, junctioned construct was 1.1 miwith a

lite sensing varietie( 3). The hairpin ribozyme, like other Ky of 0.032uM, k., for the junctionless construct was 0.13
family members, supports site-specific phosphodiester bondmin=1. Although the affinity of the substrate binding strand
cleavage of a complementary substrae-§) leading to remained high in the junctionless complé&,(apparent of
formation of a cyclic-23' phosphodiester bond and a free 70 nM), the apparent interdomaldy for loop B was 61
5'-hydroxyl group as products (Figure 1A). The natural form uM (10). The results of single-turnover kinetics suggested
of the hairpin ribozyme was identified in the JRNA strands that the 16-fold reduction in catalytic efficiency was due
of the satellite tobacco ringspot virus genonig énd was mostly to an increase in the apparéqt (10).

shown to fold as a compact, X-shaped struct8)edeletion Over the past two decades since the discovery of the
analysis indicated that significant portions of the 4\ald hairpin ribozyme, numerous functional groups have been
are dispensable for docking and cataly$is Two indepen- identified including those that are essential for foldidg-
dently folding domains were identified with the discovery 16) and catalysis{7—19). Among these, G8 and A38 were

that the covalent bond between nucleotides 14 and 15 (Figureshown to contribute directly in the chemical steps of the
1B) could be severed and that separate domains could beeaction (7, 20, 21). The spatial location of these residues

was revealed when high-resolution crystal structures of the

" This work was supported by NIH Grant GM63162 to J.E.W. hairpin ribozyme were solved in the 4WJ for2®( 23). This
* Protein Data Bank codes for the reported structures: U39, 2D2K; work suggested a possible acid/base catalysis mechatitsm (

U39C, 1X9C; U39(C3), 2D2L, and high salt 64-mer, 1X9K.
* To whom correspondence should be addressed. Mailing address:
Department of Biochemistry and Biophysics, University of Rochester

.22, 24) and emphasized an important role for the exocyclic

School of Medicine and Dentistry, Box 712, Rochester, NY 14642, 1 Abbreviations: 4WJ, four-way helical junction; C3, a three carbon

Phone:

585 273-4516. Fax: 585 275-6007. E-mail: propyl linker comprising atoms P, O1P, O2P,'055, C4, C3, and

Joseph_Wedekind@URMC.Rochester.edu. 03; W—C, Watson-Crick; C, cytidine; PEG 2K MME, poly(ethylene)
§ Present address: Rosalind Franklin School of Science and Medi- glycol 2000 mono methyl ether;’-®Me, 2-deoxy-2-O-methyl;
cine, Dept. of Biochemistry and Mol. Biol., 3333 Green Bay Road, H-bond, hydrogen bond; rmsd, root-mean-squéY& displacement;

N. Chicago, IL 60064. CMCT, 1-cyclohexylN'-[2-(N'-methylmorpholino)ethyl] carbodiimide-
"Present address: Brandeis University, Dept. of Biochemistry, p-toluene sulfonate; NiCR, (2,12-dimethyl-3,7,11,17-tetraazabicyclo-
Waltham, MA 02454. [11.13.1]heptadeca-1(17),2,11,13,15-pentaenato)nickel(ll) perchlorate.

10.1021/bi051550i CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/15/2005



Structural Heterogeneity at U37 of the Hairpin Ribozyme

Rao ™o
o._ A1 A1 A1
g o (A9)., R P
O’R _-“‘1— Nl'lz"‘;':'c;‘""'j’\:‘-''NH2 \Gualli - Yo
G+ —— HO
G+1 G+1
153{ v ¢
qQ ™ Ade38 Q DoH { OH
R R -
15 ¥
o= G=Cy
* G=
" CcC=G
.' A—U H3
G=—
: g A—e-C
L 21[GHD{Al 45
14g:____lé'5 ‘@
—— [Aloo{Uls4
H2 G-‘I% 22
I[]-no-IAI
1 OE A..10Me ﬂffﬁ,’a \ U,GQ
A G—M "0
8@&'%*%] Usy
Gﬁc G-""‘A
A 36~ c
u— Gﬁ
H1G—¢ u—AH4
G_,_-G+3 Gﬁc
2k I C"-"'"'G
U_..--Alzﬁ

Ficure 1: Schematic diagrams of the hairpin ribozyme reaction
and secondary structure of the construct used in this study. (A)
Bond cleavage proceeds through a trigonal bipyramidal transition
state resulting in a cyclic:B'-phosphodiester bond and a free 5
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could compensate for the structural effects of the U39C
substitution 29). In contrast, the mutation of U39 to a propy!
linker (C3) appeared relatively insensitive to Mgoncen-
trations B0, 31), suggesting an uncoupling from the effects
of metal binding. This mutant also exhibited a gain-of-
function effect with an approximately 3-fold increasekig
over the native ribozyme3Q, 31).

To elucidate the structural basis for the various U39 gain-
of-function mutations, we undertook a structural investigation
of the hairpin ribozyme in a form amenable to site-directed
mutagenesis and single-atom modifications (Figure 1B). To
best document the effects of the various mutations, we solved
three nearly isomorphous crystal structures representing (i)
the native ribozyme (U39); (ii) the U39C mutant, and (iii)
the U39(C3) mutant. The results revealed that the native
ribozyme structure adopts two nucleotide conformations at
position U37 that can be considered “sequestered” and
“exposed” forms. Structures of U39C and U39(C3) exhibited
only the sequestered conformation of U37, which packs
against G-1 at the active site. All three structures displayed
a Co(NH)e*" ion bound in the major groove at the
confluence of the E-loop and S-turn. These results are
discussed in the context of the S-turn structure, gain-of-
function activity, and metal dependence of the respective
mutants.

EXPERIMENTAL PROCEDURES

Development of Minimal Hairpin Ribozyme Crystallization
Constructs.The design and use of a minimal, junctionless
hairpin ribozyme construct for structural studies was inspired
by studies of the Burke lal.Q). Initial crystallization efforts

involved a variety of constructs with the best crystals

OH group. The bases at G8 and A38 play essential roles in catalysiscomprising an all-RNA, blunt-ended 64-mer that grew from

and transition state stabilization. (B) Secondary structure of the
minimal hairpin ribozyme adapted from RNAvie@1). Nucleotides
of the substrate strand are depicted in red; other ribozyme strand

are colored green, purple, or blue. This color scheme is preserved
throughout the figures. H-bond pairings: open-square, Hoogsteen;

open triangle, trans-sugar; open circle;W face; and closed circle,
wobble pair. Double and single lines indicate-\@ H-bond pairs;
the dashed red line indicates a single H-bond. The loop A and B

S

solutions of 1.8 M (NH).SO, (32) and diffracted X-rays to
3.17 A resolution (Table 1). This construct of the hairpin
ribozyme was solved by molecular replacement (see below),
and its structure was used to rationally engineer the 61-mer
of this study (Figure 1B), resulting in crystals with superior
diffraction properties (Table 1).

domains are labeled with conserved residues boxed: boxes with Crystallization and X-ray Diffraction AnalysisRNA

blue backgrounds indicate residues of the ribose zipper; yellow filled

strands for the loop A and B domains, and mutants thereof,

boxes indicate residues of the E-loop; gray circled positions belong were obtained from Dharmacon Inc. Sequences of the four

to the S-turn. A 20Me indicates an inert substitution at-A.

