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Abstract

Mixed micelles of |,2-diheptanoydn-grycero-3-phosphocholine (DHPC) with ionic detergents were prepared to develop well
characterized substrates for the study of lipolytic enzymes. The aggregates that formed on mixing DHPC with the anionic
surfactant sodium dodecyl sulfate (SDS) and with the positively charged dodecyl trimethylammonium bromide (DTAB) were
investigated using time-resolved fluorescence quenching (TRFQ) to determine the aggregation numbers and bimolecular collision
rates, and electron spin resonance (ESR) to measure the hydration index and microviscosity of the micelles at the micelle—water
interface. Mixed micelles between the phospholipid and each of the detergents formed in all compositions, yielding interfaces
with varying charge, hydration, and microviscosity. Both series of micelles were found to be globular up to 0.7 mole fraction of
DHPC, while the aggregation numbers varied within the same concentration range of the components less than 15%. Addition
of the zwitterionic phospholipid component increased the degree of counterion dissociation as measured by the quenching of the
fluorescence of pyrene by the bromide ions bound to DHPC/DTAB micelles, showing that at 0.6 mole fraction of DHPC 80% of
the bromide ions are dissociated from the micelles. The interface water concentration decreased significantly on addition of DHPC
to each detergent. For combined phospholipid and detergent concentration of 50 mM the interface water concentration decreased,
as measured by ESR of the spin-probes, from 38.5 M/L of interface volume in SDS alone to 9 M/L when the phospholipid was
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present at 0.7 mole fraction. Similar addition of DHPC to DTAB decreased the interfacial water concentration from 27 M/L to
11 M/L. Determination of the physicochemical parameters of the phospholipid containing mixed micelles here presented are
likely to provide important insight into the design of assay systems for kinetic studies of phospholipid metabolizing enzymes.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction In the present article we report the physicochem-
ical characterization of a series of short-chain phos-
Phosphatidylcholines with two short fatty acyl pholipid containing mixed micelles, including dihep-
chains of four to eight carbons each readily form mi- tanoyl phosphatidylcholine in conjunction with sodium
celles in aqueous solution$gusk et al., 1974 They dodecyl sulfate (SDS), and the same phospholipid in
have been widely used as model substrates for the mixed micelles with dodecyl trimethylammonium bro-
study of lipolytic enzymesRoberts, 1991; EI-Sayed mide (DTAB), designed to determine the relationship
and Roberts, 1985; El-Sayed et al., 1985; Boegeman between the properties and composition of these aggre-
et al., 2004 as well as for studies of model mem- gates. The anionic surfactant (SDS) has been selected to
branes, including the extraction and reconstitution of provide a simple model for the more complicated, neg-
membrane-bound protein&dssi et al., 1994; Burns  atively charged bile-salt containing micellar aggregates
and Roberts, 1980 Phospholipid containing mixed of phospholipids that serve as substrates of secretory
micelles and vesicles have been widely used as sub-phospholipase Aenzymes Roberts, 1991; El-Sayed
strates for measuring the activities of lipid metabo- and Roberts, 19§5while the cationic series including
lizing enzymes Boegeman et al., 2004; Cajal et al., the DTAB-based mixed micelles are used as reference
2000; Edwards et al., 2002; Gadd and Biltonen, 2000 to obtain a more complete picture of the effect of the
Usually, in these assay systems the phospholipid-to- charge on the properties of the micellar aggregates.
surfactant ratio is varied empirically in order to ob- The short chain lecithin micelles have been stud-
tain surface dilution of the phospholipid component, ied for their critical micelle concentrations (cmc), size,
so as to achieve the necessary curve-fitting for in- shape, and structure, by NMmB{rns and Roberts,
terfacial kinetics El-Sayed et al., 1985; Cajal et al., 1980, Raman spectroscopByrns et al., 198p quasi-
2000, without being able to take into account the elasticlight scatteringgurns etal., 198Band small an-
structure and properties of the micelle lipid—water in- gle neutron scatteringiin etal., 1986; Linetal., 1997
terface. Specifically, phospholipases have been shownMixed micelles of ionic/non-ionic or ionic/zwitterionic
to exhibit several orders of magnitude higher activity surfactants yield interfaces of varying charge, hydra-
toward aggregated substrates versus molecularly dis-tion, and microviscosity, depending on composition.
persed phospholipids in solutioRietersonetal., 1974;  When well-characterized, they can provide a controlled
Brzozowski et al., 1991 While the observed catalytic  medium for bio-chemical assays and investigating in-
rate enhancements have been attributed to favorableterfacial phenomena. In the past few years we have
properties of the lipid—water interface (e.g. state of applied the techniques of time-resolved fluorescence
hydration, fluidity, interface charge, surface curvature, quenching (TRFQ), electron spinresonance (ESR), and
conformation of the lipid in the micelle and the micelle- small angle neutron scattering (SANS) to the charac-
bound enzymeTatulian, 200}, the properties of the terization of micelles and the micelle/water interface
interface remain to be elucidated. Thus, despite the (Griffiths etal., 2004; Bales etal., 2001; Ranganathan et
fundamental importance and widespread application of al., 2001; Bales and Zana, 2Q0Zhis characterization
micelle aggregates in biochemistry, relatively little in- has been framed in the core-shell model, essentially the
formation is available at the present on the structure classical model originally proposed biartley (1936)
and dynamics of these assemblies pertaining to phos-The claim was already made twenty years agalle
pholipase enzyme kinetics. and Carlstbm, 198) that “the overwhelming majority
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of experimental and theoretical studies have confirmed Aldrich) for DHPC/SDS micelles and cetylpyridinium
the classical picture”. We consider the basic model to chloride (GgPC; SIGMA) for DHPC/DTAB micelles.

