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ABSTRACT

Reaction-intermediate analogs have been used to understand how phosphoryl transfer enzymes promote
catalysis. Herein we report the first structure of a small ribozyme crystallized with a 3'-OH, 2’,5'-linkage
in lieu of the normal phosphodiester substrate. The new structure shares features of the reaction coordi-
nate exhibited in prior ribozyme structures including a vanadate complex that mimicked the oxyphos-
phorane transition state. As such, the structure exhibits reaction-intermediate traits that allow direct
comparison of stabilizing interactions to the 3’'-OH, 2’,5'-linkage contributed by the RNA enzyme and
its protein counterpart, ribonuclease. Clear similarities are observed between the respective structures
including hydrogen bonds to the non-bridging oxygens of the scissile phosphate. Other commonalities
include carefully poised water molecules that may alleviate charge build-up in the transition state and
placement of a positive charge near the leaving group. The advantages of 2’,5'-linkages to investigate
phosphoryl-transfer reactions are discussed, and argue for their expanded use in structural studies.

Crystal structure

© 2008 Elsevier Inc. All rights reserved.

Phosphoryl transfer reactions pervade biological systems and
are critical for RNA transcription, maturation and turnover [1,2].
Understanding the mechanism of action of such processes requires
capturing enzyme structures representative of reaction intermedi-
ates, which allows identification of key functional groups that sta-
bilize the transition state [3]. Vanadium-oxide, AIF,~ and MgF,~
have enjoyed wide use as transition-state mimics in protein crys-
tallography [4-6]. However, these metallo-complexes can be un-
wieldy since they demonstrate pH sensitivity [7,8], limited
solubility [4,8], and may result in partial atomic occupancy (PDB
codes 2P7E [9], 1RUV [10] and 1M7G [11]). The relevance of vana-
dium-oxide binding in the ribonuclease (RNase) A active site
[10,12] has been challenged, since amino acids poised for transi-
tion-state stabilization did not support roles ascribed by biochem-
ical and kinetic analyses [13]. Complementary studies of RNases
have been conducted in the presence of substrate analogs compris-
ing 3’-OH, 2’,5'-linkages at the site of cleavage [14-16]. Several
such structures were consistent with expectations for transition-
state stabilization including placement of positively charge func-
tionalities near the leaving group, and hydrogen bond donors at
the non-bridging oxygens of the scissile bond.

The hairpin ribozyme is a small, naturally-occurring RNA enzyme
that catalyzes phosphodiester cleavage comparable to the first reac-
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tion conducted by a handful of protein ribonucleases (Fig. 1) [17-19].
Prior crystallographic analyses of the hairpin ribozyme benefited
from use of vanadium-oxide, as well as a 3'-deoxy, 2',5'-linkage at
the scissile bond, which provided some insight into transition-state
stabilization [9,20,21]. However, known discrepancies in the RNase-
vanadate structure and absence of a 3’-OH group in prior 2’,5’-hair-
pin ribozyme variants led to a more circumspect approach when
making a direct comparison of the ribozyme’s active site to that of
RNase. Although it is generally accepted that the principles of RNA
catalysts are comparable to those of proteins [22], no direct struc-
tural comparison between functionally-related RNA and protein en-
zymes has been made using the same inhibitor to induce
catalytically relevant conformations.

The goal of this investigation was to make such a comparison by
determining the hairpin ribozyme structure in complex with a sub-
strate analog harboring a 3’-OH, 2’,5’-linkage. In the course of the
analysis, the pros and cons of using a 3/-OH, 2’,5’-linked analog ver-
sus a 3'-deoxy variant are considered. Importantly, the results indi-
cate remarkable similarities between the putative modes of
transition-state stabilization used by these two evolutionarily dis-
parate enzyme classes. This comparison affords an opportunity to
consider the mechanistic strategies of small RNA enzymes from a
previously unavailable vantage point.

