
ELECTRCCHE~ICAL TREATMENT CF NUCLEIC ACID CONTAINING SOLUTIONS 

This invention =elates to ·processes for t:~e treatment: of 

nucleic acid ma~erial i~ c~de= ~o e:f f ect: a ccmnlet:e a::- ca---... • a1 .. . - - -
change :from double s~randed fo=m to single st:=anded form and 

~o processes of amplifying or detec~ing nucleic acids 

involving such denat:uration processes. 

Double stranded DNA (deoxyribonucleic acid) and DNA/RNA 

(ribonucleic acid) and RNA/RNA complexes in t:he f ami.!.iar 

double helical configuration are stable molecules that, in 

vicro, require aggressive conditions to separate t:he 

complementary strands of the nucleic acid. Known methods that 

are commonly employed for strand separation require the use 

of high temperatures of at: least 60° celsius and often ioao 

celsius for extended periods of ten minutes or more or use an 

alkaline pH of 11 or higher. Other methods include the use of 

helicase enzymes such as Rep protein of E.coli that can 

catalyse the unwinding of the DNA in an unknown way, or 

binding proteins such as 32-protein of E.coli phage T4 that 

act to stabilise the single stranded form of DNA. The 

denatured single stranded DNA produced by the known processes 

of heat or alkali is used commonly for hybridisation studies 

or is subjected to amplification cycles. 

US Patent No 4683202 (Kary B Mullis et al, assigned to 

Cetus Corporation) discloses a process for amplifying and 

detecting a target: nucleic acid sequence contained in a 

nucleic acid or mix'ture thereof by separat:ing the 

complementary strands of the nucleic acid, hybridising with 

specific oligonucleotide primers, extending the primers with 

a polymerase to form complementary primer extension products 

and then using those extension products for the further 

synthesis of the ·aesired nucleic acid sequence by allowing 

hybridisation with the specific oligonucleotides primers to 

take place again. The process can be carried out repetitively 

to generate large quantities of the required nucleic acid 

sequence from even a single molecule of the starting material. 
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ca::. be ca:-:-ied cut: owing to the slowness of t:r;l:.ca:. hea-:.:.::.g 

and cooling syst:ems. !t: also requires t:~e use of special ~ea~ 

=es:!.s-:ant: pal:nne:-ase enzymes from the=~ophilic or;anisms :or 

the prime:- ext:ension step :.: the cont:inucus additior. o: heat 

labile enzyme is t:o be avoided. !t li~its the design cf ~ew 

diagnost:ic format:s that use th~ amplif icat:ion process because 

heat is di::icult to apply in select:ive regions of a 

diagnost:ic device and ::.. -: also can be dest:=uc--.:i ve to the 

st=uct:ure of the DNA it:self because the phosphodiester bonds 

may be broken at high temperatures leading t:o a collect:ion of 

broken single st:::ands. !t is generally believed that the 

thermophilic polymerases in use today have a lower fidelity 

ie. make more errors in copying DNA than do enzymes from 

mesophiles. !t is also the case that thermcphilic enzymes such 

as T A.Q polymerase have a lower turnover numbe= than hea ~ 

labile enzymes such as the Klenow polymerase from E.coli. In 

addition, the need to heat to high temperatures, usuallv goo 

celsius o:- h!gher 'to denature the nucleic acid leads to 

complications when small volumes a:-e used as the evaporation 

of t~e liquid is difficult to control. These limitations have 

so tar placed some res~ric~ions en the use of the Mullis et 

al process in applications requiring ve=y low reagent: volumes 

to provide reagent economy, in applications where the greatest: 

accuracy of copy is requi=ed such as in the Human Genome 

sequencing project and in the routine diagnostics industry 

where reagent economy, the design of the assay format and the 

speed of the DNA denat:uration/renaturation process are 

importan't. 
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Denat:urat.ion/renaturat:ion cycles are also required in 

c=de= 't:O per-form the so-called ligase ct-.ain reaction described 

i.n E:?-A-0320308 in which ampli:icaticn is ob"t:ained by ligat:ion 

o: gri~ers hybridised -:o template sequences =a~her -:han by 

e:c:ending "them. 

I-: is known that DNA has electrochemical properties. :o= 
example, N. .., . ?alacek ( i:i "Elec't:rcchemical 3ehaviour of 

