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Abstract: A detailed understanding of the susceptibility of RNA phosphodiesters to specific base-catalyzed
cleavage is necessary to approximate the stability of RNA under various conditions. In addition, quantifying
the rate enhancements that can be produced exclusively by this common cleavage mechanism is needed to
fully interpret the mechanisms employed by ribonucleases and by RNA-cleaving ribozymes. Chimeric DNA/
RNA oligonucleotides were used to examine the rates of hydroxide-dependent degradation of RNA
phosphodiesters under reaction conditions that simulate those of biological systems. Under neutral or alkaline
pH conditions, the dominant pathway for RNA degradation is an internal phosphoester transfer reaction that
is promoted by specific base catalysis. As expected, increasing the concentration of hydroxide ion, increasing
the concentration of divalent magnesium, or raising the temperature accelerates strand scission. In most instances,
the identities of the nucleotide bases that flank the target RNA linkage have a negligible effect &g tie p

the nucleophilic 2hydroxyl group, and only have a minor effect on the maximum rate constant for the
transesterification reaction. Under representative physiological conditions, specific base catalysis of RNA
cleavage generates a maximum rate enhancement100 000-fold over the background rate of RNA
transesterification. The kinetic parameters reported herein provide theoretical limits for the stability of RNA
polymers and for the proficiency of RNA-cleaving enzymes and enzyme mimics that exclusively employ a
mechanism of general base catalysis.

Introduction Scheme 1.RNA Cleavage by Alkali-Promoted
Transesterificatich

Ribonucleic acids perform critical functions in modern . . .
biological systems that range from information storage and ¢ B hy B ) B
transfer to structure formation and catalysis. Polymers of RNA o \\ﬁ °
are most commonly composed of the four standard ribonucleo- Cl s GRS 2 3 HOH
tides (G, A, U, and C) which are joined vi43-phosphodiester 0% NS Hor ij;o
linkages (Scheme 1L). The stability of RNA toward chemical o3 = oY _ ~— o0
and enzymatic degradation plays a central role in the biological HoH °5, 0. B HOH o B HO_“O B
function of this polymer. One of the greatest risks to the \g °
molecular integrity of RNA under conditions that approximate o OH o OH 4 4 L

those found inside cells (near neutral pH and the presence of :
alkali metals and alkali-earth metals) is the inherent chemical @ Structuresl and 2 represent the "% -phosphodiester linkage in
instability of its RNA phosphodiester bonds. The close proximity the ground-state configuration and the pentacoordinate intermediate,

; ' respectively. Cleavage products carrying @ zZyclic phosphodiester
of the adjacent Zhydroxyl group to the phosphorus center of terminus 8) and a 5-hydroxyl terminus 4) are generated following

each internucleotide linkage permits facile transesterification to nucleophilic attack by the' 2xygen.B represents any of the four natural
occur, particularly under strongly acidic or strongly basic pycleotide base moieties. Dashed lines depict the continuation of the
conditions! Both acid-catalyzed and base-catalyzed reactions RNA chain via additional 35 -phosphodiester linkages or alternatively
proceed via an 2 mechanism wherein thé @xygen attacks chain termination with hydrogen.

the adjacent phosphorus center. It is largely the protonation state . i AT .
of the 2 oxygen that dictates the rate at which each internucleo- cyclic phosphated) and 3-hydroxyl () termini. This cyclizing

o - mechanism for RNA cleavage, which was first proposed and
tide I|_nkage C"?a"?_s' although higher-ordered RNA structure alsosubsequently established by investigators during the early
contributes significantly to the rate of transesterification.

. 3 o S ; 19508 is the primary pathway for the uncatalyzed degradation
Alkaline conditions favor specific base catalysis, in which the ! . e
2'-hydroxyl group is deprotonated by hydroxide to generate the of RNA polymers under typical cellular conditiofis.

more nucleophilic 2oxyanion group (Scheme 1). In this (2) Brown, D. M.; Todd, A. RJ. Chem. Socl952 52-58.
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Although a tremendous quantity of data concerning_ this A ‘FII’AFGJ 10 0
reaction has been generated over the ykars, systematic ; i v i
examination of the reaction kinetics has been reported for *pCGACTCACTATAGGAAGAGATG
conditions that are of physiological relevance. Most importantly, g 1. 1'

we wanted to determine the kinetic parameters needed to more
accurately estimate the rate of RNA transesterifcation under
neutral pH conditions and ambient temperatures. A detailed
understanding of the kinetics of RNA transesterification under
high pH conditions makes possible a quantitative assessment
of the chemical stability of RNA in various aqueous environ-
ments. In addition, these data provide kinetic parameters that
would be useful for investigating the catalytic strategies used
by RNA-cleaving enzymes and for designing RNA-cleaving
enzymes, ribozymes, and nuclease mirfiits.
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Results and Discussion

RNA Substrates and the RNA Cleavage Assay System.
All internucleotide linkages within an RNA polymer can
undergo cleavage by transesterification. Therefore, the kinetic
analysis of RNA phosphoester cleavage in the context of large
RNA polymers can be problematic. To examine the cleavage

of an individual RNA phosphodiester, we synthesized five

different 22-nucleotide DNAs that contain a single embedded
RNA linkage located between nucleotides 12 and 13 (e.g.,
substrate S(ApG); Figure 1A). Degradative mechanisms that
spontaneously act upon DNA, such as phosphoester hydr#lysis,
oxidative cleavagé! and cleavage as a result of depurinafién,

In fraction remaining ©

R

120
time {min)

are all at least several orders of magnitude slower than RNA gjgyre 1. (A) Substrate oligonucleotides used for cleavage rate

transesterification under alkaline conditions. In this Context, the determinations. Each 22-nucleotide DNA contains a Sing|e ribonucleo-
cleavage of the lone RNA phosphodiester linkage can be tide (underlined) that forms an embedded RNA phosphodiester linkage
assessed without complications resulting from unwanted cleav- (triangle). Oligonucleotides are radiolabeled at theeBminus with

age of the flanking DNA phosphodiesters. As a result, these 3P (*p). Nucleotide changes made to the parent sequence “S(ApG)”
chimeric “embRNA” substraté3provide an excellent alternative ~ are identified by the arrows, where the sequence variations for each
to the use of dinucleotides (e.g., see refs 7 and 14) for mode]| Substrate are identified within the parentheses. (B) Representative
compounds to study RNA degradation. autoradiogram of a typical separation®@®-labeled substrats) and

