Biochemistryl997,36, 14107414119 14107

A Calcium—Metalloribozyme with Autodecapping and Pyrophosphatase ActiVities
Faging Huang and Michael Yarus*

Department of Molecular, Cellular, and Delopmental Biology, Unkrsity of Colorado at Boulder,
Boulder, Colorado 80309-0347

Receied May 8, 1997; Resed Manuscript Recegd July 30, 1997

ABSTRACT. A previously-isolated ribozyme with capping activity has self-decapping activity, here
characterized alongside its additional, somewhat parallel, pyrophosphatase reaction. Decapping is 10
50 times slower than the pyrophosphatase activity, depending on pH. The RNA accelerates pyrophosphate
release 170 000 times over a control composed of randomized pppRNA, eadped RNA accelerates
decapping 1000-fold over random capped RNA. Triphosphate-linked)@pfRNA also supports an
unusual cap-exchange reaction, exchanging its cap with guanéseiephosphate to form pentaphosphate-
linked G(3)pppppRNA. GDP, a capping reactant for the RNA, appears to suppress both decapping and
pyrophosphatase activities. Autodecapping and pyrophosphatase activities have in common an unusual
divalent metal ion requirement for €aor less effectively MAt, and both are active over a broad pH
range of 4.59.0. These characteristics resemble the capping activity of the same RNA. Kinetic analysis
reveals a well-defined Ga&—RNA complex, and Mg" and S+ act as competitive inhibitors of €a A

strong C&"-binding site is suggested by a Idy of 40—-60«M at pH = 7.0. The role of C& in these
reactions can be surmized from literature data on reactivity of nucleotide phosphates. Pyrophosphatase,
capping, and decapping activities of isolate 6 RNA are apparently carried out by a single reaction center,
whose rate of reaction with all nucleophiles sums to a constant total rate. This suggests a universal
rate-limiting step. Versatile activation ef-phosphate by this reaction center raises the possibility of
combinatorial ribozymes.

Decapping of eukaryotic mRNA is essential for normal potential route for specific RNA linkage to a large variety
rates of MRNA turnover (Beelman et al., 1996). By virtue of terminal phosphate-containing nucleophiles, including
of controlled degradation of capped mRNA, decapping is, many metabolically important molecules (Huang & Yarus,
in effect, one of the strategies that regulate protein synthesis.1997b). This RNA activity suggests that varied functional
In cells, decapping of eukaryotic mMRNA is carried out by groups might have been recruited to thegsminus of RNA
protein-decapping enzymes (Stevens, 1980; Beelman et al.to further increase RNA catalytic versatility, supporting an
1996). Capped mRNA is not susceptible to digestion by 5 RNA-based metabolism pre-existing the emergence of coded
— 3 nucleases. However, upon decapping, the exposed 5 protein synthesis (White, 1976; Gilbert, 1986; Joyce, 1989;
end subjects the MRNA td 5> 3' exonucleolytic hydrolysis, Huang & Yarus, 1997a & 1997b).
one of the major pathways of mRNA degradation. This In addition to phosphoryl coupling, isolate 6 pppRNA also
mRNA degradation pathway is initiated by shortening the possesses a pyrophosphatase activity (Huang & Yarus,
poly(A) tail and followed by decapping and' 5~ 3 1997a), which releases thegyrophosphate of the pppRNA
exonucleolytic digestion (Decker & Parker, 1993, 1994; with water as attacking nucleophile:

Muhlrad et al., 1994, 1995).

A self-capping catalytic RNA (104mer isolate 6; Huang H,O (nucleophiler pppRNA (isolate 6)—

& Yarus, 1997a), whose product can be'aérminus like pRNA + PP (2)
the eukaryotic mRNA cap, also acts as a versatile phosphoryl

linker that can link to almost any nucleophile containing a \ye now show that scapped isolate 6 G{PppRNA also
ter_mmal phosphate, including nucleotides, coenzymes, aminop 55 5 self-decapping activity, an activity similar to that of a
acids, sugars, and other macromolecular RNAs (Huang & protein decapping enzyme:

Yarus, 1997b). The general reaction mechanism involves

nucleophilic attack on the' m-phosphate of the pppRNA G(5)pppRNA (isolate 6)—~ pRNA + GDP  (3)
(5 triphosphate RNA) by a nonbridging oxygen of the

terminal phosphate of nucleophiles, with concomitant release Moreover, the decapping activity is sensitive to pH2Ga

of PR: or GDP concentrations.
. i Both decapping and pyrophosphatase activities of isolate
R-p(nucleophile}+ pppRNA (isolate 6)— 6 RNA are characterized kinetically below, with the goal of

R-ppRNA + PR (1) making this reactive RNA more useful.
Phosphoryl coupling with isolate 6 pppRNA provides a MATERIALS AND METHODS

Preparation of 5[y-3?P]-Labeled Random and Isolate 6

T This work was supported by NIH Grants GM30881 and GM48080 1T, ,_32P7. *
to M.Y. and an NIH postdoctoral fellowship (NRSA) to F.H. RNAs 5[y-**P]-Labeled random 104mer *pppRNA (the

* To whom correspondence should be addressed. asterisk indicates the position gfP) was prepared by
® Abstract published ildvance ACS Abstractdlovember 1, 1997.  transcription of random PCR DNA template from the initial
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selection cycle (Huang & Yarus, 1997a) in the presence of activities of isolate 6 RNA were carried out at 3€ and
1 uM [y-32P]GTP. The random *pppRNA was purified by pH 5.5 (20 mM MES), 7.0 (20 mM HEPES), and 8.5 (20
8% denaturing PAGE (xylene cyanet 46 cm), eluted, mM Tris), respectively. Under various conditions (different
EtOH-precipitated, resuspended in water, and storeclét C&" concentrations, pH, presence of inhibiting metal ions),
°C until use. Hy-*%P]-Labeled isolate 6 *pppRNA was isolate 6 *pppRNA (0.1M) and G(3)pppRNA (5 nM) were
prepared and gel purified to single nucleotide resolution as incubated for 5120 and 26-1300 min, respectively. Three-
described (Huang & Yarus, 1997a, 1997b). microliter aliquots were taken out from reaction mixtures at
Preparation of 5[y-32P]-Labeled Random and Isolate 6 different time intervals and quenched immediately by adding
Capped G(9 *pppRNA Unlabeled random and isolated 6 3 uL of gel loading buffer containigp 7 M urea, 10 mg/mL
pppPRNAs (both 104mers) were transcribed from DNA of xylene cyanol, and 40 mM EDTA. The samples were
templates and purified by 8% denaturing gel electrophoresiskept on ice until analysis by 18% denaturing gel (for pyro-
as described (Huang & Yarus, 1997a)![y5*?P]-Labeled phosphatase, xylene cyanel0.5 cm) or by 8% denaturing
random and isolate 6 capped QtpppRNAs were prepared  gel (for decapping, xylene cyansi 46 cm). Products (*PP
by incubating (10uL total volume) 5uM of unlabeled and pRNA) and unreacted reactants [*pppRNA and'}5(5
pppRNASs with 1.7¢M 5'[0-32P]-GTP (3000 mCi/mmol) and  pppRNA] were scanned by a phosphorimager and quantitated
0.34 unitstL GTP:RNA guanylyltransferase (GIBCO BRL) using peak integration from the Profile Analysis program
for 1 h at 37°C in a buffer containing 0.1 M HEPES (pH (BioRad). Rate constants were derived from nonlinear fitting
7.5), 1 mM MgC}, 60 mM NaCl, 6 mM KCI, 2 mM DTT, of experimental data with SigmaPlot (Jandel).

