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Mixtures containing lysozyme, LYSO, and a fully fluorinated surfactant, lithium perfluorononanoate, LiPFN,
were investigated in a wide range of concentrations and mole ratios. To ensure consistency to the data, a comparison
was made, when possible, with the more conventional SDS as surfactant. Molecular solutions, precipitates, and
micellar phases have been observed. The region of existence for each phase depends on the LIPFN/LYSO mole
ratios,r, and was determined by different experimental methods. Optical absorbanc&FOIMR, viscosity,

electrical conductivity, and dielectric relaxation methods were used. Some methods give information on the protein
conformation, others on the state of the surfactant or on the collective system properties, respectively. Addition
of LIPFN gives rise to a solution, a poly phase dispersion (at low surfactant to protein ratios) and to a micelle-
mediated redissolution of the precipitates. Concomitant to the above macroscopic properties, peculiar effects in
the state of LYSO are observed. Low amounts of surfactant reduce significantly the ameuheldt in favor

of the S-sheet conformation of the protein. The former is almost completely regained once micelle-assisted
redissolution of the complex occurs. The tertiary structure of the protein, conversely, is lost at low surfactant
content and never recovered. Such evidence suggests the occurrence of a molten globule conformation for LYSO
in micellar media.

Introduction Turro recently summarized the different models proposed so

A large body of experimental evidence on the interactions far to describe the formation of BSASDS complexes. The
9 Y P “necklace and bead” model assumes that the complexes are

e o ool H1*%composed by small micels wih uncoled BSA uns wrapped
Sgs to bovine serum albumin BgA or IVsozvme IYYSD " around and has strong experimental suppéttDifferent

> . . ’ ’ ysozyme, . . opinions exist on LYSO conformation in LYSE5DS com-
Besides their relevance in fundamental investigation, such

studies are also important in biochemical separation, dru plexes. Some authors observed the unfolding of the protein
) . 1mp i Sep ! Y hative structure upon SDS binding, and others stated that

delivery, cosmetics, and detergeffsinvestigation of SDS 13

o il S lysozyme does not unfoltk:

binding to proteins yields complex results, indicating several Althouah studi the stability of teisurfactant

levels of affinity between the two components. Generally, Ioug ;Sueles don efs? “t)tl) Od' pr(t) eﬂsutr?ﬁfan

specific noncooperative binding occurs at low surfactant content complexes ( Jand on surfactant binding to protetAsire

and is followed by nonspecific and cooperative effects at high well established, the microstructure of PSC is not yet fuII_y
concentration§ The formation of precipitates is observed upon understood. The determination of the structural state of proteins

addition of small quantities of surfactant, whereas redissolution interact_ing with surfactan_t molecules in different self-aggregation
needs large amounts of the amphiphilic spe&#EBhis complex states |s,.thus, a_really mp_ortant task. .
behavior is due to a delicate balance between pretainfactant To get |nformat|pn on the interplay bghNeen hydrophobic apd
and surfactartsurfactant interactions. electrostatic contributions to the stability of PSC and to clarify
Proteins and surfactants share the property of having chargedtill open questions on their microstructure, a systematic
groups and large hydrophobic portions. This peculiarity implies investigation on a system composed by water, a globular protein,
that the interactions between surfactants and proteins are@nd a fully fluorinated surfactant was performed. Replacement
intrinsically complex processes, involving the overlapping of of protons with fluorine atoms increases the I|p0ph|||_c chara_cter
different types of molecular forces (vdW, hydrophobic, and of the surfactant alkyl chains and influences the interactions
electrostatic). The resulting interactions have a pronounced effectVith polymers® and, very presumably, with proteins. The
on protein-surfactant systems, (PSS), and on the structure of resulyng. interactions are m.ostly cpntrolled by electrostatic
their complexes, as well. Perhaps, it is not easy to ascertaincontributions. Hydrophobic interactions between the apolar

which contribution controls the rich polymorphic behavior €gions of the protein and the fluorinated surfactants, conversely,
occurring in PSS. can be r_uled out’ Hydrophobic contrlbutlons, perhaps, are
relevant in fluorocarbonfluorocarbon interactions
:Corresponding author. E-mail address: camillo.lamesa@uniromal.it.  F|yorinated molecules (such as fluoro-alcohols, for instdfice)