Hiah dered lei id Id sianif v aff 32p-labeled productR; 12-nucleotide 5cleavage fragment) made by
Igher-ordered nucleic acid structure could signiticantly afect denaturing 10% PAGE. Transesterification reactions with S(ApG) were

the rate at which an internucleotide linkage undergoes cleavageonducted at pH 13.4 for the times indicated (see Experimental Section).
by transesterification (see below). However, none of the five The 5-cleavage fragments carry heterogeneous termini consisting of
chimeric substrates used in this study are prediét€d 2 ,3-cyclic phosphate, or the subsequent hydrolysis produtts 2
to form unimolecular or bimolecular secondary structures that phosphate or '‘3phosphate. Fragments with these different chemical
could bias cleavage rates and therefore complicate data collecconfigurations are not resolved with this analysis. (C) Representative
tion and analysis (the DNA mfold server can be accessed onPplot depicting the decay of the RNA linkage as derived from the data
the Internet at www.ibc.wustl.eduzuker/dna/forml.cgi). The in part B. For this plot, the negative slope of the line represents the
reaction conditions most frequently used for data collection "ate constantfor the reactionin 3.16 M KCI, pH 13«4<(0.014 min').
involved high pH or high temperature, both of which are fragment as expected. Denaturing polyacrylamide gel electro-
expected to disfavor the formation of higher-ordered structures. phoresis is used to separate substrate and product molecules,
Moreover, absorbance/temperature profiles conducted with theand the resulting?P-labeled reaction products are imaged by
all-DNA version of S(ApG) at pH 7 and 10.6 indicate that no autoradiography (Figure 1B). The relative amounts of each
significant higher-ordered structures are formed that otherwise radiolabeled oligonucleotide were quantitated using a phosphor-

could bias the kinetics of RNA cleavage (data not shown).
Cleavage of a'5*2P-labeled version of the substrate S(ApG)

at the RNA phosphodiester produces a single é®vlabeled

product that corresponds to the 12-nucleotidecl&avage
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5396-5401.
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2295-2316.
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based imaging system, which provides an extremely sensitive
and accurate determination of product yields. A plot of the
natural log of the fraction of substrate remaining at various
incubation times forms a straight line over 3 half-lives when
incubated at pH 13.4 (Figure 1C). This result indicates that the
RNA transesterification reaction proceeds to near completion
without variation in reaction kinetics. The negative slope of the
resulting line provides the rate constak) for RNA trans-
esterification under the specific reaction conditions surveyed.
This same approach was used to establish rate constants under
all reaction conditions.

Dependence of RNA Transesterification on pHThe rate
constant for cleavage of the substrate S(ApG) (Figure 1A) was
determined at different pH values ranging between 8.75 and
14.5. At pH values below 12, 2-(cyclohexylamino)ethanesulfonic
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-1 is predicted to have a slope of 0, as is seen with the data
23°C . generated with S(ApG) near pH 14 (Figure 2, inset). TKg p
" 316MK for the 2-hydroxyl group can be inferred from the pH-dependent

rate profile by determining the pH at whick is half its

e | stope=0.983 maximum value. Under these reaction conditions (3.16 M K
£ - 9 23 °C), the maximum value fok or kmax for S(ApG) equals
f» 15 ~0.022 mirl. The half-maximal rate constant éfkmax of
S 5r c -1.7 ~0.011 mirr! is obtained at pH of~13.1, which establishes
B 1.9 the apparent g, for the 2-hydroxyl group of the labile
© 13 14 internucleotide linkage of S(ApG) under these assay conditions.
7 L i TS ' A pK, value of 13.1 is consistent with the assumption that the
8 10 12 14 pKa of a lone 2-hydroxyl group will be greater than12.4,
pH which is the K, value observeld—24 for a terminal hydroxyl

Figure 2. The pH dependence of the rate of S(ApG) RNA cleavage. of an RNA monomer when the vicinal and 3 oxygen atoms
Data were collected in reaction mixtures containing CHES (shaded remain unesterified.
circles) and CAPS (open circles) or in unbuffered (filled circles) — Apqther critical parameter that can be established from these
reactions. Inset. High-resolution profile depicting the pH range that . iq the rate constant for RNA transesterification at pH values
encompasses the transition from first-order to zero-order kinetics that that imate phvsiological diti Unfort tel ]
occurs near thely, for the 2-hydroxyl group. The apparentp for at approximate physiojogical conditions. Unfortunately, ex
the 2-hydroxyl group of the ApG internucleotide linkage under these P€rimental determination of rate constants below pH 9 becomes
reaction conditions (3.16 M KCI, 23C) is ~13.1, as determined by difficult due to the extremely slow rate of the reaction. Although
the pH value that provides a value fotthat is half-maximal Kmax ~ long incubation times can be used to generate measurable
0.02 mirr?). amounts of cleavage product, the background rate of substrate
cleavage due to radiolysis begins to contribute to the total
acid (CHES; pH 8.75 to 10) and 3-(cyclohexylamino)-1- observed rate for substrate cleavage, and interferes with data
propanesulfonic acid (CAPS; pH 10.25 to 11.75) were used to interpretation. Due to the linear nature of the pH-dependent rate
stabilize the hydroxide ion concentration. At pH values above profile, extrapolating the line toward acidic pH values should
12, appropriate amounts of KOH were added to unbuffered reveal the rates for RNA transesterification under biologically
reaction mixtures to establish the desired hydroxide ion con- relevant conditions. This can be done with confidence through
centration. No buffering agent was deemed necessary at thesgH 6, assuming that pH only affects the protonation state of
more alkaline pH conditions due to the high concentrations of the 2-hydroxyl group. With reaction conditions below pH 6,
hydroxide ions and the short incubation times that were neededspecific base catalysis (measured at elevated temperatures)
to accurately establish rate constants for transesterification. Inbecomes a minor mechanism relative to the competing mech-
most instances, ionic strength was maintained constant in allanism of specific acid catalysis for RNA transesterification.
reactions by supplementing each reaction mixture with KCl such As a result, data extrapolation for specific base-catalyzed RNA
that the total concentration of ionic potassiuntjKvas 3.16 cleavage under these acidic conditions also is problematic.
M. This concentration was chosen to normalize the amount of  Equation a was derived from a simple slope-intercept form
K* delivered to each reaction with that delivered to the reaction (y = mx + b; see Experimental Section for details on the

