686 Biochemistry2006,45, 686—700

Water in the Active Site of an All-RNA Hairpin Ribozyme and Effects of Gua8
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ABSTRACT. The hairpin ribozyme requires functional group contributions from G8 to assist in phosphodiester
bond cleavage. Previously, replacement of G8 by a series of nucleobase variants showed little effect on
interdomain docking, but a-3250-fold effect on catalysis. To identify G8 features that contribute to
catalysis within the hairpin ribozyme active site, structures for five base variants were determined by
X-ray crystallography in a resolution range between 2.3 and 2.7 A. For comparison, a native all-RNA
“G8” hairpin ribozyme structure was refined to 2.05 A resolution. The native structure revealed a scissile
bond angle €) of 158, which is close to the requisite 180in-line” geometry. Mutations G8(inosine),
G8(diaminopurine), G8(aminopurine), G8(adenosine), and G8(uridine) folded properly, but exhibited
nonideal scissile bond geometriasr@nging from 118 to 93) that paralleled their diminished solution
activities. A superposition ensemble of all structures, including a previously described hairpin ribezyme
vanadate complex, indicated the scissile bond can adopt a variety of conformations resulting from
perturbation of the chemical environment and provided a rationale for how the exocyclic amine of
nucleobase 8 promotes productive, in-line geometry. Changes at position 8 also caused variations in the
A—1 sugar pucker. In this regard, variants A8 and U8 appeared to represent nonproductive ground states
in which their 2-OH groups mimicked thero-R, nonbridging oxygen of the vanadate transition-state
complex. Finally, the results indicated that ordered water molecules bind nedrhldraxyl of A—1,

lending support to the hypothesis that solvent may play an important role in the reaction.

The hairpin ribozyme is a small ribozyme whose family Scheme 1: Transesterification Reaction of the Hairpin
members catalyze a reversible, site-specific phosphodiesteiRibozyme

bond cleavage reaction within a complementary RNA = r R
substrate strandl{ 2). Cleavage proceeds through deproto- kSiTM A1
nation of the 20H group at position A1 leading to I

nucleophilic attack on the &1 phosphorus (Scheme 1). The Ao — —_— §_
reaction proceeds via a trigonal bipyramidal intermediate air 3 -~ G'B -~ I

followed by formation of a cyclic 23'-phosphodiester and
a free 5-OH group as products3(4). This pathway plays a "
central role in the replication of several plant viroi&$ &énd

serves as a model system for understanding more complex . o . . .
biological catalysts of RNA origing—8). at the active site, including the location of functional groups

At present, complete three-dimensional structures of the from G8, A9, and A38 at _the SC'SS'Ie bong, (L0). More
hairpin ribozyme motif have been reported by two indepen- recently, the structure of a junctionless, all-RNA variant was

dent laboratories. The first structures described were thoseremrtecj 11)'. This minimal construct was denveq from
of the naturally occurring 4WJorm, which revealed the studies showing that separate loop A and B domains of the

. - .. hairpin ribozyme could be reconstituted in solution to form
lobal RNA architecture, as well as stereochemical details :
d a “docked”, catalytically competent enzym&2( 13). The
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Ficure 1: Schematic diagrams of the minimal all-RNA hairpin ribozyme used in this study and the previous Kludy) Secondary

structure depiction based on the known structure. The substrate strand is red; other ribozyme strands are colored green, purple, and blue.
This color scheme is preserved throughout the figures. Lines indicat€ W-bond pairs; filled circles represent noncanonical interactions.
Dashed lines represent covalent connections that were excluded from this construct. The loop A and B domains are labeled with conserved
residues on black circles. Helices-4 are labeled (H:H4, respectively). Position 14 was omitted in this study. (B) Ribbon diagram of the
refined 2.05 A resolution G8 native hairpin ribozyme of this study, which is representative of the core fold. The scissile bond is denoted
with an arrowhead. Positions-Al, G+1, and G8 are labeled and represent the active site.

Scheme 2: Structures an&pValues of Free Bases in and ligation rates by 0 and 10-fold, respectively 17),
Solution demonstrated that the contribution of the G8 base is modest
. o8 ) HaN at best. Collectively, these data support the proposal that G8
96w Ny 8 HNJI‘> 5.1 4PN\ may be engaged in a more structural role in the reaction
wond? R LG by, rovial ’

thereby revitalizing the concept that water may serve as a
proton acceptor at the'-©DH of A—1 during the cleavage

H2N .
) 9.5 3.8 reaction (0).
41 "iI:? Dj\j,i.j ,,z,,)"\@c:\? For efficient phosphoryl transfer to occur during the bond
A u AP breaking step of the hairpin ribozyme reaction, the apical
2'-OH must be “in line” with the electrophilic phosphorus
geneity at position U37 that could be eliminated by incor- and O5 leaving group 18, 19). Specifically, the O2-P—
poration of a U39C point mutant{). Overall, the structure OS5 angle,z, must be close to 180Scheme 1), which in
of the minimal all-RNA variant (Figure 1B) exhibited a the case of the hairpin ribozyme is dependent upon the
modest 1.3 A rmsd from the equivalent core atoms of the influence of the local RNA environment, since metal ions
4WJ-U1A complex, suggesting that two different ribozyme Pplay only a passive structural role in the chemical reaction
constructs can adopt the same global fold despite the(20—22). To address the functional importance of G8, we
contextual differences in their conserved domains. determined the crystal structure of five hairpin ribozyme
Biochemical, structural, and kinetic studies of the hairpin V&riants (Scheme 2) as a means of correlating solution studies
ribozyme suggested an important role for G8 in the chemical With structural information. The variants are analyzed and
reaction (Scheme 1). In one study, a series of base variantdiscussed with regard to their deviation from the necessary
introduced at position 8 indicated the following correlation Catalytic geometry, as established by the hairpin ribozyme
between N1 imino protonation and cleavage proficiency: G vanadate.gomplex, which serves as a transition-state mimic
> DAP > | > AP > A > U (Scheme 2)14): in that study, (23). Additionally, the structure of the native G8 hairpin
G8 cleaved at 0.236 mih whereas U8 functioned at 0.001 fibozyme in a “precatalytic” state was refined to 2.05 A
min~1. In addition, each variant was shown to affect a step resolution, making it possible to identify ordered water
after interdomain docking, suggesting an effect on catalysis Melecules in the active site and to assess the possibility that
and not folding. These results also suggested an importanSCIvent participates directly in the catalytic reaction.
role for the N2 exocyclic amine at position 8, which was
corroborated by crystallographic observatioh6)( Further EXPERIMENTAL PROCEDURES
evidence suggesting the importance of G8 was derived from Minimal All-RNA Hairpin Ribozyme Construct and Nucle-
studies of a 4WJ hairpin ribozyme in which G8 was made otide Modifications Methods for the design and structural
abasic. This modification resulted in a 350-fold loss in optimization of a 61-nucleotide minimal, junctionless, all-
catalytic activity, whereas abasic substitutions at neighboring RNA hairpin ribozyme construct were described previously
A9 or A10 positions resulted in<10-fold losses 15). (12). The sequence of the native (G8) hairpin ribozyme of
Subsequent studies suggested that nucleobase rescue diiis study is described in Figure 1A. For all structures,
abasic G8 ribozymes was consistent with electrostatic position U39 was changed to a cytidine to prevent confor-
stabilization of the transition statd). Most recently, the mational heterogeneity in the S-turn observed for the native,
observation that abasic substitution of A38 reduced cleavageU39 structure 11). Position 14 was removed to uncouple