3iol-ogical Macromolecules", Sioelect:rochemis"t=y and 

3ioenergetics, 15, (1986), 275-295) discloses t:he 

elec-:rochemical reduction of adenine and cvt:csine in t:i.ermallv . . 
denatured single stranded DNA at about: -(minus) l.SV on the 

sur'face of a mercury electrode. This reduction process also 

requires a prior protonation and therefore takes place at a 

pH below 7. 0. The primary reduction sites of adenine and 

cytosine for.n part of the hydrogen bends in the Watson-Crick 

base pairs. Palacek was unable to demonstrate reduction of 

adenine and cytosine in intact, native double stranded DNA at 

the mercury electrode. Palacek has further demonstrated that 

ta a very limited extent the DNA double helix is opened an the 

surf ace of the mercury electrode at a narrow range of 

potentials centred at -(minus)l.2 V in a slow process 

involving an appreciable part: of the DNA molecule. This change 

in the helical structure of the ONA is thought to be due ta 

prolonged interaction with the electrode charged to certain 

potentials and is not thought to be a process involving 

elect:ron transfer to the ONA. No accumulation cf single 

stranded DNA in the working solution was obtained and no 

practical utility for the phenomenon was suggested. Palacek 

also reports that: the guanine residues in DNA can be reduced 

at: -(minus)l.8 V to dihydroguanine which can be oxidised back 

to guanine at around -(minus )0. 3 V. The reducible guanine 

double bond is not part of the hydrogen bonds in the Watson­

Crick base pairs and this electrochemical process involving 

guanine does not affect the structure of the DNA double helix. 

In an earlier paper F. Jelen and E. Palacek (in 

"Nucleotide Sequence-Dependent Opening of Double-Stranded DNA 
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at: an Electrically Cha=ged Surface", Gen. Physiol. Siophys., 

(1985), 4, pp 219-237), describe in more detail the opening 

of the DNA ¢01..!-ble helix on · prolcE"".c;ed contac-:: of the DNA 

molecules wit~ the sur:ace cf a mer=ury electrode. The 

mec~anisrn cf opening cf -:he helix is ;:os-::ulated t~ be 

anchoring of the polynucleotide chain via the hydrophobic 

bases to the electrode su=face aft:er which t!ie negatively 

charged phosphate residues of the DNA are strongly repelled 

from the electrode surf ace at an applied potential close to 

-(minus)l.2 V, the strand separation being brough-: about as 

a result of the electric field provided by the cathode. There 

is no disclosure of separating the strands of the DNA double 

helix while the DNA is in solution (rather than adsorbed onto 

the electrode) and there is no disclosure of useful amounts 

of single strand DNA in solution. Furthermore, there is no 

disclosure that the nucleotide base sequence of the DNA on the 

electrode is accessible from solution. The bases themselves 

are tightly bound to the mercury surface. A mercury electrode 

is a complex system and the electrode can only be operated in 

the research laboratory with trained technical staff. 

H W Nurnberg ( ''Applications of Advanced Vol t:ammet::ric 

Methods in Electrochemistry" in "Bioelectrochemistry", Plenum 

Inc (New York), 1983, pp. 183-225) discloses partial helix 

opening of adsorbed regions of nat:ive ONA to a mercury 

elect:rode surf ace to form a so-called ladder structure. 

However, the DNA is effectively inseparably bound to or 

adsorbed onto the electrode surface. In this condition, we 

believe the denatured DNA to be of no use for any subsequent 

process of amplification or analysis. To be of any use, the 

denatured DNA must be accessible to subsequent processes and 

this is conveniently achieved if the single stranded DNA is 

available in free solution or is associated with the electrode 

in some way but remains accessible to further processes. 

Nurnberg has not demonstrated the ability of ·the mercury 

electrode to provide useful quantities of single stranded DNA. 
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v. arabec and K. Niki ("Raman scattering from nucleic 

acids adsorbed at a silver elec~:-ode" in 3ioohvsica: Chemist~., . . . 
(1985), 23, pp 63-70) have provided a useful summary cf the 

dif:ering views from several workers en CNA denaturaticn at 

t:he surface cf both mer~ury and ~ra9hit:e electrodes charged 

to negative potentials. There has emerged a consensus amongst 

t:he =esearch workers in this field that t~e denatu::-ation 

process only takes place in DNA t:hat: is strongly adsor~ed to 

the elec--:rode sur'face and only over prolonged periods of 

treatment with the appropriate negative voltage, a positive 

voltage having no effec~ on the double helix. 

Brabec and Palacek (J. Electroanal. Chem., 88 (1978) 373-

385) disclose that sonicated DNA damaged by gamma radiation 

is transiently partially denatured on i:he surface of a me:=cury 

pool elect:=ode, the process being dei:ectable by ~eacting the 

single stranded produc1:s with formaldehyde so as to accumulate 

methylated DNA products in solution. Intact ONA did not show 

any observable denaturation. 

Our Application No. PCT/GE9l/Ol563 discloses a process 

for denaturing double-stranded nucleic acid which comprises 

operating on solution containing nucleic acid with an 

electrode under conditions such as to convert a substantial 

portion of said nucleic acid to a wholly or partially single 

stranded form. 

This process was based on a finding that it is possible 

to produce the denaturation of undamaged (i.e. non-irradiated) 

DNA at ambient temperature by applying a suitable voltage to 

a solution in which the DNA is present under suitable 

conditions. 

The mechanism for the process has not yet been fully 

elucidated. We believe that the process is one in which the 

electric field at the electrode surface which produces the 

denaturation of the double helix. 