at pH 14.5 in the form of KOH. derivation of equations).
A linear relationship was revealed by plotting the logarithm
of the rate constants for RNA transesterification between pH 9 log k = 0.983(pH)— 14.8 @)

and 13 (Figure 2). This correlation, which has been well

men her investi 1720 h . . . I
documented by othe estigatdrs, s due fo the This equation can be used to estimate the contribution that

increasing fraction of ’2oxyanion groups relative td-hydroxyl o .
: . . . specific base catalysis makes toward the rate constant for RNA
groups that is produced under progressively higher hydroxide iransesterification at any pH value below thi,mf the 2-

concentrations. Specific base catalysis generates a 10'f0|dhydroxyl group. A slope rf) of 0.983 for the cleavage of

increase in the number of reactivedkyanion groups for each . . .
unit increase in pH. This effect is reflected in Figure 2, where 'Sréé?/ﬁ%t\gr?;se;e(;viid dle)%/efrlrﬁtr;[g](? z;cs)gfh\;iﬁ[ﬁcre)gt (;'?#é%ﬁg'
the line depicting the relationship between rate constant andformed by plotting pH-dependent rate constants for pH 9 to 13

PH maintains a slope of-1 below pH 13. This linear using linear regression analysis. For ApGy;iatercept of—14.8
relationship holds until the pH of the reaction mixture ap- min-1 is obtained at pH 0. The rate constag) for RNA

proaches the K, of the 2-hydroxyl group. When the pH e : »
matches the I, half of the substrate oligonucleotide already trandsetstgrg|catl(t))n t_;Jrl[gIer dc_ifll‘ferer:t bluffer fcondmons can be
carries the more powerful-®xyanion, and further deprotonation predicted by ,Su stituting ! er.e-n va ues. or pKj.( .

By employing a more simplified equation (eg) avith the

at most can have a 2-fold effect on the rate constant for the 4 .
above-described parameters, specific base-catalyzed cleavage

reaction. ) !
The line formed when plotting the rate constants obtained at _Of an ApG RNA linkage at 23C, pH 6.0, and in 3.16 M K

H values sianificantly areater than the.dor the 2-hvdroxyl is projected to proceed with an otherwise uncatalyzed rate
p g yg 4 ydroxy constant Knackground Of 1.30 x 109 min~L,
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K= 1d714.8#0.983(pH} (a2) 13.8 |

slope =-0.24

At pH 6, both specific base catalysis and specific acid 13.6

catalysis are near a minimuhglthough cleavage by a depu-

rination/3-elimination mechanism becomes increasingly sig-

nificant12 However, thekpackgroundvalue at pH 6 is of particular

interest as it reflects the rate at which transesterification will 13.2

occur under aqueous conditions that are presumed to be the

safest for the long-term storage of RNA. 13.0
Equation a can be used to accurately predict the rate

constants for RNA transesterification for pH values that range K+ (M)

from 6 to values that approach thkgfor the 2-hydroxyl group. Figure 3. Influence of [K"] on the apparentif, of the 2-hydroxyl

This equation, however, does not take into consideration that group at 23°C.

rate constants begin to plateau at pH values near and above the

pKa Equation gis a modified form of athat can be used to  establishing pH values above thigfor the 2-hydroxyl group
using KOH would introduce excessive amounts df ilto the

K = 10f ~14.80-0.983l0gK+[H ]} @) reac_ti_on mixture. However, ionic potassium is expected to
stabilize the deprotonated form of thet®/droxyl group through
] o ionic interactions, thereby lowering itdp and producing the
approximate the rate constants for pH values beginning at pH increases in the observed rate constants. As a result, we speculate

6 and ranging beyond pH 13.1, which equal& pletermined  that the K, and not the maximum rate constant, is most likely
for the 2-hydroxyl group of S(ApG). Values for the equilibrium g pe influenced by K.

13.4

apparent pKy

constanK, and [H'] are the negative antilogarithms of thkp I this assumption is correct, then observed increases in rate

for the 2-hydroxyl group and the pH of the reaction mixture, constants with increasing [K exclusively reflect decreasing

respectively. _ pKa values for the 2hydroxyl group. Apparentlg, values for
Power of Z-Hydroxyl and 2'-Oxyanion Groups as Nu-  the 2-hydroxyl group at different concentrations of-Kvere

cleophiles.Nucleophilic attack by the "2oxygen is the rate-  getermined by establishing the pH values needed to achieve
limiting step for RNA transesterification under alkaline reaction 1/, A comparison of apparent@ values versus [K] forms
conditions. Therefore, deprotonation of thehgdroxyl group 3 |inear plot with a slope 0f-0.24 (Figure 3), which reflects
the rate constant for transesterification. Beginning above pH 5, of potassium used in this study. Although an apparét qf
increasing the pH of the reaction mixture results in a corre- 131 was established at high potassium concentration, a value
sponding linear increase in the logarithm of the rate constantsof 13,7 is expected with potassium concentrations that approach
for RNA transesterificatiof. This finding indicates that, even  tnose observed inside cells©.25 M). This relationship holds

at pH values lower than 6, the deprotonatéd@yanion form  eyen when taking into consideration the activity coefficients
of the nucleophile dictates the rate constant observed for RNA for KCI. At 25 °C the activity coefficients that more accurately
cleavage. reflect the free concentration offkdrop significantly between

Conversely, the data indicate that the protonated form of the g gand 0.3 M2” However, the coefficients decrease only slightly
nucleophile, the 2hydroxyl group, makes a negligible contribu-  gyer the concentration range used in this study and, as a result,
tion to cleavage kinetics, even at pH values near 5. This is true cqrrections for K activities were not made.
despite the fact that at pH 5 the2ydroxyl group is present in Rate constants can be calculated for RNA transesterification
more than 18fold excess over the deprotonated form. There- 4; different concentrations of Kusing eq b. The background
fore, to play the dominant role in nucleophilic attack, the 2 ate constantkbackground Used for this equation (1.38 10°°
oxyanion group must be at least8fold more powerful than min~1) is the value projected for RNA cleavage at pH 6.0 and
its protonated counterpart. For comparison, the oxyanion group 23 °c in the presence of 3.16 M'Kusing eq a (see above).
derived from methanol is-10°-fold more nucleophilic than its  The value for [K] should reflect the total molar concentration
corresponding hydroxyl form when attacking a methyl iodide present under the reaction conditions of interest. Equation b
substrate in methanol solvettt.The ~100-fold discrepancy begins with aknackgroundunder the maximum [K] tested (3.16

that reaction parameters such as solvent and substrate typegoncentrations.