Materials and methods

Phosphoramidite synthesis. A commercially available phosphoramidite does not
exist for the 3'-OH, 2’,5’-phosphodiester linkage. To obtain this product in the con-
text of the hairpin ribozyme 13-mer substrate, it was necessary to produce a
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Fig. 1. The chemical reaction of small ribozymes. X: represents a group that acti-
vates the 2’-nucleophile; XH serves as a proton source for the 5'-leaving group. The
transition state is characterized by a pentacoordinate phosphorus and is associated
with excess electron density on the non-bridging oxygens. The products are a cyclic,
2',3'-phosphodiester and a 5-OH.

modified adenosine phosphoramidite for solid-phase coupling [23]. The inactivated
starting material, 2’-OH-3'-t-butyldimethylsilyl-5'-O-DMT N®-benzoyl adenosine,
was obtained from Chemgenes Corp. (Wilmington, MA). Fifty milligrams
(0.062 mmol) were added at 25°C to N,N-diisopropylethylamine (32 pl,
0.187 mmol) and 2-cyanoethyl N,N-diisopropylchloro-phosphoramidite (27 pl,
0.124 mmol) in CH,Cl, (1.5 ml). This mixture was stirred 90 min in CHCl3 (10 ml),
followed by washing with aqueous NaHCO3, H,0, brine and dried (Na,SO,4). Concen-
tration was in vacuo. Purification was by silica gel column chromatography using
neutral gel, 2.5 x 15 c¢m, in a solvent of 50% (v/v) ethyl acetate in hexane. The prod-
uct was 2’-0-(2-cyanoethyl-N,N-diisopropylphosphoramidite)-3’-t-BDMSi-5'-O-
DMT N®-benzoyl adenosine (50.3 mg, 82%), which appeared as white foam. The
product was confirmed by 3'P NMR in CDCl; (400 MHz) with peak chemical shifts
(6) at 147.26 and 146.92 ppm. APCI mass spectrometry identified a peak at
988.19 amu relative to the calculated mass of 987.45 for Cs3HggN;OgPSi (MH*).

Crystallization. The hairpin ribozyme construct employed in this investigation
has been described [9,24]. The two longest strands and the bona fide substrate
(Fig. 2D) were synthesized by Dharmacon (Fayette, CO). The 29-mer contains a
10-atom linker in place of the natural adenosine to tether the loop A and B domains
[24]. The 3/-OH, 2',5'-linked 13-mer was synthesized by Fidelity Systems (Gaithers-
burg, MD) using the custom phosphoramidite at A-1. The 3'-deoxy, 2',5'-linked 13-
mer was prepared as described [9]. All strands were deprotected in-house, HPLC
purified and desalted prior to use [25,26].

Crystallization, X-ray diffraction and data collection. The hairpin ribozyme strands
were docked according to published methods [24,25]. Crystals grew by vapor-diffu-
sion at 20 °C from 20.5% (w/v) PEG 2K MME, 0.10 M Na Cacodylate pH 6.5, 0.25 M
Li;SO4, 2.5 mM Co(NH3)eCl3 and 2 mM spermidine-HCl. Hexagonal rods reached a
maximum size of 0.2 mm x 0.075 mm x 0.075 mm in 2 weeks; cryoprotection was
described previously [9]. A single crystal was frozen in a stream of nitrogen gas (X-
Stream, Rigaku-MSC) prior to data collection on a Rigaku RUH2R rotating-anode gen-
erator. Diffraction images were recorded on an R-Axis IV image-plate system with
confocal optics (Rigaku). A total of 120 images were collected at a crystal-to-detector
distance of 15.0 cm with 20 min exposures and 0.5° oscillation per frame.

Data processing, structure determination and refinement. X-ray diffraction data
were processed with CrystalClear (Rigaku-MSC). Data reduction statistics are in Ta-
ble 1. The structure was solved by difference Fourier methods using the previous 3'-
deoxy, 2',5'-linked structure (PDB code 2P7F) as a starting model. To avoid statisti-
cal bias, the excluded R, reflections were matched to the previous data set. Addi-
tional test set reflections were chosen at random until a total of 7.4% of the data
were excluded. Refinement methods have been described [9,24]. Average RMS devi-
ations were calculated using the CCP4 suite [27].