and 3 ngiL of BSA. The®?P-labeled G(5*pppRNAS were Estimation of Decapping and Pyrophosphate-Releasing
purifed by 8% denaturing PAGE (xylene cyanel30 cm) Rate of Random G{b*pppRNA and pppRNA 5[y-32P]-
and recovered as above. Labeled random 104mer G{&ppRNA and *pppRNA were

Preparation of Internally Labeled Isolate 6 Capped G{5 incubated in 20 mM MES and 2 mM CagCpH 5.5 for 110
pppRNA Internally 3%P-labeled isolate 6 capped G h at 37°C. As a control for®?PR hydrolysis to%?P, %?PR
pppRNA was prepared by self-capping of internaiffp- was also incubated under the same conditions. The reaction
labeled isolate 6 pppRNA (gel purified to single nucleotide mixtures were chromatographed along with standafés
resolution) (Huang & Yarus, 1997a, 1997b) under the *pG, p*pG, and pp*pG (for decapping) and with standards
following conditions: 1 h at 37C; 1 uM pppRNA, 1 mM 32p, and®*?PR (for pyrophosphate-releasing) on cellulose PEI
GDP, 20 mM CaCGl, and 20 mM MES, pH 5.5. The TLC plates with 20% methanol and 80% 0.5 M potassium
resulting 5-capped RNA was purified by 8% PAGE to single phosphate, pH 6.3%?P was visualized by phosphorimaging.
nucleotide resolution (xylene cyansl46 cm) and recovered = Quantitation was as described above.
as above.

Identification of Decapping Product of Isolate 6 Qtppp- ~ RESULTS
RNA Isolat_e 6 G(5*pppRNA (5 nM) was incubated for 3 Decapping Product of Isolate 6 GJ5*pppRNA Self-
hat 37°C in 2 mM CaCj, 20 mM MES, pH 5.5. The  canping isolate 6 pppRNA (Figure 1A) reacts with GDP to
reaction mli(tures wer; resolved.alongS|de ch:omatographlcyiekj 5 capped G(3pppRNA. The pppRNA can also
standards *Pand fo-**P]nucleotides, GMP ("pG), GDP  rejease the '5pyrophosphate to generate pRNA in the
(p*pG), and GTP (pp*pG) on a cellulose PEI TLC plate with  presence or absence of GDP (Huang & Yarus, 1997a). Once
20% methanol and 80% 0.5 M potassium phosphate at PHcapped, G(9pppRNA catalyzes release of its cap (see Figure
6.3. Th.e standards *pG and p*pG were prep.ared. by heatingo below).
pp*pG in water fo 2 h at 95°C. %P was visualized by To determine the hydrolysis product of the GERPpPRNA,
phosphorimaging (BioRad GS525). _ we prepared '5[y-*?P]-labeled isolate 6 G(BpppRNA by

Divalent Metal lon Requirement for Decapping and (eacting unlabeled isolate 6 pppRNA with-f2P]GTP in
Pyrophosphatase Actties of Isolate 6 RNA Internally  he presence of GTP:RNA guanylyltransferase and incubated
labeled isolate 6 G(3pppRNA (5 nM) was incubated for 3 the resulting G(5*pppRNA (after gel purification) in buffer
h at 37°C in different solutions (20 mM MES, pH 5.5)  containing C&". TLC analysis shows that the releasdel-
containing one or two different divalent metal ions: Mg containing product is exclusivelyf3?P]GDP (p*pG) (Figure
Ce’, SE™, Ba', Mn*", Co*", Ni#", Cu*, and Zi™. The 1By Therefore, as for the pyrophosphatase activity of the
decapping product was separated from the reacta)-G(5 pnhRNA, decapping of G(pppRNA hydrolyzes the '5

PPPRNA by 8% denaturing PAGE (xylene cyarel46 cm) triphosphate linkage between thieos andj-phosphates and
and visualized by a phosphorimager. releases GDP:

Isolate 6 *pppRNA (0.1«M) was incubated for 30 min at
37°C in 20 MM MES (pH 5.5) cc;/r%ainir;?g 10r£nM (;fzone H,O (nucleophilet G(5)pppRNA (isolate 6)—
divalent or trivalent metal ion: , Ca&*, SPt, Ba™,
Mnz*, C&*, Niz*, CLP+, Zre+, Ceb+, P+, La¥*, Cé, S, PRNA+GDP (4)
and Dy**. Spermidine (10 mM) was also tested either alone  Divalent Metal lon Requirement for DecappingTo
or in combination with above metal ions. The hydrolysis determine the divalent metal ion requirement for the decap-
product, *PR(Huang & Yarus, 1997a), was separated from ping activity, internally®?P-labeled isolate 6 G{(jpppRNA
reactant *pppRNA by PEI TLC developed in 0.5 M was incubated in solutions containing one or two different
potassium phosphate (pH 6.3) containing 20% methdfidl.  metal ions. The decapped pRNA was then separated from
was visualized and quantitated by a phosphorimager (BioRadunreacted G(3pppRNA by 8% denaturing gel electrophore-
GS525). sis (Figure 2). While the RNA is active with a mixture of
Kinetics of Decapping and Pyrophosphatase #Aitiés of Mg?" and C&" (lane 3), which were present in the selection
Isolate 6 RNA Kinetics of decapping and pyrophosphatase buffer (Huang & Yarus, 1997a), the GpppRNA is more
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Ficure 1: (A) Predicted secondary structure of isolate 6 RNA. The pictured secondary structure is a computed minimal free energy
structure that is supported by lead cutting and nuclease S1 digestion. Capitalized nucleotides were initially randomized. (B) Decapping
product of isolate 6 G(¥pppRNA. 5[y-32P]-Labeled G(5*pppRNA was incubated fo4 h at 37°C in 2 mM C&" and 20 mM MES,

pH 5.5. ReleaseéP-containing product (p*pG) was separated from unreacted)’®(RNA by cellulose PEI TLC developed in 20%

MeOH and 80% 0.5 M potassium phosphate, pH 6.3, and visualized by phosphorimaging.
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pattern, i.e., from cleavage between then5 and 3-phos-

g 33 _%' -2 R T T T T T~ phates (producing *RPin the presence of Gato cleavage
= 3 3% 3 3 F ¥ §F F F I between the '53- andy-phosphates (producing AP In 30
e £ S R R 8 8 = &8 28 8 =& min, the *pppRNA releases 15% *M 10 mM C&*. The

*pppRNA is partially digested by Pb, but it releases both
*P; (60%) and *PP(6%). However, hydrolysis in Cti or
- - “ PE?* is not RNA catalysis, since hydrolysis of random
L i 104mer *pppRNA under the same conditions gives the same
results in terms of both hydrolysis patterns and yields (data
FIGURE 2: Metal ion requirement of Glecapping activity of isolate N0t shown).  Adding 10 mM spermidine to solutions
6 G(S)pppRNA. Internally3?P-labeled G(5pppRNA was incu- containing the above divalent or trivalent metal ions has no

bated fo 3 h at 37°C in 20 mM MES, pH 5.5, and metal ions as  detectable effect on either hydrolysis pattern or yields (Figure
indicated. Decapped product (pRNA) was separated from unreacteng)_

