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ABSTRACT

In the presence of thiols, 5-mercuripyrimidine nucleotides are quantita-
tively converted to 5-thiomercuri derivatives, but these compounds are unstable
and decompose at a rate dependent on the nature of the thiol. The decomposition
involves three different reactions and proceeds via a symmetrical mercury deri-
vative of the nucleotide. The end product is the unmodified nucleotide. Similar
reactions occur in the presence of hydrogen sulfide. Since mercurated nucleoside
triphosphates are substrates for RNA- and DNA polymerase only in the form of
thiomercuri derivatives, this implies that when DNA is replicated or transcribed
in vitro with a mercurated substrate, the latter is rapidly demercurated to the
unmodified substrate which is incorporated as well. Hence the product of the in
vitro synthesis can only be partially mercurated in any one pyrimidine. Also,
formation of cross-links in the resulting polymer is possible.

INTRODUCTION

The synthesis and properties of 5-mercuripyrimidine nucleotides, as well as
the preparation of mercury-containing polynuclectides by chemical modification
and by enzymatic polymerization of mercurated substrates, have been described by
Dale, Ward and coworkers1’2'3. Since then, several investigators have used
pppUHgSR4 as an RNA polymerase substrate allowing convenient isolation of the in

vitro transcription product of chromatin and nucleis'7'8, although recently

attention has been drawn to possible artefacts of this techniqueg'10'11.

We have attempted the enzymatic synthesis of poly (UHg) and poly (A-UHg),
our purpose being to use polynucleotides with a regular pattern of mercury labe-
ling as model compounds for experimenting the electron microscopic observation
of heavy element-labeled nucleic acids. Our attempts to polymerize ppUHgSR with
polynucleotide phosphorylase were unsuccessful. With poly d(A-T) as template,
RNA polymerase did polymerize pppUHg3R and pppA. However, we found that in the
resulting polynucleotide only part of the uridylic acid residues are mercurated.
This is because thiols must be added1 in order to convert pppUHgX to a thiomer-
curi derivative pppUHgSR acceptable as a substrate for RNA polymerase, but in
the presence of thiols the mercurated substrate is converted fairly rapidly to

pppU, which of course is also incorporated.
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We have searched for, but been unable to find, any stable nucleotide deri-
vative of the form (pp)pUHgSR. In the course of this work, we have elucidated
the reactions responsible for the demercuration of pUHgX in the presence of
thiols and of hydrogen sulfide, and identified some intermediate compounds
formed in the eourseof this demercuration. The structural formulas of the diffe-

rent types of mercurated nucleotides discussed are drawn in chart 1.

MATERIALS AND METHODS
Chemicals.

Uridine-5'-mono-, di-, and triphosphate and L-cysteine were obtained from
Sigma, poly d(A-T) from Boehringer. Mercaptoethanol, thiophenol, 2-thiouracil,
thioacetic acid and thioacetamide were from Aldrich, ethylmercaptan from Merck
(Darmstadt). The gases methylmercaptan and hydrogen sulfide were purchased from
Matheson gas products.

Labeled compounds.
203

Hg[OAc]2 with a mean specific activity of 140 mCi/mmole, [35S]L-cysteine
at 66 mCi/mmole and [ ''C]ATP at 1.03 mCi/mmole were obtained from the Radio-

chemical Centre (Amersham). The activity of 203Hg was determined in a Berthold

Gammaszint BF 5300 scintillation counter, those of °°S and 'C in a Packard Tri-

carb model 2450 liquid scintillation counter. In double-label experiments with

203Hg + 358 or 203Hg +14C, the samples were counted in both instruments. The

contribution of 203Hg to the liquid scintillation counts can be computed from

the activity measured in the y-counter where 355 and 140 are not detected.

Preparation of mercurinucleotides and thiomercurinucleotides.

Mercuration of uridine-5'-phosphates was usually carried out on 100 pmole
of nucleotide according to the reaction conditions prescribed by Dale et alz.
Ten ml of a mixture containing 0.01 M nucleotide, 0.05 M 203Hg(0Ac)2 with a
specific activity of 1.5 x 108 to 3 x 108 cpm per mmole, and 0.05 M NaOAc, pH 6,
was incubated at 50° C for 3 hours. Excess mercuric ions were removed by passing
the mixture over a small column containing 5 equivalents of Chelex 100 (Bia-Rad)
with respect to the amount of mercury in the mixture and equilibrated with 0.1 M
acetate buffer pH 6. The column was then washed with 100 ml of water. Measure-
ment of the activity and optical density of the eluate showed that this proce-
dure efficiently removed non-covalently bound mercuric ions.