In polymerase chain reaction processes, it has been shown 

that the denatured DNA produced by the denaturing process is 

immediately in a suitable state for primer hybridisation and 
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ext:ansi.an. On a large= scale, i.~ has been =~~nd t:hat: samp:es 
of dena~u=ed DNA produced eit:~er by a :i.egat:i7e voltage 
elec~=ode c= ther.nal dena~~=aticn ca~ be caused c= enccu=aged 

use c: a ?OSit:ive vcl~age. 

A.l ":houg.r. t:he c=ocess cf Acolicat:icn No. ?CT/G~~1;0 1 ~ 0·1 - ... .. Q~- ..... ..- "-I 

can take place in a solut:io~ contai:-.ing c~ly t~e electrode anc 
the nuclei:: acid dissolved i:i. wa t:er con t:ai:-.i:-.g a sui tab l.a 
bu::e=, the process can be facilitated by the ;=esence i:i. the 
sclut:ion containing the nucleic acid cf a p=~mct:e= compound. 
Methy.!. viologen or a salt therec: was disclosed as the 
pre:er=ed promoter compound. 

!t: is believed that the positively charged viologen 
molecules interact: between the negatively charged DNA and the 
negatively charged cathode to reduce electrostatic repulsion 
t:herebetween and hence to promote the approach of the DNA to 
the electrode surface where the electrical ~ield is at its 

-st=ongest. Accordingly, we ex~ressed a preference in 
Application No. PCT/GB91/01563 to employ as promoters 
compounds having spaced positively charged centres, ·e.g. 
bipolar positively charged compounds. Preferably, the spacir.g 
between the positively charged cent=es was to be similar to 
that in viologens. 

We have now discovered that multivalent i~organic 

cations, preferably Mg2+, can also act as promoters in such 
a system with approximately the same efficacy as methyl. 
viologen. 

It is thought that large cations such as Mg2+ a=e able 
to act as a bridge between a negative electrode and nega~ively 
charged regions of the double-stranded nucleic acid. 

Accordingly, the presen't invention provides a process for 
denaturing double-stranded nucleic acid which comprises 
operating on solution containing said nucleic acid with an 
electrode under condition such as to convert a substantial 
proportion of said nucleic acid to a wholly or partially 
single st=anded form wherein the solution contains an 
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s-:=a:i.ced nuc:ei.c acid 9:-oduced is ===e ==:::m -:he elac-:=cde. 
Q ,.. -·'::I· in solu-::..on. Hcweve=. t~e ~uclaic aci.d may ~e 
i.:runcbili.sed on the elec-:=ode i.:1-.doubla a= s.i.::.gle s"t:::::-anded fa::::n 
~rior -:o the ap?.!.ica-:icn of the elec--:=:.c pot:ent:ial. e.g. 
a-:-:ac~ed by the end o= a small ~ortian in-:e=medi.ate t~e ends 
of t~e nucleic acid. chain, so as to leave subs"t:a:l-:ial segments 
of the nucleic acid. molecules f=eely pendant: from the 
elect=ode su=face befo=e and after denat:uration. 

In addition t:o said elect=ode and a count:er-elect=ode, 
a refe=ence electrode may be contacted wi-:h said solution and 
a vol "':age may be applied bet·..;een said elec"t:=ode anc said 
count:e=-elect:=ode so as to achieve a desi=_ed cont:=olled 
volt:age between said elect:=ode and sai~ =efe=ence elect:=ode. 
The elect=odes may be connected by a pot:an-:iost:at ci=cuit as 
is known in the elect:=ochemical a=t:. 

?=e:e=ably, a potential cf f=om -0.5 to -1.5 vis applied 
t:o said. <Norl<ing elect:=oce with respec-: t:o said =e:e=er.ce 
e:ect:=ode, more preferably :rem -0.8 to -:.1 V, e.g. about: -
l.O V. 

a=e gi ~;en th=oughout as 
measu=ed er as actually measured relat:ive to a calomel 
=eference elect:=cde (SCH No. 309.1030.02). 

The ionic st:=engt:h of said solu-<:icl"'. is p=eferably no mo:re 
than 250 mM, more preferably no ~ore than 100 mM. ~s it has 
been found that: the rat:e of denatu=aticn inc=eases as the 
ionic st:rengt:h is dec=eased, the said ionic s-:rength is still 
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more preferably no more than 50 mM, e.g. no more than 25 mM 

or even no more than 5 mM. Generally, the lower t~e ioni~ 

st=ength, the more rapid is ~~e denaturaticn. However, in 
calculating ionic strength :or these 9urposes i~ may be 

ap9=opriate to ignore the contribution to ioni~ s~rength a: 

any component which acts as a promoter as described above. 

The process may be carried out in an electrochemical eel~ 

of the type described by C. J. Stanley, M. Cardosi and A.?.: 

Turne::- "Amperometric Enzyme Amplified !m.munoassays" .J. 

