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ABSTRACT. The photoresponsive interaction of light-sensitive azobenzene surfactants with bovine serum
albumin (BSA) at neutral pH has been investigated as a means to control protein folding with light
irradiation. The cationic azobenzene surfactant undergoes a reversible photoisomerization upon exposure
to the appropriate wavelength of light, with the visible-light (trans) form of the surfactant being more
hydrophobic than the UV-light (cis) form. As a consequence, the trans form exhibits enhanced interaction
with the protein compared to the cis form of the surfactant, allowing photoreversible control of the protein
folding/unfolding phenomena. Small-angle neutron-scattering (SANS) measurements are used to provide
detailed information on the protein conformation in solution. A fitting of the protein shape to a low-
resolution triaxial ellipsoid model indicates that three discrete forms of the protein exist in solution
depending on the surfactant concentration, with lengths of approximately 90, 150, and 250 A, respectively,
consistent with additional dynamic light-scattering measurements. In addition, shape-reconstruction methods
are applied to the SANS data to obtain relatively high-resolution conformation information. The results
confirm that BSA adopts a heart-shaped structure in solution at low surfactant concentration, similar to
the well-known X-ray crystallographic structure. At intermediate surfactant concentrations, protein
elongation results as a consequence of the C-terminal portion separating from the rest of the molecule.
Further increases in the surfactant concentration eventually lead to a highly elongated protein that
nonetheless still exhibits some degree of folding that is consistent with the literature observations of a
relatively high helical content in denatured BSA. The results clearly demonstrate that the visible-light
form of the surfactant causes a greater degree of protein unfolding than the UV-light form, providing a
means to control protein folding with light that, within the resolution of SANS, appears to be completely
reversible.

Protein folding is a remarkable process that affects nearly nonpolar amino acids with the denaturant rather than with
every aspect of biological function. The conformation of a water) ().
protein in solution is generally a function of electrostatic,  In addition, a variety of studies have demonstrated that
hydrogen-bonding, van der Waals, and hydrophobic interac- proteins can unfold in response to the addition of surfactants
tions among the amino acid residues that all typically favor (2—4). lonic surfactants bind strongly to proteins through
a folded conformation, overcoming the entropic penalty electrostatic interactions between the surfactant headgroups
associated with this folding of the protein into a compact and oppositely charged amino acids, and through hydropho-
state. For a given amino acid sequence, the protein will oftenbic interactions between the surfactant tails and nonpolar
adopt a unigue structure in solution, termed the native state,amino acids. As a result, surfactant binding often results in
whereby the charged and polar amino acid groups are exteriomprotein unfolding, because of the fact that the hydrophobic
and exposed to water, while the nonpolar moieties generallyamino acids no longer need to reside in the protein core
reside in the interior of the folded structure, protected from hidden from water. This effect of screening the water
unfavorable solvent interactions. Protein unfolding can be nonpolar amino acid interaction with surfactant has been
induced by a variety of external conditions such as changesutilized for decades in the well-known sodium dodecyl
in pH (ionization of nonpolar residues), temperature (complex sulfate-polyacrylamide gel electrophoresis (SBBAGE)
interplay between enthalpic and entropic effects), and pres-technique, whereby the anionic SDS surfactant is used to
sure (a consequence of a negative volume change uporunfold the protein into a polypeptide chain, thereby allowing
protein folding), or through the addition of a chemical separation based predominantly on molecular weight.
denaturant (preferential interaction of both the polar and Despite the fact that interactions between proteins and

surfactants are industrially, scientifically, and biologically
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Ficure 1: Comparison of the structure of BSA determined from SANS (this paper, in blue) with the (a) space-filling model and (b)
proposed ribbon diagrams of serum albumin from Carter and12p (

important, the structure of the resulting protesurfactant number (2) of charged amino acids on the surface of BSA
complexes is still debated. A variety of structures have been (net charge of-18 at neutral pH)X3). The primary structure
proposed for these complexes at high surfactant concentratiorof BSA consists of nine loops held together by 17 disulfide
(2, 4), including the “necklace and bead model” in which bonds, resulting in three domains (I, Il, and Ill) each
surfactant micelles are arranged along a flexible polypeptide containing two subdomains or alternatively each containing
chain 6), the “rodlike-particle model”, where the protein one small and two large loop&Z, 14, 15). These loops are
expands into a high aspect ratio prolate ellipsoid upon composed largely of helical segments, resulting in about two-
surfactant binding§, 7), and the “flexible cylindrical micelle  thirds of the molecule exhibiting helical content. Early works
model”, where the protein molecule wraps around the describe the conformation of BSA in solution at neutral pH
surfaces of cylindrical micelles). The most-likely structure  as a prolate ellipsoid, based on a variety of experimental
emerging from the literature is one of a fractal arrangement techniques [e.g., hydrodynamizg—20), small-angle scat-
of relatively small surfactant micelles bound to an extended tering 1, 22), and electron microsco@®®)]. Unfortunately,
protein polypeptide chain, similar to the necklace model ( this “incorrect” (L2) view has persisted and is still commonly
9—11), with the helical portions of the protein contained used in the literature, even with the majority of contemporary
within the hydrophobic micelle coreg)( Protein conforma-  evidence {1, 24), corroborated in this work, pointing to a
tions at low surfactant concentrations, however, are less well-“heart-shaped” structure in solution (triangular shape with
studied, and the mechanism by which the folded native form 80 A edges and 30 A thick), similar to that obtained from
of the protein expands into a “necklace”, as well as the X-ray crystallography Z5) (see Figure 1). Two additional
intermediate structures between the compact and expandedonformations of BSA are observed with decreasing pH,
states, is still debatable. beginning with the heart-shaped norm#l’form at neutral
Bovine serum albumin (BSA) is perhaps the most widely pH, followed by the fast F” form (40 x 129 A) below a
used and best-characterized protein in studies of interactiongpH of about 4, and concluding with the expand&d form
with surfactants, perhaps because of the relatively large (21 x 250 A) for pH less than about 32, 15). TheN — F
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transition is typically associated primarily with an unfolding is primarily of the cis form (we were unable to deconvolute
of domain Il or the C-terminus portion (upper left-hand side the presumably small trans peak). Throughout this paper,
of the “front” view in Figure 1) (5) from the rest of the  the terms “trans form” and “cis form” indicate that the
molecule, with domains | and Il remaining relatively intact surfactant is primarily trans or cis, respectively.

