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Model for General Acie-Base Catalysis by the Hammerhead Ribozyme:
pH—Activity Relationships of G8 and G12 Variants at the Putative Active'Site
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ABSTRACT. We have used nucleobase substitution and kinetic analysis to test the hypothesis that
hammerhead catalysis occurs by a generalasabe mechanism, in which nucleobases are directly involved

in deprotonation of the attacking-Bydroxyl group and protonation of thé-&xygen that serves as the
leaving group in the cleavage reaction. We demonstrate that simultaneous substitution of two important
nucleobases, G8 and G12, with 2,6-diaminopurine shifts the pH optimum of the cleavage reaction from
greater than 9.5 to approximately 6.8 in two different hammerhead constructs. Controls involving
substitution with other nucleobases and combinations of nucleobases at G5, G8, and/or G12 do not show
this behavior. The observed changes in the-pate behavior are consistent with a mechanism in which

N1 protonation-deprotonation events of guanine or 2,6-diaminopurine at positions 8 and 12 are essential
for catalysis. Further support for the participation of G8 and G12 comes from photochemical cross-
linking experiments, which show that G8 and G12 can stack upon the two substrate nucleobases at the
reactive linkage, G(or U)1.1 and C17 (Heckman, J. E., Lambert, D., and Burke, J. M. (2005)
Photocrosslinking detects a compact active structure of the hammerhead ribBaychemistry 444148-

4156). Together, these results support a model in which the hammerhead undergoes a transient
conformational change into a catalytically active structure, in which stacking of G8 and G12 upon the
nucleobases spanning the cleavage site provides an appropriate architecture for gendvabaadtalysis.

The hammerhead and hairpin ribozymes may share similarities in the organization of their active sites
and their catalytic mechanism.

The hammerhead ribozyme is a small RNA endonuclease, The solution structure of the hammerhead ribozyme has
found in a wide range of organisms, that is known to be been studied by NMR, FRET, hydroxyl radical protection,
essential for RNA processing reactions required for the and transient electric birefringence metho8si5, 22-24),
propagation of virus-related RNA replicons in plant cells, and they show that a Y-shaped ribozynseibstrate complex
including the satellite RNA associated with tobacco ringspot is the dominant conformation in solution. This structure
virus (2, J). First described in 19864( 5), the hammerhead appears to be quite similar to the published crystallographic
has been intensively studied by numerous investigators usingstructures 11, 14, with relatively small differences likely
a full complement of biochemical, biophysical, and combi- attributable to differences in crystallographic packing and/
natorial methods §—16). The reaction catalyzed by the or the constructs chosen. A notable characteristic of these
hammerhead ribozyme (Figure 1) is a reversible RNA structures is the lack of extensive interaction between the
cleavage reaction that occurs with formation of products two domains which constitute the “catalytic core”, each
containing 2,3-cyclic phosphate and-fydroxyl termini @, containing several functionally important nucleotidés)(

3). In this regard, it is similar to the reaction catalyzed by  There is general agreement that the crystallographic and
the hairpin, hepatitis delta and VS ribozymes, and some solution structures represent an inactive ground state, and
protein ribonucleased{, 18. that a transient conformational change within the ribozyme
Although early mechanistic studies focused on the possible sypstrate complex is required to attain the active structure.
role of inner-sphere catalysis by metal ions, there is strong However, there are differences of opinion as to whether this
evidence that metal ions are not required for the reaction conformational Change is a local rearrangement of the
(19-21). Rather, cations are required to fold the ribozyme gypstrate cleavage sit25, 26, or a larger-scale event that
into its active tertiary structure, but the reaction can proceed jncludes the formation of contacts between the two domains

without the formation of direct contacts between RNA and that are not reflected in the crystal structu2@ (2§. These
metal ions. Therefore, the hammerhead RNA contains all of jssues are reviewed in detail by Blount and Uhlenbes.(

the functional groups that are required for catalytic function. Recently, larger hammerhead constructs have been studied

