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ABSTRACT: Two kinetically well-characterized hammerheads with different arm lengths were used to
reinvestigate the cleavage properties of substrates with the four natural nucleotides at position 17, the
residue 5to the cleavage site. From experiments measuring substrate binding affinity, cleavage rates.
and the internal equilibrium, free energy profiles of the reaction of all four substrates were constructed.
Each nucleotide at the cleavage site affects the energy profile quite differently. Whereas C and U have
the same ground state energy, U destabilizes the transition state by 1 kcal/mol. A destabilizes both the
ground and transition states by 1 kcal/mol, and G stabilizes the ground state by 2 kcal/mol and destabilizes
the transition state by 4 kcal/mol. These data, along with experiments with the C3U mutant hammerhead,
indicate that although an NaN17 pair can form, the contribution to the binding energy for the wild-type
(C3—C17) hammerhead is quite small. Thus, the energetic cost of disrupting th€1Z3pair is not

great, consistent with several proposals that this occurs during cleavage. The data also suggest that the
structure in the transition state involves different stabilizing interactions with nucleotide 17 than those
that are observed in the ground state. Finally, the A17 hammerhead may cleave by a slightly different
reaction pathway.

The hammerhead ribozyme is a small RNA motif that the properties of hammerheads with mutations in these
catalyzes an intermolecular reaction in which a unigse 2 locations. Mutagenesis of C3 to any other nucleotide has
hydroxyl group in the RNA attacks the adjacent phosphate been shown to result in a greatly reduced cleavage rate,
to generate '3 -cyclic phosphate and-$ydroxyl cleavage identifying this residue as an important part of the ham-
products (Buzayan et al., 1986; Hutchins et al., 1986; Prody merhead core (Koizumi et al., 1988b; Ruffner et al., 1990;
et al., 1986; Uhlenbeck, 1987). Like with many protein Koizumi & Ohtsuka, 1991; Adams et al., 1994). Partly
ribonucleases that catalyze the same reaction, hammerheadecause of the potential application of the hammerhead in
cleavage involves inversion of stereochemical configuration gene inactivation studies, mutagenesis of C17 has been
about the scissile phosphate (Perreault et al., 1990; van Tolexamined by many groups (Koizumi et al., 1988a,b, 1989;
et al., 1990; Slim & Gait, 1991), suggesting a mechanism Ruffner et al., 1990; Koizumi & Ohtsuka, 1991; Perriman
where the 2oxygen attacks the phosphate in line with the et al., 1992; Nakamaye & Eckstein, 1994; Shimayama et
leaving 3-oxygen. Two recent X-ray crystal structures of g|., 1995; Zoumadakis & Tabler, 1995). Although the results
the hammerhead ribozyme (Pley et al., 1994; Scott et al., differed somewhat, there is general agreement that while
1995) show that the relative orientation of the ribose and c17, A17, and U17 are active, G17 is not. The poor
phosphate at the cleavage site is incompatible with the in- cleavage activity of G17 has been hypothesized to be the
line conformation needed for cleavage. Instead, the exocy-resuylt of a G17C3 base pair (Ruffner et al., 1990; Koizumi

clic amino group of the cytidine residue ® the cleavage g Ohtsuka, 1991; Perriman et al., 1992; Shimayama et al.,
site (C17) forms a single hydrogen bond with the nitrogen-3 1995).

of cytidine 3 in the catalytic core, and the resulting-C

pair stacks on the end of helix 1 (Figure 1). As a result, the
backbone conformation at the cleavage site resembles tha
in an A-type RNA helix, which is unfavorable for in-line
attack (Figure 1B). Several of the models suggested for the
cleavage mechanism (Pley et al., 1994; Scott et al., 1995;
Setlik et al., 1995) invoke disruption of the €817 pair