(12, 26—28). During theF — E transition, all six subdomains Highest-quality lyophilizate BSA, guaranteed monomeric
are generally thought to separate from the compact structureffor 1 year as a solid and for 6 months in solution, was
however, a relatively high helical content (50%) is still purchased from Roche and used as received. The low ionic

observed 28), suggesting that the loops remain intact. On strength phosphate buffer (pH 7.2, 8.3 mM) was obtained
the basis of studies using BSA fragments, it has also beenfrom Sigma. All other chemicals were obtained from Aldrich.
suggested that cooperative surfactant binding occurs prima-A protein concentration of 10 mg/mL was employed in the
rily between the loop segments, while “SDS denaturation neutron-scattering experiments, while a concentration of 0.66
does not disrupt the helices formed in the six large loops” mg/mL was used for the light scattering and fluorescence
(29). measurements (see below).

In the present work, we show that light can be used as a Light-Scattering MeasuremenBLS measurements at 25
novel method of controlling protein structure. This is °C were performed at an angle of 90n a Brookhaven
achieved through the use of a light-responsive azobenzenemnodel BI-200SM instrument (Brookhaven Instrument Co.)
surfactant, which undergoes a reversible trangis pho- with an argon ion laser operating at 514 nm. A relatively
toisomerization upon exposure to visible or UV ligBO{- low laser power €100 mW) was used to avoid conversion
34). The trans (planar) form of the surfactant is more of the azoTAB cis isomer into the trans form during the
hydrophobic than the cis (bent) form as a result of the larger course of the experiments. The data were analyzed with both
dipole moment across the azo group in the nonplanar formthe NNLS and CONTIN routines (difference 2 A) using
(34). As a consequence, hydrophobic interactions betweena BI-9000AT digital correlator (Brookhaven Instrument
the surfactant and protein can be tuned with light illumina- Corp.). The protein-buffer solutions were passed through a
tion. Light-scattering and neutron-scattering data are usedO.2um filter prior to the measurements, while the surfactant
to show that the trans from of the surfactant causes a greatewas added after filtration to avoid loss of the surfactant
degree of protein unfolding than the cis form and that these through adsorption on the membrane. A lower protein
changes in protein structure are photoreversible. Shapeconcentration (1 M or 0.66 mg/mL) was used in the light-
reconstruction is applied to the small-angle neutron-scatteringscattering experiments to measure the infinite dilution
(SANS) data, allowing for relatively high-resolution “im-  diffusion coefficient of the protein more accurately.
ages” of the protein structure to be obtained throughout the SANSThe SANS data were collected on the 30-m NG-3
unfolding process as a function of the surfactant concentra-instrument at NIST6) using a neutron wavelength bf=
tion and light illumination. These results are compared to 6 A at 25°C. Two sample-detector distances were employed
low-resolution triaxial ellipsoid fits of the SANS data and (1.33 and 7.0 m), combined with a 25 cm offset of the
to results extracted from dynamic light-scattering (DLS) data, detector, to give & range ofQ = 474~ sin(p/2) = 0.0048
to provide a consistent view of the nature of surfactant- A-1 — 0.46 A1, where6 is the scattering angle. The net
induced protein elongation, as well as the mechanism of intensities were corrected for the background and “empty”

photoreversible control of protein folding. cell (pure BO), followed by accounting for the detector
efficiency using the scattering from an isotropic scatterer
MATERIALS AND METHODS (plexiglass), and then converted to an absolute differential

cross section per unit sample volume (in units of énuising
an attenuated empty beam. The coherent intensities of the
sample were obtained by subtracting the incoherent contribu-
tion from the hydrogen atoms in BSA (0.0034 cihand

-+
CHacH@N:NOO(CH2)4N(CH3)3 Br the surfactant (60.0012 cm?). .
The SANS data were analyzed using three complementary

techniques: calculation of the pair distance distribution
sized according to published procedur&§, (34), with a functions (PDDFs), modeling the protein shape as a triaxial
purity of 99% as determined by gas chromatography and ellipsoid, and use of a relatively new shape-reconstruction
NMR. Photoisomerization of azoTAB was done as previ- algorithm. The PDDFs were calculated assuming a mono-
ously described3p). Briefly, conversion from the trans to  disperse system using GNONY) over aQ range of ca.
the cis form of azoTAB was achieved by illuminating stirred 0.025 At — 0.3 A~%; data at loweQ values were not used
solutions with the 365 nm UV line from a 200 W Mercury in these calculations to avoid the need to account for the
arc lamp (Oriel, model no. 66942) isolated using a 320 nm effects of particle interactions in the analysis. The lowest
band-pass filter (Oriel, model no. 59800). For conversion maximum particle diameteDg.) Was selected to be that
from the cis to the trans form, a 400 nm long-pass filter which gave a smooth return of the PDDF to 0D&t.,. For
(Oriel, model no. 59472) was used to isolate the 436 nm the triaxial ellipsoid model, the SANS intensit{Q) was fit
line of the mercury lamp. A heat-absorbing filter (Oriel, to a model of the form
model no. 59042) was placed in the beam path to absorb
the IR light produced by the lamp. It should be noted that 1(Q) = qb(Ap)zVP[IFZ(Q)@S(Q) +1,
absorption measurements indicate that under visible-light
conditions the surfactant exhibits an approximately 75:25 where ¢ is the volume fraction of the proteirsurfactant
trans/cis equilibrium, while under UV light, the surfactant complex,Vp = (¥3)zabcis the volume of the triaxial ellipse

Materials. An azobenzene trimethylammonium bromide
surfactant (azoTAB) of the form shown below was synthe-
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with half-axesa, b, andc equal to half of the thickness, 50 T . r 4.9
width, and length, respectively, arid is the background 000000 o
scattering intensity. The neutron scattering length density = / % $ §
differenceAp between the protein and the® solvent was ‘g’ 45 - 3 . + } 55 3
set to a value of 2.4% 10°® A2 based on the reported 5 : fc.?
value of the scattering length density of BSA of 3.840 ¢ % 5 . =
A=2in D,O (38). The form factor was calculate@$—41) E Y P —3 % 3
by averaging over all possible protein orientations by > } =
H H [=] L
integrating over the angleg and 6 % 35‘%’% (_? o o
&
FQ= 2/ [7*FQu(abeq.0)] sin g dp o i
7.[ 30 1 1 1 1 1 8.2
with 0 2 4 6 8 10
[Surfactant] (mM)
F(Q,r) = 3[sin (Qr) — Qr cosQn]/(Qr 3 Ficure 2: BSA unfolding versus azoTAB surfactant concentration
@0 [sin (Qr) QO as measured by DLS at 2& under both visible®) and UV @)
and light illumination, as well as the data for pure BS#). Open
symbols are used to demonstrate the photoreversible changes in
r(ab,c.p,0) = protein conformation upon visible- UV — visible (O) and UV

— visible — UV (O) exposure.
[(a® sir? O + b? cog 0) sir? ¢ + ¢ cos ¢]*? () exp
The fluorescence spectra were collected in front-face mode
by placing the cuvette at an angle of ca? §0m the incident
light, thereby allowing the emission spectra to be obtained
at relatively large optical densities (OB 1) without
complications arising from absorption. To minimize the effect
of reflected light, a horizontally polarized filter was placed
just before the photomultiplier tube. The slit widths for
excitation and emission were 1 and 2 nm, respectively.

