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ABSTRACT. The free energy of substrate binding to the hammerhead ribozyme was compared for 10 different
hammerheads that differed in the length and sequence of their substrate recognition helices. These
hammerheads were selected because neither ribozyme nor substrate oligonucleotide formed detectable
alternate secondary structures. The observed free energies of binding varied 8raom-24 kcal/mol

and agreed very well with binding energies calculated from the nearest-neighbor free energies if a constant
energetic penalty oAG°¢re = +3.3 + 1 kcal/mol is used for the catalytic core. A set of substrates that
contained a competing hairpin secondary structure showed weaker binding to the ribozyme by an amount
consistent with the predicted free energy for hairpin formation. These thermodynamic conclusions permit
the prediction of substrate binding affinities for ribozyrsubstrate pairs of any helix length and sequence,

and thus, should be very valuable for the rational design of ribozymes directed toward gene inactivation.

In the bimolecular format used for mRNA cleavage (8, 9. This led to the suggestion that the free energy of
experiments, the hammerhead consists of a ribozyme oligo-substrate binding could be described by a constant core
nucleotide of 3545 nucleotides and a 20 nucleotide contribution and a variable helical contribution that depended
substrate sequence that is embedded within a target mMRNAupon the length and sequence of the heli&s However,

(2). The ribozyme hinds its substrate through the formation certain other hammerheads showed unusually weak substrate
of two RNA helices termed helix | and helix Il (Figure 1A).  binding, which was attributed to the formation of alternate
After substrate binding, cleavage occurs at a unique site andconformations or aggregates of the ribozyme and/or substrate
the two product RNAs subsequently dissociate. While oligonucleotides §). This paper attempts to confirm the
numerous successful applications of mMRNA cleavage by original suggestion by examining the substrate binding
hammerhead ribozymes inside cells have been reported, theraffinities of a number of hammerheads that have different
are also many examples where hammerheads were nothelix lengths and sequences and that do not form detectable
effective at cleaving RNA targets either in vivo or in vitro alternate structures. The measured free energies for substrate
(reviewed in refs2—5). A careful kinetic and thermody-  binding are compared to the free energy of an uninterrupted
namic analysis of the hammerhead cleavage reaction shouldRNA helix calculated from the well-established rules for
help to understand the reasons for these disparate observaRNA helix formation @0). In addition, the binding of a
tions. ribozyme to a series of substrates having competing hairpin

This study focuses on the energetics of substrate bindingsecondary structures is determined in order to explore the
to the ribozyme. The formation of the two RNA stems is energetic consequences of reduced substrate accessibility.
expected to stabilize substrate binding in a manner that
depends on the length and sequence of the helices. HowevefMATERIALS AND METHODS
substrate binding also causes the cons_ervgd catalytic COreé RNA Synthesis All ribozyme oligonucleotides were
of the hammerh_ead to assem_ble, resulting in the format'onsynthesized by in vitro transcription with T7 RNA poly-
of a noncanonical ng(le pair {f\—Uis) and several  marase using synthetic DNA templates and purified by gel
hydrogen bonds involving"ydroxyls 6, 7). The energetic  gjectrophoresisd| 11). All substrate oligonucleotides were
contribution of these core interactions to substrate binding chemically synthesized, deprotected, gel-purified, and [5

affinity is unknown; however, it is expected to be similar 32p]-labeled as previously describet?]. RNA concentra-
for all hamm(_arheads. Prev_|ous studles.of several _rlbozyme tions were calculated by assuming a residue extinction
substrate pairs found that ribozymes with long helices bound .y efficient E,e0 = 8500 M cm 2,

their substrates more tightly than those with short helices 15 mmerhead Kinetics and Thermodynamiéd reactions
were performed at 25C in a buffer containing 10 mM
T This work was supported by NIH Grants GM 36944 and Al 30242. MaCl P d 50 mM Tris-HCl K-H buff 9 tbH 7.5
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* Present address: Department of Molecular and Cellular Biology, unless otherwise indicatedk.a: and Kq values were deter-
Harvard University, 7 Divinity Ave., Cambridge, MA 02113. mined by varying the ribozyme concentration with trace

§ Present address: Department of Biological Chemistry and Molec- ; ;
ular Pharmacology, Harvard Medical School, and Department of Cancer labeled substrate as previously descrili), by the protocol

