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The use of buffer catalysts having o wide range of pA dissoctntion) values (4-12) provides the fisst estinates of two
gencrally useful empirical parameters of amino protons exchange in compounds of adenine and cytosine. ‘These are a nucleobase
amino group dissoctation constant (pA7y) amd the *enconnter frequency’ for proton transfer (A ), which can be used to predict
amino proton exchange rates. Valuea of amino pAyy fall in the range 8.6 -9.4 for the unsubstituted nuclechases and their
endoeyclie N-methylated detivatives, Simiae vidues of &y, are obtained for all nucleobanes (1< 10" M1 1), These conatants
were obtained from a atatistical (it of secondsorder catalytiv rate constantas for amino proton exchange, measured by amino
VINMER lineshape at varying Held frequencies (100, 300 and 360 MHz), ‘These reaubtn contirm the requirement for buffer
conjugate bare formation and sucteobase protonation, but point 1o o different mechanian of exchange at low pli; most
proabably difeet amino protonation for adenine, but not for eytosine compounds, Anionie buffer conjugate bases (phosphate
und neetate) show a grenter catalytie effect thun neatral (nftrogen) bases, especiadly with eytosine compounds. ‘The use of high
concentrations of aodium perchiorate to sharpen amino "1 tesonanees of Lmethyludenosine i examined, with reapect o
chemiben! tnd totational exchange and NMR line broadening,

1. Introduction

The importanee of gathering fundamental in-
tormation on the properties of nucleobase ex-
changeable protons is derived not only from their
erucial funetion as recognition sites in base-pair-
ing. but more recently from their role as sensitive
NMR probes of secondary and tertinry strueture

Abbreviations:  Ampso, M N(aca=dimethylhydrovy-
cthyDjamine-2:hvdroxypropunesutfonie  acid:  Hepes,  Ne2.
hvdroxyethylpiperazine-N'2-othanesutfonic acidi Mo, a(N-
morphalino)ethanesulfonie acidi Mopao, d( N=marphalinm-=2-
hydrosypropanesulfonic  acid: YieAdo,  F-mothyladenoaine
2.3-cAMP, 2. Mseyclic mbenosine monophaaphate: *m-Cyd,
S-mothyleviidine: 'm-Cyd, Bmethyleytidine, Protonated forms
of the unsubstituted nucloobases are written as 'HeAdo or
YHACyd.

of DNA and tRNA [1=3]. Because the mueromole-
cule sequesters from solvent the hydrogen-bonded
protons of the base-pairs, structural fluctuntions
control the solvent exchange of these protons, IT
the intrinsic lifetimes of these protons can be
estimated and predictably manipulated, then rates
and equilibrium constants for structural mobility
of the macromolecule can be extracted from the
data [4). The manipulation of the intrinsic ex-
change rates is done through the addition of buffer
catalysts and is necessary in order to establish the
formal kinetic domain that operates under the
conditions of the experiment (S},

It is o fortunate circumstance that the ex-
changeable protons most aceessible to the study of
oligonucleotides by NMR, the imino protons of
the guanine (N-1) and thymine (uracil) (N-3) bases,
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are also simplest for the calculation of intrinsic
eachange rates. Because these groups are ‘normal’
acids (having measurable pX values in aqueous
solution) the lifetime of the dissociable proton is a
straightforward function of the pK of the donor
group and the pK of the acceptor (buffer) [6].
Bvidence that the equally important amino pro-
tons can be studied by NMR of oligonucleotides
raises the possibility that their dissociation kinetics
may be used in a way similar to that of the imino
protons in studying nucleic acid structure [7.8).
The exchange mechanism of the nucleobase
amino protons is more complex than that of the
imino protons. On the basis of the hydrogen-ex-
change properties of helical DNA, nucleobase en-
docyclic protonation was postulated as a necessary
prelude to amino proton exchange [9]. Studies at
the monomer level showed that protonation of an
endocyclic nucleobase site is a requirement for the
observation of amino proton exchange at neutral
or acidic pH [10,11]. Otherwise, the amino acidity
of the nucleobase is too weak to provide measura-
ble exchange. Amino exchange in the neutral
nucleobase is catalyzed only by OH ™ and at rates
much lower than those of the imino functional
groups [12]. Even the addition of buffer exchange
catalysts results in exchange rates that conform to
the kinetic characteristics of a protonated nucleo-
base intermediate in both monomeric and poly-
meric systems [9-11,13]. The important parame-
ters of general use in the prediction of exchange
rates would be the donor-acceptor encounter rate
constant and the dissociation pX value of the
amino group of the donor species. Crude estimates
of the dissociation pK values of the adenine amino,
pK = 7.5-11 and pK = 19 for the protonated and
unprotonated species, respectively. are derived
from the conformance of these values to kinetic
data obtained from a few buffers representing a
limited buffer pK range (pK = 6 to = 8)[10,11,13].
Moreover. these estimates depend upon general
assumptions of exchange mechanisms which in-
clude unconfirmed estimates of the rate constant
for the rate of encounter between donors and
acceptors as solutes in aqueous solution. In princi-
ple. the collection of catalytic data on amino pro-
ton exchange for a large range of buffer pK values
flanking the magnitude of the amino donor pK

should provide a measure of the encounter rate
constant as well as the dissociation pK of the
amino of the nucleobase donor [6].

