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1. Introduction 

The proposal of determining nucleic acid sequences 
by base-specific labelmg with heavy elements and 
subsequent electron macroscopic observation has been 
formulated [ 11, but has not been put mto practice. It 
is generally considered that two types of problems 
must be resolved before this can be done. 
(1) A method must be avarlable for labeling each of 

the four bases wrth high specificity. 

(ii) Electron mrcroscopists must be able to locate 
single atoms or clusters of atoms with sufficient 
confidence. 

We are concerned here with the former of the two 
problems. The original approach consrsted m a search 
for base-specific reactions of nucleic acids wrth elec- 
tron-dense reagents [2], but rt has proven difficult 
to modify one out of four bases exclusively and quan- 
trtatrvely. An alternative approach is to introduce the 
label by m vrtro enzymatic replication or transcription 
of the nucleic acid using one heavy element-modified 
and three unmodified nucleosrde trrphosphates as 
substrates. Mercurated pynmrdme nucleotides were 
proposed for thus purpose [3] but proved not to be 
stable enough [4]. Nucleoside 5’-041 throtriphos- 
phates) was used [5] as modrfied buildmg blocks for 
the m vitro syntheses. The sequence-specific label 1s 
obtained by reaction of a terpyndme platmum salt 

Abbrevzatrons R, R’, organic radicals, X, amon; s4u, 
4-thlouridme, psA, adenosme 5’-phosphorothloate, SAMP, 
4-@-sulphophenylazoj-2-mercunphenol 
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wrth the phosphorothroate groups of the resulting 
polymer. This approach looks promrsmg because the 
same derivatives can be used of each of the four 
bases and because DNA replicas with one of the nucleo- 
tides faithfully substituted by the phosphorothioate 

analog were obtamed [6]. 

Organomercury compounds of the type RHgX are 
known to have a hrgh affinity for throls and therefore 
seemed possible candidates as electron dense reagents 
for phosphorothioate groups. If such a reaction takes 
place, the obvrous criterion in deciding whether rt wrll 
be quantitative under given crrcumstances is the equi- 
hbrium constant. Although K, values can be found in 
the literature for the reactions of RHgX compounds 
with several thro-analogs of nucleic acid bases [7], 
nucleosrdes and polynucleotrdes [8], and with s4U- 
containing tRNAs [9,10], no such data are available 
for reactrons of heavy metal compounds with nucleo- 
side phosphorothroates. We show here that adenosme 
5’-phosphorothioate (psA) reacts with 4-(p-sulpho- 
phenylazo)2-mercuriphenol (SAMP) with a K, of 
1.6 X 10’ l/mol. 

2. Materials and methods 

psA was m part synthesized according to [ 1 l] and 
m part purchased from Serva Feinbrochemrca, 
Heidelberg. SAMP was synthesized [ 121 by Dr Jomau, 
IRC, University of Leuven, KortriJk, who kindly 
made available a sample for our experiments. 

The choice of SAMP as the mercurral for examining 
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the reaction with psA deserves some comment. Asso- 
cratron constants for bmdmg of mercurials to Theo- 
analogs of nucleic acid constrtuents [7,8] are usually 
computed by spectrophotometnc methods, the reac- 
tion causing a shift in the spectrum of the thiobase. 
Bindmg of a mercurial to a nucleosrde phosphoro- 
throate does not affect the nucleotide spectrum. 
However, rf one chases a reagent where the mercury 
1s bound to a chromophore displaying an absorption 
maximum outside the spectral range of the nucleic 
acid bases, one can, under proper conditrons, observe 
a shift m the mercurial spectrum. 

As illustrated in fig.1, SAMP IS subject to an 
acid-base equilibrium [ 121, the acid form showing 
an absorption maxrmum at 358 nm and the basic 
form at 442 nm. The pK, value 1s 7.53, but rises to 
higher values when a thiol is bound, to an extent 
depending on the thiol used. In the presence of psA, 
we found a new pK, of 8.9, determined spectro- 
photometrically [ 121. If we now work at a pH 
between the pK, values of unmodified SAMP and 
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Fig 1 Acid-base equrhbrmm of SAMP and of the derrvatrve 
resultmg from reaction with psA The pK, value for thro- 
derrvatrves of SAMP varies with the nature of RSH [ 121 and 
was found to have the value 8.9 rf RS- = psA. 
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of its psA derivative, e.g., at pH 8, then binding of 
the psA will result in a shift from the basic to the 
acidic form, and wrll be observed as a spectral shaft. 

The reaction between SAMP and psA was studied 
by the method of continuous variation [ 13-151. A 
series of mixtures was prepared contammg 0.05 M 
sodium borate buffer (pH 8) and varying amounts 
of psA and SAMP with total cont. 1.5 X IO-” M for 
the two compounds. Absorbances were measured at 
350,360,410,420,430,440 and 450 nm in a 
Zeiss PMQ3 spectrophotometer at room temperature. 
Quartz cuvettes of 5 cm light path were used. The 
K, was computed as detailed in [ 151. 

3. Results and discussion 

The contmuous variation plots of the absorbances 
of SAMP-psA mixtures shown in fig.2 demonstrate 
that the compounds react m a 1: 1 ratio. From 7 plots, 
constructed for the wavelengths mentioned above, the 
following mean association constant was calculated: 

K’ = 1.6 X 10’ l/mol f 0.4 X 10’ l/mol 

This value IS shghtly larger than the highest binding 
constant reported [7 ] for the reaction of a thiobase 
with a mercurial. It may be appropriate to recall that 
our value, as well as other binding constants reported 
[7-lo] for reactions between nucleic acid thro-con- 
stituents and mercunals is not the equilibrium con- 
stant K of the reaction 

wrth 

(RSHgR’) 

K = (RS-) (R’Hg+) 

but a condrtronal equilibrium constant [ 161. 