Electrostatics. Hydrogen atoms and charges for each dinucleotide were assigned
by the PDB2PQR server using the AMBER forcefield [28]. Electrostatic surface poten-
tials were obtained by numerical solution of the Poisson-Boltzmann equation
implemented in APBS [29] using default values. The potential maps (Fig. 2A-C)
were displayed in PyMOL [30].

Activity assay. Single-turnover assays for each linkage configuration at the cleav-
age site (Fig. 2A-C) were performed as described [24]. Each data point is the average
of two independent measurements that were within 10% of each other.

Results and discussion
Global fold and quality of the 3'-OH, 2',5'-phosphodiester complex

The structure of a hinged hairpin ribozyme incorporating a 3'-
OH, 2',5'-phosphodiester linkage at the site of substrate cleavage
(3'-OH, 2',5'; Fig. 2C) was solved and refined to 2.8 A resolution
as a basis for comparison with previous hairpin ribozyme struc-
tures, as well as their protein counterparts. The global fold

A

Fig. 2. Active site phosphodiester bond configurations and schematic diagrams of
the hairpin ribozyme. (A-C) Dinucleotide electrostatic surfaces for the scissile bond
in the charge range —10 (red) to +10 (blue) kTe', where k is the Boltzmann cons-
tant, T is the absolute temperature and e is the unit charge. Coordinates in (A) were
derived from the 3',5'-linkage of the wild-type substrate [31], (B) a 3'-deoxy, 2',5'-
phosphodiester substitution [9], and (C) the 3’-OH, 2’,5'-linkage derived herein. (D)
Diagram of the minimal hairpin ribozyme construct used in this and prior invest-
igations [9,24]. The substrate strand is green with the cleavage site indicated by an
arrowhead. The ‘ribozyme’ strands are red and blue. Black horizontal lines indicate
canonical hydrogen bonds; non-canonical interactions are shown as dots. Helical
regions are labeled H1-H4. (E) Cartoon of the global hairpin ribozyme fold. Hydr-
ogen bonds between bases are indicated by connected tubes. The molecular surface
is rendered translucently. A-C and E were created by PyMOL [30]. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this paper.)

(Fig. 2E) closely resembled previously reported hairpin ribozyme
crystal structures. Refinement of the 3’-OH, 2',5' structure con-
verged with reasonable statistics (Table 1) including modest RMS
deviations from ideal bond lengths and angles, as well as Reryst
and Rgee values of 22.0% and 25.4%, respectively. The quality of
the refined model is indicated further by its fit to reduced-bias,
simulated-annealing omit electron density maps that exhibited
well-defined features for the 3’-OH, 2’,5'-linkage and the neighbor-
ing A-1 and G+1 residues (Fig. 3A). A similar analysis revealed
strong electron density for the 3’-hydroxyl group at A-1, which
guided efforts to fit the new model. An all-atom superposition with
the starting model (Fig. 3B) containing a comparable 3’-deoxy,
2',5'-phosphodiester substrate linkage (2',5'; Fig. 2B [9]) produced
an RMSD of 0.41 A.

