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  Abstract   The hepatitis delta virus (HDV) ribozyme, a small self-cleaving RNA 
originally identi fi ed in the human pathogen HDV, has been found to be broadly dis-
persed throughout life. In this article, we describe an integrated approach to understand 
the catalytic mechanism of this ribozyme that combines kinetics, crystallography, 
Raman spectroscopy, and calculations. Kinetics studies provide rate and binding 
parameters for protons and metal ions, and allow for design of properly folded and 
catalytically relevant RNAs for crystallography. Raman studies on these crystals 
provide direct evidence that the nucleobase of C75 has a shifted p K  

a
 . Moreover, 

Raman crystallography and solution kinetics demonstrate that proton binding to the 
N3 of C75 couples anticooperatively with binding of a Mg 2+  ion, suggesting that the 
two species are close in space. Extensive structural studies on this ribozyme suggest 
that the cleavage reaction proceeds through a combination of Lewis acid catalysis by 
a catalytic Mg 2+  ion and general acid catalysis by the nucleobase of C75. Molecular 
dynamics and electrostatics calculations support the above mechanism and reveal an 
intensely electronegative pocket that plays key roles in positioning the catalytic metal 
ion and C75 for catalysis. Integrating the results of kinetics, X-ray crystallography, 
Raman crystallography, and molecular dynamics suggests that there is a second 
Mg 2+  ion in the active site that is bound diffusely and may play a structural role. 
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In sum, these four disparate approaches provide for a robust kinetic mechanism for 
the HDV ribozyme that lays groundwork for future studies into its detailed mecha-
nism of dynamics and cleavage.  

  Keywords   Ribozyme  •  RNA folding  •  Raman spectroscopy  •  X-ray  crystallography  
•  Molecular dynamics  •  RNA catalysis      

    8.1   Introduction 

    8.1.1   Prelude to HDV: Discovery and Classi fi cation of Ribozymes 

 Until the 1980s it was thought that all enzymes were proteins. The landmark discov-
eries of Altman and Cech in the early 1980s changed that by demonstrating that 
naturally occurring RNAs can be catalytic (Kruger et al.  1982 ; Guerrier-Takada et al. 
 1983  ) . The RNA enzymes, or ribozymes,    , they discovered were RNase P, which is 
an RNA-protein complex that performs maturation of the 5 ¢ -end of tRNA, and the 
group I intron, which self-splices from a precursor rRNA, mRNA, or tRNA. 
Although RNase P is an RNA-protein complex, the RNA portion alone is catalytic 
if a suf fi ciently high salt concentration is provided to promote folding. Additional 
ribozymes have been discovered in nature over the ensuing years, including the 
group II introns and the small nucleolytic ribozymes (hairpin, hammerhead, VS, 
glmS, and HDV) (Fedor  2009  ) . All of these naturally occurring ribozymes perform 
RNA cleavage reactions. In addition, numerous RNA and DNA enzymes have been 
evolved in the laboratory (Ferre-D’Amare  2011  ) . Signi fi cant evidence has also 
accumulated to indicate that both the ribosome and the spliceosome are RNA 
 catalysts (Gong et al.  2011 ; Klein et al.  2007  ) . 

 Ribozymes are conveniently separated into two groups: large and small, with 
the larger ribozymes leaving termini with a 5 ¢ -phosphate and 2 ¢ ,3 ¢ -hydroxyl, and 
the smaller ribozymes leaving 5 ¢ -hydroxyl and 2 ¢ ,3 ¢ -cyclic phosphate termini. 
The HDV ribozymes, which are the focus of this article, are ~85 nt in length and 
part of the small ribozyme group. The mechanisms of these ribozymes have 
been studied by many laboratories using multidisciplinary approaches that 
 combine structure, calculations, and functional approaches. The goal of this 
article is to describe how these disparate approaches have been used together to 
provide a uni fi ed model of the self-cleavage mechanism of the widespread and 
biologically important catalytic RNA   . An emphasis is provided on the collab-
orative work from our laboratories, especially as it relates to crystallography of 
the HDV RNA: design and characterization of crystallography constructs to 
optimize  homogeneous folding, growth of crystals under appropriate conditions, 
Raman crystallography to characterize the ribozyme active site, determination 
of a crystal structure trapped in the precleavage state, and molecular dynamics 
calculations on the structure.  
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    8.1.2   Discovery and Biology of HDV and HDV-Like Ribozymes 

 The HDV ribozyme    was originally discovered as an ~85-nt segment of RNA 
 contained within the 1.7-kb RNA antigenome of the hepatitis delta virus    (Sharmeen 
et al.  1988  )  (Fig.  8.1 ). This virus replicates by a double rolling circle mechanism, 
and the ribozyme self-cleaves to process the resulting concatemers into single-
genome-length monomers. The ribozyme is also present in the genomic version of 
the viral RNA, where it serves a similar role (Kuo et al.  1988 ; Wu et al.  1989  ) . The 
genomic and antigenomic ribozymes have similar but non-identical sequences; 
however, the overall architecture and base pairing are conserved (Fig.  8.1 , compare 
panels A and B). There have been extensive kinetic studies of both the genomic and 
antigenomic ribozymes, which suggest that the overall structure and mechanism of 
the two variants are the same (reviewed in (Wadkins and Been  2002  ) . All crystal-
lographic, and therefore computational, studies to date have focused on the genomic 
ribozyme.  

 For many years, the HDV ribozyme was believed to be an orphan, without 
homologs in other organisms. However, there are now many other HDV-like 
ribozymes     known. In an effort to identify ribozymes in the human genome, Szostak 
and co-workers created a circularized genomic library and used in vitro selection to 
look for RNA segments that can perform self-cleavage (Salehi-Ashtiani et al.  2006  ) . 
These studies revealed an active HDV-like ribozyme (Fig.  8.1 ) contained within an 

  Fig. 8.1    Secondary structures of HDV and HDV-like ribozymes. The antigenomic ( a ), genomic 
( b ), and human CBEP3 ( c ) HDV and HDV-like ribozymes have similar secondary structures 
de fi ned by 5 base-paired regions, P1 ( red ), P1.1 ( violet ), P2 ( orange ), P3 ( yellow ), and P4 ( green ). 
The G25•U20 reverse wobble and C75 are highlighted in blue; numbering of these features is 
based on the genomic ribozyme and generally differ for the others       
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intron of the  CPEB3  gene (Fig.  8.1c ), which encodes a protein believed to regulate 
mRNA polyadenylation. This study also revealed similar, HDV-like ribozymes in 
other mammals. In this and a subsequent study, the  CPEB3  HDV-like ribozyme was 
shown to be similar to the HDV ribozyme in terms of structure, reaction rate, and 
mechanism (Salehi-Ashtiani et al.  2006 ; Chadalavada et al.  2010  ) . Although the 
CPEB3 ribozyme    reacts slowly in its native context, this is due to misfolds involv-
ing  fl anking sequence. We demonstrated that when inhibitory interactions of the 
5 ¢ - fl anking sequence are released, the CPEB3 ribozyme reacts much faster, at a rate 
approaching that of the HDV ribozymes (Chadalavada et al.  2010  ) . 

 More recent studies driven by structure-based bioinformatics searches have 
revealed that HDV-like ribozymes    are present in diverse organisms, including mos-
quitoes, plants, and  fi sh. Webb and Luptak have recently described many of these 
so-called delta-like ribozymes (Webb et al.  2009 ; Webb and Luptak  2011  ) , and 
another recent study reported a HDV-like ribozyme at the 5 ¢ -termini of R2 elements 
in  Drosophila , which is a non-LTR retrotransposon (Eickbush and Eickbush  2010  ) . 
Although their biological functions are largely unknown, several of these ribozymes, 
including those in humans and mosquitoes, are active in vivo (Webb et al.  2009  ) . In 
sum, the wide distribution of these HDV and HDV-like sequences and their diverse 
functions, from viral genome processing to retrotransposition, heightens the interest 
in elucidating their underlying molecular mechanisms of self-cleavage activity.  

    8.1.3   Origins and Evolution of the HDV-Like Ribozymes 

 The ribozyme from HDV is thought to have arisen from the human CPEB3 ribozyme   . 
Szostak and co-workers have suggested that the absence of HDV isolates from non-
human animals implies that the HDV ribozyme arose from the human transcriptome 
(Salehi-Ashtiani et al.  2006  ) . Interestingly, the only bacterial HDV-like ribozyme 
currently known is from the human gut bacterium  Faecalibacterium prausnitzii  
(Webb and Luptak  2011  ) , suggesting that perhaps this ribozyme was captured from 
the human genome as well. 

 At present it is unclear whether the HDV-like ribozymes arose independently 
multiple times or became dispersed through horizontal gene-transfer events. Luptak 
and co-workers favor the latter possibility (Webb and Luptak  2011  ) , based in large 
part upon the inability of random selection experiments to recover HDV-like 
ribozymes (Wilson and Szostak  1999  ) . Indeed, a HDV-like sequence has never been 
isolated by in vitro selection experiments, even with pools as diverse as 10 16   different 
RNA sequences (Wilson and Szostak  1999  ) . This outcome can be contrasted with 
that from similar studies on the hammerhead ribozyme, which has been isolated 
multiple times through in vitro selections (Salehi-Ashtiani and Szostak  2001  ) . (See 
Chap.   3    , for additional discussion on the larger range of RNA topologies in nature 
compared to those that have arisen in in vitro selection procedures.) 