G 1 DAP
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the loop A and loop B domains, which can be reconstituted  Structure Determination and RefinemeAtl mutants of
(docked) into an active form as described previoudl). the hairpin ribozyme crystallized in space grdef22 with
The RNA stem-loop sequence at helix 4 was also removed a single 61-mer molecule per asymmetric unit. The initial
to promote blunt-ended crystal packing. These modifications native G8 structure was determined by rigid body refinement
made it possible to produce all four hairpin ribozyme strands at 3.0 A resolution as implemented in CN®) using initial
(Figure 1A) by chemical synthesis and to incorporate desired coordinates from the all-RNA hairpin ribozyme 61-mer
mutations at any location. This construct will be termed the refined previously to 2.19 A resolution (PDB entry 1X9C).
“native” G8 hairpin ribozyme throughout this study. AllRNA  Rigid body refinement of the entire structure was conducted
strands, including mutants, were obtained from Dharmacon, first, followed by independent treatment of the respective
Inc., and subjected to in-house deprotection, HPLC purifica- loop A and B domains. The ensuing refinement was
tion, and domain docking as described previoudly, @4, conducted to 2.05 A resolution using cycles of positional
25). The mutations in the loop A ribozyme strand (Figure minimization and individual atomid-factor refinement.
1A, green) were introduced at position 8 and included G8I, Manual adjustments were performed using the interactive
G8DAP, G8AP, G8A, and G8U. Mutations to the substrate graphics program O3(). Upon completion of refinement,
strand (Figure 1A, red) were dAL and 2-OMeA—1, which these coordinates were used to determine all ensuing
were shown to inactivate the ribozyme from cleavage without structures whose base compositions are depicted in Scheme
disrupting the tertiary foldZ6—28). Under high-pH condi- 2. This method was successful, even though the unit cell
tions, the GBDAP and G8AP substitutions cleaved slowly dimensions of some mutants differed by as much as 7.7 A
(14) and were used in this study at ptB.5 in combination along thec-axis (Table 1). The locations of position 8
with an A—1 ribonucleotide. Because of its light-sensitive variants were verified by use of simulated annealing omit
properties, AP oligonucleotides were purified and handled maps that were employed to reduce model bias (Figure 2).
under light-restricted conditions. All structures exhibited an alternate conformation for position
Crystallization and X-ray Diffraction ExperimentSrystals U—5 (Figure 1A) that engages in a (designed) dyad related
of the native G8, all-RNA hairpin ribozyme were identified crystal packing interaction that forms aW pair. One or
by screening under conditions established previously for thetwo Co(NHs)e*" ions were observed consistently in all
all-RNA 61-mer (1); crystallization was by the hanging- structures (Table 1). These ions at G12/G13 (site ) and G21/
drop vapor-diffusion method. Superior crystals of the native A40 (site 1) were documented previousl{). In cases
G8 hairpin ribozyme were obtained from solutions of 21.5% where only a single ion was observed, it was located at site
(w/iv) PEG 2K MME, 0.25 M LjSQy, 0.10 M sodium Il.
cacodylate (pH 6.0), 2 mM spermidine-HCI, and 2.5 mM  Assignment of Waters and Analysis Methodsoms
Co(NHs)sCls. Hexagonal prisms grew at 2@ and reached  representing waters were added manually to each structure.
a size of 0.40 mmx 0.40 mmx 0.35 mm over 2 months. A solvent molecule was assigned if it exhibited electron
Optimization of crystallization conditions was necessary to density incA-weighted (reduced bias) electron density maps
produce well-diffracting crystals of the G8 variants of this (32) with coefficients &, — F. andF, — F¢, at levels of
study. Empirically formulated changes to mother liquors =10 and> 3o, respectively. Refined solvent molecules met
included growth of G8I crystals from 22.5% (w/v) PEG 2K the criteria that they were between 2.6 and 3.5 A from a
MME; growth of G8I/2-deoxyA—1 crystals from 24.5% (w/  suitable H-bond donor or acceptor group with atomic
v) PEG 550 MME, 0.10 M Na-HEPES buffer (pH 7.2), and temperature factors representative of those of their neighbor-
1 mM Co(NH)sCls; growth of GBDAP crystals from 26%  ing RNA or solvent partners. In the native structure, the
(w/v) PEG 2K MME, 0.30 M LpSOy, 0.10 M TRIS-HCI average RNAB-factor was 69 A& (on a scale of $400 A?),
buffer (pH 8.6), and 1 mM Co(NkJsCls; growth of GBAP whereas that of water was 74 ATable 1). The possibility
crystals from 25.5% (w/v) PEG 2K MME, 0.275 M4SQ,, that ions were present in the active site in lieu of water was
0.10 M TRIS-HCI buffer (pH 8.8), and 1 mM Co(N}4Cls; conceivable but unlikely because the crystallization medium
growth of G8A crystals from 24% (w/v) PEG 2K MME and comprised 0.5 M LT (which is electron deficient) with a
0.275 M LiSOy; and growth of G8U crystals from 24.3% SO,?~ counterion. Sulfate was assigned in the structures
(w/v) PEG 2K MME, 0.320 M LjSOy,, and 0.5 mM Co- (Table 1), but it is chemically and sterically unsuited to
(NH3)6Cls. All crystals grew to>0.25 mmx 0.25 mm x occupy the solvent peaks observed in the active site (Figure
0.2 mm in 3 weeks and were harvested shortly afterward 3A). Although 1.0-2.5 mM Co(NH)sClz was present, this
for X-ray diffraction analysis. Crystals were cryoprotected ion complex was excluded as a possible source of the solvent
by stepwise transfers 3 min in duration into synthetic mother electron density at the active site because it is too electron
liquor solutions containing 5, 10, 15, or 17.5% (v/v) glycerol. dense, exhibits a large van der Waals radius and its ligands
Crystals were then captured in thin rayon loops (Hampton are relatively inert to exchang&3). The locations of one
Research) and flash-cooled in a stream of cold nitrogen gasto two Co(NH)s*" sites were assigned for each hairpin
at—180°C generated by an X-Stream (Rigaku/MSC). Sam- ribozyme structure in this study (Table 1 and fd}, and
ples were tested for X-ray diffraction in-house as described these sites were inconsistent with the size, shape, and
previously (1) and then stored in liquid nitrogen dewars coordination geometry observed in the active site; no
until they were retrieved for data collection using synchrotron anomalous diffraction signal for cobalt was detected in the
radiation. All diffraction data were recorded on a Quan- active site. Efforts to replace the observed active site solvent
tum210 CCD (ADSC) at Cornell High Energy Synchrotron peaks by cocrystallization or crystal soaking in salts including
Source (CHESS) station Al; see fefffor details. Data sets ~ K* or NH;* were unsuccessful (data not shown). Sodium is
were reduced with Crystal Clear (Rigaku-MS@P). Inten- present in the mother liquors at 0.10 M. AlthoughNeould
sity and data reduction statistics are provided in Table 1. be isoelectronic with water in electron density maps (10 e
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Table 1: X-ray Data Collection and Refinement Statistics