We report here catalyst data on adenine, cyto-
sine and their endocyclic N-methylated forms,
which represent analogs of the N-protonated inter-
mediates in amino proton exchange. High salt
effects employed to aid measurements of 100 MHz
line widths in l-methyladenosine were examined
in relation to chemical and rotational exchange.
Second-order rate constants of several structurally
diverse buffer catalysts in the pK range 4-12
conform sufficiently well to *Eigen plots’ to pro-
vide generalized kinetic constants useful for the
prediction of nucleobase amino proton exchange
for any buffer systems. These constants are an
empirical ‘encounter’ rate constant of (1-6) x 10}
M~! s7!' and an amino pK value of 8.5-94,
corresponding to the N-protonated or N-methyl-
ated nucleobase exchange intermediate. The dis-
agreement between these amino pXK values and
those determined previously are discussed in rela-
tion to the possibility of a direct amino protona-
tion mechanism exclusive to purines.

2. Materials and methods

2,3'-cAMP, adenosine, 'm-Ado.*m-Cyd, *m-
Cyd methosulfate, methyl iodide and N, N-dimeth-
ylacetamide (Sigma) were used as supplied, as
were the buffers, Hepes. Mopso and Ampso (Re-
search Organics, Inc.). Imidazole and 2-methylim-
idazole (Sigma) were recrystallized from benzene.
The synthesis of 'm-Ado was carried out as fol-
lows [14]: 5 g adenosine, 5 ml methyl iodide and
65 ml N, N-dimethylacetamide were stirred at room
temperature for 22 h and for an additional 20 min
after the addition of celite. The filtrate of this
suspension was added to 400 ml acetone (Baker,
reagent grade) and placed in the cold for 24 h. The
light-yellow precipitate was collected by filtration,
washed five times with cold acetone and dried in a
desiccator. 'H-NMR line widths and chemical
shifts of the synthesized and commercial samples
in aqueous solution were identical. In order to
synthesize *m-Cyd [15]. 3 ml of fresh dry dimethyl
sulfate was used to achieve dissolution of 1 g
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cytidine dispersed in 5 ml dimethylformamide.
After § h stirring at 37 °C the mixture was diluted
with 13 ml methyl alcohol and brought to turbid-
ity with 85 ml ethyl acetate. Rapid crystallization
in the cold preduced a 79% yield of compound
melting at 230°C with decomposition and show-
ing no trace of cytidine precursor by pH titration
or NMR.

'H-NMR spectra were obtained in CW mode
from the Varian HA-100 NMR spectrometer of
the Department of Chemistry, University of
Hawaii. All spectra for the cytidine compounds, as
well as additional spectra on the adenine systems,
were obtained from the Nicolet 300 MHz NMR
spectrometer in the Department of Chemistry,
University of Hawaii and spectra at 360 MHz
were obtained from the Bruker HXS-360 NMR
spectrometer of the Stanford Magnetic Resonance
Laboratory. Stanford University. All high-field
NMR experiments were done with the use of
Redfield pulse sequence for minimizing the H,O
signal in FT (quadrature) acquisition [16]. Solution
pH was measured by a Beckman Model 4500 pH
meter and an Ingold combined electrode designed
for pH measurement in 5-mm NMR tubes. In
most buffer experiments involving 2’,3’-cAMP and
*m-Cyd, the pH was adjusted to a value midway
between the endocyclic dissociation and buffer
dissociation pK values to obtain maximum line
broadening [10] and included measurements at a
minimum of two additional pH values to confirm
the expected pH profile for buffer catalysis (see
below). All buffer catalytic rate constants involved
measurements at three or more buffer concentra-
tions. Listed buffer pK values (table 1) that differ
from literature values were obtained by pH titra-
tion in the presence of nucleoside under the solvent
conditions employed.

3. Kinetics

These measurements of buffer catalytic rate
constants in amino proton exchange depend upon
the measurement of amino 'H-NMR line broaden-
ing that occurs upon the addition of catalyst
[10,11}. The NMR line broadening W}y is estab-
lished by a slow NMR exchange time scale involv-

ing two exchange sites, amino and water, and
Wy = 1/7, a reciprocal lifetime (first-order rate
constant comprised of the sum of the separate site
reciprocal lifetimes (1 /7.y, + 1/7.0)- However,
only the forward rate constant 1/7.,,, is measured
[12), owing to the large molar excess of water and
the relation Py /7T, = Pu.o/Ti.0 Where Py
is the number of moles of all rapidly equilibrating
nucleobase species taken together and Py o+
Pay.=1.ie, 1/7=1/14y. > 1/7.o- The ob-
served buffer-catalyzed rate is described for the
total pH range by

kb = 7Wy = Pky(B] (1)