N ngu"’gitg“srr‘fivoefrgg‘?m's“y' La Sapienza University. are considered protein stabilizers. Not much is known, however,
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use of fluorine-containing products in pharmaceutical formula-  Methods. CD MeasurementsLhe experiments were performed on
tions and in biomedical applications (such as blood substitutesa JASCO J-810 spectropolarimeter, at 25:00.1 °C. In far-UV
for transfusions§° that demand a deep knowledge on protein  conditions (196-240 nm), cells with 0.1 cm optical length were used.
fluorocarbon interactions. The protein concentration was 0.19 mg/g (£210-% molal), unless
In previous work, the phase behavior of LYSO and lithium otherwise stated. In all samples the turbidity is small and CD spectra
perﬂuorononanoaté LIPFN, in water was investigdfet are null out of the absorbance band(s). This allowed performing
Different phases ar,1d multi[,:)hase regions were observe.d Inexperiments in the far-UV on the same samples used in turbidity
- . - . . measurements. In the near-UV region (2820 nm) cells with 1.0
2apr:le(:c::§trét?e t\?él?lfvr\):zetirnef;%rrl;t\?(l)hnegﬁgs @Sﬂggﬁgiﬁgeﬁlfé\slvwnh cm optical length were used. CD results are expressed as mean residue
. L . ’ . ellipticity, 6 (deg cn? dmol™).
protein and LiPFN content. Higher surfactant concentrations picity, 6 (deg )

. Sai UV-uvis AbsorbanceAbsorption spectra were recorded by a Jasco
redissolve the poorly soluble LY IPFN complexes. V-570 spectrophotometer, working between 190 and 680 nm, at 25.0

The present work attempts to clarify previous studies and 1 .1 °c2° The cell path length is 0.1 cm. The absorbance of the
focuses on conformational changes, when the formation of PSCgg|utions, A, was measured at 340 nm.

occurs. To define how much surfactant is required to saturate 15 MR An INOVA 300 MHz unit. Varian. was used to measure
the protein and to clarify the structure of the complexes are, in {he 19 spectra at 300 K, according to previously reported procedéires.
fact, questions of fundamental interest. The complexes and gelsthe assignment of the resonance lines has been reported in previous
formed at high surfactant to protein ratios had received major work 2! T, values (in Hz) were measured at the half-height peak. NMR
attention??23 although their precise structure is not well- measurements were performed after adding LYSO. The pretein

known?24 surfactant solutions were allowed to stay until the systems had reached
In our opinion, ad hoc techniques, such as G, NMR, the equilibrium conditions. In all experiments the systems did not show

dielectric relaxation, and ancillary methods may fully character- inhomogeneities or macroscopic phase separation.

ize the complexes formed in the watdrY SO—LiPFN system. lonic Conductiity. A 6425 Wayne-Kerr impedance bridge was used.

Use of fluorinated species, for instance, avoids the overlapping The conductivity cell was located in an oil bath, working at a
of the 'H NMR signals of the protein with those of the temperatureT, of 25.000+ 0.003°C. Known amounts of water
surfactant. Other methods focus exclusively on protein confor- LYSO—LIPFN solutions were added to agueous LiPFN by a weight
mation; selected ones, finally, refer to the overall system burette, undgr mild stirring. Plots are reportedya®nS cn?) versus
behavior. In this way a comprehensive view of the system the mole ratio between the two components.
properties is at hand. Viscosity Ubbelohde viscometers, Schott Geerahave flow times
q’n the range 2300 s (to minimize spurious kinetic effects) and were

ocated in a water bath, at 25.80 0.01 °C. The accuracy on flow
times,t, was~0.3 s and each datum the average of five independent
runs. Viscosity findings el = tp/t°p°®) were taken relative to the
surfactant, or the protein solution, and corrected for the respective
densities. The solutiorg, and solvent,e® (g cn3), densities were
measured by a DMA 60 vibration densimeter (Anton Paar), equipped
with a Heto thermostatic unit.

