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Abstract

The effect of urea on biomimetic aggregates (aqueous and revens@dwords

micelles, vesicles and monolayers) was investigated to obtain insightsea

into the effect of the denaturant on structured macromolecules. DireBenaturation

evidence obtained from light scattering (static and dynamic), monoiurfactants

layer maximum isothermal compression and ionic conductivity meag¥acromolecular structure

dissociation, fluorescence suppression, and thermal reactions, strongly
indicates the direct interaction mechanism of urea with the aggregates.
Preferential solvation of the surfactant headgroups by urea results in
anincrease in the monomer dissociation degree (when applied), which
leads to an increase in the area per headgroup and also in the loss of
counterion affinities.

surfactants and the various macromolecular
aggregates which can be formed, the effect
Amphiphiles, in general, present easilyof urea upon surfactant mixtures has been
recognizable hydrophobic and hydrophilicinvestigated to determine the physicochemi-
regions, a feature not shared by mostal origins of its action (10-16). In the pres-
biomacromolecules. The effect of denaturent article, we will review the progress made
ants on the native conformation of proteindy our research group towards the under-
and nucleic acids has helped to firmly estalstanding of what urea does to aqueous solu-
lish the involvement of the 3D structure oftions (complete details of the data presented
the macromolecule in biological activity (1). here can be found in the original publications
Denaturation mechanisms for various addieited in Refs. 17-20). Data on the effects of
tives such as alcohols, surfactants, and urearea on photoacid excited-state dissociations
however, are still a matter of controversy (2and ground-state reassociations in bulk wa-
9). In addition, there is no comprehensivéer and in biomimetic aggregates (Figure 1)
theory or model for the dynamics and strucshowed how the dynamic/solvatophobic of
ture of liquid water, the biological medium.water and ionic diffusive motions are al-
Within this context, protein denaturation bytered. Insoluble monolayer compression iso-
urea, for example, has been analyzed withitherms of various types of amphiphiles with
the framework of two opposite theories, i.e.urea added to the aqueous subphase demon-
direct interaction with the macromolecule orstrated the binding of the additive to the
an indirect effect via rupture of the 3D netinterface and its ability to change the
work of liquid water. electroionic properties of the monolayer.
Given the straightforward nature of simpleStudies focusing on the behavior of electro-
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lytes on micellar and vesicular aggregategiewed here are subdivided into the various
with urea in bulk water revealed the preferclasses of aggregates studied. The order of
ential sorption of the additive at the inter-presentation is reversed micelles, monolay-
face, altering, as is the case for monolayersgys, agueous micelles and vesicles.
the ionic properties of the aggregates. Data
are discussed in terms of the direct interaReversed micelles
tion mechanism and shed light on the control
which can be exerted on surfactant inter- Reversed micelles (RM) are surfactant
faces by simple additives such as urea.  solutions in low polarity organic solvents
In Figure 1 typical macromolecular ag-(hexane, isooctane, Cflwith water dis-
gregates formed by amphiphile associatiopersed (when added) in the so-called aque-
are presented. These aggregates, also dets core (Figure 1). For example, with the
fined as biomimetic models or biomimeticbest characterized RM-forming amphiphile,
aggregates, are powerful systems used smdium bis-ethylhexylsulfosuccinate (AOT),
mimic selected properties of the biologicalit is possible to dissolve up to ~10% water (v/
media since several parameters are easientpin 0.1 M AOT in isooctane. AOT/RM
modify and control. For example, the estabwith volume fractionsd,)<0.2 are spherical
lishment of passive diffusion permeabilityaggregates (water droplets) which are usu-
coefficients of various ions through cellally characterized by the molar ratio be-
membranes was possible by determiningveen water and surfactant (w =,{B{/
them in a closed bilayer shell (vesicle) mad@AOT]) (21).
with the appropriate lipids (1). The addition of urea to AOT/cyclohex-
For the sake of clarity, the results on thene/water reversed micelles leads to an in-
effect of urea on surfactant aggregates rerease in the observed hydrodynamic radii

Cylindrical micelle

Bicontinuous structures Bilayers

Figure 1 - Typical biomimetic aggregates.
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(Rh) (Figure 2) determined by Quasi-Elas
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Figure 2 - Hydrodynamic radii

tic-Light-Scattering (QELS) (17). Clearly for
the same w, Rh increased appreciably wit
the amount of urea in the aqueous micropha:
(note that the solubility of urea in the organic
phase, hexane, is ~zero) (Figure 2). Thi .
increase may be due to actual micellar growt
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or simply to droplet juxtaposition, i.e., clus- |
tering. . W
In parallel, a large increase in the ionic <

conductivity k) percolation threshold with

(Rh) of AOT/hexane/water re-
versed micelles as a function of
w. [AOT] = 0.1 M; [urea] = 0 (O);
3M(@);5M@m); 10M (®). T=
25°C.