P - that include additional native sequences that stabilize an
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Ficure 1: (A) The hammerhead ribozyme catalyzes sequence-specific phosphodiester bond cleavage, ger@ratiogs hosphate

and 3-hydroxyl termini. The cleavage reaction is initiated by deprotonation of H@@Pand proceeds by an in-line attack mechanism. The
sequences and secondary structures of hammerhead ribozymes 16 (B) and 16.4 (C). The outlined nucleotides represent the conserved
sequences believed to constitute the catalytic core. This ribozyme cleaves the phosphodiester bond between C17 and N1.1, and the arrow
indicates the cleavage site. The numbering is according to Hddgl (

to reduce the concentration of cations required to fold into catalytic core, G8 and G12. In separate work, G8 and G12
the ground state structurg@), but there is as yet no evidence have been shown to crosslink to the substrate nucleotides at
that they influence the transition from the ground state to the scissile linkage and a G&17 crosslink retains catalytic
the active structure. activity (1). Together, this work supports a model in which
Bevilacqua has analyzed published data to show that thehammerhead reactions are catalyzed by an-duide mech-
pH—rate relationships of hairpin ribozymes are consistent anism following a transient conformational change in which
with a general acietbase mechanism involving two nucleo- G8 and G12 come to occupy catalytic positions within the
bases of the ribozyme, one with a highp(G or U), and active site.
one with a low fKa (A or C) (32). This model accounts for
the observed rate vs pH curve that displays an extensive, MATERIALS AND METHODS
flat plateau from pH 5 to 9. There is substantial biochemical
and crystallographic evidence that N1 of G&fp9.6) is
the titratable group with the highKa (33—35). Notably,
replacement of G8 with 2-aminopurineKy 3.8) or 2,6-
diaminopurine (g 5.1) results in a characteristic bell-shaped

; o . and HPLC, as described previousB7( 38.
rate vs pH curve with very low activity at higher pi33). . . .
N1 of A38 is likely to be the titratable group with the lower Methods. Rlbozyme Cleage AssfaysCa_ltaIyUc activities
K (32). of the hammerhead ribozyme and its variants were measured

under single-turnover conditions. Ribozymes-8luM) and
'-32P-end-labeled substrate<$ nM) in 50 mM reaction
buffer were heat-denatured at 95 for 2 min and preincu-
bated at 25C for 10 min for equilibration and folding. The
cleavage reactions were initiated by adding Mg&ilution
(final concentration 25 mM) and carried out at 25 in 50
mM Mes (pH 5.5 to 6.5), 50 mM Mops (pH 6.75 to 7.0), 50
mM Hepes (pH 7.25 to 8.0), and 50 mM Tris (pH 8.5 and
9.0). One-microliter aliquots were withdrawn at each time
point and quenched with 10 volumes of 95% formamide

Materials. All oligonucleotides were generated by solid-
phase synthesis using nucleotide phosphoramidites purchased
from Glen Research or ChemGenes and then deprotected
and purified by denaturing polyacrylamide gel electrophoresis

In contrast, the hammerhead cleavage reaction shows
characteristic log-linear increase of reaction rate with pH
(36). The plot of rate vs pH shows little leveling off at the
highest pH values studied, which are limited by alkaline
hydrolysis of ribozyme and substrate. Previously, this
behavior was rationalized by a model in which a metaHon
hydroxide complex was required for catalysis7( 36.
However, the finding that inner-sphere coordination by
metals is not required for hammerhead catalysis makes this
model less attractivel@—21).