be sound and, in recent work, have proceeded to seek16-Doxyl stearic acid methyl ester (16DSE; Sigma-
more physico-chemical details of the core-shell model. Aldrich) was used as the spin probe. All materi-
The core is the oil-like fluid region of the hydrocarbon als were used as received. Nanopure water from
tails. The shell referred to also as the polar shell, is the Sybron/Barnstead Nanopure Il was used as the sol-
micelle/water interface where the enzyme is active. Itis vent. The total molar surfactant concentration ([Deter-
worth pointing out that the interface volume of a glob- gent]+[DHPC]) in all samples studied was 0.050 M. In
ular micelle is larger than the core volume. The work the samples for TRFQ experiments, the pyrene concen-
reported to dateRanganathan et al., 2001; Bales and tration was kept at about 0.01 of the total micelle con-
Zana, 2002involved well studied surfactants affording  centration and the quencher concentration was roughly
the opportunity to verify that the new results were in 1.5 per micelle Ranganathan et al., 2000'he spin-
accord with literature results and also provided more in- probe concentration in the samples for ESR measure-
sight into the micelle structure. In effect, we have been ments was about 0.25 mM. Measurements were con-
testing the model at the same time we further charac- ducted on various mixtures of SDS and DHPC and
terized those surfactants. In this work, we begin a more DTAB and DHPC.

ambitious program of studying more complicated sys-

tems. Here we investigated two mixed micelle systems 2.1. TRFQ

of the phospholipid, DHPC, with: (i) sodium dodecyl

sulfate and (ii) dodecyl trimethyl ammonium bromide.
The aggregation numbers of DHPC/SDS and
DHPC/DTAB micelles and bimolecular collision rates
between additive molecules in micelles of various com-
positions are determined by TRFQ methods. The vol-

The fluorescence decay curves of pyrene were ob-
tained using an FL900 lifetime measurement spectrom-
eter of Edinburgh Analytical Instruments (EAI). The
decay curves were corrected for instrument response.
In all aqueous solutions, the dissolved oxygen in wa-

ume fraction of the polar shell occupied by water and ter quenches pyrene. In micelles with DTAB the decay
the microviscosity of the micelle/water interface are rate is further enhanced due to quenching of pyrene
measured by ESR of spin-probes included in the mi- fluorescence by the bound bromide ions residing in the

celles. The data from the two techniques complement polar shell. We exploit this fact to study the concen-

each other, giving a consistent description of the polar
shell.

2. Materials and methods

The detergents SDS and DTAB were obtained from
SIGMA. The lipid, DHPC (seescheme }, was ob-
tained from Avanti Polar Lipids as a lyophilized pow-
der.

TRFQ measurements were carried out with pyrene

tration of micelle bound Br counterions as a function

of DHPC molar compositionXpypc. In order to in-
crease the precision of this study, the oxygen was re-
moved using four freeze—pump-thaw cycles followed
by a back filling with argon. The dissolved oxygen does
not pose a problem in DHPC/SDS solutions. This was
confirmed by conducting TRFQ on a degassed SDS so-
lution with [SDS]=0.050 M. The pyrene fluorescence
lifetime was measured to be 360 ns and the aggregation
number derived for the degassed sample was 64, the
same as thatinthe sample before degassing. The pyrene

(Aldrich) as the fluorescence probe. The quenchers lifetime in DHPC/SDS micelles is typically 180 ns and

used were 3-4 dimethyl benzophenone (DMBP;
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Scheme 1.

