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This paper introduces a separation protocol relying on affinity chromatography that exhibits unprecedented
selectivities. We submit the mixture contained in the separative medium to the simultaneous action of two
symmetrically modulated excitations. The first is a uniform periodic field (e.qg., electric field) with zero mean
value, whereas the second is the periodic modulation of a thermodynamic parameter such as the temperature.
Under appropriate tuning of the modulations with the dynamics of the discriminating chemical reaction, we
predict a symmetry breaking of molecular motion: the mixture components that are addressed by their rate
constants exhibit an oriented motion for a particular phase relation between the modulations of the field and
the thermodynamic parameter. The resulting velocity of the mixture components depends on the rate constants
and on a conjugated thermodynamic value such as the standard enthalpy of the discrimination process in the
case of a temperature modulation. In particular, it may be possible to separate mixture components with
identical rate constants. We use the present approach to design a protocol to sort nucleic acids by their sequence.

1. Introduction on enhanced diffusiofiln particular, we achieved to selectively

) ) sort from a mixture a dye that was addressed by its rate constants
Mixtures often result from syntheses, or extractions of natural for association withx-cyclodextrin In principle, the expected

products: most chemists face sepgrgtions. To qevise ingenjousddvantage of basing a separation on kinetics is similar to
tools as well as to find optimal conditions to achieve separation working in a regime of kinetic control instead of a regime of
lie at the heart of the analytical and preparative activity. hermodynamic control in preparative chemistiy4 time
Essential is here to maximize selectifity identifying an — pecomes a relevant parameter to improve selectivity.
appropriate d|scr|m|nat|on process (for Instance: a chemical The present paper introduces a strategy that still further
reaction, the for.mat'm of a_complex, th_e z_idsorptlon on a surface, improves separation selectivity. We superimpose to the preced-
---). When dealing V‘."th mixtures of S|m|I_a_r components such ing field oscillation the modulation of a thermodynamically
as mempers of a series, it may become difficult to.f'nd a Process oevant parameter such as the temperature, the pressure or a
to selectively sort qnly one ComPorﬁe”t- Then one is Igft to reveal reactant activity. Under appropriate tuning of the rate constants
at the most the differences existing among _the_m|xture COM= yith the field frequency, we now get a symmetry breaking:
ponents with regards to the retained discrimination process. field-sensitive reactants exhibit an oriented motion for a given

_ Most separations are performed under quasistatic condi- a6 rejation between the modulations of the field and of the
tions: at any time, the system obeys the conditions of local thermodynamic parameter. The corresponding behavior is
and partial equilibrium with regards to the discriminative ominiscent to the topic of Brownian motdfsin the context
process. Selectivity relies here on thermodynamics. For in- ¢ senarations, the behavior of a mixture component is governed
stance, the velocity of the mixture components in a chroma- ;g different relaxations to the exerted perturbations and
tography column generally depends on the association constanine |arger selectivity here originates from the combination of

for the ;tgtionary phasg. As an alterngtive_, we rgcently pr0p0§edtwo independent component-specific contributions to the overall
to explicitly use the kinetics of the discrimination process in response.

already well-tried separation techniqe& Emphasis on kinetic The paper is organized as follows. In the next section, we
properties was obtained by periodically driving the separation present the reactiendiffusion model. We first explain how we

medium away from equilibriurf=* Application of a uniform ) : . ; . .
time-periodic field with null average value maximizes the d_enve an a_malytlc expression of the velocity of Species with
effective diffusion coefficient of a field-sensitive reactant when 9'V<" Kinetic properties in the presence O.f (_elec_tnc f|eld_ ‘?de
specific relations between its rate constants and the field temperature ogcﬂlaﬂong The ch0|c_e of maximization condltlo_ns
of this velocity is then discussed. Finally, the results are applied

properties are fulfilled Selective increase of the effective to sort nucleic acids by their sequence. The last section contains
diffusion coefficient much beyond the intrinsic contributién y q )

led us to introduce a novel chromatography protocol relying conclusion.
*To whom correspondence should be addressed. E-mail: anle@ 2. The Model
Iptl.jussieu.fr. . . . - .
P TJUniversifepierre et Marie Curie. We consider a one-dimensional (1D) reactiafiffusion
* Ecole Normale Supeeure. system submitted to a uniform, time-periodic electric field. The
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field-sensitive specie€ is supposed to react with a target expression of the rate constant at first order in the perturbation.
producingQ, according to the reaction It reads
P+C<=Q 1) H"
ke k =k°[1+ F'{T + 1|8 cosE't + 1) 7)
0

that is common in Chemistry and Biology (formation of hest

guest or ligane-receptor complexes, pairing between single wherek?® = riexp(—e¢;) with r; = ksTo/h exp(AiS'YR) ande =

stranded-DNA, ...). The rate constakisandk; are respectively AHTYRT,.