G(5 RNA by 8% denaturing PAGE (xylene cyarel46 cm L -

wés)\?iziaalized %y pohosphorimgging. (xy y ) Kinetics of Pyrophosphatase Adty of Isolate 6*ppp-
RNA Pyrophosphate release rates by *pppRNA were

active with C&" only (lane 2). M@* alone does not activate examined at the selection .pH 5.5 (Huang & Yarus, 1997a)

the G(3)pppRNA (lane 4). MA*, also present during the and at pH 7.0 and 8.5. Figure 4A shows one example of

selection (Huang & Yarus, 1997a), activates the RNA as Pyrophosphate release sv2h in 1 mM C&" and 20 mM

well, although decapping activity is much lower @20%)  MES, pH 5.5. The effect of C& concentration on the
with Mn2* than with C&*. Other divalent metal ions, B reaction is demonstrated in Figure 4B. The reaction does

Ba?*, C?+, Ni2+, Cet, and Zi#*, at 20 mM each, do not hotgoto completion, with 15% of the *pppRNA appearing
support the decapping activity of isolate 6 GPRNA. unreactive (kinetics shown were performed directly with gel-
Divalent Requirement for Pyrophosphatasko determine purified RNA, but renaturation/refolding of the RNA did not

; . . affect kinetic behavior; data not shown). After inactive
the divalent metal ion requirement for pyrophosphatase

L . * RNA is subtracted, the reaction is first order in
activity, 5 [y-32P]-labeled isolate 6 *pppRNA (104mer) was *ppp ' " )
incubated with one divalent or trivalent metal ion in the PPPRNA over more than 3 half-lives. As [€4 increases,

presence or absence of spermidine. The released *Ppthe react'ion speeds up, but the reaction approaches a constant
(Huang & Yarus, 1997a) and f®ere easily separated from rate at high [C#] (20 mM). Such a pyrophosphate release

. , rate—-[Ca?*] relationship suggests saturation of an apparent
reacted *pppRNA on TLC (Figure 3). While the *pppRNA g : ; . T
hydrolyzed to near completion (85%) in 30 min in the Ca&*-binding site. Treating Cd as an equilibrating ligand

presence of G4, no activity of the *pppRNA was detectable and isolate 6 pr? pRI:A as Ia Carequiring enzyme, the

in the presence of other metal ions from the IIA group &¥g apparent pyrc:cp oSp at(]? re fease rate constant can be ex-
S*, and B&") (Figure 3A). However, Mf" can also pressed as a function of [€3:

activate the *pppRNA somewhat, producing 12% FRP ot o

30 min. Other metal ions at 10 mM, &g Ni2+, Cl2+, Zr?*, kop = Keod G J/(Ky + [CET]) (5)

Cd?t, La®t, Ce', Sntt, and Dy*, are incapable of sup-

porting pyrophosphatase activity of isolate 6 *pppRNA. In Double reciprocal LineweaveBurk plots with C&* only,

the presence of Cu, the *pppRNA changes hydrolysis C&" plus 4 mM Mg*, and C&" plus 4 mM S#* at pH 5.5
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Ficure 3: Divalent metal ion requirement of pyrophosphatase activity of isolate 6 pppRNA. (A]),5°2P]-Labeled isolate 6 *pppRNA
was incubated for 30 min at 3T in 20 MM MES, pH 5.5, and metal ions as indicated. (B) Same conditions as in A except for addition

of 10 mM spermidine. Released *PPi was separated from unreacted *pppRNA by 18% denaturing PAGE (xylene &/&rwh) and
visualized by phosphorimaging.
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x Ficure 5: LineweavetBurk plots of pyrophosphatase activity of
& isolate 6 pppRNA at pH 5.5 and 3T in the presence or absence
g of Mg+ or SE+.
= Table 1: Kinetic Parameters of Pyrophosphatase Activity of Isolate
40mMca® 6 pppRNA at 37°C?
parameter pH 5.5 pH 7.0 pH 8.5
00 y y ' " i Keat (Min~2) 0.10+0.01  0.032+ 0.003 0.01H 0.001
0 2 “© Tim:"(mm) % o Kw (C&)(MM) 07+0.1  0.06+£001  0.04+0.01
kealKnm (CT) 150+ 20 500+ 100 360+ 80
Ficure 4: Pyrophosphosphate released by isolate 6 pppRNA over  (M~1-min™1)
time. (A) B[y-%2P]-Labeled *pppRNA was incubated for varying  K; (Mg?") (mM) 5.6+ 0.9 ND ND
time intervals in 20 mM MES, pH 5.5, and 1.0 mMTaat 37°C Ki (SPT) (mM) 0.29+0.04 ND ND

and then analyzed by 18% PAGE. (B) Effect of?Can *PR
release of *pppRNA over time. Measured concentrations of
*pppRNA are represented by dots, while the line is the fitted first-
order reaction after subtracting 14% unreactive *pppRNA.

aBuffers used: 20 mM MES (pH 5.5), HEPES (pH 7.0), and Tris
(8.5). ND = not determined.

(Mg?") andK;(Sr*t), were calculated from their correspond-
are shown in Figure 5; the model clearly fits observed ing Ku??, K; = [I[/( Ku**P/Ky — 1). Kinetic parameters for
behavior well. M@" and S?* change the apparent Michae- the pyrophosphatase of isolate 6 pppRNA are listed in Table
lis—Menten constariy*,, but do not change the maximum 1.
rate constank.,; which indicates that Mg and S+ are
competitive inhibitors at the Ga site(s), with St being a
much stronger inhibitor than Mg. Inhibition constants;-

Pyrophosphatase as a Function of pAthe pppRNA still
behaves as a €adependent enzyme even at pH 8.5, three
units higher than the selection pH 5.5 (Huang & Yarus,
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Ficure 6: (A) Effect of GDP on pyrophosphate release rate of
*pppRNA at 1 and 20 mM CH. The pyrophosphate release is

unchanged in the presence of 0, 0.1, 0.5, and 1.0 mM GDP. (B)

Capping reaction of internal§?P-labeled pppRNA in 1 mM GDP,
20 mM MES, and 20 mM C#d at pH 5.5. After GDP capping,
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phosphate-releasing (reaction 2) rate and capping reaches
70%, it follows that GDP suppresses the pyrophosphatase
activity of the pppRNA, while the combination of the two
activities remains unchanged at a giverf Ceoncentration.
Kinetics of Decapping Adctity by G(3)pppRNA Kinetics
of the decapping activity of isolate 6 GJpppRNA were
conducted at selection pH 5.5 (Huang & Yarus, 1997a) and
at pH 7.0 and 8.5. Figure 7A shows one example of GDP
release during 21 h in 20 mM €3 pH 5.5. The effect of
C&" concentration on the decapping rate of isolate 6)5(5
pppRNA is demonstrated in Figure 7C. Unlike pyrophos-
phate release by isolate 6 pppRNA, which is a first-order
reaction for the 85% reactive fraction (see above), the
decapping reaction can go to completion (see Figure 10B
below), but it does not fit a first-order rate in GBppRNA
(Figure 7B). Instead, a rate equation with the order 1.5 in
G(5)pppRNA fits the experimental data over more than 3
half-lives (although the experiments were conducted directly
with gel-purified RNA, renaturation/refolding did not change
kinetics; data not shown). However, increasing '&(5
pppRNA concentration from 5 to 100 nM (in 20 mM €3
does not change the fraction decapped vs a time curve (data
not shown). For thath order reaction in reactant A, d[A}/
dt = —K[A]". When expressed in fractidn(f = [AJ/[A] o),

the reaction mixture was analyzed on a 8% denaturing gel and then d/dt = —k[A] (" 2f". Integration of the equation yields

visualized by phosphorimaging.

the fraction-time relationship of reactant Af = 1 — e if
n=1andf = {1+ (n — DkfA] D if n = 1.