(among many other factors) have on the relative nucleophilic
power of related attacking groups. _

Dependence of i, on the Concentration of Potassium Korojected™ Koackgrouna 1
lons. Several reaction parameters other than pH also may affect o ) )
the rate constants for RNA transesterification. We find that K Transesterification Rates and the Concentration of Di-
concentration has a significant influence on the rate constants¥&leént Magnesium.Cationic metals have profound effects on
at a given pH. Specifically, increasing'concentrations yields the folded structures and chemical stability of RNA molecéfes.

progressively higher rate constants at pH values below 13 (datalt Na@s been known for many years that various divalent metal
not shown). Unfortunately, we could not test whether the original 1°1S Strongly promote RNA degradation by transesterificafioft.

kmaxOf 0.022 mirr? attained at 3.16 M [K] (Figure 2) changes (27) Weast, R. C. ICRC Handbook of Chemistry and PhysiGRC

with different concentrations of ionic potassium, because Press: Cleveland, OH, 1976; p D-153.
(28) Pan, T.; Long, D. M.; Uhlenbeck, O. C. lfhe RNA World

0 ~0-24(3.16-K*D} (b)

(25) Pearson, R. G.; Sobel, H.; Songstad].JAm. Chem. Sod.968 Gesteland, R. F., Atkins, J. F., Eds.; Cold Spring Harbor Laboratory Press:
90, 319-326. New York, 1993; pp 274302.
(26) Pross, A. InTheoretical and Physical Principles of Organic (29) Butzow, J. J.; Eichorn, G. IBiopolymers1965 3, 95-107.

Reactvity; John Wiley & Sons: New York, 1995; pp 23234. (30) Farkas, W. RBiochim. Biophys. Actd968 155 401-409.



5368 J. Am. Chem. Soc., Vol. 121, No. 23, 1999
A
R slopes = ~1
=
E
X
o))
2
B
=
E
X
o))
o
C 2 iy pH 9.5
b 23°C
T 5 mM Mg2*
>
< 10
i ()
.
0 1 | |
0 1 2 3
K1 (W)

Figure 4. Influence of [Mg"] on the rate constant for RNA
transesterification. Assay reactions for data depicted in part A were
conducted at 23C in 3.16 M K' in the absence or presence of Mg

as indicated, where the buffer (50 mM CHES) was adjusted to various
pH values as shown. Similarly, reactions for data depicted in part B
were conducted in 50 mM CHES (pH 9.5 at 2@) with various
concentrations of MgGl The effect of [K'] on Mg?*-promoted RNA
cleavage (C) is expressed as the rafi&)(of the rate constants in the
presence of M versus the absence of Ky at various concentrations

of K*.

The catalytic roles of metal ions are diverse. For example,

magnesium cations presumably could promote the cleavage otV

RNA by facilitating proton transfer or by serving as a Lewis
acid catalysg®33

We examined the effects of divalent magnesium cations on
the rate constant for RNA transesterification using concentra-
tions of Mg®" that are of physiological relevance. At pH 9.5
and 3.16 M K, the addition of divalent magnesium to 0.005
M induces an~3-fold increase in rate constant over that
observed in the absence of divalent metal ions. Moreover, this
relationship holds for pH values ranging between 8.8 and 9.8
(Figure 4A). Assays under higher pH values were not attempted

promote the formation of substantial amounts of insoluble

(31) Eichorn, G. L.; Tarien, E.; Butzow, J. Biochemistry1971, 10,
2014-2019.

(32) Zagaowska, I.; Kuusela, S.; limberg, HNucleic Acids Res1998
26, 3392-3396.

(33) Zhou, D.-M.; Taira, KChem. Re. 1998 98, 991-1026.
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magnesium hydroxide complék,and this would complicate
the interpretation of any data that were derived under more
alkaline conditions. As expected, increasing concentrations of
MgCl, between 0.005 and 0.05 M bring about progressively
faster rates of RNA cleavage. A plot of lég/ersus log [M§*]

at pH 9.5 reveals a linear relationship with a slope of 0.80 over
the range of metal ion concentrations used (Figure 4B),
reflecting the substantial impact that this particular divalent metal
has on the rate of RNA transesterification.

In addition, we found that the concentration of Klso affects
the rate enhancement caused by the addition ofMdt
concentrations of K in excess of 0.5 M, the addition of 0.005
M Mg?2* results in an~3-fold increase in the rate constant.
However, the influence of Mg increases sharply as the
concentration of K approaches zero (Figure 4C). The loss of
Mg?*-promoted RNA cleavage at higher ionic strengths may
be due to K-mediated shielding of the negatively charged
phosphates which may preclude the formation of RNWg2"
complexes. Mg" may bind more strongly to the RNA phos-
phodiester backbone at low {i thereby accelerating trans-
esterification by any of several mechanisms.

The effects of Mg that are made apparent in Figure 4 could
be due to general base catalysis, general acid catalysis, catalysis
by direct Lewis acid function, or in part may be due to the
increase in ionic strength resulting from increasing f¥g
Regardless of the mechanism, the results described above
indicate that rate constants for physiological pH conditions and
concentrations of Mg can be predicted with reasonable
accuracy. Equation c can be used to project the rate constants
for RNA cleavage with Mg" concentrations between 0.005 and
0.05 M and with concentrations ofKbetween 0.03 and 3.16
M. However, for reaction conditions with ion concentrations
that are outside these ranges, this empirical equation may not
provide accurate projections.

kprojectedz kbackgroundx 69.3([Mg2+]°'8) X 3_57([K+])70.4z(9:)

The values for the first factokgackground Can be established
using eq a between pH 6 and 13. The second factor represents
the enhancement that Mg contributes to the overall rate
constant as determined by the data in Figure 4B. The third factor
reflects the influence thatKhas on the RNA cleavage activity
of Mg?*.

Transesterification Rates and Temperature.Temperature
of the reaction mixture was found to have a substantial effect
on the rate of RNA transesterification. In a reaction buffered
ith 50 mM CAPS (pH 10.7 at 23C), a linear trend between
the rate constant and temperature is observed with progressively
higher temperatures producing modest increases in the rate
constant (Figure 5). However, the value for each rate constant
must be corrected by considering the variation in pH that occurs
when altering the temperature of the reaction mix&r8pecif-
ically, the relevant K, of CAPS changes with increasing
temperature (K} /dT) by a value of—0.032 unit per degree
Celsius (see Experimental Section).