associated with the forward and backward reaction. The

equilibrium constant of reaction 1 is given By= ki/ko. In the 3. Oriented Motion

following, we assume that the solution ©f P, andQ is ideal.
Adopting a macroscopic description, the concentrations of

speciesC andQ submitted to reaction 1, respectively denoted

by C(x, t) and Q(x, t), obey the following partial differential

Initially, a given amouni of the mixture of specie€ and
Q at chemical equilibrium and at temperatdrgis introduced
at a given point of the medium, chosen as the origin. The initial
condition reads

equations
1
aC(x, t FC(x, t Clx, t=0)= NO(X) 8
00 _ —k,PC(x, t) + k,Q(x, t) + D¢ 6h 1+ #°
ot e
aC(x, t) 7
x,t=0)= NO(X 9
ucEW— — (2 Q( ) 1+ 7 ) )
0Q(x, 1) _ Q. 1) whered(X) is the Dirac distribution and#? = KP with K® =
at KiPCx, 1) — kQ(x, 1) + Dg N N kikX. The 1D-medium is supposed to be infinite and the
3Q(x, 1) boundary conditions obe§C/ox = dQ/ox = 0 for X — oo,
UEM—F— (3) We definel(t) as the total amount of speci€dn the medium
ax at timet
wheret is time andx is the spatial coordinate of the 1D-medium e
considered. In the right-hand side of eq 2, the two first terms I(t) = fim C(x, t) dx (20)
originate from the chemical reaction 1. The third term is
associated with diffusiorDc andDq are the diffusion coefficient _un = [t
of speciesC andQ, respectively. The fourth term is related to N=1(0) f—w Qlx, 1) dx (11)
the oscillating electric field whergc and uq are the electro- )
phoretic mobilities of specie€ andQ. We chose Conservation of matter has been used to deduce the total amount
of speciexQ from I(t). Integrating eq 2 ovex from —co to +oo
E(t) = acoswt + ¢) 4) and solving the differential equation obtained f¢), we find,

. ) . ) at first order ing
with pulsationw and phase. In the following, we admit that

specie andQ experience differently the action of the electric N NOipa T . t

field, either because they bear a different charge or because theit (t) = > sin(y + w’)exr{— —) —
size is different. We consequently consider that the mobility 1+ A1+ (a)’fx)z- i
differenceAu = uc — ug does not vanish. We also suppose .

that specied has a constant uniform concentration thanks to sin't +y + 1/1')] (12)

appropriate exchanges with the exteldr or simply because

P is in great excess. Then eqgs 2 and 3 become linear and wewith

introducex; = k;P as an effective rate constant for the forward

reaction 1. i 57 BAe
In addition to the field oscillations, we impose a periodic almaszZ

modulation of small amplitude of temperatureWe choose a Q-+ ‘/"O)

sinusoidal excitation with pulsatiofn’ and phasey and write

(13)

whereAe = €; — €, is the dimensionless enthalpgyHYRT, of

T=T,1+pcospt+y)] with <1 (5) reaction 1, andr, = Uk + k) is the relaxation time of
reaction 1. The angle' obeys

Adopting the Eyring modé? for the rate constantg; = kgT/h

exp(—AiG'YRT), we obtain sin@') = 1 (14)
J1+ (')’
B kBT 4A|3T0) 4 AiHTO) ( X)
ki = ek Rt (6) ' 'T,
cosp)') = ——=— (15)
wherekg is the Boltzmann constanR is the individual gas A1+ (a)'rx)z

constanth is the Planck constant\;G0 is the standard Gibbs

free energy of activation 8° with i = 1 for the forward reaction ~ The integrall(t) is identical to the total amount i€ that is
andi = 2 for the backward reactionA;S'%, AH™ are the obtained in a homogeneous mixture ©f Q, and P during
corresponding quantities for entropy and enthalpy. Takiigj° relaxation experiments, that are used to measure the rate
and AjH'® constant in the relevant range, we expand the constants of reaction %, neither inhomogeneity of solute
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distribution, nor field modulation alter the consequences of the is observed fow = '. Beyondr,, the mean positio[obeys
periodic temperature modulation. The first term in the right- )
hand side of eq 12 is the equilibrium value of @eamount at Ol max

