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Abstract: The kinetics and equilibria of methylmercury-adenine interactions were investigated by 'H NMR three-site line-
shape analysis of the 360-MHz amino proton resonances of 2’,3’-cAMP. This involved consideration of an additional mercu-
rated species and provided both a direct demonstration of aminomercuration and a measure of the rates of the forward and re-
versec aminomercuration reactions, which are slow on the NMR time scale (~100s~"). Similar rates were obtained by two-site
line-shape analysis of the nonexchanging C; and Cg protons of the nucleobase, confirming the amino line-shape analysis and
eliminating amino-to-water exchange mechanisms other than that associated directly with the aminomercuration as factors
in amino proton line shape. These results, together with line-shape changes induced by the addition of phosphate, are consistent
with a concerted four-center mechanism for aminomercuration involving direct bond formation between the nucleobase amino
and methylmercuric hydroxide and water elimination. The effect of N -mercuration of the nucleobase is several orders of mag-
nitude less than the effect of N-protonation in increasing the rates of aminomercuration and proton transfer. These conclu-
sions are supported by preliminary results on the aminomercuration of 2/,3’-cGMP and |-methyladenosine.

The accessibility of the amino 'H NMR of mononucleo-
tides in aqueous solution offers a potentially useful approach
for the elucidation of metal-nucleobase binding equilibria.
Owing to slow exchange, the amino proton resonance is a
well-resolved signal in H;O, whose line width is a measure of
both the proton lifetime and the extent of proton interaction
at the purine or pyrimidine ring.2-3 This arises from the fact
that the protonated form of the nucleobase ring site (adenine
Ny, cytosine N3, and guanine N5) is the major kinetic inter-
mediate for amino proton exchange in the neutral to acidic pH
range.*-¢ Because the amino line broadening mechanism is
known and can be expressed quantitatively (see below),
changes in -NH; 'H NMR line shape produced by a metal ion
can be assigned to specific metal-nucleotide interactions. For
example, direct involvement of the amino as a ligand would be
seen directly and, if the purine endocyclic nitrogen were one
of the ligand sites, the amino proton line width might be a
measure of the metal-nucleotide dissociation constant at a pH
selected to eliminate proton competition for the site. In either
case an assessment of the catalysis of amino-to-water proton
exchange by metal-nucleotide binding at any of the binding
sites could be made. Catalysis of exchange of the guanine and
inosine Cg proton by methylmercury interaction has been
demonstrated by Mansy and Tobias.!?

This paper describes an analysis of amino '"H NMR line
shape as a method to determine the kinetics of the interaction
between adenylic acid and methylmercuric hydroxide,
CH;3Hg!"OH. Interest in the kinetics of methylmercury-
nucleotide interaction is derived from the importance of
methylmercury as a mutagen?6 and as a reagent for the limited
melting of the DNA double helix.?” The selection of
CH;Hg!"OH is based on the similarity between CH3Hg* and
the proton in its general aspects’ and in its binding to identical
sites of nucleotides.8-!4 The studies of Mansy et al.'* have
confirmed earlier conclusions that the adenine Ny is the chief
CH:Hg* ligand site at low pH and included evidence of proton
transfer at high pH to favor a direct substitution of an amino
proton by CH;Hg*.

The results presented in this paper include direct confir-
mation of aminomercuration of adenine, which establishes a
slow exchange NMR domain equilibrium with the nonmer-
curated amino site. Calculated lifetimes of the mercurated and
nonmercurated species were obtained from amino proton and
nucleobase proton 'H NMR line-shape analyses based on
two-site and modified three-site exchange. Conservation of
literature formation constants for the fitting of observed
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360-MHz line shapes required the consideration of a mercu-
rated species of nucleotide not encountered in related papers.
The formation of the aminomercurated species is a reflection
of the greater -NH; acidity of the N -mercurated purine, as
compared to that of the free ligand. However, the amino proton
exchange (acidity) of N|-mercurated adenine is several orders
of magnitude less than that of the N-protonated nucleotide.
Because of this, aminomercuration is viewed as a four-center
concerted reaction between the adenine amino and
CH;Hg!'OH, and not the result of a series of partial reactions
involving the preliminary formation of CH3;Hg* and the amino
anion.

Experimental Section

Chemicals. Nucleotides and nucleosides (Sigma) were used as
supplied and weighed according to their labeled hydration weights.
Methylmercury hydroxide was obtained as a gift from Morton
Chemical Co. All chemicals were reagent grade.