Biology, Dana Farber Cancer Institute, 44 Binney St., Boston, MA th.at uses the additi(?n of Mgg&lo start the reaction8).
02115. Dilution chase experiments to evalu&tg were performed
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Ficure 1: (A) Secondary structure of the hammerhead depicted to reflect the crystal structure and in the format used for mRNA cleavage
experiments. The constant region is enclosed by the box consisting of-ledx Il and the conserved core nucleotides. Helices | and Il

can be of any sequence and length<NA, U, C, or G). The numbers indicate nucleotide positions according to standard nomenclature
(30). (B) Helix I and Ill sequences of the hammerhead ribozymes: HHa8nd HH16-1 are derivatives of HH8 and HH16 where the 3
terminal nucleotide of the substrate is removed. HH2Gleletes two nucleotides.

as previously described 8, 149. To determine the second- experiments. All 10 of these hammerheads were chosen
order rate constank{,/Ky) for S8D and S8E, the rate of because neither the ribozyme nor the substrate oligonucle-
cleavage was observed at 1, 3, 5, or 44 ribozyme 8, otides showed evidence for alternate structures on the basis
<0.2 nM S8D or S8E, KHepes, pH 7.5, 10 mM Mggl of two independent criteria. First, analysis of each oligo-
and 25°C. Ribozyme and substrate oligonucleotides were nucleotide on nondenaturing gels gave a single band between
mixed in Hepes buffer and heated to 95 for 1.5 min to 0.2 nM and 1uM oligonucleotide. Second, kinetic progress
disrupt aggregates. After cooling to 26, the reaction was  curves with saturating ribozyme and trace labeled substrate
initiated by adding magnesium. The reaction rates increasedwent to near completion>90%) and fit a first-order rate
with increasing ribozyme concentration as expectedkaqd equation.

Km was calculated from the relationshig,s = (Keal Km)[R]. Because our interest focused on the affinity of the
Kq values were converted to free energies of substrate bindingribozyme for the substrate, all experiments were performed
by the relationshipAG°e.s = RTIn Kg. with a large excess of ribozyme over the substrate so that

Nondenaturing gels were used to evaluate the extent thatonly the binding and cleavage and not the product release
substrates S8AS8E formed dimers as a function of steps of the reaction were considered. Thus, a simple two-
concentration. [5°%P]-Labeled oligonucleotide was mixed step reaction pathway describes the mechanism of ham-
with nonradioactive oligonucleotide in 50 mM Tris-HCI, pH merhead cleavage (Scheme 1).

7.5, to give final concentrations from 5 nM to 0.015 nM in

avolume of L. The RNAs were heated at 9& for 1.5 ~ Scheme 1

min and cooled to 28C prior to the addition of kL of 0.1 K K,

M MgCl,. After incubation at 25C for 15-25 min, 2uL E+ Sk-: E~Sk= E-P1LP2

of 30% glycerol and dyes was added to each sample. o -

Reactions were loaded on a 15% acrylamide/50 mM-Tris Despite this simplification, the method for determination
acetate, pH 7.5/10 mM Mgggel at 25°C and run overnight o K, = k_,/k, depends on the kinetic properties of the
in the cold room. The fraction dimer at each substrate j,gividual ribozyme tested. Ik_; is much faster thatk,