Dielectric Relaxation The dielectric permittivitye', and lossg¢”,
were measured by a HP 4291-A computer-controlled impedance
analyzer, in the range $01C° Hz. The cell was realized with the
termination of a coaxial line, filled with the solutiGAThe temperature
was 25.04+ 0.1°C. The measured reflection coefficient and phase angle
at the interface with the sample were converted into réaland
imaginary,¢'’, components of the complex dielectric constafit(e*

) ) ; ) ) =€ — je"). An interpolation method, based on the comparison with

Buffers were avoided, since the solution pH is always in the range gq)ytions of conductivity close to the investigated mixtures, was #sed.
6.4-6.6, and practically independent of added LYSO and LiPFN (Or Thg relaxing part of the dielectric loss;’, was obtained by subtracting
SDS). Furthermore, addition of buffers implies counterion binding onto 6 conductive contributionyfe,27f), from the experimental results.

the polar groups of the protein and has a significant effect on its rheref s the frequency of the applied electric field andhe dielectric
effective charge and on the double layer thickness around LYSO and/ wqnstant of vacuum. The errors ehvalues aret1.0%. those or'"’

or the micellar aggregates. In case of buffer-containing systems, finally, 3 o4
counterion exchange processes should be considered. In the experi-
mental pH conditions used in the present work, LYSO has eight positive
charges in excess. Results and Discussion
Lithium perfluorononanoate, LiPFN, was obtained by titrating the
corresponding acid, Riedel, with LiOH; the resulting salt was purified |y mixtures containing water, proteins, and surfactants, a rich
as in previous work’ The conductometric determination of the critical phase behavior is usually observed, with formation of solutions,
micellar concentration, CMC, at 25.0Q, was used as a purity criterion precipitates, and gef$2In dilute regimes of the waterLY SO—
and is in good agreement with previous findirfgs. LiPFN system, the following regions are foufd:

Water was doubly distilled in a Pyrex all-glass apparatus over )y A molecular solution, containing tiny amounts of surfactant
alkaline KMnQ,. The ionic conductivity of freshly distilled watey, and protein:

is in the range 0.71.0 uS cnT?! at 25.00°C. N . . .
. . - (i) A wide multiphase area, where proteisurfactant
The mixtures were prepared by weight and equilibrated at room complexes precipitate. The
temperature for 1 day. {», Merck 99.5% isotopic enrichment, was P P P ' y o )
used on a mole fraction basis. Depending on the investigated region, May not have the same stoichiometry at all concentrations;
the mole ratios arein [LiPFN/LYSO] molecular solutions, and ™ in (iii) A micellar solution, when the proteinsurfactant com-
[LYSO/LIPFN] micellar ones, respectively. plexes are redissolved. CDV

Some biochemical consequences inherent to the observe
behavior shall be examined. In particular, denaturation and
partial renaturation of the protein, with subsequent formation
of a molten globule conformation, are discussed. Effects
pertinent to the molten globule conformation of proteins in
micellar solutions are relevant in most biochemical separation
technologies.