Methylmercury(l1) concentration was determined by methyl 'H
NMR chemical shift titration of the methylmercury hydroxide with
thiosulfate.!® A second analytical method, modified to detect con-
tamination of inorganic mercury, was performed as follows: methyl-
mercury was digested to Hg2* and converted to the Hg2* -dithiazone
complex, which was measured at 490 nm with HgCl as described in
ref 16. To estimate both organic and inorganic mercury, 0.3 mL of
stock methylmercury (0.2 M) was digested for 20 min in the presence
of 0.3 g of KMnOg4and 5 mL of concentrated H,SOy4 over moderate
heating in the hood. The cooled digest was brought to 500 mL with
H,O containing a small amount of KMnQOy4. Removal of aliquots of
this mixture for colorimetric Hg2* determination'é required vigorous
shaking to evenly suspend the fine MnO, precipitate, which binds
Hg?+.

pH Measurement. All pH measurements were made at 25 °C with
Beckman combined glass electrodes (KCI-HgCl reference) and the
Bcckman Rescarch Meter or the Beckman Model 4500 meter. Pos-
sible errors in pH measurement due to mercury interaction at the
reference electrode bridge were checked by the use of agar-salt bridges
made according to two different procedures.!”!# It was found that
initial pH measurements with direct use of the combined electrode
were accurate to 2£0.05 pH when care was used to minimize exposure
time to the methylmercury solutions.

1H Nuclear Magnetic Resonance. Two NMR spectrometers were
used in continuous wave mode to obtain spectra: a Varian HA-100
spectrometer of the Chemistry Department, University of Hawaii,
and the Bruker HXS-360 NMR spectrometer at the Stanford Mag-
netic Resonance Laboratory, Stanford University.!® The use of the
latter involved accumulation and correlation of multiple fast sweeps
with the use of the Nicolet 1080 computer system. Precautions to
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Figure 1. The effect of methylmercury on the pH dependence of the amino
'H NMR 100-MHz line width of 2,3’-cAMP. Amino proton resonances
were obtained at 28 °C, 0.14 M nucleotide and 0 (A), 0.091 (@), 0.14 (X),
and 0.18 M (O) methylmercuric hydroxide.

ensure independence of correlated line shape with sweep rate/filtering
conditions were carried out as described previously.6

Calculations of species distribution for methylmercury-nucleotide
species are obtained from an iterative extraction of the single real,
positive root of a fourth-order polynomial between the limits of 0 and
total [CH3HgOH]. APL programs are available on request.

Results

The pronounced 100-MHz line broadening of the amino
proton resonance is shown in Figure | as a function of pH at
three ratios of [CH3;HgOH]/[2,3’-cAMP]. Below pH 5, the
low pH line broadening in the absence of methylmercury re-
flects increased amino-water proton exchange in response to
protonation of the adenine N.* This broadening is described
by

[(H*]
Kn + [HT]

where Why is the line broadening term in hertz, kpyy is the
pseudo-first-order rate constant for exchange, and kp is the
second-order rate constant for proton transfer to the conjugate
base (B) of any acid-base pair.#-¢ In this case B = H,0 below
pH 5. The term in parentheses expresses the mole fraction of
the protonated nucleobase in terms of hydrogen ion concen-
tration and K, the acid dissociation constant. Since kg is
known, the supression of line broadening in this pH region by
the lowest ratio of methylmercury/nucleotide reflects a de-
crease in the protonated nucleobase mole fraction. This is a
demonstration of (1) the competition of CH3Hg* with the
proton for the N site and (2) a lower rate of -NH, to H,0
proton transfer (kg of eq 1) of the Nj-mercurated adenine in
comparison to that of the N;-protonated form.2% Higher con-
centrations of CH3HgOH result in additional broadening with
the appearance of a maximum seen most clearly at pH 5 for
[CH3HgOH]/[2',3-cAMP] = 1. Above pH 5, amino proton
transfer from the neutral (free ligand) species to OH~ becomes
the predominant exchange broadening mechanism in the ab-
sence of CH3HgOH (Figure 1).24 In the alkaline pH range,
all ratios of CH3HgOH/2’,3’-cAMP show extra broadening.
These line-broadening features reflect mercuration reactions
at the adenine N-1 and amino sites to produce amino proton
resonances that remain in a slow exchange with water.

The possibility of a slow mercuration reaction at one of the
two ligand sites exists as a line-broadening mechanism in ad-

7TVVHx=ka=( )kB[B] (1)
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Figure 2. Calculated species distributions as a function of pH for the
mixture of 2/,3’-cAMP (0.14 M) and methylmercuric hydroxide (0.18 M):
(top) fraction of species relative to total nucleotide; (bottom) fraction of
species relative to total methylmercury. Formation constants are listed
in Table |1. Abbreviations shown in top and bottom are used throughout
the text. For this figure the log formation constant for reaction 7, Table
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Figure 3. The pH dependence of line width of the C; and Cg proton reso-
nances of 2',3-cAMP in the presence of methylmercury. Line widths were
measured at equal methylmercuric hydroxide and cAMP concentrations
(0.14 M), from 100-MHz spectra obtained at 25 °C for the Cg proton (4)
and C; proton (0). Open figures represent corresponding line widths in
the presence of phosphate added as 3’-AMP under the same conditions.
The addition of 0.1 M sodium phosphate to 2’,3’-cAMP is shown for the
C; proton (Q) and the Cg proton ().