To. The second term is the product of an amplitdtie= NOimay ., o
[1 + (w't,)A¥? by a function that evaluates the time-dependence 1+ (o7)
of the system response to the temperature modulation: after a . _— . .
transient regime limited by the relaxation time of reaction 1, Wh?” we omit the oscillating terms, 1.e., fomultiple of ;he
one enters into the forced regime with a sinusoidal response.per'OdT = 2n/w. Under 'ghese condltlo_ns, the mean position of
At low enough field frequencyef'z, < 1), many exchanges tr}e Lotal amount of spemé?_slandQ, that is, the average position
between the reactants and the products take place in averagé) ¢ te ctoncle nt_;atl?hn tpro ' eqt(x, B + Qx, 1), moves at a
before any significant change of the temperature occurs: the cONStant velociy that we write

system composition has enough time to relax to its instantaneous

3= %aAﬂ sinfp +v' — @) xt (19)

equilibrium value. The amplitude of the response is maximal
and equal t@lnax = Ndimaxthat can be easily derived from the
van't Hoff equation § In %70 = SA¢) with | = N/1 + 97°. The

)= O aAﬂﬁAe(«/,:/Of wt, sin(y — ¢) + cosfy — ¢)
t 20+ 7,/0)21 [+ (0r,)]
(20)

temperature perturbation and the system response are in phase.
An attenuation and a phase delay become significant in the when use is made of eq 13 féimax and eq 14 fonp'.

system response arounelt, ~ 1. Eventually, no chemical

Expression (19) of the position is appropriate to get some

exchange takes place in average at high enough field frequencyphysical insight into the phenomenon. The second term of the

(w't, > 1) the system does not respond anymore to the
temperature modulation.

We are here mainly interested in the mean position of the
total amount of specieG andQ. In other words, our aim is to
determine the mean value of the positimnconsidered as a
random variable distributed according 1©(X, t) + Q(x, t))

3= % X, 1) + QEx, 1) o (16)

Multiplying egs 2 and 3 by and summing the two equations,
we deduce the following differential equation for the mean
position XOI

a0 I(t)

= —E(t)(AuW (17)

+ yQ)

Using the expressions of the field(t) and the integral(t)
respectively given in eqs 4 and 12, the mean posifiafcan
be written as the sum of three components

B aluc + g(OﬂQ)
1+ 7%
aAUO oy [ 1t .
[ cost + ¢) sin@ + ) exp(—

Vit (0'7)

[sin(wt + ¢) — sin@)] —

L) dt—
T

X

i cosot + ¢) sin@'t +  + ) dt] (18)

The first line of the right-hand side of eq 18 is an oscillating
term at pulsationw. It is associated to the motion of the
equilibrium populations irC and Q. Their respective relative
proportions,pc® = 1/1 + %% andpg® = K1 + 70 move in
phase with the electric field at the respective velociées and
aug. The integral in the second line leads to transient terms
that are negligible beyond the relaxation time of reaction 1. If
the pulsations andw' associated with the field and temperature
oscillations are different, the integral in the third line leads to
oscillating terms at pulsations(+ ') and @' — w). These
terms that oscillate at frequencies that differ from the excitation

right-hand sidegimad[1 + (w7,)]¥? = SIIN, is equal to the
normalized amplitude of the modulation of the population of
C, that is induced by the modulation of the temperature at
pulsationw (vide supra). It differs from zero only i\e = O.

The distance covered by the amoudtduring half a period is

not necessarily retraced back during the following half period
if Au = 0. The resulting velocity correspondingly depends on
Ol/N, on the difference between the individual velocities of the
C andQ statesaAu, but also on the phase relatiop ¢+ y' —

¢) between the system response to the temperature modulation,
and the field periodic excitation. One has to notice that the
physical origin of the present phenomenon differs from the cause
of the dispersion that originates from application of a modulated
field only #68|n particular, velocity is acquired at any value of
the field amplitudea, whereas a regime of strong field was
required to observe the dispersion.