The dashed line between positions 14 and 15 represents the covale
bond observed in “junctioned” forms of the ribozyme. Position 14
was omitted in this study.

amines of A9, G8, and A38 in transition-state stabilization
(25). More recent proposals feature electronic stabilization

strands of the 61-mer are depicted in Figure 1B. Position

Y39 was replaced by either C or C3 as necessary. Strands

were purified and docked to form the minimal hairpin
ribozyme in the presence of 0.5 to 1.5 mM Co(M€l; as
described 32). Co(NH;)sCls was chosen because it elicited
a more robust docking interaction than Mgrequiring 50-

of the oxyphosphorane intermediate based on exogenoudold lower concentrations3@). Diffraction quality crystals

nucleobase rescuég 21, 26).
To provide insight into the relationship between hairpin

of the redesigned 61-mer were identified in hanging-drop
vapor diffusion experiments that tested several grid screens

ribozyme structure and function, we asked the question of empirically formulated for RNA 32, 34). Crystals of the

how “gain-of-function” mutations influence the RNA struc-

native and U39C hairpin ribozyme 61-mer were obtained

ture. The U39C alteration was of special interest because itfrom solutions of 22-24% (w/v) PEG 2K MME, 0.25 M
was identified in selection experiments designed to elucidate Li, SO, 0.10 M Na-cacodylate pH 6.0, 2 mM spermidine-

the minimal catalytic core 27, 28) and alter substrate
specificity 29). By itself, U39C served as an activator of
the wild-type ribozyme that increaségl; by 4-fold relative

to the native ribozyme20). Interestingly, its rate-enhancing
properties worked optimally at relatively low Mg levels
(=3 mM) (28, 29) suggesting a mechanism in which metals

HCI, and 2.5 mM Co(NH)sCls. The best crystals of the U39-
(C3) mutant grew from 25.5 to 26.5% PEG 2K MME, 0.25
M Li»,SQy, 0.1 M Na-HEPES pH 7.6, 2 mM spermidine-
HCI, and 1.25 mM Co(Nk)sCls. Crystals of the native and
U39(C3) hairpin ribozymes grew as hexagonal rods at 20
°C and reached a maximum size of 10& x 140 um x
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Table 1: X-ray Diffraction and Refinement Statistics

high salt
(U39C) U39 (native) u39C U39(C3)
64-mer 61-mer 61-mer 61-mer
cell dimensions (A) a=094.1,c=1286 a=093.2,c=126.4 a=93.3,c=128.0 a=093.2,c=122.2
resolution (A) 3.17t0 24.6 2.651t034.0 2.19t0 25 2.50t0 30.7
total reflections 46 944 115 565 171048 146 295
unique reflections 6085 9889 17 084 11 302
redundancy 6.6 (7.0) 11.7 (12.1) 8.0 (5.6) 12.9(13.1)
completeness (%) 98.3 (100) 99.5 (100) 98.3(97.9) 99.0 (99.3)
Wo()B 13.4(3.9) 24.0 (7.4) 26.7 (4.5) 29.6 (7.0)
Reym (%0)2 6.4 (41.2) 7.0 (36.3) 3.6 (37.1) 5.1 (42.0)
no. of RNA atoms 1313 1374 1312 1300
no. of waters none 9 42 8
no. of ions none 2 Co(NB(Ill), 1 SO 2 Co(NHy)e(Ill), 1 SO 3 Co(NHs)s(ll1), 1 SO42~
RNA/Co(NHs)s*" avB-factors (&)  160.9/na 55.0/69.0 59.7/63.8 60.6/58.8
Rerys Riree (%0)°4 23.6/25.2 24.7/27.0 24.9/26.3 22.6/24.9
rmsd bonds (A) 0.009 0.007 0.006 0.007
rmsd angles (deg) 1.60 1.50 1.40 1.40

aHighest resolution shell statistics are noted parenthetically: -33128 A; 2.65-2.74 A; 2.19-2.33 A, 2.56-2.59 A.b Ryym= Y |I; — DVY |1;]
x 100.° Reryst = ShulFo — KFel/YhlFol x 100, wherek is a scale factord Ryee is defined as th&ys: calculated using 810% of the data selected
randomly and excluded from refinemeffThe number of atoms reported includes dual conformations for U37, A38, and U39.

300um over 3 weeks. Crystals of the U39C mutant grew as software package3f). Intensity and data reduction statistics
hexagonal prisms that reached a maximum size of /@80  are reported in Table 1.

