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Probing Lysozyme Conformation with Light Reveals a New Folding Intermeldiate
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ABSTRACT:. A means to control lysozyme conformation with light illumination has been developed using
the interaction of the protein with a photoresponsive surfactant. Upon exposure to the appropriate wavelength
of light, the azobenzene surfactant undergoes a reversible photoisomerization, with the visible-light (trans)
form being more hydrophobic than the UV-light (cis) form. As a result, surfactant binding to the protein
and, thus, protein unfolding, can be tuned with light. Small-angle neutron scattering (SANS) measurements
were used to provide detailed information of the protein conformation in solution. Shape-reconstruction
methods applied to the SANS data indicate that under visible light the protein exhibits a native-like form
at low surfactant concentrations, a partially swollen form at intermediate concentrations, and a swollen/
unfolded form at higher surfactant concentrations. Furthermore, the SANS data combined with FT-IR
spectroscopic analysis of the protein secondary structure reveal that unfolding occurs primarilg.in the
domain of lysozyme, while thgg domain remains relatively intact. Thus, the surfactant-unfolded
intermediate of lysozyme appears to be a separate structure than the well-&rabovnain intermediate

of lysozyme that contains a foldeddomain and unfolde@@ domain. Because the interactions between

the photosurfactant and protein can be tuned with light, illumination with UV light returns the protein to

a native-like conformation. Fluorescence emission data of the nonpolar probe Nile red indicate that
hydrophobic domains become available for probe partitioning in surfagpatein solutions under visible

light, while the availability of these hydrophobic domains to the probe decrease under UV light. Dynamic
light scattering and UVvis spectroscopic measurements further confirm the shape-reconstruction findings
and reveal three discrete conformations of lysozyme. The results clearly demonstrate that visible light
causes a greater degree of lysozyme swelling than UV light, thus allowing for the protein conformation
to be controlled with light.

The biologicalfunctionof a protein is largely determined  structural information of unfolded or partially folded states
by the structure of the protein, and thus, much work has is limited, largely because intermediately folded proteins
been aimed at investigating this forrfunction relationship. typically aggregate over the long times required for crystal-
The method of choice in this regard has been X-ray lization, a result of exposure of the hydrophobic regions of
crystallography, which has been shown to be quite successfulthe protein to solventd). Thus, developing novel methods
at elucidating the structure of soluble proteins in the native of investigating intermediate states in solution, as opposed
state. However, the formfunction relationship is not static  to in the crystalline form, is warranted. However, direct high-
in nature, and instead, it is often necessary for the protein toresolution structural studies of these intermediates are usually
adopt non-native or partially folded conformations to perform precluded because of their transient nature (lifetimek00
certain functions, whether beneficial (e.g., enzymatic cataly- ms), thereby relegating the investigation of thégeetic
sis, transport across cellular membranes, immune protectionjntermediatesprimarily to the field of simulations?, 8),
etc.) or harmful [e.g., ailments such as Alzheimer’s disease, although novel experimental strategies have been developed
cystic fibrosis, Mad Cow disease, amyloid diseases, prion to study the folding process, such as time-resolved small-
diseases, and even many cancers are believed to result fronangle X-ray scattering, nuclear magnetic resonance (NMR),
misfolded proteinsk, 2)]. In the specific case of lysozyme, and various spectroscopic techniques combined with stopped-
mutations of the protein have been found to produce flow methods §—12). An alternate approach is to study
structural transitions that lead to amyloidos3, (vith large equilibrium intermediatespartially folded states stabilized
guantities, sometimes kilograms, of aggregated protein by selected solvents, denaturants, or surfactants, because a
accumulating in organs such as the liver, kidney, and spleenvariety of evidence suggests that equilibrium intermediates
(4, 5).

Despite the fact that intermediately folded states represent 1 appreviations: azoTAB, azobenzene-trimethylammonium bromide;

key structures along folding pathways, high-resolution BSA, bovine serum albumin; CD, circular dichroism; CTAB, cetylt-
rimethylammonium bromide; DLS, dynamic light scattering; FT-IR,
Fourier transform infrared spectroscofy;, hydrodynamic radius;
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are similar in conformation to the corresponding kinetic
intermediates 3—20). In this manner, “snapshots” along

Hamill et al.

shaped structure\( form) of BSA was evident. However,
upon increasing the azoTAB concentration under visible

the protein-folding pathway can be stabilized as equilibrium light, the C-terminal portion of the protein was seen to
intermediates, allowing an investigation of the mechanisms separate from the molecule, giving rise to a partially unfolded

of protein folding.