dition to amino-to-water proton exchange. This is borne out
by the line broadening of the nonexchanging C, and C; protons
in the vicinity of pH 5 with the addition of CH3HgOH (Figure
3). Confirmation of a slow mercuration reaction is evident with
complete resolution of the C; and Cg exchange doublets at 360
MHz, 3 °C, pH 6.2 (Figure 4). At this pH the concentrations
of mercurated and nonmercurated species of nucleotide are
approximately equal (see below). The appearance of the slowly
exchanging mercurated species is seen, also, as a broad reso-
nance forming the downfield shoulder of the amino proton
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Figure 4. 360-MHz 'H NMR specirum of cyclic adenylate- methylmer-
cury mixture, Spectrum was obtained at 3 + 2 °C, pH 6.2, for a solution
0l'0.14 M 2/.3’-cAMP and 0.18 M CH3HgOH. Resonance assignments
are described in text. and arc tentative for Hy and Hj.

signal. The amino resonances for the mercurated and non-
mercurated species are resolved completely at higher tem-
peratures and lower pH, because of a selective upfield shift of
the smaller, broad resonance (Figure 5).

The origin of the resolved amino resonances in Figure 5 can
be assigned from consideration of the overall species distri-
butions shown in Figure 2 as a function of pH. All species of
nucleotide can be segregated into two groups: the free amino
species (HA, MA, and A, designated as group 1) and the
amino mercurated species (HAM, MAM, and AM, group 11).
Because rapid interaction is expected for both the proton and
for CH3Hg* at the Ny site, the resolution into two NMR
species must arise from slow exchange only between the free
amino and the aminomercurated species. This assignment is
supported by the agreement between the sum of the free amino
and of the mercurated amino species ( Figure 2) with the areas
of the downfield (2 protons) and upfield (1 proton) low pH
resonances, respectively (Figures SA B). It is noteworthy that
the species HAM, the aminomercurated nucleotide protonated
at N-1, has been overlooked by previous authors. The necessity
of including this species is argued below (see Discussion). The
formation constant for HAM is listed with those of the other
species in Table 11. The reaction of aminomercuration is viewed
as shown in Scheme I, where | and Il provide the low pH
downfield and upfield amino resonances, respectively. Each
is defined as mixtures of rapidly interchanging N;-protonated
(X = H*), Nj-mercurated (X = CH3Hg™"), and free N ligand
(X = noreactant). Thus, the resonance corresponding to | is
a coalesced result of the separate resonances of MA, HA, and
A (Figure 2) in fast exchange, whose line width in the absence
of slow exchange is a weighted average of the individual con-
tributions of these species:

P P P
,MA + ,HA + ,A
T 2MA T 2HA T 2A
where P is the mole fraction of a given species and 77, is the
overall transverse relaxation time:

7TW|=

1 1 ]

7"/_2—F2 T*,

where T*; represents lifetime exchange broadening factors
that add to the natural line width defined by 1/T,. The latter
includes field inhomogeneity and intrinsic transverse relaxa-
tion. Similarly, the line width of 11 is established by rapid ex-
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change between AM, MAM, and HAM (Figure 2). Analogous
weighted averages in terms of chemical shifts establish the
spectral positions of | and 11 at any pH. With this definition,
the overall reaction can be treated as a two-site exchange
problem for the amino and Cg and C, protons and a three-site
problem (1, 11, and H,O0) for the amino protons, The latter
contains the kinetic restriction that the rate of change of
magnetization of 11 and H,O can contribute to that of 1, but
not to that of each other. The Bloch equations modified for
exchange?! were extended to a three-site problem with this
restriction (see Appendix). This approach provided for the
iteration of 7 values to produce the calculated spectra shown
in Figures SA-C for the C;, Cg, and amino proton reso-
nances.

The calculated -NH; spectra (Figure 5) were obtained
without direct measurement of the required chemical shifts
for I, 11,and W at the zero exchange condition.?? At the lower
pH values the observed resonances are quite close to their zero
exchange shifts. Accordingly, the three-site calculation pro-
duces a line shape for | and 11 that is unaffected by consider-
able changes in the value of (0; — dw). This renders the de-
termination of (6; — 611) at zero exchange unambiguous for
lifetimes that correspond to the observed line shapes at both
360 and 100 MHz. For the latter field frequency the line widths
of the calculated | and 11 (coalesced) resonances correspond
favorably with that of the observed signals (Figure 1) for the
three pH values of Figure 5. This shows that the pH profile for
line broadening at 100 MHz is defined mainly by the zero
exchange chemical shifts, rather than by the lifetimes them-
selves. The lifetimes are similar for the pH values used (Table
1).

Values of 7y in Table | are obtained from a fitted life-
time:

where kpx (eq 1) represents a small significant correction only
at pH 3.7. Lifetimes obtained from the three-site calculations
were applied to a two-site system for the C, and Cg protons at
360 MHz. The fitted value of (6; = 6y1) for these ring hydro-
gens is consistent with the observed 100-MHz line widths and
approximately to the observed low-temperature frequency
separations shown in Figure 4. Although too small to measure
accurately, the broadening of the CH3HgOH methyl protons
{not shown) describes the same pH maximum seen, in Figure
3, in conformance with the aminomercuration reaction de-
scribed by the kinetic parameters listed in Table 1.