1997a). As at pH 5.5, the pyrophosphatase activity increasesrnerefore, only the fractiontime curve of a first order-

with [Ca?*] and approachesV4..x at a given pH. However,
saturating [C#&"] is much lower at pH> 7 than at pH 5.5.
Kinetic parametersk.o and Ky are well defined in the
Lineweaver-Burk plots (data not shown) and are listed in

reaction is independent of initial concentration of the reactant.
Treatment of the Decapping Rate Constan&nce the

concentratiorrtime relationship of isolate 6 decapping does

not change when increasing the reactant initial concentration

Table 1. Increasing pH not only decreases the maximum ¢om 5 to 100 nM, we believe that the decapping of ((5

rate constark.,, but also remarkably reduces the Michaelis
Menten constariy. The catalytic efficiencykca/Ku, also
changes with pH (Table 1), but influence of pH is relatively
small (3-fold change within pH 5:58.5) due to a parallel
effect of pH onk.;;andKy. At pH 7.0 or higher, a strong
pppRNA—-Ca* Michaelis complex with an apparent dis-
sociation constant of 4060 M is suggested by thi€y (see
Discussion).

Kinetics have not been examined at ptb.5 or >8.5,
but the *pppRNA releases 14% and 24% of itp$rophos-
phate in 30 min at 37C in 2 mM C&" and 20 mM acetate
buffer, pH 4.5 and 5.0, respectively. On the other hand,
~70% *PR is released in 2 mM CGa and 20 mM MES
buffer, pH 5.5. The *pppRNA hydrolyzes 16% *PiR 30
min at 37°C in 2 mM C&*" and 20 mM Tris buffer, pH 9.0,
compared to 18% *RRelease under the same conditions
except at pH 8.5. These results indicate that the 5

pppRNA is a first-order reaction, as is the pyrophosphatase
activity of the pppRNA. To explain an apparent reaction
order of 1.5, there may exist active and inactive conforma-
tions. Slow conversion from inactive to active conformations
of the RNA or other complications that slow reaction slightly
may result in an apparent overall 1.5th order of reaction
(Figure 7B). Renaturation of the GJpppRNA does not
change its kinetics, indicating that this unusual behavior is
probably not caused by a nonequilibrated inactive conforma-
tion. One other possibility, product inhibition, can be ruled
out as the explanation of the observed reaction order!)G(5
ppPRNA concentration is too low (5 nM). Even auM,
exogenously added GDP has no observable effect on
decapping (see Figure 9 below).

All kinetic data were fitted to an observed 1.5th order
equation (d/dt = —kf-9) to derive the rate constaktwhich
is equivalent to an initial reaction rate (whér 1). Since

pyrophosphatase activity of isolate 6 pppRNA is highest at we have other evidence that the true reaction is first order,

selection pH 5.5.

A Constant Total Rate Surprisingly, overall pyrophos-
phate release from the *pppRNA is not affected by GDP
(Figure 6A). At1 or 20 mM C#& in 20 mM MES, pH 5.5,
release of *PPby *pppRNA follows the same time course
with GDP concentrations of 0, 0.1, 0.5, to 1.0 mM. While

the initial reaction rate should be equal to its first-order rate
constant (ddt = —kf = k, whenf = 1). Therefore, rate
constants derived from experimental fitting are treated as
first order, with units of min. Rate constants derived
directly from fitting the reaction course as first order are
smaller by<30% (Figure 7B), and the experimental data

the above results indicate a constant overall pyrophosphatdie reproducibly off the fitted curve.

release ratetaa a given C& concentration, regardless of

Decapping and CH. Decapping rate accelerates as

GDP’s presence, GDP-capping yield of the pppRNA reaches [Ca&"] increases, and the reaction approaches a constant rate

70% in 20 mM C&" and 1 mM GDP (Figure 6B). Because

overall pyrophosphate release is the sum of GDP-cappinga C&"—G(5)pppRNA complex.

(releasing PR reaction 1) rate and water-dependent pyro-

at high [C&'] (100 mM), which suggests the formation of
Figure 8 shows Line-
weaver-Burk plots with C&" only, C&" plus 20 mM Mg™,
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Ficure 7: Decapping time course of isolate 6 QppRNA. (A) Internally32P-labeled G(5pppRNA was incubated for varying time
intervals in 20 mM C&" and 20 mM MES, pH 5.5, at 37C and then analyzed by 8% PAGE. (B) Fitting of concentration (expressed in
fraction)—time curve to first-, 1.5th-, and second-order equations. The data are best fitted by the 1.5th-order equation. (C) Effect of Ca
on decapping over time. Measured concentration (in fraction) of)@¢pRNA are represented by dots, while the lines are fitted curves
(1.5th order, see text for rationale).

Table 2: Kinetic Parameters of Decapping Activity of Isolate 6
G(5)pppRNA at 37°C?

3000 -

parameter pH 5.5 pH 7.0 pH 8.5
Keat (Min2) 0.018+ 0.002 0.012+:0.001 0.0023t 0.0002
2000 | Kv (Ca&") (mM) 642 0.23+ 0.05 0.1+ 0.02
z kealKnm (C&™) 3+1 50+ 15 23+5
£ 20 mM Mg®* M *'min*l)
B Ki (Mg?") (mM) 1544 ND ND
= Ki (SP) (mM) 1+0.2 ND ND

10009 @ The rate constants are derived from 1.5th order fitting of experi-

mental data but considered as first-order rate constants (see text for
rationale). Buffers used: 20 mM MES (pH 5.5), HEPES (pH 7.0),
and Tris (8.5). ND= not determined.

T T T T T
0.0 0.5 1.0 15 20

1Ca™] (MM rates correspond to 3B5%, 80-85%, and 96-95%

o . . . decreases in decapping rate in the presence of 0.01, 0.1, and
Ficure 8: LineweavetBurk plots of decapping activity of isolate bpIng P

. ; 1 mM GDP. One micromolar GDP has no observable effect.
6 G(B RNA at pH 5.5 and 37C in the presence or absence of
Mgz(+ Zﬂpgw_ P P Reduction in decapping rate by GDP is not due to a reverse