 The HDV ribozyme has a remarkably complex fold for a small RNA, including 
a double pseudoknot    (Fig.  8.1 ). From a statistical point of view, it may thus have 

http://dx.doi.org/10.1007/978-1-4614-4954-6_3
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been unlikely for this sequence to arise multiple times. In contrast, the hammerhead 
core structure consists of just a few simple basepaired stems linked by 13 core 
nucleotides. Notably, if there was a common ancestor of the HDV ribozyme, the 
sequence must have mutated extensively through time, as there are only six nucle-
otides that are known to be conserved among all variants, and the length of these 
ribozymes can vary from as few as 58 nt (a ribozyme from Paci fi c abalone that lacks 
P4) to more than 180 nt owing to various insertions (see below for the nature of 
insertions) (Webb et al.  2009 ; Webb and Luptak  2011  ) .   

    8.2   Conformational Heterogeneity of the HDV Ribozyme 

    8.2.1   Secondary Structure of the HDV Ribozyme 

 The native secondary structure of the HDV ribozyme consists of  fi ve base-paired 
regions, P1–P4 and P1.1, and has an overall double-pseudoknotted topology 
(Fig.  8.1 ). The P1–P4 secondary-structure elements of the ribozyme were worked 
out by Been and co-workers in studies using footprinting, site-directed mutagenesis, 
and self-cleavage approaches (Perrotta and Been  1991  ) . The short, 2 G-C base-pair 
P1.1 helix was  fi rst identi fi ed in the crystal structure of the self-cleaved form of the 
ribozyme (Ferre-D’Amare et al.  1998  )  and subsequently con fi rmed by covariation/
self-cleavage studies (Wadkins et al.  1999  ) . 

 Changes in the secondary structure among these HDV-like ribozymes    are 
 modest and they generally preserve Watson-Crick base pairing in helices P1–P4 
and P1.1. For example, the human CPEB3 ribozyme has only a single base pair in 
its P1.1 helix (Fig.  8.1c ), which is a loss of just one base pair. However, larger 
 variations are known to occur. As in protein enzymes and larger RNA enzymes, 
such variations in the HDV ribozyme tend to occur at peripheral regions of the 
molecule or at the sites of bulged nucleotides. Some of these variations can be 
quite signi fi cant. For example, the mosquito  A. gambiae  drz-Agam-2-1 HDV-like 
ribozyme has two large insertions: a ~40-nt stem-loop insertion in J1/2 and a 68-nt 
insertion in P4. This ribozyme has been shown to be active both in vitro and 
in vivo (Webb et al.  2009 ; Webb and Luptak  2011  ) . The non-effect of these inser-
tions on ribozyme function can be understood in that they are radial extensions 
away from the core of the ribozyme; they do not add additional pseudoknots or 
other features that complicate folding. Moreover, they have their own self-structure 
to allow return of the RNA strand back to the catalytic core at the 3 ¢  end of the 
insertion. 

 The  fi rst base pair of P1 is critical as it involves the site of the cleavage reaction. 
In nature, this nucleotide is a purine and is basepaired to a U or a C to form a stan-
dard G•U wobble (Fig.  8.1 ) or a G-C or A-U Watson-Crick base pair. In the genomic 
HDV ribozyme, this position is tolerant to mutation, with any purine-pyrimidine 
base pair, including an A•C wobble, being allowed (Cerrone-Szakal et al.  2008  ) . In 
humans, the CPEB3 ribozyme    has a U-to-C single-nucleotide polymorphism (SNP) 
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that changes the G•U wobble at the base of P1 to a G-C (Vogler et al.  2009  ) . This 
mutation would be predicted to increase the stability of the P1 helix and has been 
demonstrated to improve the ef fi ciency of the self-cleavage reaction by 2.6-fold 
(Salehi-Ashtiani et al.  2006  ) . A behavioral genetic study has linked the higher self-
cleavage ef fi ciency of the G-C variant to poor memory performance, presumably 
due to truncated CPEB3 pre-mRNAs and associated decreased CPEB3 protein 
expression (Vogler et al.  2009  ) .  

    8.2.2   The HDV Ribozyme Is Subject to Misfolding 

 The folding of the HDV ribozyme is stimulated by partially denaturing  conditions, 
including semi-denaturing conditions of 5 M urea or 10 M  formamide (Rosenstein 
and Been  1990 ; Smith and Dinter-Gottlieb  1991  ) . This odd behavior is due in 
large part to the G-C-rich nature of the pairings. This leads to a melting tempera-
ture of >70 °C for the tertiary structure in  physiological Mg 2+  concentrations 
(Nakano et al.  2003  ) . In addition, the complex topology conferred by the pres-
ence of two pseudoknots    complicates folding. The dif fi culty in folding due to the 
pseudoknots can be understood by considering the folding pathway. For exam-
ple, in principle during cotranscriptional folding, the 5 ¢  strand of P2 should 
“wait” for the 3 ¢  strand of P2 to be synthesized before it engages in pairing. 
However, the two strands of P2 are separated by a large stretch of sequence, 62 nt 
in the genomic ribozyme (Fig.  8.1b ). As such, before P2 can form, the six nucle-
otides that make up the 5 ¢  strand of P2 are likely to engage in alternative base-
pairings that can interfere with folding. Numerous such alternative pairings in 
the folding pathway of the ribozyme have been identi fi ed, and these must melt to 
allow proper folding of the genome. Indeed, the rate at which the HDV ribozyme 
folds to its native conformation is  dominated by slow folding of the secondary 
structure into a pseudoknotted topology and it is likely that denaturants acceler-
ate catalysis by facilitating this transition (Chadalavada et al.  2000,   2002 ; Brown 
et al.  2004  ) . 

 Computational work from Isambert and Siggia suggested that non-native 
 interactions formed by the 5 ¢  strand of P2 could in fact  aid  folding along the 
 cotranscriptional folding pathway, and they dubbed such interactions “folding 
guides” (Isambert and Siggia  2000  ) . Our experimental mutational studies provided 
some support for this notion, although we ultimately obtained the fastest folders, at 
least for RNAs refolded from traditional denaturing PAGE puri fi cations, using 
mutations that disrupted all possible alternative pairings (see next subsection) 
(Brown et al.  2004  ) . Nonetheless, it is noteworthy that the wild-type sequence of the 
genomic HDV ribozyme was found to be the optimal sequence under  cotranscriptional 
folding conditions (Chadalavada et al.  2007  ) , supporting the notion of unique path-
ways for cotranscriptional folding of the RNA—conditions under which it evolved 
to self-cleave, perhaps utilizing the folding guides in ways that have yet to be fully 
elucidated.  
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    8.2.3   Analysis of Structural Heterogeneity and Preparation 
of Homogeneous Systems for Biophysical Analysis 

 While self-cleavage activity of the genomic HDV ribozyme is stimulated by  partially 
denaturing conditions, it is inhibited by fully denaturing conditions such as 9.5 M 
urea or 22.5 M formamide (Rosenstein and Been  1990  ) . The inhibition of reactivity 
by fully denaturing conditions is suggestive of requirement of a native ribozyme sec-
ondary structure for reactivity, while the stimulation of activity under semi-denatur-
ing conditions is suggestive that this native structure is frustrated by misfolding   . 
When we began studying the HDV ribozymes, we attempted to identify misfolds of 
the ribozyme and to “ fi x” them by making mutations that disrupted the alternative 
folds while retaining the  fi ve native double-helices. We reasoned that use of a native 
folding ribozyme would simplify behavior in biophysical and biochemical experi-
ments and possibly aid efforts to crystallize the RNA in a native state. 

 There are two general classes of non-native folds in the ribozyme that one can 
consider: those involving base pairing between the ribozyme and  fl anking RNAs, 
and those involving base pairing within the ribozyme sequence. The upstream 
sequence of the genomic HDV ribozyme has the potential to base pair to the 3 ¢  
strand of P2. This misfolded helix is called Alt 1 (Chadalavada et al.  2000  ) . The Alt 
1 pairing can be destabilized by mutation, by deletion, or by antisense  oligonucleotides 
that basepair to the upstream interfering sequence. These strategies rescue 
 self-cleavage activity by a remarkable 2,000- to 20,000-fold by accelerating folding 
to the native state. The human CPEB3 ribozyme    also contains an alternative pairing 
between upstream sequence and the ribozyme that when removed rescues self-
cleavage, in this case by 250-fold (Chadalavada et al.  2010  ) . 

 The second class of non-native folds, those involving ribozyme-ribozyme interac-
tions, is extensive and complex in the genomic HDV ribozyme. We identi fi ed and named 
 fi ve such alternative helices (Fig.  8.2 ). Alt P1, Alt 2, and Alt 3 are relatively simple, 
stable helices that differ from those found in the native structure. Alt X and Alt Y involve 
two GGG sequences capable of stable base-pairing with  fi ve- and seven-nucleotide 
polypyrimidine stretches (Brown et al.  2004  ) . The sequence degeneracy in these regions 
means that the Alt X and Alt Y misfolds can include several alternative registers.  