concentra_tion was quantitated by a Molecular Dynamics Kq can be obtained by measuring the rate of cleavage as a
Phosphorimager. function of ribozyme concentratiol3, 16. If k-, is not
RESULTS faster thark,, another m_ethod for determinir§y must be
used. To evaluate the difference betw&enandk; for each
Determination of ki Values. The sequences of stem hammerhead, a dilution partitioning experiment was used
loop Il and domain | and Il are identical for all hammerheads (14). Becausek-; for HH7, HH8, HH8-1, HH8.1, HH9,
described in this work and most of those described elsewhereand HH15-2 were found to be fast comparediko Ky could
Therefore, this region will be referred to as the core. The be determined from the ribozyme saturation experiment
nucleotide at the cleavage site (position 17) for all substrates(Table 1). For HH6Kk -1 was measured directly from the
tested was cytosine. However, this position can be varied partitioning experiment to be 0.6 mih TheKj value was
and those effects on substrate binding are described elsewherthen calculated from the experimentally determirgg of
(15). The sequences of helices | and Ill for the 10 different 46 nM andKy = (k; + k-1)/k;. For HH16, HH16-1, and
hammerheads studied in this work are shown in Figure 1B. HH16—2, K4 was calculated indirectly from the internal
Their helix lengths varied from 8 to 16 base pairs, which equilibrium, the product binding equilibria, and the overall
covered the range typically used for mRNA cleavage reaction equilibrium&). As shown in Table 1, thEy values
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Table 1. Cleavage Properties of Hammerhéads 57 ‘ ‘ ‘ . 5
ko Ka AG"E.s(expt) AG®helix 0
hammerhead (min~?) (nM) (kcal/mol)  (kcal/mol) 1
HH6 1.5 13 —10.8 —135 5
HH7 0.4 400 —-8.7 —-11.6 =
HH8P 1.3 41 -10.0 -12.3 £ 1
HH8—-1 1.4 2700 —7.6 —-10.4 ]
HH8.1 0.4 5000 -7.2 -9.1 <]
HH9® 15 160 -9.2 -12.2 : BT
HH15-2 1.0 700 —8.4 —-12.4 2 1
HH16° 1.0 4x 107° —23.8 —28.3 20
HH16—1d 1.0 5.3x 10°° —19.4 —23.8
HH16—2d 0.7 2.6x 10 —-17.1 -21.7 25+
a All experiments were performed at 10 mM MgGind 50 mM 1
Hepes or Pipes buffer, pH 7.5 at 28, except for HH8.1, which was 0
measured at pH 6.:AG°e.s = RTIn Kg. AG°heix Was obtained from
the free energy values in Freier et al0). P Data from Fedor and AG, - keal/mol
c d
thglfnbeCk’ 9). ¢ Data from Hertel et al.g).  Data from Hertel et al. Ficure 2: Correlation between the measured free energy of

substrate bindindAG°e.s(expt) and the free energy of RNA helix
formation (AG°heiix). The line has a slope of 1 and an intercept of
for the 10 hammerheads vary over a range 6f,1<panning +3.1 kcal/mol, which is equal tAG°¢ore

nearly the entire range that is experimentally accessible. ) ]

WeakerKq values would require inconveniently high con- for hammerheads with any helix length or sequence can be

centrations of oligonucleotides, and tightesvalues would ~ Predicted from the calculatetiG°heix and a value fonG® core
involve product helices so long that their affinities could not Of +3.3+ 1 kcal/mol. Because all of the hammerheads used

be accurately determined by native gel methods. to establish this correlation (Figure 2) are kinetically well
Correlation of Measured ¥ to Predicted ValuesThe ~ behaved, the prediction oAG°es values for new ham-

free energy of substrate binding for each hammerhead canMerheads are based on the assumption that they do not form

also be estimated by using the thermodynamic principles foral_ternate structures. If either the ribozyme or substrate

RNA folding summarized by Turner and co-workefk{ oligonucleotides for a new hammerhead have alternate

17, 18. In this case, the free energy of substrate bintling Structures, _the experlmentAIGf’E.s will be It_ass favorable

is equal to the sum of the favorable contribution of helix | (more positive) than that predicted from Figure 2.

and helix 11l (AG°hei) and the contribution of the catalytic Effects of Substrate Structure on Ciege Efficiency.To
core (AG°ord according to eq 1.AG%ix was calculated  test whether the presence of alternate structures can lead to

from the sum of a single bimolecular initiation penaltyG®, such a difference between the calculated and experimental
= +3.2 kcal/mol), the free energies for helix | and helix Il Values ofAG’es, the cleavage properties of a series of five
of each hammerhead G°) calculated from the empirically ~ Substrates for ribozyme 8 were examined. Each substrate
determined free energies for base pairing, and the free energyVas extended at its' ®nd such that an RNA hairpin could

contribution for any 3or 5 dangling nucleotidesXG®uangid form and therefore interfere with binding to the ribozyme
according to eq 2. (Figure 3). The calculated free energy of formation for each
of the hairpins indicated that the S8A and S8B hairpins were