where &k, (in s~ !) is the first-order buffer incre-
ment in observed rate, Wy the increase in line
width resulting from catalyst addition at a given
pH. 7 = 3.14, P the mole fraction of the kinetically
predominant species of nucleobase, kjy the
second-order rate constant for buffer catalysis and
B the conjugate base of the buffer, calculated at
pH from the uncorrected Henderson-Hasselbalch
relation. That the catalytic role of buffer is limited
to its function as proton acceptor only is based on
previous evidence derived from pH profiles of
buffer catalysis and linear buffer concentration
effects for both adenine and cytosine nucleotides
[10,11]. P =1 (eq. 1) for nucleobases methylated at
the endocyclic protonation sites, i.e., Cyd(N-3)
and Ado(N-1). However, the unmodified system
comprises an equilibrium between the protonated
and unprotonated form of the nucleobase. The
predominant kinetic species is the protonated form
and P=a,./(Ky+ ay-), where ay- is the H*
activity measured by the pH meter and K the
acid dissociation constant of the nucleobase proto-

nation site [10,11],
N kB[B] (2)

Ay~

AWy =-—TH
B kyt+ay-

In this case eq. 2 defines the optimum experi-
mental pH as a vaiue midway between the acid
dissociation constants of the nucleobase (pKy)
and buffer (pK§g). This treatment, based on the
kinetic predominance of the protonated nucleo-
base, NH™* (and the insignificance of the neutral,
unprotonated form, N), is derived from the ob-
servation that fitted values of Ky obtained at low
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pH (where Py,- > Py) provide an excellent
quantitative fit of &, at ail higher pH values
(where Py - << Py). The existence of a pH maxi-
mum for exchange broadening in the protonated
nucleobase also establishes the fitting of the cata-
Ivtic rate constants to Eigen plots, and without this
pH specification (as would be the case for the
neutral nucleobase) the data do not conform to
these plots.

Eigen plots [6.17.18] are based on the relation,

- ®)
1+ 1Q0P*o~PRe

where A&y, represents the encounter rate constant
for the fermation of a donor-acceptor complex for
proton transfer and pK, is the acid dissociation
pK of the amino of NH*: -NH, = -NH™+H".
Both these parameters empirically define fitted
plots of log,,k, and buffer pK (pKy). where &k,
represents Ay in the zero-slope region of the plot
(pRK'y > pKyp) and pK,, is expressed in the unit-
slope region (pKy < pKpy).

1

4. Results
L£.1. Buffer caralysis

The determination of A and pA’, as general
kinetic parameters for amino proton exchange (eq.
3) depends on the determination of second-order
rate constants. which involves the division of ex-
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Fig. 1. 273 -cAMP ammo "H-NMR hne broadening s, buffer
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perimental measurements by very small numbers
that represent the concentration of buffer con-
jugate base at pH values far removed from the
buffer pK (pKpg). Thus, a small line broadening
marginally outside experimental error can lead to
a large, chiefly artificial value of Ay (egs. 1 and 2)
that conforms to eq. 3. To establish the reality of
the second-order rate constant buffers were added
at sufficiently high and varied concentration to
produce pronounced line broadening and to dem-
onstrate linear concentration effects. Examples are
seen in fig. 1 showing the linear dependence of line
broadening with buffer concentration for adenine
(as 2°.3-cAMP) and in fig. 2, which shows the
logarithmic pH dependence of broadening for 'm-
Ado in the presence of buffer as a reflection of the
increase in buffer conjugate base. Both figures
fend further support to the exclusive catalytic role
of the buffer conjugate base used as the basis for
this kinetic analysis. An additional criterion for
establishing the observation of buffer catalysis is

(5

NET UNEWIDTH
TOTAL BUFFER COMCEMTRATION

Fig. 2. Specific buffer catalytic line broadening v plt for
fm-Ado ammo TH resonances. 100 MUz spectrad line widths
were obtained at 262 after sequential pH adjustiments on
solutions containing 2.5 M NaClO,, 0.1 M "m-Ado and the
following 0.1 M buffers: acetate (). cacodylate (a). phosphate
(O), imidazolc (@), Hepes (W), Tris (@), borate (3) and Ampso
(a). Three solid curves are caleulated from eq. 3t Ay =1 x10Y
M 's L pAL, =86 for three conditions: pRy, =10 > pAy,.
pAL = 8.6 = pX, and pAy, = 6.5 < phy. The ordinate parames
ter represent the change in line width, divided by the ol
buffer concentration.
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Fig. 3. Specific catalytic broadening as a function of buffer pK. The observed amino "H-NMR line broadening. divided by the total
buffer concentrations is shown (top) for the *unmodified’ nucleobases (as 2°,3-cAMP and *m-Cyd) corrected to the pH condition of
maximum broadening (0.5pKy +0.5pK ) and (bottom) for the N-methylated nucleobases ('m-Ado and *m-Cyd). all measured at
pH = 3.8, Solid curves are calculated from egs. 1-3, with &k, and pK, values shown in table 2. Dashed curves represent the same

