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The anionic surfactant sodium n-dodecyl sulfai@§pplays a variety of roles with regard to proteimformation, depending

on its concentration. SDS at low concentrationstipasduces the compaction of protein (folding).a@Bxples of this include: the
molten globule state of acid-unfolded cytochromassociated with enhancement of the exothermicagmttvalues of isothermal
titration calorimetry and a reversible profile bifferential scanning calorimetry; the enzyme adima and compaction of
Aspergillus niger catalase, and relationship obialetric enthalpy PH.,) to van't Hoff enthalpy PH,), which proves the
existence of intermolecular and intramolecular rimt&on during enzyme activation by SDS; the prdiduicof a new energetic
domain for human apotransferrin and folded statehfetone H by SDS. SDS at moderate concentrations below tltieadr

micelle concentration (cmc) is a potent denatufanprotein in solution. Protein denaturation ikey method in thermodynamics
and binding site analysis and can be used to eehanc understanding of the protein structure-fumctielationship. The
interaction between protein and surfactant, sucB@S, at the cmc level is a complicated interacttbermodynamically, that

should bring about enthalpy correction through ttacelissociation and micelle dilution.
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INTRODUCTION

The ionic surfactants consist of polar and norapol
portions on the same molecule. The dual naturenciraonic
surfactant is typified by sodium n-dodecyl sulfg®DS),
CHs3-(CH,);;-CH,-OSOyNa’, which has found wide
application in biology [1,2]. The widespread apation of
surfactants, such as SDS, in the field of biochagikas
given impetus to fundamental studies of the nawfrehe
interaction between protein and surface active tgen
biological phenomena such as biological membraBg¢siid
protein solubilization [4]. It has also been sudgdsthat

stabilize the three-dimensional structure of meméra
proteins, the use of detergents for the recongtitubf the
proteins seems plausible. Further, there are gitigls in the
structures of some detergents and some of the pblisils
of cell membranes. It has been shown that both hibed
groups and the hydrophobic tails of surfactantsimgortant
for the stabilization of membrane proteins. Thecsssful use
of the detergent &g, lauryl maltoside) for the
solubilization/reconstitution of mitochondrial merabhes has
been demonstrated [5].

The effect of surfactants, such as SDS, rotem folding
and unfolding depends on the concentrations of D8

surfactant-protein systems can be used as a mautel fprotein [6] as well as the nature of protein. Anmdon

biological membranes. Since phospholipid membr&eds to
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surfactants, such as SDS, bind to protein in th@amric
state and in the micellar condition. The interattlmetween
protein and micelle is a complicated situatiort fflays a role
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in the folding and unfolding of proteins [7-9]. Rem
refolding and protein reactivation at high concatitms (cmc)
using a detergent/phospholipid mixture has beerorteq.
Proteins reactivated by mixed micelles are eagputdy since
folding intermediates remain bound to the micebesl are
released only after they have folded/reactivatedis Tis a
successful method for
aggregation, as well as promoting correct proteldifig [7].
It has also been used in the regeneration of badtedopsin
in mixed micelles [8] and reactivation of severakymes by
surfactant after treatment with guanidinium chler[@]. It has
also been reported that some aspects of the miceltéel of
alpha-crystallin can be related to its chaperortéerigc [10].
The use of a mixture of detergent and cyclodextain also act
as an artificial chaperone, which promotes proteilding
[11].

The binding of native cytochrome c to lipid mieslleads
to a partially unfolded conformation of cytochroroe This
micelle-bound state has no stable tertiary stregtuout
remains as alpha-helical as the native cytochromén c
solution. In contrast, the binding of acid unfoldedochrome
c to lipid micelles induces folding of the polypielat [12]. It
has been reported that SDS refolds acid-denatytedracome
¢ (Cyt) into a molten globule like state (MG-likate), which
is obtained at low and high SDS concentrations \abits
cmc), whereas aggregation and precipitation arerobd at a
medium SDS concentrations between these two sfagjs
Formation of the MG-state with low SDS concentnatig
dependent on the [SDS]/[Cyt] ratio, as almost deubk SDS
concentration was needed to reach a MG-like stdienvthe
protein concentration was doubled [13].

The prevention of cytochrome ¢ denaturation byawsing
SDS at physiological pH suggests that the presefcgDS
prevents the complete denaturation of cytochromebyc
causing the formation of some stable partially édldorms of
cytochrome c [14]. Another report implies that Sid8uces
the formation of a stabilized intermediate statecigtochrome
¢ (at acidic and alkaline pH) [15] and for RNas@atNow pH
[16]. It has been reported that surfactants worlprasnoters
for the refolding of protein g.g, carbonic anhydrase II)
through the formation of soluble folding intermad®mand not
by the dissolution of aggregates [17]. Another wetiggests
that SDS has a net stabilizing effect up to a me@to of 10:1
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(ligand to protein) for bovine serum albumin andSS@nd at
higher concentrations acts as a destabilizer anthtdeant
[18].