Here, we propose that the hammerhead’s rate vs pH
behavior can be explained by general adidise chemistry, ! Abbreviations: Hepes, 2-[4-(2-hydroxyethyl)-1-piperazinyllethane-

; ; ; ; ; i« Sulfonic acid; Mops, 3N-morpholino)propanesulfonic acid; Mes,
in which both of the functional groups involved in catalysis 2-morpholinoethanesulfonic acid, monohydrate; Tris, tris(hydroxym-

have a high Ka. We present evidence that these Ca_lta_lytic ethyl)aminomethane; |, inosine; 2AP, 2-aminopurine; diAP, 2,6-
groups are the N1s of two conserved nucleobases within thediaminopurine.
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loading solution. The cleavage reactions were analyzed by A o
20% polyacrylamid 8 M urea gel electrophoresis and

quantified using a Bio-Rad Molecular Imager FX system. 9.6 " - ’NB\> >.1 NgAP‘ N\>
The cleavage rates were calculated by curve-fitting using LN QI H\NJ\ Y
/ N / N

Microcal Origin software as described?, 33. L \

Hydroxyl Radical Footprinting AssaysThe hydroxyl
radical footprinting assays were carried out as described 3.8 “~ N\ 8.7 "™ "\
previously with modifications42, 39. The total volumes . |2 | > K' | >
of the reactions were 10L. In order for the ribozyme :{" Sy \ Sy \

substrate complex to fold, ribozymes (Q«) and 3-32P-
end-labeled noncleavable substrat® (hM) including a 2-

deoxy substitution at position C17 were incubated in 25 mM B C
Hepes, pH 7.0 at 2%C for 10 min in the presence or absence % 10! P T w o e
of 25 mM MgCl. Next, 0.8uL of Fe(I)-EDTA solution g 11 o Y L
(12.5 mM EDTA, 10 mM Fe(NH)x(SQy)), 0.8uL of H:0, 3 102 o e S 102 oo coao
(0.375% viv), and 0.8L of sodium ascorbate (60 mM) were X 108 /./'fn/“/n X 109 545/””‘./.,,.4/'
added sequentially onto the inside wall of the reaction tube. (77! o470~ et
The hydroxyl radical cleavage reactions were initiated by ~ 49e{ o° 106)—— .
quick centrifugation of the above reaction tubes. The 50 60 70 80 90 50 60 70 80 90
reactions were quenched by adding[2 of tRNA (10 mg/
mL) and 10uL of 3 M sodium acetate diluted in 88L of D E
H-0, followed by ethanol precipitation. The cleaved products _ o 4.0x10°
were analyzed by 20% polyacrylaneid8 M urea gel % :gf, oo 0 T
electrophoresis and quantified using a Bio-Rad Molecular g 104 0/0/ T /% %\
Imager FX system. 2 102 o g oghD = 2.0x10° 8 %\é\
SR BEEE SR e
RESULTS AND DISCUSSION 101 o8 . g”i/u I
T -5 I e e
The catalytic core of the hammerhead (Figure 1) is Yso 60 70 50 90 55 6.0 65 7.0 7.5 80
composed of two domains, consisting of 5 (domain 1) and
8 (domain 2) nucleotides, which form a humber of intrado- F
main, noncanonical interactions in the crystallographic ~
structures 11, 14. A number of these nucleotides (C3, G5, £ 3.0x10% 001
A6, G8, A9, G12, A13, Al4) are critical for cleavage activity & / ? %\%
(40, 49, but only guanosine and uridine have the hidgtnp x’é 1.0x10%
values required by the model for general adidse catalysis ﬁ{/"
described above. Since there are no essential uridines within  o0.3x10s

the catalytic core, we focused our attention on the three 55 60 65 70 75 80

C”“C"J?' guanosmes, G5.’ G8, and G12. Deo_xyrlbose QS FiIGURe 2: (A) Structure and N1 g, of guanine (G) and guanine
substitutions have previously been shown to interfere with analogues, 2,6-diaminopurine (diAP), 2-aminopurine (2AP), inosine
folding into the native tertiary structurgZ, 42, 43, but these (1. (B, C, and D) Cleavage ratgH profile of hammerhead 16
results cannot rule out a further role for the nucleobase in ribozyme variants with guanosine), 2,6-diaminopurine [),
catalysis. 2-aminopurine @) or inosine M). (B) G variants at position 5. (C)

