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The influence that urea has on the conformation of water-soluble globular protein, bovine serum albumin (BSA),
exposed directly to the aqueous solution as compared to the condition where the macromolecule is confined in
the Aerosol-OT (AOT - sodium bis-2-ethylhexyl sulfosuccinate)/n-hexane/water reverse micelle (RM) is ad-
dressed. Small angle X-ray scattering (SAXS), tryptophan (Trp) fluorescence emission and circular dichroism
(CD) spectra of aqueous BSA solution in the absence and in the presence of urea (3M and 5M) confirm the
known denaturating effect of urea in proteins. The loss of the globular native structure is observed by the
increase in the protein maximum dimension and gyration radius, through the Trp emission increase and maxi-
mum red-shift as well as the decreasexitelix content. In RMs, the Trp fluorescence and CD spectra show
that BSA is mainly located in its interfacial region independently of the micellar size. Addition of urea in this
BSA/RM system also causes changes in the Trp fluorescence (emission decrease and maximum red-shift) and
in the BSA CD spectra (decreasedrhelix content), which are compatible with the denaturation of the protein

and Trp exposition to a more apolar environment in the RM. The fact that urea causes changes in the protein
structure when it is located in the interfacial region (evidenced by CD) is interpreted as an indication that the
direct interaction of urea with the protein is the major factor to explain its denaturating effect.

1 Introduction these structures are several including enthalpic ones (elec:
trostatic, hydrogen bonding, Van der Walisstacking) and
Water plays important roles in several fields of science andentropic ones (hydrophobic interaction). The hydrophobic
technology including physics, chemistry, biology, medicine effect, which is basically driven by an entropy gain, is as-
and engineering. When life is concerned this importance in- sociated with the decrease in the population of intact wa-
creases. In fact, it is difficult to find a single phenomenon ter when hydrophobic surfaces self-associate. It is consid-
of biological relevance that is not related somehow with wa- ered to be the major thermodynamic factor related to pro-
ter [1]. tein folding and amphiphilic molecules self-association in
The structure of water is still a matter of debate. The membranes [7-9].
most accepted model proposed by Frank and Quist [2] and  The way in which these self-assembling processes are
refined by several authors [3-5] considers it to have two pop- affected by several types of electrolytes and non-electrolytes
ulations: strongly hydrogen bonded or “intact” population, is also a matter of debate [10-12]. The main discussion is
where water molecules are in an ice-like environment, andwhether one specific compound affects the self-assembling
weakly hydrogen bonded or “broken” population. The en- by interacting directly with the bioaggregate (direct mecha-
ergy barrier for the interconversion of these two species wasnism) or indirectly by changing the ratio of intact to broken
shown to vary with the temperature and this variation could water populations [5,10,11].
explain several of the “anomalous” properties of water [4]. There are generally two types of solutes in terms of
Biomolecules evolved in aqueous media and thereforechanging the water structure: structure former agents that
their structure are intrinsic related to the water properties [6- are defined as solutes that increase the intact water popu
8]. Protein folding, phospholipid self-association, the DNA lation and structure breaker agents that decrease the wate
double helix structure, protein/protein, protein/membranes structure by increasing the broken water population [12,13].
and protein/DNA interactions are all examples of phenom- The effect of the structure breaker solutes is similar to the
ena intrinsic related to life and that cannot be dissociatedeffect caused by increasing the temperature of the solu-
from the water structure [1,6-8]. tion [12,13]. The terms “kosmotrope” (order-maker) and
The types of forces responsible for the acquisition of “chaotrope” (disorder-maker) originally denoted solutes that
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stabilized, or destabilized respectively, proteins and meme-in the core of the agueous-pool [22]. Addition of water to the
branes. Later, they referred to the apparently correlatingsystem, beyond the hydration capability of counterions and
property of increasing, or decreasing respectively, the struc-headgroups, increases the content of the bulk-like water and,
ture of water. Although useful, the terminology may some- therefore, the properties of the water cavity resemble those
times be misleading as such properties may vary depend-of bulk aqueous media [20]. Because AOT RMs offer con-
ing either on the solute concentrations or the presence oftrolled water environments in apolar media, they have been
macromolecules [14]. Also some solutes with less-well de- used to mimic the water-biomembrane interface and to in-
fined properties (e.g. urea) are sometimes classified as kosvestigate membrane interaction with urea, short biologically
motropes [14] and sometimes as chaotropes [15]. active peptides, proteins and enzymes [17,23-26].