G8/2-OMe A—-1

G8l/2-OMe A—-1

G8I/2-deoxyA-1

unit cell (A) a=93.3,c=131.3 a=93.4,c=1315 a=0945,c=127.6
resolution (A) 2.05-30 2.33-47 2.40-44

total no. of reflections 178418 122779 110424

no. of unique reflections 21669 15007 13689
redundancy 8.2 (4.7) 8.2 (7.0) 6.3 (5.9)
completeness (%) 99.3(99.1) 99.6 (99.9) 99.2 (98.7)
Wo(1)B 24.0 (3.3) 26.2 (4.2) 19.1 (4.3)

Reym (%)20 3.0 (43.2) 4.0 (44.5) 4.3 (43.0)

no. of RNA atoms 1312 1311 1309

no. of waters 84 33 5

no. of ions 2 Co(NH)e(lll), 1 SO2 2 Co(NH)e(111), 1 SO 2 Co(NH)e(Ill), 1 SO2

averageB for RNA/water (£2) 69.5/74.0 66.5/65.5 76.7/73.9

Rerys Riree (%0)°4 25.4/26.9 22.7/24.2 24.0/27.0

rmsd for bonds (A) 0.006 0.006 0.009

rmsd for angles (deg) 1.40 1.40 1.50

coordinate error (%) 0.40 0.43 0.47

G8DAP/2-OH A—-1 G8AP/2-OH A—-1 G8A/2-OH A—-1 G8U/2-OH A—-1

unit cell (A) a=293.8,c=127.6 a=93.9,c=129.2 a=93.5,c=124.6 a=93.4,c=123.6
resolution (A) 2.46-29 2.70-38 2.40-44 2.38-47
total no. of reflections 128453 87945 155415 116261
no. of unique reflections 12161 9763 13112 13252
redundancy 10.6 (9.3) 6.9 (8.4) 11.9 (11.0) 8.7 (8.5)
completeness (%) 89.8 (92.8) 97.9 (99.9) 99.8 (100) 99.2 (99.9)
Wo ()3 34.8(5.1) 14.7 (4.0) 27.4(4.9) 29.9 (5.2)
Reym (%0)20 3.4 (45.8) 5.8 (45.7) 4.5 (42.8) 3.6 (42.9)
no. of RNA atoms 1311 1310 1310 1308
no. of waters 7 11 34 21
no. of ions 1 Co(NH)s(lIl) 1 Co(NH3)s(l11) 1 Co(NHa)s(lll), 1 SO2 2 Co(NH)e(111), 1 SO
averageB for RNA/water (£2) 87.2/68.3 81.3/73.7 75.0/67.6 69.6/73.9
Rerysi Riree (%0)°4 24.8/25.9 24.5/26.8 24.3/25.3 23.7/125.7
rmsd for bonds (A) 0.007 0.009 0.006 0.006
rmsd for angles (deg) 1.60 1.69 1.50 1.30
coordinate error (%) 0.42 0.53 0.49 0.47

aHighest-resolution shells are 2:08.12, 2.33-2.41, 2.40-2.48, 2.46-2.49, 2.70-2.80, 2.46-2.49, and 2.382.47 A for statistics in parentheses

for G8/2-OMe A—1, G8I/2-OMe A—1, G8I/2-deoxyA—1, G8DAP/2-OH A—1, G8AP/2-OH A—1, G8A/2-OH A—1, and G8U/20H A—1,

respectively? Rym = S|Ij — VY|l x 100.° Reyst = YnulFo —

KFe|/ZhlFol x 100, wherek is a scale factord Ryee is defined as theReys

calculated using 610% of the data selected randomly and excluded from refineri@atsed upon cross-validated Luzzati plots calculated in CNS
for the full resolution range.

it prefers a trigonal bipyramidal coordination geometry with the G8 native structure were corroborated by simulated
ligand distances of 2.4 A3@). Na' also prefers negatively — annealing omit maps as implemented in CNS (Figure 3A).
charged functional groups, such as oxygen, but not the Superpositions of structures were performed for all matching
exocyclic amine interactions observed here (Figure 3A). atoms using LSQKAB as implemented in CCP35)
Furthermore, the assigned waters exhibited nearly tetrahedralSuperpositions with the 4WJ hairpin ribozymeanadate
coordination geometry with no more than two H-bond donors complex were performed using chains D and E of PDB entry
and/or two acceptors, which is a characteristic of water. 1M50. Statistics for the refined structures are reported in
Whereas waters frequently engage in H-bond networks Table 1. Figures 26B were made by use of Bobscrif3g).
(Figure 3A), ions that are similar in polarity do not form Figure 1B was produced with PymaBq) and NUCCYL
close contacts with each other as observed here. Notably,(38).

the same active site waters were observed in the previous
all-RNA hairpin ribozyme structure refined to 2.19 A RESULTS

resolution (1). In both studies, the temperature factors of  Quality of the Natie Hairpin Ribozyme Structure and
active site waters matched those of neighboring RNA ligand Structures of Position 8 Variant®revious studies described
atoms, which were 59.7 and 56.72 Aespectively, for the  the overall fold of the hairpin ribozyme in the form of a
current study. These values were somewhat lower compareddWJ-U1A complex 9, 10, 23), as well as a minimal,

to those of the same RNA atoms of the 4WJ1A complex, junctionless all-RNA constructL(). Structures of the hairpin
which were 73.9 A on average (for both molecules in the ribozyme in this study represent the minimal all-RNA form,
asymmetric unit) in the precatalytic compled0f. Although and each is reminiscent of previous crystallographic results
waters were assigned in the crystal structure of the G8I andin the sense that no major conformational differences arose
G8U mutants, which were the highest-resolution structuresin the core fold (Figure 1B). As a basis for comparison in
after G8 (Table 1), no comparable solvent molecules could this study, the resolution of the native G8 hairpin ribozyme
be detected in their active sites. This may have been causedvas extended to 2.05 A (Table 1). This structure, as well as
by lower resolution, as well as greater apparent flexibility the accompanying G8 variants, exhibited reasonable refine-
of the scissile bond in these structures, which had fewer ment statistics, including aR.ys;at or below 25%, withRyee
H-bonds to the G-1 phosphate. Waters in the active site of not more than 3% greater thdfys: (Table 1). To further
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FiGURE 2: Representative simulated annealing omit electron density maps for the scissile bond and position 8 of the hairpin ribozyme.
Maps havesA coefficients of the typen|F,] — D|F¢|. Nucleotides A-1 and G+1, as well as the base moiety at position 8, were removed
from the phase calculation. The orientation is rotated®E8ibut thez-axis compared to Figure 1B. Bases of A38 antt2Jare shown for
perspective. Electron density is contoured at the(furple) and 8 levels (green) unless specified otherwise. (A) Stereodiagram of the
native structure at 2.05 A resolution. The label mAindicates a 20Me group at this position. The green contour level is.1®) G8I

structure at 2.33 A resolution. The green contour level is A0(E) G8I/2-deoxyA—1 structure at 2.40 A resolution with d-@eoxy
substitution at position A1. (D). G8DAP structure at 2.40 A resolution. The-A position is a ribonucleotide. The green contour level

is 6.00. (E) G8AP structure at 2.70 A resolution. The green contour level is. T) G8A structure at 2.40 A resolution. (G) G8U structure

at 2.38 A resolution. The green contour level is 10.0

corroborate that the structural changes at G8 and the scissilesugar pucker and orientation of the@Me moiety at A-1
bond were unbiased by model coordinates-weighted in the native G8 structure are somewhat better defined than
simulated annealing omit electron density mapg) were in previous studies9—11). As such, these coordinates
calculated (Figure 2). At 2.05 A resolution (Figure 2A), the provided a model of high stereochemical quality that served
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A38 A38