and partial or complete unstacking of C17 from the adjacent

G1.1-C2.1 base pair in order to obtain the in-line config- . . .
uration ribozyme or the substrate oligonucleotides. Second, the
' . . - earlier experiments either obtained simple cleavage rates or,
ham;e?ﬁgzablge:c/gogarzgihgaig:r? hc.';:l_:;eir?crf;gllsrelg| ir:?eerest iat best, determinekty andKy. However, the only kinetic
9 Barameters that can be meaningfully related to the crystal
structure are those describing elemental steps in the cleavage
T This research was supported by NIH Grants GM 36944 and Al mechanism. The MichaelidMenten parameterkg,:andKy,
3024210 O.C.U. and by Damon Runyawalter Winchell Postdoctoral can each reflect different combinations of rate constants
Fellowship Grant DRG 1280 to N.B. . !
*Corresponding author. q§pend|ng_upon th_e_ length of the hammerhead arms and
® Abstract published i\dvance ACS AbstractSanuary 15, 1997. initial reaction conditions chosen. The discovery of several

In this work, we have reinvestigated the effects of
{nutations in C17 and C3 on the hammerhead cleavage
reaction. The primary motivation for doing this is that it is
not possible to deduce mechanistic conclusions from the
available activity data for two quite different reasons. First,
many of the hammerheads previously studied showed very
slow cleavage rates or incomplete cleavage, presumably due
to the presence of alternative conformations of either the
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Ficure 1: Structure of the hammerhead ribozyme near the cleavage site. (A) Overview of the hammerhead structure of Pley et al. (1994).
The region around the cleavage site is darkened. (B) Detail of the cleavage site, showing th@3Qiytirogen bond and the relative
positions of the attacking’2OH and the cleavage site phosphate (solid arrow). The dashed arrow indicates the reaction that must occur.

hammerheads that appear to be free of major alternativeThe fraction of inhibition at each S8G concentration was
conformers and the development of methods to determinecalculated as I (kxssdkz), wherek,ssc andk, are the rate
the elemental rate constants for the different steps in the of cleavage in the presence and absence of S8G, respectively.
cleavage reaction (Fedor & Uhlenbeck, 1992; Hertel et al., The fraction inhibition versus concentration of S8G was
1994) make it possible to meaningfully evaluate the effect plotted and fit to a bimolecular binding equation to obtain
of any hammerhead mutation on the cleavage pathway. K.

The internal equilibrium constari€.,™ was determined
MATERIALS AND METHODS as described in Hertel and Uhlenbeck (1995) using @M5

Synthesis and Characterization of Oligonucleotid&$e E16, 1.14M P2, and a trace concentration df3P-labeled

substrate RNAs were chemically synthesized using phos-Pl' . ) .
phoramidite techniques (Usman et al., 1987). Hammerhead Meéasurement of Equilibrium Dissociation Constant for the
ribozymes 8 and 16 were preparedibyitro transcription E-S Complexes.The equilibrium dissociation constant for

from synthetic DNA templates using T7 RNA polymerase the complex between E8 and substrate S8G was measured
(Milligan et al., 1987). RNAs were purified by electro- using nondenaturing gel electrophoresis with some modifica-
phoresis on 20% polyacrylamide gels contagnihM urea, tion of the method of Pyle et al. (1990) described by Fedor
visualized by UV shadowing, cut out, eluted, and desalted @1d Uhlenbeck (1992). Trace amounts (picomolar) ‘ef 5
using a C-18 column (Scaringe et al., 1990). Substrate RN As P-labeled substrate were mixed with a series of 15 ribozyme

were labeled at their'Sermini using p-*PJATP and T4  concentrations ranging from 0.01 nM to 181 in 50 mM
polynucleotide kinase. Tris-HCI, pH 7.5, in an 1&L sample volume. After heating

for 1.5 min at 90°C, solutions were slowly cooled down to
25 °C, and 2uL of 100 mM MgCkL was added to give a
é‘inal concentration of 10 mM MgGl The resulting solutions
were then incubated at 2% for 18 h. Two microliters of
5% sucrose, 0.02% bromophenol blue, and xylene cyanol
was added to each sample prior to loading onto a 15%
polyacrylamide native gel. Electrophoresis and determina-
tion of Ky were performed as previously described (Fedor
& Uhlenbeck, 1992). Equilibrium dissociation constants of
E8C3U with substrates S8C, S8A, S8U, and S8G were
measured by the same protocol except Pipes, pH 6.5, was