The superposition of an oscillating field and a temperature
modulation at the same pulsation leads to an oriented motion
for the reactant@, Q) provided that (i) the two exchanging
statesC and Q experience differently the field, i.e., faku =
0, and (ii) the reaction 1 is not athermal, i.A¢ = 0.2° The
corresponding symmetry breaking is remarkable if one considers
that all of the excitations exerted on the system are uniform
and symmetrical. Indeed in the presence of a modulated field,
we only observed an isotropic effect: an increase in the apparent
diffusion coefficient*62 Oriented motion here originates from
the double periodic excitations with a constant phase relation.

4. Optimization of Velocity in a Purpose of Separation

We first discuss the optimization conditions of the velocity
of a given chemical species in view of its separation from a
mixture. In standard separation techniques, a mixture component
Cis discriminated by a few independent quantities. For instance,
only one is relevant in standard electrophoresis: its mohility
If C presents some affinity for the separative medium leading
to the formation of a bound sta@, a thermodynamic quantity
such as an association constdtt, should be additionally taken
into consideration. In our previous wotk;® we introduced a
protocol that improves the separation selectivity by making
kinetics significant to control molecular sorting. Effective
diffusion of the componentsX Q) has been shown to depend
on three quantitiesAu, k%, andky’, instead of two. The present

frequencies» andw' could be used to measure the rate constants result brings some further improvement since the expression
of the reaction 1 by sensitive methods relying on synchronous of the velocity given in eq 20 now depends on four quantities:
detection. In the present context, the most interesting behaviorAu, Ae, ki andkX. Thus, a separation relying on a difference
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Figure 1. Scaled velocity 2/afAu of the mean position of the total
amount of specie€ andQ as a function of the rate constant§ and

k% in decimal logarithmic units for different phase differences between
temperature and phase oscillations: e} ¢ = 0, (b)y — ¢ = 7/4,
)y — ¢ =2, (d)y — ¢ = 3n/4. The preexponential factorsand

rp are variable, the other parameters are fixeehat 8, ¢; = 60,w =
2standP = 10°%M.

of velocity should be highly selective. Difficulty arises from

the dependence of the variables. Whereas the mathematical

expression ofy depends ome, k%, andky?, the physically
relevant quantities am, r», €1, ande,. The values of the control
parametersP, w, and ¢ — ¢), that optimize separation, are
therefore not obviously chosen.

We consider a mixture of many similar coupleg, (Q)
differing only by the values of the sety( ry, €1, €2) that
characterize the kinetics of exchange between §ated state
Q at temperaturdy in the presence of speci®sin excess. In
particular,Au is assumed to be the same for all the couples. If
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so that the expression of velocity reduces to
aAupAer, %k, w
U =
20, + kDK, + k) + 07

(22)

Note that eq 22 is symmetric by exchangecgfandky? if Ae
is fixed.

We now consider the question of the extraction of a reference
couple CR, QR) with predefinite values of the satf, r.R, eR,
;®) and consequently with predefinite rate constddfs KOF
and energy differencAeR.

We first address this issue by looking for appropriate values
for P andw that singularize at the mosEg, QR) within the (C,
Q) mixture components: we sear@® and R such that the
(CR, QR) velocity is at the largest. The four independent physical
quantities: ry, ry, €1, and €2 do not appear as independent
variables in the mathematical expressiorwajiven in eq 22.
When looking for the extrema af(ry, ro, €1, €2), we find two
sets of conditions

dulory = dvlor, = 0=k, =k’ = w/2 (23)

dvlde, = dulde, = 0= k,° + k= Ae(ky’ — k7Y = (24)

According to eq 23, a local maximum is reached in cuts of the
phase space at fixed( €) for
pR=_1

= Fq, (,l)R = ZK%R = Zkg’R

(25)

Following eq 24 and provided thakeR| > 1, a local maximum
in cuts at fixed (3, r») is found for

1 AL -1 R = 2,OR A" _ kORA—eR
KORAR+ 1 PAR-1 TP AR+ 1
(26)

PR=

The condition|AeR| > 1 here makes precise how the thermo-
dynamic constanK of the reaction has to be sensitive to
temperature to maximize th€R, Q) velocity: the difference
of dimensionless activation energy between the forward and
backward reactions has to be larger than 1.

The two sets of conditions given in eqs 25 and 26 are
compatible only ifiAeR| > 121 In this case, they are degenerate

this is not the case, one can always perform a first standardand reduce to eq 25 that only depends ki (k%) and not on
electrophoresis to separate the mixture components into familiesall the (1R roR, 1R, €F) parameters. Thus, the choice &

characterized by given values Afi.