lonic kosmotropes and chaotropes should be treated dif-  Perhaps the most studied model of globular protein is
ferently from non-ionic solutes. Generally ionic behav- Serum albumin. It is synthesized by the liver in mammals
ior parallels Hofmeister series. Large singly charged ions, with half-life in the circulatory system ofa. 19 days. It
with low charge density (e. g. ##0O,, HSQ,, I—, ClI~, corresponds to the most abundant protein, accounting for 60
NO;, NH;, Cs*, K*), which exhibits weaker interactions % of the total globular protein in blood plasma [27-30]. Its
with water than water with itself, are chaotropes, whereas function is associated to the binding and transport of sev-
small or multiply-charged ions, with high charge density, eral small molecules such as fatty acids, dyes, metals, amino
are kosmotropes (e.g. $0, HPO;~, Mg?**+, C&+, LiT, acids, as well as several pharmaceutical compounds [27-
Nat, OH™), which exhibits stronger interactions with wa- 31]. Its primary structure is well known and it is constituted
ter molecules than water with itself. An extensive review by around 585 amino acid residues, whereas its secondary
of the Hofmeister series has been presented by Collins andstructure is constituted by 67 % alpha helix and 17 disulfide
Washabaugh [16]. bridges, that confer to the protein a relatively strong stability

Non-ionic kosmotropes are very soluble well-hydrated [27,29].
molecules, having no net charge and enforcing extensive  Therefore, with a view of investigating the effect of urea
hydrogen bonding, that stabilize the structure of macro- in biopolymers and bioaggregates, the BSA secundary struc-
molecules in solution. Trehalose, glucose, glycine betaine,ture was investigated in aqueous solution upon addition of
t-butanol, proline, are all examples of kosmotrope agents. high urea concentration (3 and 5 M), by spectroscopic fluo-
Converse|y, Chaotropes increase the popu|ation of brokenrescence measurements and circular dichroism (CD) Small
water decreasing the hydrogen-bonded network of water. [tangle X-Ray scattering (SAXS) was also performed to re-
allows macromolecules to have more structural freedom andveal modifications on the whole protein conformation. Fur-
facilitates protein denaturation. ther, all these results are compared with those obtained

In particular, the effect of urea on the structure of from protein-containing reverse micelles composed of RM
biopolymer and bioaggregate is not well understood in the With W=10, which is a condition where strong interac-
molecular level despite the expressive number of works pub_tlon between water molecules a_nd surfactant polar head_s is
lished in this area. Urea is the most widely used denaturating€*Pected [22,32,33], and practically no bulk-like water is
agent, being extensively applied in biochemistry, not only to Present.
denaturate proteins at high urea concentration, but also to
promote controlled folding. Whether urea interacts directly i
; . . . 2 Material and Methods
in the biopolymer promoting a better solvation of the apolar
residues or indirectly by decreasing the water structure is the2 1
main topic of discussion in this research area [10,11].Other™"
mechanisms have also been proposed to explain the effect oAerosol-OT (AOT, sodium bis (2-ethylhexyl) sulfosucci-
urea in biopolymers and bioaggregates [17,18]. nate) of 99% purity was obtained from Sigma-Aldrich

In order to understand the effect of urea on the molecu- Chemical Co. and used as received. Anhydrous hexane
lar level several biomimetic systems are used. Usually theyHPLC grade (Merck), the monobasic sodium phosphate salt
are relatively easy to prepare and understand. The effect of Fischer Chemical Co), urea (Carlo Erba) and Bovine Serum
urea in several biomimetic systems (vesicles, micelles andAlbumin protein (BSA - 66.3 kDa -from Acros Organics
reverse micelles) has provided important contributions to Co.) were used as purchased.
this field. Reverse micelles (RMs) are spontaneously formed  Samples. All BSA-containing aqueous solutions in the
colloidal systems with a surfactant monolayer separating aabsence and presence of 3 and 5 M urea were prepared in
water pool from a bulk organic phase. In general, the ra- 10 mM phosphate buffer at pH 7.2 (above its pl = 4.9). The
dius of the encapsulated water pool is nearly proportional samples were made just before the measurements and the
to the molar ratio of water to surfactant denoted as W [19]. BSA concentration was 15@M (10 mg/ml) for SAXS, and
It has been demonstrated, by means of infrared and NMR11 M for fluorescence and CD spectr@r€a 5 ¢M in the
techniques, the existence of different water species in RMsSRM). The reverse micellar solutions were prepared by in-
coexisting and exchanging rapidly [19-22]. They are related jecting a desirable volume of phosphate buffer (10 mM, pH
to counterion and headgroup-bound water that lack the nor-7.2, also in the presence and absence of 3 and 5 M urea)
mal hydrogen-bonded structure and bulk-like water residing into a 100 mM AOT/hexane solution. For BSA-containing