Activity assays

In general, low levels of substrate cleavage by the hairpin ribo-
zyme cannot be detected crystallographically, which necessitates
the use of more sensitive methods [31]. The hepatitis & virus ribo-
zyme (HDV) and the hairpin ribozyme have each been tested for
cleavage activity on a 3’-OH, 2',5-phosphodiester linkage. The
HDV was active [32] making the analog ill-suited as a reaction-
intermediate inhibitor. In contrast, a 3’-OH, 2’,5'-phosphodiester
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Table 1
X-ray diffraction and refinement statistics
PDB accession code 3CQS
Space group P6,22
Unit cell (A)
a=932
c=129.1
Resolution (A)? 34.20-2.80 (2.90-2.80)
Mosaicity (deg) 1.82
Total number of reflections 43,050
Number of unique reflections 8458
Redundancy?® 5.09 (4.80)
Completeness (%)* 98.0 (99.4)
(Ifo(D)? 15.5 (2.8)
Reym (%)*° 5.6 (44.5)
Number of RNA atoms® 1314
Number of waters 6
Number of ions 1 Co(NH3)g(1II)
Average B for RNA/water (A?) 82.2/62.7
Reryst/Rfree (%)d'e . 22.0/254
RMSD for bonds (A) 0.009
RMSD for angles (deg) 1.50
Coordinate error (A)f 0.52

¢ Values referring to the highest resolution shell are in parentheses.

b Rsym = 2:hklllj - <Ij>|/2hkl|1j| x 100.

¢ Number of RNA atoms includes dual conformations for U-5, but not the 13
atoms of the S9 linker.

d Reryst = ZhialFo — KFel [ZnilFol x 100, where k is a scale factor.

€ Riree is defined as the Rys calculated using 7.4% of the data selected as
described in Methods and excluded from refinement.

f Based upon the cross-validated Luzzati plots calculated in CNS for the full
resolution range.

substrate analog was a competitive inhibitor of a longer, naturally-
occurring hairpin ribozyme sequence [33]. As a quality control
measure for the hairpin ribozyme crystallization construct em-
ployed herein, its cleavage activity was measured in single-turn-
over assays (Fig. 3C). The activity measured for the wild-type
3',5'-phosphodiester linkage (Fig. 2A) showed fast and slow rate
constants of 0.8 and 0.01 min~! in solution, comparable to prior
work [24]. The 3’-deoxy, 2',5'-phosphodiester (Fig. 2B) served as
a negative control due the absence of a nucleophile. Importantly,
no cleavage was detected for the substrate analog containing the
3’-0H, 2',5'-phosphodiester (Fig. 2C), thus corroborating the prior
report measured under initial velocity conditions [33], as well as
the crystallographic observations herein (Fig. 3A).

Differences and similarities between 3'-OH, 2',5' and 3'-deoxy, 2',5'
analog structures

Due to the distinctive electrostatic charge properties and hydro-
gen bonding capabilities of the different 2’,5'-linkages (Fig. 2B ver-
sus Fig. 2C), the 3’-OH, 2’,5 hairpin ribozyme structure was solved
as a basis for comparison with the 3’-OH, 2’,5'-UpA analog em-
ployed for RNase [15]. The modest RMSD between the new 3’-
OH, 2’-5'variant versus a prior 3’-deoxy 2',5' construct (Fig. 3B)
was consistent with the absence of new hydrogen bond interac-
tions to the 3/-OH of A-1. This outcome was anticipated [9], but re-
quired experimental confirmation since the equivalent 3’-moiety
of RNase exhibited van der Waals, ionic, backbone and/or solvent
contacts [14,15,34]. Despite the absence of 3'-OH interactions, sub-
tle differences were observed between the 3’-OH, 2’,5' and former
3’-deoxy, 2',5' structures. For example, the prior structure exhib-
ited a hydrogen bond between the A38 N6 amine and the pro-R
oxygen (equivalent) of the scissile phosphate. This interaction
was ~0.3 A longer in the 3'-OH, 2',5 structure, and exhibited an
81° angle compared to the expected, nearly-tetrahedral (111°) an-
gle observed previously. Significantly, this contact point may con-
tribute to an elevated pK, at the N1 imino position of A38 via an
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Fig. 3. Active site views and catalytic activity. (A) Simulated annealing omit elec-
tron density maps resulting from exclusion of nucleotides A-1 and G+1 (green, 3c)
or the 3’-oxygen of A-1 (black, 5¢) from the phase calculation. Nearby nucleobases
are depicted for perspective. Carbon atoms are colored as in Fig. 2D. Oxygen, nitr-
ogen and phosphorus atoms are colored red, blue and pink, respectively. (B) The 3'-
OH, 2',5' structure of this study superimposed on the 3’-deoxy, 2/,5’ structure (black
lines; [9]). Putative hydrogen bonds are depicted as broken gray lines with dista-
nces labeled. Perceived weak hydrogen bonds are broken red lines. (C) Cleavage
activity of crystallization constructs on substrate and analogs with linkages in Fi-
g. 2A-C: wild-type 3,5 (filled diamond); 3’'-deoxy, 2',5" and 3’-OH, 2,5’ (filled sq-
uare and open triangle, respectively). A-B and Fig. 4 were created by Bobscript [38].
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