x 250um x 350um in 1 month. Structure Determination, Refinement, and Analy$ise
X-ray Diffraction ExperimentdAll crystals were harvested  structure of the high salt hairpin ribozyme 64-mer was solved
and cryoprotected by 3 min transfers into synthetic mother by molecular replacement using AMoR&6| and contained
liquors comprising the contents of well solutions fortified one hairpin ribozyme molecule per asymmetric unit. The
with successively higher amounts of glycerol ranging from search model was derived from the core structure of the
5% to 17.5% (v/v). At these levels of PEG and glycerol, 4WJ-U1A complex (PDB entry 1HP6). The structure was
Co(NH;z)6Cl3 solubility was limited to approximately 0.5 mM.  refined in CNS 87) using rigid body refinement, simulated
Single crystals were captured by surface tension iu20 annealing, positional minimization, and individugdfactor
thick rayon loops (Hampton Research) and flash cooled to refinement; manual adjustments were performed using the
—190 °C by exposure to a cold nitrogen gas jet generated interactive graphics progra@ (38). The low salt 61-mers
by an X-stream (Rigaku/MSC). Crystals were screened in- were solved by rigid body refinement of the entire structure,
house for X-ray diffraction on an R-AXIS IV image plate as well as the individual loop A and B domains, followed
system at a crystal-to-detector distance of 15 cm; X-rays wereby conventional refinement methods as described for the 64-
generated by an RU-H2R rotating anode generator (Rigaku/mer. Assignment of waters in the 61-mers was based upon
MSC) operated at 5 kW and equipped with a 0.3 mm focal H-bond distances and geometry of donor and acceptor
cup. X-rays were monochromated and focused by use ofgroups. The possibility that ions were present in lieu of water
confocal optics (Rigaku/MSC). Complete data sets were was unlikely because the crystallization medium comprised
recorded for the native and U39(C3) samples and used for0.5 M Li* and 0.1-0.3 mM Co(NH)sCls, which is relatively
refinement (Table 1). Each data set compris@&D0 images inert to ligand exchange compared to ¥M@q). Temperature
of width 0.5 and utilized an exposure time of 50 min per factors of refined waters matched those of neighboring RNA
degree. The U39C and high salt 64-mer crystals were atoms. All structures exhibited an alternate conformation for
removed from the in-house goniometer head by use of 18 position U-5, which engages in a (designed) dyad-related
mm cryotongs (Hampton Research) and stored in liquid crystal packing interaction that formed aWpair. A dual
nitrogen. X-ray diffraction data for the high salt 64-magY conformation was also modeled for positions Y3739 in
were collected at the Advanced Photon Source (APS) the native structure (Figure 2A and Table 1). The occupancies
beamline ID-22, operated by the Southeast Regional Col- of these atoms were set empirically to 0.5, which optimized
laborative Access Team (SER-CAT). Data were recorded the agreement between individual atomic B-factors of each
in two passes on a MAR165 CCD detector (Mar Research) conformation; these refined conformations were shown to
at crystal-to-detector distances of 22 and 27 cm. A total of be featureless inA-weighted (mF, — DF) electron density
140 images were collected in the high-resolution pass ds 0.5 maps. Two Co(NhR)¢®" ions were observed consistently in
rotations per image with an exposure time of 40 s per degree;all 61-mer structures. Assignment of these ions was based
40 low resolution images were recorded dg@ations per on their octahedral coordination geometry to amine ligands
image with an exposure timd @ s per degree. X-ray data and =8¢ anomalous difference Fourier peaks observed in
for the U39C mutant were recorded at beamline Al of the electron density maps calculated from data sets recorded at
Cornell High Energy Synchrotron Source (CHESS) on a 4 = 1.54 A. A third Co(NH)3* ion was observed in the
Quantum210 CCD detector (ADSC) at a crystal-to-detector U39(C3) structure, although this site has low occupancy.
distance of 22.5 cm. Data were recorded as 190 images withSuperpositions were performed for all matching atoms using
a rotation angle of 0.5per image with an exposure time of LSQKAB (39). Superpositions with the 4WJ hairpin ri-
80 s per degree. All data were reduced using the CrystalCleatbozyme were performed using chains-& of PDB entry
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Ficure 2: Representative simulated annealing omit electron density maps for the S-turn (residues U37 to 40) of the minimal, all-RNA
hairpin ribozymes. Nucleotides are depicted as ball-and-stick models with residues labeled; the scissile bond is marked with an arrowhead.
Maps are contoured at therdevel and have coefficients (fg — DF.). (A) Stereo diagram of the native, U39, hairpin ribozyme revealing
alternate conformations for residue U37. Conformers are labeled C1 (sequestered) and C2 (exposed). C1 is depicted in light blue, whereas
C2 is dark blue. The map was calculated using data between 2.65 and 34 A resolution. The dual conformations modeled for A38 and U39
were omitted for clarity. (B) Mono depiction of electron density for the U39C mutant calculated using data between 2.19 and 25 A resolution.
Solvent molecules are labeled “wat”. (C) Mono depiction of electron density for the U39(C) mutant calculated using data between 2.50 and
31 A resolution. The site of the propyl linker is labeled (C3)39.

1M5K. Buried surface areas were calculated using CB¥p (- structures is indicated by their reasonaBlgs: values, and
Statistics for the refined structures are reported in Table 1. Ry values within 3% ofR.ys; (Table 1). These values are
Figures 2 through 5 and 6C were made by use of Bobscript comparable to those of other small ribozyme structu4@s-(

(40). Figures 6A and 6B were produced with PymalL). 44). Representative simulated annealing omit electron density
for the S-turns of all three structures indicated well-defined
RESULTS sugar puckers and base conformations, especially for the

Structure Determination, Construct Design, and Model U39C structure at 2.2 A resolution (Figure 2). The native
Quality. The RNA sequence of the high salt crystal form of U39 structure was of sufficient quality to model a dual
the minimal, all-RNA 64-mer hairpin ribozyme, described conformation for position U37 (Figure 2A). To varying
previously 82), was derived from the negative polarity RNA degrges, each structure revealed so_Ivent molecules that
strand of satellite tobacco ringspot virus. The crystal structure Mediated contacts between RNA functional groups (Figure
of this hairpin ribozyme was solved by molecular replace- 2B). Elec_tron density maps of all structures were contiguous,
ment to 3.5 A resolution using the core nucleotide coordi- @nd no disorder was observed except for a break at the propyl
nates of the 4WJU1A hairpin ribozyme complex2Q). Imker_ of the U39(C3) structure (Figure 2C), where electron
Molecular replacement was complicated because correctdensity could only be seen at lower contour levels. The
solutions exhibitedR.ys; values of nearly 54%. However, quality of the low salt crystal forms was indicated further
solutions were pursued when correlation coefficients ex- by their lower average temperature factors of 585 A
ceeded 0.6 and demonstrated reasonable crystal packingéompared to 160.9 Afor the high salt form (Table 1).
Refinement of the high salt crystal form to 3.17 A resolution ~ Fold of the Minimal Hairpin RibozymeThe overall
(Table 1) revealed that three nucleotides of loop A were structure of the minimal hairpin ribozyme revealed a Y-
disordered at the duplex ends. To improve X-ray diffraction, shaped molecule when viewed from its broadest face (Figure
a new crystallization construct was developed (Figure 1B) 3A). The longest dimension was the loop B domain helix
that included (i) substitution of AU rich pairs in H1 with loop—helix, which spans 60 A from A31 to C49. The length
three tandem GC pairs to prevent fraying of the duplex of the loop A domain is 30 A from Y5 to C2, and its
end; (ii) use of a 5U overhang in H2 to promote dyad principal axis is oriented nearly perpendicularly to the loop
symmetric packing; and (iii) shortening of H1 by 1 base pair. B axis. The horizontal width of the complex, as viewed in
This 61-mer variant of the minimal, junctionless all-RNA Figure 3A, is 31 A when measured from the backbone of
hairpin ribozyme also crystallized in space grd®§22, but G8 to that of A22. The tertiary interface between the two
under low salt conditions. Because the unit cell dimensions helix—loop—helix domains forms a sequestered active site
of the 61-mer and its mutants are comparable to those ofat the confluence of A1, G+1, G8, and A38. The internal
the high salt 64-mer (Table 1), their structures could be loop of the A domain harbors the cleavage site, which is
solved by difference Fourier methods. The quality of these distorted about the scissile bond such that the N-glycosidic
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linkages of A-1 and Gi1 exhibit a nearly 90twist (Figures

2A and 3A). The minimal hairpin ribozyme adopts nearly
in-line phosphoryl transfer geometry (Figure 1A), which
comprises the angle between theo2ygen of A-1, the
electrophilic phosphorus of-61, and the O5leaving group
(Figure 2A); a 22OMe was used at position-Al to prevent
cleavage (Figures 1A and 2A). The-QMe modification
appears to distort the local sugar pucker into d-&®&lo
conformation whereas a previously described 4ANIA—
vanadate complex, an approximate mimic of the transition
state, exhibited a distinctly G2xo conformation at A1
(23). The geometry of the active site and scissile bond of
the minimal hairpin ribozyme are remarkably similar to those
of a 4WJ hairpin ribozyme crystal structure also solved in
the presence of a8 ©DMe at position A-1 (22).