intermediate structurd=(form). This unfolding mechanism

It is generally observed that c-type lysozymes do not had been suspected on the basis of indirect evidence (e.g.,

exhibit intermediately folded states during equilibrium fold-
ing experiments41), except for extreme conditions such as
low pH or when mixed with a solvent. In kinetic folding

UV—vis, CD, and FT-IR) 81), now “visualized” from the
SANS data. As the surfactant concentration was further
increased under visible light, a highly unfolded/elongated

experiments, however, a populated intermediate has beerconformation E form) was detected, although a significant

observed Z2—25). Upon initiating refolding from the

a-helical content still remained, which was observed as

denatured state, lysozyme rapidly (within a few milliseconds) “kinks” in the protein chain from the shape-reconstructed
forms an ensemble of different hydrophobically collapsed SANS fits. It was also shown that light illumination could

states {1). After this rapid collapse, the majority of the
molecules £70%) accumulate into a stable kinetic inter-
mediate, often termed thew-intermediate If,), with a
structuredo. domain and disordered domain. The rate-
limiting step for formation of the native state is then refolding
of the f domain, allowing formation of the hydrophobic
interface between thet and f domains, with molecular
dynamics simulations26) and mutation studies2{—29)

be used to reversibly switch between these folded forms.

In the present study, we demonstrate that intermediately
folded states of lysozyme can be stabilized in solution with
the azoTAB surfactant and that light illumination can be used
to induce changes between these conformations. SANS,
dynamic light scattering (DLS), FT-IR, UVvisible, and
fluorescence spectroscopic measurements are performed on
the lysozyme-azoTAB system to investigate the folding of

suggesting that the final step in the folding process may bethe protein. At low surfactant concentrations, native-like

insertion of the3-domain residues Leu-55 and lle-56 into a
hydrophobic pocket of the domain. Of the remaining 30%
of molecules that do not fold via the formation of the
intermediate;~?/5 fold very rapidly as thex and8 domains
form simultaneouslyls intermediate), whilé/; fold very
slowly, potentially limited by a cistrans isomerization of
proline.

structures of lysozyme are observed, while increasing the
azoTAB concentration under visible light causes the
domain of the protein to swell, resulting in a partially
unfolded structure at intermediate surfactant concentrations,
and to eventually form a swollen/unfolded form of lysozyme
at high concentrations. Under UV light at all azoTAB
surfactant concentrations, however, the protein appears to

The manner in which a protein folds depends upon the be in a native-like state; thus, light can be used to manipulate
interplay between electrostatic, hydrogen-bonding, van der the protein, allowing for reversible control of protein folding.

Waals, and hydrophobic interactions among the amino acid

residues making up the protein. In the native state, the MATERIALS AND METHODS

charged and polar amino acid groups typically reside on the  paterials. An azobenzene-trimethylammonium bromide
exterior of the protein exposed to water, while the nonpolar g rfactant (azoTAB) of the form

amino acid groups are largely found inside the folded

structure of the protein, protected from unfavorable solvent
interactions. Protein unfolding can then be induced to
different extents by changing variables such as pH, temper-
ature, pressure, or through the addition of a chemical

denaturant (i.e., urea or GdmCNQ3, 15). Surfactants have
also been shown to unfold proteind9( 20), including

//N4©—0(0H2)2N+(CH3)3BF
CH3CH2~< >—N

similar to the surfactant used in a previous stutl9)(was
synthesized according to published proceduBs 3) via

lysozyme, where the hydrophobic moieties of the surfactant an azo-coupling reaction of 4-ethlyalaniline with phenol

cause unfolding by interacting with nonpolar amino acids,

subsequently followed by reactions with 1,2-dibromoethane

thereby eliminating unfavorable solvent contacts. Becauseand finally trimethylamine. The surfactant undergoes a
surfactant hydrophobicity increases as the length of the photoisomerization when illuminated with UV light that is
hydrocarbon tail increases, it has been found that a greateifully reversible with the exposure to visible light, 34).
degree of protein unfolding occurs with increased surfactant The visible-light form of the surfactant is primarily in the

molecular weight for a given headgrou@0j.

trans state (75:25 trans/cis ratio), while the UV-light form

In a previous study, it was shown that with the use of a is mostly in the cis statex(90% cis) 84). Photoisomerization

photoresponsive surfactant (“azoTAB”), simple light il-

with exposure to light changes the dipole moment across

lumination could be used to induce reversible changes inthe —N=N— bond in the surfactant. The visible-light (trans,

the conformation of proteinsl@). An azobenzene group in
the hydrocarbon tail allowed the surfactant hydrophobicity
to be tuned with light, with the visible-light (trans) isomer
being more hydrophobic and thus having a higher affinity
to bind to proteins than the UV-light (cis) form. Small-angle
neutron scattering (SANS) data combined wshape-
reconstruction techniqug$o be discussed below) were used
to determine the structure of bovine serum albumin (BSA)
in solution, and three conformations of the protein were

planar) form of the surfactant has a lower dipole moment
and is therefore more hydrophobic than the UV-light (cis,
bent) form, resulting in the UV-light form having a higher
affinity for water and the visible-light form a higher affinity
for protein binding.