After correction for the changes in pH, the temperature-
dependent variation in rate constants becomes much more

0pronounced. An increase in the rate constant of greater than 3

orders of magnitude is apparent between 4 and®GQafter

correcting the data for the inherent variation in pH (Figure 5A).

A linear trend with a slope of 0.07 is observed for the influence
(34) Dean, J. A., Ed. IrLange’s Handbook of Chemisiri3th ed.;

McGraw-Hill: New York, 1985; pp 473.
(35) Ellis, K. J.; Morrison, J. FMethods Enzymoll982 87, 405-426.
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A
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Figure 5. The effects of temperature on the rate constant for RNA
transesterification. (A) Temperature dependence of rate constants plotted
before (open circles) and after (filled circles) correction for pH variation.
(B) Arrhenius plot of the corrected data depicted in part A.

0.01
of temperature on RNA transesterification in the presence of
3.16 M K'. The rate constant for a particular temperature can
be calculated using eq d, wheFeis the temperature of interest,
To is a temperature where the rate constant is knownkayid
the value for the known rate constant. 12 13 14

pH

Figure 6. The effect of base composition on RNA transesterification.
The dashed line demarks pH 13.1, a value that approximatekthe p

Cleavage of S(ApG) also produces a linear relationship for each of the internucleotide linkages examined. Reactions were
between the reciprocal of the temperature and the naturalconducted at 23C in 3.16 M K*.
logarithm of the rate constant (Figure 5B). This standard
Arrhenius relationship indicates that the reaction kinetics are For example, the dinucleotide ApA is estimated to cleave with
elementary and are not complicated by structure formation or a rate constant of % 1071° min~* at 50°C and pH 6.0 in the
other possible factors. The activation energy) of the reaction absence of mono- or divalent metélsSimilarly, the dinucleo-
is 29 kcal mot?, compared with arE, of 13.1 kcal mof? tide plpU (where | represents inosine) is projected to cleave
determined for cleavage of RNA by a hammerhead riboz$fime. with a rate constant of 1x 101° under similar reaction

Transesterification Rate and Nucleotide Base Composi-  conditions?® These rate constants are 5- to 10-fold lower than
tion. The precise structural orientation adopted by RNA linkages the rate constants projected for S(ApG) by the equations
is known to be an important factor that influences the rate of presented herein.
cleavage by transesterification. It has been propddedt the To investigate the effect that different nucleobase combina-
alignment of the attacking’ 2xygen must make its approach tions may have on RNA phosphodiester stability, five repre-
to the phosphate from the side opposite that of thexiygen sentative linkages were assayed under alkaline conditions. A
leaving group for productive nucleophilic attack to occur. plot of the rate constants versus pH for substrate oligonucleotides
Indeed, this principle is consistent with the observed hydrolytic containing the RNA internucleotide linkages CpG, UpG, ApG,
stability of duplex RNA, whose base stacking precludes t/&& 3 GpG, and ApA is shown in Figure 6. Although th&pvalues
internucleotide linkages within its helical structure from adopting are essentially identical for each of the internucleotide linkages
this permissive “in-line” orientatio®®3°In contrast, the analo-  examined, the maximum rate constants derived for certain base
gous 2,5-internucleotide linkage becomes hypersensitive to compositions in fact do vary. S(ApA) is most resistant to specific
strand scission when positioned within an otherwise normal base-catalyzed cleavage, as would be expected from data
RNA helix38 This latter observation is consistent with the reported previously. However, our data indicate that the ApA
hypothesis that a’' & -phosphodiester linkage favors an in-line  linkage displays only a modest2-fold slower rate of trans-
conformation when embedded within a typical A-form RNA esterification kK = 0.01 mirn) compared to the linkages ApG
helix. and GpG. Moreover, the substrates that display the fastest rate

Likewise, it follows that base stacking within a single-stranded constants, S(CpG) and S(UpG), were only 4-fold more labile
oligonucleotide that simulates the formation of an A-form H8lix  than that observed for S(ApAk & 0.04 mint). Although the
would also contribute to chemical stability. Therefore one would differences in stability due to nucleotide base identities are
expect that nucleotide base composition, with its influence on relatively small, these differences would be sufficient to yield
the magnitude of single-stranded base stacking, may affect theresidual A-rich oligonucleotides upon alkaline digest as observed
rate at which an otherwise unconstrained RNA linkage under- by previous investigator§: 44
goes cleavage by transesterification. Several early reports The modest stabilization of ApA RNA linkages under alkaline
indicate that certain RNA sequences, particularly A-rich do- conditions can in part be rationalized by the fact that single

ky, = kg x 1000707l (d)

mains, are relatively resistant to alkali-promoted hydroRfsts:#4 strands of homoadenylic acid polymers in particular adopt
(36) Uhlenbeck, O. CNature 1987, 328 596—-600. (41) Smith, K. C.; Allen, F. WBiochim. Biophys. Act&a953 75, 2131~
(37) Usher, D. AProc. Natl. Acad. Sci. U.S.A969 62, 661-667. 2133.
(38) Usher, D. A.; McHale, A. HProc. Natl. Acad. Sci. U.S.A976 (42) Potter, J. L.; Dounce, A. LJ. Am. Chem. Sod.956 78, 3078~
73, 1149-1153. 3082.
(39) Reynolds, M. A.gt al. Nucleic Acids Red.996 24, 760-765. (43) Lane, B. G.; Butler, G. @iochim. Biophys. Acta958 33, 281—
(40) Sanger, W. InPrinciples of Nucleic Acid StructureSpringer- 283

Verlag: New York, 1984; pp 220241, 302-304. (4'14) Bock, R. M.Methods Enzymoll967, XIIA, 218-221.
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relatively stable A-form-like structures. As in the context of an Table 1. Projected versus Measured Rate Constants
A-form duplex, the internucleotide linkages that bridge the reaction conditions
stacked bases within these single-stranded structures adopt & k (min~?)
configuration that inherently disfavors in-line attack. Moreover temp [K] [Mg*] -
; L . ' . " pH  (°C) (M) (M) projected  measured accuracy

the adenine base moiety is not susceptible to deprotonation under . .
alkaline conditions as are guanosine and uridine. Deprotonation 94 40 026 0005 5% 104 5:5x 104 —ol

f the base moiety would create a charge-repulsion effect that o4 40 11 0.05 2.k 107 8.6x10° —21
,O - . 95 23 0.03 6.3 107 5.2x 1077 0.2
is expected to denature the helical structure of adjacent G and g5 23 0.15 68107 1.1x10° —-06
U residues thereby increasing the frequency in which the 95 23 0.15 6.8 107 59x 107 0.1
adjoining phosphodiester linkages sample the in-line orientation. 9.5 23 025 7.% lCT; 9.7 x l(T; -04
The finding that the [, values for each dinucleotide combina- 9-2 gg 2-5 féxx igﬁ i% X ige :8-3
tion tested are identical, coupled with the observation that the g ’ P )