For the structure factoiS(Q), either a mean spherical
approximation accounting for electrostatic repulsict 43)
or a square-well potential representing short-ranged attrac-
tions @4) was used, depending on the degree of protein
neutralization by the surfactant (see below). The degth (
= 3.2&gT) and width ¢ = 1.033) of the square well were
estimated from the van der Waals attractive potendd) (
by equating the area in the “well” to that of the overall
potential (van der Waals plus electrostatic) over the range ResyLTS AND DISCUSSION
of separation distances where the potential is attractive. The
model fits were performed using the data analysis software BSA Conformation Changes with Light (DLShe effect
and structure factors provided by NIST (triaxial form factor of azoTAB surfactant binding and light illumination on the
available from CTL upon request). The data were fit up to conformation and folding of BSA is shown in the DLS results
a maximumQ value of 0.4 A1 beyond which the data in Figure 2. Increasing the amount of the trans or cis forms
exhibited unsatisfactory noise. The shape reconstructionsof the surfactant causes the measured diffusion coefficient
were performed using GA_STRUCT generously supplied by of the surfactartBSA complex to decrease, an indication
Dr. William Heller (46). A Q range of 0.02-0.3 A~ was of an increase in the overall size of the complex. This is
employed, with 2000 points used to describe the protein evidenced by examining the effective hydrodynamic radius
shape. The lower cutoff value of 0.02 Awas used to ensure  calculated from the Stoke<Einstein equation, namely
that only the particle shape (form factor) and not the = keT/677D, wherekg is Boltzmann's constanfl is the
particle—particle interactions (structure factor) were used in temperaturey is the viscosity of the solvenR is the infinite
the shape reconstruction analysis. ForkhandF forms of dilution diffusion coefficient obtained at low concentration,
BSA, the protein conformations reported below are the and Ry is the hydrodynamic radius assuming a spherical
“consensus envelopes” that GA_STRUCT automatically shape.
produces from the average of 10 different runs. For the highly ~ The value of the hydrodynamic radius of BSA obtained
unfoldedE form, however, the individual conformations from  without the surfactant (34 A) is in excellent agreement with
each run, while being similar in the degrees of elongation values from the literatured( 47—52) (typically ~34 + 3 A)
and “kinking” (see below), contained enough variation so at similar conditions. Upon increasing the concentrations of
as to yield average structures that were somewhat blurred both the trans and cis forms of the surfactant, the size of the
washing out many of the salient features of the folding BSA—surfactant complex increases as a result of protein
observed in the individual runs. Thus, only the structure for unfolding. The trans form of the surfactant results in a more
the run best fitting the data is typically shown to save space. rapid increase in the size of the complex than does the cis
Fluorescence Measuremeniuorescence measurements form, indicating that the more hydrophobic trans-azoTAB
using Nile Red as the probe were performed on a TimeMasterhas a greater tendency than the relatively hydrophilic cis form
Fluorescence Lifetime spectrometer (Photon Technology to bind to the protein. This allows for reversible, light-
International) in steady-state mode at°’®5 The results were  directed changes in the size of the BSgurfactant complex,
obtained with an excitation wavelength of 575 nm using an as shown in Figure 2, because the hydrophobic interactions
excess amount of the solid dye, with saturation assured bybetween surfactant tails and the nonpolar amino acids (that
sonicating the mixtures for 15 min followed by stirring for are normally folded into the interior of the protein) can be
several days. Samples were then centrifuged prior to loadingtuned with light illumination. A similar unfolding of BSA
into the cuvette to prevent the inclusion of solid Nile Red. has been observed with increases in SDS or dodecyltrim-
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ethylammonium bromide (DTAB) concentrations with DLS 0.003 . : T .
(49, 52), with the maximum hydrodynamic radius measured @ —0.0mM
in Figure 2 consistent with observed values from these TA T 0s0mM|]
studies. Furthermore, as the hydrophobicity of traditional 0002 L Y TS
surfactants is increased through the use of longer hydrocarbon ' f \ TC28mM
tails, BSA structural changes have been observed to occur = i f 1& """"" 519 mM
at lower surfactant concentratior9, analogous to a greater & 7 A
degree of unfolding for the more hydrophobic trans form of 0.001 | f ‘\\ \ .
azoTAB. In contrast to these traditional surfactant effects, ‘\\\ \
however, the photoinduced changes in the size of BSA upon ¥ \ \\ \;.._. 1
UV- or visible-light illumination were observed to be \ \‘\‘;ﬂ.,. \\
completely reversible within the experimental uncertainty, % 50 100 150 200 250
as seen in Figure 2. riAl

For illustrative purposes and for reasons that will become
clear below during analysis of the SANS data, diffusion 0.002