" " . reaction with added GDP because decapped pRNA cannot
ar;]d Cgé+plus_4 ThM (S;? at FI;{HNi.?). hL|ke the pppRNA, react with GDP to form the capped G@EppRNA (Huang
when .a-varies the, (9ppp . €haves as an enzyme - o Yarus, 1997a). Instead, GDP exchange with '&(5
saturating with the divalent, with a well-defined maximum PPPRNA slows the decapping reaction (see Discussion)
rate constank.,; and a MichaelisMenten constaniKy for Decapping of isolate 6 GUPPPRNA to pRNA is also ’

i —C2t +
the+format|on ofaG_(_Spp_pR_NA Ca? c_omplex. Mg}_ anq_ decreased by guanosinétbtraphosphate (ppppG) (Figure
SrP™ act as competitive inhibitors, indicated by their ability 10). However, a new capped C)BppppRNA is formed in
. ! A . )

to change the apparent Mlchaehb’lentgn cpnstanKM P addition to decapped pRNA. Since the pRNA is unreactive
but not the maximum rate constdgt. Kinetic parameters (Huang & Yarus, 1997a), the capped GEBPPPRNA is

for isolate 6 G(9pppRNA are listed in Table 2. i ] .
A Constant Total Rate GDP decreases the apparent produced by a cap exchange reaction of the BEpRNA:

decapping rate of isolate 6 GfpppRNA (Figurg 9). D38- ppppG (nucleophile} G(5)pppRNA (isolate 6)—
capping rate constants are 2.6, 1.8, 0.44, and &.110" )

min~t at 2 mM C&" in 0, 0.01, 0.1, and 1 mM GDP, G(S)pPPMRNA + GDP (6)
respectively, and 13, 8.5, 2.0, and 0.64103 min~! at 20 Using the PeakFit program (Jandel), concentrations of)G(5
mM C&"in 0, 0.01, 0.1, and 1 mM GDP, respectively. These pppRNA, G(3)pppppRNA, and pRNA were obtained from
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A peak integration (Figure 10B). The disappearance of)&(5
pppRNA follows the same time course [e.g., apparent 1.5th
order in G(5)pppRNA] as without ppppG in Figure 7. Thus,
ppppG does not affect the disappearance rate of th8-G(5
pppRNA. However, the decapping (forming pRNA) and
exchange [producing G(pppppRNA] reactions compete,
and exchange is much faster than the decapping. According
to the scheme in Figure 10B, the rates for the formation of
G(5)pppppRNA and pRNA can be expressed as:

0.9

0.1 mM GDP
0.8 4

0.01 mM GDP
0.7 4

GpppRNA/(GpppRNA+pRNA)

0.6
0 & 0.001 mM GDP

— d[G(5)ppPPPRNAJ/d =

[ 50 100 150 200 250

Time (1) k[G(5)PPPRNAT"® — k[G(5)ppPPPPRNA}® (7)

d[pRNAJ/dt =
KJIG(5)pppPPRNAT® + k[G(5')pppRNAJ-® (8)

1 mM GDP

o
@
L

0.1 mM GDP

©
3

4 For curve-fitting purposes, we assume 1.5th order reactions
for the starting G(5pppRNA (see above) and the newly
generated G(JpppppRNA, all expressed as fractions. How-
ever, the rate constants are considered as first-order constants
with the unit of min? (see above).

To obtain the rate constaritg k,, andks, the derivatives

. ' i d[G(5)pppppRNA]/d and d[pRNA]/d were calculated from

100 150 200 250 the two curves marked G{pppppRNA and pRNA in Figure
Time (min) 10B. The experimental data were then fitted nonlinearly

FiGUrRe 9: Effect of GDP on decapping of isolate 6 GppRNA. according to eqs 7 and 8 using SigmaPlot (Jandel). The

At 2 and 20 mM C&", GDP decreases the decapping rate of the yalues (in 1 mM ppppG and 20 mM &aat pH 5.5) thus
capped RNA, while M GDP has no apparent effect.
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o
o
L

o
o

o
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L

0.01 mM GDP

GpppRNA/(GpppRNA+pRNA)
(=
b
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Time (min) 0 20 40 70 110 160 240 360 1300

- '- “- . - - “ - - — G(5')pppppRNA

TNa(5)pppRNA

M - — pRNA

B
109
PPPPG  ppG ppPPG
G(5pppRNA ——>< G5 PRNA PRNA
K k2 T
k3
0.8
ppG

c
2
°
<
w

G{5)pppppRNA

G(5)pPPRNA

0 200 400 600 800 1000 1200
Time {min)

Ficure 10: Decapping and exchange reaction of isolate 8)B#PRNA with guanosine'&etraphosphate (ppppG, 1 mM) in 20 mM€a
and 20 mM MES, pH 5.5, at 37TC. Measured concentrations (in fractions) of G§ppRNA, G(3)pppppRNA, and pRNA are represented
by dots, while the lines are the fitting curves (see text for details). Standardp@gppRNA in the last lane was prepared by reacting
isolate 6 pppRNA with 1 mM ppppG in 2 mM €aand 20 mM MES (pH 5.5) fol h at 37°C (Huang & Yarus, 1997b).
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Ficure 11: Estimation of 5pyrophosphate release rate of random 104mer pppRNA in 2 miVl &a 20 mM MES, pH 5.5 at 37C. (A)

Hydrolysis product (after 110 h) analysis by TLC (PEI), developed in 20% methanol and 80% 0.5 M potassium phosphate, pH 6.3. (B)
Profile of 32P-counts on the TLC plates, analyzed by Profile Analysis (BioRad) using a straight line as base-line correction. Quantitation

of *P; and *PR was obtained through peak integration.

derived are 0.01% 0.001, 0.0018+ 0.0005, and 0.0014
0.0005 min* for ky, ko, andks, respectively. Therefore, the
exchange reaction (representeddpyof G(5)pppRNA with

at 37°C in 20 mM MES, 2 mM CaGl pH 5.5. Figure 11A
shows the hydrolysis result (by PEI TLC) of 104mer random
*pppRNA after 110 h incubation. Figure 11B is the profile

ppppG (1 mM) is about eight times faster than the decapping of 32P-activity. The major product from the hydrolysis of

reaction (represented bis), which is 16-15% of the

random *pppRNA is orthophosphate (fPand pyrophos-

decapping rate in the absence of GDP or ppppG. On thephate (*PP) represents only a very small fraction of the

other hand, the two decapping reactions for'ip@EpppRNA
and G(5)pppRNA in the presence of 1 mM ppppG proceed
with similar rates (comparing, andks).

At higher pH, decapping of the G{pppRNA is slower
at millimolar [C&*]. Although k. is lower at pH> 7 than
at pH 5.5,Ky decreases faster thdq,. As a result, the
catalytic efficiencyk.a/Kwu, increases with pH (Table 2). As
in the case of the pyrophosphatase activity, a strond)G(5
pppRNA-Ca* complex with an apparent dissociation
constant of 106200 M is suggested by at pH 7.0 or
higher.

Decapping yields at pH<5.5 or >8.5 have been deter-
mined at 120 min and 37C. The G(5)pppRNA releases
2.5% and 3.9% of the'scap GDP in 2 mM C#& and 20
mM acetate buffer, pH 4.5 and 5.0, respectively. At pH 9.0
in 2 mM C&" and 20 mM Tris buffer, 6.3% pRNA is
produced from the G(pppRNA, while 14.2% G(5-
pppRNA decapping occurs at pH 8.5. In comparison with
~20% GDP release in 2 mM €aand 20 mM MES buffer
(pH 5.5), these results indicate that, as for th@ysophos-
phatase activity of the pppRNA, thé 8ecapping activity
of isolate of 6 G(5pppRNA is highest at or near selection
pH 5.5.