Two illumination methods were used for surfactant pho-
toisomerization. For DLS, FT-IR, and UWisible spectros-
copy, conversion to the cis form was achieved with the 365
nm line from a 200 W mercury arc lamp (Oriel, Stratford,

observed. At low surfactant concentrations, the native, heart-CT, model number 6283), isolated with the combination of
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a 320 nm band passfilter (Oriel, model number 59 800) and interactions that would be exhibited at Id@/and to avoid
a heat-absorbing filter (Oriel, model number 59 060). A 400- length scales too small for protein continuity at high
nm long passfilter (Oriel, model number 59 472) was used The PDDF is a measure of the probabilRgr) of finding
to convert back to the trans form. Before measurements,two scattering centers at a distancapart @8, 39); thus,
solutions were illuminated with this lamp for at least 10 min. information about protein conformation can be readily
For FT-IR and DLS, light exposure was continued throughout obtained from the PDDF using a model-independent, straight-
the entire collection of data (hours) by directly illuminating forward procedure. PDDFs were calculated assuming a
the samples using a liquid light guide (Oriel, model number monodisperse system using GNOKD| over aQ range of
77 557). In the small-angle neutron scattering and fluores- 0.02-0.3 A%, again to exclude interactions at lo@z The
cence spectroscopy experiments, the solutions were exposechaximum particle diameteDnax, Was selected to be the
to an 84 W long wave UV lamp, 365 nm (Spectroline, lowest value that gave a smooth return of the PDDF to 0 at
Westbury, NY, model number XX-15A), for at least 30 min  Dpay.
to convert to the cis form; to convert back to the trans form,  DLS.DLS measurements were performed at°€50n a
the samples were simply left in room light. For the neutron Brookhaven model BI-200SM instrument (Brookhaven In-
scattering experiments, the samples were continuouslystrument Corp., Holtsville, NY) with a 35 mW (Melles Griot,
exposed to the same UV light throughout the data collection Carlsbad, CA, model number 05-LHP-928) helium nebn (
(to maintain the cis form). Note that 365 nm corresponds to = 632.8 nm) laser. The scattered light was collected at an
UV-A radiation, as opposed to UV-C, which is know to angle of 30 to decreas&) and, hence, increase the decay
inactivate lysozyme3p). Control experiments confirmed that time, thereby allowing the full correlation function, even for
neither UV nor visible light affected the structure of a small protein such as lysozyme, to be observed. The laser
lysozyme AA < 1% throughout the amide | region from wavelength was high enough to not convert the azoTAB cis
FT-IR). isomer into the trans form during the course of the experi-
Highly purified and lyophilized hen-egg-white lysozyme ments, thus, allowing long sample times (up to 120 min).
(catalog number L-7651) and a low ionic strength phosphate The data were analyzed with both the NNLS and CONTIN
buffer (pH 7.2, 8.3 mM) were purchased from Sigma; all routines (difference< 2 A) using a BI-9000AT digital
other chemicals were obtained from Aldrich in the highest correlator (Brookhaven Instrument Corp.). Before each
purity. Because of the relatively small size of lysozyme, a measurement, the protetisurfactant solutions were passed
protein concentration of 11.8 mg/mL was used in the neutron through a 0.2«m PVDF filter and then through a 0.02n
scattering measurements to achieve a reasonable scatteringnatop filter. UV—vis spectra were taken after filtration to
intensity (e.g., each spectra toeld h to collect). Addition- determine both the surfactant and protein concentrations. The
ally, higher protein concentrations were not studied to avoid experimental results represent the average obtained from two