The mechanism of the surfactant-induced unfoldafg
protein will improve our understanding of protegiding. The
SDS-unfolded cytochrome c structure is a uniquie stahich

preventing misfolding and/oris structurally an intermediate between completahjolded

and native folded states. Hence, it allows theifigighattern to
be studied starting from an intermediate step adayome c
unfolding of the protein by SDS, which occurs imr@e-step
cooperative process, and proceeds through an #tetiva
barrier. Another report states that the bisHistbga state
captures a segment of the protein in a non-natiientation,
thus folding from this state is a rate limitings{& 9].

One of the important applications of surfactantsthie
breakdown of protein structure (denaturation). doni
surfactants, such as SDS, are unique in the waly they
denature proteins at millimolar concentrations irarked
contrast to other denaturants, such as guanidirhlaride or
urea, which are effective only at molar concentradi [20].
Denaturation studies are capable of yielding infation about
the native state of a protein in terms of its thedgmamic
stability, cooperativity, and the nature of thectes required to
maintain its tertiary structure [21,22]. Surfactanbtein
interactions have many applications such as madecul
characterization [23], determination of enzyme from
membrane [24], dissociation of protein from DNA aibue
[25,26], protein dissociation [27], protein prec¢gion [28],
and protein fragmentation [29,30].

In this paper, we attempt to show the differenesobf
SDS at various concentrations upon interaction \pithtein,
particularly from the thermodynamic viewpoint.

Materials and Methods

Materials. Horse cytochrome c¢ (type 1V), human
apotransferrin  (hTF), horseradish peroxidase (HRP),
Aspergillus niger catalase, and SDS were obtaineun f
Sigma. Human adult hemoglobin (HbA) was prepared as
previously reported [31]. All other reagents wefenalytical
grade. Solutions were prepared with double-distilater.

Methods. The various instruments and methods used were
from our previous reports as follows: isothermatation
calorimetry (ITC) (thermal activity monitor 22, Thermo-
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metric, Sweden) [32]; differential scanning calcginy (DSC)
(Scal-1 microcalorimeter, Russia) [33]; circularcttioism
(CD) (JASCO  J-715  spectropolarimeter,
spectrophotometry (model Shimadzu-3100 spectrophetier)
and microviscometry (Haake D8 microviscometer Geryha
[34]; densitometry (model DMA 58 densitometer, Aigst
[34]; equilibrium dialysis [35].

RESULTS AND DISCUSSION

As Table 1 shows, SDS plays different roles atotei
concentrations with regard to protein conformatibere, we
classify the SDS concentrations as very low, lowdam and
high. Each classification corresponds to a specifite
affecting protein structure and function.

Figure 1 represents the formation of the MG-likatestof
cytochrome c induced by a very low concentrationS@fS.
The effect of saltse(g, Na-OS@Na") on the MG formation
of cytochrome ¢ and other proteivia the acid unfolded state
through the folded state has been reported [3618 dddition,
evidence for the stabilization of the MG state ytiochrome ¢
by SDS as a salt with a hydrophobic chain ¢€&H,)10-

Table 1.The Role of SDS at Different Concentrations
upon Interaction with Proteins

Japan);

[SDSF Status

Very low Hydrophobk.: salt, .molten globule
state, protein folding

Low Protein folding, mild denaturation

Medium Protein unfolding and denaturation
cme, protein  salvation, protein

High folding/unfolding and other

applications
2The effective concentration range of SDS fache
step in Table 1 is dependent uptime protein’s
condition and the chemical and physical dovs of
the protein-SDS interaction in aqueous smut

electron transference for the MG states [40].

One of the advantages of the MG state induced b$ SD

for cytochrome ¢ (and the heme proteins) is thevemsion of
thermal irreversibility to the reversible state.eTdifferential

CH,-OSO;Na’) has been presented. Accordingly, SDS hasScanning calorimetry-thermal denaturation of cytoche c

been referred to as a hydrophobic salt [34,38]. Tdwmults
show that SDS is much more effective than sodiulfatgufor
the formation of the MG state for cytochrome c (Sable 2
from Ref. [34]) due to the presence of its hydrdgbdail. It
has been reported that the main driving force & #alt-
induced MG state is the reduction of the electtastapulsion
between the charged groups in the protein molg&9ie

In this paper, SDS is selected because of
electrostatic and hydrophobic interactions; thectetestatic
contribution is more dominant than the hydrophahamiety at
very low concentrations [34]. Therefore, the hydropic
chain increases the ability of SDS at a very lowasmtration

has always been calorimetrically irreversible, velasrthe MG
state induced by SDS at very low concentrationslt®sn a
reversible profile [41]. The spectroscopic propestindicate
that the hydrophobic tail of SDS utilizes the hyahobic
contribution to stabilize the heme conformationttae MG
state of cytochrome c. This would be the main reako
thermal profile reversibility of the MG state intoghrome c.

its duai'l_he reversibility of the DSC thermogram would allats

deconvolution and thermodynamic analysis of thergete
domains for this protein [41].