The eluate was diluted to an acetate concentration of 0.01T M and loaded on
a 50 ml DEAE-cellulose column (Serva, capacity 0.82 meq/g), equilibrated with
0.01 M NH4HCDa. The column was washed with 10 volumes of the same buffer and
eluted with 800 ml of a linear gradient from 0.01 to 0.3 M NH,HCO,. A small

4 3
203
peak of unreacted nucleotide usually preceded the main Hg- containing peak,
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Chart 1. Structure of mercurated uridine nucleotides.
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5-acetoxymercuriuridine-5'-monophosphate
5-chloromercuriuridine-5'-monophosphate
unspecified salt of 5-mercuriuridine-5'-monophosphate

" " " 5-mercuriuridine-5'-diphosphate
" S5-mercuriuridine-5'-triphosphate
thiol derivative of 5-mercuriuridine-5'-phosphate, e.g.
5-hydroxyethylthiomercuriuridine-5’-phosphate [R=CH2CH20H], the
mercaptoethanol derivative.
5,5'-bis (uridine-5'-monophosphate) mercury

(pUHg]ZS bis (5-uridine-5'-monophosphate mercuri) sulfide

which was concentrated by rotary evaporation, the residue being desalted by re-

peated dissolution in 50% methanol and evaporation.

For the preparation of 5-thiomercuriuridine-5'-phosphates (pUHgSR), 100

mmole of pU was converted to [

as described above.

2':'zaHg]pUHgE]Ac and freed from excess mercuric ions

To the eluate of the Chelex 100 column were added 1 to 5

equivalents of the desired thiol RSH either in the pure form if it was a liquid,

or in aqueous solution if it was a solid. In the case of S5-thiouracil, which is

insoluble in water, one equivalent of the solid was added and it dissolved by
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reaction with the mercurial. Methylmercaptan, which is a gas, was led through
the solution. In several cases the conversion of pUHgOAc to pUHgSR was accompa-
nied by formation of a precipitate containing mercury but no nucleotide mate-
rial, and identified as [RS]ZHg (see Results). This was removed by centrifuga-
tion and the supernatant was separated on a DEAE-cellulose column as described
above, except that elution was with an 800 ml gradient from 0.01 M to 0.5 M
NH4HCD3. 203
The preparation of [ Hg][pU]zHg also started by mercuration of pU and
Chelex 100 treatment as described above. Hydrogen sulfide was then led through
the solution for 10 to 20 minutes, and excess HZS was chased by a current of
nitrogen. The soclution was allowed to stand overnight and the finely divided
precipitate of HgS was partly removed by centrifugation, some of it remaining
in suspension. The supernatant was fractionated on DEAE-cellulose under the con-
ditions used for pUHgSR derivatives. [pUJzHg was obtained in 60% yield.

Characterization of reaction products.

The products obtained by reaction of pUHgOAc with RSH were characterized
mainly by their mobility when chromatographed on ion exchange paper, and by
measuring the ratio of 203Hg-radioactivity to UV-absorbance.

The molar extinction coefficient of pUHgX at 267 nm is 10,100.2 The extinc-
tion increases only a few percent upon addition of a thiol not absorbing at this
wavelenght, and the €567 of pU is 9,500. Because of these small differences in
molar extinction coefficient, we have taken €567 = 10,100 as a mean value for
computing the uridine content of the compounds to be identified, the mercury
content being known from the radiocactivity. All spectra were taken in 0.1 M Tris
chloride pH 7.5. The mean Hg/U ratio, determined in this way for several prepa-
rations of pUHgOAc, was 0.92. As judged from the paper chromatographic homoge-
neity however, purity was considerably better than 92%.

Paper chromatography was ascending, on DEAE-cellulose paper (Whatman DE81),
with 0.4 M Tris carbonate as a solvent, prepared by saturating an 0.8 M Tris
solution with 002 and diluting appropriately. Spots were detected by autoradio-
graphy and by inspection of the chromatogram in UV-light. This allows a conve-
nient distinction between mercury compounds, nucleotide material, and mercu-
rated nucleotides. The following 203Hg-1abeled marker substances were used for
identification of unknown compounds: pUHgOAc and (pU)zHg were prepared as des-
cribed above; thiomercurinucleotide markers, pUHgSR, were obtained by directly
spotting an equimolar mixture of pUHgOAc and the relevant thiol on the paper;
mercury mercaptide markers, [RS]ZHg, were obtained by mixing equivalent amounts

of Hg(DAc]2 and RSH solutions, and spotting a saturated solution of the resul-
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ting precipitate, formed according to the reaction:
Hg(DAc)2 + 2 RSH——»(RS]zHg ¥ + 2 HOAc

Decomposition reactions of mercurated nucleotides.

Some of the mercurated nucleotides studied decompose spontaneously, others
only in the presence of thiols and of HZS' The reactions were followed by incu-
bating a few umole of the compound under study, labeled with 203Hg to an acti-
vity of 105 to 10B cpm, in 100 pl of buffer. Most reactions were studied in
0.1 M Tris acetate, pH 5, 7, or 9, at 37°C, during 2 to 120 hours, depending on
the reaction rate. Samples of 5 pl were withdrawn periodically, separated in
the paper chromatographic system described above, and the Hg-containing reaction
products were detected by autoradiography and quantified by scintillation coun-
ting. If a precipitate formed during the reaction, the mixture was centrifuged
before samples were taken form the supernatant. HgS was not removed in this way
because it forms a colloidal solution.