Minimal versus Four-Way-Junction Hairpin Ribozyme
Folds To compare the overall fold of the minimal, native
hairpin ribozyme with that of the 4WJ structure reported
previously @2), a superposition was performed (Figure 3B).
The core nucleotides remained nearly unaltered with an
average rmsd of 1.28 A, despite 54% differences in sequence
over 61-nucleotides. The largest discrepancies, excluding the
S-turn region (see below), occurred at the ends of the helical
stems within the substrate (red) and ribozyme (purple) strands
(Figure 3B), exhibiting an average rmsd of 2.48 A. These
differences occurred most likely as a result of crystal packing
at the exposed hydrophobic ends of the minimal hairpin
ribozyme duplex (Figure 3C). In contrast, the rmsd for all
atoms comprising the scissile bond at-A and G-1 was
0.67 A indicating that atoms in the core of each indepen-
dently determined structure showed excellent spatial agree-
ment. Docking of the loop A and B domains of the minimal
junctionless hairpin ribozyme buried 1156, Avhich concurs
with the measured interdomaly'°? & of 0.4 uM (33), if
one considers buried surface area as an indicator of ther-
modynamic stability45). This area is comparable to that of
the 4WJ hairpin ribozyme, which sequesters 1570fdk
the entire 113 nucleotide, multijunction comple2).
Collectively, these observations indicate that the minimal
hairpin ribozyme is not significantly different from the fold
of the 4WJ ribozyme, thus establishing it as a small, easily
accessible synthetic construct for structure/function studies.

Other RNA structural motifs within the hairpin ribozyme
(22) are preserved as well, based on comparisons of the

) o . - minimal and 4WJ structures. These include the E-lei),(
Ficure 3: Schematic ribbon diagrams and crystal packing interac- . . .
tions for the minimal, all-RNA hairpin ribozyme. (A) Representative which comprises a She‘fired GfAZB base pair flanked by
ribbon diagram of the U39C mutant comprising atoms of the tandem Hoogsteen/WWC interactions at A22J41 and A23
phosphate backbone to depict the overall tertiary fold. Nucleotides A40 (Figures 1B and 3B). Additionally, the unique inter-
are drawn as ?+all-ginq-stick models with ribose omitted for clarity. domain G+1 to C25 W-C interaction is maintained (Figures
The Co(NH)s*" binding sites (orange and blue, ball-and-stick 1B and 3B), as well as a “canonical’ ribose zippdf)(

models) are identified as Co(lll). Key nucleotides are labeled as in : .
Figure 1B. (B) A ribbon diagram of the minimal, native U39 hairpin  INvolving H-bonds between the-DH and N3 base atoms

ribozyme, colored as in (A), superposed with the corresponding of A10, G11, A24, and C25 (Figure 3B); details for these
nucleotides of the 4\/\/:]U1A_comp|ex (blaqk), reported previously  interactions have been described elsewh2g® (The obser-
(PDB entry 1M5K). Nucleotides of the various conserved structural yation of a conserved ribose zipper is significant because

gggfs&rg d&"‘in grs]g i”&%ﬂ?hﬂ'?:;?sog ili‘:’)&ilu?ég?dﬁggcflfsgﬁs previous studies reported differences in the folding energetics

A24, C25; and the interdomain WC pair, G+1 and C25. (C)  between minimal and 4WJ hairpin ribozyme8). Specif-
Space-filling model of the crystal packing observed for the minimal ically, no significant fold destabilization was observed for
hairpin ribozyme lattice. Each molecule of the unit cell is depicted 2'-OH mutants of the 4WJ ribose zipper, suggesting that these
in a distinct color to emphasize the end-to-end helix packing. The roups did not stabilize the docked structure as they did in

central structure (blue asymmetric unit) possesses a labeled S-tur - L .
(light blue). This region is devoid of crystal contacts. For perspec- he minimal hairpin ribozyme. The crystallographic observa-

tive, the purple molecule points forward, whereas the orange andtions prove that both hairpin ribozyme structures retain an
yellow molecules point backward. identical ribose zipper configuration and exemplify the
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principle that two different ribozyme constructs can adopt both mutations appeared to shift the equilibrium conforma-
the same global architecture despite contextual differencestion of U37 toward the sequestered (C1) state that packs

in the initial domains. against G-1 (Figures 2B and 2C and Figures 4B and 4C).
Influence of Protein on RNA in the Crystal Lattié®hen Changes from C2 to C1 were associated with altered H-bonds
considering the structure determinations of the 492) 23) in the S-turn (Figures 4E and 4F). For mutant U39C,