We first evaluate the significance of the phase difference (
— ¢) in relation with the selectivity issue. Figure 1 shows
representative cuts of the hypersurfage, ro, €1, €2) at fixed
activation energiese(, €), i.e., at fixed Ae. Under these
conditions, switching from the preexponential factarg (2)
to (k1% k2°) consists of a simple change of variables. As shown
in Figure 1c, the range of(°, k%) values where differs from
zero is at the smallest wheip (— ¢) is close tar/2 modulosr.

o®) values maximize the velocity of a family o€( Q) species
characterized byk{®, K;%). Nevertheless the maximized ve-
locities associated with each member of thiy Q) family
depend oM\e

y = aAufAe

nax = T4 (27)

Sincevmax explicitly depends om\e, it is possible to separate

In contrast, nonvanishing values of the velocity are obtained (C. Q) species sharing identical rate constant§™( k3%

over a larger £1°, k%) range for other values ofy( — ¢)

obeying eq 25 but with a different value At. Table 1 displays

according to Figure la,b,d. For a separation purpose, thethe dependence ofaxthat is observed for mixture components
achievement of a narrow peak is crucial since it determines the of a (K?’R, kgR) family that differ in their activation enthalpy
selectivity of the procedure, i.e., the ability to separate couples and activation entropy by In10 at mostRT units. The different

(C, Q) with close properties. In the following, we therefore
always choose the phase difference

W —¢=ml2 (21)

parameter values were taken in relation with the DNA example
that is illustrated in the following? The nine examined members
have in common the same association congtiff as well as
the same K®, K3F) set. Consequently, no separation method
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TABLE 1: Scaled Velocity —2v/aAuf of DNA Strands
Obeying Reaction 1 with Identical Rate Constantk{™ and

kR, but with the Terms r; and exp(—e;) Differing by 1
Order of Magnitude at Most from Those of the Referencé

I, €1, 2, €2 Ae —2v/aA,uﬁ
I'1R, €1R, I'ZR, €2R AeR 6.50
rlR/lO,GlR - In(lO), rgR/lO,ézR - In(lO) AGR 6.50
10rR R+ In(10), 108 e + In(10)  AeR 6.50
1R R, 10rR, R + In(10) AeR —In(10) 6.79
I'1R/10,€1R - In(lO), I'zR, €2R AeR — In(10) 6.79
10rR R+ In(10), 1R, &R AeR + In(10) 6.21
I'1R, ElR, rzR/lO, EZR - In(lO) AeR + In(10) 6.21
10rR R+ In(10), 1710, €% — In(10)  AeR+2In(10)  5.92
R10,eR — In(10), 108 R+ In(10) AeR— 2In(10)  7.08

a Concentration of the target and pulsation of field and temperature
oscillations are fixed aP? = 1076 M and wR = 2s7* for a reference
couple characterized % = 1 M1 573, 3R =1 51, ek = 8, &R
= 60.

log|2v/(apApAs))|

V58 LN
AN

Gy
O
AN
S :‘3

Figure 2. Decimal logarithm of scaled velocitipv/afAuAe| versus
log(x1%) and logky®) at fixed Ae for v — ¢ = /2, w = 2 5%, andP
=10°%M.

TABLE 2: Normalized Velocity vAeR/vRAe of DNA Strands
Obeying Reaction 1 with Rate Constants Differing from the
Resonant Values by 1 Order of Magnitude at Most

ka®, k° vAeRRAe
KR 1R 1.00
KR 100 or 108R, KOR 0.12
KR 0.10R or 0.38R 1R 0.28
1087, 108R or 0.1ER, 0. 137 0.20
KR 100 or 1a8R, QR 0.12
0.18R, 107 or 1047, 0. 2657 0.01

a Concentration of the target and pulsation of field and temperature
oscillations are fixed aP = 106 M andw = 2 s* for a reference
couple characterized % = 1P M1 571, IOR =1 571, ¢R = 8, &R
= 60.

such as a classical affinity chromatography relyingk@nnor
the diffusive separation in the presence of a modulated field
that depends ork(°, kx%)*%8 should achieve the separation of

Lemarchand and Jullien

compensation would have to be envisaged only if some mixture
components exhibide much larger tha\eR. More precisely,

a couple withk,® = kX% andk, = 0.1" has a velocity 3.6
times smaller thanf, if Ae = AeR Similarly, a component
with ki = K27, k, = 0.1k7 and Ae = 3.6A¢R travels with the
same velocity as the reference component.