Materials
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micellar solutions, a buffered stock solution with protein in of small elements at a distancevithin the entire volume of
the concentration range of 10 mg/ml was injected. All the the scattering particle as [35,37]
injected volume was considered as water (or water/urea) and
used to calculate W ([water]:[AOT]) value of 10. It should 00
be_: remarked th_at this approximation is va_llid only if t_he pro- p(r) = (12> /](q)qr sin(gr)dq (2)
tein concentration is low and/or the protein volume is negli- 2
gible compared to the water volume.
This function provides information about the shape of
2.2 Methods the scattering particle as well as its maximum dimension,
D,q2, accounted for at certainvalue wherep(r) goes to

Steady-state Fluorescence and Circular Dichroism zero. Moreover, the particle radius of gyrati®y value is

given by [37]
Fluorescence spectra were obtained in a Spex Fluorolog
Spectrofluorometer model DM3000F equipped with four D max
adjustable slits and a 450W Xenon lamp, with excitation [ p(r)ridr
wavelength at 295 nm, with optical density of 0.07 to avoid Rg* = (,JD.— (3)
inner filter effect, and a 1 cm pathway cuvette. The ob- 9 dep(r)dT
served fluorescence in proteins is, basically, given by the 0

tryptophan residues emission. Bovine albumin has two tryp-

tophan residues, W' and W2'4, probably located in hy- In this work, we make use of the GNOM program [38]
drophobic domains. It has been already documented thato calculatep(r) from the SAXS curves.

the WP residue in the human serum albumin is located in

a hydrophobic pocket in subdomain IIA, while the second

one in the BSA is buried in a hydrophobic pocketandithas 3 Results and Discussion
been proposed to lie near the surface [34]. Changes in the

tryptophan’s microenviroment can, therefore, be accompa-gig re 1 shows the SAXS curves of BSA in aqueous solu-

nied by the fluorescence emission band that occurs in the;on in the absence and presence of 3 and 5 M urea. As

range of 320-360 nm. _ one can see, urea induces changes in the protein conforma
The CD spectra were measured in a JASCO-720 specyjq, i such a way that the scattering profiles are distinct

tropolarimeter. The samples were contained in quartz Cu-,nq gisplaced towards logwvalues, characteristics of some

vettes with path length of 0.2 and 0.5 mm. The spectra havep, qtein unfolding. This finding is corroborated pfr) func-

been smoothed and are presented in units of mean residugq, analysis (Fig. 2) that shows that the protein maximum

moolar ellipticity. All measurements were performed at24 dimensionD, .., increases frontirca 80 A (corresponding

1°C to folded-native BSA [39]) tairca 135A and 240A when

Small Angle X-Ray Scattering (SAXS) 3 Mand5 M urea is added to the system, respectivelyé Con-
) ) currently, the BSA radius of gyratidRgchanges from 3@

The experiments were performed at National Syn- . 4iive BSA [39]) to 45A and 72A in the absence and pres-
chrotron Light Laboratory (LNLS), Campinas, Brazil, us- gnce of 3 and 5 M urea, respectively. Under the influence of
Ing a detector—t(.)—sam.ple dl_stance of 930_ mm. T_he SCatter-3 p yrea it is clear that the protein presents some expansion
ing vector amplitudey is defined ag|=4x sind/A, being29 in aqueous solution, however it must preserve most of its

the scattering angle, andthe x-ray wavelenght of 1.608. structure because the greater frequency of distances-jn
The experimental intensities were corrected for background,(atr ~ 40 A) remains unaltered. On the other hand, BSA