relatively low RM volume fractionsp(,) was 0 0 T
observed with the increase in urea concel

tration (Figure 3). Interestingly, by varying

the temperature for fixed,'s an unusual

decrease in the solution ionic conductance

for @,~0.03 with 5 M urea was observed

20 30
w = [H,01/[AOT]

40

Figure 3 - Electric conductance

(Figure 4) which is strong evidence for RM
declusterization with temperature. Recen
X-ray and static-light-scattering (SLS) date 2
(18) confirmed the hypothesis of RM clus-
tering as a function of added urea, i.e., weigh
averaged molecular weights remained in
variant and scattering intensities were it
agreement with discrete RM units. The in-
troduction of urea into the aqueous pool o
RM therefore enhances the intermicellar at
tractive term making a sticking contribution

log K (uS/cm)

B g

é@ -0 0—— O ——0—0-0

(k) as a function of volume frac-
tion (@) in the system AOT/hex-
ane/water/urea. [Urea] = 0 M (O);
3M(®);5M m). T =25°C.

T T T

to RM aggregation without disturbing the 000 003 005 009 042 015

discrete nature of individual droplets.

The solvatophobic properties of the AOT/
RM hydrophilic core (water plus urea) can
be inferred by examining the effects on the
photoacid properties of the triple negative

P

0.18

Figure 4 - Electric conductance

charged probe (8-hydroxy-1,3,6-pyrenetri:
sulfonate, pyranine) (22-24). Photoacids ar o

compounds whose excited state presents 37 B R R

stronger pkK and whose lifetime is long - e o

N
I

enough for the occurrence of prototropism
Light excitation leads therefore tg Hisso-
ciation when starting with a solution con-

log k (uS/cm)

{;

taining the undissociated ground-state spe ckckc\l%%\&\*ﬂ

cies. For pyranine it is established tha o1

o
photoacid behavior occurs in water, agueot //Q/O//ojb

urea, and only in a few other highly polaranc

(k) as a function of temperature.
[Ureal =5 M. @y =0.02 (0); 0.03
(0); 0.04 (@); 0.076 (m); 0.1 (®);
0.2 (V). w=10.

protic media (25). Since this probe is rela o 10 2
tively hydrophilic and bears the same charg

60
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Figure 5 - Proton association rate
constants (kon) of PO™ in AOT
reversed micelles at various wa-
ter and urea/water concentra-
tions (w). [AOT] = 0.1 M and
[ureal =0 M (O), 3 M (@), 5 M
(m), 10 M (@),
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siently imposed Hpulse compared to the
pure water core (Figure 5), thus demonstrat-
ing the effect of the additive at the interface.

3.0

NS
~
1

Monolayers

kon X 106 (M1 s7)

Monolayers are another biomimetic sys-
tem composed of a single layer of an in-
soluble surfactant at the interface of two
unmiscible phases, usually air-water. Mono-

00 +——T—T———T 7T layers can be compressed or expanded with a

Ot Seommon " hydrophilic movable barrier and parameters
such as surface pressute= y,-y, wherey,
andy are the surface tension in the absence

as the interface, it will reside in the interiorand presence of surfactant), surface poten-
of the aqueous pool (26). The increase itial, and others are measured against the area
green fluorescence (emission of the excitecper surfactant (28,29).
state pyranine-conjugated base) as a func- The direct interaction of urea was dem-
tion of the amount of the hydrophilic coreonstrated by monolayer studies on a
added to the RM (or equivalently the de{angmuir-Blodgett balance. Increasing the
crease in the blue one, emission of the undisirea concentration in the subphase of an-
sociated species) therefore can be related ionic and cationic monolayers (carboxylate
the capacity of the aqueous pool to solvatend quaternary ammonium surfactant
the proton, F. Emission spectra of pyranine headgroups, respectively) was accompanied
in RM as a function of w in the presence oby an enlargement in the monomer mini-
absence of urea are indistinguishable (datdum area (4= area occupied per surfactant
not shown) (17). In contrast, monitoring theat a compression just before monolayer col-
recovery towards the pre-pulse level ofapse) and also by the decrease or even loss
pyranine species after a very short and strorig the ionic affinity series (Table 1). The
laser pulse (23,24,27) provides informationncrease in Ais a direct manifestation of
on the diffusion of Hinto the specific mi- two effects: preferential sorption of urea at
croenvironment. Again, the addition of ureahe interface and increase in the monolayer
to the aqueous pool does not affect the tramenization degree resulting in an extra-elec-
trostatic repulsive term which hinders the
& approximation between surfactants. Since

Table 1 - Ag values (A) for DODA monolayers in the . o
absence and presence of 2 M urea and 1 mM NaX effects on Aand the ion affinity order occur

0.6

(X“=F", CI", Br", Ac™, NO3, and OH") at T = 20, 25, at urea concentrations as low as ~0.1 M, the
0 - - . - .