 We tested over 20 different sequences containing one to  fi ve mutations relative 
to wild type for their ability to lead to more native folding. This characteristic was 
judged by an increase in the rate constant for self-cleavage, the extent of  self-cleavage, 
and by the ability to  fi t the data to a single exponential. We ultimately identi fi ed a 
variant with the desired properties, in which G11 is mutated to a C, and the 
 nonconserved nucleotide U27 is deleted (G11C/U27 D ) (Brown et al.  2004  ) . In this 
double mutant, Alt P1 is weakened by the G11C mutation, and Alt 3 is weakened by 
the deletion of U27. The G11C/U27 D  ribozyme reacts monophasically and to com-
pletion with the rapid rate constant of 1 s −1 . This rate constant likely corresponds to 
the intrinsic rate of ribozyme cleavage (Emilsson et al.  2003  ) . We thus reasoned that 
the G11C/U27 D  variant might be well disposed to native folding and based our 
crystallography constructs upon it (Fig.  8.3 ).    
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  Fig. 8.2    Alternate secondary structures accessible by the genomic HDV ribozyme. Nucleotides 
are colored to correspond to their native secondary structures as in Fig.  8.1 : P1 ( red  ), P1.1 (violet), 
P2 ( orange ), P3 (  yellow ), and P4 ( green ). The G25•U20 reverse wobble and C75 are highlighted 
in blue. Figure adapted from (Brown et al.  2004  )  with permission       

  Fig. 8.3    Secondary ( a ) and tertiary ( b ) structures of a trans-acting HDV ribozyme. This sequence 
is based on the homogeneously folding G11C/U27 D  variant. In both panels, the helices are colored 
according to the following scheme: P1 (substrate strand- magenta , ribozyme strand- red  ), P1.1 ( vio-
let ), P2 ( orange ), P3 (  yellow ), and P4 ( green ). The G25•U20 reverse wobble and C75 are high-
lighted in  blue  and are shown as sticks in panel b. The catalytic Mg 2+  ion and its hydration shell 
observed in pdbid 3NKB are drawn as spheres. Figure adapted from (Chen et al.  2010  )  with 
permission       
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    8.3   Three-Dimensional Structure of the HDV Ribozyme 

    8.3.1   The Structure of the Ribozyme Pre- and Postcleavage 
Is Similar 

 The crystal structure    of the HDV ribozyme was initially determined in 1998 by 
Ferré-D’Amaré et al., in the self-cleaved form (Ferre-D’Amare et al.  1998  ) . Two 
strategies were used to overcome the conformational heterogeneity intrinsic to this 
ribozyme. First, a binding site for the protein U1A was introduced into the L4 loop 
of the ribozyme (Ferre-D’Amare et al.  1998 ; Ferre-D’Amare and Doudna  2000  ) . 
Binding of U1A protein to L4 stabilizes the native secondary structure and drives 
the reaction toward the folded conformation. The U1A protein-RNA complex also 
adds chemical diversity over that present in RNA alone, which provides additional 
possibilities for crystal contacts and thereby aids crystallization of the ribozyme. 
Second, prior to crystallization the self-cleaved ribozyme was isolated on a gel that 
allowed the RNA to retain native structure (Ferre-D’Amare and Doudna  2000  ) . This 
ensured that only RNAs capable of accurate cleavage were present in the crystalli-
zation experiments. This provided a snapshot of the HDV ribozyme post-cleavage 
that has turned out to be consistent with extensive experimentation. 

 To obtain structural information on the ribozyme  prior  to cleavage, it is  necessary 
to trap the ribozyme in the precleavage state by inhibiting the reaction in some 
 manner. This is a critical issue, because the goal is to inhibit the reaction while pre-
serving the network of native interactions in the active site. A common means of 
capturing ribozymes in a catalytically inactive, but biologically relevant conforma-
tion is to modify the 2 ¢ -hydroxyl nucleophile to prevent attack at the scissile phos-
phate (Rupert and Ferre-D’Amare  2001 ; Cochrane et al.  2007 ; Martick and Scott 
 2006 ; Klein and Ferre-D’Amare  2006  ) . In the case of the HDV ribozyme, a  2 ¢ -deoxy 
or 2 ¢ -methoxy substitution was introduced at U(−1) to create a noncleavable sub-
strate analog. To use this modi fi cation, it was necessary to separate the cleavage site 
from the ribozyme because the HDV ribozyme is too large for complete chemical 
synthesis. In the case of the HDV ribozyme, this was readily accomplished by 
 introducing a break between the P1 and P2 helices (Fig.  8.3 ). The 5 ¢ -strand of P1 
was then added back in trans to the ribozyme body, which was produced by in vitro 
transcription, to reconstitute the ribozyme via strong G-C-rich base pairing. To 
reduce the conformational heterogeneity and to facilitate crystallization, the homo-
geneously folding G11C/U27 D  mutant was used. 

 We solved the structure of the 2 ¢ -deoxy-inhibited ribozyme at 1.9 Å by X-ray 
crystallography (Chen et al.  2010  )  (Fig.  8.3 ). This provided a look at the HDV 
ribozyme active site at unprecedented resolution; however, the cleavage site dinucle-
otide was partially disordered. To create a snapshot of the ribozyme prior to reaction, 
the cleavage site of the hammerhead ribozyme was modeled into the active site of 
the HDV ribozyme using the position of G1 as a guide (Chen et al.  2010  ) . Comparison 
of the electron density maps with the resulting model suggests that this approach is 
valid. In particular, there is 3 s  electron density for the scissile phosphate, unbroken 
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density for the cleavage site at 0.5 s , and density for the nucleobase of U(−1); also, 
the model was consistent with a wealth of biochemical data (see below).  

    8.3.2   Structure of the Active Site 

 A number of key interactions can be found in the ribozyme active site    that serve to 
position the substrate and facilitate catalysis (Fig.  8.4 ).  

    8.3.2.1   In Both the Post- and Precleavage Crystal Structures, C75 Interacts 
with the 5 ¢ -Oxygen Leaving Group 

 In the postcleavage structure, the N3 of C75 is a hydrogen bond acceptor, and the 
5 ¢ -hydroxyl group of G1 is the hydrogen bond donor. This interaction is maintained 
in the ribozyme precleavage state, as the N3 of C75 is again within hydrogen-bonding 
distance (~3.6 Å) of the 5 ¢ -oxo group of G1 (Fig.  8.4a ). To maintain the hydrogen 
bond prior to cleavage, the N3 of C75 must be a hydrogen bond donor, as the 
 5 ¢ -oxygen of G1 is not linked to a hydrogen atom and so must be a hydrogen bond 
acceptor. The presence of this hydrogen bond in the trapped precleavage state 
 suggests that the nucleobase of C75 is protonated and thus positively charged prior 
to cleavage. This is consistent with the fact that the crystal structure was solved at a 
pH of 5.0, which is below the p K  

a
  of C75.  

    8.3.2.2   In the Precleavage Crystal Structure, a Rare Reverse G•U Wobble 
Base Pair Forms Between G25 and U20 

 In the structure of the HDV ribozyme prior to substrate cleavage, G25 is in the rare 
 syn  conformation, and it forms a base pair with U20 in a geometry referred to as a 
“reverse wobble” conformation (Fig.  8.4b ). In the structure of the ribozyme in the 
postcleavage state, G25 and U20 are near each other, although the optimal reverse 
wobble    geometry was not observed. However, re-examination of the diffraction data 
along with molecular dynamics (MD) simulations (discussed below) suggested that 
the G25•U20 reverse wobble is in fact maintained after the cleavage event (Krasovska 
et al.  2005 ; Veeraraghavan et al.  2010,   2011a  ) . 

 The G25•U20 reverse wobble pair in the precleavage structure coordinates an 
Mg 2+  ion through its hydration shell and thereby helps position it within the active 
site (Fig.  8.4b ). The interaction between the G25•U20 reverse wobble and the Mg 2+  
ion is reminiscent of the interaction between hydrated metal ions and standard G•U 
wobble pairs. However, while a standard G•U wobble pair positions hydrated Mg 2+  
ions in the deep cleft of the major groove, the reverse wobble places the Mg 2+  ion in 
the minor groove where it can make long-range interactions with other nucleotides 
from the ribozyme.  
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  Fig. 8.4    Interactions observed in the active site of the HDV ribozyme. ( a ) C75 interacts with the 
5 ¢ -O and pro-R 

P
  oxygen of G1. These interactions likely help to raise the pKa of the N3 of C75 and 

position the nucleobase for general acid catalysis. ( b ) The G25•U20 reverse wobble helps position 
the catalytic metal ion to interact with the 2 ¢ -hydroxyl of U(−1) and the pro-R 

P
  oxygen of G1. 

( c ) Stereoview of the active site highlighting the network of hydrogen bonds and Mg 2+ -facilitated 
interactions that position C75 and the cleavage site dinucleotide. ( d ) Spatial relationship of the 
cleavage site dinucleotide with C22 and U23. The U(−1) nucleobase stacks on U23 but does not 
form hydrogen bonds, consistent with lack of speci fi city in the identity of the nucleobase at (−1)       
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    8.3.2.3   An Mg 2+  Ion in the Active Site Interacts Directly 
with the Cleavage Site 

 In the model of the ribozyme in the precleavage state, the metal ion is positioned to 
make direct contacts with the 2 ¢ -hydroxyl group of U(−1) and the pro-R 

P
  oxygen of 

the scissile phosphate (Fig.  8.4b ). Substitution of the pro-R 
P
  oxygen with a sulfur 

atom gives only ~10% reaction product (Fauzi et al.  1997  ) . As sulfur is bulkier and 
interacts less strongly with Mg 2+ , this result suggests the importance of the interac-
tion of this position with the active site Mg 2+  ion. Coordination of the cleavage site 
dinucleotide in this fashion serves to position the 2 ¢ -hydroxyl group for in-line 
attack at the scissile phosphate. 