!mmunol. Meth {1988) 112, 153-161 in Nhich the::-e is a working 

electrode, a counter electrode and optionally a reference 

electrode. The working electrode at or by which the denaturing 

nucleic acid is effected may be of any convenient material 

e.g. a noble metal such as gold or platinum, or a glassy 

carbon electrode. 

The electrode may be a so called "modified electrode" in 

which the denaturing is promoted by a compound coated onto, 

or ~dsorbed onto, or incorporated into the structure of the 

electrode which is otherwise of an inert but conducting 

material. In an alternative electrochemical cell 

configuration the working, counter and reference electrodes 

may be formed on a single surface e.g. a flat surface by any 

printing method such as thick film screen printing, ink jet 

printing, or by using a photo-resist followed by etching. I~ 

is also possible that the counter and reference electrodes can 

be combined on the flat surface leading to a two electrode 

configuration. Alternatively the electrodes may be formed on 

the inside surface of a well which is adapted to hold liquid. 

such a well could be the well known 96 well or Microtitre 

plate, it may also be a test tube or other vessel. Electrode 

arrays in Microtitre plates or other moulded or thermoformed 

plastic materials.may be provided for multiple nucleic acid 

denaturation experiments. 

The strand separation may be carried out in an aqueous 

medium or in a mixture of water with an organic solvent such 

as dimethylformamide. The use of polar solvents other than 
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wa'te!' or non-polar solvents is also accept:able but is not 

9re:e=red. The process may be ca?:=ied ou~ at ambient 

temperatures or i! desi=ed temperatures up to adjacent the 

9=e-mel~ing temperature a: the nucleic acid. ~he process may 

be car=ied out at pH's a: ==om 3 to 10 conveniently about 7. 

Generally, more rapid denaturation is obtained at lower pH. 

:or some purposes therefore a pH somewhat below neutral, e.g 

about pH 5. 5 may. be preferred. The nucleic acid may be 

dissolved in an aqueous solution containing a buffer whose 

nature and ionic strength are such as not to interfere with 

the strand se~aration process. 

The denaturing process according to the invention may be 

incorporated as a step in a number of more complex processes, 

e.g. procedures involving the analysis and or the 

amplification of nucleic acid. Some examples of such 

applications are described below. 

The invention includes a process for detecting the 

presence or absence of a predetermined nucleic acid sequence 

in a sample which comprises: denaturing a sample double­

stranded nucleic acid by means of a voltage applied to the 
. 

sample in a solution by means of an elec"trode; hybridising the 

denatured nucleic acid with an oligonucleotide probe for the 

sequence; and determining whether the said hybridisation has 

occurred, wherein during denaturing the solution contains an 

e!fective concentration of a multivalent inorganic cation 

acting as a promoter which assists said denaturation. 

Thus, the invented process has application in DNA and RNA 

hybridisation where a specific gene sequence is to be 

identified e.g. specific to a particular organism or specific 

to a particular hereditary disease of which sickle cell 

anaemia is an example. To detect a specific sequence it is 

first necessary to prepare a sample of DNA, preferably of 

purified DNA, means for which are known, which is in native 

double stranded form. It is then necessary to convert the 

double stranded ONA to single stranded form before a 

hybridisation step with a labelled nucleotide probe which has 
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a complementary sequence to the DNA sample can take place. The 

denaturation process of the i~vention can be used for this 

pu=pose in a preferred manner_ by ca=rying out t:i.e :following 

st:eps: 

denaturing a sample of DNA by applying a ·..rol tage bv 

means of an eleC"t:rode to the sample DNA wi t:i. a said 

promo'ter ; .., -·· solut:ion; 

hybridising the denatured DNA with a directly labelled 

or indirectly labelled nucleotide probe complementary to 

the sequence of interest; and 

determining whether the hybridisation has occurred, 

which determination may be by detecting the presence of 

the probe, the probe being directly radio-labelled, 

fluorescent labelled, chemiluminescent labelled or 

enzyme-labelled or being an indirectly labelled probe 

which carries biotin fo::: example to which a labelled 

avidin or avidin type molecule can be bound later. 

In a typical ONA probe assay it is customary to 

immobilise the sample DNA to a membrane surf ace which may be 

composed of neutral or charged nylon or nitrocellulose. The 

immo~ilisation is achieved by charge interactions or by baking 

the membrane containing ONA in an oven. The sample DNA can be 

heated to high temperature to ensure conversion to single 

stranded form before binding to the membrane or it can be 

treated with alkali once on the membrane to ensure conversion 

to the single stranded form. The disadvantages of the present 

methods are: 

heating to high temperatures to create single 

stranded DNA can cause <lamage to the sample DNA 

itself. 

the use of alkali requires an additional step of 

neutral.isation before hybridisation with the 

labelled probe can take place. 