Cleavage Reactions.Single-turnover experiments with
ribozyme in excess (5562000 nM) and tracé?P-labeled
substrate were used to determine the rate constant for th
cleavage reaction (Hertel et al., 1994). Most cleavage
reactions were carried out in 50 mM Tris-HCI, pH 7.5, 10
mM MgCl,, and 25°C, as described previously (Fedor &
Uhlenbeck, 1990). The ribozyme and substrate were first
annealed together in Tris-HCI buffer by heating at @D
for 1.5 min and slowly cooling down to room temperature.
Reactions were initiated by adding MgCto a final
concentration of 10 mM. Aliquots (&L) were removed at
appropriate intervals and quenched withd0of denaturing used as a buffer. i
quench buffer containing 90% (v/v) formamide, 50 mM Each cleavage rate constant report here is an average of
EDTA, and 0.05% bromphenol blue and xylene cyanol dyes. at Ie.a}st.three' measurements which varied by less than 20%.
Product separation, identification, and quantitation were done EQuilibrium dissociation constant&) reported are also the
as described in Hertel et al. (1994). The experiments 2Ve€rage of three independent experiments with a standard
measuring the cleavage rate as a function of temperature wer&€viation of less than 2-fold.
performed in 50 mM Hepes buffer, and the pH was adjusted
to 7.5 at each temperature.

The inhibition of S8C cleavage by S8G was measured at Two well-characterized hammerheads, HH8 and HH16,
concentrations of S8G from 0 to 500 nM, a trace concentra- were used to examine the effects of changing the nucleotide
tion of labeled S8C, and subsaturating (10 nM) ribozyme. at position 17 on the cleavage pathway. The sequences of

RESULTS
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A A . R MR oy’ Table 1: Kinetic Parameters for HH8 Cleavage
P o & .. p— l?..:'(‘ residue 17 Keat (Min~1) K (nM)
c=¢  cTC PR g—:‘,‘,‘ C 1.4 50
( -‘\. g__:",1. Helix I Geee A U:(.'Hem 1 A 0.7 300
AereG NGO :“:(1 \g.l__.(l U 0.3 57
NREASL PR L G 4.3% 10752 2
B ) — .U
_— ‘\_g G " EJ_? Gs a Cleavage rate at 2ZM ribozyme.® K4 value obtained in Figure 3.
U—a —
U—ap U A
G Helix I =G
"5 c—g of kear andKy for the C17, A17, and U17 substrates could
‘S, be obtained from EadieHofstee plots (Table 1). Both the
HHs e keat (1.4 mir2) andKy, (50 nM) values for the C17 substrate
B ks EPI+P2 .k, were in close agreement with those previously reported
. ) % N (Fedor & Uhlenbeck, 1992). The A17 substrate had only a
E + S ?1 ES kzz EPIP2 E +Pl + P2 slightly lower value ok.,than the C17 substrate, but a 6-fold
! ' N k% greateiKy. In contrast, the U17 substrate had a 5-fold slower
7N EP2+PL ke keatthan the C17 substrate, but the same valuifgpr The

FIGURE 2. (A) Secondary structures of hammerhead 8 (HH8) and G17 substrate cleaved extremely slowly, making it impos-

hammerhead 16 (HH16) arranged in a format that reflects the crystalgjp|e to obtain an accuralg, value. At high concentrations
structure. The stems and residues are numbered according to thef ib h the other th : bstrat turated
standard nomenclature (Hertel et al., 1992). The cleavage site isO! rbozyme, where the other three substrales are saturated,

indicated by the arrow. (B) Minimal kinetic mechanism for the the cleavage rate of the G17 substrate of HH8 wasy°
intermolecular hammerhead cleavage reaction which consists ofmin~*. Whereas cleavage of the G17 substrate is at the
substrate (S) binding to the ribozyme (E), chemistry of the correct site, the rate is only about 10-fold faster than the