Experimental Section

Materials. Chicken egg lysozyme, LYSO (fract. V, Sigma), was
dissolved in 0.15 M NacCl, dialyzed against water, recovered, lyophi-
lized, and dried over #s. Its purity was controlled by density and
viscosity measurements of its aqueous solutfdfs.
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Figure 1. Comparison of optical absorbance data, A, at 340 nm and 0.0 20 4 400 300 1200
25.0 °C, of 12 umol kg~ LYSO aqueous mixture as a function of F

added amphiphile. Data are reported as surfactant to polymer ratio,

: - Figure 2. Optical absorbance, A, at 340 nm and 25.0 °C, vs the
r, for SDS (@), and LiPFN containing systems (H). 9 P

mole ratio [LIPFN/LYSO], indicated as r. The mother solution contains
_ _ ) 12 umol kg=1 LYSO.
The methods used in this work offer the opportunity to focus

onto properties peculiar to a given species; CD on protein 15 a
conformation, for instance, ad®F NMR on the surfactant. The 10
results obtained from the different experimental methods are 5

reported separately below.
Turbidity and CD. This work takes up a problem with

bearing on proteirrsurfactant interactions and more specifically [6] 10~
on fluorinated surfactantprotein interaction. The reasons why ) a
a fluorinated surfactant has been chosen arise from the need to ~ (d¢g cm”dmol™) ' ' ' ' ' '
clarify previous work! and also from the difficulty to perform
CD and NMR experiments with the more conventional SDS
surfactant. The formation of aggregates in the SDYSO 0
system may imply difficulties in the elaboration of optical
experiments. Solutions containing the latter species, in fact, are

04

-10 4

much more turbid than the LiPFN-containing ones. This is g
presumably due to a much faster aggregation, with formation ! ! ! ! ! ¢
of clusters and/or to differences in the refractive index of SDS- 04
containing systems with respect to LiPFN-containing systems.
To our knowledge, however, no such comparison has been h
reported in the literature. 10,
This is the reason why the behavior relative to the two
surfactants can be compared only in highly dilute regimes, .15
Figure 1. In both systems, turbidity increasesrfar 8 (which 190 200 210 220 230 240
is the number of positive charges in excess of lysozyme). 2, (m)

prever, in the SDSLYSO system the scattering is much. Figure 3. (a) Far-UV CD spectra of LYSO (12 umol kg-Y) in water,
higher and, unexpectedly, the nucleation and phase separationt 250 °c, reported as 6 (deg cm? dmol-1) vs 4 (nm). The same
kinetics occur over much shorter time scales. This effect can system with (b) 0.54 mmol kg~ LiPFN added, and (c) with 10.0 mmol
be due to the more significant overlapping of hydrophobic and kg™ LiPFN added. The full lines represent the experimental values;
electrostatic contributions in mixtures containing SDS. The the dotted ones were obtained by a CONTIN algorithm.
behavior reported in Figure 1 indicates some specificity in
binding and suggests that SDS has a stronger effect on thethe protein, when those in the near UV range (2820 nm)
nucleation of proteirrsurfactant complexes. This is not an easy are a probe to investigate the tertiary structure of the protein.
task to solve, since SDS and LiPFN solutions may have different The differential scattering of left and right circularly polarized
refractive indexes. light gives an important contribution to the CD spectra of
Turbidity data for the LIPFN-LYSO system are reported in ~ biomolecules, and it is expected to be significant when the
Figure 2, where three concentration regimes can be definedscattering contribution to the apparent CD is measured outside
when the protein content is kept constant. The solution turbidity the absorption bands of the protein. In the LIPANYSO
increases when the mole ratids in the 0-50 range and reaches ~ System, however, such signal is null, while it is significant in
a saturation threshold thereafter. Abave 18 (the number of ~ the SDS-LYSO system.
LYSO cationic sites) the turbidity steeply increases. Full ~ Important results concerning the changes in the secondary
saturation and constant turbidity are achieved fealues close ~ and tertiary structures of the protein upon interactions with
to 40. The turbidity remains nearly constant up to 8.0 mmol increasing amounts of the surfactant are given in Figures 3, 4
kg~! LiPFN, close to theCME8 and rapidly levels off above  and 5. Unfortunately, an analysis of CD spectra in the SDS
that value. LYSO system did not give significant information on protein
Some general trends clearly emerge from such experiments,conformation, because of the relevant solution scattéfing.
but it is not easy getting quantitative information from optical CD spectra relative to pure LYSO and to LIPFNYSO
absorbance only. CD studies in far-UV conditions (in the range mixtures are reported in Figure 3. A transition in the secondary
190-240 nm) assess quantitatively the secondary structure of structure of LYSO was inferred asvaried in the 6-50 range.CDV
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7 Far-UV CD data indicate strong correlation between the
304 "-,.“ P relative amount ofﬁ-structu_re and the aggreg_ation extent.