calculation with &y, =10° instead of 10° M~!s~',

the demonstration that the specific broadening
(line broadening divided by total buffer concentra-
tion) should vanish at high pK} values in accor-
dance with egs. 1-3. This criterion of convergence
to low experimental and calculated values at high
pKy is fulfifled (fig. 3), which further shows that a
ky, (eq. 3) of 6 X 107 to 6 X 10¥ provides coinci-
dence, while Ay, =107 clearly does not in this
region. This places ky, = 6 X 10 as the upper limit
of the encounter rate constant for all of the
nuclcobase-buffer interactions leading to  ex-
change. In addition, it can be seen from the plots
of fig. 3 that the phosphate data for all nucleo-
bases (and those of acetate, as well, for cytidine
compounds) show high (= 2-fold) positive devia-
tions from the rest of the experimental and caleu-
lated values, Accordingly, these two buffers were
segregated into a separate class (as anionic bases)
from the others (nitrogen. neutral bases) in select-
ing the global constants, k;;, and pK,, for the
:alculated lines fitting the lower data points (see
section §5). These global constants do not differ
significantly from their first approximations, ob-

tained by regression analysis of Eigen plots (fig. 6.
tables 1 and 2) in which all buffers were weighted
equally (see below).

Fig. 3 provides confirmation of the double
requirement for (1) the protonated nucleobase and
(2) the buffer conjugate base as the important
exchange species. Implicit in this confirmation is
the necessity for careful selection of pH wvalues
represented by the data. Data for the unsub-
stituted nucleobases represent the pH of maximum
buffer catalysis, which lies midway between the
pK of the nucleobase endocyclic nitrogen and that
of the buffer, as described in section 3. For the
methylated nucleobases, the data were collected at
pH 3.8, which represents the highiest pH where
minimum line broadening can be measured in the
absence of buffer. The basis for this pH selection
is exemplified in plots of NMR line width vs. pH
for ‘m-Cyd (fig. 4) and *m-Cyd (fig. 5) reported
here for the first time, The S-methylated com-
pound represents the unsubstituted protonation
site system and provides the advantage of accurate
line width determinations from a votationally
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Fig. 4. Chemical shift vs. pH for *m-Cyd and *m-Cyd. Chemi-
cal shifts were measured relative to an external tetramethyl-
sitane capllary providing a reference signal 3.66 ppm upficld of
the water proton resonance for 0.05 M solutions of *m-Cyd
(amno 'H resonance) (top) and Ym-Cyd (H-6) resonance (bot-
tom). Points joined by broken lines below pH 3.5 in the
“m-Cyd titration represent separatton of the amino proton
resonances as the N-3 site is protonated.

coalesced amino 'H resonance. In cytosine these
resonances are separate. grossly broadened and
overlapping under the same conditions as a result
of slow (C-43-NH, bond rotation [10.19]. Chemi-
cal shift-pH titrations of the amino 'H of *m-Cyd
and the (C-6) proton of *m-Cyd (fig. 4) are fitted
with pA values of 4.5 (N-3) and 838 (*m-Cyd)
-NH.). Line width-pH profiles shown for the
amino protons of these two nucleosides establish
the selection of the experimental pH for buffer
catalysis: pH 3.8 for *m-Cyd and pH 5.8-7.2 for
the minimum line width of the m*-Cyd amino 'H
resonances. For *m-Cyd the marked broadening in
the region pH 3-6 is due to self-catalysis. i.e.. the

-NH, LINE WIDTH (Hz)
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Fig. 5. Obscrved amino 'H-NMR line width vs. pH for Sm-Cyd.
Ym-Cyd and 'm-Ado. (Top) Line width of the amino 'H
resonance of *m-Cyd at 26°C. 0.05 M nucleoside. Solid line
through the data is line broadening calculated from eq. 1, in
which B is the conjugate base of the 3m-Cyd N-3 functional
group: Ap=4.4% 10" M~ s~ These values are added to the
minimum line width = 35 Hz. The overstruck point at pH 3.5
represents the equal line width of the separate -NH; reso-
nances that become resolved below pH = 4. (Bottom) 300 MHz
line widths of the *m-Ado amino 'H resonance obtained at
26 °C, 0.1 M nucleoside (a): 300 MHz line width of the upfield
(®) and downfield (O) amino 'H resonances of 0.1 M *m-Cyd.
26 °C; corresponding values for 0.05 M *M Cyd (8. 0). Solid
lines through these data are fitted by eye.

catalytic exchange effect of the (N-3) unproto-
nated site acting as proton acceptor with a rate
constant, kg = 44 x 10° M™' s~' Similar
observations have been made with cytosine [10].
The pH profiles for the 1-methyl and substituted
adenines have been presented elsewhere [10,20]
and are much the same, with the exception that
the self-catalysis broadening is not seen in adenine
compounds.
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Listed in table 1 are the experimental rate con-
stants expressed as logs for each of the buffers and
their percent deviation from a rate constant calcu-
lated from the fitted global parameters, kK and
pKy- listed in table 2. These parameters were
determined by selecting a mean value of A from
the maximum experimental values of kg for each
nucleobase and applying them with trial values of
pK,, to eq. 3 to obtain minimum statistical vari-
ance between the calculated and all the experimen-
tal points. The alternative procedure of linear
regression [22] provided quite similar values of
pKp and k. which are listed in parentheses in
table 2. In this case, log k, was determined as the
least-squares intercept and the regression slope at
minimum variance was 1.0 in all cases. The linear
form of eq. 3 was used, in which the dependent
variable, y = log k5 and the independent variable,
x = —log(l + 10PXv~PXs) was determined for trial
values of pK; to obtain minimum statistical vari-
ance.