Enzymatic polymerization.

Polynucleotide phosphorylase from Micrococcus luteus was obtained from
Boehringer, the enzyme from Escherichia coli was prepared according to Kimhi and
Littauer12. Polymerization of ppUHgSR was attempted by incubation, at 37°C, of
100 |l of a mixture containing 60 mM [203Hg]ppUHgX at 1.5 x 103 cpm/mmole, 0.2
mM UpU, 150 mM Tris acetate pH 8.8, 5 mM Mg[UAc]z, 60 mM mercaptoethanol and 1
to 3 enzyme units. In other experiments the mercaptoethanol concentration was
doubled, or L-cysteine was used instead. The reaction was followed by periodi-
cally withdrawing 5 11 samples and chromatographing them on DEAE-cellulose
paper with 0.6 M Tris carbonate as a solvent.

Transcription of poly d(A-T) with mercurated substrates was carried out
with E. coli RNA polymerase from Boehringer under the reaction conditions used
by Dale and Warda. The 500 1l reaction mixture contained 1 mM [14C]pppA AT 10g
cpm/mmole, 1 mM [203Hg]pppUHgX at 108 cpm/mmole, 0.01 mM poly d(A-T), 50 mM Tris
chloride pH 8, 5 mM MgClz, 1 mM MnC12, 20 mM mercaptoethanol and 10 units of RNA
polymerase. From the mixture, incubated at 37°C, 50 il aligouts were withdrawn
periodically and chromatographed on DEAE-cellulose paper with 0.6 M Tris carbo-
nate as a solvent. The chromatogram was autoradiographed, and the amount of pppA
and pppUHgSR polymerized was calculated from the 14C— and 203Hg activity of the

spots remaining at the start.

RESULTS
Separation of the reaction products of pUHgX with thiols.

In the course of preliminary attempts to polymerize ppUHgSR in the presence

of polynucleotide phosphorylase, we had obtained evidence that the mercurated
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substrates lose their mercury fairly rapidly in the presence of 1 to 2 equiva-
lents of mercaptoethanol. In order to examine the stability of different com-
pounds of the type (pp)pUHgSR, and to discover the reactions responsible for the
loss of mercury, we converted [203Hg]pUHg0Ac to a series of thiomercuri deriva-
tives by reaction with one to five equivalents of SH-compounds :

pUHgX + RSH — pUHgSR + HX (reaction 1)
The conversion is quantitative since equilibrium constants of the order of 1018
prevail13 for reactions of the type :

RHg' + R'S —— RHgSR’

For studying the reaction with thiols we preferred the monophosphate pUHgX
over the tri- or diphosphate because the latter preparations often contain
small amounts of di- and/or monophosphates, a fact which renders the analysis
of reaction products more complicated.

The column elution profile for the reaction products of pUHgOAc with L-cy-

steine is shown in figure 1a. In this case, as in most others, the following nu-
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- Figure 1. Chromatography of the reaction products of pUHgX with thiols. ,
a. reaction products obtained by mixing 100 pmole of pUHgX containing 2.3 x 10
cpm 203Hg with 200 umole of L-cysteine. 7
b. reaction products obtained by mixing 200 umole of pUHgX containing 3.8 x 10
cpm 203Hg with 200 umole of thioacetamide. .
Separation on a 50 ml DEAE-cellulose column was as described in methods and
10 ml fractions were collected.
—————— optical density at 254 nm, light path 3 mm
————— 203Hg-activity per fraction
—_—— = molarity of NH4HCD3
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cleotide-containing compounds were eluted : pU, pUHgSR, and (pU]zHg.

In the case of the reactions with thioacetic acid and with thioacetamide
addition of the reactant to pUHgOAc made the solution turn brown or black due to
formation of HgS, while the column elution profile showed a major additional
peak of [pUHg]ZS. This is illustrated for the thioacetamide case in figure 1b.

Although pUHgSR is undoubtedly the first reaction product formed when an
SH-compound is added to pUHgX, the data of table 1 show that the time needed to
mix the reactants and to load them on a column is sufficient for an appreciable
amount of pUHgSR to be converted to other compounds. In this process pUHgSR
loses mercury, which precipitates under the form of (RS)ZHg. and is converted to
nucleotides containing less than one Hg atom per U residue, viz. pU and (pU]zHg.

The amount of pUHgSR remaining after column chromatography is mentioned in
table 1 and varies between wide limits: 87% for the L-cysteine derivative to
less than 2% for the thioacetic acid derivative. However, this amount cannot be
considered as a reliable measure of the stability of the different pUHgSR deri-
vatives, because no precautions were taken to keep conditions, such as tempera-
ture, or time between reaction and column loading, constant. Moreover, the
amount of pUHgSR remaining depends on the ratio of RSH to pUHgX in the reaction.
The variability of the pUHgSR yield is illustrated (table 1) by the three expe-
riments where L-cysteine was used as the thiol. When the column fractions con-
taining pUHgSR were desalted by evaporation, poorly soluble [RS]2Hg formed again,
together with pU and (pU)zHg. When the residue was dissolved, we obtained a mix-
ture of pUHgSR, pU and (pU]zHg. as demonstrated by paper chromatography and by
the fact that the Hg/U ratio in the redissolved residue was less than 1. This
ratio is mentioned in the last column of table 1 and can be considered as a
gualitative measure of pUHgSR stability, the L-cysteine derivative being the
most stable of those examined.