AG°c.g(calc)= AG° .o+ AG gy (1) not likely to be stable at 25C and that S8C, S8D, and S8E

formed increasingly stable secondary structures (Table 2).
AG®gjix = AG® + AG®\\ + AGyangle (2 Although these oligonucleotides could also potentially form

dimers (or larger aggregates), analysis on nondenaturing gels
The calculated values afG°,jix for the 10 hammerheads indicated that at concentrations of 1 nM for S8C and 0.2
are summarized in Table 1 and are graphically compared tonM for S8D and S8E, only monomers were detected (data
the experimental valuesAG°e.s(expt)] in Figure 2. Very not shown). The binding affinities of the five substrates to
good correlation is observed, giving a slope close to 1 and the ribozyme oligonucleotide were therefore determined with
ay-intercept of 3.1 kcal/mol. The slope of 1 clearly supports radiolabeled substrate below the dimerization concentration.
the idea that changes in hammerhead substrate affinity areBecausek-; is faster thank, for HH8, the substrate
due to differences in the free energy of helix formation. The dissociation constants for the hairpin substrates are also
y-intercept is the free energy penalty of interrupting the expected to be faster thda. As shown in Table 2, the
semicontinuous-+lll helix with the core nucleotide\G°core cleavage properties of S8A and S8B were found to be
= 3.1 kcal/mol. The-intercept value oAG°¢oe= 3.1 kcal/ virtually identical to S8 at both saturating and subsaturating
mol is in very good agreement with the average value of concentrations of ribozyme, consistent with the prediction
AG°0re = 3.3 + 1 kcal/mol derived from the individual that the corresponding hairpins do not form significantly at
AG°cre Values (Table 1). the reaction conditions.

The excellent correlation between the experimental and In contrast to S8A and S8B, cleavage rates of S88E
calculated values of hammerhead substrate binding energiesvere greatly reduced at ribozyme concentrations sufficient
shown in Figure 2 suggests that substrate binding energiedo saturate the shorter substrates, suggesting that the forma-
tion of the hairpins impeded cleavage. In the case of S8C,

LAll free energies discussed in this paper are at°@5unless complete cleavage of the substrate can be observed at longer
mentioned. incubation times and sufficiently high ribozyme concentra-
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Ficure 3: (A) Hammerhead 8 (HH8) with its unstructured substrate oligonucleotide in outlined type. (B) Five elongated versions of
substrate 8 that contain potential intramolecular hairpin secondary structures. Outlined letters indicate the substrate 8 sequence.

It is clear from the data in Table 2 that, as expected, the

Table 2: Effect of Substrate Structure on Cleavage Properties A ot -
substrate binding affinity decreased dramatically as the

Substrate(mkﬁ]all) (m) A(f;gﬁ(rﬁgﬁt) (ﬁg{}?ﬁﬁ;j‘) A(Eggﬁgﬁg:;:) stability of the hairpin increased. For example, increasing
S8 14 5B o9 Y the stability of the hairpin by a single base pair between S8B
S8A 12 38 101 >0 99 and S8C increased th&y approximately 50-fold from 52
S8B 1.3 52 ” -9.9 >0 -9.9 nM to 2.4uM. These measured affinities can be compared
ssc 04  24x 1 -7.6 -1.5 -8.4 i i icti i

80 04) 2% 10Pc e Py 39 t(r)] a theﬂ_rst_lcal tgermodynam_lc pr_edlctt_]lo_n by asiumlng tr|1_|at
S8E (04) 46c10°¢ 18 77 55 the equilibrium between an inactive hairpin substrate (H)

and an active single-stranded substrate (S) is directly coupled

a Experiments were performed in 10 mM Mg@Ind 50 mM Hepes to the ribozyme binding equilibrium (Scheme 2)

buffer, pH 7.5 at 25C. AG°e.g(expt)= RTIn Kg. AG°hairpin Calculated
from free energy ruleslQ) assumingAG®|q0p = +5.5 kcal/mol at 298
K. AG°e.s(calc) = —9.9 kcal/mol— AG®haipin ° Data from Fedor and ~ Scheme 2

Uhlenbeck 13). ¢ Calculated from experimental second-order rate AG°E-S

constant assuminiga; = 0.4 mirr2, E+S E-S
AG? hairpin L
tions. Reasonably accurate valueskgf = 0.4 min* and H
Kg = 2.4 uM were obtained with a series of ribozyme
concentrations up to 1@M. Thus, the poor cleavage If this is the case, the free energy of substrate binding for

efficiency of S8C is primarily due to weaker substrate @ hairpin substrate can be estimated by subtracting the value
binding, presumably because of the competing hairpin Of AG’hairpin Calculated from the free energy rules of hairpin
secondary structure. In the case of S8D and S8E, cleavagdormation (0) from the AG®es of S8. As shown in Table
rates were much slower but increased proportionally with 2, the estimated values for binding of the hairpin substrates
increasing ribozyme concentration. Although high extents to the ribozyme AG°e.s(calc)] agree quite well with those
of cleavage of S8D could be observed at high ribozyme determined experimentalfy.Thus, it appears that a simple
concentration and long incubation times, it was not possible
to reach saturation for either substrate. At the highest 2 AG°hapin was calculated with a thermodynamic penalty-i.5