. . . G variants at position 8. (D) G variants at position 12. The cleavage
Hammerhead 164¢) ribozyme variants containing nu-  reactions were carried out at 28 in 25 mM MgChb and 50 mM

cleobase substitutions were generated by solid-phase synMes (pH 5.5-6.5), 50 mM Mops (pH 7.0), 50 mM Hepes (pH 7.5
thesis. The three essential guanosines (KA p.6) were  and 8.0), and 50 mM Tris (pH 8.5 and 9.0) under single-turnover
individually replaced with inosine (I, N1 Ky 8.7), 2,6- conditions. (E) Cleavage rat@H profile of hammerhead 16

S . . . . ribozyme variants with diAP8:diAP1ZY), diAP5:diAP12 (0), and
diaminopurine (diAP, N1Ka 5.1), and 2-aminopurine (2AP,  4iap5:diAP8 (). (F) The rate-pH profile of hammerhead 16

N1 pKa 3.8), and ribozyme activity was examined as a diAP8:diAP12 ribozyme was fitted to the equatibgs = kmad/(L
function of pH (Figure 2). Cleavage rates were measured + 10°"-PKa + 10PKa=PH) (49). The cleavage ratepH profiles of
under single-turnover conditions (M ribozyme and<5 the doubly substituted variants (E and F) represent the average of

; three sets of experiments. Other profiles (B, C, and D) are from a
nM sgbstrate) in the presence of 25 mM Mg&hd 50 mM single experiment, but are consistent with those obtained under a
reaction buffer over a pH range of 5.5 to 9.0. variety of ionic concentrations, using different ribozyme constructs
Substitutions of G5 showed significant inhibition at all and concentrations (see, for example, Figure 3).

pH values tested (Figure 2B). The activities of the 2AP5

and 15 variants were diminished by 3 orders of magnitude ~ Substitutions of G8 and G12 showed an important differ-
relative to the unmodified ribozyme, while the activity of ence: the extent of inhibition showed strong variation as a
the diAP variant was diminished by 4 orders of magnitude. function of pH when G8 or G12 was substituted with 2AP

Because all four of the rate vs pH plots paralleled one or with diAP, but not when substituted with inosine (Figure

another, we conclude that, relative to the unmodified 2C,D). In the case of position 8, inosine reduced cleavage
ribozyme, the extent of inhibition of the G5 variants was rate by approximately 1 order of magnitude over the full

independent of pH. pH range that was examined (Figure 2C). 112 reduced the
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cleavage rate to a greater extent than I8 (3 orders of
magnitude), but like 18, the extent of inhibition was
independent of pH. For diAP8, the inhibition varied strongly
as a function of pH, with a reduction of cleavage rate by 1
order of magnitude at pH 5.5, but more than 3 orders of
magnitude at pH 9.0. The same general observation also
holds true for diAP12, 2AP8, and 2AP12, where the extent
of inhibition increases with pH from 5.5 to 9.0.

Referring to the Bevilacqua formulation of acibase
catalysis for the hairpin ribozyme32), these results are
consistent with a model in which hammerhead bases G8 and

kkobs (min-1)
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G12, but not G5, function in protonatiefdeprotonation
events at the active site. It is noteworthy that thekte pH
profiles of the hammerheads with single 2AP or diAP B

substitutions at positions 8 or 12 are rather similar to that of
the unmodified hairpin ribozyme38, 45. In each case, our
interpretation is that one of the two nucleobases at the
putative active site has a highKp, while the other has a
low pKa.

To further test this hypothesis, we synthesized ham-
merheads containing all pairwise combinations of diAP at
positions 5, 8, and 12, and examined their activities as a
function of pH (Figure 2E,F). Two of the combinations,
diAP5:diAP8 and diAP5:diAP12, showed essentially no
cleavage over the full range of pH values tested. In sharp
contrast, the diAP8:diAP12 combination yielded a roughly
bell-shaped rate vs cleavage curve, with an increase in rate pH
from pH 5.5 to 6.5 and a decrease from pH 6.75 to 8.0. Ficure 3: (A) Cleavage ratepH profile of hammerhead 16.4