excellent fits to a micellar quenching decay model are
observed. For the determination of aggregation num-
bers and quenching rates, the corrected curves were
fitted to the Infelta—Tachiya moddh{elta et al., 1974;
Tachiya, 1975; Gehlen and De Schryver, 1998sng

the Level 2 analysis software of EAI. The details of the
experimental set-up and the procedure for recovering
the aggregation numbers are described in our previous
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publication Ranganathan et al., 200 he fits return whereVshey is the volume of the polar shell angy is
the values of the average number of quenchers per mi-the volume occupied by the water in the shell, 83§
celle,Az, and the quenching ratky. In the absence of  is the volume in the polar shell inaccessible to water.
guencher migration between micelles within the life- Inthe simple continuum model that has thus far proved
time of the excited probe, the aggregation numNeis successfulBales etal., 2001; Ranganathan etal., 2001;
given by the relationGehlen and De Schryver, 1993b  Bales and Zana, 2002; Bales et al., 2000a, 2000b; Bales
etal., 1998; Ranganathan et al., 208y, is the sum
N = [surfactant]- [free monomer] 5 ) of the volumes of the headgroups, the counterions, and
(2] ’ any hydrocarbons from the alkyl chains of the surfac-
where [surfactant] is the total surfactant concentration, t@nts that occupy the sheiR@nganathan et al., 2001
which is 0.05M in all the samples, [free monomer]is _ ESR spectra were taken at X-band using a Bruker
the concentration of monomers not in the micelle phase ESP 300 E spectrometer equipped with a Bruker vari-
and [Q] is the concentration of quenchers (DMBP or able temperatu_re unl't (Model B-VT-2000). The det{;uIs
C16PC) in solution. The measurements were carried of sa}mple configuration for ESR have been described
out at 30°C. The calculated free monomer concentra- Previously Bales etal., 1998 The temperature of the
tions are 4.6 mM in pure 0.050-M SDS solutions and S&mple was measured with an Omega temperature in-
12.3mM in pure 0.050-M DTABQuina et al., 1995; dicator (mpdgl DP41-TC-S2) and was kept constant
Ranganathan et al., 1998 he cmc of the mixed sys- at 30°C within £0.1°C. Three ESR spectra were ac-

tems at various compositions were measured from the duired for each sample. Fittings of the experimental
ratio of the fluorescence intensities of the first to the ESRlinéstoalorentzian-Gaussian sum function were

third emission peak of pyrenés{ongo et al., 2005 performed using the program LOWFIT. This yields the
Zana, 1987: Kalyanasundaram and Thomas, L% position of the resonance fields of the three ESR lines
the mixed systems we take the free monomer con- with a precision of a few milligauss, and also separates
centration to be the cmc. The eme values are low for the Lorentzian and Gaussian contributions of the spin
ionic/zwitterionic micelles compared to the total de- label ESR Iln_es.T_he SpaCIrlg+_, betyveenthe Iqw-ﬂeld
tergent concentration of 0.050 N5{ongo et al., 2005 and central lines in the ESR is a linear function of the
and the uncertainty iN that results from setting [free  hydration index as follows Bales et al., 1998

monomer]=cmc is within the experimental error of
+5%. A+ (H) = 14210+ 1.552H. (3)

2.2. ESR Thus, values oH can be found from the nitrogen hy-
perfine coupling constai.. The calibration curve was
dderived from measurements on water/methanol mix-
tures at 25C. The intrinsic variation ofA. is only
about 5mG over the range 25-45 and Eq.(3) may
be used for this rang®gles et al., 2000a, 200p he
spectral fitting and the stability of the magnetic field
gives high precision i\, and hence inH.

In addition toH, the ESR linewidths yield the ro-
tational correlation timesc and tg of the nitroxide
group Bales et al., 1993; Bales and Stenland, 1993
These times are a measure of the rates of rotational mo-
tion of the nitroxide group%chreier et al., 19738nd
depend on the viscosity of its environment referred to
here as the microviscosity of the polar sh&&{es and
Stenland, 1993; Debye, 1929 he rotational correla-
H— Yw _ Vshell — Vdfy, ) tion times derived from the spectra refer to the rotation