At pH 6.6 the magnitude of (8, — &11) is not derived from
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Figure 5. 360-MHz 'H NMR spectra of cyclic adenylate-methylmercury mixtures. Experimental spectra were obtained at pH 3.7 (A), 4.7 (B). and
6.6 (C) at 25 °C for 0.14 M 2",3’-cAMP and 0.18 M CH3HgOH. Calculated spectra shown below each experimental curve were obtained from the
kinetic and equilibrium values of Tables | and 11 for a three-site exchange problem (see text, Appendix).

Table L. Kinetic Parameters for Aminomercuration of
2/,3’-cAMP4

Table II. Association Constants (25°C) for CH;Hg!!'-Nucleotide
Binding

obsd pH
kinetic parameter resonance 37 4.7 6.6
.bs -NHj, Ha, 0.012 0.008 0.008
8
T, $ -NH,, Hy,  0.004 0.006 0.009
Hg
THx.CS —NHZ 0.011 0.043 1.16
((3” - 5l)obsd’ ppm -NH; 0.610 0.375 0
(611 = 010 exchy  -NH» 0.719 0.424 0.138
ppm
(8w = 61)obsd» PPM -NH> 2.94 2.62 2.00
(6w = 0)0 exchy -NH> 3.05 2.75 2.14
ppm
(611 = 610 exch H, 0.267 0.224 0.141
(811 = 610 exch Hs 0.309 0.258 0.171
W caled (3), 100 —NH2 56 52 26
MHz4
Py (3)¢ -NH, 0.00097 0.00083 0.00061
Py (3) -NH; 0.000 31  0.00045 0.00067
Pi(2) Hs, Hs 0.76 0.65 0.48
Py (2) Ha, Hg 0.24 0.35 0.52

a Parameters used for 360-MHz line-shape calculations of Figure
5. Data were obtained at 28 °C, 0.18 M CH3HgOH, and 0.14 M
2,3-cAMP. b 7| for NH, is the lifetime of each amino proton. The
total amino proton lifetime is 71/2 from the relation 7 = (7,7p)/(7,
+ Tp), Where 7, = 7p. © Ty is the reciprocal of knux obtained from
eq 1, where kg = 50 M~! s7! and B = H;0. 9 The numbers in pa-
rentheses indicate the number of exchange sites used in the calculation.
For three-site exchanges all T'; values = 0.03 s, due to instrumental
broadening for these particular 360-MHz experiments. T'; values at
100 MHz = 0.2 (Cg), 0.3 (Cy), and 0.07 (-NH,), taken from zero
exchange conditions. ¢ Calculated line widths of the coalesced | and
11 resonances at 100 MHz (three-site calculations).

comparison of the | and 11 resonances, which are coalesced at
both 360 and 100 MHz. The observed line width (Wpsq)
contains a field-independent and field-dependent compo-
nent:

|
Wobsa = 7'r_T2 + Ws+ W

log
(formation
reaction constant)  ref
(1) CH3Hg* + OH~ = CH3;HgOH 9.41 7
(2) CH3;Hg* + CH3;HgOH = 2.37 7
(3) cAMP? + H* = cAMPH™* (N)) 3.55 4
(4) cAMP + CH3Hg* = cAMPHgCH;* 3.0 8
(N)
(5) cAMP + CH;HgOH
=CAMPH_|HgCH3 + H,0 1.1 8
(CsNH»)
(6) cAMPHgCH;*(N,) + CH;HgOH
= cAMPH_, (HgCH;),* + H,0 1.9 8
(N, CéNH2)
(7) cAMPH_;HgCH3 (C¢NH,) + H* 3.6 b
= cAMPH*H_jHgCH3
(N1, C¢NH3)
(8) ¢GMPH_,— + H*=Guo (N)) 9.24 13
(9) ¢GMP + H* = cGMPH™* (N>y) 2.23 13
(10) ¢GMPH_;~ + CH3Hg* = 8.1 8
¢GMPH_;HgCH3 (N)
(11) ¢GMP + CH3;Hg* = ¢cGMPHgCH;* 4.5 8
(N2
(12) ¢GMPH_;HgCH; (N;) + CH3Hg*
=CGMPH_|(HgCH3)2+ (N, N7) 4.5 8
(13) ¢GMPH_; (HgCH3)>* (N|,N;) 0.8 8
+ CH3;HgOH =

¢GMPH_,(HgCH;);*
+ H,0 (N, N7, CzNHZ)

(14) 1-MeAdoH_; + HY = |-MeAdo 8.55 b
(CgNH>)

(15) 1-MeAdo + CH3;HgOH
= ]-MeAdoH_ HgCH; + H,O0 3.2 b
(C¢NH»)

4 cAMP and ¢cGMP refer to the 2/,3’-cyclic monophosphates of
adenosine and guanosine, respectively. # Constants determined in this
work. Kw = 10~!4 for conversion of literature constants to the forms
used.