and minimal, junctionless 61-mer of this study, the hairpin substitution of the O4 keto oxygen at U39 with an exocyclic
ribozyme represents the first example of a small ribozyme amine resulted in a new-3.0 A H-bond to the pr&R
to be solved in the presence and absence of U1A. The lattepphosphate oxygen of U37 (Figures 4B and 4G). This
splicing protein has been adopted by the RNA crystal- interaction was not present in either the native or U39(C3)
lographic community as a “first choice” crystal packing structures due to the absence of a suitable H-bond donor at
module, although no reports of structural control studies exist. substituent 4 of the pyrimidine ring (Figures 4C, 4E, 4F,
As such, the results presented here provide a uniqueand 4H). The structure of the U39C mutant was accompanied
opportunity to evaluate how protein packing interactions can also by formation of a new~2.6 A H-bond between the
influence the local RNA fold in the context of the crystal C39 2-OH and the A38 prdR phosphate oxygen (Figures
lattice. An analysis of the minimal, all-RNA hairpin ribozyme 4B and 4G). At 2.6 A resolution, the sugar pucker of the
indicated that crystal contacts occurred mostly through native hairpin ribozyme was discernible at U39 (Figure 2A).
hydrophobic base stacking at the helical ends (Figure 3C)Hence, it is possible that the'-©@H of U39 forms an
where 3034 A is sequestered from solvent. No crystal equivalent H-bond with the prB-phosphate oxygen at A38
contacts were observed within the core of the minimal in the U37-C1 structure (Figure 4F), albeit the distance
ribozyme, including the S-turn, and these regions are exposedbetween these functional groups is 3.5 A, making such an
to bulk solvent. In contrast, the 4WU1A lattice exhibited interaction weak. Due to the dual conformation of this
crystal contacts throughout most of the structure with 4900 residue, such an H-bond would be present only half the time
A2 buried per complex, in which 37% of these packing due to differences in the U39 sugar puckers (Figures 4B and
interactions are attributable to U1A. Although a pairwise 4E versus 4F). Hence, a net H-bond difference of 0.5 exists
superposition between the minimal and 4WJ hairpin ri- between the native and U39C hairpin ribozymes at this
bozymes indicated high levels of agreement, significant position. Notably, the latter A38 phosphate teGH interac-
differences were observed in the S-turn, where alternatetion was absent in the U39(C3) mutant, because it is missing
conformations of U37 (Figure 2A) differed by maximum the requisite 2hydroxyl group (Figures 4C and 4H).
rmsd values of 12.6 A and 5.4 A, corresponding to the C1  The largest conformational change observed in the native
and C2 conformations (Figure 4A), respectively. The solvent versus mutant structures was at position U37 of the S-turn
exposed U37-C2 conformer was consistent with that previ- (residues G36 through A40). This difference constituted a
ously reported for the 4WJU1A complex, although U37 13 A change in the location of the uracil base, which abuts
adopted a single conformation in the asymmetric unit of the the ribose of G-1 in both the U39C and U39(C3) mutants
4WJ-U1A structures and appeared to point toward bulk (Figures 4B and 4C and 4G and 4H). No conformational
solvent @2, 23). heterogeneity is observed in either mutant at this position,
However, a thorough analysis of the 4WJ1A crystal unlike the native structure. For the U39C mutant, th©®
lattice revealed a significant interaction between the S-turn of U37 forms an~2.6 A H-bond to an ordered solvent
and a U1A molecule from a symmetry-related complex. molecule that mediates a 2.7 A contact to' @4 G+1
Specifically, atom O4 of U39 in the 4WJU1A complexes (Figures 2B, 4B and 4G). Equivalent solvent molecules did
(22, 23) forms two H-bonds of-2.5 A and 3.1 A with atoms ~ not appear in the electron density maps of native and U39-
NH1 and NH2 of the guanidinium moiety of Arg7(Figure (C3) mutants, most likely due to their lower resolution (Table
4A). A second H-bond from Arg7@ontacts a nonbridging 1), as well as the conformational heterogeneity of the native
oxygen atom of the U37 phosphate backbone. Furthermore,structure. Notably, the WC face of U37 does not engage
the base of U37 is within 3.6 A of the Arg7@uanidinium in direct H-bond interactions with &1 in any of the minimal
group, consistent with a-stacking interaction (Figure 4A).  hairpin ribozyme structures. Distances are limited>t8.8
These conformational restraints arising from U1A appear to A (Figure 4C). Similarly, the distance between the2ygen
propagate to the furanose ring at position A40, which exhibits of U37 and O4of G+1 is 3.6 A, thereby precluding a direct
a distinctly different structural conformation compared to the H-bond contact.
minimal hairpin ribozyme of this study (Figure 4A). None- In a final structural comparison, mutants U39C and U39-
theless, the overall close spatial agreement between the U37¢C3) were superimposed resulting in an rmsd of 0.42 A.
C2 conformations of both minimal and 4WJ hairpin ribozyme Based on this analysis one additional H-bond was assigned
crystal structures (Figure 4A) suggested that the U1A to the mutants that was not observed in the native structure.
contacts simply stabilized one of two conformers normally Specifically, the prdSoxygen equivalent at position 39 forms
present in solution. The interconversion of these conformersan ~2.7 A H-bond with the 20H group of G36 (Figures
appears readily accessible through rotations in the phosphatelD, 4G and 4H). The absence of this interaction in the native
backbone at positions 37 and 38 (Figures 2A and 4A). structure appears to be the result of a change in the sugar
Structural Differences in the S-Turn Resulting from the pucker at G36. Hence, the total number of RNA-to-RNA
U39C and C3 Propyl Linker ModificationsTo explore H-bonds gained in the U39C structure was three (compare
structural differences elicited by the U39C and U39(C3) Figures 4E and 4F to 4G), whereas the U39(C3) structure
mutants, their respective structures were superimposed orexhibited one, relative to the native hairpin ribozyme
the minimal, native hairpin ribozyme (Figures 4B and 4C) (compare Figures 4E and 4F to 4H). Other aspects of the
resulting in rmsd values of 0.36 and 0.37 A. Interestingly, U39(C3) mutant included a prominentl A shift of its A38
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Ficure 4: Stereographic ball-and-stick diagrams of S-turns depicting superpositions of various native and mutant hairpin ribozyme crystal
structures and schematic drawings of the respective U37 H-bond environments. Green and orange lines in parts A to D show possible
H-bonds or associated distances for a given structure. (A) Comparison of the native minimal hairpin ribozyme structure (red and light blue)
to the 4WJ structure (brown and dark blue). A helix from a crystallographically related U1A protein molecule is shown (pink). The dual
C1 and C2 conformations for U37 are labeled as in Figure 2A. The ribose of A38 was omitted for clarity. (B) Comparison of the native
minimal hairpin ribozyme structure (red and light blue) to the U39C mutant structure (brown and dark blue). The red sphere labeled “wat”
indicates a solvent molecule. (C) Comparison of the native minimal hairpin ribozyme structure (red and light blue) to the U39(C3) mutant
structure (brown and dark blue). (D) Comparison of the U39C mutant of the minimal hairpin ribozyme structure (red and light blue) to the
U39(C3) mutant structure (brown and dark blue). The ribose of G36 has been added to illustrate the potential for formation of a new
H-bond. (E) The environment of U37-C2 in the context of the native, U39 structure. (F) The environment of U37-C1 in the context of the
native, U39 structure. Possible H-bonds are indicated as dashed lines. The interaction with water is inferred from the high-resolution U39C
structure in (B). (G) The environment of U37 in the context of the U39C mutant. (H) The environment of U37 in the context of the mutant
U39(C3) structure. The interaction with water is inferred from the high-resolution U39C structure in (B).

phosphate backbone into a pocket created by removal of theexhibited a highly exposed structurglf leading to the
U39 base (Figure 4D). Consequently, the U37 base of U39- conclusion that this position serves primarily as a spatial
(C3) pivoted relative to the native and U39C structures such linker (12, 30, 49). However, unlike the U39C gain-of-
that its N3 position is within 3.8 A of &1 O3 (Figures 4C function mutation, replacement of U39 with a propyl linker
and 4D). Remarkably, the replacement of U39 with a propyl resulted in a highly metahsensitve activity over a wide
linker caused no major structural changes in the S-turn. Thisconcentration range of Mg (30).