the formation of lysozyme dimers, which are well-known runs using independent solutions, both of which produced
to begin to form beyond this concentration at neutral pH. analogous resultsH5%). The hydrodynamic radiuRy, was
For DLS (and subsequent U\Wis) experiments, a protein  calculated assuming a spherical shape, according to the
concentration of 1.0 mg/mL was employed to approximate Stokes-Einstein equationRy = kgT/627D, where kg is
the diffusion coefficient at infinite dilution. Boltzmann’s constan] is the temperature; is the viscosity
SANSThe neutron scattering data were collected on the of the solvent, andD is the experimentally determined
30-m NG-3 SANS instruments at NISB) using a neutron  diffusion coefficient.
wavelength ofl = 6 A. Two sample-detector distances were FT-IR Spectroscop¥T-IR measurements were performed
used, 1.33 and 7.0 m, with a detector offset of 25 cm to on a Genesis Il FT-IR system (Mattson Instruments, Madi-
produce &Q range of 0.00480.46 A%, whereQ = 4741 son, WI). For each spectrum, 250 interferograms were
sin(@/2) andé is the scattering angle. The net intensities were collected wih a 4 cnt?! resolution. The protein and surfactant
corrected for the background and empty cell (pus©Op were dissolved in buffered D at room temperature for a
followed by accounting for the detector efficiency using the minimum of 24 h before experimentation. Each sample
scattering from an isotropic scatterer (Plexiglas) and then solution was placed in a demountable liquid cell equipped
converted to an absolute differential cross section per unit with Cak, windows and a 5@m Teflon spacer. The sample
sample volume (in units of cmM) using an attenuated empty compartment was continuously purged with £f@e dry air
beam. The incoherent scattering intensities from the hydrogenfor 1 h before data collection to avoid any complication to
atoms in lysozyme (0.004 cr®) and the surfactant (0 the spectra from water vapor. IR spectra of solutions without
0.0012 cm?) were subtracted from the experimental intensi- protein were measured under identical conditions and
ties to obtain the coherent scattering from each sample.  subtracted from the original spectra of solutions containing
The SANS data were analyzed using several complemen-protein to remove surfactant peaks ai600 cnt!. The
tary techniques to develop consistent conclusions and tospectra were Fourier self-deconvoluted withK&gactor =
cross-check the data, including Guinier analysis, a shape-2.0.
reconstruction algorithm, and calculation of the pair distance UV—Visible Spectroscopybsorption measurements were
distribution functions (PDDFs). The shape reconstructions performed on an Agilent (Palo Alto, CA) model 8453 bV
were performed using the GA_STRUCT progradid)( The visible spectrophotometer. Cells with a path length of 2 mm
data files are fit by treating the protein as a collection of were used. When employed, a crystal violet concentration
1000 spherical scattering centers, the positions of which wereof 10 uM was used. Crystal violet exhibits a maximum
adjusted until the simulated data agreed with the experimentalabsorbance at 590 nm in pure water, far enough away from
data. TheQ range used for the data fits was 0.81Q < 0.3 the azoTAB absorbance34) to be readily detected in
A-1 This range was used to exclude potential protein azoTAB solutions. The wavelength at which the maximum
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Table 1: Values of the Radius of Gyration al{@) Determined
from the Guinier Analysis of the SANS Data in Figure 1, as Well
as the Protein Maximum Dimensioe=8 A) Obtained from the Pair
Distance Distribution Functions
Guinier analysis PDDF
[ 1 [surf] (mM) Ry (A) 1(0) (cn?) Drmax (A)
5 0 13.5 0.132 48
h Visible Light
51 13.5 0.127 44
7.9 143 0.172 48
001 L ; 12.2 14.7 0.228 48
UV Light
' : 5.1 134 0.121 43
0.01 01 7.9 132 0.120 42
Q/A" 12.2 134 0.118 50