Because of the independence of line shape and (6; — éw) and
the fact that II cannot exchange with W in Scheme I, the
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Figure 6, Amino '"H NMR line width vs. pH for adenylate- methylmer-
cury-phosphate mixtures. Spectra were obtained at 100 MHz, 25 + 2°C
for 0.14 M CH;HgOH in solutions of 0.14 M 2/,3-cAMP (closed circles)
and 0.14 M 3’-AMP (open circles).

field-independent broadening ( Ws) represents slow lifetime
exchange between | and W, while the field-dependent com-
ponent ( Wp) is frequency-dependent broadening for I and I1
in fast exchange. The W term is well approximated by Wg =
AP 2P 2(6; — 611)%(7; + T11), where P, the mole fractions,
and 7, the lifetimes, are the same at 100 and 360 MHz. The
shift term (ppm X field frequency) is used to determine both
the field-dependent broadening at 100 MHz and W, which
is the same at both frequencies:

W obsd(360MHz) = W obsd(100MHz)
= [(3.6)2Wr@0oMHn] = WE(100MH2)

At 100 MHz Wgis small (<2 Hz) for a field dependence
of 20 Hz, which leaves the major portion of the line width, 20
Hz as Ws, the lifetime broadening for | — W exchange. The
value, 7s = | /mWw = 0.016s, is twice the value of 7, owing
to the !, probability that the amino proton will go to the water
site (see Appendix). The value 7; = 0.008 s~! is used to obtain
{61 = 611) for the calculated line shape for all protons at 360
MHz and the | — 11 line width at 100 MHz (Table 1).

Phosphate was added to the methylmercury-nucleotide
mixture in order to further assess the contribution of exchange
routes between -NH; and H,O other than Scheme 1. Phos-
phate acts as an amino proton acceptor as B ineq 1.2:56 Under
specific pH conditions the phosphate-methylmercury inter-
action is of minimal significance in establishing the overall
binding equilibria.'* The addition of phosphate produces two
concomitant effects: a broadening of the amino proton reso-
nance (Figure 6) and a sharpening of the C; and Cg resonances
(Figure 3). This further supports aminomercuration as the sole
line-broadening factor for the amino protons in H,O ex-
change.

The effect of methylmercury on the -NH, line width of
guanine is shown in Figure 7. Although the mercury-guanine
N5 binding constant is greater than that of the adenine Ny 8
no broadening is observed for guanine at mercury concentra-
tions that produce pronounced broadening for adenine (Figure
7). The low pH line sharpening that occurs in the presence of
CH3;HgOH (Figure 7) is once again a reflection of decreased
NH; — H;,0 exchange, due to the mercury-proton competi-
tion for the guanine N7 site. The chief difference between the
guanine and adenine systems under these conditions is the
insignificantly low concentration of the aminomercurated form
in the case of guanine. The unchanged line shape for the gua-
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Figure 7. Amino '"H NMR line width vs. pH of guanylate-methylmercury
mixtures. Spectra were obtained at 100 MHz at 25 °C from 0.14 M
2",3-cGMP and methylmercury hydroxide concentrations of 0 (0), 0.05
(A),0.15(®).and 0.3 M (D).
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Figure 8. pH dependence of chemical shift of the purine ring proton res-
onances of |-methyladenosine. The chemical shifts for the superimposed
resonances of the C, and Cg protons of 0.097 M 1-methyladenosine in the
presence of 0.0438 M methylmercury (closed circles) and of the C; proton
resonance of 0.03 M 1-methyladenosine {open circles) were obtained a1
100 MHz with a Me,Si capillary reference at 25 °C.

nine amino would reflect a low rate of direct aminomercuration
associated with the low concentration of 11 (in analogy to 11
of adenine). This is borne out by the appearance of line
broadening at a [CH3;HgOH]/[2/,3-cGMP] ratio high
enough to produce a significant concentration of this species
(Figure 7). In the low pH range this higher ratio (~2) repre-
sents little change in the mole fraction of the N;-mercurated
guanine, which approaches a value of | at the lower ratios.
Again, this demonstrates that aminomercuration is the major
broadening mechanism, rather than amino-to-water exchange
per se from the N-mercurated purine.