Pyrophosphate Release by RandtpppRNA To com-
pare the pyrophosphatase activity of isolate 6 pppRNA with
background pyrophosphate hydrolysis of random pppRNA,
5'[y-%2P]-labeled random *pppRNA (104mer) was incubated

product (Figure 11B). By integration of the profile (Figure
11B), *P, and *PR represent 61.2% and 0.25% tofaP-
counts, respectively. We can calculate from these data that
the 104mer random pppRNA hydrolyzes toaRd PPwith
apparent first-order rate constants ok110~%and 4x 1077
min~t, respectively. By similar analysis of *PRydrolysis
under the above conditions, PRydrolyzes to Pwith a
calculated first-order rate constant of&610~" min~%. The
hydrolysis rate constant of PBbtained here (at 37C) is
consistent with a published value ofx1 1077 min~t at 25

°C (Hubner & Milburrn, 1980) after the temperature differ-
ence is taken into account. Considering the hydrolysis of
PR to R, the hydrolysis of pppRNA to RRan be written
(assuming first-order reactions):

k
pppRNA— pRNA + PP 9)
k2
PR 2P, (10)
k.
pppRNA— ppRNA + P (11)

[PP] = ky[pppRNAJy(e ™" — e7)/(k, — k, — k)
(12)

A k; value of 5x 1077 min~! is obtained from eq 12,
usingk, =6 x 1007 min"L, ks =1 x 10" min~%, t = 110
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FiGUrRe 12: Estimation of 5pyrophosphate release rate of random 104mer pppRNA in 2 miVl @& 20 mM MES, pH 5.5 at 37C. (A)
Hydrolysis product (after 110 h) analysis by TLC (PEI), developed in 20% methanol and 80% 0.5 M potassium phosphate at pH 6.3. (B)
Profile of 32P-counts on the TLC plate, analyzed by Profile Analysis (BioRad) using straight line base-line correction. Quantitation of *P
and *PR was obtained through peak integrations.

h, [PR] = 0.25%, and [pppRNA]= 100% at 37C. Under During the hydrolysis of random pppRNA and G¢
the same conditions, isolate 6 pppRNA releases fts 5 pppRNA, nonspecific RNA degradation is minimal (Figure
pyrophosphate with a rate constant of 0.084 ThinThere- 7A) for over more than 20 h of incubation. Therefore, the

fore, the 5 pyrophosphatase activity of selected isolate 6 error in these rates due to degradation of RNA is negligible.
pPPPRNA is 170 000-fold accelerated with respect to 5
pyrophosphate release from unselected random 104meISCUSSION

PPPRNA in 2 mM C&", pH 5.5. Isolate 6 RNA, selecteith vitro (Huang & Yarus, 1997a),
Decapping of Random G(8pppRNA To estimate the  has three distinct catalytic activities centered at the 5
decapping activity of isolate 6 G(PppRNA over back-  o-phosphate: the general phosphoryl coupling (self-capping
ground decapping of random G)BppRNA, 8[y-3?P]-labeled  with phosphates is a specific case; Huang & Yarus, 1997a,
random 104mer G(BpppRNA (prepared by guanylyltrans-  1997b), the pyrophosphatase, and the general decapping
ferase in the presence aif?P]JGTP and gel purified) was  described above. Although there are three phosphates (
incubated at 37C in 20 mM MES, 2 mM CaGl pH 5.5. B, andy) at the 5 end of the RNA, all three activities are
Figure 12A shows hydrolysis products (by PEI TLC) from highly specific for attack at the--phosphate. During the
random G(5*pppRNA after 110 h incubation, and Figure reaction, a nucleophile (N& water or terminal phosphate
12B is the profile of3?P-activity after a straight base-line  containing molecules) is linked to the-phosphate with a
correction. There are fodfP-containing products in com-  concurrent cleavage between tieand -phosphates:
parable amounts, 1.4% A.1% *pG (GMP?*), 2.0% p*pG
(GDP*), and 2.3% pp*pG (GTP*), which correspond to Nu + Rpp—pRNA — Rpp+ Nu-pRNA  (13)
hydrolysis reactions with calculated first-order rate constants
of (2.1, 1.7, 3.0, and 3.5x 1078 min™%, respectively. Where Rpp can be pyrophosphate, GDP, or a ppppG
Therefore, the hydrolysis of random capped ‘B{ppRNA molecule.
appears to occur in a random cleavage pattern among the The number of capping reactants for this RNA is very
5'triphosphates with rate constants of2 x 10°¢ min™?! large, ranging from small molecules such as ®Pphos-
(total rate constant-1 x 10°° min~%). On the other hand,  phorylated amino acids and sugars and to nucleotides and
under the same conditions, isolate 6 BpPRNA releases  macromolecules like other RNAs (Huang & Yarus, 1997b).
its 5 GDP (specific cleavage between thé & and This corresponds to the initial selection for this catalyst,
B-phosphates) with a rate constant of 0.0026 thinThat which was for any mode of release of thepyrophosphate
is, isolate 6 G(5pppRNA has a 5decapping activity~1000- from a pool of randomized RNA transcripts (Huang & Yarus,
fold above 5 GDP release of unselected random 104mer 1997a). This intrinsic lack of specificity allowed us to
G(5)pppRNA in 2 mM C&", pH 5.5. demonstrate that several interesting products, presumably
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accessed via similar transition states, were within the from ATP by hydrolysis in the presence of €aat pH 9
capabilities of RNA catalysis acting on biological substrates. (Tetas & Lowenstein, 1963) and at pH 6.5 with the additional
For example, the eukaryotic mRNA cap (Huang & Yarus, presence of 1,3-diaminopropaneobalt complex (Tafesse
1997a) and precise and covalent cofactor-RNAs (Huang & & Milburrn, 1987), although in both cases B also a
Yarus, 1997b) can be produced by similar reactions. We hydrolysis product. Interestingly, there exist protein ATP
have now shown that such capped RNAs can be stabilizedpyrophosphohydrolases (producing; BRd AMP) that also
by control of the decapping reaction through simple mech- require C&" for high specificity (Kawamura & Nagano,
anisms such as metal ion concentrations, inhibiting metal 1975; Flodgaard & Torp-Pedersen, 1978).
ions, pH, and “substrate” concentrations. Such additionsto Although both random pppRNA and GJpppRNA have
the versatility of RNA catalysis increasingly support the three 5 phosphates, capping equalizes thepfosphate
concept that a world of RNA-based chemical transformations hydrolysis cleavage pattern and stabilizes thpH®sphates
existed before the emergence of modern cellular life (White, against hydrolysis. In contrast to random pppRNA where
1976; Gilbert, 1986; Joyce, 1989; Huang & Yarus, 1997a, hydrolysis occurs predominantly between the % and
1997Db). y-phosphates (releasing) ih 2 mM C&* and 20 mM MES

All three activities have the same unique metal ion (pH 5.5) (Figure 11), capped random GffppRNA hydro-
requirement for C& or Mn?* (Mn?* has 10-20% activity lyzes the 5phosphates almost randomly, producing@MP,
of C&"). Other metal ions, including Mg, SP+, Ba&, GDP, and GTP with yields of the same order under the above
Co?t, Ni?t, Cl2t, Zr?t, CdPt, La®t, Ce*t, Snt, and Dy, conditions (Figure 12). This is, in part, the consequence of
do not support the activities even in the presence of athe chemical symmetry of the GipppG cap in the absence
polyamine. The three activities also exhibit similar broad of an RNA tertiary structure. Overall, hydrolysis of random
active pH range (tested from pH 4.5 to 9.0) and are most G(5)pppRNA is 10 times slower than that of random
active at or near selection pH 5.5 (Huang & Yarus, 1997a). pppRNA (1x 10° min~tvs 1 x 107* min™?).