Rate constants for certain high-pK g buffers are
shown as maximum values (table 1), since these
buffers produced only marginally detectable
broadening at high concentrations. Elimination of
these values and reduction of statistical weights of
all £k, = 10* values produced no change in the
regression values of k5, pKp and slope. These
parameters and their variance for lower trial val-
ues of pK |, for adenosine and *m-Cyd are included
in table 2 to show the poor fit associated with
these values (see below).

Table 2

Plots of the experimental and calculated data of
table 1 as a function of pKy (Eigen plots) are
shown in fig. 6 for all the nucleobases, in order to
exhibit the comparison of all nucleobase com-
pounds in terms of eqs. 1-3. There is little dif-
ference in these plots for any of the nucleobases,
as seen by the similarity of the &£, and pKp
constants listed in table 2. The pK values are
known quantities for the endocyclic N-methylated
nucleobases, which have been determined from
chemical shift titrations to be 8.4 and 8.8 for
'm-Ado and *m-Cyd, respectively (see fig. 5 and
refs. 20 and 21). The buffer-derived values are
somewhat higher, but their relative magnitudes are
maintained which represents good agreement, in
view of the diversity of the buffers. The Eigen
plots of the N-unsubstituted nucleobases represent
their endocyclic protonated forms (H-Ado or 3H-
Cyd). which clearly conform to eq. 3 with respect
to the (pKp— pKyg) tern. The pK values of
these species are unknown and not accessible for
measurement by pH titration, while the pKX val-
ues obtained here from the buffer data are equal
to or even higher than those of the N-substituted
compounds. These plots show that trial values of
pK lower than those derived statistically from
the buffer data produce extremely large deviations
from the experimental values (dashed lines). The
lower trial values were based cn previous alterna-
tive methods for their estimates, based on water
(H,O) as acceptor [10,13] (see below).

As shown in table 2, differences in pK be-

Amino proton exchange rate constants. Eigen constants and their statistical fit for MN-methyl- and unsubstituted adenosine and

cyvtidine

Adenosine was determined as the 2°.3%-cyclic phosphate form. Values of k- and kyy,o were taken from refs. 10 and 12. All

constants were derived from rates measured at 25+2°C.

Nucleoside pR kon ko Logkyp pKp Regression Variance Line
M~ 's™ ) M7 ts™h slope fit
Adenosine 37 4x107 6 8.1(8.1+£0.1)* 9.4 (.4) (1.0+0.1) 0.1 0.98
‘m-Ado - 10'°-10"* ~1 8.0(8.0+0.1) 8.6 (8.5) (1.0£0.1) 0.2 0.95
*m-Cyd 4.3 6x107 0.2 7.9(7.7+0.1) 8.8 (8.8) (1.0+0.1) 0.1 0.98
*m-Cyd - 10 -10" < 0.1 8.2(8.1+£0.1) 9.1 (9.0) (1.0+0.1) 0.1 0.98
Adenosine 3.7 4% 107 6 8.0(7.4+£C2) 7.5° 1.6+0.2 1.9 0.90
*m-Cyd a3 6x107 0.2 8.0(7.4+0.1) 79" 1.240.1 0.75 0.94

* Values i parentheses are least-squares constants for the relation, log kg = log K, —log(1 + 10PXp—PKm)

P Trial values of pK, taken from alternative methods (see text).
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Fig. 6. Log catalytic rate constant as a function of buffer pKX,. Log &5 values, obtained from eqgs. 1 and 2. are plotted as a function of
pKy for 2°,3-cAMP, >m-Cyd. 'm-Ado and *m-Cyd. (®) Data collected at 2.5 M NaClO,; (O) no additions other than nucleobase
compounds and buffer. All points were obtained from line widths collected at 26 °C and at 100, 300 or 360 MHz. Solid lines are
calculated from eq. 3 and the constants, k, and pKp, listed for each nucleoside in table 2.

tween adenine and cytosine compounds are seen
with certainty only for the unmodified systems.
These values correspond to the dissociation pK of
the amino group of the protonated or N-methyl-
ated forms and would indicate a lower acidity for
'H-adenine, even compared to 'm-Ado. For com-
parative purposes two additional kinetic constants
are listed in table 2. The first is the rate constant
for hydroxyl-catalyzed exchange from the neutral
form of the unmodified nucleobase, which is mea-
sured by the amino 'H line broadening observed
as the pH is raised above neutrality (fig. 6) [12].
These constants are similar for 2’,3-cAMP and
Sm-Cyd (4 <107 and 6 x 107, respectively). The
slightly greater value for the *m-Cyd amino group
is consistent with a higher average value obtained
from unmodified cytosine, which reflects the higher

acidity associated with one of the resolved amino
proton resonances in this compound (kg = (1-3)
x 10%) [11].