The direct relation between aminomercuration and -NH,
resonance line broadening is demonstrated further by the ad-
dition of CH3HgOH to solutions of 1-methyladenosine. The
N,-methyl nucleobase differs markedly from the unsubstituted
purine in the inaccessibility of N for binding and the much
greater acidity of the amino group. The acid dissociation
constant for the reaction -NH; = -NH~ + H*, determined
from the pH dependence of the C, proton chemical shift, is 8.55
(Figure 8). Accordingly, the pH dependence of lifetime
broadening for the -NHj protons above pH 4 is described by
a rate constant for hydroxyl ion catalysis, koy = 2.4 X 101!
M~!s=! (Figure 9). This value is typical of those determined
for “normal” acids titratable in aqueous solution24 and is about
four orders of magnitude greater than that of the unsubstituted
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nucleobase.? As expected, mercuration of the amino of 1-
methyladenosine is virtually quantitative, as shown by the
pH-independent chemical shift values between pH 4 and 7
(Figure 8). A CH;3Hg! to NH, binding constant, Kanm = 1032,
is extracted from the low pH data for the methylmercury nu-
cleoside mixtures and from limiting chemical shifts of 0.855
and 0.904 ppm (Me4Si) for the mercurated and free amino,
respectively. Since binding is virtually complete, the broad-
ening observed with the addition of methylmercuric hydroxide
to l-methyladenosine (Figure 9)23 can arise only from ex-
change reactions linked directly to aminomercuration, rather
than from separate reactions involving -NH, to H,O ex-
change. A close comparison of experimental resonance areas
and areas expected for quantitative mercury binding to the
amino group further demonstrates that the nucleobase sites
other than the amino do not compete as ligands.® This is further
supported by the independence of C, and Cg and methylmer-
cury CHj proton chemical shifts as a function of pH for 1-
methyladenosine-methylmercury mixtures, in which
CH3HgOH is in sufficient molar excess to preclude significant
concentrations of free nucleoside (data not shown).

Discussion

Mercuration of the adenine amino is a relatively slow
equilibrium reaction with pseudo-first-order rate constants in
the vicinity of 102s™!, These slow rates are consistent with the
well-established difficulty of proton transfer from the nucle-
otide amino group.? The effects of this reaction on NMR line
shapes are accounted for by treating the free amino and mer-
curated amino forms as ensembles of rapidly interacting
species.

Several lines of evidence demonstrate the close connection
between the aminomercuration reaction and -NH; to H,O
exchange measured by the -NHj; line width at two field
frequencies. This leads to the conclusion that reactions of the
type expressed by eq | do not contribute to the line shape of the
amino resonance, with the N-1 mercurated form as a proton
donor. The (N-1)-protonated nucleotide makes a small con-
tribution, owing to the low value of PHA. This leads to a small
correction in T'x only at pH 3.7. Mercuration of N-1 does not
produce the great increase in amino acidity that is observed
with N-1 protonation. This is further supported by the decrease
in -NH; line width for both adenosine and guanosine mono-
phosphates upon CH3;HgOH addition. Apparently, the in-
ductive effect of CH3Hg™ is much less than that of the proton
at the N-1 site, owing to the lower charge density of the
methylmercury cation. This leads to a number of conclusions
regarding the reactivity of certain key species. First, the -NH—
form of the amino is excluded as an intermediate in amino-
mercuration of the N-1 mercurated nucleotide (MA). The
aminomercuration reaction can be viewed as a concerted re-
action for CH3HgOH binding and water elimination involving
a four-center hydrogen-bonded intermediate of the type shown.

Second, the amino protons of any of the species making up 11
should be less acidic than their counterpartsinl, i.e., T(11—W)
> 7(1—w) for catalysts other than methylmercury. Third,
CH3Hg™ should have a lower affinity than H* for the amino
group, providing for increased rates for aminomercuration
equilibria in the presence of phosphate:

-NHHgCH3 + HPO42~ = -NH~ + CH;3;HgHPO4~

70 T

a0

30 b

wObS (Hz)

20 + 7

pH

Figure 9. Amino 'H NMR line width vs. pH of |-methyladenosine. Spectra
at 100 MHz were obtained at 25 £ 2 °C: (0) 0.15 M M!-ado, 6.7M
NaClO4; {a)0.15 M M!.ado; (@) 0.098 M M!-ado, 6.7 M NaClQ,, 0.029
M CH3;HgOH; (4) 0.14 M M!-ado, 0.16 M CH3;HgOH. The use of
NaClOy is explained in footnote 25.

This accounts for the phosphate broadening of the amino
resonance in the presence of methylmercury.

Within a wide range of exchange parameters used for gen-
erating line shapes a unique set of species distribution is re-
quired to fit simultaneously all three 360-MHz spectra ob-
tained at three different pH values. It is clear that the use of
the literature association constants for the calculation of these
distributions will not provide this fit unless a ninth equilibrium
species, HAM, is considered with a formation constant of
1033-103¢, To ignore this species, as others have done,810
would require a twofold adjustment in all formation constants
required for the generation of the observed line shapes (Figure
5). Use of the literature constants and inclusion of this species
are the preferred alternatives. There is no a priori consideration
against the existence of HAM and the fitted formation con-
stant is quite close to the formation constant for the analogous
species, HA, which is expected from the above considerations
regarding the relative charge densities of CH3Hg™* vs. the
proton (see above). The species HAM exhibits a maximum at
the same pH as does MA (Figure 2). This would explain why
the existence of HAM might not be seen by Raman tech-
niques.'? Also, its concentration would be very small under the
dilute conditions used for studying methylmercury-nucleotide
equilibria by spectrophotometric means.® Its effect at higher
nucleotide-CH3HgOH concentrations is expressed in the ratio
of P,/ Pyy. With this species addition the required ratio of 1.4
is met quite closely at pH 4.7, while calculations excluding
HAM produce a P,/Py; = 2.5. In the latter case the signal
assigned to IT at pH 4.7 would not be visible (Figure 5). Finally,
literature constants for the formation of CHj;Hg™,
(CH3Hg),*OH, and CH3HgOH"-!5 provide adequate fits of
our own data on the pH dependence of the methylmercury
-CH3 proton chemical shift, which argues against large ad-
justments in the formation constants determined by others.