. Aggregation, presumably, involves the formation of folded
« % . intermediates, apt to self-associate because of a partial exposure

154 . ee® of the protein hydrophobic cof8.On this regard, it was recently

demonstrated that LYSO forms amyloidal fibrils and that a
et e structural state of the protein rich frsheet is a prerequisite
T T L A R for its aggregatior®
LRSI Further information on protein structure is obtained by CD
p% . *e in the 240-320 nm range. This is a fingerprint region, as to
30 the tertiary structure of LYSO is concerned, and gives important
. . information on the molten globule state of prote¥sSignals
*° . in the near-UV region are much weaker than in the far-Uv
¢ oo region, and use of cells with high optical length is required.
75 - The spurious contributions due to the differential scattering are
negligible forr < 18, and the spectra do not show significant

60 changes in the tertiary structure of LYSO up to this concentra-
t+redo ceten,, oo° et e o tion ratio.

431 The sharp rise in turbidity for >18 does not allow
measurement of a spectrum; measurements are possible only
; . —— . when micelle-assisted redissolution of the complexes occurs.

0 a0 40 400 300 1200 In this region the spectra are flat (Figure 5), showing a complete
r loss of the tertiary structure of the protein. In particular, the

Figure 4. The percentage of a-helix, up, -sheet, medium, and [turn signal at 280 nm, peculiar to the tertiary structure of the protein,
+ r.c.] conformations, down, of LYSO as a function of r, at 25.0 °C. disappears.
The points are accurate to +1.0%.

45

304

CD data indicate that the secondary structure of LYSO is
significantly retained, whereas the tertiary structure is irrevers-

0 - ibly lost. This behavior is typical of a molten globule conforma-
tion. The biological significance of such state is relevant in
400 4 protein translocation across membraffesince the transition

to molten globule increases the hydrophobic character of
proteins and favors their insertion into cells.

The studies reported above are essentially oriented to clarify
the interactions between LYSO and the surfactant in molecular

(6] 10
(deg cm2 clmol'l)

800 q ° form. Those in the following section, conversely, are oriented
240 260 280 300 320 to clarify the interactions between the protein and micellar
A (um) aggregates.
Figure 5. Near-UV CD spectra, reported as 6 (deg cm2 dmol-%) vs NMR. Measurement_s were p_erformed k_)y adding progressive
2 (nm) of solutions containing 12 «mol kg~ LYSO with 0.22 mmol amounts of LYSO to micellar LiPFN solutions. This procedure
kg~! LiPFN, full line, and with 10.0 mmol kg~ LiPFN, dotted line, at allows the collection of information on changes in surfactant
25.0 °C. aggregation modes, due to protein binding onto micelles. At

high LYSO/LIPFN mole ratios, the signals of most Qkits

The analysis of CD spectra was elaborated by a CONTIN overlap, and a complete resolution of the state of fluorocarbon
algorithm3# Forr = 0 the amount ofx-helix is 0.34 and that  chains is not possible and makes questionable a proper assign-
of g-sheet 0.17; the remaining is the [tutirandom coill term,  ment of the processes occurring in such mixtures, Figure 6a.
(Figure 3a). For = 45 the amount ofi-helix drops to 0.07,  Fortunately, the triplet ascribed to the terminalsGihd the
and that of theg-sheet increases to 0.41 (Figure 3b). At signal of the CE unit close to the polar head group are well
concentrations well above the CMC, for very high LIPFN  separated from the other signals. Thus, modifications in the
LYSO ratios (Figure 3c), the protein recovers its secondary behavior relative to the micelle interior and to its outer surface,
structure and is characterized by an amount-dielix close to  respectively, can be investigated. In particular, the chemical
0.34, whereas thg-sheet contribution decreases to 0.13. shifts and relaxation times relative to the outer,Qkits