Vshell Vshell of the nitroxide group in the laboratory frame and this

The polarity sensed by a spin-probe can be detecte
by measuring its ESR spectrum. The polarity is defined
by a hydration index;1, which is the volume fraction of
OH dipoles in the spin-probe neighborho@fiffith et
al., 1974; Mukerjee, 19§4Due to their polarity, spin
probes are believed to be localized in the micelle/water
interface, and sense the water associated with the mi-
celle surface. In other wordsl, gives a measure of the
micelle hydration Bales et al., 2000a, 200pdn the
core-shell picture (polar shell model) of a micelle, the
interface is a shell of headgroups, water, and counte-
rions. Therefore, in the particular case of micellds,
is defined by the volume fraction of water in the polar
shell of the micelle, that is
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includes both the effects of the rotation of the nitrox- 104 e T T T T T
ide group itself and the rotation of the micelle as a 3
whole. The microviscosity is calculated from the mean £ 103 b
rotational correlation timery, defined as1ctg)?, S
after correcting for micelle rotation B@les and g 102 |
Stenland, 1998 using the Debye-Stokes-Einstein 3
equation Debye, 1929; Dote et al., 1981 E o -

47'mR3 = =
Im = W’ (4) 0L ca e vl e e gl a g poa L i
wheren is the microviscosity of the spin label neigh- i
borhoodRis the hydrodynamic radius ofthe spinlabel  E [ ~ ' "' 17 "7 ' e
(=3.75A for 16-DSE) Bales and Stenland, 1993; Bales = nﬂ LM W i '“ L” ﬂ,{
et al., 1998, kis the Boltzmann constant ardis the % E q f
sample temperature. ‘“_4:---I---I---I---I---

0 200 400 600 800 1000
time (ns)
3. Results Fig. 1. Fluorescence quenching of pyrene in DHPC/SDS micelles
with Xpypc=0.7 due to DMBP quenchers present at an average con-

3.1. Time-resolved fluorescence quenching centration of 1.1 quencher per micelle. The upper graph shows the

data (dots) and fit to the Infelta—Tachiya model for micellar quench-

. ing and the lower graph is the residuals of the fit.
Excellent fits of the pyrene fluorescence decay to 9 grap

the Infelta—Tachiya micellar quenching modekhlen
and De Schryver, 1993avere observed in mixed mi-
celles of DHPC and SDS foKpppc<0.7 and for
XpHpc < 0.5 for DHPC/DTAB. Pure DHPC micelles
are known to form large cylindrical micelles of aggre- 3.-3. Quenching rates

gation number >250 (at concentrations of 25 mM and

above) at 30C with a high degree of polydispersity in The diffusion controlled quenching ratey, varies
the micelle sizel(in et al., 1987. The conditions for ~ With micelle composition as illustrated iig. 3 These
the applicability of the Infelta—Tachiya modehfelta rates decrease slightly at low values@hpc=0-0.2,

for DHPC/SDS. The overall variation is less than
15%.

et al., 1974; Gehlen and De Schryver, 1998ami- where the micelles grow. This decrease is ex-
cellar quenching are not met for DHPC and perhaps
for DHPC rich micelles as well. The decay dataand fit _ 75 — — ‘ !
are shown irFig. 1 for DHPC/SDS forXpypc=0.7, % 7:1; B g ]
the highest DHPC molar concentration for which an £ = ° u ]
Infelta—Tachiya fit could be obtained. Our TRFQ anal- > 65 - PY u =
yses for aggregation numbers and quenching rates are ¢ o F ® | 3
restricted to samples witkpppc < 0.7 for DHPC/SDS '50 f l ° ’:
andXpypc < 0.5 for DHPC/DTAB. E‘c_’u 55E o -
i éﬂ ‘SHE 1 | i | o .I 1 E
3.2. Aggregation numbers ; 0 0.2 0.4 0.6 0.8
Xpipc

The aggregation numbers according to El.are
shown inFig. 2for DHPC/SDS and DHPC/DTAB mi- Fig. 2. Aggregation numbers of mixed micelles of DHPC/S@8 (

N ", . - and DHPC/DTAB, B) atT=30°C vs.Xpnpc, the molar fraction of
celles at different compositions. There is a rapid rise DHPC in solution, measured by TRFQ methods, with pyrene probes

in the value ofN at low values ofXprpc and then 4,4 pMBP quenchers for DHPC/SDS angC for DHPC/DTAB.
a slower decrease to a minimum ne&sqpc=0.5 The errors ifN are<+5%.
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shortestTg is 180 ns for pure DTABTg increases as
the DHPC composition increases and reaches a value
of 390 ns in DHPC. The charge of the mixed micelle
is calculated as followsZ@na et al., 1991 The cal-
culation requires the values of the pyrene fluorescence
lifetimes under different condition3jy in the degassed