. . 5 23 15 1.4« 10° 9.4x 10 0.3
maximum rate constants observed for these substrates differ, g5 23 2 1.8¢ 105 1.4x 106 0.2
supports a mechanism wherein each internucleotide linkage 95 23 3 3.2<10°% 21x10° 0.3

9.5
5
5
5

OCooO0Coocooco

exists for different lengths of time in an in-line configuration. 23 003 0.005 9.8&10° 11x10° -0.1

Moreover, the structural requirements invoked here are consis- 9 23 1 0.005 3.8 10° 3.2x10° 0.2

tent with the finding that RNA linkages with a propensity to g' gg g 8'882 é'i 1&2 i'%x 1&2 8'2
adopt an in-line configuration are more susceptible to spontane- g5 37 026 0005 3.9 105 1:1§ 104 -19
ous cleavage by transesterificatitn. 96 37 1 0.05 2.6¢10% 1.1x103 —3.2
All the dinucleotide combinations examined in this study are 9.7 37 025 0.005 6.%10° 62x10° —0.0
predicted to display rate constants for cleavage at pH 6.0 and10-0 23 1 005 75107 23x10% 2.0
low ionic strength that range between=2Gand 101° min—1, 18'2 gg 325 %‘%%5 21'5 igs %gi igs :ig
These predicted values closely approximate the rate constantsjg1  sg 11 0 3% 104 33x 10 o1
reported previously for cleavage of similar RNA dinucleotitfes. 105 40 1.1 0 15 10* 1.4x10* 0.1
In addition, the maximum rate constant obtained for the specific 10.6 4 1 0.05 1.410° 38x10° -—18
base-catalyzed cleavage of the dinucleotide Bjonly 2-fold 106 4 2 0.01  4810° 12x10° —15
less k = 0.005 mirr!) than that observed by us for ApA. 12'7 4025 0005 33 104 3.6x 105 —0.1
. .0 23 001 O 1.%10* 6.0x 10 0.6

Although different substrate forms and methods were used to 155 23 (03 o0 45 104 1.8x 104 06
establish these rate constants, their similarity to our data supportsiz.o 23 0.1 0 1. 10°% 11x10°% -01

the validity of projecting rate constants using the current set of —; Accuracy betwean oroecied and measured rate constants is defined
kinetic parameters. Moreover, it is apparent through our studies ¢ kprojetjled _ykmeasureykppr)ojecjtet)- u ! !

of S(ApG) that the ApG RNA linkage has kinetics for

transesterification that are typical for an RNA linkage. kinetics, other dinucleotides such as UpA and CpA cleave much
Under these same conditions, however, the dinucleotide UpA faster when examined in isolation. In fact, the rates of cleavage
has been demonstratédo cleave with a rate constant of>3 of any internucleotide linkage, regardless of nucleotide base

107" min~1, which is~100-fold greater than that projected for composition, conceivably could be enhanced or diminished by

the dinucleotide ApA. Moreover, many dinucleotides of the form higher-ordered RNA structures.

UpA or CpA in the context of natural RNA polymers undergo Despite these uncertainties, a predictive equation that simul-
cleavage via transesterification with rates that far exceed othertaneously accounts for each of the reaction variables described
internucleotide linkage¥:*8Either a substantial shift in the<g above would be of considerable value for estimating rate

of the 2-hydroxyl group or a dramatic increase in the “in-line”  constants for an “average” internucleotide linkage. Equation e

nature of the linkage may be responsible for the unusual
cleavage rates observed for these dinucleotides. Additional Korojected= Kbackgroun
experimentation is currently underway to examine the underlying _ 3
cleavage mechanism of these unique dinucleotides. 69.3[Mg*1°% x 3.57[K'] 419 10°7T2) (g)

A General Equation for Estimating Rate Constants for . . . .
integrates each of the reaction parameters into a single expres-

RNA Transesterification. A variety of factors may affect the sion, thereby allowing the estimation of cleavage rate constants
accuracy of rate constants that are derived from the equations” " y 9 g

described above. Of foremost importance is the accuracy of thewgfen ;wgingmore ofTisgovarli\(t}lgsma}ﬁ? g?rze:g ogmulljag ((a)ously.
data from the rate constants and trends used to establish eacﬁ'n d3 36 M lszgil?“h'g_ne)'(t faf:tor is a variation ofyg ah.at,
equation. We find that the assay system used in this study is ) : @

simple to implement, is free of complications, and yields highly :ggqegnsinthZgrr:]aer;,fclptﬁzeerit:tigﬁgs}teagggﬁg}fd tfcr)ofniag. :)’he
reproducible kinetic parameters and trends. In certain cases (e.g. 9 q S

pH and K7 the mechanism responsible for a condition- fespectively. The background rate constant has been estimated

dependent change in rate constant may be rationalized. Howeverfor a temperatureTp) of 23 °C. Since eq e integrates factors

the mechanisms that mediate the effects ofMand temper- from eq ¢, the res“'“r.‘g genergl equa}ion Is expected o be
ature are most likely complex. Also of significant importance accurate .only for reactpn conditions with the above-specified
is the structural configuration of the RNA linkage of interest. range of ion concentrations.