Ficure 1: SANS data of lysozymeazoTAB solutions as a function

of the surfactant concentration and light illumination. Pure lysozyme g a size similar to the native state when exposed to UV
(€), 5.1 mM visible @), 5.1 mM UV (A), 7.9 mM visible &), 7.9 light

M UV (0O), 12.2 mM visibl , and 12.2 mM UV Q). . .
H;/sozyme(]z) 11.8 mg]/mL\."SI ¢ ® an m ©) To quantify the effect of light and surfactant on lysozyme

folding, Guinier analysis of the SANS data was employed.
absorption of crystal violet occurred for each sample was From the Guinier approximatiodg), the scattering intensity
estimated by fitting each absorption spectrum with a fifth- 1(Q) is given by
order polynomial.

— 2 2
Fluorescence Spectroscofyluorescence measurements H(Q) = 1(0)exp- Q'Ry73) @
using Nile red as the probe were performed on a Quanta-
Master spectrofluorometer model QM-4 (Photon Technology
International, Monmouth Junction, NJ) at 25. The results

were obtained with an excitation wavelength of 560 nm and . . . .

an emission wavelength of 650 nm, with excitation and in the region Whe_rQR3~ 1. Values of the_ radius of gyration

emission slit widths of 4 nm. The s ’ectrofluorometer was calculated in this manner are shown in Table 1. For the
) b “native-like” conformations of pure lysozyme, 5.1 mM

loaded with 3 mL of a surfactafiprotein solution ([protein] surfactant under visible light, and all UV-light surfactant

- 10.0 mg/mL), and 39"‘ of all.O mM Nile red solution . concentrations, th&; values are in good agreement with
in ethanol was then pipetted into each sample. After this, the literature value foR, measured with SANS in £ (13.3
the samples were stirred for 30 min to reach steady state, asA) (44). For 7.9 and 12.2 mM azoTAB under visible Ii.ght
assurecj by mon!toring the change.in fluorqscence with time. howevér,F?g inc,:reases to.14.3 and 14.7 A, respectively. Whiie
I-I.-Ohf‘v.ﬁ'd pot?'nt|al4p1hotoﬂegredat|on of N'tlﬁ reld upon UV this roughly 10% increase in the radius of gyration is not as
ight_ifumination (1), when necessary, the ysozyme large as the increase observed upon denaturation induced
azoTAB SO|.U'tIOHS were pre-expose.d. to UV light for 2 h thermally (20%) 45) or upon the addition of sodium dodecyl
before addition of Nile red. U¥visible spectroscopic sulfate (30% increase for SDS/lysozyme300:1, compared
measurements were then taken immediately following the to a maximum azoTAB/lysozyme 15:1 in FiQL’Jre 1)17)
quorescgnce scan to ensure that the surfactant remained irhrea (40%)9, 14), or methanol (40%)46), it does, howevér,
the UV-light form during the course of the measurement. support the idea that lysozyme swells under visible light with
the azoTAB surfactant and can further refold upon illumina-
tion with UV light to a size akin to the native state. Similarly,
The ability to control the lysozyme structure with light is the radius of gyration of th, kinetic intermediate has been
shown in the SANS data in Figure 1 as a function of the observed to be 9% larger than the native state with time-
azoTAB concentration and light illumination. The bro@d refcjllc;{ed Ismall-angllce X_raédscactrenr;g|de)éjpet”£$xms upon
range of neutron scattering, in this ca@e= 0.0048-0.46 refolding lysozyme irom a dmtl-uniolded staee/}
A—l? allows a thorough i%vestigatioar? of protein-folding From the _Gumler fits) (0) was also determlne_d and the_n
phenomena by simultaneously investigating a wide range of Used to obtain the molecular weight of the protein to examine
length scales. 0 27/Q (L = 13.7-1300 A). As seen in the possmlhty_of protein seIf—a§SOC|at|on. The w_e|ght—ayerage
Figure 1, at a surfactant concentration of either 7.9 or 12.2 molecular weight of the protein can be determined using the
mM azoTAB under visible light illumination, the data deviate €duation
from the remaining scattering curves beginning~dD = 2 2
0.2 A"torL = 31 A. When compared to the literature value 1(0)= M.Ct(pp — P9 )
reported for the diameter of lysozyme 36 A) (18) and to Na
our own value determined by DLS (35 A, see below), the
deviation at thisQ value suggests that under visible light where ps and p, are the scattering length densities of the
azoTAB causes the protein to “swell”. However, illuminating solvent and protein, respectivelyjs the protein concentra-
these solutions with UV light results in spectra similar to tion, andv is the protein-specific volumet8). As shown in
that of pure lysozyme, indicating that the protein refolds back Table 1, the values df0) determined from the data in Figure

wherel(0) is the extrapolated intensity & = 0 andRy is
the radius of gyration43). Thus, the radius of gyration can
be determined from the slope of a plot ofli(@)) versusQ?

RESULTS AND DISCUSSION
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falntediate

Native State

pure lysozyme 7.9mM 1i.2 mM
ViSHUV ViS“UV

Ficure 2: Conformation of lysozyme in solution determined from shape reconstruction of the SANS data (best fit in blue, consensus
envelope representing the average of 10 runs in red), compared with the X-ray crystallographic stsafiirBB code 6LYZ). Thex

domain is shown to consist of helices A (residuesl8), B (residues 2436), C (residues 8999), and D (residues 168L15), along with

a 3o helix (residues 126124) 26). Also shown are the structures of the folded state and lietermediate determined from molecular
dynamic simulations25). [lysozyme]= 11.8 mg/mL.