One improved method for carrying out DNA probe 

hybridisation assays is the so called "sandwich" technique 

where a specific oligonucleotide is immobilised on a surface. 
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ccunt:er elect:rode and opt:ionally a reference elect:rcde and/er 

t:~e ?romot:er can be incorpora~~d int:o a t:est: t:ube er a well 
in which t:he ONA probe assay is t:o be carried out:. The DNA 

sample, 9romot:er if not: al=eady present: and cliganucleotide 
probes can then be added and the volt:age applied t:a denature 

t:::i.e ONA. The resulting single-stranded ONA is hybridised with 

the specific oligonucleotide immobilised on the surface after 

which the remaining stages of a sandwich assay are carried 
cu~. All the above steps can take place without: a need for 
high temperatures or addit:ion of alkali reagents as in the 
conventional process. 

The electrochemical denat:uraticn o: DNA can be used i~ 

t:he amplification cf nucleic acids, e.g. in a polymerase chain 
reaction or ligase chain reaction ampli.f ication procedure. 
Thus the present invent:ion provides a precess for replicating 

a nucleic acid which comprises: separa~ing the strands of a 
sample double stranded nucleic acid in solu~ion under the 
in=luence of an inorganic mul~ivale~t: cation promoter and an 
electrical voltage ap9lied to the solution from an elec~rode; 
hybridising the separated strands o: the nucleic acid with at 
least: one oligonucleot:ide primer that: hybridises wi t:h at leas;: 

one of the strands of the denatured nucleic acid; synthesising 
an extension product: of the or each primer which is 

su:f iciently complementart to the respective strand of the 

nucleic acid to hybridise therewith; and separating the or 
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each extension product: from the nucleic acid strand wi t:h which 
it: is hybridised to obt:ai~ t:he extension product:. 

In such a polymerase mediated replication ;irccedure, e.g. 
a polymerase chain reac-t:ion procedure, i. t: may not: be necessa=y 
in all cases to car::· .. 1 out: denat:ura t:ion t:o t:!i.e · -90.int: o: 
producing wholly single-stranded molecules o: nucleic acid. 
!t: may be sufficient: t:o produce a su.:::::icien-; local and/or 
temporary weakening or separation of the double helix in the 
primer hybridisation site to allow t:he primer t:o bind t:o its 
target:. Once the primer is in position on a first: of the 
target strands, rehybridisation of the target: strands in the 
primer region will be prevented and the other target strands 
may be progressively displaced by extension of the primer or 
by further temporary weakening or separation processes. 

Preferably, the said amplification process further 
comprises repeating the procedure defined above cyclicly, e.g. 
for more than 10 cycles, e.g. up to 20 or 30 cycles. In the 
amplification.process the hybridisation step is preferably 
carried out using two primers which are complementary to 
different strands of the nucleic acid. 

The denaturation to obtain the extension produC"t:s as well 
as the original denaturing of the target nucleic acid is 
preferably carried out by applying to the solution of the 
nucleic acid a voltage from an electrode, the solution 
containing a promoter as described therein. 

The process may be a standard or classical PCR process 
for amplifying at least one specific nucleic acid sequence 
contained in a nucleic acid or a mixture of nucleic acids 
wherein each nucleic acid consists of two separa't:e 
complementary strands, of equal or unequal length, which 
process comprises: 
(a) treating the· strands with two oligonucleotide primers, 
for each different specific sequence being applied, under 
conditions such that for each different: sequence being 
amplified an extension product of each primer is synthesised 
which is complementary to each nucleic acid strand, wherein 
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said primers are selected so as to be substantially 
ccmplementary to dif te=ent strands of each specitic sequence 

such that the extension ;reduct synthesised f=om one prime=, 
when it is separated f=om i~s complement, can serve as a 

template for synthesis of the extension p=oduce of t~e other 
primer: 

(b} separating the primer extension products ==am ~~e 

templates on which 'they were synthesised to produce single­
stranded molecules in t!'\e oresence of a said nrornoter bv . . . 
applying a voltage £ram an electrode to the reac~ion mixture: 
and 

{ c} treating the single-stranded molecules genera'ted from 
step (b) with the primers of step (a) under conditions such 
that a primer extension product is synthesised using each of 

the single strands produced in step (b) as a template. 

Alternatively, the process may be any variant of the 

classical or standard PCR process, e.g. the so-called 
-"inverted... or "inverse" PCR process or the "anchored" PCR 

process. 

The invention therefore includes an amplification process 
as described above in which a prime::: is hybridised to a 
circular nucleic acid and is extended to form a duplex which 

is denatured by the denaturing process of the invention, the 

amplification process optionally being repeated through one 
or more additional cycles. 