 The interaction between the cleavage site dinucleotide and the active site Mg 2+  
ion is reminiscent of the metal ion interactions observed in the active sites of large 
ribozymes that splice or cleave RNAs. In group I and group II introns and RNase P, 
a pair of Mg 2+  ions interact with the scissile phosphate, the nucleophile, and the 
leaving group (Adams et al.  2004 ; Guo et al.  2004 ; Golden et al.  2005 ; Toor et al. 
 2008 ; Reiter et al.  2010 ; Frederiksen and Piccirilli  2009  ) . These two-metal ion 
mechanisms are similar to those observed in RNA and DNA polymerases (Steitz 
and Steitz  1993  ) . The metal ions facilitate catalysis by activating nucleophiles, sta-
bilizing leaving groups, and organizing the substrate RNAs into conformations 
 consistent with cleavage. The location of the Mg 2+  ion in the HDV ribozyme active 
site suggests that this ribozyme, like its much larger cousins, is a metalloenzyme   . 
This active site Mg 2+  ion will be referred to hereafter as the “catalytic Mg 2+  ion”.  

    8.3.2.4   An Intricate Network of Hydrogen Bonds Positions the Substrate 
Within the Active Site 

 C75 is held in position by interactions between its exocyclic amine (N4) and the 
phosphate groups from nucleotides 1 and 23 (Fig.  8.4c ). The importance of these 
interactions is underscored by the catalytic and structural consequences of deleting 
the exocyclic amine or making a substitution at position 75; substitution of C75 
with A impairs catalytic activity, while substitution with U eliminates catalytic 
activity (Perrotta et al.  1999  ) . The structure of the HDV ribozyme harboring the 
C75U mutation reveals an active site that is signi fi cantly rearranged and distorted 
from the WT postcleavage and precleavage structures (Ke et al.  2004  ) . 

 The cleavage site dinucleotide consists of U(−1) upstream of the scissile phos-
phate and G1 downstream of the scissile phosphate. The position of the downstream 
nucleobase is de fi ned by basepairing with the pyrimidine at position 37 to form a 
standard Watson-Crick or wobble base pair at the base of the P1 helix (Cerrone-
Szakal et al.  2008  ) . The position of the backbone at G1 is de fi ned by its interactions 
with C75, which interacts with both the 5 ¢ -oxygen (hydrogen bond to C75N3) and 
pro-R 

P
  oxygen (hydrogen bond to C75N4) of G1 (Fig.  8.4a ). The 2 ¢ -hydroxyl group 

of C22 is also within hydrogen-bonding distance of the 5 ¢ -oxygen and pro-R 
P
  oxy-

gen of G1 (Fig.  8.4c ). The catalytic Mg 2+  orients the 2 ¢ -hydroxyl of U(−1) and the 
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pro-R 
P
  oxygen of G1 (Fig.  8.4b ). In addition, the 2 ¢ -hydroxyl of U(−1) is in 

hydrogen-bonding distance of the 2 ¢ -hydroxyl of G27 (2.9 Å, not shown in Fig.  8.4 ) 
and one of the water molecules coordinated to the active site Mg 2+  (3.1 Å). In sum-
mary, all of the key hydrogen-bonding partners in the backbone of the cleavage site 
dinucleotide are involved in multiple hydrogen or metal-mediated bonds (Fig.  8.4c ). 
These interactions serve to stabilize the cleavage site in a conformation poised for 
in-line attack of the 2 ¢ -hydroxyl at the scissile phosphate.  

    8.3.2.5   The Nucleobase of U(–1) Stacks on the Bulged Base U23 

 The nucleotides upstream of the cleavage site are not known to base pair, and there 
is no sequence requirement for these nucleotides. Moreover, after cleavage, the 
upstream cleavage product dissociates rapidly. Thus, although the reverse reaction 
of ligation is chemically favorable and observed in most other small ribozymes, it is 
not observed in the HDV ribozyme. In the model of the precleavage ribozyme, U(−1) 
is stacked upon U23 (Fig.  8.4d ), but there are no hydrogen bonds to the U(−1) nucle-
obase. This stacking interaction is supported by data that suggest that RNAs contain-
ing purines at the −1 position bind tighter to the ribozyme (Shih and Been  2001a  ) . 
Thus, stacking at U(−1) without base pairing appears to help orient this nucleotide 
for catalysis, while still allowing U(−1) and the upstream RNA to dissociate rapidly 
after cleavage. This has biological implications, as cellular functions that employ the 
HDV and HDV-like ribozymes must be tolerant of or gain an advantage from the 
irreversibility of the reaction; indeed, HDV appears to employ a host factor to drive 
ligation of linear product pieces when needed (Reid and Lazinski  2000  ) .    

    8.4   Raman Crystallography of the HDV Ribozyme 

    8.4.1   Use of Raman Crystallography to Characterize the HDV 
Ribozyme Active Site 

 Raman crystallography    refers to recording the Raman spectrum of a macromolecu-
lar single crystal by using an optical microscope coupled to a Raman spectrometer. 
The spectrum can be obtained in tens of seconds, which allows chemical changes 
occurring inside the crystal to be followed. The crystal is maintained in a hanging 
drop within a well of a standard crystallization tray under ambient conditions. 
Because the crystal is not frozen, conformational changes can occur and be observed. 
The solution conditions in the hanging drop are changed by the addition of buffers 
at different pH, or a metal, or a substrate for an enzyme. The “small molecule” pen-
etrates the crystal and by recording the Raman spectrum, events inside the crystal 
can be probed. Normally the changes are detected by subtracting the initial spectrum 
of the crystal from that of the crystal after adding the reactant. Technical details of 
these experiments are available (Carey  2006 ; Gong et al.  2007,   2009b ; Long  2002  ) . 
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 Raman crystallography has been used to characterize interactions within the 
active site of the HDV ribozyme and to verify that the crystallized ribozyme has 
properties similar to the ribozyme in solution (Gong et al.  2007,   2008,   2009a ; Chen 
et al.  2009  ) . In this section, we focus on two issues directly relevant to the ribozyme: 
proton and metal binding to the ribozyme. The major workhorse in the Raman anal-
ysis is the spectrum of the HDV crystal. To set the scene, this is shown in Fig.  8.5 , 
and peak assignments based on an extensive literature are given in Table  8.1  (Carey 
 1982 ; Thomas and Tsuboi  1993 ; Gong et al.  2007  ) .    

    8.4.2   Measurement of Proton Binding to the HDV Ribozyme 
by Raman Crystallography 

 Because RNA is built from only four similar nucleotides, peaks in RNA Raman 
spectra are highly overlapped. Quantitating changes in the Raman signature of a 
single active site residue as a function of pH is therefore a major challenge. 
A spectral feature near 1,530 cm −1  in the Raman spectrum of the HDV ribozyme 
crystal provides a key. As can be seen in Fig.  8.5  this is intrinsically a “weak” 
feature, and band  fi tting seen in Fig.  8.6  reveals a further complication—the band 
pro fi le is made up of two components. One feature, near 1,536 cm −1 , is due to a 
guanine ring mode, and the second, near 1,528 cm −1 , is assigned to the ring mode 
of a neutral, unprotonated cytosine. Its intensity at pH 8.5, where all free cytosines 
are neutral, is equivalent to a single cytosine in the ribozyme. To test the hypoth-
esis that this feature arises from the key active site residue C75, we crystallized 
and acquired spectra from the ribozyme variant C75U. These spectra lacked the 
1,528 cm −1  component as predicted. Thus, by plotting the intensity of the 1,528 cm −1  
component as a function of pH we could obtain the pK 

a
  of C75. In this way, we 

determined that the pK 
a
     of C75 in the presence of 20 mM Mg 2+  is 6.15 ± 0.08, 

shifted more than two pH units higher than that of free cytosine in solution. When 
the concentration of Mg 2+  is reduced to 2 mM, the pK 

a
  of C75 shifted further 

upward, to 6.40 ± 0.05. Thus, the pK 
a
  of C75 couples anticooperatively with Mg 2+  

concentration, in excellent agreement with biochemical experiments performed in 
solution.  