coefficients (i.e., effective hydrodynamic radii) for different
potential conformations of BSA were estimated as shown
in Figure 2. These values were calculated from the theory
of Kirkwood (53, 54) by treating the protein as a chain of
six equivalent spherical subunits, a reasonable assumption
for BSA that is known to have three domains each containing
two subdomainsl2, 14, 15). Each subunit was assumed to
be a compact sphere using the minimum radius possible for
the subunit molecular weight (i.eRyin = 0.66 MWA3 = 15
A) with the addition 6 a 3 A thick water hydration shell.
As seen in the graph, the increase in the hydrodynamic radius
is consistent with protein unfolding and separation of the riAl
six protein subdomains. The initial triangle-like structure gure3: PDDFs of BSA-azoTAB solutions as a function of the
shown in Figure 2, with a thickness of 30 A and a side length surfactant concentration under both (a) visible- and (b) UV-light
of about 90 A, roughly corresponds to the shape and illumination.
dimensions of the heart-shaped structure of BSA determined
from X-ray crystallography25) (30 A thick and 80 A on expanded states of the protein that could possibly occur upon
edge), while the fully extended structure hypothesized at surfactant binding. In contrast, the relatively wiQerange
higher surfactant concentrations is compatible with the low- utilized in a typical SANS experiment (in this caQe= 0.005
pH threadlike form (21x 250 A) observed with electron A~ — 0.45 A™%) allows a wide range of length scales]
microscopy 5). 27/Q to be investigated simultaneously. For example,
It is important to note that the increase in hydrodynamic changes in the thickness of the BSA molecui®Q A) would
radius (or the decrease in the measured diffusion coefficient)be observed aroun@ = 0.21 A", while an increase in the
observed in Figure 2 cannot simply be a result of the increaselength of BSA to previously reported TEM values of up to
in the effective mass of the surfactamrotein complex that 250 A would be seen at c® = 0.025 A™%, a difference of
occurs with surfactant binding. For example, preliminary about a decade in th@ range. This simple example points
binding isotherms (not shown) indicate that at this low BSA to the utility of SANS in studying protein structure in
concentration, only about seven surfactant molecules aresolution.
bound per protein at 1 mM azoTAB surfactant under visible  In the sections that follow, the SANS data collected from
light, consistent with the reported values of #1 high- BSA—azoTAB systems will be analyzed in three distinct
affinity binding sites observed in other cationic surfactant ~ ways. The first technique employed will be the calculation
BSA systemsJ6, 57). This gives an increase in the mass of of PDDFs, a model-independent method used to qualitatively
the surfactantprotein complex that occurs with surfactant investigate protein unfolding. This will be followed with
binding of approximately 6%. For globular proteins with a fitting of the SANS data by assuming the protein adopts a
compact spherical shape, the radius is expected in increasdriaxial ellipsoidal shape in solution and interacts through
with MW3, accounting for only a 2% increase in the either electrostatic repulsive or square-well attractive interac-
measured hydrodynamic radius with surfactant binding tions. In the final technique, shape-reconstruction analysis
(compared to an increase from 34 A for pure BSA to 40 A will be used to investigate protein shape with a greater
at 1 mM azoTAB under visible light). Thus, it is clear that resolution than the triaxial fits. Each of these methods gives
conformational changes and not simply an increase in theconsistent results, allowing precise determination of the
effective mass are responsible for the observed increase innechanisms of light-directed protein folding and unfolding.
size of the BSA-surfactant complex. PDDFs. To investigate the effect of surfactant and light
BSA Conformation Changes with Light (SANS}hough illumination on protein structure, the PDDFs shown in Figure
the above DLS measurements illustrate that reversible 3 were calculated from the experimental scattering data (see
changes in the expanded (unfolded) nature of the protein canbelow). Because the PDDF is a measure of the probability
be induced with light illumination, the measured diffusion P(r) of finding two scattering centers at a distarrcapart
coefficients cannot distinguish between the many different (40, 58), information about protein conformation can be

150 200 250
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readily obtained using a model-independent, straightforward g " Visble ' v
procedure. Thus, calculation of the PDDF is a commonly
employed technique to probe the myriad of complex
structures that proteins can adopt in solution. For example, ~
the PDDF of a globular (i.e., spherical) protein is expected 'g
to have a symmetric, inverse parabolic shape, with the peakb o1l
position and the maximum dimensioD .y i.€, ther value
beyond whichP(r) equals 0) corresponding approximately
to the protein radius and diameter, respectively. However,
as the protein unfolds, the PDDF will exhibit a tail at larger
r, with Dmax corresponding to the length of the elongated
protein.

From Figure 3, it appears that, in the absence of the

1
——0.00mM o
-—055mM &
— —080mM o

1k
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surfactant, BSA adopts a predominantly globular structure,
with the PDDF exhibiting a maximum at 34 A, whilax
= 75 A, similar to the pure BSA values determined using

FicurRe 4: SANS data and triaxial fits for BSAazoTAB solutions
as a function of the surfactant concentration. The insets magnify
the low-Q region to highlight the effect of protein elongation. Also

shown in the inset for visible-light illumination are the normalized
form factor, p(Ap)?VeFAQ)4, and structure factoiy(Q), at 5.19
mM azoTAB.

SAXS (11). These values also closely match the hydrody-
namic radius of 34 A measured in Figure 2, as well as the
oft-reported 80 A edge of the equilibrium triangle ap-
proximating the X-ray crystallographic structure (see Figure fits given in Table 1. Noteworthy is the model fit of the
1). Upon increasing the concentrations of both the trans andsurfactant-free data for pure BSA in pH 7.2 buffer, which
cis forms of the surfactant, a significant extension of the consistently attributed an oblate ellipsoid (disklike) structure
PDDF to larger maximum dimensions occurs, an indication to BSA. This was true despite our best efforts to “force” a
of elongation of the protein upon unfolding. Furthermore, it prolate ellipsoid fit with initial guesses and seems to support
appears that this unfolding may be a stepwise rather than athe assertion by Carter et ald). that BSA is not cigar-
gradual transition. This is particularly evident under visible- shaped at neutral pH in surfactant-free solutions as is often
light illumination, where three discrete protein conformations claimed. Note that the SANS data in the present work extend
are observed upon increasing the trans surfactant concentrato higherQ values (or equivalently smaller length scales)

tion, with significant unfolding occurring between 0.55 and
0.80 mM and then again in the range of 16083 mM.
This mechanism is consistent with theF, andE forms of
BSA observed with decreases in pH. Under UV-light
illumination, the stepwise nature of the protein unfolding/

than other published small-angle scattering data of BZ4w(
< 0.2 A typically used to conclude that BSA is a prolate
ellipsoid 21, 22, 38, 60, 61). This extended) range may
account for the present ability to detect the thin, relatively
flat structure expected if BSA adopts a conformation in

elongation process with cis surfactant concentration is lesssolution similar to that obtained from X-ray crystallography
clear, although it appears that again three discrete forms ofdata (30 A thick, see Figure 1).

the protein exist, with maximum dimensions in this case of
approximately<100, 150, and 200 A, respectively. It is
important to note that SANS measures the rotational and
conformational average of the protein structure, making it
difficult to distinguish between intermediately folded states
and conditions where a mixture of two equilibrium forms
exist simultaneously in solution.