More generally, the invention includes a process for 
amplifying a target sequence of nucleic acid comprising 

hybridisation, amplification and denaturation of nucleic acid 

(e.g. cycles of hybridising and denaturing) wherein said 
denaturation is produced by operating on a solution containing 
said nucleic acid with an electrode in the presence of an 

inorganic multivalent cation promoter. 
The process of the invention is applicable to the ligase 

chain reac-t:ion. Accordingly, the invention· includes a process 

for amplifying a target nucleic acid comprising the steps of: 

(a} providing nucleic acid of a sample as single-stranded 
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nucleic acid; 

( b) providing in t:he sample at: least: fou= nuc.!.e.:.c acid 
probes. wherein: i) 

prima=y probes, and 

t:he 
... , ,.... __ ......... .::. .... and second c: said a T"Q, .._ 

said pr:: bes a 1'"Q --
secondary nucleic acid probes; ii) the first: probe is a single 
st=and capable of hybridising to a first: segment of a primary 
st:rand of the target nucleic acid; iii) the second probe is 
a single strand capable of hybridising to a second segment of 
said primary strand of the target nucleic acid; iv) the 5' end 

of t:he f i:rst segment of said primary strand of t:~e target is 

positioned relative t:o the 3' end of the second segment of 

said primary strand of the target to enable joining of the 3' 
end of the first probe to the S' end of the second probe, when 

said probes are hybridised to said primary strand of said 

target: nucleic acid; v) the third probe is capable of 
hybridising to the first probe; and iv) the fourth probe is 
capable of hybridising to the second probe; and 

(c) repeatedly or continuously: i) hybridising said probes 

with nucleic acid in said sample; ii) ligating hybridised 

probes to form reorganised fused probe sequences; and iii) 
denaturing DNA in said sample by applying a voltage from an 

electrode to the reaction mixture in the presence of a said 

promoter. 

In all of the amplification procedures described above 
the denaturation of the ONA to allow subsequent hybridisation 
with the primers can be carried out by the application of an 

appropriate potential to the electrode. The process may be 

carried out stepwise involving successive cycles of 
denaturation or renaturation as in the existing thermal 
methods of PCR and LCR, but it is also possible for it to be 
carried out continuously since the process of chain extension 
or ligation by the enzyme and subsequent strand separation by 

the electrochemical process can continue in the same reaction 
as nucleic acid molecules in single-stranded form will be free 
to hybridise with primers once they leave the denaturing 
influence of the electrode. Thus, provided that the primer 
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~ill hybridise with the DNA an extension or ligation produc~ 

W; , ~ --- be synthesised. The elect=ochemical DNA amplification 

tec~nique ca~ be used analytically to detect and analvse a 

very small sample of DNA eg a single cc9y gene in an animal 

ce:: er a single cell of a bacterium. 

The invention includes a kit for use in a process of 

detecting the prese~ce er absence of a 9redete!'mined nucleic 

acid sequence in a sample which kit comprises, an electrode, 

a counter electrode and optionally a reference electrode, an 

cligonucleotide probe for said sequence and a sour=e of an 

inorganic multivalent cation for use as a promoter in 

obtaining nucleic acid strand separation at said elect=ode. 

~he probe may be labelled in any of the ways discussed above. 

The invention also includes a kit for use in a process 

of nucleic acid amplif icat:ion comprising an electrode, a 

counter electrode and optionally a reference electrode, and 

a source of an inorganic multivalent cation for use as a 

promoter in obtaining nucleic acid strand separation at said 

electrode and at least one primer for use in a PCR procedure, 

or at least one primer for use in an LCR procedure, and/or a 

polymerase or a ligase, and/or nucleotides suitable for use 

in a PCR process. 

Preferably, such kits includes a cell containing the 

electrodes. Preferably the kits include a suitable buffer for 

use in the detection or amplification procedure. 

The invention will now be described with reference to the 

following drawings and examples. 

Figure 1 is a diagram of an electrochemical cell used for 

denaturation of DNA. 

In Figure 1 there is shown a cell structure 10 

com9rising a working compartment 12 in which there is a body 

of ONA-containing solution, a working electrode 14, a counter 

electrode 16, a FiVac seal 19, a Kwik fit adaptor 21 and a 

magnetic stirrer 18. A reference electrode 20 in a separate 

side arm is connected via a "luggin" capillary 23 to the 

solution in the working compartment 12. The working 
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elec~=ode, counter elect=ode and reference elect=ode are 

connected together in a pote~t:iosi:at: arrangement so that a 

constant vol'tage is maintained between t:he working e:ectrode 

14 and 'the reference electrode 20. Suc!1 potant:iosta-;: 

ar=angements are well known ( see far example ":nstrumental 

Me"thods in Electrochemistry" 

by the Southampton Elect:rochemistry Group, 1985. John Wiley 

and Sens, p 19). 

The electrode 14 is a circular glassy car!Jon rod o: 

diameter 0.5 cm, narrowing to 0.25 cm at a height: cf lOmM, and 

having an overall length of 9 cm inside a tef lon sleeve of 

outside diameter 0. Bern (supplied by Oxford Elect:rodes, 18 

Alexander Place, Abingdon, OxonJ, and the reference electrode 

16 is a 2 mm pin calomel (supplied by BDH No 309/1030/02). 