 Two conclusions can be drawn from this set of experimental results. First, 
 cytosine C75 has a pK 

a
  value that is dramatically shifted by its environment within 

the ribozyme active site. While the HDV ribozyme was the  fi rst ribozyme to reveal 
an active site component with a shifted pK 

a
 , later studies revealed that the pK 

a
 s of 

adenine 38 in the hairpin ribozyme (Guo et al.  2009  )  and the glucosamine-6-phosphate 
co-factor amine bound to the glmS ribozyme (Gong et al.  2011  )  are also shifted 
toward neutrality. Second, binding of the proton on C75 is anticooperative with 
respect to binding of an Mg 2+  ion, giving the observed dependence of pK 

a
  on Mg 2+  

concentration. This result suggests that there is an Mg 2+  ion in the active site near 
C75, such that the two cations can sense each other electrostatically and that this 
phenomenon can be observed by Raman spectroscopy (discussed below).  
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    8.4.3   Measurement of Metal Ion Binding to the HDV Ribozyme 
by Raman Crystallography 

 Metal cation-RNA interactions    can be of pivotal importance in RNA folding and 
RNA-catalyzed reactions (Feig and Uhlenbeck  1999  ) . The potential for using Raman 
spectroscopy to probe for metal-nucleic acid interactions has been appreciated for 
some time (Mansy et al.  1978 ; Duguid et al.  1993 ; Christian et al.  2010 ; Moller et al. 
 1980  )  (and references therein), and now the HDV ribozyme has furnished a case 
wherein inner sphere metal-RNA contacts have been detected directly by Raman in 
single crystals of a large RNA (Gong et al.  2008  ) . To remove divalent cations, a 
HDV crystal is treated extensively and multiple times with an EDTA solution, leav-
ing only monovalent cations in the crystal. Mg 2+  is then soaked into the crystal, and 
difference spectra calculated [Raman HDV + Mg 2+ ] minus [Raman HDV no Mg 2+ ]. 
As seen in Fig.  8.7  there are two regions of note: the differential around 1,100 cm −1  
is due to stretching motions of the backbone PO  

2
  −   groups and can also be observed 

in the parental spectrum (1,101 cm −1  in Fig.  8.5 ). In the subtraction process, a few 
phosphates make direct contact with metal ions. The PO  

2
  −   modes corresponding to 

   Table 8.1    Wavenumbers (cm −1 ) and assignment of major raman 
bands observed in Raman spectrum of HDV Ribozyme Crystal   
 Wavenumber  Assignment 

 1,677 (m)  Base C=O 
 1,574 (s)  A, G 
 1,535 (w)  G 
 1,528 (w)  C 
 1,483 (vs)  G, A 
 1,460 (w)  C-H (ring) 
 1,421 (w)  A, G 
 1,376 (m)  A, G 
 1,337 (s)  A 
 1,322 (s)  G 
 1,252 (s)  C 
 1,232 (sh)  U 
 1,181 (w)  G 
 1,101 (s)  PO  

2
  −   

 1,045 (w)  Ribose 
 999 (w)  Ribose 
 917 (w)  Ribose 
 812 (s) 
 784 (vs)  C, U 
 725 (m)  A 
 670 (m)  G 
 633 (w)  G 

  Vs very strong,  s  strong,  m  medium,  w  weak,  sh  shoulder. The 
 features assigned to the bases are due to ring modes  
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these nucleotides are upshifted to 1,117 cm −1  by their contact with Mg 2+  ions. This 
creates the upper limb of the differential, while the negative limb is due to the same 
PO  

2
  −   groups removed from the population of free, unliganded PO  

2
  −   groups 

(Fig.  8.7a ).  
 The Mg 2+  ions directly coordinated to these phosphate groups can also be detected 

in the spectra. These are observed near 322 cm −1  (Fig.  8.7b ). The extensive physico-
chemical analyses of these species carried out by Peleg  (  1972  )  and Pye and Rudolph 
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1,527/1,528 cm −1  is due to neutral cytosine, assigned to C75 based on mutants, and is used to derive 
the pK 

a
  for this active site residue. The overlapping band at 1,536/1,537 cm −1  is due to a guanine 

ring mode. As the pH is increased from 5.8 to 8.2, the band at 1528 −1  increases in proportion to 
the concentration of neutral cytosine. Figure from (Gong et al.  2007  )  and used with permission       
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 (  1998  )  suggest that this feature corresponds to Mg 2+  penta- and/or tetra-hydrate. 
This band is downshifted in the expected manner upon D 

2
 O or H 

2
 O 18  substitution 

(Fig.  8.7b ). The ratio of the increasing 1,100 (differential) and 322 cm −1  intensities 
remains constant over the range 5–40 mM Mg 2+ , suggesting a 1:1 correspondence 
between the perturbed PO  

2
  −   population and the creation of the penta-hydrate spe-

cies. This key  fi nding implies that there is likely inner sphere contact wherein the 
Mg 2+  atoms are in direct contact with the PO  

2
  −   group. At 20 mM Mg 2+ , the intensity 

of the negative 1,100 cm −1  limb in Fig.  8.7a  compared to the intensity of the “total” 
PO  

2
  −   band in the parental spectrum near 1,100 cm −1  (Fig.  8.5 ) suggests that about 

 fi ve PO  
2
  −   groups are in inner sphere contact with Mg 2+  ions. This agrees well with 

the four Mg 2+  ions observed to make inner sphere contacts to RNA in our recent 
X-ray crystal structure of a similar construct (Chen et al.  2010  ) . However, there is a 
notable difference between evaluations using X-ray and Raman analyses. The X-ray 
approach only reveals Mg 2+  ions at binding sites that have suf fi cient occupancy to 
create detectable electron density. The positive limb of the differential in Fig.  8.7a  
will have contributions from these sites but will also have contributions from tran-
sient PO  

2
  −  —Mg(H 

2
 O)  

5
  2+   inner sphere complexes at multiple PO  

2
  −   sites in the 

ribozyme. The latter, while unobservable by X-ray diffraction, will add intensity to 
the negative differential.  

    8.4.4   Dependence of Metal Binding on N7 of G1 

 Most Mg 2+  binding sites in RNA are insensitive to pH in the range from 4 to 9; how-
ever, protonation of C75 has the potential to affect binding of Mg 2+  ions within the 

  Fig. 8.7    Partial Raman difference spectra of HDV crystals [HDV + 20 mM Mg 2+ ] minus [HDV 
without Mg 2+ ] at pH 6.0, vertical bars are photon events. ( a ) Symmetric stretch of PO  

2
  −   groups bind 

inner sphere to Mg 2+  at 1,117 cm −1 ; the negative node at 1,100 cm −1  is due the mode from metal-
free groups. ( b ) Raman signatures of Mg hydrate (pentahydrate and tetrahydrate are both possible) 
bind inner sphere to PO  

2
  −   oxygen, showing isotope shifts. Figure from (Gong et al.  2008  )  and used 

with permission       
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ribozyme active site. Indeed, changes in Mg 2+  binding to the HDV ribozyme can be 
observed by comparing the Raman spectra as a function of pH (Chen et al.  2009  ) . The 
positive and negative features in Fig.  8.8  represent the changes in the parent Raman 
spectrum with an increase in pH. Positive peaks are from HDV groups that are present 
at pH 7.5 but absent at pH 5.0, and negative peaks vice versa. The peak assignments 
can be made using Table  8.1 . In addition to the peak at 1,528 cm −1  arising from neutral 
cytosine (C75), a feature at 322 cm −1  in Figs.  8.7b  and  8.8  is observed. This feature 
corresponds to a single hydrated Mg 2+  ion with at least one non-water ligand that is 
lost upon protonation of C75. Quantitation of intensities reveals that there is one Mg 2+  
hydrate    lost per HDV ribozyme. As the nucleobase of C75 is the only functional 
group in the ribozyme that has a pK 

a
  in this range, we infer that the lost Mg 2+  hydrate 
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is bound near the active site, although it could be linked by an allosteric change. 
This metal ion does not appear to be the catalytic Mg 2+  ion, because it is not bound by 
a phosphate group, as there is no evidence for a corresponding “PO  

2
  −  —in fl ection” 

near 1,100 cm −1  in Fig.  8.8 . In contrast, the catalytic Mg 2+  ion is liganded by both the 
scissile phosphate and phosphate group of U23. The catalytic Mg 2+  ion is bound in a 
highly electronegative patch within the ribozyme active site and may be bound with 
suf fi cient af fi nity to withstand protonation of the neighboring C75 under the condi-
tions of these experiments (Chen et al.  2009  ) . Such a scenario would be consistent 
with a concerted reaction mechanism involving simultaneous presence of Mg 2+  and 
C75 + , as suggested by recent calculations (Ganguly et al.  2011  ) .  

 The 1,489/1,473 cm −1  in fl ection in Fig.  8.8a  suggests that a guanosine base may 
be perturbed by the loss of the Mg 2+  hydrate. There are few guanosine bases near the 
active site; however, G1, the nucleotide at the cleavage site, could potentially inter-
act with this Mg 2+  hydrate. Consistent with this, it was found that when G1 was 
replaced by 7-deazaguanosine, which replaces the purine’s N7 with a methine group 
(CH), Raman signatures for the ejected Mg 2+  ion and its ligand were lost (Fig.  8.8b ). 
Substitution of G1 with 7-deazaguanosine is only modestly detrimental to catalysis 
(6.4-fold at pH 7.0) and does not affect the Mg 2+  requirement for the reaction within 
error at pH 7.0 (Chen et al.  2009  ) . This suggests that the lost ion at this position is 
not critical for catalysis. While an Mg 2+  interacting directly with the N7 of G1 is not 
observed in crystal structures of the HDV ribozyme, the crystal structure of the 
ribozyme postcleavage reveals a metal ion below the plane of G1, in position to 
interact with the N7 of G1 through its hydration shell (Ferre-D’Amare et al.  1998  ) . 
The structure of the HDV ribozyme precleavage reveals that there is a ligand to the 
N7 of G1, but it is not clear if this ligand is a water or a Mg 2+  ion (Chen et al.  2010  ) . 
Taken together, it is likely that the pH-sensitive Mg 2+  ion characterized by Raman 
spectroscopy and by deazaguanosine substitution at G1 does not interact with phos-
phate groups and plays, at most, a structural role. This Mg 2+  ion may occupy the 
major groove of the P1 and P1.1 helices, where it may be bound in a diffuse fashion. 
This interpretation is supported by molecular dynamics simulations described below 
and the constellations of ion and solvent molecules seen in the X-ray crystal struc-
tures of the ribozyme (Ferre-D’Amare et al.  1998 ; Chen et al.  2010  ) . This Mg 2+  ion 
will be referred to as the “diffuse Mg 2+  ion”   .  