SDS exhibits different roles at low concentratianmn
interaction with proteins. SDS probably inducesftiiding or

to form the MG state of cytochrome c, mostly throug partial unfolding for proteins (depending on theotpm

electrostatic contribution. Figure 1c shows theokaietric
titration of the acid unfolded state of cytochromevith the
SDS generated exothermic process for forming the dviEe.
The effects of various n-alkyl sulfates on the acitfolded
state of cytochrome c indicate that the increadkd ahain
length has enhanced the exothermic values of ocaddric
enthalpy, with a more compact structure ] [3hd more

characterization).

Aspergillus niger catalase could be activated up806%
by a low concentration of SDS at pH 6.4 becausahef
compaction (folding) of the catalase-SDS complexaser
these circumstances [42]. The thermodynamic
hydrodynamic results show the compaction of ca¢akidow
concentrations of SDE@ mM) (see Table 2). The value of
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Fig. 1.(A) Far UV circular dichroism (CD) spectra of oghrom c (ellipticity, 7 1) as a function of SDS concentrations.
1, 0 mM SDS (denatured statpH = 2); 2, 0.01 mM SDS; 3, 0.037 mM SDS; 46MmiM SDS; 5, 0.08 mM SDS;
dotted curve, the spectrurthefnative state in 25 mM phosphate buffer at pH é8) Soret absorption spectra of
cytochrome c (molar extinaticoefficient, [€]) as a function of SDS. 1, 0 mM SDS (denaturetesthpH = 2); 2,
0.02, mM SDS; 3, 0.04 mM S3$0.06 mM SDS; 5, 0.07 mM SDS; 6, 0.08 mM SDSnatjve curve at pH = 7,
in 25 mM phosphate buffer) @hd (B) are taken directly from Ref. [34])(Calorimetric (ITC) enthalpy H)
plotted against concentragionSDS upon interaction with cytochrome c, alediafter subtracting the effect of
SDS dilution. Arrow shows ti#k& state indication induced by various concentragiof SDS: I, 0.05 mM; Il, 0.06
mM; 1ll, 0.08 mM; IV, 0.11 mNThis curve is directly taken from Ref. [32].

Hyy/ Hea @t 2 mM SDS is very high and entropy is veryleft shifted by the addition of 0.5 mM SDS, whickeams that

low, which may indicate the strong intermolecularck
between the subunits of the catalase-SDS complexdisis
condition. Table 2 also shows the values of Stoleslus,
partial specific volume and heat capacity, indiogtithe
folding of the catalase during the optimum activatat 2 mM
SDS [42].

The results also show that SDS at low concentrattori
mM) induces the compaction of HbA (see Fig. 2). TH&eC
profile, melting point and partial specific volur(¢) indicate
the degree of folding of HbA upon addition of SDSlaw
concentrations [31].

the SDS has somewhat destabilized the hTF-SDS el
by the reduction of the ,Jof hTF, as seen in Fig. 3A. For the
most part, the decrease iR, €orresponds to the unfolding or
partial unfolding of the protein. Figure 3 showse th
deconvoluted curve of excess heat capacity. (&) for hTF

in the presence of SDS (0.5 mM) having four subpgetiat is
two subpeaks for the C domain and two other sutgpéakhe

N domains (Fig. 3B). The area under.fepsand the top of the
curve of thermal unfolding (subpeaks) indicate ¢héhalpy of
unfolding ( Hyng) and T, of the protein domains, respectively.
The amount of Hy, for all subpeaks is generally diminished

Histone H is also folded by SDS at low concentrationsduring the presence of SDS specially for N doméiosmore

(< 0.5 mM), which was confirmed using various teghes
including binding enthalpy curve, calorimetry, patyylamide
gel electrophoresis, protein titration, and visctgne
[27,43,44].

Sometimes SDS at low concentrations induces thiapar
unfolding of proteins €.g, hTF). Figure 3 shows the
reversible DSC profiles for hTF in the absence predence of
0.5 mM SDS. This figure depicts two distinct pedks hTF,
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information, see Refs. [33,45]).