. ' . kcal/mol reported for a four-base hairpin loop at°&7 (10). Initiation

1
were 0'003_ min* for S8D and 0.00013 mirt for S8E, free energies for hairpins depend on loop sequence and can vary
corresponding to apparent second-order rate constants of 2.@Qubstantially. For example, if one uses a more recent average value for
x 1 M~tmin~tand 8.7 M min~%, respectively. Forthe  four base hairpin loops of3.9 kcal/mol (8), the absolute agreement
purposes of Table 2, the valueskd were calculated from between experimental and calculat®@°e.s in Table 2 would be less
’ . accurate. However, the calculated incremental free energy differences

the measured second-order rate constants by assuming thgeween the substrates of varying length would continue to agree well
samekqyt (0.4 mint) observed for S8C. with the experimental data.
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thermodynamic competition model adequately explains the and the known kinetic properties of RNA helix formation

lower cleavage efficiency of the hairpin substrates. and dissociation. The hammerhead kinetic scheme is defined
in three phases, substrate binding to the ribozyme, the
DISCUSSION chemical cleavageligation step, and the product release

o steps 13). The data presented here show that the substrate
_The free energy of substrate binding by the hammerheady,;qing equilibrium is dominated by the free energy for
ribozyme correlates well with the values estimated from the t5mation of helix | and helix Ill. Because the rate constant

formation of the two substrate binding arms calculated by ¢, g bstrate associatiors (13 is very similar to that

the nearest-neighbor freg energy rules. Although the cor- aasured for the formation of short RNA duplexea
relation was expected), it was unclear how well the two 53 itferences in substrate binding affinity between various
data sets would agree quantitatively, considering the Very hammerhead sequences result from changes in the substrate
different methods used to obtain the binding energies. N gissociation rate constant. The cleavatigation step has

the case of the hammerhead, the data were derived fromyeen, the subject of intense investigation in many laboratories.

an_alysis of cleava_ge rate kinetics and frEgmeasurements Although the cleavage rate is dependent on pH, temperature,
using nondenaturing gels. By contrast, the free energy rules,nq givalent metal ion concentration, it is not dependent upon

were derived from absorbaneeemperature profiles of many 1,4 length or sequence of the helic&s 16, 2. Finally

short RNA duplexes. It is important to note that, in both e hroquct release steps, although not yet studied in great
cases, data were only included if the oligonucleotides did jet5j| appear to correlate closely with expected stabilities
not fold into alternate structures. Hammerheads that hads,. RNA helix formation 8, 13. The equilibrium and rate
detectable alternate conformations of the ribozyme oOr constants associated with product release appear to be
substrate were not used in this analysis. Similarly, hel'cesindependent of the hammerhead core and can also be

that Qid not show aII—.or—none melting tr'ansitions were not predicted by nearest-neighbor free energy rules. Thus, it is
considered for deducing the nearest-neighbor free energiesy, g hossible to predict all of the elemental rate constants
Figure 2 illustrates the excellent quantitative agreement o, the hammerhead ribozyme cleavage reaction with reason-
between the two sets of energies. A linear plot with near- 5,6 accuracy for any substrate recognition sequence, pro-

unitary slope is observed over a range of 20 kcal/mol. This \;iqeq that the ribozyme or substrate does not form alternate
correlation is especially remarkable considering that the two ¢t ctures.

data sets were performed in different buffers. The ham- 1,4 ability to predict the kinetic properties of any given

merhead data was determined in low ionic strength and 10y, merhead is valuable for the process of choosing efficient

mM Mg?*", while the nearest-neighbor energies are deter- i,y mes for MRNA cleavage experiments. The value of
mined @ 1 M NaCl. This suggests that the electrostatic AGees for a candidate ribozyme can be measured and