is consistent with previous functional studies in which  Cobalt Hexaamine BindingCo(NHs)s*" was chosen for
mutations of U to any other base were toleraté, 60). structural studies of the minimal, junctionless hairpin ri-
Likewise chemical modification studies suggested that U39 bozyme because prior solution studies demonstrated that it
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Ficure 5: Stereographic ball-and-stick diagrams depicting multivalent ion binding sites in the hairpin ribozyme. (A) Representative metal
binding site | of the minimal hairpin ribozyme. Cobalt hexaamine [Co(lll)] is depicted as a ball-and-stick model with orange cobalt and
dark blue amine ligands. Metabmine distances are2.0 A; coordination distances are provided; a sulfate ion is depicted as a ball-and-
stick model labeled S@. (B) Representative metal binding site Il of the minimal hairpin ribozyme depicted as in (A). The binding site
represents the interface of the E-loop (A20 and G21) with the S-turn (A38 through A40). (C) Representative metal binding site Il (equivalent)
for the 4WJ hairpin ribozyme structure (PDB entry 1M5K). Calcium ions are depicted as spheres (blue) with bound waters (red). The red
and black arrows depict regions that differ from the conformation of the minimal hairpin ribozyme structure in (B).

stimulated a stronger interaction between the loop A and B observed in all three minimal hairpin ribozyme structures
domains compared to Mg (33). Unlike other small ri- (Figure 5A and 5B, Table 1). The first position (site I) bound
bozymes, the hairpin ribozyme does not require inner spherein H2 of the loop A domain (Figures 3A and 5A). Here the
metal ion coordination for catalytic activity as demonstrated hexaamine ligands make specific major-groove contacts to
by its ability to function in the presence of Co(Neft (52, the duplex by binding to the N7 and O6 atoms of tandem
53); appropriately, cobalt hexaamine is a structural mimic guanine nucleotides located at positions 12 and 13 (Figure
of hydrated M@" that is relatively inert to ligand exchange 5A). The amine ligands also interact with a sulfate ion that
(54). Two major cobalt hexaamine ion binding sites were engages in H-bonds to the exocyclic amine ef4(Figure
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5A). This observation helps explain the strong preference populations, a net difference in area of 120whas calculated,

for sulfate anions in crystallization. Notably, site | resides indicating an increase in buried surface area of conformation
near a crystallographic 2-fold axis comprising the engineered U37-C1 relative to U37-C2. The greatest changes occurred
U-U pair at A-5 (Figure 1A) where cobalt and sulfate at G36 and U37 in which the minor groove edge of the G36

mediate a crystal contact. The mode of Co@h\ft binding base packed edge-on against the base of U37 in the
at site | is reminiscent of cobalt hexaamine interactions with sequestered conformation (Figure 6B). Comparable changes
tandem purine bases in the major groove of tRIA55). in buried area were observed as well for the U39C and U39-

A second Co(NHK)e*" coordination (site 1) was observed (C3) mutations relative to the exposed, U37-C2 conformation
in the major groove of the E-loop motif in the B domain of the native structure (Figure 6A versus 6B). Notably, only
(Figures 1B and 3B). Unlike site I, each of the hexaamine modest contacts were observed between the base of U39 and
ligands engages in multiple coordination interactions with the ribose of U37 in conformation C2 (Figure 4B). Overall,
neighboring nucleotide bases, as well as nonbridging oxygenthe solvent accessibility of the U39 base and the exposed
atoms of the RNA backbone (Figure 5B). Specific base U37-C2 conformation are expected to be significantly less
contacts occur at both O6 and N7 atoms of G21 (Figure 5B). favorable than the sequestered U37-C1 conformation. As-
Robust binding with the phosphate backbone also occurs atsuming 100 & of buried surface area is worth1.5 kcal/
positions 20, 40, and 41. The interactions at position 40 aremol (45) and 1 H-bond is~0.48 kcal/mol {), the confor-
extensive and exhibit a nearly tetrahedral H-bonding pattern mational differences between U37-C1 and U37-C2 of the
that agrees with the electronic distribution of the nonbridging native structure represent substantial energetic differences.
oxygen (Figure 5B). Site Il also corresponds to the location Such heterogeneity must be considered in light of the modest
of two C&" ions that were observed in 4WJ hairpin ribozyme increases in catalytic efficiency reported for the U39C and
crystal structures (Figures 5B and 5C). In each independentU39(C3) mutants.
structure, the ions appear to fulfill the role of stabilizing the
structural transition between the E-loop and the S-turn, which DISCUSSION
places a significant amount of opposing negative charges Understanding the molecular basis for catalysis by RNA
into the major groove. enzymes requires the ability to relate structure to function.

Changes in the E-Loop/S-Turn TransitioDifferences Here we report the structure of a minimal, junctionless, all-
exist between the minimal hairpin ribozyme and 4WJ RNA hairpin ribozyme in a format amenable to chemical
structures at the transition between the E-loop and S-turn.synthesis and site directed mutagenesis (Figure 1B). The
Most notably, the 20H of ribose at U41 of the minimal  crystal structure of this bipartite enzyme was solved by
ribozyme engages in-a3.0 A H-bond with the imino group  molecular replacement (Table 1 and Figure 2) revealing an
of G21. This interaction is absent in the 4WJ structures overall Y-shaped fold (Figure 3A) whose secondary and
(Figure 5B versus 5C). Evidence that this interaction occurs tertiary elements were preserved with respect to those of the
in solution is based upon nucleotide analogue interferencepreviously determined 4WJU1A hairpin ribozyme complex
mapping experiments that showed th&td2oxy-2-fluoro (22, 23). The close agreement of the core RNA folds (Figure
U41 interfered with hairpin ribozyme activity, although the 3B) validates the use of a minimal, chemically synthesized
interference from 2deoxy U41 was moderatd ). Hence, hairpin ribozyme as a means to elucidate structure/function
whereas the 4WJ structure would readily accommodate eitherrelationships that have been limited largely to the nucleotide
modification (Figure 5C, red arrow), the minimal ribozyme repertoire of runoff transcription. Likewise, the observation
structures suggest that this modification would result in more that the 4W3U1A structure retained nearly the same core
than the loss of a single H-bond. The associated reductionfold as the all-RNA, minimal hairpin ribozyme suggested
in ribozyme activity would be due to the proximity of the that the ULA motif does not interfere greatly with the core
essential residue A38, which base stacks on this motif, RNA fold in the context of the crystal lattice. However, the
succumbing to the preference of thé-deoxy-2-fluoro observation of ULA mediated crystal packing interactions
adduct to adopt a C&ndo furanose conformatiorb). to the S-turn (Figure 4A) suggested that solution activity
Interestingly, the sugar puckers at A38 also differ between measurements may not be sufficient to gauge the effects of
the minimal and 4WJ structures (Figure 5B versus 5C, black protein incursions in the crystal lattice.
arrow). The significance of this deviation (if any) is Previously, mutations U39C and U39(C3) were identified
unknown, but may be indicative of rearrangements induced by independent studies as “gain-of-function” mutars-
by differential metal binding in this region or as a result of 31). These studies were conducted in the context of minimal,
variations in the local crystallographic environment. junctioned hairpin ribozyme constructs that differed from the