{0V O O ) T s T O

Quenching rate, kq (107ns°1)
=%

@ - .
4 : ot (no oxygen) sample, anflhpypc when there is nei-
E B = = ther oxygen nor bromide quenching, afghtag in de-
2 LTI S IUCLE AL o E L LT gassed DTAB. Pyrene fluorescence decay in degassed
XpHpe pure DHPC micelles give$oppHc and was measured

to be 390 ns. These times are related to the concentra-
Fig. 3. The fluorescence quenching ratg, in mixed micelles of tions of micelle bound bromide ions ([ﬁirc]) because
DHPC/SDS @) and DHPC/DTAB W) atT=30"C vs.Xpuec, the  the flyorescence from the micelle solubilized pyrene

molar fraction of DHPC in solution, measured by TRFQ methods, . hed b h iated with th icell
with pyrene probes and DMBP quenchers for DHPC/SDS ag&C IS quenched by quenchers associated wi € micelle.

for DHPC/DTAB. The relations between the lifetimes and bound bromide
concentrations are expressed by the rate equations,
pected due to the larger volume through which the 1 1
pyrene-quencher pair must diffuse in order to collide — = kqolBr ;] , (5)
. T T mic!DTAB
(Ranganathan et al., 200#bove XpHpc=0.1,kq in- 0DTAB 0DHPC
creases rather substantially in DHPC/SDS whileitcon- 1 1 ko[BI ] ®)
tinues to decrease slightly in DHPC/DTAB. To  Topupe 000 mic
3.4. Charge of DHPC/DTAB micelles wherekqo is the quenching rate constant for quenching

of pyrene fluorescence by bromide and is the same for
The micelle bound bromide ions quench pyrene flu- all samples. Any difference ikyo between samples of
orescence. In the absence of any other quenchers, dlifferentcompositions due to microviscosity is not sig-
single exponential decay of pyrene fluorescence decaynificant because of minor variation with composition
with lifetime Ty is observed, as shown Fig. 4 The in this property Eig. 7). Dividing Eg. (6) by Eq. (5),
gives

10* L [ S o o i ) e e | [Brr;ic _ (1/To) — (1/ TopHpPQ)
Broidoras  (1/TootaB) — (1/ TopHrc)

()

T TTTTIm

Lo

2
c
g1000 3 = For the determination of micelle charge, the relevant
8 F 3 property is the counterion dissociation facter,de-
3 - . fined as the fraction of the total bromide ions present
§ 100 3 in solution (=[DTAB]) that is dissociated. Thus,
2 E 3
il 7 [Br%ic [Br;ic
- loy = Isgo — lwohol e ]15|00] = I20|00 1=a= [Br-]  [DTAB]’ ®)
time (ns)

The quantity [DTAB] is the concentration of the total
Fig. 4. Fluorescence decay of pyrene in micelles of DTAB (lower DTAB in the m'_Ce”e splutlon and is the d'SSOC_'at'on
curve), in a 50-50 molar ratio of DTAB to DHPC (middle curve)  factor of the mixed micelle. For pure DTAB micelles,
and in DHPC (upper curve) in the absence of any added quenchers.o = (.25 Ba|es and Zana, 209)2Theref0re, the mi-

The longest lifetime is in DHPC micelles and the shortest in DTAB celle bound bromide concentration in pure DTAB only
micelles. Diffusion controlled quenching of pyrene fluorescence by . .

the micelle bound bromide ions causes the lifetime of pyrene to micelles from Eq(S) IS,
decrease as the bromide concentration in the interface increases du

to mixing of DTAB with DHPC. E[Br;ic]DTAB = 0.75[DTAB] = 0.75 x 0.05. ©)
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In the second equality, [DTAB] is set equal to 0.05 M,
the concentration, before mixing DHPC, used in this
investigation. Using Eq9) in Eq. (7) gives
_ (1/To) — (1/ TopHrc)
[Brmicl =
(1/ Tootas) — (1/ TobHrc)

II[[[II[?TII'II]TIT‘]]i 1
55 M A
A

A 0.8

0.75 x 0.05.
(10)

(X10%s™)
I~
[4,]

| 0.6

'|/T0
©
n

AA‘. 0.4

The counterion dissociation factaz, in mixed mi- "
|

celles, using Eq(10)in Eq.(8) is n
25 PN O o 8 i
0.05  (1/To) — (1/ TopHpd b2 04 ©8B 08 T O°

=1—-0.75 a
« DTAB] 1/ Toowe) — 0/ Toowed) | & Xohec
11

25 e SR I ey

of»

For the mixed micelle concentration and compositions
investigated in this work, [DTAB] in Eq(11) varies
from O (in the case of pure DHPC) to 0.050 M (pure
DTAB). Values of 1Ty (left-hand ordinate) and that of

o for mixed micelles (right-hand ordinate) are graphed
in Fig. 5a. The charge of a DHPC/DTAB micelle is
given by the number of dodecyl trimethyl ammonium
monomersNpTa, in the micelle and:. For surfactant
concentrations well above the cmc, where the micelle
composition may be taken to be the same as the solution ®)
composition Bales et al., 2001 the micelle charge of