inductive effect. Thus, interactions or geometries that disrupt the
‘fitness’ of this interaction could contribute to weakening of other
stabilizing active site interactions that depend on protonation of
the A38 N1 position. To illustrate, the prior 3’-deoxy, 2',5 structure
exhibited a bifurcated hydrogen bond between the A38 imino
(apparent H-bond donor) to both the 5'-oxygen of G+1 (the leaving
group of cleavage) and the 2’-oxygen of A-1 [9]. In the 3'-OH, 2,5
structure, these interactions (Fig. 3B, red bonds) demonstrated less
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optimal interaction geometry (i.e. the angle between the G+1 C5'-
05’ bond and N1 of A38 is 76°, compared to the expected ~109°
(tetrahedral) or 85° angle observed for the 3’-deoxy, 2’5
structure).

The inability of an analog to elicit optimal active site stabiliza-
tion may be manifested in other ways. Crystals of the 3’-OH,
2',5'-linked hairpin ribozyme do not reach the size or quality (Table
1) of those prepared in the absence of the 3’-OH, which diffracted
to 2.35 A and displayed a ~1.2° lower mosaic spread [9]. Therefore,
while minute changes in bond lengths and angles are difficult to
accurately measure at 2.8 A resolution, the evidence collectively
suggests that the 3’-OH at A-1 notably perturbs formation of opti-
mal interaction networks that stabilize a reaction-intermediate-
like conformation. These results imply that the choice of analogs
may be empirical for any given enzyme. In this investigation, pref-
erence of the 3’-OH, 2',5'-linkage seemed necessary to directly
compare a ribozyme active site to that of a protein.

The 3'-OH, 2',5'-linkage exhibits features of the hairpin ribozyme
reaction coordinate

The 3’-OH, 2',5" structure revealed an active site arrangement
similar to that of three previously determined hairpin ribozyme
crystal structures prepared in the presence of reaction-intermedi-
ate or transition-state mimics (Fig. 3B; Fig. 4A versus B). Each
structure appeared to employ an induced-fit conformational
change relative to ‘pre-catalytic’ structures, which was achieved
through stabilization of the scissile bond [9,20]. In particular, the
scissile phosphate non-bridging oxygens adopted a comparable
orientation in these complexes that has been discussed widely in
terms of geometric and electrostatic stabilization [9,20,35]. Ami-
dine nucleobase interactions contributed by A38, G8 and A9 sup-
port this conformation in the current and past structures (Fig. 3B,
Fig. 4A and B) [9]. Evidence that water molecules contribute geo-
metric and electrostatic stabilization to the scissile phosphate
non-bridging oxygens also exists from the vanadium-oxide and
3’-deoxy, 2',5' hairpin ribozyme structures [9]. Additional reinforc-
ing interactions have been observed between A38 imino and the
5’-leaving-group of G+1 [9,20], and are consistent with biochemi-
cal investigations supporting this interaction [35,36]. It is notewor-
thy that such interactions persist despite differences in analog
geometry (i.e. tetrahedral phosphate vs. trigonal-bipyramidal van-
adate) and manage to preserve the non-bridging oxygen and 5'-
leaving group orientations. This observation suggests that active
site interactions with the various substrate analogs are highly
favorable and persist despite markedly different linkages. Overall,
the preservation of interactions that robustly stabilize the scissile
phosphate supports the classification of the 3'-OH, 2’,5'-phospho-
diester as a reaction-intermediate mimic.