buffer cqntributions, sample’s attenuation and detector ho'unfolds to a larger extent at concentration of 5 M urea, as
mogeneity. o ) , clearly observed by the displacement of greater frequency
_ The scattenng |n_tenS|ty from a set of monodisperse par- of p(r) distances towards larger r values (Fig. 2).
ticles randomly distributed, is given by [35-37] The conformational changes in BSA induced by urea, as
272 explored by fluorescence and CD spectroscopy, are showr
H(q) = mp(Bp)"V=P(q)S(q) (1) in Figs. 3 and 4, respectively. The fluorescence maximum
where~ is a factor related to the instrumental effects; n emission of tryptophan (Trp) is sensitive to microenviron-
corresponds to the particle number densily; is the elec- ment polarity and specific solvent interactions [40,41]. As
tron density contrast between the scattering particle and thet is observed in Fig. 3A, the maximum waveleng, (...)
medium and/ is the scattering particle volum®&,(q) is the for BSA tryptophan fluorescence was 327.6 nm in phosphate
normalized particle form factdrP(0) = 1) andS(q) is the buffer. When the protein is in the presence of 3 M and 5 M
interparticle interference function. urea-containing aqueous solution (Fig. 3A),,.. is shifted
In the absence of interference effects, a Fourier trans-to 332.6 nm (red-shift). These shifts indicate that the trypto-
form connectsP(q), and hencel(q), to the pair distance phan residues of the BSA are exposed to a more polar envi-
distribution function,p(r), the probability of finding a pair ~ ronment.



Rosangela Itrét al. 61

2. 0x1b
;?bc% urea i) v
’;. Y s oM 5 1.6xb
Qo 3% s 3 M ©
~ s v 5M :
? = % 2> 1. 2x1b
0 v o ‘0
c v L) o c
8 v EEE %% 8
So{ ¥ % °° E 8. 0x10-
4. 0x104
0.0 T
0.00 0.05 0.10 0.15 0 0.0 T " T "
350 400 450
q (K) wavel ength , nm
Figure 1. Experimental small angle X-ray scattering curves ob- 1.2x10
tained at 24°C in 10 mM phosphate buffer at pH 7.2 for BSA-
containing agueous solution in the absence and presence of 3and —
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Figure 3. Fluorescence spectra of BSA (1.1xi81) in 10 mM
phosphate buffer, pH 7.2 (solid line), urea-aqueous 3M solution
(dashed-line) and 5M (dotted line). (B) Fluorescence spectra of
BSA (1.1x10°°M) in 10 mM phosphate buffer, pH 7.2 (solid line);
of [BSA] = 0.5x10-5M in pure AOT/ n-hexane reverse micelles at
0 T T 1 W= 10 (dashed line); in RM with 3 M urea (dotted line) and RM

. T T T v T
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Figure 2. p(r) functions obtained from the SAXS curves of sam-
ples composed of BSA in 10 mM phosphate buffer solution in the
absence and presence of 3 and 5 M urea, at pH 7.2C24 304

20 A

The increase in fluorescence emission in the presence of
urea is also compatible with this hypothesis. In folded pro-
teins the tryptophan emission is usually suppressed by the
presence of charged residues in close proximity, which is
absent in the unfolded protein [40]. Note that the addition
of urea to a BSA solution causes a large increase in the Trp
emission (Fig. 3A).

The CD spectrum for BSA in aqueous solution is char- -207
acteristic of macromolecules with high-helical content, 190 200 210 220 230 240 250
monitored by the two well-defined ellipticities values at 208 wavelength , nm
and 222 nm [42]. As one can see from Fig. 4, the helical rigyre 4. CD spectra of BSA (0.5x16M) in 10 mM phosphate
structure diminishes from 66 % tirca 64 % and 33 %, re-  puffer, pH 7.2 (solid line); in urea-aqueous 3M solution (dashed-
spectively in 3 M and 5 M urea-aqueous solution, in good dotted-dotted line), in AOT/ n-hexane reverse micelles at W= 10
agreement with literature [24]. (dashed-dotted line) and containing urea 3M (short-dashed line);

-10 4

Theta, (10°deg cm” dmol™)
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in urea-aqueous 5M solution (short-dotted line). in the presence of 5M urea(,,,=322.0nm) in comparison
with the \,,,,. observed for BSA in AOT RM without urea

Therefore, the combined results give support to conclude (Amaz=320.2nm). The fact that urea affects the emission of
that although the presence of 3 M urea induces some pro_Trp when BSA is located in the interfacial region, suggests
tein unfolding, as revealed by SAXS, its secondary struc- that urea tends to interact directly with the protein. In other
ture remains almost unaltered in terms of helical structure Words the change in environment sensed by the Trp cannof
as evidenced by CD. On the other hand, 5 M urea has a probe due to the indirect exchange in the water structure due to
nounced effect on protein structure: thehelical content  ItS interaction with water. S
suffers a remarkable decreasing accompanied by a signifi- Analysis of the intensity of Trp emission is also compat-
cant protein conformational change as revealed by the val-ible with this hypothesis. The decrease in the Trp emission

ues observed for macromolecule radius of gyratiBig € upon incorporation of BSA in the RM (Fig. 3B) is justa con-
72 A) and maximum dimension{,.... = 240A) as well as centration effect. The BSA concentration is smaller in the
from p(r) function behavior (Fig. 2B). RM solution. However the addition of 3M and 5M urea by