Hydrolysis of random pppRNA occurs predominantly = On the other hand, catalysis of hydrolysis by isolate 6
between the '53- and y-phosphates in 2 mM Ca and 20 pppRNA and capped G(pppRNA in the presence of €a
mM MES, pH 5.5, releasingiRFigure 11). The release of results in the same high specificity (cleavage only between
PR is minor but detectable by the TLC method used. the 3 a- andg-phosphates). Nevertheless, there are apparent
Hydrolysis of random pppRNA resembles that of ATP. ATP differences between pyrophosphatase and decapping activi-
releases its'5y-phosphate to produce ADP andd® acidic ties, although pyrophosphate release from isolate 6 pppRNA
pH with or without C&*; PR is not a detectable hydrolysis and the hydrolysis of GDP from the GJpppRNA are
product (Hock & Huber, 1956; Liebecq & Jacquemotte- similar reactions (reactions 2 and 3). First, capping makes
Louis, 1958). ATP hydrolysis in water at pH-% and 37 the RNA less reactive. Capping slows down the hydrolysis
°C is estimated to have a rate constant ok 205 min~! (keay) @about 5-fold (comparing pppRNA with G{pppRNA)
(Liebecq & Jacquemotte-Louis, 1958; Hulett, 1970).2Ca (Tables 1 and 2). Second, capping also increases (up to
(20 mM) accelerates the hydrolysis about 2-fold at pH 5 9-fold) the Michaelis-Menten constaks, for C&", which
(Tetas & Lowenstein, 1963). Therefore, ATP hydrolysis suggests looser binding of &ato G(5)pppRNA than to
(from ATP— ADP + P) in 2 mM C&" at pH 5.5 and 37  pppRNA. Catalytic efficiency K.o/Ky) of isolate 6 RNA

°C can be estimated to have a rate of6 x 10°° min™.. hydrolysis is also decreased (up to 50-fold) by capping due
Under the same conditions, random pppRNA hydrolyzes to to bothk.,;: and Ky changes.
ppRNA and Pwith a rate constant of ¥ 104 min~%. Both Among known ribozymes, isolate 6 RNA has a unique

random pppRNA and ATP hydrolyze theit phosphates  metal ion requirement for Ga or Mn?* (Ca&t > Mn?*).
with the same specificity (cleavage betweeh /B and Most known ribozymes are metalloenzymes (Yarus, 1993;
y-phosphates) and proceed with similar rates. Since hy- Pyle, 1993; Van Atta & Hecht, 1994), and the majority use
drolysis of different NTPs is almost identical (Sigel & Mg?" as the activating metal ion. However, other metal ions
Hofstetter, 1983) and Caexerts little effect on hydrolysis  can support catalytic activity or play essential structural roles
of ATP (Tetas & Lowenstein, 1963), the hydrolysis of (Table 3); for example, self-aminoacylationg RNAs also
random pppRNA initiated with GTP (Huang & Yarus, depend on CH in a unique role (e.g., lllangasekare et al.,
1997a) also resembles that of ATP. Thus, under the abovel995). But among known ribozymes, isolate 6 RNA is rare
hydrolysis conditions, the random pppRNA sequence beyondin depending on either €a or Mn?" as a sufficient ion,
the first nucleotide (GTP) appears to have no effect on the playing a structural and/or catalytic role that Mgcannot
hydrolysis of 5 phosphates. Uncatalyzed hydrolysis of fulfill.
random pppRNA and ATP (or GTP) in mildly acidic solution This is unexpected because Mroften replaces Mg to
appears to proceed through a similar process, nucleophilicactivate both ribozymes (see Table 3) and protein enzymes
attack on the 5y-phosphate by water, to produce dd (McEuen, 1982). Mutual interchangeability between¥n
ppRNA or ADP (or GDP). and Mg is explained as a result of similar size (0.72 vs
On the other hand, catalysis by isolate 6 pppRNA in the 0.83 A) (Shannon & Prewitt, 1969) and preferred coordina-
presence of Cd accelerates the overall hydrolysis rate 840- tion number of 6. On the other hand, Ktrand C&" differ
fold compared to uncatalyzed release of By random in these respects. €ahas a large ionic radius of 1.00 A
pppRNA, and the hydrolysis cleavage pattern is also changed.(for 6-coordination, see Shannon & Prewitt (1969)), and its
Hydrolysis of isolate 6 pppRNA produces exclusively; PP coordination number varies from 6 to 8 (Kaim & Schwed-
instead of P(Figure 3). Specific acceleration of Please erski, 1991). Thus, at least one essential metal site in this
by isolate 6 pppRNA over random pppRNA is 170 000-fold. RNA has an unusual selectivity; for example, considering
The specific cleavage pattern of isolate 6 pppRNA is only ion radii (assuming 6-coordination), ¥tnlies between
probably linked to its cofactor G4, since PPis also released ~ Mg?t and C&" (closer to M@" than to C&"). Accordingly,
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Table 3: Metal lon Requirement of Some Ribozymes

ribozyme required metal ion ref
Tetrahemengroup | intron Mg* or Mn?* Cech and Bass, 1986; Grosshans & Cech, 1989
Tetrahemenaibozyme variant Mg, Ca&*, or M?* Lehman & Joyce, 1993
hammerhead ribozyme Mg Mn?*, C&t or Co*™ Dahm & Uhlenbeck, 1991
Zn?*, CcP*, or SP™ + polyamine
human hepatitis delta virus Mg Mn?t, C&* or SP* Suhetal., 1993
hairpin ribozyme Mg", SPt, or C&* Chowrira et al., 1993
Mn?* or Ce?* + polyamine
Mn2*-dependent hairpin ribozyme M Cckt, C&™, or CLe™ Dange et al., 1990; Van Atta & Hecht, 1994
RNase P RNA Mg Guerrier-Takada et al., 1986

Mn2* + polyamine

Table 4: Apparent Metal lon-RNA Binding Constaridg2

ribozyme Kz ref

Tetrahemengroup | intron ~0.5 mM Mgt Grosshans & Cech, 1989

group Il intron ribozyme ~40 mM Mg?™ Franzen et al., 1994

Hammerhead ribozyme >3 mM Mg?*, Mn?*, and C&*" Dahm & Uhlenbeck, 1991
5.3 mM Mg+ Perreault et al., 1991

human hepatitis delta virus (HDV) >0.3 mM M¢@*, Mn?t, C&*, and St* Suhetal., 1993

hairpin ribozyme 3 mM Mg", 10 mM S#+, 20 mM C&* Chowrira et al., 1993

RNase P RNA 36 mM Mg Beebe et al., 1996

a Ky is defined as the concentration of metal ions giving half the maximum activity.

k

an essential site in isolate 6 RNA may be nonfunctional when RPPRNA + H,0 H20 Rpp-+ pRNA (17)

occupied by too small an ion (Mg) or one that is too large
(St or B&t). Nevertheless, it is not obvious how a site of Ko
such specificity could be constructed within an RNA RpmRNA + Nu— Rpp+ Nu-pRNA  (18)
structure.

Isolate 6 RNA not only requires €afor activity but also where R can be absent or a nucleoside or a nucleotide and
probably binds C#& strongly at pH> 7, as indicated by a  Nu can be virtually any nucleophile with an unblocked
low Ky of 40—60 uM for Ca—pppRNA and 106-200 uM terminal phosphate (Huang & Yarus, 1976b). Reactions 17
for Ca—G(5)pppRNA complexes. For an enzyme reaction (hydrolysis) and 18 (capping or cap exchange) are not
following the general mechanism independent. Instead, they are related by:

k Ky o+ kyy =
S+ET ES>P (14) 1o T K _ _ _
-1 constant under given pH and calcium concentration

it follows that . . . .
This explains several otherwise anomalous observations.