Identification of reaction products.

Below we summarize the identification as pUHgSR, (pU]zHg. [pUHg]ZS, and
(RS]ZHg of the products obtained by reaction of pUHgOAc with several thiols
and separated by column chromatography. The yields of these compounds are men-
tioned in table 1, their paper chromatographic mobilities in table 2.

pUHgSR : These derivatives formed the first peak containing both nucleotide
material and radioactivity in the column profiles (see figure 1). When desalted
by evaporation of the volatile buffer, they gave rise to residues which only
partly redissolved in water. The poorly soluble fractions were identified as
(RS]ZHg, the soluble fractions as mixtures of pUHgX, pU, pUHgSR and (pU]zHg, by

paper chromatography in the presence of marker substances. In the case of the

2139



Nucleic Acids Research

*UOT3PI3UBOUOD [ JO4 BINSEEW B SB UaYe3 ‘wu /gz 3e
aoueqosqe-An 8Yy3 03 S83NQTJIIU0D n:opw ¥ 8y3 ssneoaq OT3ed /34 8NJ3 8y3 ueyy JI8MOT 8Je SOT3ed 8sayl («x)

(x)L¥°0 0°98 §°0S 89z 9 LL l 8pTWe180e0TYY

¥5°0 9°(8 0" LY 0'LE z°'l v°8 l pPToe OT31800TY3

(»)EE"0 8'86 0 G'96 €°C 0 I4 1ToRIN0OTY3-Z

(#)/¥°0 0°€6 0 v-ee vz 2L z TouaydoTyl

S 68 0 S°69 0°0c 8] 14 auta3sho-]

98°0 8°v6 0 9°'tvZ z'29 0°g z auta3sho-1

L *00L 8] 6°S 2°(8 0°¢ Z auts}sho-1

69°0 VAl:VA 0 8°1Lg L9 z-0z z Toueyjacidesaw

9S°0 v°€6 0 £°0L £°28 0 S uejdeoaswiAylas

S50 G°LB vl vl v°99 €0 pautsapun uejdeorawrAy3aw

o pappe pasn

Butjressp asjje 12303 mNHwI:nu wINH:uu yS3HNd nd sjuarentnba punodwod

¥SBHNd ut

0118 N/3H sjonpoad uoTjoead 40 PISTA % HSY

*se8 e se uorjl

-NTOS 8yl y3noayl pal Sem 3T 8JUTS pPatsToads aq jouued pappe uejdeogawrAyzsw jO SJUSTEATINDa 40 Jaqunu ayj
*Xx8H4nd J0 peajsut pasn sem x8Hndd ‘ueijdeocaswiAyis pue-TAY3swW Y3TM SUOT3IOPaI 8Yy3 JO4 °*3X83 8y3l Ul pauterdxs
se ‘spunodwod asayl 40 A3TTTIQe3}S 8yl 40 8anseaw aATjejI[enb e sT (uwntod 3ser) Y¥S8HNd 40 orjex n/8H aul
*A28n0081 uUWNTOD JO mh:mmms e ST PI8TA 12303 8y| °patiriuenb jou Arrensn pue ‘uwniod 8yj 3utrpeol 8Jdo4aq
psnowslI sem Yatym mz (SY) 8TQNTOSUT 8Y3 ST PaPNTOUT 30N °*SUOT3ORI4 8yl #0 uotidiosge-An 8yi Butansesw

Agq pejernotred spraTA ay3z pue AydeaSojewoayd uwnTod 3SOTNTT89-3y3g AQ pejeaedas aJam s3onpoad uotjloesay

*HSY U3TM X3HNd 40 uotioeal Aq psawlog s3onpoad 3o PTaTA *| 81qel

2140



Nucleic Acids Research

lable 2. Rt values of uridine-b5'-phosphates and mercury derivatives.
5555?73hr0matography was ascending on DEAE-cellulose paper.
icompound solvent
0.4 M Tris 0.6 M Tris
carbonate carbonate
IpU 0.34 0.46
ppU 0.21 0.35
pppU - 0.27
pUHg " 0.56 0.61
poUHg " 0.42 0.53
|pppuHg” - 0.44
[pU]zHg 0.1 0.32
[ppU)zHg - 0.25
[pUHg]ZS 0.08 0.27
(ppUHg)zS - 0.21
JPUHESR RSH=CH3SH 0.34 -

" C2HSSH 0.34 -

" HOCHZCHZSH 0.29 -

" CHaCUSH 0.26 -

" CHSCSNH2 0.25 -

" CSHSSH 0.27 -

" L-cysteine 0.22 -
ppUHgSR HDCHZCHZSH - 0.31
pppUHgSR HDCHZCHZSH - 0.20
(RS]ZHg HDCHZCHZSH 0.74 0.82

" L-cysteine 0.28 -

L-cysteine derivativr , the pUHgSR column fraction was found to contain 1.19
equivalent S per equivalent Hg in a 358/203Hg double label experiment.