20

15

micelle charge/e

—_
o

A S S O O N L 0 [ [ L
0 0.2 0.4 0.6 0.8

XpHPe

.,
OrTTTT
n

o ey peliepgeg Lpgepg ol pp003

Fig. 5. (a) Pyrene fluorescence decay rate$=aB0°C (I/Tp: left

DHPC/DTAB micelles is side ordinateM) decreases as the zwitterionic DHPC component
. increases due to the release of bromide ions from the interface in
micelle charge= ea Npta = eaN(1 — XpHpc) mixed micelles. The counterion dissociation faatd(right side or-
(12) dinate) calculated according to Ed.1) increases with DHPC. (b)

Variation of the charge of mixed micelles of DHPC and DTAB with

h N is th ixed micell ti b molar fraction of DHPC, calculated from E({.2) using the counte-
where N 1s the mixed micelle aggregaton number rion dissociation factory (a) and the measured aggregation numbers

ande is the electronic charge. The surface charge of (rig. 2.
DHPC/DTAB micelles varies as shown ig. 5b.

£ _ 40
07 :_l ‘I T T ‘ T T T | LI | T T T E B e | | I:
3.5. Hydration index w o F ® EL .
o 06 F J3 T
EoskE e ], ©
The hydration index variation with composition, é CEW g ° 42 5
sensed by 16DSE, derived from ESR spectra for the % % F u 322
full range of composition is shown by the left hand or- 2. 0 B s " L =
dinate inFig. 6. In the use of DHPC mixed micelles as 02¢ sy v J10 °
substrates for lipid hydrolysis, a relevant property isthe 0.1 Ex é' L 1012' T 'ojsl L lid s

interface water concentration, {®micells] (Gadd and X

Biltonen, 2000; Rao and Damodaran, 2D0the right- DHPC

hand ordinate shows the water concentration inthe po- g g, e hydration index of mixed micelles of DHPC/SD#
lar shell in concentration units ML and is computed  and DHPC/DTAB W) at T=30°C vs.Xphpc, the molar fraction of

as follows: DHPC in solution, measured by ESR in terms of the volume fraction
H of the interface occupied by water (left side axis). The interface water
[H2Omicelled] = (13) concentration in units of moles per liter of interface volume (right

30x 10%'Ng’ side axis).
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B e S e S the sum of the volumes occupied by headgroups, coun-
@ E 3 terions, water and some hydrocarb&a(iganathan et
T E ° ¢ ] al., 2001; Bales and Zana, 2Q0Zhe polar shell model
> %8 = = clearly shows that a continuous decrease of hydration
g 6F o B & o index accompanying growth is an indication that mi-
2 55E - H celles remain globular. The polar shell view also helps
5 F L ] g n = us understand why the hydration remains constant after
E s & : - 3 SDS micelles transform into cylinders. When the aque-
. JATINE N AT Y Nt MuTRaor ous sodium ion concentration increases beyond 0.4 M,
? 02 O";( L 0B 1 micelles start to grow rapidly artd reaches a constant
DHPC value Bales et al., 1998 The transformation from a
Fig. 7. Dependence of the microviscosity of the polar shell of mixed slow grOWth.’ decregsmlg toa rapld growth, ConStan.t
micelles DHPC/SDS®) and DHPC/DTAB M) at T=30°C vs. H was consistent with a change in shape from spherical
XoHpe, the molar fraction of DHPC in solution. The microviscosity  tO cylindrical micellesRanganathan etal., 2001; Bales
was determined from the rotational correlation time (@) of the et al., 2000 When the constraint of a spherical shape
spin-probe, 16-DSE. is removed, micelles can grow rapidly lengthwise, with
a constantV/¢, wheret is the length of the cylinder.
where the molecular volume of water is 30021 If the radius,r, of the cylinder and hence the surface

andNp is Avogadro’s numbeFig. 6shows the variation  area per headgroup, given by(2r¢), are constant as

in the interface concentration of water as the phOSphO- well then the number of water molecules per headgroup
lipid replaces the ionic component in the micelles. il be constant. This results in a hydration index that
is constant in the cylindrical growth region as observed
for pure SDS micelles. The changes in the hydration
index and aggregation number can be interpreted to-
gether for the present system of mixed micelles as well
using the polar shell view as discussed below.