phosphodiester bond cleavadg)( and two pathways of product i i
(PL. P2) release. The equilibrium dissociation constgtdf the rate of nonspecific RNA cleavage under these conditions

fibozyme-substrate complex (ES) and the internal equilibrium (Hertel et al., 1996).
(Keg™) between the ES and the ribozymgroduct complex (EP1P2) Two independent methods were used to obtain the binding
are equal tk-y/k; andka/k-, respectively. affinity of the inactive G17 substrate to the ribozyme. In
the first, theKq was measured directly using nondenaturing
both hammerheads (Figure 2A) are identical in their central ge| e|ectr0phoresis (Py|e et a|_, 1990) KA= 2.0 nM was
core and in stemloop II, but differ in the length and  obtained for the G17 substrate by fitting data from a series
sequence of helix I and helix Il that join the longer ribozyme  of ribozyme concentrations (Figure 3A). In the second
oligonucleotide to the shorter substrate oligonucleotide. A method, the inhibition of the rate of cleavage of the C17
minimal kinetic mechanism for intermolecular hammerhead sybstrate by the G17 substrate was determined. As shown
cleavage (Figure 2B) involves the binding of the substrate in Figure 3B, the fraction of inhibition could be plotted as a
oligonucleotide to the ribozyme through intermolecular base function of competitor concentration and fit to a binding
pairing, the reversible cleavage step, and two pathways forcurve. The resulting value df;, = 1.9 nM for the G17
the release of the two products. The short stems of HH8 substrate is in close agreement with #gdetermination.
result in a rate of substrate dissociatidn,j that is much Thus, the hammerhead substratetwét G at thecleavage
faster than the cleavage ratg)((Fedor & Uhlenbeck, 1992).  site is inactive, but binds the ribozyme more tightly than
Consequently, th&y of HH8 is equal tdk-1/k; or theK of the active substrates.
substrate binding. HH16 has sufficiently long stems thatthe |4 order to test whether the variability in the cleavage
reaction products remain stably bound to the ribozyme after properties observed among the N17 substrates is due to the
cleavage (Hertel et al., 1994). This permits determination interaction of N17 with C3, the cytidine 3 residue in HH8
of the reverse cleavage rate {) and the internal equilibrium  \as mutated to a uridine (HH8C3U), and the cleavage
constant Keg™ = ka/k-2) (Hertel & Uhlenbeck, 1995; Long  properties of the four N17 substrates were investigated. Since
etal., 1995). Since product binding is too weak in HH8 t0 the C3U hammerheads were not very active, it was not
obtain Keqlm and substrate blndlng in HH16 is too tlght to possib|e to determine accuratey values by using Eadie
obtain Kq, it is not possible to use a single ribozyme  Hofstee methods, so cleavage rates were determined at a
substrate pair to obtain data for both the substrate binding saturating ribozyme concentration and binding constants were
and cleavage equilibria. However, since the value&0f  measured by native gel techniques. The rates of cleavage
for both HH8 and HH16 are very similar to one another of the C, U, and A substrates with the C3U ribozyme (Table
under a variety of buffer conditions (Dahm & Uhlenbeck, 2) were about 3000-fold less than the wild-type ribozyme;
1990; Dahm et al., 1993; Clouet-d'Orval et al., 1995; Hertel however, the relative order of cleavage was similar, with C
& Uhlenbeck, 1995; Stage et al., 1995), they are likely to and A somewnhat faster than U. The G substrate remains
react identically, making it reasonable to use them togethernearly totally inactive. These data indicate that the differ-
to deduce the effects of the cleavage site nucleotide on theences in C|eavage rates observed among the different N17
energetics of the reaction pathway. Most of the reactions sypstrates are not due to the identity of C3, but that C3 has
were performed under “standard” hammerhead cleavagean important role in the cleavage mechanism.
conditions of 50 mM Tris-HCI, pH 7.5, 10 mM Mgght The substrate binding affinities of the four N17 substrates
25°C. to the C3U ribozyme were determined by using nondena-
Cleavage rates for the four N17 substrates of HH8 were turing gels. As shown in Table 2, the C17 and G17
determined by using a low concentration 8P-labeled substrates bind the C3U ribozyme with affinities quite similar
substrate and a series of ribozyme concentrations. Valuego those observed with the wild-type ribozyme. Presumably,
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A Concentration of E8 > Table 3: Cleavage Rate and Internal Equilibrium Constant of HH16
residue 17 k2? (min~Y) Ked™
C 0.9 100
A 0.4 120
U 0.07 120
G 1x10° 18°

aRate at 1uM ribozyme.? Estimated from the relative binding
affinities of P1(G) and P1(C) (see text).