and 30°C. most plausible interaction mechanismis sorp-

Anion  20°C 250C 30°C tion of urea at the interface, squeezing out

water molecules which had been solvating
the amphiphiles (19). It is tempting to asso-
Br 545 116.2 563 1157 645 1127 iate the incr in the monol r ioni
cr 626 1035 703 1054 sgo7 1095  ClAl€ INEINCrease in the monolayer ionic
F- 854 1112 836 1122 896 1184 dissociation degree with an increase in the

- Urea - Urea - Urea

Ac 866 1054 869 1055 919 1121 local dielectric constant) due to replace-
NO; 605 922 654 955 753 1003 _
OH 867 1034 837 1040 906 1074 ng; (z;;/vater by Urea@ o= 80 antkyreas w
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Aqueous micelles and vesicles - _
Table 2 - Critical micellar concentrations (CMC) of

) ) HPS and CTACI, and dissociation degree (a) of
Aqueous micelles and vesicles are thi CTACI micelles as a function of urea concentra-

systems most frequently investigated in thi.  tion. T = 30°C.
field. Micelles have been extensively stud:

. : . ; Surfactant Urea CMC o]
ied in terms of their effects on chemical concentration

reactivity (21), and vesicles due to their com (M)

partmgntal!;atlon pro.pertles and therefor . 0 20.9 uM ]
for their ability to mimic membrane proper- 0.50 22.8 M .
ties. Micelles are formed by the spontaneou 1.00 26.8 M s
aggregation of amphiphiles in solution abov: 280 SIS -

g . . 5.00 81.1 uM -
certain critical concentrations and their prop g

erties will depend on the type of surfactan crAc
monomer employed. In contrast, vesicle:
are, in general, meta-stable suspensions
double-tail surfactants (lecithin, dialkyl-am-
monium, etc.) formed by vortexing, ultra-
sonication, and other methods (30). highera’s, i.e., to an increase in the area per

The effects of urea on ionic aqueousnonomer at the interface with urea which
micellar and vesicular aggregates were imagain points to a direct interaction of the
vestigated to obtain a more complete picturdenaturant with the interface. For the case of
of the macromolecular systems depicted iIHERQUAT vesicles monitoring Rh by QELS
Figure 1. The following biomimetic aggre-and weight averaged molecular weight (or
gates were studied: cetyltrimethylammoniunequivalently, mean aggregation numbers) by
bromide (CTABr) and chloride (CTACI), SLS as a function of incubation time (days)
and hexadecyldimethylammonium propaneshowed that introduction of urea into the
sulfonate (HPS) micelles and dialkyldi-preparation, although not inhibiting the for-
methylammonium chloride (HERQUAT) mation of vesicles, certainly decreased its
vesicles. These three systems share a costability (Table 3). Vesicle growth may be a
mon quaternary group located at the intermanifestation of interbilayer enhanced at-
face region with the cationic monolayers andractive contribution due to interfacial sorp-
are expected to be subject to the same favdien of urea.
able interaction with urea. Studies were di-
rected at the examination of the two follow- Table 3 - Molecular weight and hydrodynamic radii of HERQUAT vesicles as a
ing aspects: i) effects on the formation prop function of incubation time and urea concentration.
erties of the aggregates, and ii) ion associ
tion selectivity and exchange at the interfac
(20).

The addition of urea clearly diminished Molecular weight x 10-6 g/mol Hydrodynamic radii (A)
the hydro_phObIC Interaction by Increasing (Tc;;?/z) Waterr 3M Urea®@ 5 M UreaP Water 3 MUrea 5 M Urea
the solubility of monomers and, therefore

1.60 mM 0.33
B 1.64 mM 0.36
1.68 mM 0.37
2.31TmM 0.42
3.03 mM 0.44

o w = oo

aVesicles prepared in 2 mM NaCl; Pvesicles prepared in 1 mM NaCl; Cthe
accurancy of light-scattering determinations is about 5%.

delaying the onset for micelle formation o 4.02 3.65 6.25 1540  158.0  163.0
(Table 2). Furthermore, simple micelle dis- 1 4.93 459 8.73 1565  167.0  177.0
sociation degreea( calculations (ratio of 7 6.50 7.37 14.87 169.0 1915 2180

13 7.03 8.30 12.19 177.5 2145 234.0

slopes before and after the critical micella
concentration, CMC) from ionic conductiv-
ity measurements showed a trend towarc

20 8.54 10.30 13.15 179.0 223.5 249.0
34 8.66 11.25 10.71 185.5 238.5 270.5
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Figure 6 - Stern-Volmer projec-
tion for B-NBN (4.14 uM) incor-
porated into 40 mM CTACI mi-
celles in the absence (O) and
presence (®) of 3 M urea as a
function of NaBr concentration.
Solid lines are from data simula-
tion according to the PPIEM for-
malism.
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Conclusion
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