1 for the native-like conformations (0.124 0.008 cn?) collection of 1000 scattering centers with positions that are
agrees nicely with that calculated from the amino acid adjusted to the best fit of the data. Shown in Figure 2 are
sequence using the Debye equatilff)= 0.128 cn1'] (49), the structures for the runs best fitting each set of data (in
indicating that self-association does not occur. blue), along with the resulting “consensus envelopes” (in red)

Thel(0) value is very consistent for all but 7.9 and 12.2 obtained by averaging the 10 runs at each surfactant
mM under visible light, where an approximately 40 and 80% concentration. Shape-reconstruction techniques require the
increase ifl(0) is observed, respectively. This increase may fitting of the positions of thousands of scatterers with only
appear to indicate protein self-association; however, whena few hundred data points; thus, the structures obtained for
considered along with the increaseRy it can be seen that  different runs are not unique and instead depend upon the
this is not the case. For globular protei®) (see PDDFs path of the fits. The consensus envelopes indicate the
below), Ry O M,%3%S thus, an 80% increase in the protein consistency of the multiple runs.
average molecular weight (from pure monomer to a mixture  As seen in Figure 2, all of these shape-reconstruction fits,
of monomer and oligomers) would be expected to result in except 7.9 and 12.2 mM azoTAB under visible light, look
a 24% increase iRy, as opposed to the 10% observed. very similar in both size and shape and agree quite well with
Therefore, the increase 1(0) in Figure 1 does not appear the X-ray crystallographic structure (PDB code 6LYBYY.
to result from protein association. Instead, this increase in This is to be expected because the conformation of soluble
1(0) is likely to be a result of an increase in the effective proteins in the native state in solution generally agree with
molecular weight of the surfactanprotein complex [15 or  the respective crystal structuredr(49). For lysozyme, this
30 bound surfactant molecules would explain the 40 or 80% similarity between the solution and crystal structure has been
increase in(0), respectively]. obtained using several techniques such as X-ray and neutron

While the above results demonstrate that light illumination scattering, 2D-NMR, molecular dynamic simulation, dif-
combined with photoresponsive surfactants can be used toferential scanning calorimetry, and laser Raman scattering.
control lysozyme conformation, the values Rf obtained The solution structure determined from the SANS data
from the Guinier analysis only provide low-resolution for pure lysozyme, while not providing for nearly as high
information on the folding process. To gain more insight of a resolution as X-ray crystallography, does allow the
into this phenomena, a shape-reconstruction algori®ifn (  active-site cleft to be observed in the upper right of the
was applied to the SANS data by treating the protein as amolecule between the and$ domains. Furthermore, upon
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FiGURE 3: PDDFs of lysozymeazoTAB solutions as a function Ficure 4: Fourier self-deconvoluted FT-IR spectra of lysozyme

of the surfactant concentration and light illumination. Pure lysozyme N the presence of 5.0 mM azoTAB as a function of the light
mM UV (0), 12.2 mM visible ®), and 12.2 mMm UV ©).  [lysozyme]=10.0 mg/mL.

lysozyme]= 11.8 mg/mL. I . .
[lysozymel 9 self-association (i.e., the forming ofmers) does not occur.