Table 4: Activation Parameters for Hammerhead 16 Variants

0.6 1 hammer-  E, AH* AS TAS AG*
] head (kcal/mol) (kcal/mol) [cal/(moldeg)] (kcal/mol) (kcal/mol)

. Cil7 183+1.2 17.7+10 -82+15 -244+04 20.1+1.0
0.4 1 Al7 19.3+09 18.8+08 —-53+1.0 -1.54+0.3 20.3+0.9
Uul7 22.1+1.0 226+ 1.1 0.6+ 1.0 0.2+0.3 21.4+1.0

Fraction bound

T(°C)
40 30 21 13 5

Y R B
N

0.01 0.1 1 10 100 1F

obs)

In(k
-

5L °N

Fraction inhibition

0.0032 0.0033 0.0034 0.0035 0.0036
1/T (K™

Ficure 4: Temperature dependence of the rate constants of S16C,
S16A, and S16U. Slopes of the Arrhenius plots of S1@F; §16A

(d), and S16U Q) give the values of activation enerdgy,, of the
cleavage reactions (Table 4).

0 d—erer®

0.01 0.1 1 10 100 1000
S8 (G17) (nM)

Ficure 3: (A) Determination of théy of the EBS(G17) complex (SantaLucia et al., 1991; Baeyens et al., 1995; Wu et al.,

by native gel electrophoresis. Autoradiogram of the gel separating . : :
labeled substrate from complex (top) is quantitated and fit to a 1995; Wahl et al., 1996). Thus, although it appears quite

simple binding equilibrium with aKs = 2 nM (bottom). (B) ~ Possible to obtain binding energy of certain NiN3
Inhibition of HH8 by S(G17). At each S(G17) concentration, the combinations, it is quite variable and shows little relation to
_cleav_e_lge ratekgn,9 of HH8 was determined_and the fractic_)n of the ability of the hammerhead to cleave.
lznohrlr?ltgt)irt]iv((la ;hlibi_tigr(\m\)/ﬁngcﬂCT%ti?\)l The line assumes simple  The four N17 substrates of HH16 were used to verify the
P e ' cleavage rate and determine the internal equilibrium. The
Table 2: Cleavage Rates and Substrate Dissociation Constants of cleavage rates were .determmEd V\."th trét?@-labeled
HH8C3U substrate and a saturating concentration of ribozyme (Table
3). The cleavage rate for the C17 substrate (0.9 fiis

i a in—1 b

residue 17 Koue? (min 4) Kd (M) in good agreement with that obtained previously (Hertel et
c 4.7x 107 40 al., 1994). Although the absolute rates of all four HH16
A 3.8x 10 3 . g ;
U 1.1x 104 5 substrates are slightly slower than for HH8, their relative
G 2.6x 1075 4 rates are virtually the same, indicating that the effect of the

aCleavage rate obtained at 2M ribozyme.® Measured with cleavage site nucleotide is likely to be the same for both
nondenaturing gels. hammerheads.
One advantage of the longer helices in HH16 is that they
the continued tight binding of the G17 substrate is due to permit measurement of the cleavage rate over a broader range
the formation of a G17#U3 pair, whereas any energy derived of temperature than is convenient with HH8. Arrhenius plots
from a C3-C17 pair is not significantly different from that  (Figure 4) for the C, U, and A substrates of HH16 were
derived from a U3-C17 pair. In contrast, the A17 and U17 obtained from data between 4 and 26. These permit
substrates bind the C3U ribozyme 100-fold and 30-fold more calculation of the values foAH* and AS" at 25°C (Table
tightly than to the wild-type ribozyme. This additional 4). The values obtained for the C17 substrate are slightly
binding energy is presumably due to the formation of the different from those reported previously (Hertel & Uhlen-
A17—U3 pair and the relatively stable U3 mismatch beck, 1995), but are believed to be more accurate since the
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Ficure 5: P1(C17) @, solid line) and P1(G17)C, dotted line)
binding to E16P2 determined by native gel electrophoresis. The
lines are best fits to binding curves and correspon&¢c= 0.6