3.6. Microviscosity

The microviscosity data are presentedFig. 7. Af-
ter a minor increase witbKpypc up to Xpppc="0.3,
the microviscosity decreases to values near that in pure

micelles. 4.2. Aggregation numbeF(g. 2)

The limited variation of about 15% in the aggre-
gation number with composition for SDS/DHPC and
DTAB/DHPC micelles and the continuous decrease in
H are indicative that the mixed micelles remain glob-
ular at compositions oKpypc < 0.7. Cylindrical mi-
celles generally tend to grow rapidly in size along the
length Ranganathan et al., 200Fluorescence decay
due to quenching in cylindrical or disc-like micelles do
not give reasonable fits to the Infelta modeanson-
Vethamuthu et al., 1996

4. Discussion

4.1. Polar shell model

In studies of surfactant and salt induced growth of
several ionic micelles, the hydration index is found to
decrease linearly with increasing aggregation number
up until a certain aggregation number depending on the
type of surfactantfales et al., 1998 The observed de-
crease and linearity are consistent with the polar shell
model calculations for a spherical geometry. The num- 4.3. Hydration indexFig. 6)
ber of water molecules per headgroup decreases as the
aggregation number increases suggesting thatthe water The bromide ion and the DTAheadgroup being
associated with the micelle is displaced as the growing larger displace more water from the polar shell than
numbers of headgroups are accommodaRales et the smaller sodium ion and the sulfate headgroup of
al., 1998. The hydration index and aggregation num- SDS. This could result in the hydration index of pure
ber are thus related properties. For definite globular DTAB being less than that of pure SDS while the ag-
shapes of spheroids or ellipsoids, the relation may be gregation number remains the same. Displacement of
calculated by taking the polar shell volunvge, to be water in order to accommodate the larger DHPC head-
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groups may account for the drop in H upon addition of
DHPC to either ionic micelle. Furthermore, inclusion
of non-ionic or zwitterionic components into ionic mi-
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the micelle surface charge density changes because of
the zwitterionic nature of the DHPC headgroup. The
observed increase in the fluorescence lifetime of pyrene

celles is expected to reduce the surface charge densitywith Xpnpc implies that the bromide concentration in

and hence the concentration of micelle bound coun-

terions Moya and Schulz, 1999; Hayter, 1992Vith

the interface decreases. The counterion dissociation
constant,«, estimated fromTlp (Eq. (11)) show that

a decreased concentration of bound counterions theremore than about 80% of the counterions are dissoci-

is no more of the required counterion-bound hydra-
tion water andH continues to decrease. As may be
noted fromFig. 5a for DHPC/DTAB, the counterion
dissociation factor increases wiXpypc. The hydra-

tion index values are the same for the DHPC/SDS and

the DTAB/DHPC micelles wheXpppc>0.5. The de-

ated in DHPC/DTAB micelles wheXpnpc>0.6.

4.5. Microviscosityig. 7)

No significant variation is found in microviscos-
ity. The variation is less than a factor of two. How-

crease in the hydration index or the interface water con- eyer it is remarkable that this small variation can

centration upon mixing DHPC into the ionic micelles
is quite significant.

The TRFQ data foXpppc> 0.7 could not be suit-
ably fit to the Infelta ModelXpypc=0.7 is also the
composition at whicld changes behavior from contin-
uously decreasing to slightly increasing. Formation of
large cylindrical polydisperse micelles could account
for the changes in the growth and hydration pattern.
In large cylindrical micelles, the probe-quencher en-
counter probability within the excited state lifetime
of the probe is lowered because of the large avail-
able volume for diffusionAlmgren, 1991; Swanson-
Vethamuthu et al., 1996Polydisperse micelles lead
to a distribution irky. These conditions render the data

unsuitable for micellar quenching decay analysis using

the Infelta model. In the case of the mixed micelles of
the present study, upon transformation to cylindrical
shapes aKpnpc of about 0.7, the radius of the cylin-

der may decrease with increasing DHPC, because of

the shorter chain length of DHPC. For a cylinder of

length¢, an increase in the area per headgroup, given

by N/(2rrt) is possible ifN/¢ is constant. For DHPC
micellesN/¢ was found to be constant in SANS mea-
surementd(inetal., 1987. Adecrease inrand the con-
sequent increase in the area per headgrdiRnre),
could account for the slight increase in H ¥supc
increases beyond 0.7.