U37 Affects Accessible Surface Area at the AcBite A current study mainly by the presence of a covalent bond
search for binding interactions responsible for the U39C or between positions 14 and 15 (Figure 1B). Hence, the structure
U39(C3) gain-of-function, as well as the absence of direct determinations of minimal hairpin ribozymes in this study
H-bond contacts between-+@ and U37, prompted an provide a means to eliminate systematic errors associated
analysis of solvent accessible area associated with the U37with the ribozyme architecture (i.e. minimal versus 4\WJ)
C2 to C1 transition in the native hairpin ribozyme (Figures while leading to the identification of chemical attributes
6A and 6B). Differences in buried surface area occurred at associated with enhanced catalysis. The observation that
positions of the S-turn encompassing residues 36 to 39, withnucleotide U37 adopted both “exposed” and “sequestered”
the exception of A38 whose accessible area remained nearlyconformations in the native structure (Figure 4B) implies
constant. Nucleotides-6lL and Ut2 of the loop A domain  that heterogeneity normally exists at this position in solution.
also became more sequestered, but noflATreating both Significantly, mutations U39C or U39(C3) shifted the
conformations of U37 as discrete (i.e. fully occupied) conformational equilibrium of U37 toward the sequestered
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new H-bond for U39(C3) (Figures 4E and 4F versus 4G and
4H, respectively), as well as sequestration 060 A2
compared to the native structure (Figure 6A versus 6B).

To explore the relevance of conformational heterogeneity
at position U37, previously reported biochemical experiments
were evaluated in light of the new structural information.
Chemical modification analysis of G36 suggested that it is
generally sequestered from modifying ageri$),( which
indirectly supports the observation of a sequestered confor-
mation for U37 (Figure 6A versus 6B). However, no specific
information was reported about the minor groove accessibil-
ity of G36, which is most relevant to the current study. In
contrast, position U37 has been evaluated in several inde-
pendent studies. Early reports indicated no loss-of-function
when U37 was deleted?8, 50). However, these minimal
hairpin ribozyme constructs possessed additional mutations
that complicate this conclusion. In contrast, single point
mutations conducted at U37 revealed that any base was
compatible at this position with less than a 4-fold loss in
activity (49). This is consistent with the high degree of
conformational flexibility observed for U37 in this study
(Figures 2A and 4B) suggesting that any base could be
accommodated. Strikingly, removal of the U37 base resulted
in a 10-fold drop ink.s, supporting a role for base stacking
or hydrophobic packing at this position (Figure 6B). Con-
versely, nearly 8-fold losses iy were reported for the
respective U37(C3) and’-2leoxyU37 modifications 30),
consistent with the observation that the ribose moiety has
an important role in interdomain substrate binding (Figure
4B). The latter 2deoxyU37 mutation also resulted in a
“moderate” deleterious effecAAGapparentt1.5 kcal/mol) in
nucleotide analogue interference mappib§ (Although the
energy difference exceeds the loss of a single H-bond, the
results are consistent with an H-bond between th@12 of
U37 and O4of G+1 that helps anchor the base in the U37-
C1 conformation (Figure 4B). This interaction is notably
absent in the exposed, U37-C2 conformation (Figure 4B).
Interestingly, chemical modification analysis of the minimal
hairpin ribozyme showed that the N1 position of U37 was
only moderately susceptible to CMCT, whereas U39 elicited
a strong hit for numerous modification agenfd); These
results seem plausible if U37 remains partly buried in the
solution state since the conformation of U37-C2 exhibits
nearly the same degree of solvent exposure at its imino group
as U39 (Figure 4B).

Further solution studies on the native minimal hairpin
ribozyme suggested an important role for theO™ group

7: G19 at position 39. This group points into solution in the 4WJ

structure, as well as the U37-C2 conformation of the minimal,

FIGURE6: Semitransparent surface rendering of the S-turn and triple n'a tive structu_re (Figures 4A an(_:i .48)‘ Specificallif2oxy-
superposition of metal binding site II. The chains are colored as in 2 -fluoro-U39 interfered with activity15, 19), whereas dU39
Figure 1B. (A) The native minimal hairpin ribozyme structure had only a weak interference effect of 0.6 kcal/mbb)(
depicting only the exposed U37-C2 conformation. (B) The U39C consistent with the loss of a single H-bond. These results

mutant of the minimal hairpin ribozyme structure in which U37  g/a in agreement with the assignment of an H-bond donor
adopts a sequestered (C1-like) conformation abuttiftd @nd G36. ., .
(C) A three-way superposition of the S-turns from the minimal at the 2-OH of position 39 that mediates a contact to the

hairpin ribozyme structures of this study. The structures are native PFo-R phosphate oxygen of A38 (Figures 4B and 4F). This
(green), U39C mutant (blue), and U39(C3) (red). Cobalt ions interaction appears to exist in the mutant and U37-C1 native

without their amine ligands are depicted as spheres. The backbonegonformations of the minimal hairpin ribozyme, but not in
of positions A19 and G20 are shown for perspective. This view is na U37-C2 conformer of the native or 4WJ structures
offset from the other figures for clarity. -

(Figures 4A and 4E).
state (Figures 4B and 4C). This shift appeared to originate Overall, the biochemical data imply that the sequestered,
through formation of three new H-bonds for U39C and one U37-C1 conformation exists in solution with a higher
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frequency than that detected in the native hairpin ribozyme be explained by the ability of these bases to form a superior
structure of this study. This observation seems plausible if coordination sphere for Mg@®)s?". Conversely, chemical
one considers (i) that the magnitude/oAG values reported ~ maodification studies of the hairpin ribozyme indicated that
in biochemical studies (above) are consistent with ablation position G21 becomes strongly protected in the presence of
of single H-bonds; (ii) the substantial energetic differences Mg?" ions against NiCR, an N7 base modifier, as well as
that distinguish the U37-C1 and U37-C2 conformations of kethoxal and CMCT J1). Backbone cleavage studies with
the native hairpin ribozyme (i.e. 1 net H-bond and 60oA the lanthanide Th(OH)(ag) indicated a strong cleavage
buried area); (iii) the relative net gain of S-turn H-bonds hotspot preference at position A269j. Furthermore, Th-
and buried surface area in the structures of the U39C and(lll) inhibited the hairpin ribozyme cleavage reaction (Figure
U39(C3) mutants; and (iv) the fact that omtyodesbinding 1A) in the presence of Co(Ng3*, but inhibition could be
energies were associated with the gain-of-function mutantsreversed by addition of higher concentrations of Cogy#
U39C and U39(C3) mutants (see below). Given this infor- or Mg?*. These data are consistent with Co()#" coor-
mation, it is plausible that conformation U37-C1 represents dination at N7 of G21 and the phosphate backbone of A20
a precatalytic state, whereas U37-C2 represents an earlie(Figure 5B). Site |l was also shown to bind Lu(lll) in crystal
intermediate conformation. If this were so, the energy soaking studies of the high salt 64-mer hairpin ribozyme,
differences between the precatalytic, native U37-C1 confor- but the low resolution data~3.35 A resolution) precluded
mation versus the mutant structures could more readily a detailed assignment of the coordination sphere (data not
account for the small binding energies associated with their shown). Complementary mutagenesis studies of G21 also
observed increases in relative catalytic efficiency. For suggested an important structural role for this positid).(
examplek../Kw (relative) for U39C was-5.7, whereas that  In the crystal structures, the minor groove face of guanine
of U39(C3) was~2.0 (29, 30). This yields changes in relative  engages in a sheared&mismatch with A43 in the E-loop.
binding energy AAGapparen} Of roughly —1.1 and—0.4 kcal/ However, mutation of G21 to O6-methyl guanosine or N7
mol (30, 57), although caution must be exercised since the deazaG reduced catalytic efficiency to 1.2% and 1.7% of
catalytic efficiencies were obtained from two independent native values, corresponding A\ GgpparenChanges oft-2.8
studies conducted on somewhat different minimal hairpin and-+2.5 kcal/mol 60). Although a detailed analysis of metal
ribozymes. Based upon the structural observations of thisbinding was not performed in the latter studies, the results
study, the net energy difference between the sequestere@ppear consistent with the crystal structures of the minimal
U37-C1 native versus U39C structures would be neary hairpin ribozymes that show how disruption of metal binding
kcal/mol (i.e. 2 net H-bondwlus a negligible gain of~10 at site Il could destabilize core folding interactions at the
A2 of buried surface area at U37; Figure 4F versus 4G). In junction of the E-loop and S-turn.