At a minimum, the PDDFs reveal significant unfolding
and elongation of BSA with the addition of azoTAB, as well
as the ability to control the degree of unfolding with BV
visible-light illumination. In the sections that follow, we will
employ two different techniques to analyze the SANS data
to further study the protein unfolding in a more quantitative
manner. In the first technique, the data will be fit to a low-
resolution model consisting of a triaxial ellipsoid form factor
with protein interactions being handled through the use of

With increases in the trans or cis surfactant concentrations,
the scattering intensity increases primarily @< 0.05 A2,
while only modest differences are found at lar@evalues.
While an increase in lowQ scattering is often a characteristic
of protein aggregation, this does not appear to be the case
here because the formation of aggregates should also lead
to a decrease in the scattering at higQeas the number of
independent monomers is diminishegR), Therefore, the
increase in scattering belo@ = 0.05 A% (L ~ 27/Q =
125 A) is most likely consistent with BSA elongation, as
shown in the model fits in Table 1 that indicate that the
dominant change in the BSA conformation is in the triaxial
ellipsoid length ¢100 A — 250 A orQ < 0.025 A1 —
0.063 A1), while the thickness+25 A or Q = 0.25 A1)
and width 100 A or Q = 0.063 A% are relatively
unchanged. This observation is also consistent with the six

either a rescaled mean spherical approximation of Coulombic protein subdomains remaining intact but separating from each

repulsive interactions4@, 43) or a square-well attraction
potential @4). In the second technique, we will employ a
model-independent algorithm developed by Helk) that
allows the approximate conformation of the protein to be
reconstructed from the SANS data without anpriori

other as the protein elongates, as has been commonly
observed during the — F — E transitions. Again, it appears
that three discrete protein conformations are observed with
trans (corresponding to the concentration ranges @65,
0.80-2.21, and>2.83 mM) or cis (with concentration ranges

assumption of the protein shape, within a resolution as smallof <1.60, 2.23-7.32, and>8.45 mM) surfactant. It is also

as 5 A 69).
Triaxial Ellipsoid Model. The SANS experimental data,
along with fits using a triaxial ellipsoid model of the protein

important to note that the dimensions of these three forms
shown in Table 1, i.e., approximately (30 90 x 90 A),
(30 x 90 x 150 A), and (25x 100 x 200-250 A), are

shape, are displayed in Figure 4, with the results of the modelconsistent with literature values of the(30 x 80 x 80 A),
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Table 1: Fits of the SANS Data of 1.0 wt % BSA Solutions as a Function of the azoTAB Concentratiof@tl&5ng a Triaxial Ellipsoid
Form Factor and a Structure Factor Accounting for Either Electrostatic Repulsions or Hard-Sphere Attractions

[surf] (mM) o thick ()  width (A)  length () form  Ry(A)  Dmax(A) || Bkg. (cnmY)  4%(N-—1)
0 0.0094 28.4 92.7 92.3 N@ 27.8 75 7.60 0.0034 2.65
Visible Light
0.55 0.0100 27.4 95.9 96.0 N 29.5 95 3.84 0.0047 2.08
0.80 0.0103 27.0 84.4 161 F 42.0 160 0.001 0.0042 2.54
1.60 0.0103 26.8 83.3 161 F 42.2 150 0.001 0.0044 2.36
2.21 0.0103 27.5 91.9 190 F 49.9 180 0.0048 2.61
2.83 0.0126 23.9 128 268 E 66.0 245 0.0034 5.68
4.06 0.0116 25.2 128 263 E 65.8 250 0.0034 4.37
5.19 0.0137 22.6 123 253 E 66.0 240 0.0041 5.78
UV Light
1.60 0.0093 28.7 87.8 116 N 325 110 3.68 0.0036 2.73
2.21 0.0093 29.1 89.4 147 F 40.7 150 1.10 0.0038 3.11
2.83 0.0097 28.9 103 142 F 45.8 160 0.0041 4.93
4.06 0.0095 29.4 102 138 F 45.6 160 0.0045 4.31
5.19 0.0098 28.8 103 144 F 45.1 160 0.0049 4.22
5.88 0.0103 27.4 105 149 F 46.4 155 0.0052 4.01
7.32 0.0103 27.6 103 155 F 46.5 160 0.0051 3.93
8.45 0.0115 25.0 101 190 E 53.6 190 0.0062 3.84
9.23 0.0112 25.3 103 208 E 55.9 210 0.0058 3.90
10.34 0.0122 23.6 105 224 E 62.0 225 0.0065 3.42