    8.4.5   Competition Between Hydrated Mg 2+  Ions and Cobalt 
Hexammine 

 The HDV ribozyme is strongly inhibited by cobalt hexamine, Co(NH 
3
 )  

6
  3+  ,    in a man-

ner that is competitive with Mg 2+  (Nakano et al,  2000  ) . Co(NH 
3
 )  

6
  3+   is similar in 

geometry and charge to Mg(H 
2
 O)  

6
  2+  , and it is often observed to bind to RNAs in 

sites that are very similar to Mg(H 
2
 O)  

6
  2+   binding sites. Co(NH 

3
 )  

6
  3+   differs from 

Mg(H 
2
 O)  

6
  2+   in that the NH 

3
  ligands are exchange inert and cannot participate in 
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proton-transfer reactions (Basolo and Person  1988 ; Suga et al.  1998  ) . Inhibition of 
the HDV ribozyme by Co(NH 

3
 )  

6
  3+   suggests that this complex displaces a critical 

Mg(H 
2
 O)  

6
  2+   ion but cannot function in the reaction because of its inability to 

exchange ligands or participate in proton transfer. 
 Adding Co(NH 

3
 )  

6
  3+   to crystals reveals Raman spectra associated with Co(NH 

3
 )  

6
  3+   

binding to the RNA (Gong et al.  2009a  ) . Notably, there are no features associated 
with metal-phosphate ligands. Thus, Co(NH 

3
 )  

6
  3+   does not make inner sphere con-

tact with PO  
2
  −   groups, consistent with the exchange-inert nature of the NH 

3
  ligands. 

However, Co(NH 
3
 )  

6
  3+   is observed to perturb base-ring modes, and in particular 

there is a distinct feature from a perturbed guanine ring mode. This is consistent 
with the propensity of Co(NH 

3
 )  

6
  3+   to bind in the major groove at tandem G-C and 

G•U base pairs. Co(NH 
3
 )  

6
  3+   appears to bind competitively with the catalytic Mg 2+  

ion; thus, the ring modes of G25 may also be perturbed by Co(NH 
3
 )  

6
  3+   binding at 

this site. 
 If one of the observed Co(NH 

3
 )  

6
  3+   binding sites is within the active site, an ener-

getic interaction between the metal ion and C75 should be observable. Due to the 
anticooperative coupling of metal binding in the active site and proton binding to 
C75, C75 is expected to become deprotonated when the active site is loaded with a 
metal ion. Indeed, deprotonation of cytosine is observed when Mg 2+  concentrations 
increase, as described above. Likewise, increasing Co(NH 

3
 )  

6
  3+   concentration drives 

cytosine deprotonation (Gong et al.  2009a  ) , suggesting that a Co(NH 
3
 )  

6
  3+   binding 

site is in proximity to the active site. These results are consistent with a model in 
which Co(NH 

3
 )  

6
  3+   displaces the catalytic Mg 2+  ion but is unable to participate in 

catalysis. 
 Competition between Co(NH 

3
 )  

6
  3+   and Mg 2+  on the HDV ribozyme can be directly 

probed by comparing spectra containing Co(NH 
3
 )  

6
  3+   with and without Mg 2+ . When 

Co(NH 
3
 )  

6
  3+   or Mg(H 

2
 O)  

6
  2+   bind in the major groove, metal-RNA contacts are water-

mediated and do not involve contacts to phosphate groups, and this would give no 
change in the differential near 1,100 cm −1  when Mg(H 

2
 O)  

6
  2+   displaces Co(NH 

3
 )  

6
  3+  . 

The catalytic Mg 2+  ion, on the other hand, has two ligands to phosphate groups. If 
an inhibitory Co(NH 

3
 )  

6
  3+   ion was replaced with a catalytic Mg 2+  ion, there would be 

a net change corresponding to gain of two Mg 2+ -PO  
2
  −   interactions. Indeed, addition 

of Mg 2+  ion to Co(NH 
3
 )  

6
  3+  -containing crystals results in a differential near 1,100 cm −1  

and quantitative analysis suggests that between 1 and 1.5 PO  
2
  −  -Mg 2+  interactions are 

created. This value correlates well with the two phosphate ligands to the catalytic 
Mg 2+  ion    observed in the recent crystal structure (Chen et al.  2009  ) . Together, the 
effects of Co(NH 

3
 )  

6
  3+   binding on cytosine protonation and PO  

2
  −  -Mg 2+  interactions 

support localization of one Co(NH 
3
 )  

6
  3+   binding site within the active site of the 

ribozyme, and they show that Co(NH 
3
 )  

6
  3+   can displace partially hydrated Mg 2+  ions 

in addition to fully hydrated ions. These data further support the model where the 
Mg 2+  ion bound at the G25•U20 reverse wobble is the catalytic Mg 2+  ion. 

 To summarize, the Raman data support two classes of Mg 2+  ions in the HDV 
ribozyme active site: An ion near G1 that binds in a pH-dependent manner and does 
not interact with a phosphate (the diffuse Mg 2+  ion   ), and an ion that is displaced by 
Co(NH 

3
 )  

6
  3+   and interacts with 1 or 2 phosphates (the catalytic Mg 2+  ion   ).   
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    8.5   The Catalytic Mechanism of the HDV Ribozyme 

    8.5.1   Structures Suggest that General Acid and Lewis Acid 
Catalysis are Both Involved in the Catalytic Mechanism 

 As described earlier in this chapter (Sect.  8.3.2.1 ), crystal structures of the HDV 
ribozyme show that C75 interacts with the 5 ¢ -O(H) of G1 in both the precleavage 
and postcleavage states (Ferre-D’Amare et al.  1998 ; Chen et al.  2010  )  (Figs.  8.4a  
and  8.9 ). This positioning of C75 implicates it as a general acid in the catalytic 
 reaction. Moreover, solution kinetic experiments and Raman crystallography 
 demonstrate that the p K  

a
     of this base is perturbed by the environment of the HDV 

ribozyme active site and shifted >2 pH units toward neutrality, which optimizes the 
base for proton transfer   . Additionally, this p K  

a
  couples anticooperatively with Mg 2+  

binding, which provides constraints in proximity of C75 +  and an Mg 2+  ion (see 
below) and may help drive the reaction (Gong et al.  2007 ; Nakano et al.  2000 ; 
Nakano and Bevilacqua  2007  ) . Further evidence for C75 in proton transfer comes 
from the Been lab, who demonstrated via Brønsted analysis that the rate of cleavage 
increases with the basicity of this residue (Shih and Been  2001b ; Perrotta et al. 
 2006  ) . Moreover, in a landmark study, Das and Piccirilli tested whether the 
 mechanism of the cleavage reaction was consistent with C75 serving as a general 
acid    (Das and Piccirilli  2005  ) . They substituted the 5 ¢ -oxygen of G1 with a sulfur 
atom—a good leaving group. When this modi fi cation was present, C75 was no lon-
ger required for cleavage.  

 While certain small ribozymes such as the hairpin and VS ribozyme clearly use 
 only  nucleobase catalysis in their catalytic mechanisms, there is signi fi cant evi-
dence that the HDV ribozyme catalysis uses metal ion catalysis in addition to nucle-
obase catalysis. As described in Sect.  8.4 , substrate cleavage is strongly inhibited by 
Co(NH 

3
 )  

6
  3+      (Nakano et al.  2000  ) , a trivalent ion that can often bind in Mg 2+  binding 

sites but cannot make inner-sphere interactions with RNA ligands and cannot 
participate in proton-transfer reactions (Jou and Cowan  1991  ) . Further, Raman 
crystallography of the HDV ribozyme shows that both Mg 2+  ion and Co(NH 

3
 )  

6
  3+   

bind in the active site in a position close enough to C75 to electrostatically “feel” the 
protonation state of C75 (see above) (Gong et al.  2009a  ) . The structure of the HDV 
ribozyme in the precleavage state clearly shows an Mg 2+  ion in the active site that is 
well de fi ned by electron density. Indeed, our model of the cleavage site dinucleotide 
suggests that there is a direct interaction between this metal ion and the 2 ¢ -hydroxyl 
nucleophile (Figs.  8.4b  and  8.9 ). 