In Figure 4 the relative weight of each conformation as a systematically change upon addition of LYSO, while the former
function ofr is reported. For >18, the changes in slope become do not. From the chemical shifts it is clear that the fluorine
sharper and level off when ~ 40. Addition of LiPFN, at atoms located close to the interface of the micelles are more
concentrations above the CMC, promotes fthe- o transition influenced by the presence of LYSO. This does not univocally
and LYSO conformation is again similar to the native one. The prove that LYSO binds onto the micelles, even if ionic
[turn + random caoil] fraction slightly increases in the whole conductivity and dielectric relaxation show that this hypothesis
range ofr values. The good correspondence between turbidity is reasonable. In NMR the contributions responsible for the line
(Figure 2) and the relative amount of or 5 conformation broadening are due to the rotational motions of the aggregates
(Figure 4) as a function af indicates that the aggregation in- as a whole (including bound LYSO) and to the chain motion
creases as the conformational transition takes place. The associwith respect to the binding site. In this hypothesis, the groups
ation between LYSO and LiPFN below the CMC is largely more involved in the spectral width modifications are the ones
different compared to that above it. In the latter region, in fact, closer to the protein. The behavior reported in Figure 6b and
the protein almost completely retains its secondary structure.6¢ is a clear indication that binding is related to surf%(isv
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Figure 6. (a) °F NMR spectra of a 690 umol kg~ LYSO in 63.0 : ' '
mmol kg~! LiPFN solution, at 300 K. Numbers indicate the position 0.0 100 3 .7 200
of the CF, (CF3) groups with respect to the polar head. The CF; triplet, 107 v~

on the left-hand side, is enlarged. (b) Dependence of the chemical
shift, 9, in ppm, of signals 2 (®) and 9 (W) as a function of the mole
ratio [LYSO/LIPFN], r-1, for solutions containing 31.5 mmol kg™
LiPFN, and progressive amounts of protein, at 25.0 °C. (c) T, values
(in Hz), measured at the half-height signal width, vs r~1, for the same
mixtures, at 25.0 °C. The values are relative to signals 2 (®) and 9

(m).

Figure 7. The ionic conductivity, ¥ (mS cm™1), (®) up, and, the
relative viscosity, 7reiLipen, (O) down, vs 1, in micellar solution
containing progressive amounts of LYSO, at 25.00 °C. The solvent
contains 32.0 mmol kg~! LiPFN.

the observed changes in slope occur at the same values as those
reported in the NMR section.

Dielectric Relaxation. Dielectric relaxation processes were
modulated by adding the protein to surfactant solutions, at
concentrations well above the CMC. Some spectra are reported
- ' ] . . in Figure 8. These processes are ascribed to the polarization
observed inl, values versus—? plots. It is possible that some mechanisms of counterions around charged aggregates and

terminal CF; groups are exposed to Wat‘?“ as, inde_ed, holds for change significantly when the protein binds onto micelles. The

hydrocarbon surfactants. Perhaps fluorinated chains are by far,;~ \vere fitted according to the Cel€ole equatiort? as

more rigid than hydrocarbon-based chains and exposure to water '
Ae ]

would imply a significant conformational energy contribution.
1+ (o)t~

adsorption of LYSO onto micelles. Binding is progressive and
becomes significant for large concentrations of protein. It can
be inferred, for instance, by the significant changes in slope

1)