. . : As a test of the ultility of this equation, we examined the rate
Although the ApG RNA linkage displays average reaction constants for cleavage of S(ApG) under conditions where several

(45) Soukup, G. A.; Breaker, R. R. Submitted for publication. reaction parameters were varied simultaneously (Table 1). In

(46) Thompson, J. E.; Kutateladze, T. Gh Schuster, M. C.; Venegas, F. each case, the rate constants generated using eq e predict the
D.; Messmore, J. M.; Raines, R. Bioorg. Chem1995 23, 471-481. ; i ithin B

(47) Kierzek, RNucleic Acids Re<1992 20, 5079- 5084, experimentally determlnedl rate constants to w[th|n 5-fold. The

(48) Williams, K. P.; Ciaffe Tocchini-Valentini, G. PEMBO J.1995 accuracy for these approximations holds for different reaction

14, 4551-4557. mixtures that produce rate constants ranging over 4 orders of

X 10[0983(OH-6) o 1 024D} o
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magnitude, and where as many as four reaction conditions aregiven pH and the maximurk that can be achieved with total
altered simultaneously. deprotonation of the 'zhydroxyl group. For example, the
The set of empirical equations derived in this study is estimated rate constant for the uncatalyzed cleavage of S(ApG)
expected to be useful for the estimation of RNA cleavage rates at 23°C, pH 7 in 0.25 M K', and 0.005 M Mg" is ~1 x 108
under physiological conditions, and under conditions that are min~%. Our data also indicate that a catalyst or an enzyme that
likely to be used for the manipulation and study of nucleic acids. makes use of general base catalysis alone cannot exceed the
Establishing these and other kinetic values will provide a experimentally derivedmax of 0.022 min? for the substrate
valuable set of parameters that could be employed in efforts to S(ApG) that was measured under strong alkaline conditions
make an accurate accounting for the rate enhancements of RNA{Figures 2 and 6). Therefore the maximum rate enhancement
cleaving catalysts and enzymes. For example, one can estimaté¢hat can be achieved by a catalyst or enzyme that is restricted
the rate constants at which RNA will undergo degradation via to general base catalysis under these conditions2ignillion
transesterification under representative physiological conditionsfold. In contrast, a catalyst that fully exploits general base
(e.g., 37°C, pH 7.4, 0.25 M K, and 0.005 M Mg"). Using eq catalysis at pH 6Kpackgrouns= ~1 x 107° min~1) conceivably
e, the background reaction for S(ApG) under these conditions could function with a 10-fold greater range, thereby displaying
is projected to be 1.4 10~7 min~. This value approximates a maximum rate enhancement-e20 million fold.
the experimentally derived values obtained under similar  Assuming that the changes in reaction parameters from our
reaction condition4?5CInterestingly, the rate constant for RNA  standard conditions have only a minor effect on the maximum
transesterification under representative physiological conditionsrate constant of 0.022 miif, then this value should approximate
is ~100 000-fold greater that the estimated rate constant of the maximum rate constant that can be achieved by an RNA-
~10~12min~1 for the hydrolysis of DNA under similar reaction  cleaving enzyme that makes exclusive use of general base
conditions?? reflecting the substantial difference in chemical catalyst. By comparison, ribonuclease*and the hammerhead
stability between these two nearly identical polymers. ribozymé* display rate constants of1 x 10° and~1 min™1,
Equation e can also be used to define the challenges that aregespectively, when operating under similar reaction conditions.
encountered by organisms that live in extreme environments Therefore, both of these natural RNA-cleaving enzymes must
or that may generate extreme conditions in vivo. For example, make use of alternative or additional catalytic strategies that
the rate constant for the uncatalyzed cleavage of individual allow them to exceed the maximum rate constant that is
internucleotide linkages within an unstructured RNA under permitted by general base catalysis al®he.
conditions such as those experienced by thermophilic organisms
(e.g., 100°C, pH 7.4, 0.25 M K, and 0.005 M M§") is Experimental Section
predicted by eq e to bel x 1072 min~%. Therefore, RNAs of Synthesis of Embedded RNA SubstratesChimeric DNA/RNA
similar size are expected to spontaneously cleave nearlysubstrates each were generated by reverse transcriptase (RT) extension
100 000-fold faster in thermophilic organisms than in most of radiolabeled 12-nucleotide primer8GACTCACTAT(rNy), where
mesophilic organisms. For comparison, the half-life for RNAs (rN) represents one of the four standard ribonucleotide monomers.
that are 1000 nucleotides (or larger) is expected to-hemin Ribonucleotide-terminated primers were synthesized by solid-phase
or less due to the increased chemical instability of RNA at such methods (Keck Biotechnology Resource Laboratory, Yale University)
high temperatures. Even smaller cellular RNAs such as tRNA USing the appropriate ribonucleotide-modified solid support. Purified

X . 5' 32P-labeled primers were combined with the appropriate 28-nucleotide
would have a half-life of only~10 min at 100°C, although the template DNA 5CATCTCTTC(N)(N)ATAGTGAGTCGTATTAG,
highly structured nature of these molecules should offer some

X X where (N') is complementary to the ribonucleotide base)(bf the
protectlon. from spon.taneous. §trand cleavage. The Inherentcorresponding primer, and (N is varied to establish the identity of
decrease in the chemical stability of RNA under more extreme the pase that flanks thé Side of the RNA internucleotide linkage. To
conditions poses a serious challenge for thermophilic organisms,prepare the substrates used in this study) (ks setto G, A, U, or C;
which most likely must use additional biochemical strategies (Ny) was set to C, T, A, or G, respectively; and’\was set to C or
to stabilize cellular RNAs against rapid spontaneous degradation.T (see Figure 1). RT-mediated extensions each were conducted in 100
uL reaction mixtures containing BM primer, 10uM corresponding
Conclusions template, 0.4 mM each dNTP, and 600 U SuperScript Il RT (Gibco
o BRL) and incubated for 1ot2 h at 37°C in the buffer solution supplied
The process of general base catalysis is one of severalpy the manufacturer. The extra nucleotides at thee@ninus of each
catalytic strategies used by RNA-cleaving proteins such as template facilitated efficient separation of the resulting 22-nucleotide
bovine pancreatic ribonuclease®AGeneral base catalysis is  substrates by denaturing 20% polyacrylamide gel electrophoresis
manifest in this enzyme through histidine 12, which by (PAGE). Radiolabeled substrates were isolated from the gel by crush/
deprotonation activates thé_ﬁydroxy| group for nuc|eophi|ic soak elution and concentrated by precipitation with ethanol. The
attack. Apart from the source of the base catalyst, this mech- resulting prgcipitate was resuspended in deionized water and stored at
anism is identical to that for specific base catalysis as examined ~20 “C until use. . o
in this study. As a result, we can use the kinetic parameters Kinetic Assays. For typical assays,’5*P-labeled substrates-b

. . . . M) were incubated for various times in a reaction buffer containing
established herein to estimate the maximum rate enhancemeng final concentration of 3.16 M Kand supplemented with 50 mM

for RNA transesterification that can be achieved either by cpgs or CAPS buffer as indicated. The pH for each reaction was set
specific base catalysis or by general base catalysis. The overallysing buffer solutions with predetermined pH values, or by adding KOH
rate enhancement for specific base catalysis of RNA trans- to provide the specific concentration of hydroxide required to establish
esterification can be determined at different pH values by a given pH. Temperatures were maintained at@3inless otherwise

calculating the difference in the magnitudelobbserved at a indicated. Each reaction aliquot was quenched by dilution into-Tris
HCI buffer (pH 7.0 at 23C). Samples were further diluted (2-fold) by

(49) Breaker, R. R.; Joyce, G. Ehem. Bio0l.1995 2, 655-660.