The second constant reflects a much more
dramatic difference between the amino groups of
adenine and cytidine. This constant, ky_o, per-
tains to the endocyclic protonated form. as de-
termined from the observed line broadening at
pH <pKy.,

W
55 =ku.or

and is based on the assumption that H,O is the
principal acceptor available under this condition.
This constant is at least one order of magnitude
greater for adenine, compared to cytosine. It is
noteworthy that the use of ky_ as kg in eq. 3 for
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adenine gives a value of pKp = 7.5 (kp = 10'0 and
pKg = —1.7). This value is close to the pK de-
termined from stopped-flow measurements by
other workers (pK , = 7.8) [13], but has been shown
above to be clearly at variance with the buffer
data. The much lower value for cytosine com-
pounds, kyy o =0.2 M~ !s~ ! is based on the small
measurement of a few hertz broadening of the
amino "H resonances between pH 0 and 1. In this
case the corresponding amino acidity value of
protonated cytosine, pXp =9, is in much better
agreement with the buffer data presented here.

Additional observations can be made from an
inspection of table 1 and fig. 6 in regard to devia-
tions for certain buffers. The most notable is the
consistently high &k, for phosphate (pKy= 6.8),
glycine (pKy=9.8) and high values for acetate
(pK =4.7) in the results on cytidine compounds.
Preliminary evidence indicates that the glycine-in-
duced broadening might be nonlinear with buffer
concentration. The other amino acids, alanine and
proline, produce no similar excess values. Low
deviations are observed with borate and Ampso in
the case of 'm-Ado, but not for the other bases. In
addition, the overall variance of data in the 'm-Ado
system was greater than that of the other nucleo-
bases. Therefore, the line broadening factors were
examined in more detail for this modified nucleo-
base, with consideration of the high salt solutions
used to facilitate line width measurements.

4.2. Salt effects

Min.mum line widths of the amino 'H reso-
nance 5f 'm-Ado follow the same pH dependence
shown for *m-Cyd in fig. 5. but are established by
a much broadsr. rotationally coalesced resonance
that severely limits the range of accurate measure-
ments of catalytic broadening. From initial studies
at 100 MHz it was found that the amino 'H
resonance was dramatically sharpened by the ad-
dition of high concentrations of NaClO;, or similar
neutral salt, po._sibly as a result of decreased water
available as proton acceptor in these solutions [20].
To explore this possibility as a means for ob-
taining narrow line widths experiments were car-
ried out to determine the salt effect, to examine
line broadening factors other than exchange and

60
\,
F AN
N
Y
AN
A
= «of N
z ~
T
<
a }
=
&
4
S b
0 1 .‘I 'S
o 2 a
[NaCiOg]. (M)

Fig. 7. The effect of NaClO; on the amino 'H-NMR line
widths of 'm-Ado and adenosine. Solutions contained 0.1 M
'm-Ado at pH 3 (@) and 0.2 M adenosine at pH 2 (a). Line
widths were taken from spectra obtained at 100 MHz and
26°C. Vertical arrow in dashed portions of adenosine plot
represent the minimum value for a severely broadened reso-
nance.

to establish that catalytic broadening is a function
of buffer conjugate base in high salt solutions.

As shown in fig. 7, the 100 MHz amino line
width of 'm-Ado decreases from 35 Hz to a con-
stant value of about 15 Hz as the NaClO, con-
centrauon is increased to above 2.5 M. That this
decrease is due to salt attenuation of the exchange
rate is supported by data shown in the figure for
unsubstituted adenosine (!H-Ado) amino line
width at pH 2. At this pH, amino exchange of
adenosine produces a considerably greatier broad-
ening in the slow NMR exchange limit, owing to
the greater exchange rate of the protonated species
and provides a greater range of exchange rates to
be affected by the salt. Accordingly, the line nar-
rowing for 'H-Ado occurs through a larger range
of NaClO, concentration and reaches its minimum
value above 6 M. The 20 Hz sharpening of the
!m-Ado resonance can be taken as the amount of
exchange produced by H,O as acceptor, i.e.,

_wXx20 1.1
B= 55 =11m "s .
If we assume that &, for direct solvent catalysis is
10" M~! s~ [6] and pK for water is —1.7, then
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Fig. 8. Effect of temperature on the 360 MHz line width of the
'm-Ado amino 'H resonance. Measurements were taken from
0.1 M nucleoside at pH 3.8 containing 2.2 M NaClO, (a) and
with no added salt (®).

eq. 3 providss a value of pK, = 8.3, in fairly good
agreement with the titration value of 8.4-8.5.
However, this agreement would not be seen at
lower pH (< 2) (see section 5).