A38

Ficure 3: Stereoview of ball-and-stick diagrams of the hairpin ribozyme active site for the G8 native structure. Putative H-bond interaction
distances are depicted with broken blue lines. (A) Schematic diagram of the native active site depicting solvent atoms (W) in contact with
bases G-1, A9, A10, and A38. A simulated annealing omit electron density map mijty| — D|F¢| coefficients is shown in which the

four waters were eliminated from the phase calculation. The map is contoured atltheb (B) Schematic view of the native G8 structure

with contacts to the scissile bond from neighboring residues. These coordinates provide the reference orientation for all other superpositions
of this study except where noted.

as a guide during the model building and refinement of discernible (refer to Figure 1 of the Supporting Information).
lower-resolution molecules (Table 1). Indeed, the resolution For example, compare the sugar at A representing '2
of diffraction for the G8 variants ranged from 2.33 to 2.40 OMe modifications (Figure 2A,B) to that of theé-8eoxy
A with the exception of G8AP, which diffracted to 2.7 A (Figure 2C) or 2hydroxyl modifications (Figure 2F,G).
resolution (Table 1). Overall, all RNA atoms for each Similarly, there is a tangible effect resulting from removal
structure were well-ordered in the electron density, although of a base functional group, such as the N2 exocyclic amine
the quality of maps was noticeably poorer for nucleotides of guanosine (i.e., inosine, Figure 2B) or the O6 group of
of H1 (Figure 1A). The positions of solvent atoms were not guanosine (i.e., AP, Figure 2E). Last, the phosphorus atom
always consistent among structures, and water moleculesof G+1 could be localized by contouring maps to higher
were added independently to each model. signal-to-noise levels (Figure 2, green peaks). In general, the
Fit of Models to Electron Density Mapsit 2.4 A electron density was well-defined for the active sites of all
resolution or better, four aspects of the electron density mapsstructures, and the orientation of {h®-R andpro-Soxygens
were utilized to facilitate interpretation of how each active at Gt+1 could be assigned on the basis of the complementary
site modification influenced the scissile bond geometry. fit of these atoms to the asymmetric electron density of this
These features included (i) definition of the base and region (Figure 2, and Figure 1 of the Supporting Informa-
exocyclic groups at position 8, (ii) identification of exo versus tion).
endo sugar puckers for ribose, (iii) differentiation amohg 2 The Actbe Site of the Hairpin Ribozyme Is WeA
modifications at position A1 (i.e., 2-deoxy, 2-hydroxyl, noticeable difference between the native G8 hairpin ribozyme
or 2-OMe groups), and (iv) localization of the phosphorus of this study and that of previous studies of the 4WILA
atom of G+1 based on its electron density. In the first complex , 10) was the presence of ordered water molecules
category, the electron density for each cleavage site and basé the active site in this study (Figure 3A). Four water
at position 8 was well-defined (Figure 2). In the second molecules form a distinctive H-bond network to the\@
category, the atoms at thé-2osition of A—1 were readily faces of A9 and A10. Each of these tandem adenine bases
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Table 2: Relative Differences in the-Al:G+1 Linkage Due to Active Site Modifications
2-groupatA-1 G8base 7(deg) 2-O—Pdistance (8 rmsd for vanadate (&) position 8 contacts to the scissile bond {A)

2-OMe G 158 2.9 1.5%) N1-2'-O (2.7), N2-pro-R (2.8)
2'-O-vanadate G 144 2.0 —(1.5) N1-2'-O (3.1), N2-pro-S(3.5), N2-2'-O (3.1)
2-OMe | 118 33 2.3(1.0) N£2'-O (2.8)

2'-deoxy | - - 2.6 (1.3) none

2'-OH DAP 106 31 2.9(1.9) N22'-0 (3.3)

2'-OH AP 112 3.2 3.0(2.0) N22'-0O (3.4)

2-OH A 112 3.9 3.3(2.3) none

2-OH u 93 3.8 3.1(2.1) none

2This value represents the distance between t@ Bucleophile and the phosphorus of-G.  This value indicates the deviation of thetG®
phosphorus of a given structure from the position of vanadium in the 4WJ-WaAadate complex based on minimization of all core atoms. The
value in parentheses is the rmsd relative to thel@hosphorus of the native G8 structure in this stédyntries indicate position 8 functional
group contacts to atoms of the phosphodiester bond betwednaid Gt+1. Values in parentheses after each group of atoms indicate distances as
described in Figures 4A, 5, and 6B.

contacts a water at both its N6 amino and N1 imino positions 100 mM sodium cacodylate buffered at pH 6.0 and that the
(Figure 3A). Specifically, W86 mediates an interstrand solution K, of guanine is 9.6 (Scheme 2). Protonation at
contact between the imino group of A9 and the N2 exocyclic the N1 position of G8 is inconsistent with the role of G8 as
amine of Gr1. Similarly, W52 mediates an interdomain a general base catalyst since the guanosine would be
contact between the exocyclic amines of A9 and A38. A negatively charged, leading to repulsion between the N1 and
comparable interdomain contact is mediated by W55, which 2'-OMe positions. A comparable analysis of base A38 reveals
is positioned between the imino moiety of A10 and the anti that its N1 protonation state cannot be surmised readily from
side of the A38 exocyclic amine (Figure 3A). W54 mediates precatalytic structures. The distance observed here between
a 3.0 A contact between the Odtom of A—1 and W55 N1 of A38 and the 3oxygen of A-1 was 3.2 A (Figure
(not shown) and directly contacts both W55 and the exocyclic 3B), but the average distance for this interaction in compa-
amine of A10 (Figure 3A). Distances for the waté&NA rable 4W3U1A complexes was 3.7 A10), making the
interactions ranged from 2.7 to 3.1 A, consistent with assignment of a H-bond somewhat ambiguous. One explana-
previous studies of small ribozyme89. The average tion for the disparity in distances at this position was that
trigonal angle comprising solvent atoms and RNA functional mother liquors used to grow crystals of 4WJ1A com-
groups was 113 which was close to ideal tetrahedral values. plexes did not contain buffe®(10, 41), making it difficult