These results are Cons|stent W|th a model |n WhICh 68 I’ibozyme variants. Unmodified I’IbozmeI, 2,6-diamin0purine

. . . . . at position 12 [{), 2,6-diaminopurine at position 8], or 2,6-
and G12 function in acidbase reactions at the active site. diaminopurine at position ). The cleavage reactions were carried

However, other interpretations may be possible. For example, gt at 25°C in 25 mM MgCbh and 50 mM Mes (pH 5.56.5), 50
this behavior could be idiosyncratic to the hammerhead 16 mM Mops (pH 7.0), 50 mM Hepes (pH 7.5 and 8.0), and 50 mM

construct that was used for the above work. Alternatively, Tris (pH 8.5 and 9.0) under single-turnover conditions. The cleavage

the substitutions could induce pH-dependent misfolding of ra;te;%g)proféle of the hairpig ritgozty]m%) was(g;;kgln from Pi”""t'fd.t
. et al. and superimposead Iinto tnis figure. eavage acuvity
the ribozyme-substrate complex. of hammerhead 16.4 diAP8:diAP12 ribozyme at various pH values.

To ensure that the modified activity vs pH behavior was  The cleavage reactions were carried out at@5n 25 mM MgCb
not an artifact of the hammerhead 16 construct, we examinedand 50 mM sodium acetate (pH 5.0), 50 mM Mes (pH 5:8%),

the effects of the diAP substitutions in a different context, 50 mM Mops (pH 6.75 and 7.0), and 50 mM Hepes (pH #25

; ; ; 8.0) for 2 days under single-turnover conditions. The data of
hammerhead 16.4 (Figure 1C), which cleaves its SUbStratehammerhead 16.4 diAP8:diAP12 ribozyme were fitted as described

at a rate approximately 10-fold greater than hammerhead 16, the caption to Figure 2. The cleavage ra# profiles of single
(46) (Figure 3). Single diAP substitutions at positions 5, 8, diAP substitutions at position 5, 8, or 12 (A) represent a single set
and 12 and the double substitution diAP8:diAP12 affected of experiments; the cleavage ratgH profile of the doubly
the rate vs pH relationship in the same manner as for substituted variant (B) represents the average of two sets of
hammerhead 16 (Figure 3A). Indeed, the activity plateau SXPerments.
reached by the single substitutions at positions 8 and 12 is
more clearly defined than were the results for hammerheadmultiple sites within the complex at single nucleotide
16. These results suggest that the differences in the pHresolution 47). The disadvantage is that, like crystallography
optima of the singly and doubly substituted ribozymes may and FRET, it does not necessarily provide information about
be a common feature of kinetically well-behaved ham- the active structure, if different from the ground state. We
merheads. conducted hydroxyl radical protection experiments using the
Results for hammerhead 16.4 doubly substituted with diAP hammerhead 16 variants described above, and focused on
at positions 8 and 12 are shown in Figure 3B. Results werethe backbone protection pattern at four sites within the
best fitted by a theoretical curve representing generalacid catalytic core: the two nucleotides in domain 1 that constitute
base catalysis by two functional groups witkijvalues of the cleavage site (C17 and G1.1), and two protected
6.87 and 6.91, using the model described by Bevilac2a (  nucleotides within domain 2 (U7 and G8) (Figure 4). A 2

104

kobs (min-1)

105

50 55 60 65 7.0 7.5 8.0

To examine the possibility of misfolding induced by base
substitution, we conducted hydroxyl radical protection

deoxy G5 variant was used as a negative con#a| 43.
The extent of protection was diminished in several cases. In

experiments on hammerhead 16 and its variants. This methodgeneral, substitutions of G5 and G8 with other purines

is useful in monitoring folding of the ribozymesubstrate
complex into its ground state tertiary structure, which is
similar to the crystallographic structure. Hydroxyl radical

resulted in less protection at all sites, while substitutions of
G12 had very little effect on the extent of protection. In all
cases, examination of the overall protection patterns showed