(50) Chapman, W. H.; Breslow, R. Am. Chem. Sod995 117, 5462 (53) DelCardayteS. B.; Raines, R. TBiochemistryl994 33, 15813~
5469. 15828.

(51) Radzicka, A.; Wolfenden, Rsciencel995 267, 90—-93. (54) Fedor, M. J.; Uhlenbeck, O. ®iochemistry1992 31, 12042~

(52) Walsh, C. InEnzymatic Reaction Mechanism&/. H. Freeman: 12054.

New York, 1979; pp 199207. (55) Li, Y.; Soukup, G. A.; Roth, A.; Breaker, R. R. In preparation.
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the addition of a gel loading buffer to give a final mixture containing The effect of [K"] on the rate constant for RNA cleavage is reflected
44 mM Tris—borate (pH 8.5), 3.5 M urea, 10% sucrose (w/v), and by eq b. This equation adjusts the value of a basal rate constant
0.0025% (w/v) each of bromophenol blue and xylene cyanol in addition determined in the absence of Kkoackground by @ factor that reflects
to the original constituents of the reaction mixture. The samples were the influence of [K]. From Figure 3, we find that the apparerf{
held on ice until gel loading. Reaction products were separated by 10% decreases with increasing concentration of Kccording to the
denaturing PAGE, and product yields were determined by imaging and following formula:
guantitating the resulting bands using a Phosphorlmager and Image-
QuaNT software (Molecular Dynamics). apparent g, = 13.1+ {—0.24(3.16— [K+])}

The influence of [K] on the apparentlf, of the 2-hydroxyl group
was quantified by establishing the rate constants derived using different Here, the value 13.1 was derived experimentally from the data in Figure
K™ concentrations under various pH conditions ranging from 12.9t0 3. The change irkoackgrouna relative to the change inka of the

13.6. For example, the [K concentration required to achieveknax 2-hydroxyl group is then represented by the following equation:
at pH 13.5 was determined by supplementing the 0.316*"Mi&rived
from KOH with 0 to 2 M KCI. The rate constants obtained at different log kp oted™= 100 Koporaround ™ {—0.24(3.16— [K*])}

rojecte ackgroun . .

total concentrations of Kwere then compared with the expected value
for Y2kmax Of 0.01 mimr?, which was obtained from the data depicted
in Figures 2 and 6.

The effects of temperature variation on RNA transesterification were
determined with cleavage assays similar to those described above
Substrate was combined with 50 mM CAPS (pH 10.66 at@Band
3.16 M K* and incubated at various temperatures that were maintained
by a thermocycler (DeltaCycler II, EriComp). The pH values for each
reaction were estimated by subtracting or adding 0.032 pH units for
each degree of variance from 28.3° The accuracy of this correction
was examined by experimentally determining the pH of a 50 mM
solution of CAPS (pH 10.66 at 2%) at several different temperatures.
For example, the pH values for this solution at 4 andG@re predicted
to be 11.27 and 9.80, respectively. The pH values for these solutions
were found to be 11.34 and 9.93, respectively, as measured using a . P 8
standard Ag/AgCl ATC (automatic temperature compensation) electrode Korojected™ KoackgrounMg” 1/0.005§

(Fisher) with an Accumet Basic pH meter. . ) R ) )

Determination of Rate Constantsn many instances, rate constants 1 NS equation further simplifies to give the first two factors of eq c.
were determined under various reaction conditions by first plotting the The effect of [K'] on the catalytic activity of M§" is represented
natural log of the fraction of substrate remaining uncleaved at various Y the following equation which was derived by a nonlinear fit to the
incubation times (e.g., Figure 1C). The negative slope of the resulting d2ta in Figure 4C:
line, generated by a least-squares fit to the data, reflects the rate constant —0.419
for RNA cleavage by transesterification. Data reported are representative Ak=3.57[K"]
of at least two separate experiments where the values for each repetition_ . . . . .
differed by less than 50%. When numerous rate constants were to beThls_gque_\tlon is incorporated into eq c as the third factor without further
established (e.g., Figure 6), at least two time points taken during the Medification. )
early phase of the reaction (less than 10% cleaved) were examined.. The linear effect of tempe_rature on_the logarithm of the rat(_e <_:c_)nstant
Plotting the fraction of substrate cleaved versus reaction time generatedS "ePresented by the following equation wh@endT, are the initial
a slope that represents the initial velocity of the reaction. Cleavage 2nd final temperaturesq), respectively, and, is an established rate
reactions were shown to proceed to completion (Figure 1B), therefore constant afo:
no corrections for cleavage-resistant substrate were necessary.

Equation Derivations. nguations aand a were derived from %e log le = (log kTo){o'm(Tl_ Tol}
slope-intercept form equation using data derived from Figure 2.

Equation g was derived from the Hendersehlasselbalch equation ~ Further simplification yields eq d as given in the text.

that relates the protonation state of an acid to Ksand the pH of the Equation e successively combines the factors that form;ema

medium: egs b-d to give an expression that can be used to approximate the
rate constant for RNA cleavage under a variety of reaction conditions.

Further simplification yields eq b as given in the text.

The effect of M@ and its modulation by K on kpackgrouna @re
encompassed by eq c. The impact of different concentrations &f Mg
‘can be predicted by the following equation:

log k= 0.8 log[Mdf"']

This linear relationship has only been determined between 0.005 and
0.05 M Mg?* (Figure 4B). As a result, the equation derived from these
data may only be valid over this same concentration of divalent ions.
We have chosen 0.005 M Mgas a reference point, giving the modified
equation shown below:

H = pK, + log([A J/[HA
P P+ log((A 1HAD Acknowledgment. We thank members of the Breaker
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log k= —14.8— 0.983 log(K, + [H"])} Pharmaceuticals, Inc.

Further simplification yields eqsaas given in the text. JA990592P



