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Conditions are given for chemical and hydrodynamic instability of a cooperative transconformation re~ction at the
interface between two immiscible liquids.

1. Intreduction

The purpose of the present paper is to analyse the hydrodynamic and the chemical stability of an interface
where a transconformation reaction takes place.

The system consists of a flat plane layer of macromolecules (polypeptides or proteins) spread at the interface of
two immiscible fluids. External constraints of pH or of electrical potential may change the conformation of the
spread molecules, giving rise to a change in surface tension.

This phenomenon was recently observed [1,2] for the helix—coil transformation of a layer of poly-L-benzyl
glutamate, poly-L-benzyl aspartate and poly-L-alanin.

Changeux et al. have assumed [3] that the permeability of the biological membranes to ions could be corre-
lated to the change of conformation of protein protomers. The same correlation between the structure of the
carrier and the permeability to ions is observed in artificial lipid bilayers containing a cyclic antibiotic like, for
example, allametvcin [4]. In the system studied here, the permeability of the monolayer to the ions will be
analyzed on the base of a carrying mechanism due to Changeux and Lefever [5] and Van Roten [6] for biolog-
ical membranes:.

Now, the question arises to know what the influence is of the change in conformation and of the ion transfer
throegh an interface on the hydrodynamic stability.

Numerous experimental evidences [7,8] exist showing surface instabilities (surface turbulence, spoataneous
emulsification) induced by the mass transfer of a surfactant. Sternling and Scriven [9] gave a theoretical inter-
pretation of these instabilities in term of a Marangoni effect.

The same type of analysis will be carried out here to elucidate the connection between the surface reaction
and the hydrodynamic stability of the system. A first approach was already preformed by the authors [10] for
an autocatalytic reaction. From the biological point of view, the system studied here could provice a simplified
model of the cell deformation during phagocytosis. The spread monolayer of macromolecules simualates the
membrane, 3s it is now well known [11,12] that the living membranes have the consistency of a light oil in which
proteins are fiee to move. The change in surface tension due to the transconformation reaction conld give a good
picture of the change in the mechanical properties of the biological membrane with the conformation of the
proteins in the membrane {13]. We shall use here the same formalism as Glansdorff and Prigogine {14} and
Nicolis [15] for the chemical instabilities and as Chandrasekhar [16] for the hydrodynamic processes.
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2. Chemical aspect

This section will deal only with the kinetic processes occurring in the layer. The layer of thickness d is located
at a mean position z = z_, Tt contains the insoluble macromolecules and two electrical double layers and lies be-
tween two immiscible liquid phases (interna! phase i and external phase e). We assume the following sequence of
reactions to take place in the layer

X,
O ___E o (A) transconformation
C3 kc Cl
i
O+A—= [ (B)
G kG

O+B=0 (C) fixation

A = (D)
diffusion-migration from the bulk

B.= B (B

where Cis the concentration (in mass per unit volume) of the macromolecules in the layer; the subscripts 3, 2 and
I refer respectively to the molecule in the closed conformation, and to the molecule in the open conformation
filled with an ion or free from ion.

A and A; are the concentrations of the ions respectively in the internal Gouble layer and in the internal bulk
phase, B and B, for the external layer and bulk phase.

The transconformation step (A) is assumed to be characterized by a change in the dipole moment and, in con-
sequence, the electric part of the standard affinity (or —AG) is given by

Ha =y —u3)E/RT, a)

with £ the electric field (assumed to be uniform and normal to the interface, throughout the layer) and gy and
13, respectively, the average dipole moment of the open molecule and of the closed molecule.
Moreover we will assume in agreement with Changeux—Iefever [5] and Van Roten [6] that the transconfor-

F Macromolecules
+2 double layers

Fig. 1.
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mation is cooperative, which means that the standaxd chemical aftinity reads
,.chhﬁn:'d“{‘ﬂ(cl +C2), (2)

where 11 is a positive constant and s * the standard affinity in the absence of cooperativity. The standard affinity
A is then given by

Aol g + A=A+ 9(Cy +C) + (i ~3)E . 3)
The pseudo:equilibrium constant k/k, then reads
féxexp(~i{s‘€‘+(u ~ 3)E] exp(m—n—(C +Cy) @
&, RT 1753 RT 1724

For the sake of simplicity let us write (4) as

X,
z; IACR = " MBIRT AOR | ®

where
t=exp (- g " £y~ ppEL) . 1=~ TRT, A= oniRT

and

is the total concentration of open macromolecules.
The kinetic equations are then

ac,

"a_t"':’ kc(C3 — IACRCI) + k;CQ - kiClé ¥ kﬁCz b k;CIB — v usC'l + DlAsCl N (7)

3G G

-372 - C(C3 —IA RCI) — diVUsC3 + DgAsC?, , (8)
c, . )

"a—;’= x'(’aAC"l - k&cl + kgBCL —_ kiC2 ~ div 0562 ‘I'DzASC2 » {9)