The changes in slope observed in the signal due to theuGiF
close to the polar head group occur at the same ratios observed
in conductivity and viscosity results. wherej is +/—1, Ae the dielectric increment with respect to the
Transport Properties. In the micellar regime the concentra-  high-frequency values., 7 the relaxation timep the measuring
tion of LYSO—LIPFN complex(es) was modulated by adding angular frequency, and an empirical parameter related to the
the protein. Some changes in transport properties are observedspreading of relaxation times. The:, o, andf, (f = 1/277)
Figure 7. The hydrodynamic volume of the LYS@icelle values obtained by eq 1 are reported in Table 1, and the
complexes increases in proportion to protein content, up to relaxation timest, are drawn in Figure 9 as a function 1of%.
saturation, with formation, presumably, of anisometric ag- The figure shows a change in slope at the same valueof
gregates. When added protein binds onto micelles, lithium ions obtained by the other techniques. The data indicate that protein
are partly replaced by LYSO and released, with consequentbinding has occurred. Below the inflection point in Figure 9 no
increase in the overall ionic mobility of the system. The changes occurrence of more relaxation processes is observed, and the
in slope in Figure 7 are reasonably ascribed to the completion presence of dynamic modes due to the free protein (at frequences
of protein binding onto micelles. It is worth mentioning that close to 9 MHz) is negligible. CDV

€(w) =em+’
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Figure 8. Dielectric relaxation spectra in LYSO-containing LIPFN 32.0
mmol kg~! micellar solutions, at 25.0 °C, reported as €' vs f(Hz) plots.
Data refer to the following [LYSO/LIPFN] mole ratios: 3.0 x 1073
(middle gray), 7.5 x 10723 (light gray), and 1.9 x 10-2 (black) r2. In
the inset the plots of ¢4 vs f (Hz) are reported. At high frequencies,
the relaxing polarization modes due to the solvent can be observed.

Table 1. The [LYS/LiPFN] Mole Ratio, r-1, the Dielectric
Increment, Ae, the Relaxation Frequency, f, and the oo Parameter
ineq 1, at 25.0 °C?

10; rt Ae f, (MHz) o
0.0 127409 250 + 20 0.35 + 0.04
15 123406 193 + 18 0.33 + 0.03
3.0 12.4+0.8 138 + 13 0.36 + 0.04
4.2 126+ 06 112 + 12 0.36 + 0.04
6.0 122+ 0.6 81+8 0.34 + 0.04
75 115+ 0.6 5245 0.38 £ 0.04
11.3 125+ 0.6 32+3 0.37 + 0.04
15.0 11.9+ 06 27+ 3 0.30 £ 0.04
18.9 11.0+05 23+2 0.26 + 0.04
225 111407 17 +2 0.41 + 0.05
26.4 11.3+0.9 14 +2 0.36 + 0.106
30.0 9.9+05 12+1 0.26 £ 0.04
37.5 9.1+ 08 1242 0.28 £ 0.06

a2 The mother solution contains 32.0 mmol kg~! of surfactant.

107
8 . -
10 - .
T (9) .
9 L]
104, "
-10
10 . . :
0.0 10.0 200 300 400
103r!

Figure 9. Dependence of the dielectric relaxation time, 7 (s), in
logarithmic scale, on r1, at 25.0 °C. The mother LiPFN solution
contains 32.0 mmol kg~?! of surfactant.
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and, independently, by Pott& The former introduced a model
for the polarization of counterions and extended it to particles
of arbitrary charge. Pottel, conversely, developed the empirical
spectral functions, to get information on the degree of dissocia-
tion, the effective size of the aggregates, and the mobility of
counter-ions not firmly bound.

The dielectric relaxation times in Figure 9 were related to
the aggregate size, according to the following relaffon,

= [% @

whereD?|; is the limiting self-diffusion coefficient of lithium
ions in water andR is the radius of the PS complexes (including
the thickness of the double layer). The average radius of the
complex can be evaluated, assumDy; in eq 2 to be 1.3x

10° m? s~1.43 variations inz (and inR) values are significant
above and below the change in slope in Figure 9. Above that
limit, the mixtures contain, presumably, proteimicelle com-
plexes, small amounts of free micelles, and free LYSO. In these
systems molecular surfactant species and lithium ions do also
occur, but they are not responsible for any dielectric relaxation
process.