nM for P1(C17) anKy = 0.08 nM for P1(G17).

Baidya and Uhlenbeck

AG (kcal/mol)

G

-104

asl

Ficure 6: Composite free energy diagrams for hammerhead
cleavage reactions with different nucleotides at position 17. A
standard statefal M free substrate and ribozyme at 288is
assumed to be the same for each hammerh&ég,s = —RTIn

Ke.s for HH8, AGjy = —RT In Ked for HH16, andAG* = —RT

In (khksT) wherek is the average df, values for HH8 and HH16.
Dotted lines represent the substrate which contains C at the cleavage
site.

A useful way to summarize the hammerhead reaction

buffer was adjusted to pH 7.5 at each temperature rather tharPathway is with a free energy diagram of the reaction

correcting the cleavage rates for temperature-dependent pHeoordinate. Since the data were obtained using two different
changes of the buffer as was done previously. There is little hammerheads, the diagrams for each N17 mutation shown
difference between the activation parameters for the C17 andin Figure 6 are composites. They summarize three measure-
A17 substrates, and the slower U17 substrate is characterizednents of free energy changes that relate the different states

by a greateAH* and AS".

The internal equilibrium constants of the C, A, and U

substrates were determined in reactions containing saturatindn
ribozyme, a small excess of P2, and a trace concentration of®

each labeled P1. The internal equilibrium constaqtT)

is the ratio of product to ligated substrate at equilibrium
(Hertel et al., 1994; Hertel & Uhlenbeck, 1995). In all these
cases, the value dfeJ™ was virtually identical, with the
formation of products favored over substrate by a factor of
about 100.

The slow cleavage rate of the G17 substrate makes it
impossible to determin&eJ™ since nonspecific cleavage
would occur during the 5 half-lives (240 days) needed to
reach equilibrium. Since tighter substrate binding was
observed with the G17 substrate of HH8, it was of interest
to see whether tighter binding of the P1 product could be
observed with HH16. A nondenaturing gel method was used
to determine the affinity of P1 (C17) and P1 (G17) to the
ribozyme-P2 complex. As shown in Figure 5, the affinity
of the G17 productq = 0.08 nM) was significantly more
stable than the C17 produdf{= 0.6 nM), suggesting that
the G17#C3 pair also can form in the cleaved complex.
Thus, P1 (G17) is only 1 kcal/mol more stable than P1 (C17)
while the G17 substrate is 2 kcal/mol more stable than the
C17 substrate (Table 1). This result suggests N@&f; for
the G17 substrate is 1 kcal/mol less than the other three
substrates, which would correspond t&a™ = 18 instead
of 100.

DISCUSSION

Two hammerheads with identical catalytic cores and
different helix lengths were used to evaluate the effect of
mutations at two critical positions in the molecule. This