No large conformational differences were present in the to correlate the pH values of respective crystal forms to
active site compared to previous hairpin ribozyme structures, changes associated with specific functional groups. The
indicating that a molecular “breathing” phenomenon was not previous structural study of the 4WIW1A complex does
required for accommodation of the observed watéjs I suggest that the imino group of A38 may be protonated in
is also conceivable that the waters were sequestered duringhe transition state due to its 2.7 A distance from thé O5
interdomain docking. However, the G8 native structure leaving group in the hairpin ribozymezanadate complex
reveals a pathway for solvent entry into, or egress from, the (10, 23). This observation provided support for the idea that
active site at a corridor located between the ribose of A40 the N1 group of A38 exhibited an exceptionally elevated
and the base of A38. This suggests the ability of active site pK, relative to that of the free base in solution (Scheme 2),
water molecules to exchange with bulk solvent. A plausible possibly consistent with a role for A38 as a general acid
explanation for the observation of the waters in this study is catalyst in cleavaged( 17).

that the resolution of the native structure is higher, and the Other conserved active site interactions include an apparent
overall B-factors are lower than those reported previously 2.9 A H-bond between the exocyclic amine of G8 and the
for the best 4W3U1A complex at 2.2 A resolutioriL(). In 04 keto group of WU-2, a conserved core residue (Figure
addition, the asymmetric unit is substantially smaller in this 1A) (42). The O4 atom helps align the G8 exocyclic amine
study, comprising~1400 atoms (Table 1) versus6300 such that it contacts thero-R oxygen of G+1 (Figure 3B).
atoms (0). This is significant since a smaller asymmetric The fact that a trigonal angle of 10@an be measured for
unit leads to greater diffraction sampling for crystals of the the O4-N2—pro-R oxygen interaction suggests that any

same size40). lateral movement of the G8 base about the N-glycosidic
Details of the G8 Natie Active Site Structure with a'2 linkage would break the planarity of this interaction, thereby

OMe Modification at A-1. Crystal structures of the G8 native  disrupting this H-bond network. Interaction of thpeo-R

hairpin ribozyme have been reported with'adMe modi- oxygen and the G8 exocyclic amine appears to be critical

fication at A—1 that inhibits catalysisd—11). In each case, for promoting the in-line geometry in the docked stai (
the value ofr was observed to be nearly in-line, ranging The structural consequences of eliminating this functional
from 160 to 164, and these structures have been dubbed group were explored with the various base modifications,
the precatalytic state?@). In this study,r = 158 (Table 2) such as G8l.

and most of the interactions observed previously between G8I Modification with a 20Me Group at A-1. The base
the neighboring RNA and the scissile bond have been substitution of G with | at position 8 was designed to reveal
preserved. For example, the N1 atom of G8 is within 2.7 A structural effects caused by the elimination of the 2-amino
of the 2-oxygen of A-1 (Figure 3B). This distance implies  group (Scheme 2). Like G8 native crystals, those of the G8I
a H-bond between these aton3), which is reasonable variant were grown at pH 6, which should produce a
given that the structure in this study was determined from protonated imino group. This expectation is consistent with
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Ficure 4: Stereographic views of the G8lI structure. (A) Schematic view of the G8I structure (ball-and-stick model) superimposed upon
the native G8 structure (black ball-and-stick model). (B) Reverse orientation of the G8I structure superimposed upon the G8 native structure
showing a new interaction between tHeCH of I8 and the imino group of A1. This view is rotated 180about they-axis relative to panel

A. The ribose and base of& have been omitted for clarity.

the 2.8 A distance between thedxygen of A-1 and the position 8 from a twisted C3ndo to a C2endo conforma-
N1 atom of 18 (Figure 4A). In contrast, the absence of the tion (43), as compared to the G8 native structure (Figure
I8 exocyclic amine resulted in the loss of a H-bond to both 4B, green bonds vs black stick model). This change in
the pro-R oxygen of G+1 and the O4 keto group of +2. furanose pucker occurred regardless 6ORe versus 2
Consequently, the purine base of 18 shifts toward the vacantdeoxy substitutions at Al (data not shown). Interestingly,
N2 pocket, causing a slight base unstacking from1A removal of the 20H from G8 of the native structure was
(Figure 4A). Most noticeably, the scissile bond= 118°) reported to produce AAG of 0.7 kcal/mol, corresponding
rotates away from 18, displacing thet@ phosphorus atom  to a weak NAIM effect that primarily affected th&€y for
by 1 A relative to the native structure (Figure 4A). the reaction 44). These observations suggest the loss of a
Remarkably, very little of the scissile bond geometry of Single H-bond that could be explained if the cross-strand
the 18 structure appeared to be the result of H-bonds donatednteraction between I8 and-Al represents the actual native
from inosine. In fact, removal of the sole H-bond between hairpin ribozyme conformation (Figure 4B). In the native
A—1 and the 18 base was accomplished by substituting the structures, the’20H group of G8 does not H-bond strongly
2-OMe modification at A-1 with dA (Figure 2 of the to any functional groups. The closest potential H-bond
Supporting Information). This change appeared to have partner is the O4of residue A9, but this group is-3.6 A
almost no effect on the conformation of the scissile bond, away in the native and variant structures (on average). At
the sugar pucker at Al, or the position of the 18 base. present, it is unclear why the native G8 structure does not
Notably, all three structures (G8, G8l, and G8id2oxy corroborate the solution data, although a previous structural
A—1) maintained a very similar3 A distance between the  study of the hairpin ribozyme supported the possibility that
N1 atom of A38 and the O%itom of A—1 (Figures 3B and  the S-turn motif in the crystal structure represented a folding
4A, and Figure 2 of the Supporting Information), which intermediate 11). The G8I substitution itself was reported
appeared to support protonation of the A38 imino group as previously to cause a 2.2 kcal/mol increaseAiAG of the
observed for the vanadium transition-state minii6, (23). hairpin ribozyme during catalysis, as well as a “strong” effect