Lifetimes for aminomercuration are established not only by
the forward reaction of Scheme |, but also by reactions pro-
moting demercuration such as the phosphate reaction de-
scribed above. Direct protonation of the mercurated amino is
another possibility. The relative contributions of these reactions
would require assessment of the reactivities of each of the six
nucleotide forms. The required spectral parameters of each
species may be accessible with the use of sufficiently high
magnetic fields used in conjunction with kinetic analysis of
amino proton exchange.
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Appendix

Line-Shape Calculation for CH3HgOH Catalysis of Amino
Proton Exchange. Derivation of a secular expression for the
exchange of magnetization of the amino protons from the re-
action of Scheme I begins with consideration of two equally
possible destinations for each proton.

N |
ll\I + CH,HgOH
B HgCH, H, H, H
; N

It (W)

Following the procedures and definitions presented by
McConnell,?! the rate of change of magnetization for each
amino proton can be written separately. The rate of change of
out-of-phase magnetization of H, on I (Ja) is written as two
separate reactions with a probability of 0.5:

dl)(]a)
—= = 0.5| Aw(1a)u
T (la)4 (12)
; v
~Laa) | Lata) wle"‘)
T2(la)  T(lla)
v v
+ O.S(Aw“a)u(la) - ) 4 P(Wa) _ wlea)

\ T2(la) T(Wa)

where Awa(rad)s™" = (w(1a) = @), U(1a) is the in-phase mag-

netization, t(1a) is the out-of-phase magnetization, 7 is the
lifetime, and 1 /7, = 1/7, + 1/7. The Ho magnetization is
M.2 = P, where P, is the mole fraction of | as defined in the
text.

Similarly, dv(w)/dr is obtained and combined with dv(j,)/dt
according to the following relationships:

. , = bata) + Uay)
U1 = Uya) T Oaey b = a)2 (1)

_ biwa) t 0wy

2
(the second water proton is ignored, as it does not participate
in the reaction, while both H, and Hy exchange magnetization
with Il and W in each half-reaction). Although

Uw

T ¢
Tab = (zla = 2lb)
from the relation
LI S I

Tab T(a) T(lb)

for simplicity we define 71 = 7(1a) = 7(1p) Where 7(1a) = T(1b)
and Awqa) = Aw(y) = Awqy) in this particular case, due to
rapid rotation. Because of the large, rapidly exchanging res-
ervoir of water, 7(wa) = T(wb) = Tw. Also, T(11a) = T(11b) = 711
The combination gives

dv v v v

—l= Awlul-——l+—'—l+—w--—2P|

dt T2 Tl Tw
where the instrumental constant (w; = yH,) is set equal to
1.

A corresponding expression for the ¥ magnetization
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dul_

wlUl — .ﬂ + El_l + l_lﬂ

dt T2 T Tw
is combined with dv;/dt according to the relation Gy = (u +
iv) to give the rate expression for species I:

1 . G G
- G (—+ zAw,) + 214 ZW 2 aip,
721 T TW

Expressions for [ and W are obtained in the same way to
give

- G” (L + iAwll)

G, .
—=1iPy
To11 2T

1

“Gw( +I'Aww)+—G—l=iPw

Tow 2T|

where Awy, = Awyp = Awyy and Awwa) = Awwe) =
Aww.

The W and II terms are missing from the I1and W expres-
sions, respectively, owing to the fact that IT and W do not ex-
change magnetization directly in the reaction. Also, it is
noteworthy that the lifetime of I1 and W in their corresponding
equations corresponds to 27, in the slow exchange limit, which
reflects the competition of I and W for a given -NH,
proton. .

The canonical forms are obtained by the method of deter-
minants. These are added to give the complex expression, from
which the imaginary part is separated by using the complex
conjugate of the denominator. An APL computer program for
the imaginary part is available on request. Frequencies in hertz
are multiplied by 27 for conversion to radians.