There is a marked NMR frequency dependence
of the amino 'H line width for 'm-Ado, which
indicates a second major exchange process con-
tributing to line shape in this molecule (fig. 8). At
20°C, the 35 Hz line width at 100 MHz increases
to 76 Hz at 300 MHz and to 97 Hz at 360 MHz.
The possibility of intermolecular interaction can
be discarded in favor of limited (C-6)-NH, bond
rotation as the source of this additional line broad-
ening, since the observed line widih was un-
changed for large changes in nucleobase con-
centration (not shown). As shown in fig. 8 the
marked line sharpening as temperature is in-
creased from 20 to 30°C reveals that rotation
dominates line shape in this temperature range as
a ‘moderate fast’ exchange process proceeding to
“fast exchange’ on the NMR time scale and that
the broadening between 30 and 40°C is due to the
chemical exchange contribution in the ‘slow’ ex-
change region.

1 1
Wor =y v 7 ¥ Wer

where Wg,.q the total width, 7, the transverse

relaxation time giving the ‘natural’ line width, =
the solvent exchange lifetime, W the rotational
contribution and = =3.14. The rotational ex-
change contribution at 100 MHz is estimated to be
5-6 Hz at 26°C from the relation,

Wopsa (360 MHz) = W, (100 MHz)
[(3.6)* W, (100 MHz)]
— W,(100 MHz),

where W (360 MHz)= 65 Hz. It is also apparent
that line sharpening by NaClO, at 360 MHz (24
Hz) is greater than that obtained at 100 MHz (15
Hz). This is to be expected from previous observa-
tions that the (constant) rotational rate at a given
temperature is shifted to a ‘faster’ process on the
NMR time scale by an unequal salt effect on the
chemical shift (8) that each amino proton would
have in the absence of rotation [19]. This decrease
in the rotational parameter, A8_, would have little
effect at 100 MHz within experimental error.
Therefore, the 100 MHz line broadening by the
addition of buffer in the presence or absence of
salt would be a measure of buffer-catalyzed proton
exchange for 'm-Ado. On the other hand. it is
possible that broadening effects of buffer might
originate partly from a change in A8, when mea-
sured at higher fields (300-360 MHz) and that
these rotation effects may be diminished through
the addition of salt.

The demonstration shown in fig. 2 that the
buffer conjugate base is the major catalyst for
'm-Ado was carried out in 2.5 M NaClO, and at
100 MHz. The amino proton resonances, normally
unaffected in the pH range shown, broaden loga-
rithmically in the presence of buffers as the pH is
increased. The data fall into three domains indi-
cated by the solid lines, which were calculated
from eq. 3 for pKy = 6.5 <pKp, pKg=8.6 = pKp
and pKy;=10> pK. It is noteworthy that the
data on borate (pKy = 9.2) and Ampso (pKyz =9.3)
conform to the pKy = 10 calculated values. Simi-
lar low values are obtained at 300 and 360 MHz,
in both the presence and absence of salt. Therefore
specific effects of buffers on line width are not
accounted for by changes in 4§, and do reflect
catalytic activity. Rate constants obtained in the
presence of NaClO, are 2-fold greater than tkose
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derived from salt-free solutions at 360 MHz. This
Jdifference appears to be systematic, independent
of buffer species and is borne out by comparison
of rate constants measured in the 2’,3’-cAMP sys-
tem :n the absence and presence of 2.5 M NaClO,
(closed circ es in fig. 6).

5. Discussion

In this work second-order rate constants were
determined for several buffers differing in ionic
charge. number of functional groups. polarity and
molecular structure without correction for statisti-
cal or ionic effects [23]. In spite of these dif-
ferences the correlation of these rate constants
with buffer pK is remarkably good. producing an
overall fit of eq. 3 and demonstrating further the
dual requirement for the protonated nucleobase
and the buffer conjugate base as the only im-
portant exchange species in the pH range between
pH 4 and 7. The N-methylated nucleobases are
shown to be exchange analogs of the N-protonated
form. which further supports the exclusivity of
nucleobase protonation and buffer dissociation in
the exchange mechanism. The restriction of the
amino proton exchange mechanism to the proto-
nated nucleobase and the conjugate buffer base as
intermediates is further supported by lines of evi-
dence other than that presented here. In the amino
proton exchange of guanosine compounds the in-
ductive effect of nucleobase protonation is small
and no buffer catalysis is seen, except for phos-
phate [24] which shows exceptionally high values
here. The competition of a bulky cation such as
methyl mercury cation with the proton for the
endocyclic ligand site removes the proton’s induc-
tive effect and drastically reduces amino proton
exchange [25.26]. Finally. it has been shown that
the cytosine resonances of self-complementary
oligonucleotides can be assigned and isolated ex-
perimentally on the basis of the strict requirement
for endocyclic protonation in amino proton ex-
change in the physiological pH range (McConnell,
unpublished data). Therefore. the definitions of
*general acid catalysis’™ and ‘general base catalysis’
as descriptions involving either the neutral (unpro-
tonated) nucleobase or the buffer conjugate acid

as exchange intermediates would misrepresent
amino proton exchange of nucleic acids as it oc-
curs in any pH range.