in the reaction pathway. The free energy of substrate
binding, AGg.s, is obtained from theKy or K4 of HH8
utants. The free energy difference between uncleaved and
leaved hammerheadyG;;, is obtained from the internal
equilibrium of HH16 mutants. Finally, the free energy of
the transition stateAG*, is calculated from the average of
the very similark, values of the two hammerheads. It is
striking that each N17 mutation affects the reaction pathway
quite differently. If the C17 hammerhead is used as a basis
of comparison, the U17 mutation increases the transition state
energy by about 1 kcal/mol, but has no effect on substrate
binding or the internal equilibrium. In contrast, the Al7
substrate binds weaker than the C17 substrate, but the relative
free energy of the transition state and the product remains
the same for both. The G17 mutation is the most compli-
cated since it shows about 2 kcal/mol tighter binding and a
4.3 kcal/mol higher transition state. It was not possible to
obtain aAGiy for G17, but it can be estimated from the
binding of P1 to EP2 and is perhaps slightly different than
the others. This involved picture of the consequences of
mutating a single position with different residues is not
unexpected for a biochemical catalyst. Similar results are
often observed with protein enzymes. For example, when
the identity of the amino acid adjacent to the cleavage site
of collagenase is modified, eithéfy or k. is changed,
depending upon the amino acid that is inserted (Tsu & Craik,
1996). Similarly, different mutations of an active site residue
in thymidylate synthase can pertuly, or k., differently
(Carreras & Santi, 1995). The results clearly emphasize the
importance of examining a spectrum of mutations and
evaluating the complete pathway before activity data are
related to a structure.

Both available X-ray crystal structures of the hammerhead
are enzyme-inhibitor complexes since the attacking- 2

strategy was necessary because it is not possible to obtairhydroxyl has been altered to either a hydrogen (Pley et al.,

both accurate substrate binding affinity and the rate of
ligation with the same hammerhead. Since both ham-
merheads cleave at virtually the same rate in a variety of
reaction conditions, they appear to be catalytically identical,
so their joint use to study mutations is justified.

1994) or a 20-methyl (Scott et al., 1995). The assumption
that these structures closely resemble ai$ Eomplex
(McKay, 1996) has recently been supported by the observa-
tion that an all-RNA version of one of the hammerheads
has an identical structure when crystallized in the absence
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of divalent ion (W. Scott, personal communication). Thus, of additional binding energy in the hammerhead transition
the value of AGg.s, the energy of formation of the-B state has been proposed based upon a kinetic and thermo-
complex, is expected to be the parameter most easilydynamic analysis of a series of truncated variants of HH16
correlated with the crystal structureAGe.s reflects the (Hertel et al., 1996). Presumably, the 1 kcal/mol difference
energy of formation of helices | and Ill as well as any in binding energy in the transition state is due to the
energetic contribution of formation of the catalytic core, nitrogen-3 and exocyclic amino functional groups of cytidine
including the C3-C17 interaction. as well as its comparatively larger dipole. The precise

Although it is difficult to account for all the factors that identification of all the functional groups in the cytidine ring
contribute to the magnitude &Ge., it is easier to interpret responsible for transition state stabilization awaits experi-
differences inAGe.s between the eight N3N17 combina- ments with modified nucleotides at this position.
tions that were tested. Since the most stable combinations The cleavage properties of the G17 substrate are more
involved either a base pair (€317 and U3-Al7), a complicated. As discussed above, the ground state of the
wobble pair (U3-G17), or a mismatched pair that is reported G17 sqbstrate is stablllzed_ about 2 kcal/mol by the proposed
to be quite stable (U3U17) (SantaLucia et al., 1991; formation of a G17C3 pair. However, the cleavage rate
Baeyens et al., 1995; Wu et al., 1995; Wahl et al., 1996), it of the G17 substrate is much too slow to simply be explained
seems clear that a certain amount of stabilization energy mayPy the need to break this pair before the transition state is
be contributed by the N3N17 interaction. However, the reached. As shown in Figure 6, the transition state of the
C3—C17 combination present in the crystal structure, as well G17 substrate is about 3 kcal/mol higher in energy than that
as the U3-C17 and C3-U17 combinations, bound with ~ Of C17 and not far from the transition state of the uncatalyzed
affinities about 1 kcal/mol weaker than the four most stable rate of cleavage. Presumably, the guanosine is unable to
pairs. The only available thermodynamic data that can be make all the contacts necessary to stabilize the transition
used to put these results into any context are the values forState, or it is more difficult to reach the transition state
the free energy contribution of various base combinations Structure due to a steric constraint. _ _
at the end of an RNA helix (Freier et al., 1986). Although ~ The Al7 substrate is perhaps the most interesting. The 1
such terminal pairs are likely to be under quite different kcal/mol weaker substrate binding does not result in a faster