From these observations, and from others described below, we inferred that
the pUHgSR fraction isolated by column chromatography decomposes, upon desalting,
into (RS)2Hg, (pU]ZHg, pUHgX, and pU.

gpylzﬂg : In the column profiles, this derivative formed the second peak of
mercurated nucleotide material. The identification was based mainly on the Hg/U
ratio of the product, which gave a mean value of 0.43 for 9 experiments. Also,
the low mobility on DEAE-celllulose paper fits in with the presence of two phos-
phate groups. Finally, the compound is also formed by decomposition of [pUHg)ZS
(identification discussed below) with formation of a black percipitate of HgS,
and this reaction is a general feature of organomercury sulfides14 :

(RHgJZS . > RyHg + HgS 3
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(ggﬁg12§ : This was the main product of the reaction of pUHgOAc with thio-
acetic acid and with thioacetamide, and a minor product when pUHgOAc was trea-
ted with methylmercaptan. It was the last compound eluted from the DEAE-cellu-
lose columns and on ion exchange paper its Rf value was just slightly lower
than that of [pU]zHg, indicating a similar negative charge. Column fractions
containing this compound turned brown and then black upon standing due to HgS
formation. This decomposition went further during desalting. The fact that a
mean Hg/U ratio of 0.78 was measured for this compound, while the theoretical
ratio is 1, can be attributed to this decomposition: in fact the ratio is always
measured on a mixture of (pUHg]28 and (pU]zHg. due to the reaction:

(pUHgJZS —»(pU]zHg + HgS ¢
Finally, the compound had exactly the same mobility on paper as [pUHg]ZS ob-
tained by briefly leading HZS through a solution of pUHgX:

2 pUHgX + H,

The formation of (pUHgJZS by the reaction of pUHgOAc with thioacetic acid

S —»[pUHg)zs + 2 HX

and thioacetamide can be explained by the hydrolysis of these compounds in

aqueous solution, with formation of HZS15 :

CHSCUSH + H,0 — CHSCUOH + HZS

2
CH3CSNH2 + HZD —:——->CH3C0NH2 + HZS

HZS is also present as an 0.2% impurity in the methylmercaptan gas used, a fact
which accounts for the presence of a small (pUHg)2$ peak in the CH38H derivative
preparation (table 1).
£8§12ﬂg : When methylmercaptan, ethylmercaptan, mercaptoethanol, thiophe-

nol or 2-thiouracil were added to pUHgOAc, white precipitates were slowly for-
med, which were removed before column chromatography. We postulated the formule
(RS]ZHg for these substances since poorly soluble compounds of th%: type are
described for RSH = CHBSH, CZHSSH’ HOCZH4SH, CSHSSH’ and cysteine ~. In the
reaction of pUHgOAc with L-cysteine, mercury cysteinate did not precipitate but
was eluted from the column during loading, or in the beginning of the gradient.
The composition (RS]ZHg was confirmed by an S/Hg ratio of 2.18 found in a double
label experiment. Furthermore, the product had the same mobility on paper as
[ZDSHg]mercury cysteinate prepared from L-cysteine and 203Hg(0Ac)2.

The formation of [pU]2Hg and [RS]ZHg from pUHgSR is to be understood in
terms of the known tendency of asymmetric organomercurials to react to their
symmetrical counterparts17

2 RHgR'—>R_Hg + RiHg

2 2

which gives in our case :
2 pUHgSR———-—)—[pU]zHg + (RS]ZHg (reaction 2)
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Stability of mercurated nucleotides.

The reactions discussed up to this point explain the presence in pUHgSR
preparations of (RS)ZHg and (pU]ZHg, but not that of pUHgX and pU, which is
also noted. In order to gain full insight in the pathway by which pUHgX is
demercurated in the presence of thiols, we examined the stability of pUHgX,
(pU]zHg. and pUHgSR, and the appearance of breakdown products as a function of

time.

Stability of _pUHgX : No appreciable decomposition of this compound was
observed. After 150 hours incubation at pH 5, 37°C, 97% of it remained intact,
and it was at least equally stable at pH 7 and 9.
§§@Q§l§§y_gf_£g@12ﬁg : This derivative was fairly stable at pH 9 but de-

composed slowly into pU and pUHgX at pH 7 and faster at pH 5. The concentration
decreased exponentially, indicating a pseudo first order reaction :

[pU]zHg + H — pUHg+ + pU (reaction 3)
Reaction rates and half lifes at pH 5, 7, and 9 are summarized in table 3.