Comparison of RNA and protein enzyme structures containing the 3'-
OH, 2',5'-analog

The 3’-OH, 2',5 structure represents a unique opportunity to
compare structures of RNA and protein enzymes that catalyze an
equivalent chemical reaction and were crystallized with the same
reaction-intermediate analog. The number and types of stabilizing
interactions present in both active sites are remarkably similar
considering that the cleavage activities of these enzymes evolved
independently. The orientation of the scissile phosphate non-
bridging oxygens relative to the adjacent 5’ ribose is strikingly sim-
ilar in both the hairpin ribozyme and bovine seminal (BS) RNase
[34] structures containing a 3’-OH, 2’,5'-linked substrate analog
(Fig. 4B versus C). This orientation is stabilized extensively in the
BS-RNase active site by five functional groups contributed by
side-chains and the peptide backbone. Significantly, a water mole-

A A-1

G8
A38

A9

G+1

His119

Fig. 4. Active site comparisons of 3'-OH, 2',5" analogs. (A) The hinged hairpin rib-
ozyme solved with vanadate in lieu of the scissile phosphate [9]. Putative stabilizing
interactions are depicted as in Fig. 3B. Active site waters, if present, are indicated by
black spheres in all panels. The vanadium atom is light blue. (B) The 3’-OH, 2',5'-
linkage of this investigation. (C) Active site view of BS-RNase [15] including catal-
ytic residues His12, His119 and Lys41. Hydrogen bonds reported as stabilizing the
scissile phosphate [15] are depicted as broken gray lines. For clarity, only the ter-
minal atoms of the Lys41 and Glu11 are shown. The backbone amide nitrogen of
Phe120 is depicted as a blue sphere. Prime (') is used to denote symmetry related
residues within the biological dimer. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this paper.)

cule coordinates to the pro-R oxygen (equivalent) in a manner rem-
iniscent of the geometric and electrostatic stabilization role
proposed for wat5 in the previous vanadate- and 3’-deoxy, 2',5'-
containing structures (Fig. 4A) [9,15]. Stabilization of the
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non-bridging oxygens by multiple functional groups appears to
provide both a leverage point to distort the scissile phosphorus
into the phosphorane geometry and ameliorate the unfavorable
negative charge localization that accumulates during the reaction
[13]. Significantly, placement of a positively charged imidazole
(His119) near the 5'-leaving group of RNase is analogous to the
localization of the A38 ring, which is hypothesized to carry a posi-
tive charge due to an inductive pK, effect ([21] and refs. therein).
Although this comparison cannot resolve the subtleties of various
catalytic proposals, the results help frame the problem by reinforc-
ing chemical similarities.

Implications for other enzymes

Trapping enzymes in conformations representative of reaction-
intermediate states helps advance knowledge of structure-function
relationships [3]. Analogs comprising a 2,5’ -phosphodiester bond
represent valuable resources in the crystallographer’s ‘toolkit’.
Application of this analog to the hairpin ribozyme circumvented
problems associated with the use of metallo-complexes and the
3’-0H, 2',5' structure herein has helped highlight parallels between
protein and RNA enzymes that are functionally-related, yet chem-
ically divergent. In the end, the investigator’s choice of a 3'-deoxy
versus a 3'-OH, 2’,5’-analog should be influenced by differences in
the steric and electrostatic properties of each, as well as the addi-
tional chemical synthetic steps necessary to produce the latter
linkage. The results of this investigation suggest that 2’,5'-phos-
phodiester analogs should be considered an alternative choice for
the investigation of phosphoryl transfer enzyme structures, includ-
ing small ribozymes prone to product dissociation.
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