For calculation of the mole fraction, [1] = AT (PA + PHA
+ PMA), [II] = AT (PAM + PMAM + PHAM), and [W]
=2 X 55, where AT is the total nucleotide concentration and
the terms within the parentheses are defined in the text (Figure
2). Although [W] is multiplied by 2 to account for the second
water proton, [1] is not, since this correction is implicit in the
derivation,

All lifetimes are related by

n_mm_7w
Py Py Pw
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Abstract: The He(1) photoelectron (PE) spectra are reported of the free bases of morphine. codeine, heroin, and methadone.
They are assigned by the composite molecular method of Rabalais, using the PE spectra of 2-methoxyphenol, 2-methoxy-4-
methylphenol, crotyl alcohol, 3-penten-2-ol, allyl acetate, phenyl acetate, diphenylmethane, and 1,1-diphenylacetone to com-
pare the common details of electron structure. The results indicate that their molecular rather than electronic structure is im-

portant for analgesic activity.

Opiate narcotics are substances whose actions are similar
to those of morphine (Figure 1). Their principal therapeutic
use is in the relief of pain.? Methadone, although differing
considerably from morphine-like narcotics in its chemical
structure (Figure 2), exhibits a comparable analgesic potency.?
It is believed that the valence molecular orbital structure of
opiate narcotics plays an important role in the attempt to ra-
tionalize their activity.* Energies and electron distributions
associated with the valence orbitals influence the way in which
narcotics participate in weak bonding interactions with their
receptors.> The electronic structure of opiate narcotics has been
extensively investigated in numerous theoretical studies by
semiempirical®-® and nonempirical® molecular orbital calcu-
lations. Experimental data are available only for morphine and
nalorphine,® whose PE spectra have been recorded, although
with poor resolution.

Since the calculated results, even those obtained with the
nonempirical methods, match poorly the experimental values
(~2-eV difference), we decided to compare the PE spectra of
the whole series of opiates, starting with the opiate having the
simplest structure, and, in order to assign their spectra, to use
an empirical approach with qualitative molecular orbital in-
teractions known as the composite molecular approach.!? The
interpretation is simplified by partitioning the complex mor-
phine narcotics into three components: polysubstituted ben-
zene, unsaturated alcohol or ester, and trialkylamine. Only a
weak inductive interaction between these components is as-
sumed. The same procedure was used for methadone with the
components diphenylmethane, acetone, and trialkylamine.

Experimental Section

Gas-phase He(I) PE spectra were measured with a Vacuum Gen-
erators UV-G3 spectrometer.!! The following compounds were in-
vestigated: free bases of morphine, codeine, heroin, and methadone,
2-methoxyphenol, 2-methoxy-4-methylphenol, crotyl alcohol, 3-
penten-2-ol, allyl acetate, phenyl acetate, diphenylmethane, and
1,1-diphenylacetone. The PE spectra were measured at room or ele-
vated temperature (morphine, codeine, and heroin at 230 °C, meth-
adone at 120 °C) in the inlet system. Low resolution (30-50 meV) for
the complete spectra and high resolution (~15 meV) with an expanded
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scale for individual systems were used. The energy scale was calibrated
using 2P3/2 and 2P, ; lines of Xe and Ar. All compounds investigated
were of high purity and had been redistilled or recrystallized before
use.

Results and Discussion

The spectra of the compounds investigated are shown in
Figures 3-6. The vertical ionization energies, defined for the
highest peak in a system, are listed above the spectrum. Less
certain values are given to one decimal place.

Morphine. The main subunit in the morphine molecule is
a polysubstituted benzene. In benzene, the occupied 7 orbitals,
ay, and €g, give rise in the PE spectrum to systems at 12.35
and 9.23 eV, respectively.!?

Upon monosubstitution the degeneracy of the e;, benzene
orbitals is lifted.!3 In phenol (C3,. symmetry assumed), the a3
component of the ez benzene orbital does not, for symmetry
reasons, interact with the 2p lone pair on oxygen, no, and re-
mains at approximately the same energy (9.28 eV) as in ben-
zene. However, the b; component is destabilized through an-
tibonding interaction with the np orbital (8.56 ¢V), Figure 7.
The remaining two 7 orbitals in phenol (both of b; symmetry)
have energies of 11.60 and 13.49 ¢V.!3% The first contains
mainly an oxygen lone-pair component, while the other cor-
responds to a stabilized aj, benzene orbital. A similar reasoning
attributes to 7 ionizations the following systems in the PE
spectrum of 2-methoxyphenot (Figure 4): 8.13 (s), 9.03 (74),
11.12 (m3), 12.5 (7,), and approximately 14.0 eV (). The
top two orbitals can be viewed as antibonding combinations
of the components of the benzene e, orbital with the oxygen
lone pairs (Figure 7). Owing to the very low symmetry of the
molecule (C;, at best), the relative ordering of these two or-
bitals is difficult to infer, but this is not critical. The w3 and 7>
orbitals are predominantly the negative and positive combi-
nations of the oxygen lone pairs, respectively, while m; again
corresponds to the aj, benzene orbital. In 2-methoxy-4-
methylphenol (Figure 4), introduction of a methyl group at the
benzene ring inductively destabilizes the 7 orbitals relative to
2-methoxyphenol. The destabilizations observed for the top
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