%ét‘ = kipAi-‘* kiva + kidC2 — kiaAC‘_ — div USA ’f‘DAAsA " (10)

08 k5B, —2,B +R5C, — KIBC; — dive’B + DgA°B, an

where vS is the mean surface velocity and AS a two dimensional Laplace operator in the plane of the interface. The
surface layer (macromolecules + double layers) is assumed to have a mean dielectric constant €, and the position
of the fixation site in the layer is characterized by a parameter p. This quantity is the relative width of the layer
occupied by the two double layers. Aecording to Lefever—Changeux 5]} and Van Roten [6] , we then write the
kinetic constants in terms of the reduced electric potential difference through the layer, ie.,

E;a {;i;e(p-—-!)xﬂ . k% =_-kg e(‘-"“P)X.M‘ . k: = k:' e(l—p)x!&- . kg =kf; e(p—-l)jd4 s (‘2‘}
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KL=k et i =il et (13)

KE=kS ePd* | e =gt omoxlt (14)
where

x = zFAVIRT (is)

is the reduced electric potential difference.
For an incompressible layer, the consetrvation Iaw of the macromeolecular species reads

C,+C, +C3=Cy, (16)

where Cy Is a constant.
Moreover, we will assume here that the fixation steps (B) and (C) are always in a quasi-steady state, i.¢., that

ac,

?t-%o. Qa7

With relations (5), (6), (10), (11), (12) and (16) the kinetic equations reduce to

ac

’a‘rE =k [Cp — Cg — I"eAHEIRT ATR(Cy — C)] — dive*Cy + DpAC | (18)
%1 = ki (4P — 4ePXI%) 1 1 CreUPXE _ 1 A(Cp — Cp) P VX _divid + Dy 0% (19)
?a;f = k;;" [BoePX/* _ pemPX4] 4 1S C)eP- 14 _ k2 p(Cy — Cp) 1P _ divi®B + Dy ASB (20)

where D =Dy = D,.
2.1, Stationary stares

In the absence of diffusion migration and convection, the eqs. (9), (18), (19) and (20) read at the steady state
(superscript 0)

k3 1A0(P~1xi4 ¢ pO(1-Di/4y 0

D= , (21)
27 k(AP DX/t ¢ gO(1-PIX/AY 4 2y cosh (1 — p)x/a
0 _ > Au*x ACR D _ D
kc{CT—-CR-—I (5 A (CR_CZ)I=0= (22)
KD [A,e7PX* _ 40ePI*) 41309 P _ 2 40(CR — CfelP Nt =g @3)
kS [B,ePX _ pOePxl) 4 g ceB- 1 _12p0(cl — cPll-Pili=g, X))

with
Ap® =y —u3)/zFd, (25)
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& = - 3 - * -
ky =k; =k; and kj =kj =kj. (26)

Van Roten (cf. [6] fig. 11) shows, that for peculiar values of the constants, the system is characterized by multiple
steady states (fig. 2).

Ca Fig. 2. Mole fraction CR/C of the apen macromolecules versus
c, -the reduced potential x (see ref. [6]); here
1+ £ *
E'T—n =5 A a_ 26 a_ * -
RT -5+ Aj—5=126, Be—;=1181, Cyk =1,
kq kq
0.5 & e —
P_-5x10%, p=095, ——Lt=2a,
Cok® z2Fd
T a
7 1 L _1 f=4 , Kke=1.
-3 -2 -1 o X
3. Hydrodynamical aspect

Let is now consider the hydiodynamic motion in the two homogeneous phases i and ¢, where the electric field
is zero. For an infinitesimal perturbation of the steady state (at rest), the Navier—Siokes equations read

aUx 35

_X__99p

3 e +pAv, QN
1)

hd 0op
pﬁ-——ﬁj}_'“‘m) s (28)
ai=— 3 -——a-8 + pAp 2
P53, =—8% — 3,7 +utv, , (29)

where p is the viscosity coefficient, p the pressure and p the density.

The stability of the reference steady state will be tested by means of a normal mode analysis (see for example
{16, chap. 10]). Using the continuity equation, the incompressibility condition and, the following boundary con-
ditions

) _ e_.s
Uy, U, =07,

(30)
i at z =Zs 3
Dvé:Dv%:(sz)s, (31)
where D = dfdz,
e B 2 sl E e 2 =
{p —=5 @ - &)®v,) } {pl -k )(nug*‘}—
. 4 2 ]
—-g-g(p" —p)v; +%0° vz — %kw— @, )y ¢ — ), (32)
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v, Buz)e oL, WA\ 354
(az ax (az * ax) “Tox ’ (33)

(Landau—Levich conditions [17]). (A similar equation is also writen for the y coordinate.) Here k is the wave
number and o the surface tension depending on the electric field [18].