Sodium dodecyl sulfate at medium concentratioriofhe
the critical micelle concentration, cmc) inducednast the
denaturation for proteins while the hydrophobic etpiis
predominant. Proteins denaturation by surfactach 18 SDS
provides extra information local site-specific peojes of
protein systems that lie at the heart of many k@aulkal
regulatory phenomena and is the basic keybiological
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Table Z'he Relationship of Hyn/ Hcy (van't Hoff Enthalpy and Calorimetric Enthalpy)ed&t Capacity
Cr), Viscosity (), Partial Specific Volume (V) and Stokes Radfor Aspergillus Niger
Catalasempnteraction with SDS at Various Concentratidifsese Results are Directly Taken

from Ref2]

[SDS] Hva/ Hea S x 10* v Stokes radius Cp
(mM) (J mol tK™ MY (cm® gh) (R (kJ mol*K™)
0.0 - - 1.12 0.7696 149.96 1.98

1.0 - - 1.15 - 122.32 -

2.0 7.33 -10 0.85 0.6576 110.60 1.70
3.0 4.54 5 A - - 1.73
4.0 2.66 10 - 0.8225 - -
5.0 2.22 15 - - - 1.75
6.0 1.90 30 - - - -
6.5 1.79 35 - - - -
7.0 1.84 40 2.2 0.8236 151.85 -
8.0 2.08 - - - - 1.80
9.0 2.75 - - - - -
10.0 - - - 0.8484 - -

Fig. 2.(A) DSC profiles for hemoglobin (HbA) upon interaet of SDS at different concentrations. The top&C
profile shows thegIfor HbA: a, 0 mM SDS; b, 1 mM SDS; ¢, 1.5 mM SBIS2 mM SDS. (B) Plot of
versus SDS at corresponding conceotrst (C) Effect of corresponding SDS concaiidns on partial
specific volume changes for HbA. Adkults indicate the protein folding at a lowncentration of SDS.
These results are directly takemfRef. [31].

control. The binding is the specific virtue of ppt-surfactant macromolecular ligand binding theories that provadeleep
complexes that directly occurs [46]. The availapiliof  understanding of protein structure [47]. For exampthe
binding data opens the way to theemsive area of denaturation of HRP by SDS is explained from thesjpective
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Fig. 3.(A) DSC profiles of hTF in the absence (a) andspnee of 0.5 mM SDS (b). (B) Deconvoluted excesknieat
capacity of hTF in the presence offaM SDS. Subpeaks of I, Il and Ill, IV belong tca@d N domains of hTF,
respectively. These results are digdetken from Ref. [33].

Fig. 4.(A) Enthalpy changes of the interaction of HRP wBiRS at 27 °C: () enthalpy of calorimetry (ITC), () enthalpy
of binding, () enthalpy of unfolding. (B) () Dependence of enthalpy of unfoldingH(.) for HRP upon
interaction with various total cemtrations of SDS and Xplot of Hygn(vyvs V (SDS) at 27 °Cv is the
number of moles SDS per number ofen®iRP and gis the maximum ofv belonging to the first set of
cited interactions. These resultsdarectly taken from Ref. [35].

of enthalpy. Figure 4B shows the different enttedpiof shows the relationship ofHyy to Hpinv) (Vis the number
denaturation for HRP: calorimetric enthalpyH,), binding  of moles SDS per number of moles HRP). This figsliows
enthalpy ( Hpin) and enthalpy of unfolding H,n). Figure 4B that 95% of HRP unfolding coincides with (g, is the
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number of electrostatic binding sites for the fisdt of
bindings by SDS). This means that the degree of HRIB]
unfolding (95%) occurred at the end of thenid
interaction and at the start of the hydropbabntribution [6]
(for more information, see Ref. [35]). [7]
Surfactants such as SDS induce the formation otlies
at high concentrations. The interaction betweertgmoand [8]
surfactant at the cmc has not been studied exegsilue to
the thermodynamic complexity of the interaction.ring [9]
protein-surfactant interaction at the cmc level, mae the
absorption of heat (endothermic enthalpy) during[10]
demicellization (micellar dissociation) and theutibn of the

micelles [48]. The cmc for anionic surfactants ighfy  [11]
dependent on ionic strength. The higher the iotrength, the
lower the concentration of surfactant needed tohréhe cmc.  [12]

We have previously studied the enthalpy of theratton
between SDS and Aspergillus niger catalase by micrg13]

calorimetry and equilibrium dialysis over a rangkionic  [14]
strengths [48]. The observed enthalpies of thesaraations

were corrected for micellar dissociation (see Bigrom Ref.  [15]
[48]).

The study of protein-surfactant interactions (eggc [16]
protein-SDS interactions) can assist us in the cairal
elucidation of proteins, improvement of our undamnsling of
protein binding site magnitudes, recognition of the
thermodynamic forces involved, and recognition obtpin  [17]
cooperativity. [18]
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