2 Proposed form of BSA in solution (see also Figure®@etermined using GNOM (see the text).

F (40 x 129 A), andE (21 x 250 A) forms of BSA observed
with decreases in pH through X-ray crystallograp2§) @nd
electron microscopysb). The modest differences between
the fitted dimensions and those from literature and particu-
larly the relatively large values of semiaxisn the @ x b
x C) triaxial ellipsoids for the= andE forms can likely be
attributed to the fact that an ellipsoid is widest at the center
and tapers at the ends. Thus, the fitted and experimental
dimensions are in reasonable agreement, suggesting that BSA
adopts a form in solution similar to that observed with these \
solid-state measurements. Similar correlations between the 3
crystal and solution structure have been noted in the literature 0.01 . . ?
for various proteins46, 59, 63—68). 0.01 0.1
Of importance is the fact that at a constant surfactant Q@A™
concentration, the conformation of BSA can be controlled gyre5: Photoreversible control of BSA folding with light. SANS
with light. For example, at 5.19 mM of azoTAB, BSA adopts data were taken in the following order: visible ligd)— UV
a structure similar to th& form under visible-light illumina-  light (®) — visible light ). [azoTAB] = 4.06 mM.
tion, while irradiating this solution with UV light causes BSA
to refold into theF form. This photoreversible unfolding and  returns a model fit effective charge ¢f| = 7.60 (note
refolding is consistent with literature studies of the unfolding that the model cannot distinguish between a positive or
of BSA upon the addition of a variety of sodiumalkyl negative charge). This value is in reasonable agreement with
sulfate andh-alkyl trimethylammonium bromide surfactants the actual net charge of18 for BSA at neutral pH 3,
(29). In general, protein unfolding was observed to occur at 69), especially when the inherent assumptions involved in
increasingly lower surfactant concentrations as the length oftreating the protein as a homogeneous ellipsoid with a
the alkyl tail increased, indicating that hydrophobic surfac- uniform surface charge distribution (see Figure 1) are
tant—protein interactions play an important role in the considered. As the surfactant concentration is increased, the
binding/unfolding process. Thus, the more hydrophobic trans effective charge decreases rapidly, as expected upon the
form of azoTAB is expected to result in a greater degree of binding of cationic azoTAB onto the net-negative BSA.
BSA unfolding than the less hydrophobic cis form. Figure 5 Further increases in the trans or cis surfactant concentrations
demonstrates that the photoinduced refolding of BSA on return fitted effective charges of essentially zero, with
going from the trans to cis surfactant forms upon exposure admittedly slightly lower surfactantprotein ratios (S/P~
to UV light can be completely reversed upon reexposure to 5—15) required to “neutralize” BSA than expected based on
visible light. As seen in the figure, the scattering data are, the —18 net charge. This apparent inconsistency between
within SANS experimental error, identical both before and the SANS model fits and the charge on BSA can be
after the visible— UV — visible illumination, indicating understood by recalling that, in addition to electrostatic
that the protein structure can indeed be photocontrolled repulsions, proteins in solution can also exhibit attractive
reversibly. interactions, a result of a nonuniform charge distribution and
As seen in Table 1, treating pure BSA in solution as a various nonpolar and/or noncharged amino acids that can
triaxial ellipsoid interacting through an electrostatic potential interact through van der Waals, hydrophobic, and hydrogen-
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bonding type attractive forces. Neutron-scattering data atlow Thus, we investigated the possibility of micelle formation,
Q are expected to be influenced by both short- and long- either free or bound to the protein, by using 2JH,0 ratio
ranged correlations between particle positions, and thus, forof 40:60, the contrast matching point of BS38]. Despite
proteins, the actual structure factor may be a superpositionthe fact that the neutron-scattering length density difference
of both attractive and repulsive interactions, which tend to between azoTAB and this solvent mixture is relatively high
raise or lower the scattering intensity at IQyrespectively. (particularly from the alkyl spacer groups), no excess
A precise model for the structure factor of a protein scattering over the solvent was detected under visible light
solution that accounts for both attractive and repulsive for either pure BSA or BSAazoTAB mixtures up to 20
interactions would be unnecessarily complex, especially mM surfactant, indicating that micelles are not formed.
given the low-resolution ellipsoid model of the protein shape Attempts to further increase the surfactant concentration
as well as the nonuniform charge distribution. Thus, we choseresulted in phase separation at 40 mM azoTAB. Therefore,
to simplify matters by changing from an electrostatic- a recharging of the protein at high surfactant concentrations
repulsion to a square-well-attraction structure factor beyond owing to additional surfactant adsorption seems to be the
the transition region (i.e., whexi ~ 0). Although this may =~ most likely reason for the peak appearance and not micelle
introduce some uncertainties in the model fits in the vicinity formation. Furthermore, an additional structural change may
of the transition region when both attractive and repulsive occur in the BSA-surfactant complex beyond an azoTAB
forces are equally important, it certainly becomes a more concentration of 8 mM. A precise determination of this
accurate assumption at higher surfactant concentrations awaytructure would be complicated by the fact that the protein
from the transition region. It is important to note that the becomes recharged at elevated surfactant concentrations;
introduction of a square-well attractive interaction has the preliminary ¢ potential measurements (not shown) have
tendency taeducethe fitted length of an ellipsoid, because confirmed that the net charge of BSA is nearly zero over
an increase in either the strength of attraction or the ellipsoid azoTAB concentrations ranging from 2 to 5 mM under
length both increase the lo@-scattering, as seen in the inset visible light but increases substantially to large positive
of Figure 4 (note that a® increases beyond 0.04°A the values as the surfactant concentration is increased beyond
structure factor oscillates arourdiQ) ~ 1 to within a few this range. Thus, electrostatic interactions will have to be
percent). Thus, the elongation of BSA observed in Table 1 accounted for in any effort to determine the protein confor-
is not an artifact of the fitting procedure. The fitted length, mation at elevated surfactant concentrations. At low surfac-
however, is somewhat sensitive to the choice of the well tant concentrations, where the protein is primarily globular,
depth, with a sensitivity oAL/Ac’ = —1.33 (%/%), although  electrostatic interactions can be accurately modeled using
given that the structure factor correction is small [maximum well-known expressions for charged sphed 43), as was
S(Q) ~ 1.2], this sensitivity is relatively mild. The continuity —done in Table 1. However, as the protein becomes elongated,
of the particle volume fraction across the transition region, the assumption of a spherical shape can no longer be applied
as well as the similarity between this fitted value and the safely. The challenging task of developing an accurate
value expected for pure BSA at the concentration used in description of the scattering from charged, highly elongated
the experiments, calculated from the literature value of the proteins will be considered in a future study.
partial specific volume of BSA15, 70) along with 0.3 g of Shape ReconstructioWhile the model fits above provide
bound water per gram of BSA{) (¢ssa = 0.0073+ 0.003 convincing evidence of protein conformational changes with
= 0.0103), serves as a check of the physical significance of increasing surfactant concentration and light illumination, the

the data fits. Furthermore, the increase ¢gnwith the assumption of a triaxial ellipsoid protein shape provides only
surfactant concentration is also consistent with the binding low-resolution information on the protein dimensions. More
of the surfactant to the protein complex. detailed structural information can be obtained using the

The SANS data suggest that no surfactant micelles arerelatively new technique of “shape reconstruction”, whereby
formed at the surfactant concentrations used in Figure 4,the scattering data are fit by treating the protein as a
because there is no interaction peak, which would be collection of many (a few hundred to a few thousand)
characteristic of charged micelles. Beyond a surfactant spherical scattering centers whose relative positions are
concentration of ca. 8 mM (trans) or 380 mM (cis), altered until agreement is obtained between the simulated
however, a peak became evident@fa ~ 0.1 A when scattering and the experimental scattering curves. This
normalizing the scattering intensities by dividing by the approach has been shown to return relatively high resolution
scattering at 5.19 and 10.34 mM, respectively, and the (up to 5 A or 2/Qma) (59) structural information for
intensity at lowQ was observed to decrease (data not shown). proteins. The two most common algorithms for this proce-
Both of these observations suggest the presence of chargedure are GA_STRUCT4®) and GASBOR %9), both of
species, which could be a result of surfactant micelle which are available from the respective authors. In the present
formation or an increasingly positive protein net charge work, we have utilized GA_STRUCT, primarily because it
because of cationic surfactant binding. The differences features a built-in averaging over 10 separate runs. As an
between the threshold concentrations for peak formation andillustration of the quality and precision of structural informa-
the minimum amount of surfactant necessary to achieve thetion that can be obtained from this program, the results of
expandecE form of BSA (i.e., 2.83 and 8.45 mM, respec- applying GA_STRUCT to the scattering data from a pure
tively, which are presumably the amounts of surfactant BSA solution are compared to the X-ray crystallographic
strongly bound to the protein) indicate that the peak developsand space-filling model of the protein structure in Figure 1.
when the “excess” surfactant concentration is about 5 mM It is immediately clear that a high degree of similarity exists
trans or 10 mM cis, coinciding with the critical micelle between the protein structure in solution [fitted using
concentration values of the two surfactant forrs, (35). GA_STRUCT, although GASBOR has been shown to yield
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Ficure 6: Results of shape reconstruction using GA_STRUZA) @s a function of the surfactant concentration and light illumination.
Shown are the front and right-side views at each surfactant concentration.