(RSHgR’) 

K’ = [cRs--(RSHgR’)] [cRwg+-(RSHgR’)] (2) 

where (RSHgR’) is the equilibrium concentration of 
the compound formed. 
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Fig 2. Contmuous varration plots of SAMP-psA mrxtures. 
The total concentratron of SAMP + psA was 1 5 X lo-$ M 
for all mrxtures. Plotted m ordmate IS the difference between 
the absorbance measured after mixmg and the sum of the 
absorbance due to SAMP and psA before mrxmg. The bmdmg 
constant is computed [IS] from the experimental absorbance 
difference (solid 1ines)and the extrapolated difference (broken 
hnes) The plots shown are those constructed for A sIO 
(4-%44,,, (o-o) and A440 (*--0) measurements 

CR,- and CRq.jg+ are the analytical concentrations of 
the thio-derivative and the mercurial. Since hydrogen 
rons compete with R’I-Ig* for reactmg with RS-, whrle 
OH’, Cl- and other ions can compete with RS- for 
reacting with R’Hg’ [ 171, rt follows that the equihb- 
num of reaction (1) will be shifted to the left to a 
degree dependmg on the pH of the solutron and the 
concentration of salts present. The K’ value allows us 

to compute how quantrtative the conversion of RS- 
to RSHgR’ is, without consrdering equrlibna of side 
reactions, but only in the particular ionic environ- 
ment used 

The K’ as determined above prevails at pH 8, i.e., 
near neutrality, and in the absence of ions such as Cl- 
that show a strong affinity for mercurrals. Such con- 
ditions should be ideal for the labeling of base- 
specifically phosphorothioate-substituted nucleic 
acids with mercurials. Assuming the equrhbrmm con- 
stant for the binding of SAMP to thiophosphodiesters 
in a polynucleotide to be of the same magnitude as 
that for binding to throphosphomonoesters, we can 
estimate the completeness of the conversron of a 
modified nucleic acid to the mercury derivative. This 
has been done in table 2 for nucleic acid concentra- 
tions of 1 O-‘--l O-’ M, likely to be used m prepara- 
tions for electron microscopy [2], to which I-10 
equiv. SAMP/equiv. phosphorothroate 1s added. It 
shows that even at low nuclerc acid concentration, 
and if the excess mercurial over phosphorothioate 
were kept low m order to minimize the presence of 

Table 1 
Completeness of nucleosrde phosphorothroate 

conversron mto rts mercury derivative 

Mercunal Fraction of phosphorothroate residues 
equn. bmdmg mercury at a phosphorothroate 
added concentration of 

1O-5 M lo-’ M 1O-3 M 

1 0.924 0 915 0.992 
1.1 0.957 0.994 0 9994 
1.5 0.987 0.9987 0 99987 
2 0 994 0 9994 0.99994 
5 0.998 0 9998 0.99998 

10 0 999 0.9999 0 99999 

The fractron of phosphorothroate resrdues bmdmg mercury 1s 
computed for solutions 10m5, 10s4 and 10-s M m phosphoro- 
throate to whrch l-10 equn. mercurial have been added, by 
substitutmg the followmg values m eq (2) 

CRS- = 10e3 M, 10m4 M or lo-’ M 

CRpRg+ = 1 X CRS-, 1 1 X CRS-, . ., 10 X CRS- 

K’ = 1.6 X 10’ l/mol 

and solvmg for (RSHgR’)/CRS- 
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background mercury atoms in the preparation, con- 
version of phosphorothioate moieties to mercury 
derivatives would be farrly complete. 

It seems worthwhrle to mention a potential 
advantage of mercurials over other phosphorothioate 
reagents such as platinum compounds [S]. The bmd- 
ing constants of different mercurials for an anion are 
of the same magnitude regardless the exact nature of 
the organic moiety R m RHg’ [IS], so that rt may be 
assumed that the high affmrty of SAMP for phospho- 
rothioate is a general property of monoorganomer- 
curials. On the other hand many mercurials are volatrle 
at ambient temperature and soluble m organic sol- 
vents. This raises interesting possibrlitres for prepara- 
tive techniques. The nuclerc acids with base-specific 
phosphorothroate substrtutron could be spread on a 
thm film support on a mrcroscope grid according to 
one of the existmgmethods [2]. After drying, the grid 
could be exposed to vapors of a volatile reagent such 
as CHJIgOH. Excess mercury bound non-specrfically 
to the support could be chased by slightly heating the 
sample under vacuum. Alternatively, the staining 
could be performed by dipping the grid into a solution 
of mercurial in an organic solvent, the hydrophilic 
nucleic acid remaming undrsturbed, and excess 
mercurial being washed away in pure solvent. Finally, 
it might be possible to enhance electron macroscopic 
contrast by using as labels RHgX compounds contain- 
mg additional heavy atoms, such as rodme, m the 
organic morety. A polymetallic heavy atom label for 
s4U m tRNA has been proposed [ 191 but this may 
pose problems for an RNA containing many phospho- 
rothioate resrdues because rt has several binding sites. 

In conclusron, we may state that the combmation 
of preparing base-specifically phosphorothioate-sub- 
stttuted copies of nucleic acids, and of labeling them 
with compounds of the type RHgX, now seems the 
most promising approach to the preparative aspect of 
electron mtcroscoprc nucleic acid sequencing. 
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