contrast, no net H-bonds are formed in the U39(C3) mutation  Previously, the enhancdd,; of U39C under low Mg"
(Figure 4F versus 4H), so the net energy gained may bewas suggested to be indicative of an improved catalytic center
attributable to the superior hydrophobic packing of the U37- relative to native, possibly as a result of increased metal
C1 base (Figure 4D). In the final analysis, the observed binding conferred by N3 of C320). Although the structures
structural changes in the S-turn appear to provide a plausibleof this study show that C39 points into solvent (Figure 5B),
explanation for the gain in catalytic efficiencies of mutants the principle of an improved catalytic center has merit. Co-
only when comparing their structures to the homogeneous (NH3)¢*" binding at site Il fortifies the S-turn by mediating
U37-C1 population of the native hairpin ribozyme. This contacts between A40 and G21 (Figures 3A and 5B).
sequestered conformation better accounts for the biochemicaHowever, new H-bonds in the S-turn and sequestration of
studies, as well as the expected differences in binding energyresidues G36, U37, and-&. (Figures 4B and 6B) appeared
resulting from the U39C and U39(C3) mutations. The origin to be the result of the U39C mutation, not metal binding.
and significance of the exposed U37-C2 conformation are This is because all three minimal hairpin ribozyme structures
unclear at this time. were prepared from comparable quantities of CofyH,

A final aspect of the gain-of-function activities of the Yyetthe conformation of U37 was heterogeneous in the native
respective U39C and U39(C3) mutations was their distinctive structure. Furthermore, no detectable structural changes in
metal dependencies. Whereas U39C activated the ribozymehative and mutant ribozyme structures were observed over
best at<5 mM Mg?" (29), the U39(C3) change exhibited a 5-fold range of Co(NE)¢*" from 0.1 to 0.5 mM (data not
little dependence on Mg over a 30-fold concentration range  shown). Taken collectively, the preceding data support the
(30). The observation of a single Co(NJ* ion at position idea that the U39C mutation required a lower ion concentra-
G21/A40 (site Il, Figure 5B) prompted an analysis of tion at site Il to elicit the same S-turn stabilization as the
functional studies to assess the relevance of this ion bindingnative hairpin ribozyme. Notably, the site 1l Co(N)ef"
site in solution. Position A20 is not conserved phylogeneti- B-factors of this study indicated the following trend: native
cally (Figure 1B) among hairpin ribozyme sequencs®) ( (83.2 A) > U39C (51.2 &) > U39(C3) (41.3 A). Indeed,
and can be replaced with any other base without loss of in vitro selection studies indicated that U39C functioned as
activity (49). This is consistent with the rather long H-bond @ second-site suppressor of the strongly inhibitory mutants
interaction of Co(NH)s3* to N7 of A20 and the nonoptimal ~ G21A, G21U, and G21C2@) located at the Co(Nkjs**
coordination geometry (Figure 5B). In fact, replacement of binding site (Figure 5B). The overall impact of a more stable
A20 by U or C increases activity30% @9), which might S-turn would be manifest at position A38 (Figure 5B), since

proper orientation of this base is necessary for the phosphoryl

5 . ] transfer reaction21).
based o TG o Somoune mavidosl. In contrast to U39C, the U39(C3) mutant exhibited little
noncoupled H-bonds from the hairpin ribozyni. ( metal dependence over a 30-fold Mgrange 80). The
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electron density maps for U39(C3) showed a weak signal 4.

for the propyl carbons (Figure 2C), consistent with the
inherent flexibility of this substitution. Superpositions of the
propyl linker structure upon comparable native and U39C

coordinates revealed that the cobalt(lll) ion at site Il had 6.

shifted by neast 1 A (Figure 6C). Structural changes were
apparent both'30 and 3 of the propyl substitution, including
the ribose and phosphate backbone of A38 (Figure 6C). The
apparent flexibility of the propyl linker in this region suggests

that metal ion binding at site Il would have little effect on 8.

the adjacent S-turn. This is because the propyl moiety
uncouples the metal coordination at U41 and A40 from the

upstream structure by acting as a flexible “shock absorber” 9.

(Figure 6C). Hence, little benefit would be achieved at the
catalytic center despite increasing concentrations of'Mg

In summary, the crystal structure of a minimal, junctionless
all-RNA hairpin ribozyme has been solved. The core
structure is highly homologous to the 4WUJ1A hairpin
ribozyme complexes reported previousB2(23). As such,
this study validates the use of minimal hairpin ribozyme
constructs as a means to relate fold to functionally relevant
modifications. The native, minimal hairpin ribozyme struc-
ture indicated conformational heterogeneity at position U37
comprising both exposed and sequestered forms of the
nucleotide. The sequestered form contacts thel Gibose
moiety forming additional interdomain contacts that concur
with previous biochemical studies. Structures of the U39C
and U39(C3) mutations appeared to shift the conformational
equilibrium of U37 into the sequestered state while providing
a structure-based rationale for their differing metal depend-
encies. Energetic differences between the two conformations
of U37, as well as the mutant structures, suggested that the
sequestered form of U37 may be relevant to catalysis and

[any

[Eny

5

16

that stabilization of the S-turn could influence the sugar/ 17.

phosphate geometry of the essential catalytic residue A38.
Overall, the native and mutant structures demonstrate, at the
near atomic level, how coupled molecular motions and 13
H-bond networks can connect distant parts of an RNA
enzyme to its active site, which has been invoked previously
on a molecular scalel( 31).
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