Stability of_pUHgSR : None of these derivatives could be obtained in a pure

state since they decompose during isolation. The best preparation available was
that of the L-cysteine derivative, which is the most stable of those studied.
It still contained about 0.2 equivalents [pU]zHg. Figure 2 shows the reaction
kinetics when the preparation was incubated at pH 5. Mercury cysteinate pre-
cipitated during the reaction and was not assayed. The (pU]zHg concentration
first rose and then decreased, whereas the pUHgX concentration steadily rose.
This points to the following reaction scheme :

2 pUHgSR —————’—(pU]ZHg + [RS]zHg ¥ (reaction 2)

[pU]2Hg + H+——————)—pUHg+ + puU (reaction 3)
The same reactions were observed at pH 7 and 9 but the rate slowed down as the
pH increased.

Reactions of mercurated nucleotides with thiols.

Reactions 1, 2, and 3 studied up to this point can be arranged into the

following scheme : .

RSH H
puHg" \ @ } > pUHESR
+
H
3 [pU)zHg [RS]ZHg

pu
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Table 3. Rate constants and half life for the decompostition of (pUJ)_Hg.
Reaction temperature was 37°C and the solutions were buffered with 051 M Tris
acetate at the pH indicated.

1

pH rate constant (sec ') half life (hours)
5 38.3 x 107/ 50
7 14.4 x 1077 134
9 2.4 x 1077 802

Reactions 2 and 3 are responsible for the demercuration of isolated pUHgSR
derivatives into the observed reaction products (RS)ZHg, (pU)2Hg. pU, and pUHgX.
(pU]zHg accumulates, especially in preparations of the least stable derivatives,
because reaction 3 is relatively slow at neutral pH. In the presence of an
excess thiol, pUHgX is gradually demercurated via a cyclic reaction sequence,
2 equivalents of thiol being necessary to achieve complete demercuration accor-
ding to the sum reaction :

pUHgX + 2 RSH ——> pU + (RS]ZHg + HX
With an excess thiol present, no pUHgX is detected during the demercuration
because the equilibrium of reaction 1 is entirely to the right.

Further experiments showed, however, that an additional reaction contri-
butes to the demercuration process.
incubated at pH 7 with 4, 20, or 100 equivalents of mercaptoethanol, the
pUHgSR concentration dropped very fast, reflecting the low stability of this
derivative as compared to the L-cysteine analog. However, as illustrated in
Figure 3, when the excess thiol is larger pUHgSR disappears faster, and the
(pU]zHg concentration is lowered. This cannot be explained by the aforemen-
tioned reaction sheme. Also surprising is the fact that small amounts of
pUHgSR remain present after 10 hours in spite of a very fast initial decompo-
sition.

_______________ zﬁg_wigg_gnigig : When (pU]ZHg was incubated with 2 equi-
valents of mercaptoethanol at pH 7 and 9, formation of pUHgSR and pU was obser-
ved as expected. However, the (pU)zHg concentration dropped much faster than
observed in the absence of thiols (table 3), the decrease was non-exponential,
and the pH dependance of the reaction rate was reversed, breakdown being faster
at pH 9 than at pH 7. If the decomposition of [pU]zHg were merely the result of
reactions 3 and 1 in sequence the rate would be limited by reaction 3 and addi-
tion of thiol would not increase it. Hence, we have to assume that (pU)zHg dis-

appears via a second pathway, viz. direct reaction with the thiol
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Figure 2. Stability of pUHgSR (RSH=L-cysteine).

6 umole of pUHgSR with a 203 ivi > o
umole of pUHgSR w a Hg activity of 6 x 10° cpm were incubated at 37°C

in 100 pl 0.1 M Tris acetate buffer, pH 5. Samples of 5 Pl were withdrawn

periodically and analyzed by paper chromatography as described under methods.
O pUHgSR; @ [pU]zHg: O pUHgX.

[pU]zHg + RSH ——> pU + pUHgSR (reaction 4)
Reaction_of (pU),Hg_with_ (RS).Hg : [ °OHgl (HOCH,CH,S) Hg was brought in

suspension in a solution of [203Hg](pU]2Hg in 0.1 M sodium acetate, pH 5, and
after 1 hour the supernatant was subjected to paper chromatography. Autoradio-
graphy demonstrated the presence of pUHgSR, together with the starting products
[pU]zHg and [RS]ZHg. in the approximate ratio 2 : 1 : 1. We conclude that
reaction 2 is an equilibrium reaction :

2 pUHgSR ;—_“_‘*(puleg + (RS),Hg
This explains the non-exponential decrease of pUHgSR concentration noticeable
in figure 2. As decomposition proceeds, [pU]zHg and [RS]ZHg accumulate, slowing
down the rate of reaction 2. The kinetics of this reaction are further compli-
cated because one reaction product, [pU]zHg. further decomposes, whereas the
other, (RS]zHg, reaches a maximum concentration when it starts precipitating
from solution.

Reactions of mercurated nucleotides with H_S.

These reactions were studied because HZS was the reacting species in the
experiments with thioacetic acid and thioacetamide, and also because the reac-
tion of HZS with pUHgX was exploited for the preparation of [pU]zHg. which is
a key intermediate in the demercuration process.