While the plots of fig. 3 provide the least dis-
torted view of the essential character of buffer
catalysis data, the Eigen plots of fig. 6 show the
conformance of catalysis to eq. 3 and the maxi-
mum values attainable for the second-order rate
constants, which clearly do not exceed 6 x 10%.
This analysis provides two kinetic parameters that
can now be used with egs. 1-3 to predict exchange
rates for any buffer system or combination added
to solutions of nucleobase-containing molecules.
These are pK . a dissociation pK value for the
amino group of the protonated nucleobase and
K,,. an encounter rate constant required for the
formation of the proton transfer complex formed
between amino donor (the protonated nucleobase)
and acceptor (buffer conjugate base). It is note-
worthy that neither of these empirically de-
termined constants conforms to expected values
that are assumed to be valid for the prediction of
exchange rates by other workers. First, the kp
value of (1-6)x 10% is two orders of magnitude
lower than that commonly accepted in such pre-
dictions (see, for example. refs. 5, 9 and 10). It is
possible that the application of amino proton ex-
change data to the relationship expressed by eq. 3
does not provide an accurate value of the actual
diffusion encounter rate as defined by Eigen and
others [6.17.18]. Additional terms in the kinetics
could exist as, for example, a pre-equilibrium in-
volving nucleobase protonation that might reduce
the frequency of fruitful exchange encounters. ef-
fectively reducing the steady-state concentration of
protonaied nucleotide. However, there are consid-
erations favoring the validity of kp = 10%. Actual
measurements published that provide the higher
values of 10'® are only made for recombination
reactions involving solvent species as donor or
acceptor, i.e., OH™ or H;O%. We are not aware of
any solute-solute transfer measurements of this
magnitude, unless these reactions were mediated
by a solvent bridge in the hydrogen-bonded com-
plex. On the other hand, the lower encounter rates
for buffer-catalyzed proton transfer {10%) account
for observed exchange rates for fast nucleobase
imino groups of known pX in cases not requiring
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nucleobase protonation [11]. It is not unreasonable
to expect that the encounter frequency associated
with proton transfer between two solutes (as op-
posed to solute and solvent) could be 102 lower
than that of direct solvent-mediated exchange. So-
lute-solute proton transfers would reflect orienta-
tional constraints to the formation of the activated
complex [17] and must express as well the necess-
ity of breaking solute-solvent hydrogen bonds in
order to form the solute-solute bond, which is sin
qua non for proton transfer. Second, the amino
dissociation pK values (pKp) of approx. 9 are
higher than previous estimates of 7.8 [13] and 7.4
[10] made for this parameter in the case of adeno-
sine compounds. As shown in fig. 6 these lower
pKp values are well outside the error and variance
of the experimental measurements. These lower
estimates were derived from exchange measure-
ments taken at low pH values where the nucleo-
base is fully protonated. Accordingly, it was as-
sumed that the donor species was represented ex-
clusively by the neutral amino group of the endo-
cyclic protonated nucleobase, as in buffer cataly-
sis. Since water is the acceptor (in this case),
(kp=10" and pKg= —1.7), eq- 3 gives pKp =
7.4 from the observed line broadening [10]. How-
ever, there are two observations that place this
mechanism in question as a low pH route for
exchange: (1) The amino group of cytidine, more
acidic than that of adenosine, exhibits very little, if
any exchange at low pH, as is expected from
extrapolation of the buffer data to a buffer pK
value of —1.7, even for an encounter rate of 10'0;
(2) While neither cytidine nor *m-Cyd exhibits low
pH exchange at low pH, 'm-Ado shows large
exchange broadening at pH below pH 3, revealing
a mechanism exclusive of nucleobase protonation,
such as direct amino protonation. In direct amino
protonation the more basic pKp values for the
adenosine compounds compared to the cytidine
compounds (table 2) would explain why low-pH
exchange is seen in adenosine, but not in cytidine.
(3) Low-pH broadening of the amino resonances
are seen in guanosine and 7-methylguanosine com-
pounds, which exhibit no catalysis by buffers that
are effective in adenosine and cytidine systems
[24]. Moreover, direct amino protonation by hy-
dronium ion to form -NHJ, followed by amino
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proton transfer to H,O would require only 107°
M of the intermediate to account for all of the
observed exchange at low pH. Therefore, the as-
signment previously determined for amino pK val-
ues to the amino of 'H-adenine is suspect and we
favor the higher pK values as more accurate
estimates of amino dissociation constants in the
protonated nucleobase. Since the effects of
nucleobase endocyclic protonation are not large
enough in guanosine compounds to allow
buffer-catalyzed exchange they are not expected to
be profound in the case of adenosine and cytidine.
when consideration is given to the magnitude of
the amino pK of the unprotonated species. Al-
though this amino basicity in the neutral nucleo-
base appears superficially to be greater than that
of OH™ [1Z], it is possible that an amino ‘pK "’ for
this form is closer to a value of 13 or 14, in view of
the restrictions in hydrogen bond formation with
OH ™ [27] and recent measurements of nucleobase
amino pK values [28]. A reduction of amino pK by
4-5 units with endocyclic protonation (14-9) is
more reasonable than a 6—7 unit change associated
with pK = 7.
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