The present protocol exhibits a high selectivity to perform
separations: four independent parameteus Ae, k;°, andk;’
characterize the motion of every reactant. In a mixture, one
correspondingly anticipates an unprecedented dispersion of the
velocities among the components. At the same time, the latter
dispersion is not accompanied by a facilitated recovery of a
desired species: it is difficult to singularize a give@R( QR)
component by an extremal behavior. The excitation by an
electric field at constant temperature led to maximize the
apparent diffusion coefficient of a give®, QR) couple, with
predefinite rate constantsJ(%, K37), by tuningP andw. In the
case of the superposition of field and temperature oscillations,
a given CR, QF) couple exhibits a maximized velocity with
respect to variableg,? andk?, that still increases withe. In
addition, couples with rate constants different fradfi{ kK37
but with a largeAe may travel at the same velocity as the desired
couple. In a context of molecular sorting from unknown
mixtures, successive separations relying on increasingly selective
protocols should be favored: after a first separation to select
mixture components with identic&lu, the separation protocol
relying on field modulation only could be applied to sort with
the >, KO criterium. The present protocol could be ulti-
mately used to further refine the dispersion based\enk;®
and k.

5. Application to the Detection of Single Nucleotide
Polymorphism

The preceding considerations are not restrictive when one is
interested in sorting components that exhibit the largest values
of Ae. This makes the present protocol especially suited to
analyze and to sort deoxyribonucleic acids. We now discuss
the application of the separation method to the detection of
single nucleotide polymorphism. In reference to the model
presented previously, speci€sshould be the variable single-
stranded DNA to be probe®, an oligonucleotide probe with a
complementary sequence to the portion®fo be analyzed,
and Q the resulting double-stranded DNA. For shBrbligo-
nucleotide probes (typically 10 bases long), the forward rate
constantk,® is poorly sensitive to wrongly paired bases: it is
expected to vary by less than a factor 10 upon variation in the
C sequencé® 25 In contrast, a single mismatch of bases already
leads to a variation of the backward rate constafithat can
reach up to 3 orders of magnituéfe?® In relation to the

the mixture components. In contrast, the present approachactivation energy, the hybridation is easy whereas the separation
discriminates among the nine considered components five of two strands requires crossing over a high energy barrier: the

subfamilies associated to the five possifitevalues. Noticeably
the reference component characterized hQ¥, (R, iR, )
exhibits an intermediate velocity together with two other

activation energy differencéAe between the forward and the
backward reaction 1 is typically much larger than one. In
addition,Ae is at the largest for the perfect match pair denoted

components. Three components move respectively more slowly(C?, QF). Under these conditions, the local maximization

and more quickly than@R, QR). Their velocities differ from
R by 4.5% and 8.9% respectively.

conditions given in egs 23 and 24 are identical. In the following,
the pulsatiorwR of the oscillations and the concentrationR5

In principle, components with rate constants that do not obey are chosen such that the rate constadf$ and k™ of the

eq 25 may interfere with the preceding, Q) family: a large
value of Ae could compensate the decrease ofdue to
nonoptimized values off{’, kX). As seen in Figure 2 and Table
2, couples €, Q) with one rate constant equal ¥~ or KO®
will be the most limiting species. The main result is that the

perfectly matching stran@R obey eq 25.

To check the sensitivity of the method, we consider the
reference stran@R and other single strandwith rate constants
ki® and k2 that differ from k)® and k)" by only 1 order of
magnitude. In a context of micromutation detection, such
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Figure 3. Total concentration profiles of speci€andQ after 2000 Figure 4. Time evolution of the mean positiox[of the reference

periods of field and temperature oscillations. The results are given by couple CR, QR) and 2 other couples for the parameter values of Figure
the numerical integration of egs 2 and 3 far= 0.01 s,Ax = 0.000005 3.
m and the following parameter valuegs:= 0.01,Dc = Dg = 10710

m?s ™t auc=17x10°ms% aug=07x 10°mstw=2s7, ~ (T Ty
P = 10°% M; the reference coupleCR, Q) (solid line) obeys®® = Ng L 7
1P M 1sh KR =151 R = 8, & = 60; the two other couples 7 0.0001 | /// 8
considered are defined bg® = 107, k2 = 107 (long-dashed 2 I 7 1
line); ki° = KX, k® = 10GR (short-dashed line). Initially, a same i L 4 ]
amount of the different couple€(Q) at chemical equilibrium is located NQ 3 4 1
in the middle of the medium. vV 5x1078 - m
. i i
[9]
couples are representative of mismatch€d @) pairs. In a E I ]
context of sortingC strands containing a complementary § - 1
sequence to that dP, such couples are the most disturbing % ‘ 2'0 — 4'0 ‘ slo
species. In addition tok?’R, kgR) we consider four couples time t (s)
characterized byk® < KOR (10%, 107), (KF, 1047), Figure 5. Same caption as Figure 4 for the variance of the position