4.4. Charge of mixed micellebi@s. 4 and %

be detected through the present line-shape analyses.
The polar shell microviscosity exhibits a maximum at
XpHpc~ 0.3. Occurrence of a maximum is contrary
to the observed monotonic behavior in mixed micelles
of SDS and a non-ionic detergent with a sugar head-
group (dodecylmalono-bis-methylglucamide, DB-
NMG) that was previously investigate@8dles et al.,
2007). Rather a similarity to bulk alcohol/water mix-
tures may be noted. In ethanol/water mixtures the mi-
croviscosity is maximum at 50% ethanol and the hy-
dration index (calculated from composition) decreases
continuously from a value of unity for water as ethanol
is added to watetH{odgman et al., 1960-1951

4.6. Bimolecular collision ratesHg. 3)

Recent work has shown that bimolecular colli-
sion rates in SDS micelles, determined by fluores-
cence guenching, are described by a hydrodynamic
model Ranganathan et al., 200®iffusion controlled
guenching of pyrene by quenchers is well described by
the Stokes—Einstein—Debye equation for the quenching
ratekq (Ranganathan et al., 2003

__8RT 107

—po = 14
¢ = "'3000; NoVanen (14)

whereR is the universal gas constarit,is the sam-
ple temperaturelNg is the Avogadro numbelNshe
is the volume in liters of the polar shell whose size

Counterion condensation on to the micelle and the depends directly on the aggregation number, &nd
resulting charge of the micelle depends on the micelle is the probability that a collision results in quench-

surface charge density before condensation. With in-

creasing amounts of DHPC in DHPC/DTAB micelles,

ing (Ranganathan et al., 2003n mixed micelles of
SDS and DBNMG the microviscosityincreases with
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the total molar fraction of DBNMG reporting an in-
crease of a factor five from SDS to DBNM@®dles

et al., 200). The microviscosity in this mixed micelle
system largely accounts for the observed variation of
a factor six to seven iky, because the change in mi-
celle aggregation number was not significaBales et
al., 200). In the present mixed micelles of phospho-
lipids and the ionic detergents, the variationkgfin
DHPC/SDS is only about a factor two to three but is
stronger than in DHPC/DTAB. The aggregation num-
ber and microviscosity variations are also stronger in
the DHPC/SDS system than in DHPC/DTAB. Both mi-
croviscosity and size (E€L4)) can account for the vari-
ation inkg. The slight increase in and slight decrease
in N (for Xpppc>0.1) in DHPC/DTAB contribute to-
wards an almost constaky in this system.

5. Conclusions
The biochemical significance of the results here re-

ported is in providing a series of phospholipid contain-
ing mixed micelles, characterized by a number of key
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than for DHPC/DTAB. The marked change in behav-
ior at Xpypc=0.7 is attributed to a possible change
in shape. Micelles do not grow to large sizes until
about Xpypc=0.7. The growth/hydration pattern of
mixed micelles of DHPC with SDS and DHPC with
DTAB are consistent with a change in shape from glob-
ular to cylindrical micelles at a DHPC composition of
about 70%, with globular shapes prevailing at the lower
DHPC concentrations. The variation of H may thus
be used to indicate changes in shape or surface curva-
ture of the micelle. Changes in shape are more directly
observable by other experimental techniques like Vis-
cosity or Scattering. Counterion dissociation increases
as the DHPC is mixed with the ionic component and
micelle charge varies reflecting the variation in counte-
rion dissociation factor together with aggregation num-
ber and composition. The interface water concentration
decreases with inclusion of the phospholipid. The de-
crease in interface water concentration with increas-
ing phospholipid component is quite considerable. If
interfacial water activity is indeed important for en-
zyme activity, then surfactant concentration and com-
position become quite relevant parameters in designing

physicochemical parameters (i.e., size, charge, state ofsubstrates.

interface hydration, and microviscosity), as a function
of micellar composition toward development of well-

defined substrates for the study of phospholipid metab-

olizing enzymes.

Diheptanoyl phosphatidylcholine forms micelles
with SDS in all compositions, and up to 0.7 phospho-
lipid mole fraction the globular micelles that form do
not grow significantly in size with variation of composi-
tion. Counterion dissociation of SDS is promoted with
increase of micellar phospholipid content, and the inter-

face water concentration is substantially decreased with
increase in phospholipid concentration. Since it has

been reported that hydration of the lipid—water inter-
face is an important parameter in modulating micelle-
bound enzyme activityGadd and Biltonen, 2000;
Tatulian, 2001; Rao and Damodaran, 2)4Ris ex-
pected that the results from our work will provide useful

leads toward the design and development of phospho-
lipase substrates with targeted physicochemical prop-

erties. The mixed micelle aggregation numbers, bi-
molecular collision rates in mixed micelles and the
micelle/water interface properties of hydration and mi-

croviscosity were measured. These micelle properties

show a stronger variation witkpppc for DHPC/SDS
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