contr_ibut!on to the free_energy is negligiblg in bOth bpffers compared to the calculated value. If the values are not in
and |mpI|e:s that there 'i no thermodynam|cally' significant agreement, it is very likely that either the candidate ribozyme
site for binding of Mg" to the two RNA helices. A o' porate is forming an alternate structure that is weakening
contribution of site-specific Mg to the free energy associ- g qirate binding and thereby reducing the efficacy of the
ated with stemrloap 1l and the_ core remams_posgl_a_lg. ribozyme. The cleavage assay is a preferable alternative to
Another example of close correlation between helix stabilities native gel electrophoresis as a means to detect alternate

determined by a ribozyme assay In a Mgpuffer anq conformations because native gels do not always resolve
calculated from the same nearest-_nelgh_borfree energies haﬁlternate conformations and often do not detect alternate
been reported by Narlikar et allg) in their analysis of the g0 res that exchange rapidly with the native form. As
formation of the substrate binding helix of the group | rq\iewed recently16), the problem of alternate ribozyme
ribozyme. or substrate structures is frequently encountered when new
A uniform unfavorable free energy &f3.3+ 1 kcal/mol ribozymes are tested.
can be aSSiQHEd to the hammerhead core, which interrupts When a ribozyme target sequence is embedded within a
the substrate binding helices. This unfavorable free energyjong RNA, the likelihood is high that it will participate in a
contributes to the stability of the hammerhead ribozyme  secondary structure with some other part of the sequence,
substrate complex. From the perspective of RNA structure potentially reducing its accessibility to the ribozyn2&(26.
prediction, the hammerhead core can be considered as &o analyze this situation, a series of substrates of the well-
highly asymmetric 13 nucleotide internal loop. Estimates characterized hammerhead 8 were prepared that formed
for the free energy of such a loop are greater th@nl kcal/  alternate hairpin secondary structures and as a result were
mol at 37°C (10, 18, a value much more unfavorable than predicted to reduce the ribozymeubstrate binding affinity.
the experimental value 0AG°core Of +3.3 £ 1 kcal/mol. As expected, when the hairpin alternate structure was
Indeed,AG®core more closely reflects the free energy of a thermodynamically stable, substrate binding became weaker.
single bulged nucleotideAG°s7 = +3.9 kcal/mol) or much  |n one case (S8C), it was possible to show that substrate
smaller asymmetric internal loopAG°s; = +3.1-3.6 kcal/  hinding was affected 50-fold by a single additional base pair
mol) (10). Thus, the hammerhead core behaves thermody-while the catalytic step of the reaction was not significantly
namically as if it is a small internal loop, consistent with altered. This clearly illustrates how secondary structure
the observation that most of domain Il of the catalytic core within the target can drama’[ica”y affect C|eavage_
is already formed in the free ribozymz2Q). A simple thermodynamic competition model was used to
The results support the general view that hammerheadpredict the substrate binding affinity of the hairpin substrates.
cleavage kinetics can be understood as a combination of theFor each substrate, the calculated free energy of hairpin
uniform cleavage and ligation properties of the catalytic core formation was subtracted from the valueA®°g.s for HH8
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complexed to its unstructured substrate. As expecteetd 2

kcal/mol incremental increase &XG°g.s(expt) was observed

8.

as the hairpin was elongated by single base pairs. The 9

agreement between theoretical and experimental values thus
strongly supports the single competition model and suggests ~
that the affinity of the ribozyme binding to a substrate with

10

known secondary structure can be predicted from nearest- 11.

neighbor free energy parameters.

It is likely that the thermodynamic and kinetic concepts
developed here can be extended to mRNA cleavage by
ribozymes inside prokaryotic and eukaryotic cells. While
there is abundant evidence that mRNA forms defined
secondary structures, it is unclear whether the established |
free energy rules for RNA folding are the same. Some

12.

13.

evidence suggests, however, that the in vivo free energies 15,

are unlikely to be dramatically different from those measured
In an elegant application of a thermodynamic
competition model, van Duin and co-workers showed that
the efficiency of translational initiation of structured mRNAs
in Escherichia colicould be accurately predicted from the

in vitro.

free energy parameters determined in vit2g,(28. It is

unknown whether a similar correlation would be observed
in eukaryotic cells where the presence of many mRNA
binding proteins may significantly affect the free energy
values. An additional obstacle to understanding hammerhead

16.

17.

18.

19.

20.

kinetics in vivo is to determine the rate of the chemical step 21.

at intracellular conditions. For example, the much lower

intracellular magnesium concentration is expected to reduce 22.

k. substantially. Once the rate of the chemical step is known
it will be interesting to perform experiments similar to those

reported here, but inside cells.
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