From a purely phenomenological viewpoint, the results
indicate that the average radius of the LY-SOPFNp;c
complexes, evaluated by eq 2, is about three times that of free
micelles. The charge density of the complex is also quite
different with respect to the mother species (free protein and
free micelles), and the double layer thickness changes accord-
ingly. This behavior is reflected by the decrease\invalues.

The dielectric results can be modeled in terms of equivalent
charged spheres. If such a hypothesis holds, LYSO interacts
with about 100 fluorinated ions (corresponding to four spherical
micelles, if their aggregation numbers do not change). Similar
conclusions on the stoichiometry are inferred by transport and
NMR methods, indicating significant changes in slope of the
corresponding properties at the same mole ratios. Modeling the
dielectric response of all objects (protein, micelles, and com-
plexes) in terms of charged spheres, indicates that the complexes
have lower charge density compared to the starting species.
Close to the inflection point in Figure 9 the data elaboration by
eq 2 indicates that the radius of the complex(es) is about 5 nm,
including the double layer thickness. This value is reasonable
if compared to the hydrodynamic radius of micelles and LYSO
(about 2 nm each).

In the region where LYS©micelle complexes exist, the
following conclusions can be drawn. The amount of protein in
excess is not consistent with the dielectric relaxation amplitude
expected for the free protein. Presumably, LYSO is still involved
in binding onto micelles, although at a reduced rate, because
of the high steric hindrance toward further binding stages. In
other words, LYSO finds difficulties in binding onto partially
neutralized micelles, with subsequent effects on the dynamics
of the process.

Conclusions

Information inferred from different experimental methods,

The dielectric behavior can be rationalized in terms of chosen to account for the behavior of the protein (CD), of the
modifications in the micelle surface charge density, due to surfactant{®F NMR), and the collective properties of LYSO

interactions with LYSO. This is reflected in significant modi-

LiPFN complexes (dielectric relaxation), were discussed. As a

fications in the double layer thickness around micelles and can consequence of proteirsurfactant interaction, a quite complex

be quantified in terms of the models reported by Grtfs8e

behavior has been observed. CDV
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As the relative amounts ef andf conformations show, the
protein retains its native structure for low LIPFN/LYSO mole
ratios. Once binding onto LYSO starts to occur and the
surfactant concentration increases, the amouataainformation
drops and, in the same time, the tertiary structure is lost. It will
never be recovered, whereas the amount-belix conformation
increases again, after the redissolution of the precipitate by
LiPFN micelles. The above behavior is concomitant with an
increase in the size of the micellar aggregates. According to
both dielectric relaxation and®= NMR, a surface binding
process occurs.

Surfactant-surfactant interactions, responsible for the stability
of micelles, are more significant in fluorocarbons than in
hydrocarbon surfactants. Fluorocarbon chains are quite bulky
and, presumably, do not enter into the hydrophobic pockets of
the protein. More presumably, binding is essentially due to the
interactions between the charged groups facing outward from
the protein and the surfactant ions or micelles (depending on
concentration). Saturation of the binding sites favors protein
denaturation and increases its hydrophobic charabtér.

In vivo, protein aggregation occurs in a wide range of
experimental conditions, some of which are similar to those
observed in low concentration proteisurfactant systems. In
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106, 5578.
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Phys. Chem. B998 102, 10248.
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(18) Shinoda, K.; Nomura, T. Phys. Cheml98Q 84, 365.
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some cases, the aggregation leads to a perturbation of the (22) Roversi, M.; La Mesa, CJ. Colloid Interface Sci.2005 284,

biological functions, with serious physiological consequences,
as in the formation of cataracts in the eye lenses or in amyloidal
fibrils, associated with Alzheimer and other neurological
diseasedé4’

Conversely, the binding of LYSO to micelles mimics the
conformational changes, with changes in the tertiary structure,
occurring when proteins are inserted into the double layers of
biological membranes. It should be interesting to clarify whether

the same behavior occurs when natural and/or synthetic vesicles

replace micelles.
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