_ _ _ We have shown previously that the self-capping from 1 mM
K = (Koy ik = keafky +lfky = Kq + Kk (15) GDP and pyrophosphate release (no GDP present) of the
< pppRNA have about the same rates in the selection buffer,
Kg = Ky (16) et Hs SAllE . -
and yet the capping yield is high, approaching 70% within

Thus, in any mechansim having a single Michaelis 1 h (Huang & Yarus, 1977a).
complex (ES) between a substrate and product(s), dissocia- In the presence of GDP, the pppRNA undergoes GDP-
tion constant Ko) of a substrateenzyme complex or an  dependent self-capping and water-dependent pyrophosphate
activator-enzyme complex is equal to or smaller th&g. release simultaneously. Because GDP does not change the
Under these assumptioni§y of the Ca-pppRNA complex ~ overall pyrophosphate release by the pppRNA (Figure 6),
is at most 46-604M. This is among the strongest divalent the pyrophosphatase activity is decreased in the presence of
metal ion affinity for RNA catalysts known (Table 4), GDP. Therefore, isolate 6 pppRNA can be capped to high
although similar divalent dissociation determined by physical Yield with an external nucleophile.
methods have been reported. There are weak and strong The inhibition of G(8)pppRNA decapping by GDP (at
metal sites wittKy of 1 and 0.01 mM, respectively, in tRNA  >1 uM) or ppppG is also explained by a constant rate for
(Van Atta & Hecht, 1994) and~0.1 mM Mg in the the overall disappearance of the GppRNA. Decapping
hammerhead ribozyme (Koizumi & Ohtsuka, 1991).2Ga  of the G(3)pppRNA to the pRNA decreases 8- to 9-fold
binding constant by isolate 6 RNA compares well to many with ppppG present, and simultaneousig90% of the starting
Ca*-dependent metalloproteins (Strynadka & James, 1989), G(5)pppRNA is converted to G(jppppRNA. The inhibi-

for example, boving-trypsin, 0.4 mM; thermolysin, 20M; tion of decapping of G(BpppRNA to pRNA by 1 mM
phospholipase A 0.25 mM; staphylococcal nucleasel ppppG is about the same as that by 1 mM GDP-(95%
mM; concanavalin A, 0.3 mM; bovine calmoduli,10 uM; reduction). Thus, in the presence of a terminal phosphate-
avian troponin C~10 uM. containing nucleophile, water and the nucleophile compete,

The three catalytic activities of isolate 6 RNA can be maintaining a constant overall reaction rate determined by
summarized as two competing reactions the pH, temperature, and €aconcentration.
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On the basis of hydrolysis studies for NTPs from the
literature, we suggest a two-calcium model for this RNA.
One calcium bridges the nucleophilic attacking group and
the 8 a-phosphate and the other calcium bridges the/}-

Huang and Yarus

the latter may be a part of nucleotides, amino acids, sugars,
or other RNAs (Huang & Yarus, 1997b).

Secondly, RNA can oligomerize accurately with little cost
in information. A short oligomerization tract of as few as

phosphates. Such a model can explain the high specificity five or six nucleotides might be used to join a reaction center
and an inverse relationship between pyrophosphatase andguch as that of isolate 6 to binding centers for several

capping activities.

(1) The reaction is centered at thedsphosphate of the
ppPpRNA, so Ca" binding likely involves the Sphosphates.
(2) TheKy (Table 1) of the pppRNA is close to the apparent
Ky of CaATP, and the pH dependenceky; parallels the
pH dependence of the appardff of CaATP complex (3,
0.2, and 0.1 mM at pH 5.5, 7.0, and 8.5, respectively;
Nanninga, 1961), indicating that a catalytically important
Catis indeed coordinated by théghosphates. (3) Capping
the B end reduce&y up to 9-fold (Tables 1 and 2), strongly
suggesting direct interaction of &awith the 8 phosphates.
(4) Hydrolysis studies of Bf—NTPs have established the
2:1 M?*:NTP complex as the reactive species (Sigel, 1990).
(5) Coordination of M-a,5-phosphates and M(OH)y-
phosphate of NTPs leads to cleavage betwgenand
y-phosphates (producing;)Presulting from nucleophilic
attack on the/-phosphate by the metal-coordinated nucleo-
phile OH group (Sigel, 1990). To account for the unique
production of PR we suggest that the coordination pattern
is changed to Cag,y-phosphates and Ca(Nuy-phosphate
(Nu = nucleophilic attacking group) through the intervention
of the tertiary structure of isolate 6 pppRNA.

In this model, the Cd& complexing with theg,y-
phosphates helps to position and orientdhphosphate and

reduce the overall negative charge on the phosphates so a,

to facilitate nucleophilic attack. The other €aplays dual
roles of coordinating the nucleophilic attacking group to aid
attack on thex-phosphate and stabilizing the transition state

through coordination of the phosphate oxygens. Because

the attacking group is coordinated to the?Cthat binds to
the phosphate, the reaction is centered only aiotpos-
phate. Different nucleophiles bind competitively to this
C&", which produces competition between the hydrolysis

substrates. This process could create differing substrate-
specific enzymes carrying out similar reactions. That is,
isolate 6 employs the same active center to become a
pyrophosphatase and a capping and decapping catafygit

a related RNA serve as a subunit for an RNA replicase,
which catalyzes ROH attack on thé & phosphate of
nucleotides? This process is particularly appealing for RNAs
with kinetics like isolate 6, which has a constant rate of total
reaction. The redirection of its reactivity to a new substrate
would thereby minimize side reactions (e.g., hydrolysis) and
result in a highly specific new activity.

However, we can think of several deficiencies that might
be manifested in ribozymes made of interchangeable active
center and substrate-binding domains. For example, a
combinatorial ribozyme composed of several subunits could
be flexible and thereby inferior in catalytic accuracy and rate
acceleration to a unified one.

There is much evidence that such difficulties are not
limiting, even when ribozymes are assembled from pieces
chosen for experimental motives, rather than being evolved
for optimal function. A highly active group | self-splicing
RNA has been assembled from as many as four fragments
(Doudna et al., 1991) that combine by a mixture of base
pairing and tertiary interactions, and a quite different three-
E’agment group | ribozyme held together largely by tertiary
orces is also active (Doudna and Cech, 1995). A partial
reaction of group Il self-splicing is accurately carried out
by a three-RNA assembly whose two catalytic domains
combine by tertiary forces alone (Franzen et al.,, 1993;
Michels & Pyle, 1995).

Clearly, the reuse of optimal catalytic motifs is a frequent
adaptive theme in protein enzymes. We can therefore
envision that facile RNA oligomerization could create a

and capping or cap-exchange. Thus far, the model does nofombinatorial ribozyme consisting of an isolate 6-like

specifically predict a constant total rate of reaction. A
constant rate implies, in addition, a common conformational
or chemical rate-determining step for reaction with both water
and nucleophiles.

The two-C&" model also does not specify the kinetically-
defined C&"-binding site. LineweaverBurk plots do not
reveal cooperativity (nonlinearity). Thus, the binding
affinity of the two C&" sites may differ by more than 1
order of magnitude, so that the activity would respond
hyperbolically to the last-bound essentiaPCéat the weaker
site).

Finally, we suggest a specific application of the unusual
versatility of isolate 6, the creation of combinatorial ri-
bozymes. On one hand, many different kinds of small-

catalytic subunit and substrate binding subunit(s) that self-
assemble into quaternary structures. Such a combinatorial
strategy would be economical of primordial coded informa-
tion at a time when such information and its expression might
have been costly.
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