_____________________ 2§ : When H2

in 0.01 M NH4HC03 (pH 7.8) the solution turned brown and then black after a

S was led through a solution of pUHgX
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203 Hg(cpmx10"3)

0 2 4 6 0 2 4 6 0 2 4 6 8
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Figure 3. Reaction of pUHgSR with RSH (RSH=mercaptoethanol).

5 umole of pUHgOAc with a Hg-activity of 8 x 10 cpm were incubated at 37°C
in 200 pl 0.1 M Tris acetate pH 7 in the presence of the following amounts of
mercaptoethanol :

a. 20 umole (4 equivalents)

b. 100 umole (20 equivalents)

c. 500 uymole (100 equivalents)

Samples of 10 ul were withdrawn periodically and analyzed by paper chromato-
graphy. Total radioactivity in the samples is not constant in (a) and (b) be-
cause (RS)_Hg started to precipitate at the time marked by an arrow, and. only
the dissolved compounds were analyzed. In the presence of a large excess of
mercaptoethanol (c) (RS)_Hg remained in solution.

o pUHESR; ® (pU)fHgs & (Rs) g

few minutes, due to formation of HgS which remained in colloidal solution.
Paper chromatographic analysis of the reaction products as a function of time
showed that the H,S immediately and quantitatively converts pUHgX into (pUHg).S.
After a few minutes, the latter product starts decomposing into (pU]2Hg and
HgS. This reaction sequence is analogous to that deduced for the reaction of
pUHgX with thiols :
2 pUHgX + H,
(pUHgJZS- —>- (pU),Hg + HgS + (reaction 2')

S- — >(pUHg]23 + 2 HX (reaction 1')

Initially [pU]zHg and HgS are formed at the same rate, but the concentration
of the former compound levels off after about 10 min, while that of HgS con-

tinues to rise and pU appears in the mixture. This points to breakdown of
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(pU]zHg in the presence of an excess HZS' as confirmed in the next experiment.

ngggggg_gf_geglzﬁg_wggb_ﬂz§ : HyS was led through a [pU)zHg solution in
0.01 M NH4HCO3 (pH 7.8), and the mixture analyzed as usual for 2 hours. The
(pU)ZHg concentration decreased exponentially and the mercury was found quanti-
tatively as HgS, the only other reaction product being pU. We conclude that
[pU]zHg reacts directly with HZS’ in analogy with reaction 4 :

[pU)zHg + HZS———>2 pU + HgS + (reaction 4')

Since the solution was saturated with HZS’ this is a pseudo first order reaction.
The rate constant was 1.92 x 10_5 sec-v1 at pH 7.8 and 20°C, which is consider-
ably faster than the rate for (pU)zHg decomposition in the absence of HZS (table
3).

Polymerization of mercurated nucleotides.

When [203Hg]ppUHg0Ac was incubated with Micrococcus luteus polynucleoctide
phosphorylase in the presence of 1 equivalent mercaptoethanol, a precipitate of
(HOCHZCstleg gradually appeared in the reaction mixture. Samples of the super-
natant were taken for up to 7 hours and analyzed by paper chromatography, but
no polymerization took place, as judged from the absence of any radioactive or
UV-absorbing material at the start of the chromatogram. When the experiment was
repeated with 2 equivalents of mercaptoethanol the formation of a non radioac-
tive polymer was detected.

Similar results were obtained when mercaptoethanol was substituted by L-
cysteine, and when E. coli polynuc;eotide phosphorylase was used instead of the
M. luteus enzyme. This shows that ppUHgSR is not a substrate for polynucleotide
* phosphorylase. When eguimolar amounts of ppUHgX and RSH are used, they are quan-
titatively converted to ppUHgSR, which in turn yields [RS]ZHg and (ppU]zHg. The
latter product is quite stable at pH 8.8. When an excess RSH is present, how-
ever, it is rapidly degraded by reaction 4, yielding ppU which is polymerized
to poly U by the enzyme.

[14C]pppA and [203Hg]pppUHgX were incubated with E. coli RNA polymerase and
poly d(A-T) as template under the conditions used by Dale and Warda, i.e. in the
presence of 20 equivalents of mercaptoethanol relative to pppUHgX. A precipitate
of [HOCHZCstJZHg appeared in the mixture but, as shown in figure 4, the paper
chromatographic assay demonstrated the formation of a polymer containing both
14C and 203Hg. The incorporation of pppUHgSR, which initially paralleled that
of pppA, slowed down after about an hour and completely ceased after 2 hours.
This can be interpreted as an initial incorporation of pppUHgSR, which is a sub-
strate for RNA polymerase but is at the same time degraded to pppU in the pre-
sence of excess thiol. The pppU, being a better substrate and rising in concen-

tration, gradually supersedes pppUHgSR in the polymerization.
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Figure 4. Transcription of poly d(A-T) with pppA and pppUHgSR as substrates.
pppA was C-labeled and pppUHgOAc, labeled with Hg, was converted to pppUHgSR
by the presence of 20 equivalents mercaptoethanol. The detailed composition of
the mixture is described in the methods section. Samples were analyzed by paper
chromatograph¥ and the amount of each substrate incorporated was computed from
the 14c- and Hg activities at the start03
¢ nmole [ 4C]pppA incorporated; ® nmole [

Hg] pppUHgSR incorporated.