Let us now assume that the fluctuation of surfzce tension is related to the fluctuations of the concentrations
of the chemical species by a state equation (local equilibrium [14]):

80=a,8Cg +a,54 +a358, G4

where a4, a4, a3 are constants.
The solutions for the two volume phases can be read, for the amplitude of the velocity perturbation

vi=ct 2+ B, <o, (35)
Ww=sle® @™ 23>0, (36)

where gy = = (k2 + wpiful)*'2 and gy = (k2 + wp®/u®)V 2. These solutions must satisfy the boundary conditions
(30)—(33). i.e.,

A+ B, -9, -B,=0, 3D
kz k3 k40°
{k t—— 2 255 (- p) + = (- ) ) oAy + (p' e)*—ql(ﬂ‘ £5)
202  2w? @« 202 2
(39)
kto? gkz i B e k*a® | gk2 &2
kpf+—— + = (' - p) +— (' - ) } A + 2= "’)——q(n £%) 1B,=0.
{ T « 2* 2002 2w2 2 2

‘where €, @,, @3 are the amplitude respectively of 5Cg, 54 and, 58.
Other boundary conditions are related to the kinetics of the reactions in the surface layer. From egs. (19), (20),
(20) and (22) one writes for one normal mode

{w+k (1 — 0" — 19 +I"A™" 28X + 2D} @, =0, (@)
c R 1
@—1)x/4
0 (g—1)x/4 N ¢ a0 L =
k;Ae G+{w ke Crky A A 2=0 42)
0y (—P)x/4
= p0 (1-p)x/4 —px/4 a—-r)e =
kB¢ €1+{w+k e +E;Cy o R 3=0 (43)

where r¥ = C‘glC' .= nCr/RT, A=A ﬁ For the sake of simplicity, we have assumed here that all the terms
in 8C, are small in comparison with the other terms. The determinant of the system of eas. (37V—(43) gives rise
to a secular equation which reads
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Dyl vk [1 —7°( — %) + FAY 2% + £2Dg)

1 - r“) P14
r A‘ro 3381-*7(

_ 0y (-D)xf4
(1 —-—re ‘=0’ (a4)

X (c._, +kpePdt 2 Opi; ( )(w  EPSLARY S

I A‘ro eAlth

where Dy is the determinant of the hydrodynamic eqs. (37)—(40).

4. Chemical and hydrodynamic stability

In the present paper we will restrict our analysis fo an inviscid system. It is easy to see that the contributions
to the instability are only given by the product

Dyyleo + 5[t —0*(1 — O + 1A%’ BEX] + D N2),

where A is the wavelength A = 1/k. The pure hydrodynamic condition (Rayleigh—Tailor instability [16, p.435])
is:

e __ i 0
PR Y S A (s)
Me+pt Ne(e® +pY)

If p® < pl the arrangement is stable; if p® > pl the arrangement is stable for A <X A, where
A= [(0°—pMala®17 V2, @“s)

while for 0 > A> A, with p®> pl, the arrangement is unstable. The mode of maximum instability is reached for
a wavelength A, and a frequency we. .

A =V3ER, @n
W, = [2(pe _ pi)alzgslzBs/z 0%+ pi)(ao)tlzl vz 48)

The surface tension stabilizes the systern. The pure chemical condition is
w=—~k 1 (1 =% + FA"™ e28°X] _ p 2 (49)

the chemical state is stable if
ken™(1 —1%) <k (1 +IA"") + D A2, (50)

and unstable if the sign is reversed. The diffusion has a stabilizing character. After the instability threshold, the
pure chemical system has an infinite wavelength for the mode of maximum instability. In the absence of diffusion
and convection, the intermediate steady state is unstable while the two other ones are stable (for example if
x=-2,1" =5,1=221).

However when we consider the convection, the two stable states can become unstable if p¢ > pt with
0> A> A, Furthermore the concentrations 4 and B become dependent with the critical wavelength A,. On the
other hand, even if the pure hydrodynamic stability conditions are fulfilled, an unstable chemical intermediate
state may induce convective motion in the two homogeneous liquid phases. It means that the surface layer
undergoes an infinitesimal deformation 8z, (because v} /e = 8z that will grow in time.

Remark: Calculations have been made without the assumption on the smaliness of the terms in §C5. The pure
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chemical stability condition is then different from (49) and after the instability threshold, the system could reach
a mode of maximum instability for a finite critical wavelength. The chemical instability could then induce a
hydrodynamic instability (i.e., a deformation of the interface) of the same wavelength.

5. Conclusions

The present analysis shows that a chemical instability of a reaction occurring at the interface between two
immiscible fluids is able to induce a mechanical instability.

Reciprocally, 2 mechanical instability may induce a chemical instability in a reaction taking place at the inter-
face. Moreover, the velocity patterns appearing after the instability threshold induce chemical patterns of the
species at the surface.

The model studied here could give a picture of the deformation of the biological cells when they receive a
chemical “message”.
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