The counter electrode is suppor"t:ed by a wire which is soldered 

to a brass sleeve 25 above the adaptor and passes down and 

exits the teflon sleeve. 20 mm from the base of the working 

electrode. The wire attaches to a cylindrical platinum mesh 
counter-electrode supplied by Oxford Electrodes which 

annularly surrounds the working electrode. 

This cell is used in the following examples. 

EXAMPLE 1 

To the working chamber of the cell shown in Figure 1 was 
added 900µ1 of distilled water and 40µ g/ml of Calf Thymus DNA 

together with the promoter shown in Table 1 below. The 

contents of the cell were subjected to - -1.0V for up to 4 

hours. 

Samples were taken at 0, 30 mins, 1 hr, and 2 hrs. from 

commencement and analysed on 1% agarose gel to observe the 

degree of denaturation. Results were as shown in Table 1. 
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7ime for 

Concentrat:ion complete 

denatura"tion 

10 mM >4h::-s 

30 mM >4h::-s 

100 mM l 2 hours 

30 mg/ml 1 - 2 hours 

(120 mM 

approx) 

Thus i "t can be seen that in this system a minimum 

effective amount of Mg2+ as a promoter lies between 30 and 100 

mM and that Mg2+ is approximately as effective as a promoter 

as methyl viologen. 
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CLAIMS 

l. A proces.s for denaturing double-s~=anded nucleic acid 

which comprises operating on solution containing said nucleic 

acid with an electrode under conditions such as to convert a 

substantial proportion of said nucleic acid to a wholly or 

partially single stranded form. wherein the solution contains 

an effective concentration of a multivalent inorganic cation 

acting as a promoter which assists said denaturation. 

2. A process as claimed in Claim l, wherein a potential of 

from -0.5 to -1.S v is applied to said electrode with respect 

to said solution. 

3. A process as claimed in Cl~im 2, wherein said voltage is 

from -0.8 to -1.l V. 

4. A process as claimed in any preceding claim, wherein said 

electrode, a reference electrode and a counter-electrode are 

contacted with said solution and a voltage is applied between 

said electrode and said counter-electrode so as to achieve a 

desired controlled voltage between said electrode and said 

reference electrode. 

5. A process as claimed in any preceding claim, wherein the 

ionic strength of said solution excluding said promoter is no 

more than 250 mM. 

6. A process as claimed in Claim 5, wherein the said ionic 

strength is no more than 100 mM. 

7. A process as claimed in Claim 5, wherein the said ionic 

strength is no more than 50 mM. 

8. A process as claimed in Claim 5, wherein the said ionic 

strength is no more than 25 mM. 

9. A process as claimed in Claim 5, wherein the said ionic 

strength is no more than 5 mM. 

10. A process as claimed in Claim 10, wherein said promoter 

is magnesium ions. 

11. A process as claimed in any preceding claim wherein the 

concentration of said promoter cation is from l mM to 250 mM. 

12. A process as claimed in any preceding claim, wherein the 
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elec~rode is of carbon, gold or pla~inum. 

13. A process as claimed in.any preceding clai~, ca==ied au~ 

a~ a temperature l:ss than the melting point c: the double­

s~=anded nucleic acid. 

1 .1 .... A process as claimed in Claim 13, car=ied out at abou~ 

ambient temperatu=es. 

15. A process as claimed in any preceding claim carried out 

a~ a pH of :ram 3 to 10. 

16. A process as claimed in Claim 15, carried out pH of abou~ 

i . 

17. A process as claimed in any preceding claim, wherein the 

nucleic acid is dissolved in an aqueous solution containing 

a buffer whose nature and ioni= strength are such as not ~o 

interfere with strand separation of the nucleic acid. 

18. A process as claimed in any preceding claim, wherein said 

nucleic acid is DNA. 

19. A process as claimed in any one of Claims l to 17, 

wherein said nucleic acid comprises a DNA strand and an RNA 

strand. 

20. A process as claimed in any one of Claims l to 17, 

wherein said nucleic acid is a double stranded RNA. 

21. A process as claimed in any preceding claim, wherein said 

process is carried out as a denaturing step in a nucleic acid 

amplification procedure. 

22. A process for amplifying a target sequence of nucleic 

acid comprising hybridisation amplification and denaturation 

of nucleic acid, wherein said denaturation is produced by 

operating on a solution containing said nucleic acid with an 

electrode wherein the solution contains an effective 

concentration of a multivalent inorganic cation acting as a 

promoter which assists said denaturation. 

23. A process as claimed in Claim 22, which is a polymerase 

chain reaction amplification process or a ligase chain 

reaction amplification process. 

24. A process for replicating a nucleic acid which comprises: 

separating the strands of a sample doub~~ ~~randed nucleic 
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acid in solution under the influence cf an elect=ical voltage 

applied to the solution f=cm a~ elect=ode; hybridising the 

separated st=ands of the nucleic with at least one 

oligonucleotide primer that hybridises wit~ at least one of 

the st=ands of the denatured nucleic acid; synthesising an 

extension product of the or each primer which is sufficiently 

complementary to the respec~ive st=and of the nucleic acid to 

hybridise therewith; and sepa=ating the or each extension 

product from the nucleic 

hybridised to obtain the 

acid strand with 

extension product 

which ;­... '" 

wherein 
is 

the 

solution contains an effective concentration of a multivalent 

inorganic cation acting as a promoter whicl"'. assists said 

denaturation. 