 There are multiple mechanisms by which a metal ion could participate in the 
cleavage reaction (DeRose  2003  ) . By coordinating both the 2 ¢ -hydroxyl group of 
U(−1) and the pro-R 

P
  oxygen of G1, the metal helps to position the nucleophile for 

in-line attack at the scissile phosphate. Direct coordination of the Mg 2+  ion to the 
nucleophile is expected to reduce the pK 

a
  of the nucleophile; thus, Mg 2+  ion is pre-

dicted to serve as a Lewis acid   . At present, the destination of the proton lost from 
the 2 ¢ OH of U(−1) is unknown. One early model suggested that an Mg 2+ -bound 
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hydroxide ion could serve as a general base and accept the proton from the 
2 ¢ -hydroxyl group. However, the fact that the reaction is not strongly dependent on 
the p K  

a
  of the reactive metal ion (e.g. the rate is similar in Ca 2+ , Mg 2+ , and Zn 2+  

despite p K  
a
 ’s of the aqua ions of 12.70, 11.42, and 8.96) makes the role of an Mg 2+ -

bound hydroxide in the rate-pH pro fi le uncertain (Chen et al.  2010  ) . 
 This leaves us with a mechanism in which two catalytic strategies are at work in 

the cleavage reaction: general acid catalysis by C75 to stabilize the negatively 
charged leaving group, and Lewis acid catalysis by the active site Mg 2+  ion to stabi-
lize the developing negative charge on the 2 ¢ -hydroxyl nucleophile. What remains 
unclear is the identity of the base that accepts the 2 ¢ -H of U(−1). It could be solvent 
water or hydroxide from the surrounding solvent. Alternately, a hydroxide bound to 
the catalytic metal ion could serve as the general base. Remarkably, both Mg 2+  and 
C75 +  are cationic in their functional forms, hinting at the importance of a negatively 
charged pocket in the ribozyme’s active site.  

    8.5.2   Three-Channel Model for the Reaction Mechanism 

 There are multiple pathways to generate the products of the HDV ribozyme reaction 
(Fig.  8.10 ). We previously elaborated three different channels for forming product: 
Channel 1: absence of any divalent ions (but presence of high, 1 M monovalent); 
Channel 2: presence of a structural divalent ion(s) only; and Channel 3: presence 
of structural and catalytic divalent ions. This mechanism was developed based 
largely on examining the reaction rate in the presence of EDTA-buffered reaction 
channels (Nakano et al.  2001  ) . The difference in observed rates between these 
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channels is 125-fold for channels 1 and 2, and 25-fold for channels 2 and 3, or an 
~3,000 fold increase in rate in going from channel 1 to 3. One of the interesting 
points is that metal ions contribute more to folding than to chemistry, although the 
catalytic contribution is nontrivial. A similar 25-fold contribution of divalent ions 
to chemistry has been found in the hammerhead ribozyme, which also uses a 
divalent ion in its mechanism (O’Rear et al.  2001 ; Curtis and Bartel  2001  ) . Thus, 
both nucleobases and divalent ions can contribute critically to certain small 
ribozyme reactions.   

    8.5.3   There Is Unlikely to be Conformational Switching During 
the Cleavage Reaction 

 Conformational switching    along the cleavage reaction pathway has been suggested 
on the basis of RNA footprinting experiments, single-molecule FRET experiments, 
MD simulations, and the crystal structure of the C75U mutant of the HDV ribozyme 
(Pereira et al.  2002 ; Ke et al.  2004 ; Harris et al.  2004 ; Tinsley et al.  2004 ; Savochkina 
et al.  2008 ; Krasovska et al.  2005  ) . In the reaction model proposed from these data, 
C75 serves as a general base, and protonation of C75 immediately postcleavage 
induces a conformational change that drives catalysis. However, comparison of the 
crystal structures of the HDV ribozyme before and after cleavage suggests a differ-
ent picture, in which the conformation of the ribozyme active site changes little 
during catalysis. The discrepancy between the Lewis acid-general acid model (our 
favored model, described above) and the conformational switching model here is 
likely the result of two features of the relevant experiments: the pH of the reaction 
buffer and the C75U mutation, both of which impact the conformational features of 
the active site. 

P
Channel 2

P
Channel 3

Mg(cat)RMg(str) RMg(str)R 

Mg2++Mg2++

Kd,Mg(cat)Kd,Mg(str)

P
Channel 1

Kd,Na

2 Na++

k1 k2 k3

R
Na2(str)

  Fig. 8.10    Three-channel model for reaction of the HDV ribozyme. Channel 1 is in the absence of 
divalent ions but presence of high concentration of monovalent ions to fold the ribozyme. Channel 
2 is in the presence of structural divalent ion(s). Channel 3 is in the presence of structural and cata-
lytic divalent ions. Channel 2 is ~125-fold faster than channel 1, and channel 3 is ~25-fold faster 
than channel 2. Figure from (Nakano et al.  2003  )  and used with permission       
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 Many of the solution biochemistry experiments that probed the HDV ribozyme 
structure were performed at pH 7.5. The p K  

a
  of C75 prior to cleavage under conditions 

used in these experiments is <6.5 (Gong et al.  2007 ; Nakano and Bevilacqua  2007  ) . 
C75 thus exists largely in the deprotonated, inactive state under the conditions used 
in those studies. This has implications for the structure of the active site because the 
hydrogen bond between the N3 of C75 and the 5 ¢ -hydroxyl leaving group is dis-
rupted, and deprotonation of C75 alters the electrostatics of the active site and 
increases motions, as described below (Veeraraghavan et al.  2011b  ) . The p K  

a
  of C75 

after cleavage is ~4; thus, C75 is also deprotonated at pH 7.5 in the postcleavage 
state (Luptak et al.  2001  ) . The latter feature allows the hydrogen bond between the 
N3 of C75 and the 5 ¢ -hydroxyl leaving group to be maintained, facilitating the bio-
logically  relevant conformation observed in the crystal structure of the ribozyme 
postcleavage. For these reasons, one expects a conformational difference when 
comparing biochemical studies of the ribozyme precleavage and postcleavage at pH 
7.5, with the former not having hydrogen bonding from C75 to the O5 ¢  of G1 but 
the latter having it. However, such a conformational change most likely represents 
a switch that occurs as C75 protonates and the active site of the ribozyme  rearranges 
from a noncatalytic, C75-unprotonated state into a catalytically active C75-
protonated state (i.e. a conformational change along the reaction pathway prior to 
chemistry), not a switch intrinsic to the cleavage reaction (Harris et al.  2004 ; Tinsley 
et al.  2004 ; Pereira et al.  2002 ; Savochkina et al.  2008  ) . 

 Likewise, the C75U mutation dramatically changes the structure of the active 
site (Ke et al.  2004  ) . Although U75, like protonated C75, has a H3 that can serve as 
a hydrogen bond donor, it lacks both the exocyclic amine and the overall  positive 
charge that are present on a protonated cytosine. Deletion of the exocyclic amine of 
C75 is detrimental to catalysis (Oyelere et al.  2002  ) . Comparison of the structure of 
the C75U mutant with the ribozyme pre- or postcleavage reveals why this mutation 
disrupts the hydrogen-bonding and electrostatic  network (discussed above) that 
helps to organize the active site into a catalytically active conformation. In the 
C75U mutant, U75 is dislocated out of the pocket that binds C75, and the reverse 
G25•U20 wobble that helps bind the active site Mg 2+  ion cannot form (Ke et al. 
 2004  ) . In the absence of the proper hydrogen bond network, all of the nucleotides 
in the active site are displaced outward. While an Mg 2+  ion is present in the active 
site, its ligands and location are non-native. Thus, it is dif fi cult to make inferences 
about catalysis from the structure of this inactive mutant. When MD simulations of 
the wild-type HDV ribozyme sequence are based on the C75U structure, there are 
insuf fi cient  interactions within the active site to maintain a stable C75 +  structure in 
silico,  possibly because Mg 2+  occupies the native site of C75 +  and possibly because 
insuf fi cient  sampling takes place. Toggling between alternate conformations is 
therefore observed (Krasovska et al.  2005  ) . Molecular dynamic simulations on the 
crystal structure    of the ribozyme, when C75 is in its native conformation, trapped 
precleavage by modi fi cation of the 2 ¢ -hydroxyl nucleophile (Chen et al.  2010  ) , 
provide a very different picture of the motions that occur in the ribozyme active 
site. These results are described in the next section.   
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    8.6   Molecular Dynamics to Assay the Structures, Dynamics, 
and Electrostatics 

 Molecular dynamics    (MD) simulations have been used to investigate the  mechanism 
of the HDV ribozyme and to clarify several fundamental issues regarding ribozyme 
catalysis. 

    8.6.1   Long-Distance Interactions in the HDV Ribozyme 

 An important general question that has been addressed with MD is how interactions 
distal from the active site impact catalysis (Veeraraghavan et al.  2010  ) . These MD 
simulations focused on the interactions between the two protonated cytosines 
observed in the HDV ribozyme: the catalytic cytosine, C75, and a distal protonated 
cytosine, C41, which participates in a base triple that has been shown to be important 
for ribozyme function (Ferre-D’Amare et al.  1998 ; Ferre-D’Amare and Doudna 
 2000 ; Wadkins et al.  2001 ; Nakano and Bevilacqua  2007  ) . Since the distance between 
C41 and C75 is ~15 Å, the interaction between these residues is of relatively long 
range. MD studies were conducted on the postcleavage form of both WT HDV 
ribozyme and a double mutant (DM) in which the C44-G73 Watson-Crick base pair 
was mutated to a U-A pair. The DM mutation allows formation of the C41 base 
triple with neutral rather than the protonated C41 observed in the WT ribozyme. 
MD trajectories were propagated with both neutral and protonated C41 for the WT 
and DM ribozymes to determine the impact on the active site. In all four cases, the 
effects of variations at the C41 base triple on the stability of the active site as 
observed in the simulations (Veeraraghavan et al.  2010  )  agreed with the experimen-
tal studies on ribozyme activity (Nakano and Bevilacqua  2007  ) . Perturbations of the 
C41 base triple that resulted in loss of catalytic activity in biochemical activity 
assays were also observed to disrupt the structure of the active site in the simula-
tions. Overall, these studies suggested that interactions within the ribozyme can 
communicate over relatively long distances of ~15 Å and that MD simulations of 
RNA are capable of reproducing such long-range effects.  