increasing the surfactant concentration under visible-light For example, in the case of dimer formation, a secondary
illumination, lysozyme is observed to unfold, represented peak would develop at an value equal to the distance
most notably by a progressive swelling of the lower-left side between the centers of each monomer, clearly not the case
of the protein in Figure 2, although because of rotational in Figure 3. In terms of larger protein aggregates, a modest
averaging as a result of the protein being in solution, it is increase in the scattering intensity can be seen in Figure 1
impossible to assign which domain ©r ) is unfolding at very lowQ (<0.01 A1), which could possibly indicate
from the SANS data alone, as will be discussed below. the formation of a small amount of such aggregate.(
PDDFs were calculated from the experimental SANS data An alternative explanation for this increase could be an
to further investigate the effects of surfactant and light on imperfect correction of the scattering from the solveri@p
the protein structure. A PDDF is the measure of the which was also found to exhibit a2-fold increase in
probability, P(r), of finding two scattering centers (i.e., scattering intensity below) = 0.01 A-! [data not shown,
atomic nuclei) at a distangeapart 38, 39), and calculation see also Svergun and Kocbd]. Note that a slight increase
of a PDDF from small-angle scattering data is a common in scattering at lowQ has also been observed in similar
method of examining the protein structud®,(52), providing polyelectrolyte systemslg, 49). Thus, the results obtained
a simple, model-independent method to probe the myriad from the various techniques used to analyze the SANS data
of complex structures that proteins can adopt in solution. support the conclusion that any aggregation corresponds to
The results in Figure 3 show that the maximum of the PDDF a very small fraction of the total lysozyme.
curve shifts to higher values af for 7.9 and 12.2 mM To determine whether Figure 2 represents a swelling of
azoTAB under visible light. For globular proteins, the the a or f domain of lysozyme, changes in the lysozyme
maximum of the PDDF (i.e., the most probable dimension) secondary structure were detected with FT-IR spectroscopy
is approximately the protein radius, once again indicating in the amide | region (17001600 cm?, due mainly to
that lysozyme is swollen under visible light for 7.9 and 12.2 C=0 stretching). Figure 4 shows the FT-IR spectra of pure
mM azoTAB. Furthermore, the PDDF curves at these two lysozyme and lysozyme with 5.0 mM azoTAB under both
concentrations also indicate a higher probability of this most visible and UV light, all in deuterated buffer with 10.0 mg/
common dimension and are more symmetric aliR{(U}max mL protein. Seven peaks were generally observed in the FSD
implying that the proteifrsurfactant complex is becoming spectra and assigned to secondary structure elements ac-
more “globular” (L9). Furthermore, the point at whid?(r) cording to well-established protocolS4): 1683 cm? (-
returns to 0 at largevalues defines the maximum dimension turn), 1674 cm? (5-turn), 1666 cm?* (3-turn), 1653 cm?
within the protein,Dmax. As shown in Table 1, thé®max (a-helix), 1641 cm? (unordered structures), 1630 ch{f-
values for 7.9 and 12.2 mM under visible light are very close sheet), and 1610 cm (side chain). Upon the addition of
to that of pure lysozyme, confirming that the protein does the surfactant, the spectra show a clear decrease i tigdix
not dramatically elongate but rather “swells” with azoTAB peak at 1653 cmt and a growth in the peak at 1641 thn
addition. Comparing these model-independent PDDFs to representing unordered structures, while the peaks represent-
Figure 2 provides a consistency check of the shape-ing the  structures remain relatively unchanged. This
reconstruction analysis. The shape-reconstruction fits showindicates that the azoTAB surfactant swells thelomain
a swelling of the protein, giving rise to the observed increase of the protein, a result of a helix-to-unordered transition.
in r at P(r)max While only a slight increase in the protein Furthermore, under visible light, the intensity of the peak at
length is seen in Figure 2, supported by the fact that the 1653 cnt! is smaller than under UV light, indicating that
location of Dmax changes little with surfactant or light and the visible-light form of the surfactant results in a greater
generally agrees witDmax for pure lysozyme. degree of unfolding of thet domain. Similar conclusions
The lack of shoulders or secondary peaks in the calculatedregarding the surfactant primarily leading to unfolding of
pair distance distribution functions also confirm that protein the o domain of lysozyme have been observed in the



Controlling Lysozyme Folding with Light Biochemistry, Vol. 44, No. 46, 20095145

lysozyme-SDS and lysozymecetyltrimethylammonium ol . ..o
bromide (CTAB) systems, with the helix-to-unordered transi- o * ®
tion generally occurring with the addition of £@0 surfac- 25 .
tant molecules/protein at near neutral p&5,(56), similar
to the surfactant/protein ratio in Figure 47). When the
5.1 mM azoTAB data in Figure 2 is compared with the data
in Figure 4, it is clear that changes in the protein secondary
structure are observed with FT-IR before significant changes
in the tertiary structure (overall shape) are detected with
SANS. Furthermore, at azoTAB concentrations higher than
5 mM, there was no observed difference between FT-IR . o A
spectra collecting under visible and UV light (data not o oo oo 0
shown), despite the fact that the SANS data demonstrate 0 2 4 6 8 10 12
considerable changes in the tertiary structure. Similar trends Surfactant Concentration (mM)
have been observed in the BSAzZOTAB system when g ee 5. Fluorescence of Nile red as a function of the azoTAB
comparing SANS and FT-IR data (work in progress). surfactant concentration as measured under both vis#)jead
From Figures 2 and 4, it appears that with the addition of YV (©) light illumination. [lysozyme}= 10.0 mg/mL.
the surfactant the lysozyme adopts an intermediately folded
state unique from thk, intermediate mentioned above. This
“surfactant-unfolded intermediatks)’ of lysozyme contains
a swollena. domain, a likely result of the surfactant tails
interacting with proteino-helices, which are generally
hydrophobic in nature. Furthermore, by noting the progres-
sive swelling of the lower-left side of the protein in Figure
2 with surfactant addition under visible light, it appears that
unfolding of helix A in thea domain may be primarily
responsible for formation of thig intermediate (with some
contribution from helix C also possible). However, it should