thermodynamic constraints than the N817 pair in the cleavage rate. In contrastto U17 and G17, the cleavage rate
hammerhead, it is interesting that a terminal base pair will Of the A17 substrate is essentially the same as C17. These

stabilize the adjacent helix by-3 kcal/mol, while the G-C, results suggest that both the ground state and transition state
U—C, and C-U mismatches stabilize the helix by about 1 Structures of the A17 substrate are not the same as the C17
kcal/mol. Thus, the binding increments in the hammerhead Substrate. In other words, the reaction pathway of the A17

do not seem to be Very different than a terminal pair_ SubStl’ate iS thermodynamica"y different from the C1l7
substrate. X-ray crystallographic and NMR experiments will

be useful to determine whether any structural differences
exist in the ground state. An analysis of the cleavage rate
of purine analogues may be informative in identifying the
functional groups responsible for the large differences
between the A and G reactions.

The free energy termAGy, reflects thermodynamic
differences between the & and EP complexes and, for the
C17 substrate, greatly favors cleavage. Several different
factors are believed to contribute A& including a change
in the relative affinity of one or more metal ions to the two
states and an increased flexibility after cleavage (Hertel &

If the absolute contribution of the G317 interaction to
AGes is indeed in the neighborhood of 1 kcal/mol, the
energetic cost of disrupting this interaction to reach an active
conformation is not very large. Thus, even a mechanism as
extreme as that proposed by Pley et al. (1994), where C17
is rotated nearly 180from its position in the crystal structure,
cannot be excluded on thermodynamic grounds. This model
not only results in amn-line configuration of the attacking
and leaving oxygens but also places the cleavage site in
proximity to C3, a residue that is clearly important for
catalysis. Other models which involve less extreme disrup-

tions of the C3-C17 interaction (Scott et al., 1995; Setlik . - .
et al., 1995) are, of course, alscg compatible with the data. Uhlenbeck, 1.995’ Lo_ng_et al., 1995). I_nterestmgly, d_esplte
_ o ) large effects in the binding and catalysis steps, there is little
The exceptionally weak binding of the €17 pair  or ng effect of changing the cleavage site nucleotida Gi.
deserves special mention. Sint&e.s for this is more than In the case of C, U, and A, whe&G,,, can be obtained
2 kcal/mol weaker than either of the NBI17 base pairs directly, it remains the same. The value &6y for the
and weaker than expected for a terminal mismatch, it appearsg 17 variant appears to favor ligation somewhat more than
that this combination is particularly detrimental in the the others, but the value is obtained indirectly, and this may
hammerhead structure. Perhaps the larger adenosine ringead to increased error in the value. Therefore, it appears
cannot be accommodated in position 17 without forming a that metal ion binding, flexibility, and other factors that
disruptive contact with C3 or a neighboring functional group. influence AG;y may not involve the residue at position 17.
As a result of this potential interaction, the position of A17 |, summary, kinetic and thermodynamic methods were
may be_shifte_d to an environment where less stabilization applied to investigate the effects of hammerhead mutations
energy is available. on the cleavage reaction. In the current study, only three
In general, changing the residue at position 17 affects the mutations at a single nucleotide position were examined.
cleavage rate quite differently than it affects substrate However, this approach is applicable to any mutation in the
binding. When the U17 substrate is compared to the C17 hammerhead. It is clear from the limited data that the
substrate, there is no difference in the substrate bindingstructural requirements of the substrate binding, catalysis,
energy, but the cleavage rate is-B0-fold slower. This and internal equilibrium steps are quite different. In order
finding suggests that the cytidine ring can stabilize the to relate the data to the crystal structure of the hammerhead,
transition state in a way that uridine cannot. The availability with the ultimate goal of understanding the cleavage mech-
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anism, more sophisticated atomic substitution of the cleavageKoizumi, M., Hayase, Y., Iwal, S., Kamiya, H., Inoue, H., &

site nucleotide will be needed, together with additional
structural studies.
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