G8I Promotes a Cross-Strand Loop A Domain Interaction. 0Y NAIM (45, 46). Such a free energy difference is
Substitution of the 20Me moiety at A-1 with a dA caused ~ €quivalent to the loss of approximately four H-bond3)(
little change between structures of the 18 variant (Figure 2 With @ 50-fold effect orke (45). Although this study can
of the Supporting Information). However, a notable feature @ccount for the loss of two H-bonds, the additional desta-
associated with only the G8I substitutions was formation of bilization is likely attributable to more complex interactions
a new~2.7 A H-bond between the N1 atom of-A and that are not readily discernible in this study.
the 2-OH of I8 (Figure 4B). It is feasible that this interaction pH-Dependent Cleage Effects of AP8 and DAP8 Vari-
occurs at least transiently in the wild-type ribozyme, although ants Well-diffracting crystals of the G8AP and G8DAP
it was not observed in other hairpin ribozyme native variants with a 20Me at A—1 could not be prepared for
structures or within other G8 base variants of this study. This structural studies. Therefore, a strategy for preparing these
interaction involves a distinct change in the sugar pucker at variants with unprotected'H groups at position A1l
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under conditions of reduced activity was adopted. Reduction be sterically and electrostatically unfavorable because it
of the catalytic turnover rates during crystallization was would require close contact (2 A) between the hydrogen of
accomplished by growing the AP8 and DAPS crystals at pH the A—1 2-hydroxyl group and that of the syn hydrogen on
8.8 and 8.6, respectively, since previous studies indicatedthe N2 amine at position 8 (based on modeling of the
these variants displayed bell-shaped—#te profiles cen-  hydrogens). To avoid this clash, it is reasonable that the
tered at pH 6.5 and 6.9. In contrast, the native G8 hairpin hydrogen of the A1 2-hydroxyl group would pivot about
ribozyme exhibited an ascending rate profile between pH 4 the C2—02 bond while the N2 amine remains stationary;
and neutral, followed by a flat slope through pHI3). At this configuration seems plausible since the exocyclic amine
the high pH values used for crystallization, the rates of the cannot rotate, because of its partial resonance character
AP8 and DAPS8 variants are approximately 15-fold slower associated with the purine base. In this manner, the hydrogen
than their optimal rates, which are still 20- and 10-fold of the A—1 2-OH group would project into the solvent-
diminished, respectively, compared to the activity of the exposed pocket adjacent to A10 (Figure 3A). This orientation
native G8 enzyme. To verify that the electron density of has implications for the geometry needed for proton transfer
crystals was not an equilibrium mixture of substrate and during cleavage and suggests an important role for the N2
product, the composition of crystals was assessed by analyti-group of position 8, beyond stabilization of the transition
cal HPLC methods. The results revealed that AP8 and DAP8 state. Comparable observations were made for the G8AP
crystals prepared at high pH did not exhibit appreciable levels variant.
of cleaved product (Figure 3 of the Supporting Information);  G8AP Variant. The active site structure of the G8AP
AP8 exhibited ~6% product formation, whereas DAP8 modification prepared at pH 8.8 is most similar to that of
exhibited ~15% product formation. Products were not G8DAP. The AP8 variant exhibitedravalue of 112, which
detected in electron density maps. Analysis of DAP8 crystals is slightly more in line at the scissile bond than DAP8, but
that were several months old indicated both product strandsless than ideal compared to the G8 native structure (Table 2
were present with little substrate, consistent with cleavage and Figure 5B). The AP8 variant revealed similar H-bond
in the crystal lattice (Figure 3G of the Supporting Informa- patterns compared to DAPS, including a 3.0 A distance
tion). Overall, the results provided confidence that modeled between the N2 exocyclic amine and the O4 keto group of
substrate structures were not biased significantly by productsU+2 (Figure 5B). Likewise, the N2 group of AP8 was 3.4
and that the hairpin ribozymes of this study are active in the A from the 2-OH of A—1, but the distance between N1 of
crystal lattice at elevated pH. APS8 and the 20H of A—1 was 3.7 A. The latter distance
G8DAP Variant with a 20H at A—1. The DAP8 variant suggests the absence of a H-bond donated by 't@#-Pof
was reported to be nearly 10-fold more reactive in cleavage A—1 to the imino group of position 8, as deduced for DAPS.
than G8l in solution 14). However, an inspection of the Hence, the N1 group of AP8 appears to be deprotonated in
DAPS scissile bond geometry (Figure 5A) reveated 106° the crystal structure, in accord with its piiate profile
(Table 2). This deviation from in-line geometry was a likely measured in solutionld).
result of imino deprotonation at DAP8. At present, a  Previously, the AP8 base variant proved to be a useful
systematic structural study of the hairpin ribozyme has not spectroscopic probe of the hairpin ribozyme active site. A
been conducted as a function of pH. However, both G8 and fluorescence analysis indicated a pH-dependent transition
A38 abasic variants shifted pHate profiles, suggesting that  from 5.0 to 5.7 under conditions that promoted the undocked
each possesses titratable functional groups that affect aversus docked complex. This folding transition suggested
chemical step or a rate-limiting conformational chant4 (  that apposition of the docked loop A and B domains
17). In this study, it is probable that the structures of both influences the K. of the base at position 8L4). These
DAPS8 and AP8 deviate from the in-line geometry due to a studies were conducted in the presence ofdedxy A-1
pH-dependent conformational change, rather than replace-modification and reported a for AP8 nearly one log unit
ment of the G8 base itself. Nonetheless, a comparison tolower than that determined from the pH rate dependence of
the native structure still provides insight into how their cleavage. These data may be interpreted in the context of
respective functional groups contribute to the active site the current structure as being consistent with a pH-dependent
geometry, and how pH changes alter the hairpin ribozyme conformational change at the-Al ribose. Specifically, at
structure. lower pH values where the imino group of position 8 is
Although a H-bond is maintained between the N2 exo- protonated, a direct H-bond forms to thedXygen of A-1
cyclic amine of DAP8 and the O4 keto group oftg, the (e.g., as in Figures 3B and 4A). This interaction, which
long 4.1 A distance between the N2 amine of DAP8 and the occurs upon docking, influences the imin&pvalue at
pro-R oxygen of Gt+1 precludes a direct H-bond interaction position 8, elevating it toward neutral as observed for DAP8
(48), as compared to the native structure (Figure 5A vs Figure and AP8 (4). At higher, nonreactive pH levels, the imino
3B). However, the N2 exocyclic amine of DAP8 is within groups of these bases are deprotonated, which appears to be
3.3 A of the 2-OH group of A-1. This interaction is absent  associated with a flatter sugar pucker at Acompared to

in the native, precatalytic state since tHepsition of A—1 that of the native G8 conformation (Figure 5A,B). Overall,

is protected by a methyl group. Removal of theGMe changes in the active site resulting from N1 deprotonation
group at A-1 in the DAP8 structure yielded an altered sugar at position 8 in this study help account for the structural
pucker with a twisted C3endo/C2-exo conformation43). transitions measured by fluorescence, as well as the sharp

The H-bond between the -Al 2-oxygen and the N2  decline in activity in the pH-rate profile following the loss
exocyclic amine of DAP8 appears to restrict the ability of of AP8 (or DAP8) imino protons.

the 2-OH at A—1 to serve as a proton donor to the A8 and U8 Variants with a'’20H at A—1. Structures of
unprotonated N1 atom of DAPS8. The latter interaction would G8A and G8U prepared at pH 6.0 represent the least active
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FicurRe 5: Stereographic pairwise superpositions of the respective DAP, AP, A8, and U8 ball-and-stick models with the native G8 hairpin
ribozyme (black): (A) DAP8 and the native G8 structure, (B) AP8 and the native G8 structure, (C) A8 and the native G8 structure, and
(D) U8 and the native G8 structure.