The protein unfolding caused by urea in an aqueous en-Keeping the BSA concentration constant, slightly decreases
vironment may be due to the direct or indirect mechanisms the Trp emission, suggesting that urea unfolds the protein in
or even both. Therefore, it is interesting to look for systems the interface (Fig. 4). This effect is the opposite to that ob-
in which one of these mechanisms is not present. If the pro-Served in water, where unfolding increases the Trp emission.
tein in study is included in an interfacial region, the effect of This can be understood considering that the interface has &
urea in the structure of water (indirect mechanism) may not large concentration of charged groups that can suppress the
be important for the protein structure as far as the interfacial T'P @mission. Results from CD (Fig. 4) exhibit a decreasing
region is not affected itself. RMs allows a microenviron- Of helical structure from 66% to 48% upon the incorpora-
ment where this possibility can be tested. The effect of ureation of BSA into the AOT RM without urea, in good agree-
in RMs has already been studied. Urea affects the interparti-ment with literature [24]. Such finding can be also correlated
cle interactions, but the structure of the independent micellesto Surfactant binding that induces some protein unfolding
is kept unchanged [32]. It should also be remarked that the[39]. The mechanism of protein unfolding by the interface
BSA incorporation does not affect the micelle morphology IS likely to be the promotion of a better solvation of apolar
(size and shape) in W=10 as observed by SAXS (data notresidues. Still, the presence of 3 M urea in the RMs water
shown). pool induces a further decrease in the BSA helical structure

The fluorescence behavior of Trp amino acid analogue © circa 36%, als_o indicqting the direct_ interaction qf urea
7-azatryptophan (7ATrp) has been studied in AOT RM in n- with BSA in the |_nterfz_aC|aI region. This decrease in sec-
heptane [41]. Upon increasing W from 0.5 to 50, it has been ondary structure |s.qU|t_e Iarger than that observed in pure
demonstrated that the emission maximum wavelength un-2quUeous urea solution, in which BSA conserves 64% helical
dergoes a pronounced red shift (frog,,, ~ 370upto  Structure at 3M urea.

390 nm). The effect has been explained [41] by considering

a displacement of the 7ATrp molecules solubilized near the .

inner periphery of the micellar core towards the polar water 4 Conclusion

pools RM as the micellar size increases. In contrast, in the

case of BSA, it has been observed that the wavelength ofThe denaturation of the BSA native structure in agueous
maximum emission of Trp does not change as a function of Solution by urea, was studied by SAXS, Trp fluorescence
W (data not shown), suggesting that the protein is strongly @1d CD. The comparative analysis of structural (SAXS) and

attached in a micellar interface independently of the size of SPEctroscopic data, provided information on the magnitude
the AOT RM. of BSA denaturation in 3 and 5M urea concentrations. When

The influence of urea on the spectroscopic properties BSA is included in the interface of AOT RM, the spectro-
of protein entrapped in RMs is shown in Fig. 3B and in SCOPIC data (Trp_ emission maxima and intensity as well as
Fig. 4. Fig. 3B shows the fluorescence emission spec-CD), show thatitis unfolded by the presence of 3 and 5M
trum for BSA in aqueous solution in comparison to those Urea: The decrgase in t_he BSA secondary structure causet
obtained in the presence of AOT/n-hexane/water reverse mi-2Y Urea is more intense in RM compared with the effect ob-
celles in the absence and presence of 3 and 5 M urea. iserved in aqueous solution. Considering that the indirect
contrast to the effect observed in water, ., decreases mechanism of protein unfolding cannot be important in this
from 327.6 nm for protein in aqueous solution to 320.2 nm condition, we have provided clear evidence that the direct
(blue-shift) for BSA confined in RMs. In this case, BSA interqction of urea with BSA is.the major contributor to the
Trp residues probe a more apolar environment in the RM, Protein unfolding caused by this agent.
proba_bly du_e to the protein asgogiation v_vith the micellar i_n- Acknowledgements
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