protection has the advantage of being able to monitor no changes in the identity of the protected nucleotides. We
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& 031 three ribozymes from pH 2 to 14. In these simulations we assumed
§ 0.2 1 the following values for ga and Ka'. Unmodified hammerhead
g 01 H H H 16.4, 9.6 and 9.6 (values for free guanine). Hammerhead 16.4
il I diAP8:diAP12 double variant, 6.91 and 6.87 (obtained from fitting
& 8 e &2 e experimental results from Figure 3B). Hairpin ribozyme, 5.94 and
il B | B 9.6 (32, 33. Gray regions show the pH ranges where experimental
F — E data cannot be obtained. Simulations used the equation described
o[ in the caption to Figure 2.
]
J Ej conclude that G12 substitutions have little effect on ground
2 02 state tertiary folding, while G8 and G5 substitutions partially
- H H H H inhibit folding to the ground state, but do not induce
Iyl B B I NS B RS detectable misfolding events. Importantly, the very large
S &8 S E o8 extents of inhibition of the substituted ribozymes (multiple
¥ ¥ orders of magnitude) do not correlate with differences in

Ficure 4: Hydroxyl radical footprinting assays of hammerhead ground State. tertiary folding. . .
16 ribozyme variants. Backbone protections of the cleavage site OUr €xperimental results are well-described by a simple

(C17 and G1.1) and domain 2 (U7 and G8) were measured. Themodel for general acidbase catalysis in which the N1
reactions were carried out at 26 in 25 mM MgC} and 25 mM functional groups of purine nucleobases at positions 8 and
Hepes (pH 7.0) with indicated hammerhead 16 ribozyme variants. 12 catalyze the essential protonation events at the reaction

(A) Fractional protection of G12 variants at C17 and G1.1. (B) _; : . ;
Fractional protection of G8 variants at C17 and G1.1. (C) Fractional sites in the hammerhead cleavage and ligation reactions. G5

protection of G5 variants at C17 and G1.1. (D) Fractional protection Variants strongly inhibit cleavage, but do so in a pH-
of G12 variants at U7 and G8. (E) Fractional protection of G8 independent manner that is consistent with a role in folding
variants at U7 and G8. (F) Fractional protection of G5 variants at to the active structure. Figure 5A shows a comparison of
U7 and G8. The fractional protections of G5, G8, and G12 variants the rate-pH profiles of the wild-type hammerhead ribozyme

at C17 and G1.1 (A, B, and C) were obtained from at least three . . . L :
replicate experiments. The fractional protections of G5, G8, and (log-linear increase with pH), the hairpin ribozyme (increase

G12 variants at U7 and G8 (D, E, and F) were obtained from a followed by long plateau), and the double-diAP hammerhead
single set of experiments. 16.4 substituted at 8 and 12 (roughly bell-shaped). Figure
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5B shows a set of ratepH simulations, demonstrating the 12
profiles that would be expected from acitlase catalysis

by three ribozymes, each with two catalytic groups: one in
which both groups have high NIKps; one with a mix of
one low and one highk; and one with two fairly low KaS
(derived from the experimental values above). The unshaded
area shows the pH range in which RNA cleavage reactions

can be conducted. It can be seen that the data curves of the

13

three ribozymes in Figure 5A correlate well with the portions  15.

of the simulation curves obtained between pH 4 and pH 9
(Figure 5B).

Although our results are fully consistent with atcidase
catalysis by G8 and G12, we cannot completely rule out other
hypothetical models, for example a pH-dependent confor-
mational change driven by G8 and G12, in which other
unidentified moieties are responsible for catalysis.

In separate work, we have shown that G8 and G12 can be
covalently crosslinked to the bases spanning the substrate 1
cleavage sitel(), providing evidence for a transient confor-
mational change in which the cleavage site nucleobases C17 19
and G1.1 move from their positions in the ground state
tertiary structure to positions stacked on G8 and G12. This
orientation may be similar to that observed in the tertiary g
structure of the hairpin ribozyme, where catalytic bases G8
and A38 stack on cleavage site baseslAand Gt+1 (33,

34).
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