conformations of the hairpin ribozyme (Table 2). Their revealed that the U8 and DAPS8 structures exhibite®H
respective activities in solution were approximately 100- and groups in a twisted exo conformation (Figure 5A,D), whereas
250-fold lower than that of the native G8 ribozym#d). those of A8 and AP8 were somewhat flatter (Figure 5B,C).
Inspection of their scissile bonds reveatedalues of 112 This comparison shows that at least two classes of sugar
and 93, respectively. A comparison of ribose puckers among puckers can be accommodated when th©H at A—1 is
position 8 variants with unprotected-@H groups at A-1 unprotected. Interestingly, neither the A8 nor the U8 structure
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exhibited contacts to the scissile bond from the base atreactivity profile: G> DAP > 1 > AP > A > U [where
position 8 (Figure 5C,D). These structures lack a suitable differences between G8 and U8 spa50-fold (L4)]. Since
N2 exocylic amine, which contacts thé-QH of A—1 in in-line geometry provides at most a 1Q0-fold rate ac-
the DAP8 and AP8 structures (Figure 5A,B). The absence celeration over that of the uncatalyzed cleavage reaction,
of H-bond contacts from position 8 to the cleavage site was chemical attributes beyond the local secondary structure must
a unique feature of the A8 and U8 structures compared to play a critical role in RNA-catalyzed phosphoryl transteo, (
other position 8 variants (Figures 3B, 4A, and 5A,B). In 51). At present, there are two proposals for how the hairpin
addition, the A8 and U8 structures were the only ones to ribozyme achieves this rate enhancement. The first entails
exhibit close contacts between their@QH groups at A-1 acid/base catalysis involving G8 and/or A3B4( 23, 52).
and the N6 exocyclic amine of A38 (Figure 5C,D). This The second calls for electrostatic stabilization involving
putative H-bond, along with the presumed interaction localized nucleobase charge dissipatid®<17, 23, 53).
between the N1 position of A38 and the ‘Gom of A-1 Although X-ray crystallography cannot differentiate between
(Figure 5C,D), appears to stabilize substrate binding in a these proposals, it can provide additional stereochemical
novel way. Significantly, the displacement of tHeaXygens information relevant to understanding the principles by which
of A—1 at A8/U8, relative to those of the G8/I8 and DAP8/ the enzyme promotes catalytically productive or nonproduc-
APS structures, was 3.8 and 1.6 A, respectively. Once again,tive states. The goal of this study is to relate structure to
these differences emphasize the important role of the function by exploring changes in the scissile bond that result
exocyclic amine at position 8 as a means of influencing the from changes in the chemical environment at G8.
A—1 sugar pucker and possibly prevent formation of an  Chemical Changes at Position 8 Alter the Scissile Bond
overly stable ground-state complex (Figure 5C,D). Geometry In this study, a minimal all-RNA variant of the
The A8 and U8 variants were the least reactive in solution hairpin ribozyme structure was determined and refined to
assays, and their structures suggest they represent noncat&-05 A resolution. This native molecule possesses G8 at the
lytic states. Although protonation of the N1 imino group at active site and a’20Me at A—1 to prevent catalysis in the
position 8 appears to be important as a means of orientingcrystal lattice. For comparison, the structures of five hairpin
the 2-nucleophile in the native, precatalytic structure (Figure ribozymes containing modifications (Scheme 2) at position
3B), the low K, of A8 (Scheme 2) and pyrimidine base 8 of the ribozyme strand (Figure 1A) were determined to
orientation of U8 (Figure 5D) appear to preclude this resolutions between 2.3 and 2.7 A (Table 1). These structures
function. Nonetheless, both variants cleaved the substrate invere then used to correlate changes at thelAo-G+1
solution assays, corroborating the observation that an abasidnternucleotide linkage with activity levels observed in
G8 hairpin ribozyme could still function, albeit at a 350- solution (L4). The base modifications were chosen because
fold reduced ratel(5, 16). Differences between the A8 and they were demonstrated to be competent in interdomain
U8 structures include the observation that the O4 keto of docking, but catalytically impaired over a broad range. The
U8 occupies the same spatial location as N1 of G8 (Figure results revealed that scissile bond geometry is highly
5D), and its N3 imino group forms a H-bond to the O4 keto dependent on functional group interactions with the base at
moiety of U+2 (Figure 5D); the A8 structure exhibits no position 8. The trend toward in-line geometry was as
comparable interactions with the ribozyme strand (Figure follows: G8 > 18 = DAP8 > AP > A8 > U8 (Figure 6A
5C). It has been demonstrated previously by FRET that G8U and Table 2). Deviation of DAP8 from the activity series in
was still capable of docking despite nearly complete inhibi- solution may be the result of a conformational change
tion of catalysis 49). These observations suggest that resulting from the use of high pH in structural analysis. The
docking of the loop A and B domains is related to the number structure of AP8 was determined under similar conditions;
of interactions that the position 8 base makes with its therefore, caution must be exercised when considering both
surroundings, but catalytic proficiency correlates with the DAP8 and APS8 structures relative to other variants of the
number of H-bonds formed between the base at position 8series that were determined at pH 6.0. In the final analysis,
and the cleavage site (Table 2). G8A is the only structure of assignment of the structural trend toward reactivity was not
this study with a purine base at position 8 that does not makebased solely om, since other factors appeared important as
a H-bond contact to the scissile bond, and its catalytic well (Table 2). For example, DAP8 displayed a relatively
geometry is poorest among purine variants of this study. shot 3 A distance between thé-Bucleophile and the scissile
However, the nucleotide base at A8 stacks with-1A phosphorus, as well as contacts to pine-R oxygen of G-1
conferring some cross-strand stability not observed for G8U (Figure 5A and Table 2). Indeed, both DAP8 and AP8
(Figure 5C,D), which exhibits the lowest solution activity variants exhibited modest levels of cleavage in crystals
of the variants in this study. Of the position 8 variants that (Figure 3 of the Supporting Information). A complete list of
were analyzed, G8C was the only one that did not crystallize, interactions for position 8 variants is provided in Table 2.
presumably because it did not fold properly, as indicated by  The superposition of G8 variants revealed an ensemble
native gel electrophoresid4). Given the plasticity of the  of structures representing a continuum of conformations
scissile bond observed here, it is not possible to explain why (Figure 6A). This analysis indicated the scissile bond could
G8C destabilizes the native fold, although its inability to base rotate by as much as 18@tom a nonproductive conforma-
stack with A-1 and lack of an imino proton at N3 may be tion, in which the nonbridging oxygens reside above the
underlying factors. plane of the scissile bond, to a productive conformation in
which they lie below (Figure 6A, yellow vs red structures).
DISCUSSION Changes to the scissile bond appear to originate mostly from
Previously, a kinetic analysis of various base substitutions base substitutions at position 8, although the effects of
at position 8 of the hairpin ribozyme produced the following maodifications at the 2position of A-1 cannot be ruled out
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FIGURE 6: Superposition ensemble of structures representing the native G8 structure, the four purine variants at position 8, and the 4WJ
hairpin ribozyme-vanadate complex1(), as well as a proposed role for water. (A) Stereodiagram for the least-squares superposition
ensemble. The structures are G8A (yellow), GBAP (green), GBDAP (blue), G8I (purple), native G8 (dark blue), and the hairpin+ibozyme
vanadate complex (red). A circular arrow indicates the dihedral angle rotation required to produce a more in-line angle. (B) Stereodiagram
showing a superposition between the hairpin ribozywenadate complex (ball-and-stick model) and the native G8 structure (black). Atoms

04 of U+2, N2 of G8, and O2of A—1 and thepro-Soxygen of Gt+1 are labeled for clarity. (C) Schematic diagram indicating a proposed

role for water in the cleavage reaction. Dashed lines indicate possible H-bonds. The asterisk indicates the locatjmmo-& tixggen,

which coordinates to the exocyclic amines of A9 and A38 in the transition state.