    8.6.2   Roles of the Reverse and Standard G•U Wobbles 

 MD simulations have also assisted in characterizing the G25•U20 reverse wobble    
motif in the HDV ribozyme. Beginning with the crystal structure (PDB ID 2CX0) 
of the postcleavage form of this ribozyme, U20 and G25 were observed to form a 
stable reverse wobble during equilibration and throughout several independent 
25 ns MD trajectories (Veeraraghavan et al.  2010 ; Veeraraghavan et al.  2011a  ) . Note 
that this reverse G25•U20 wobble was not present in the crystal structure of the 
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product; in this crystal structure (PDB ID 2CX0), G25 is  syn , but the relative angle 
between U20 and G25 results in long distances of ~4−5 Å between hydrogen bond 
donors and acceptors. Thus, the MD simulations predicted the existence of the 
G25•U20 reverse wobble in the postcleavage state. This motif was also observed to 
form in the postcleavage state in MD simulations conducted by Sponer, Walter, and 
colleagues (Krasovska et al.  2005  ) . In parallel with the MD studies, the G25•U20 
reverse wobble was resolved in a crystal structure of the precleaved state (PDB ID 
3NKB), as discussed earlier in this chapter. Furthermore, subsequent analysis of the 
crystallographic data for the postcleavage state indicated that the G25•U20 reverse 
wobble is compatible with the diffraction data for the product state as well 
(Veeraraghavan et al.  2011a  ) . Thus, in contrast to previous proposals suggesting that 
conformational switching    accompanies HDV ribozyme catalysis (Krasovska et al. 
 2005  ) , these combined MD and crystallographic studies suggested that the G25•U20 
reverse wobble, as well as the rest of the active site, remains intact throughout the 
catalytic reaction. 

 Metal ion interactions with both the G25•U20 reverse wobble and the G1•U37 
wobble at the cleavage site were examined with MD simulations on precleaved 
ribozyme (Veeraraghavan et al.  2011a ; Veeraraghavan et al.  2011b  ) . The catalytic 
Mg 2+  bound to the G25•U20 reverse wobble remained intact during several 25 ns 
MD trajectories. When the catalytic Mg 2+  ion was removed from the starting 
 structure, Na +  ions from the solvent interacted with the G25•U20 reverse wobble. In 
support of these computational results, competition between Na +  and Mg 2+  has also 
been observed crystallographically in the precleaved ribozyme (Veeraraghavan 
et al.  2011a  ) . Analysis of the radial distribution functions between metal ions and 
the standard and reverse G•U wobble atoms, as well as the charge isodensity plots 
in the regions of these wobbles, indicated that the metal ion interactions are qualita-
tively different at the G1•U37 and G25•U20 wobbles (Fig.  8.11 ). In particular, the 
catalytic Mg 2+  bound to the reverse wobble remained localized and was relatively 
stationary during the MD trajectories, whereas the Mg 2+  and Na +  ions near the 
G1•U37 wobble were relatively mobile (Fig.  8.11 ). Following the terminology of 
Draper  (  2004  ) , the catalytic metal ion interaction may be characterized as “che-
lated” and the metal ion near the G1•U37 wobble may be characterized as “diffuse”. 
Thus, the MD studies complement the metal binding site described by Raman crys-
tallography. These chelated and diffuse metal ion interactions appear to contribute 
to catalysis and stability, respectively, in the HDV ribozyme.   

    8.6.3   Electrostatic Calculations of the HDV Ribozyme 

 Nonlinear Poisson-Boltzmann    (NLPB) calculations have provided further insight 
into the metal ion interactions with the G•U wobbles (Veeraraghavan et al.  2011a ; 
Veeraraghavan et al.  2011b  ) . These NLPB calculations reveal an intensely nega-
tively charged patch near the G25•U20 reverse wobble    that is optimal for binding 
metal ions and shifting the p K  

a
  of the catalytic nucleobase, C75, toward neutrality. 
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A negatively charged patch is also observed near the G1•U37 wobble, but the nature 
of the electrostatic potential is qualitatively different at the reverse and standard 
G•U wobbles. Speci fi cally, the negatively charged patch is much more negative and 
more localized at the G25•U20 reverse wobble than at the G1•U37 wobble. These 
qualitatively different electrostatic potentials are consistent with the more localized 
and chelated ion near the G25•U20 reverse wobble and the more mobile and diffuse 
ion near the G1•U37 wobble.  

    8.6.4   Impact of Mg 2+  Ion and C75 Protonation on HDV 
Ribozyme Motion 

 MD simulations have also been used to investigate the impact of the catalytic Mg 2+  
ion interaction and C75 protonation on the structure and motions of the ribozyme 
precursor (Veeraraghavan et al.  2011b  ) . The model of the HDV ribozyme in the 
precleavage state does not undergo signi fi cant conformational rearrangements 
 during MD simulations when C75 is protonated and when the active site Mg 2+  ion 
is present. The stability of structure in MD simulations provides a nice test of our 
structural model and this behavior is in contrast to what is observed when  simulations 
are performed on models based on the C75U mutant ribozyme structure (Ke et al. 
 2004 ; Krasovska et al.  2005  ) . Protonation of C75 was observed to locally organize 
the active site, and this facilitates a catalytic mechanism in which C75 +  acts as a 
general acid and Mg 2+  as a Lewis acid, which appears to occur in a concerted  fashion 

  Fig. 8.11    Charge isodensity plots in the regions of the reverse and standard G•U wobbles. ( a ) The 
reverse G25•U20 wobble and ( b ) the standard G1•U37 wobble. Plots shown here are under condi-
tions of protonated C75 and occupancy of the reverse wobble with Mg 2+ . Other states of C75 and 
the reverse wobble are available in (Veeraraghavan et al.  2011b  ) . The darker cyan represents the 
greatest 30% of the positive charge density, and the lighter cyan represents the greatest 80% of the 
positive charge density. Figure from (Veeraraghavan et al.  2011b  )  and used with permission       
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with a divalent ion present at the active site but in a stepwise fashion with monovalent 
ions present (Ganguly et al.  2011  ) . In particular, deprotonation of C75 was observed 
to eliminate or weaken important hydrogen-bonding interactions of C75 with G1 
and C22. As shown by overlaying thermally averaged structures from two indepen-
dent MD trajectories with protonated and deprotonated C75 (Fig.  8.12 ), protonated 
C75 remains in a reactive alignment, whereas deprotonated C75 does not (Harris 
et al.  2004 ; Tinsley et al.  2004 ; Pereira et al.  2002 ; Savochkina et al.  2008  ) . In addi-
tion, deprotonation of C75 was found to weaken the interaction between the cata-
lytic Mg 2+  and the nucleophilic O2 ¢  of U-1. Thus, these calculations support the 
hypothesis that protonation of C75 plays an essential role in aligning the active site 
for catalysis. Furthermore, the MD simulations indicated that the overall global 
structure and thermal motions of the ribozyme are not signi fi cantly in fl uenced by 
the catalytic Mg 2+  interaction or C75 protonation. This analysis, as well as the sub-
stantial body of experimental data we have described in this chapter, suggests that 
the reaction pathway of the HDV ribozyme is dominated by small local motions at 
the active site rather than large-scale global conformational changes.    

    8.7   Conclusions 

 We have taken an integrated approach, combining solution biochemical probing, X-ray 
crystallography, Raman crystallography, and molecular dynamics, to  characterize the 
structure and catalytic reaction of the HDV ribozyme. This synergistic combination 
has provided a detailed description of the HDV ribozyme active site and a mechanism 
of catalysis. The three-dimensional structure of the HDV ribozyme suggests that a 
protonated C75 +  and a catalytic Mg 2+  ion both contribute to the  cleavage reaction, with 
C75 serving as a general acid and the Mg 2+  ion acting as a Lewis acid. Raman 
 crystallography and solution biochemical analysis demonstrate that the active site 
environment shifts the pK 

a
  of C75 >2 pH units toward neutrality, enhancing its ability 

to perform proton-transfer reactions under biologically relevant conditions. Raman 
crystallography also reveals two types of Mg 2+  ions in the active site. One ion has direct 
ligands to phosphate oxygens, binds competitively with Co(NH 

3
 )  

6
  3+  , and is likely the 

catalytic Mg 2+  ion. The second ion, with no direct ligands to phosphate oxygens, 
appears to bind less tightly and likely interacts with the ribozyme near the G1•U37 
base pair. An Mg 2+  ion in this position is not unambiguously observable in electron 
density maps and molecular dynamics simulations, suggesting that metal binding in 
this region may be diffuse. Comparison of the crystal structures pre- and postcleavage 
suggests that minimal motions are necessary to achieve catalysis. This observation is 
consistent with molecular dynamics simulations on the ribozyme in both the precleav-
age and postcleavage states. At the same time, much remains to be learned about how 
dynamics and electrostatic interactions contribute to the mechanism of the ribozyme. 
It is our hope that a continued investigation combining kinetics, structure, spectros-
copy, and calculations will be greater than the sum of its parts and continue to provide 
insight into this fascinating catalytic RNA.      
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