The high initial value of 203Hg-activity at the start of the chromatogram
may be due to non-covalent binding of mercury, either in the form of Hg++ or as

(RS)ZHg, to the poly d(A-T) template.

DISCUSSION.
The following reaction scheme emerges from our experiments on the demercu-
ration of pUHgX in the presence of thiols :

+

RSH

H
et 5 }

[pU]ZHg pUHgSR

RSH
(RS]zHg

pU—&—

In the presence of a thiol, the mercurinucleotide i+ quantitatively converted to
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a thiomercuri derivative (reaction 1). This derivative in turn is converted to
(pU]zHg and (RS)zHg (reaction 2), an observation which is in agreement with the
known tendency of asymmetric diorganomercurials to yield symmetrical com-
pounds17. (pU]zHg slowly decomposes into pUHgX and pU, the reaction rate depen-
ding on the acidity of the solution (reaction 3). In the presence of an excess
thiol, however, [pU]zHg is directly converted into pU and pUHgSR by reaction 4,
at a rate much faster than that of reaction 3.

An analogous scheme explains the reactions in the presence of HZS :
st 2 W

pUHg"

N

(pv) Hg (pUHg)ZS

HgS

In this case, the mercurinucleotide is quantitatively converted to the organo-
mercurial sulfide (reaction 1'). Compounds of this type are known to decompose
spontaneously into diorganomercurials and HgS14 (reaction 2'). This reaction is
not reversible due to the extremely low solubility product of HgS, which is of
the order of 10_51. [pU]zHg disappears slowly by reaction 3 commented above,
but also, at a much faster rate, by reaction 4' in the presence of an excess
H2$. As a result, pUHgX can be nearly quantitatively converted to (pU]zHg by a
short treatment with HZS’ but the yield is much lower when the reaction is al-
lowed to proceed for several hours.

Our original purpose was to try and use mercurated nucleotides for prepa-
ring base-specifically mercurated DNA transcripts or replica's, which could
then be useful for attempts at electron microscopic sequence determination of
nucleic acids. Transcription of the repetitive template poly d(A-T) was among
the first experiménts carried out, because it would be easy to assess the fi-
delity of transcription with mercurated substrates by nearest neighbour analy-
sis of the transcript. It soon became apparent that demercuration occured and
that the pppUHgSR initially incorporated is gradually replaced by pppU as the
polymerization proceeds. Dale et al.1 have claimed that ppUHgSR is polymerized
to poly (UHg) by polynucleotide phosphorylase, without specifying the experi-
mental conditions employed. We have tried to polymerize ppUHgX with polynucleo-
tide phosphorylase from M. luteus and from E. coli, both in the absence and in

the presence of thiols, but the only polymer obtained was poly U, formed in the
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presence of mercaptoethanol by polymerization of the demercuration product ppU.
For investigating the demercuration reactions we have chosen pUHgX, which
is easy to prepare and purify. Analogous reactions in all likelihood occur with
C derivatives, but the preparation of pCHgX presents difficulties because pC
forms insoluble mercury complexes when treated with Hg[DAc]z, a phenomenon which
has also been noted2 with poly C.
Although demercuration in the presence of thiols has been observed for

mercurated polynucleotides 3.8

» it has been said to affect mercurated mononu-
cleotides only after prolonged exposure to a 50 to 1000 fold excess of mercapto-
ethanol 2. This is clearly an underestimation. Our results show that demercura-
tion is so rapid that it is impossible to obtain an in vitro DNA replication or
transcription product that is fully mercurated in one of the pyrimidine bases.
This fact does not seem to have been appreciated in a study1B of E. coli lac
repressor binding to poly [ d(A-UHgl)], and also to have gone unnoticed by several
authors who applied the method for cbtaining mercury-~labeled in vitro trans-
cripts 6-11. The reason seems to be that formation of such transcripts is usuall:
observed with the mercury label in one substrate and the radioactive label in a
different one. In this way, decomposition of pppUHg goes unnoticed because its
breakdown product pppU is incorporated into the radioactive transcript as well.
Limited mercuration of in vitro, transcripts is not necessarily a drawback for
their isolation by affinity chromatography since a low level of mercuration is
probably sufficient for quantitative binding to sulfhydryl agarose.

The symmetrical mercurial [pU]zHg occupies a central position in the demer-
curation reaction scheme and it can reach high concentrations when thiol is not
present in large excess. By analogy, the reaction of thiols or hydrogen sulfide
with mercurated polynucleotides should give rise to mercury bridges forming
cross-links between pyrimidines. Formation of this type of cross-links in the
presence of thiols was conjectured by Dale et al.3 and the same type of bond was
found to be formed19 upon reduction in the presence of sodium borohydride of
mercurated mono- and polynucleotides.
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