(KRr10, K3, and K710, K3R/10). In principle, one addition-  X0- B3
ally expectsAe < AeRin the series of these four couples. We

used typical orders of magnitude for pairing between 9 bases-5, all the species have nearly the same diffusion coefficient close
long single-stranded oligonucleotidso calculate the values 10 Dc = Dq: oriented motion has been achieved in the regime
of vAeRIuRAe predicted by eq 22 for these 5 cases (Table 2). Where apparent dispersion is governed by actual diffusion. As
These analytical predictions were compared to the results of Seen in Figure 3, the fastest coup@?( Q) keeps a peak as
numerical solutions of the partial differential equations govern- harrow as the other couples. We solved egs 2 and 3 for different
ing the evolution of the concentrations. After introduction of Parameter values leading to apparent diffusion coefficients, that
discrete space and time variables, respectivéfyx andt/At, varies according to the values of the rate constants. Typical
whereAx is the length of a spatial cell anst, the time step, a  results are given in Figure 6. The values of the apparent diffusion
simple finite-difference method of Euler type was used to solve coefficients, deduced from the slopes of the lines, agree to within
the equationd.Some concentration profiles obtained are given @ few percent with the theoretical predictions

in Figure 3. Solving numerically egs 2 and 3 with the expression

(6) for rate constants, allows us to check the validity of the k2O Klo

approximations, i.e., the first-order expansion with respect to D=D¢— s+t Do 0
the amplitude of temperature oscillatighsnd the elimination Ky Tk Ky Tk

+

of the transient and constant terms in the expression of the (aAu)%,%k,°

velocity. It also gives access to the broadening of the concentra- 0 0 2 > (28)

tion profiles due to diffusion and dispersion. Indeed, eq 25 are 20"+ kZO)[(Kl + kZO) + o

identical to the resonance conditions for maximizing t88, ( . ) o

QR) dispersiort. that we obtained in the absence of temperature oscillations.

The mean positions of representative peaks are given in FigureHeénce the expression of the apparent diffusion coefficient
4. For = 102 and only after one period of oscillations, the derived at a constant tempera_tl]f@ca_m also be used in the_
different peaks travel with a velocity which agrees with the €ase of a temperature modl_JIatlon. It is therefore easy to_denve
analytical prediction of eq 22 to within a few percent. For the the condition on field amplitude such that the broadening of
parameter values associated with typical 9-bases DNA strandsthe peaks is controlled by actual diffusion. Fdg = Dq this
at a temperature close to 2622 the velocity of the reference ~ condition reduces to
couple CR, QR) is of the order oftR = 0.5um s and is at
least 3.6 larger than any other considered couple. Taking into aAu < 4,/Dew (29)
account that a decrease lof by a factor of 10 is the lowest
anticipated limit, the detection of any micromutation or single We checked that the small-field condition was obeyed for the
nucleotide polymorphism, as well &R sorting by theP parameters of Figure 5 with = 2 s, but not for those of
sequence should be easily achieved. Figure 6 withw = 2 x 103s™1

Figure 5 gives the evolution of the position variance: the In a purpose of separation or to facilitate a nonambiguous
broadening of the peaks associated with the different couplesdetection of an oriented motion, we introduce the tiribat is
(C, Q) obeys a diffusion law. For the parameter values of Figure necessary for a peak to travel over a distance larger than its
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0000 T TITT T case, it is difficult to singularize a given component by an
‘E C ] extremal behavior. This restriction disappeared when one is
~ 000015 [ I concerned with sorting mixture components with the largest
e i ] response to the modulation in the thermodynamic parameter.
i L } Then it becomes even possible to separate mixture components
A 0.0001 - — AT
q, - ] that share the same rate constants for the discrimination process.
\ L i
° C ]
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