comparable result$0)] to that in the solid, crystalline state, ever, a significant degree of protein unfolding is observed
in agreement with several reports of the similarity between at about 0.80 mM (trans) and 2.21 mM (cis) surfactant
the crystal and solution structures of a number of proteins. concentrations, consistent with tNe— F transition that was
For BSA, this analogy has been somewhat confused becausattributed to the triaxial ellipsoid elongation in Table 1, as
of the persistent but apparently incorrect view that BSA is well as the well-known transition that occurs with decreasing
“cigar-shaped” at neutral pH. pH (see Figure 1). This increase in the amount of surfactant
The results of applying the GA_STRUCT algorithm to necessary for th&l — F transition on going from the trans
the present SANS data at different azoTAB surfactant (more hydrophobic) to the cis (less hydrophobic) forms of
concentrations, §|, and light illumination conditions are  azoTAB allows the protein conformation to be controlled
shown in Figure 6. At low surfactant concentrations (e.g., with light (see, e.g.,9 = 1.60 mM in Figure 6).
0.55 mM for the trans and 1.60 mM for the cis forms), the  The initial unfolding of BSA (throughout th& — F
heart-shaped structure of BSA is largely unchanged. How- transition) apparently involves only the left side (i.e.,
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C-terminus part) of the protein, while the right side (N
terminus) remains unchanged. This is especially noticeable
by observing the bulbous, mushroom-like portion on the
upper right of pure BSA, which is still evident even at
relatively high surfactant concentrations (2.21 mM for the
trans and 7.32 mM for the cis surfactant forms), despite the
fact that considerable elongation of the protein has occurred.
This is consistent with several experimental studies in the
literature that have suggested that the— F transition
involves a partial unfolding of the C-terminal (domain 111)
region, while the N-terminal portion of the protein remains
relatively intact (2, 26—28).

Continuing increases in the surfactant concentration even-
tually result in a highly unfolded and elongated protein
structure for both the transg = 2.83 mM) and cis (§ =
8.45 mM) surfactant forms. Again, this is consistent with
the F — E transition observed with the triaxial fits in Table
1, as well as from the literature with decreases in pH. The
analogy between the extent of protein unfolding (i.e.,
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Ficure 7: Fluorescence intensity of Nile Red in BSAzoTAB
mixtures as a function of the surfactant concentration under visible-
light conditions.

the structure of surfactanprotein complexes is the “neck-
lace model” (surfactant micelles arranged along the polypep-
tide chain) 2). Indeed, fractal-like structures consistent with
the necklace model have been observed with BE& 1)

elongation) observed using either model-independent (shapeand lysozyme 72) mixed with dodecy! sulfate surfactants.

reconstruction) or model-dependent (triaxial ellipsoid) meth-
ods also provides for a self-check of the fitting procedures,
as well as a high degree of confidence in the results. Further
note that, in general, GA_STRUCT predicts an elliptical
cross section for BSA, independent of the surfactant con-
centration, with a thickness (3®0 A) and width (66-100

A) more or less consistent with the triaxial ellipsoid fits
above. For the unfoldeH form of BSA, GA_STRUCT gave
individual conformations from each of the 10 runs that,
despite being similar in the degrees of elongation and
unfolding, contained enough variation so as to yield con-
sensus envelopes where much of structure was averaged ou
Thus, only the structure for the run best fitting the data is
shown in Figure 6 for BSA in th& form. To illustrate this

Specifically, fo a 1 wt % BSAsolution, fractal structures
were observed as the surfactant concentration was increased
from about 10 to 100 mMI1(0, 11), significantly higher than

the azoTAB concentrations used in the present work. Indeed,
it is clear in Figure 4 that the loW scattering data do not
follow a Q9 scaling law that is characteristic of fractal
structures with a fractal dimension af This is to be
expected because comparing the surfaetandtein ratios

at 5.19 or 10.34 mM azoTAB (S/B 34 or 69 mol/mol,
respectively) with the aggregation numbers calculated for
either free azoTAB micelles\(= 75) (73), BSA-bound SDS
tnicelles 6 = 29 or 56) @, 11), or BSA-bound CTAB
micelles 6 ~ 30) (74) at ca. 15 mM surfactant allows for
only about one or two micelles per protein, which would

effect, the results from two separate runs and the consensuglearly not be well-described by a fractal model. It has been

envelope obtained at 5.19 mM azoTAB under visible light
are shown in the figure. The detailed evidence of protein
unfolding with azoTAB surfactant addition seen in Figure
6, along with the ability to control protein folding reversi-
bly with light illumination, points to the general utility of
this SANS analysis technique in protein conformation
studies.

In the highly unfolded state, it appears from Figure 6 that
the protein is not simply an elongated polymer chain but
rather maintains some degree of folding. This is consistent
with the observation that even in the most acid-unfold@sj (
or surfactant-unfolded2@) form, BSA still has a significant
helical content £47%, compared to 65% in thd form),
primarily because of the 17 disulfide bridges responsible for
the 9 loops found in the protein structure. The kinked

suggested that for fractal structures the helical portions of
the protein are contained within surfactant micelles [e.g., ref
17in Ibel et al. Q)], consistent with fact that the subdomains
of BSA, which are composed of threghelices, contain one
face that consists largely of hydrophobic amino acits).(
Thus, the kink-like conformations observed in Figure 6 may
provide insight into the origin of the fractal structures
obtained at higher surfactant concentrations, with the kinks
providing seed points onto which micelles grow.
Fluorescence Probes of Surfactant Structdree possible
formation of azoTAB aggregates in the presence of BSA,
as well as exposure of the protein hydrophobic domains to
the solvent upon unfolding, was probed using the fluores-
cence dye Nile Red, a hydrophobic probe that exhibits
substantial emission increases in response to increasingly

structures observed in Figure 6 may then be consideredhydrophobic microenvironment§, 77). The increase in

consistent with this view of unfolded BSA, representing the
helical loops held together by disulfide bonds. Indeed, Takeda

fluorescence intensity with the surfactant concentration
shown in Figure 7 both corroborates the findings described

et al. have suggested that SDS denaturation does not affecibove and provides additional insight into the way in which

the helices of the six large loops in BSA9). The potential
ability to visualize directly the individual subdomains in BSA
upon unfolding speaks volumes to the usefulness of SANS
in protein-folding studies.