25. A process as claimed in Claim 24, which further involves 

repeating the procedure defined in Claim 24 cyclicly. 

26. A process as claimed in Claim 24 or Claim 25, wherein the 

hybridisation step is carried out using two primers which are 

complementary to different strands of the nucleic acid. 

27. A process as claimed in any one of Claims 24 to 26, 

wherein the denaturation to ob~ain the extension products is 

carried ou't: by applying to a solution of the extension p=oduct 

a voltage from an electrode. 

28. A process as claimed in Claim 24, for amplifying at leas.o;: 

one specific nucleic acid sequence contained in a nucleic acid 

or a mixture of nucleic acids wherein each nucleic acid 

consists of two separate cornplementa=Y strands, of equal or 

unequal length, which process comprises: 

{a) treating the strands with two oligonucleotide primers, 

for each different specific sequence being amplified, under 

conditions such that for each different sequence being 

amplified an extension product of each primer is synthesised 

which is complementary to each nucleic acid strand, wherein 

said primers are selected so as to be substantially 

complementary to different strands of each specific sequence 

such that the extension product synthesised from one primer, 

when it is separated from its complement, can serve as a 
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acting as a promoter for said separation: and 

(c) treating the single-stranded molecules genera-:ed f=om 
ste? (b) with the primers of step (a) under conditions such 
that a primer extension product: is synthesised using each of 
the single strands produced in step (b) as a template. 
29. A process for amplifying a target sequence of nucleic 
acid comprising cycles of hybridisation and denaturation of 

nucleic acid wherein said denaturation is produced by 

operating on a solution containing said nucleic acid with an 

electrode, wherein the solution contains an effective 
concentration of a multivalent inorganic cation acting as a 
promoter which assists said denaturation. 

30. A process as claimed in Claim 23 for amplifying a target 
nu·cleic acid comprising t:he s'teps of: 

(a) providing nucleic acid of a sample as single-stranded 
nucleic acid; 

( b) providing in the sample at least four nucleic acid 
probes, wherein: i) the first and second of said probes are 

primary probes, and the third and fourth of said probes are 
secondary nucleic acid probes; ii) the first probe is a single 
strand capable of hybridising to a first segment of a primary 
strand of the target nucleic acid; iii) the second probe is 
a single strand capable o~ hybridising to a second segment of 
said primary strand of the target nucleic acid; iv) the 5' end 

of the first segment of said primary strand of the target is 

positioned relative to the 3' end of the second segment of 
said primary strand of the target to enable joining of the 3' 
end of the first probe to the S' end of the second probe, when 
said probes are hybridised to said primary strand of said 
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target nucleic acid: v) ~he ~hird ~robe is capable of 
hybridising to the fi=st ;robe; and iv) the fourth probe is 
capable of hybridising to the· second probe; and 
(c) repeatedly or continuously: i) hybridising·said crobes 
with nucleic acid in said sample; ii) liga"ting hybridised 
probes to form reorganised fused probe sequences; and iii) 
denaturing DNA in said sample by applying a voltage from an 
electrode to the reaction mixture, wherein the reaction 
mixture contains an effective concentration of a multivalent 
inorganic cation acting as a promoter for said separation. 
31. A process for detecting the presence or absence of a 
predetermined nucleic acid sequence in a sample which 
comprises: denaturing a sample double-stranded nucleic acid 
by means of a voltage applied to the sample in a solution by 
means of at". electrode, wherein the solution contains an 
effective concentration of a multivalent inorganic cation 
acting as a promoter which assists said denaturation; .. 
hybridising the denatured nucleic acid with an oligonucleotide 
probe for the sequence; and determining whether the said 
hybridisation has occurred. 
32. -A kit for use in a process of detecting the presence or 
absence of a predetermined nucleic acid sequence in a sample 
which kit comprises, an electrode, a counter electrode and 
optionally a reference electrode, an oligonucleotide probe for 
said sequence, and a source of inorganic multivalent cation, 
for use as a promoter in obtaining nucleic acid strand 
separation at said electrode. 
33. A kit for use in a process of nucleic acid amplification 
comprising an electrode, a counter electrode and optionally 
a reference electrode, and a source of inorganic multivalent 
cation, for use as a promoter in obtaining nucleic acid strand 
separation at said. electrode, and at least one primer for use 
in a PCR procedure, or at least one primer for use in an LCR 
procedure, and/or a polymerase or a ligase and/or nucleotides 
suitable for use in a PCR process. 
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34. A process for annealling t:wo mutually complimentary 

nucleic acid strands comprising subjecting a solution 

containing said strands to a positively charged electrode to 

cause or to encourage said annealling. 