entirely (e.g., recall G81/20Me A—1 and G8I/22dA—1 revealed an-0.8 A shift of the latter away from the scissile
revealed little change). Overall, subtle changes were observedond. This result indicates that the-MZ face of A38 remains

in the conformation of the A38 base, which mirrored the largely unchanged regardless of the scissile bond geometry.
results of a prior study in which U39 was replaced with a In contrast, the O4 position of conserved base2varied
propyl linker @L1). A comparison of the N1 positions of A38  widely (Figure 6A). This change was not a direct indicator
from the most active conformation (i.e., the 4WAhnadate of in-line geometry, but rather that O4 atH2 preferred
complex) and the least active structure, U8 of this study, H-bonding to the exocyclic amine at position 8. In the most
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extreme comparison, the O4 keto atom of 2/changed by  impaired catalytically 14, 49). In contrast, the DAP8 and
as much as 1.7 A between the G8I and DAP structures AP8 modifications, despite being deprotonated at N1,
(Figure 6A, purple vs blue structures), indicating the range maintain close distances between th&2 nucleophile and
of motion associated with N2 removal. the reactive G-1 phosphorus (Figure 6A,B and Table 2).
Comparison of Position 8 Variants to the Hairpin Ri- The proximity between the'20H of A—1, the imino proton
bozyme-Vanadate Complex/anadium oxide has been cited of position 8, and its N2 exocylic amine should help lower
as a structural mimic of the oxyphosphorane intermediate the K, of the 2-OH nucleophile. Rescue of a G8 abasic
of phosphoryl transfer reactions (Scheme 1). As such, it hashairpin ribozyme by a positively charged nucleobat8 (
been introduced into the active sites of numerous protein 16) also appears consistent with this role.
enzymes %4). The 4WJ form of the hairpin ribozyme has A8 and U8 Variants as Nonproduegd Ground States
been determined in complex with vanadate, thereby providing Further comparison of the G8 variant structures in this study
a spatial analogue for the trigonal bipyramidal transition state to the 4WJ-vanadate complex revealed two key H-bond

of this and other ribozyme reactiond(( 23, 39). A interactions at the WC face of A38 (Figure 6B). The first
comparison of the vanadate complex to the native G8, is an N6 H-bond from A38 to th@ro-R oxygen of G-1.
precatalytic structure of this and prior studie8—(1) This contact has been cited as a mode of transition-state

revealed that = 144 for the vanadate mimic (Figure 6B  stabilization in a manner similar to the interaction between
and Table 2). Although this angle is not ideal for phosphoryl the exocyclic amine of G8 and the substrpte-S oxygen
transfer, several features suggest it is the closest availablg10, 23). On the contrary, crystal structures of U8 and A8
structure to the actual geometry of the reaction intermediate.both oriented their 20H groups of A-1 in a manner
First, the 2-nucleophile and phosphorus are within 2.0 A of consistent with a H-bond to the N6 amine of A38 (Figure
each other (Table 2). Second, the vanadium ion exhibits a5C,D). This observation suggested that the 1Ahydroxyl
nearly trigonal bipyramidal coordination sphere (Figure of these variants could represent a spatial mimic foptioeR
6A,B). Third, the 5-oxo leaving group is within 2.7 A of  oxygen of G+1 in the transition state (Figure 6A, yellow vs
the vanadium ion. Therefore, for the purposes of this study, red structures). Consequently, the A8 and U8 variants appear
the locations and interactions of neighboring functional to represent nonproductive ground states that may account
groups with vanadate, such as G8 and A38, are of greatfor their more precipitous 166250-fold losses in activity
interest since they reveal potentially important features compared to other variant&4). Another key H-bond at A38
regarding how localized modifications predispose the scissile of the vanadate structure occurs between its imino group and
bond to cleavage or ligation. the OB leaving group of G-1 (Figure 6B). The proximity
The 4WJ hairpin ribozymevanadate complex revealed of these two atoms led to the suggestion that N1 of A38
that the N1 and N2 groups of the G8 base are within was protonated at neutral pH, implying that itk pwas
H-bonding distance of the'xo nucleophile of A1 shifted toward neutralityl0). The proposal for an elevated
(Scheme 1 and Figure 6B). These interactions originate frompK, at A38 is consistent with the structures of this study
the ability of the imino group to donate a proton in given the distances between respectivé &8ms of A-1
H-bonding, as observed for G8 and 18 of this study (Figures and the exocyclic amines of A38 (Figures 3B and 5).
3B and 4A). Conversely, AP8 and A8 exhibited distances However, a note of caution should be exercised given the
inconsistent with H-bonding at this position (Figure 5B,C), observation that the DAP and AP modifications were both
and DAPS8, AP8, and A8 are expected to be deprotonated atanalyzed at pH>8.5, but their respective distances are 3.3
the pH values chosen for crystallization (Scheme 2). How- and 2.6 A. Given the-0.4—0.5 A coordinate error of these
ever, unlike the imino group of a purine base, the N2 structures (Table 1), itis risky to infer nucleobase protonation
exocyclic amine is not subject to the same pH dependence states at this position without further experimental informa-
Consequently, this functional group is able to fulfill two tion.
H-bonding roles from both its syn and anti hydrogens. All  Implications for Water in the Acte Site An intriguing
bases of this study that possess an N2 or equivalent H-bondobservation of this study was the presence of four ordered
donor at position 8, including G, DAP, AP, and U, formed water molecules in the active site of the 2.05 A resolution
a H-bond contact to keto O4 of tP (Figures 3B and  G8 native structure (Figure 3A). Water was not observed in
5A,B,D). Similarly, a syn H-bond was noted to tipeo-S the active site of previous 4WJ hairpin ribozyme structures,
oxygen of the vanadate complex (Figure 6B). The latter although solvent has been invoked to account for both
interaction was assigned an important role in transition-state structural and biochemical observations regarding the mech-
stabilization (0, 23). However, another facet of this interac- anism of action 10, 15—17). In earlier structural studies, it
tion seems plausible. The trigonal angle for theofS)O— was noted that the N1 imino position of G8 appeared to
N2—04 interaction in the vanadate complex (Figure 6B) is function as an obligate proton donor to tHeoygen of the
~80°, which is suitable for H-bonding. However, the '©2 nucleophile, and not as a proton acceptor as corroborated
N2—04 angle is nearly 120 which is optimal. Hence, the  here for AP8 and DAPS8. This insightful observation was
3.1 A distance between the N1 exocyclic amine of G8 and supported by structures of the native G8 precursor with a
the 2-oxygen of A-1, as well as a 3.5 A contact to the 2'-OMe modification at A-1 (e.g., Figure 3B), as well as a
pro-S oxygen of Gt1, suggested the possibility of a product complex containing a cyclic,2-phosphodiester
bifurcated H-bond interaction in the transition state. In the (10). Of equal importance was the observation that the rate
precatalytic structure, this dual interaction orients thelA of cleavage was greatest when the N1 group at position 8
sugar upon docking, thereby preventing it from adopting a was protonatedl{). However, given the modest effects of
nonproductive C2exo conformation, as observed for the A8 G8 on catalysis, based on abasic studies of this positin (
and U8 modifications (Figure 5C,D), which dock but are 17), it is more likely that G8 plays a structural role rather
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complex appears to be spatially equivalent to thOHR
group of A—1 in the A8 and U8 structures of this study
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location in the transition state, pushing it toward W54 (Figure
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