It is important to compare the protein conformations
observed in Figure 6 to previous structures deduced from
low-angle scattering. There has been some conflicting
evidence in the literature, but the most widely held view of

the surfactant interacts with the protein. At low surfactant
concentrations below about 0.75 mM, the intensity remains
low, suggesting that there is little structural rearrangement
of the protein and the surfactant does not aggregate on the
protein surface. At about 0.75 mM, the fluorescence intensity
begins to increase, consistent with a surfactant-induced
unfolding of the protein to thé form, which causes the
hydrophobic domains of the protein to become exposed to
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the solvent. Similar increases in Nile Red fluorescence haveadsorbed surfactant on the protein. A7 mM surfactant,
been observed upon protein unfolding with hed8)( the E form becomes saturated with Nile Red and for a brief
surfactant 79), or denaturantg§0). Of particular note is the  span of concentrations {® mM) there is no growth in the
fact that in mixtures of BSA (0.1 mg/mL) with SDS, Nile hydrophobic domains necessary to solubilize more Nile Red.
Red fluorescence begins to increase beyond surfactantThis shoulder in the curve is similar to that observed for the
concentrations of 0.70 mMrQ), similar to the value reported F — E transition, and it may indicate the occurrence of
in Figure 7. further structural changes over this surfactant concentration

Between 0.8 and 2.2 mM azoTAB surfactant concentra- range, perhaps attributed to some unfolding of one or more
tion, the fluorescence rises rapidly, which can be attributed of the helical loops or of penetration of these loops by the
to solvent exposure of the protein hydrophobic domains that surfactant. Above 9 mM, however, further increases in
can solubilize Nile Red as the protein unfolds from bh&o surfactant concentration lead to additional solubilization of
F form. At about 2.2 mM, further surfactant addition leads the dye with consequent large increases in the fluorescence.
to unfolding of the protein from th€ to E form, consistent ~ This is coincident with the peak observed in the SANS
with the structures shown in Figure 6 and with the surfactant spectra at 8 mM surfactant concentration and beyond but
concentrations responsible for tié — F and F — E cannot be attributed to the formation of micelles either in
transitions in Table 1. Care must be taken when comparing free solution or on the protein backbone, because the protein-
the SANS results to those in Figure 7. The light scattering contrasted SANS experiments indicated that such structures
and fluorescence measurements were performed at 0.66 mgdo not exist up to at least 20 mM surfactant. Together, these
mL, because of the need to measure the infinite dilution results seem to support that an additional structural change
diffusion coefficient and to maintain a relatively low absor- may occur in the BSAsurfactant complex beyond an
bance, respectively, while the SANS data were for 10 mg/ azoTAB concentration of 8 mM under visible light.
mL to achieve sufficient neutron-scattering count rates. It
does appear, however, that the overall surfactant concentraCONCLUSIONS
tion is a key parameter influencing protein unfolding, as  The ability to control protein folding reversibly with light
judged by the similar trends seen from the three experimentalillumination has been demonstrated through the photore-
techniques at similar surfactant concentrations. Surfactantsponsive-surfactant denaturation of BSA. The visible-light
binding to proteins generally occurs in two stages: electro- (trans) form of the azobenzene surfactant is more hydro-
static binding of the surfactant with oppositely charged amino phobic than the UV-light (cis) form, and as a consequence,
acids at low surfactant concentrations, followed by coopera- exposing the solutions to visible light results in a greater
tive binding because of hydrophobic interactions between degree of proteirsurfactant interaction and protein elonga-
the surfactant tails at higher surfactant concentrations. It istion, while subsequent exposure to UV light causes the
the cooperative binding regime, where the number of bound protein to refold. Shape-reconstruction and low-resolution
surfactant molecules per protein rapidly increases, which is ellipsoidal models used to analyze the SANS data indicate
generally thought to induce protein unfolding).( The that three discrete forms of the protein are observed depend-
surfactant concentration where cooperative binding first ing on the surfactant concentration. Low surfactant concen-
begins to occur (termed the critical aggregation concentrationtrations (6-0.55 mM trans and-61.60 mM cis) result in a
in surfactant-polymer systems) is determined primarily by heart-shapedll form of BSA in solution, similar to the X-ray
the surfactant hydrophobicity and is largely independent of crystallographic structure. Intermediate surfactant concentra-
the polymer concentratio®{). Thus, it is not surprising that  tions (0.80-2.21 mM trans and 2.247.32 mM cis) lead to
a similar amount of surfactant is required to induce protein an elongation of BSA to thé form, while theN — F
unfolding in the three techniques studied, independent of thetransition is seen to result primarily from an unfolding of
protein concentration. We estimate that rapid surfactantthe C-terminus portion of the protein. Finally, at large
binding begins to occur beyond the aforementioned sevensurfactant concentrations 2.83 mM trans and8.45 mM
surfactant molecules bound per protein under visible light cis), a highly elongated form is evident, although some
determined from preliminary binding isotherms, consistent degree of protein folding remains, consistent with the high
with the number of high-affinity binding sites on BSA for helical content of denatured BSA observed in the literature.
cationic surfactantssg, 57). As a result of these transitions, U¥ visible light illumina-

The fluorescence intensity of Nile Red in Figure 7 does tion can result in reversibl&N < F or F < E protein
not increase substantially again until after 4 mM surfactant conformational changes.
has been added to the solution. We attribute this shoulder in
the curve between about 2.2 and 4 mM to the adsorption of ACKNOWLEDGMENT
additional surfactant on the protein, where the surfactant We thank W. T. Heller for graciously supplying
molecules appear to interact independently and associate withGA_STRUCT, S. R. Kline and B. Hammouda for their help
the hydrophobic amino acid residues that are now exposedwith the SANS data collection and analysis, and S.-H. Chen
owing to the unfolding of the protein. Above about 4 mM, for helpful insight. We acknowledge the support of the
the protein is fully unfolded to th& form and we infer that ~ National Institute of Standards and Technology, U.S. Depart-
all exposed hydrophobic groups have been covered by thement of Commerce, in providing the neutron research
surfactant; thus, any additional surfactant added to the systenfacilities used in this work. This work utilized facilities
leads to the formation of hydrophobic domains on the protein supported in part by the National Science Foundation under
backbone, and the fluorescence intensity increases yet againAgreement no. DMR-9986442. We would also like to
It has been noted that it is over this range thatdipetential acknowledge the Cambridg®MIT Institute for support of
becomes increasingly positive, indicating an excess of this research.
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