20 g

15

10

Relative Fluorescence

to be low in a protein solution with the protein in the native
state, because the tightly packed core would prevent Nile
red from partitioning into this nonpolar environment. How-
ever, if the protein were to swell and the interior of the
protein were to become more loosely packed, Nile red could
partition into the core, evidenced by an increase in fluores-
cence. Thus, Nile red fluorescence measurements provide a
sensitive technique for differentiating between native and
non-native states4(). This use of Nile red to probe the
formation of hydrophobic domains is conceptually similar
0 experiments involving ANS, a probe molecule that binds

be cautioned that SANS is an ensemble technique, meanmq0 hydrophobic sites on the protein and has been used to

that if multiple states exist in solution (i.e., a fluctuating )
intermediate, a mixture of unfolded states, etc.) the structures St for the formation of molten_ globules?). H_owever, the
use of ANS fexcite ~ 400 nm) is precluded in the present

obtained at 7.9 and 12.2 mM azoTAB under visible light study because of strong absorption of azoTAB at wavelengths

would be considered “average” structures. However, as will i .
be shown below, these structures appear to be true intermele:;dthan 500 nmeg); thus, Nile red fexcie ~ 560 nm) was

) . . u
diates; thus, when tertiary structures obtained from SANS N
y As seen in Figure 5, for the lysozymazoTAB system,

are combined with the information on the secondary structure the £ Nile red bedins 1o | ¢ surfactant
from FT-IR, the general mechanism of lysozyme unfolding "¢ "Uorescence of Tile red begins to increase at surtactan
concentrations as low as 1 mM and eventually reaches a

ith th factant ing th h turi f < i
i e surfactant occurring through denaturing of the plateau at around 5 mM under visible light. This indicates

domain can be elucidated. ) . . ) .
) ) . that hydrophobic domains become increasingly available for
As the surfactant binds to the protein, hydrophobic pjle red to partition into the bulk water phase as the

interactions between surfactant tails and the nonpolar aminogy, factant concentration is increased from 1 to 5 mM, despite
acids occur, allowing these hydrophobic amino acids, which e fact that the tertiary structure of the protein exhibits only
are normally folded within the protein interior, to be exposed modest differences from the native state over a similar region,
to the solvent as the protein swells. For azoTAB, these g5 seen in Figure 2. Thus, both FT-IR and fluorescence
surfactant-protein interactions can be manipulated with light techniques suggest that a loosely packed protein core
because the visible-light (trans) form of the surfactantis more geyelops before the dramatic changes in the protein tertiary
hydrophobic than the UV-light (cis) form. This allows for  sirycture, observed with SANS. Under UV light, however,
reversible control of lysozyme folding/swelling. Evidence the fluorescence of Nile red remains low for all surfactant
of increased surfactant hydrophobicity influencing protein concentrations, indicating that photoisomerization of the
folding has also been seen in traditional (i.e., nonphotore- gyrfactant to the cis form causes lysozyme to refold to a
sponsive) surfactants, where increasing the hydrocarbon tailnative-like conformation, leading to a decrease in accessible
length for a given headgroup has been shown to result in anydrophobic domains.
greater degree of protein unfoldingQ). DLS was also used to investigate the effect of the
To study the intermediately folded states of lysozyme that surfactant and light illumination on the conformation and
occur with azoTAB addition and light illumination, fluores-  swelling of lysozyme. As shown in Figure 6a, the measured
cence measurements with Nile red as a probe were per-diffusion coefficients decreased with an increasing surfactant
formed. Nile red is a nonionic and hydrophobic molecule concentration under visible or UV light illumination, indicat-
that exhibits low fluorescence in polar media such as water, ing an increase in the overall size (hydrodynamic radius) of
but when Nile red is preferentially partitioned into nonpolar the protein-surfactant complex. The value obtained for the
environments, the molecule will exhibit a large increase in hydrodynamic radius of pure lysozyme with no surfactant
fluorescence. Thus, Nile red fluorescence would be expected(R; = 17.5 A) agrees well with literature valueR{(= 17.4
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Ficure 6: (a) Lysozyme swelling as measured by DLS and (b)
Amax Of crystal violet measured by absorption spectroscopy under
both visible ®) and UV ) light illumination. [lysozymel= 1.00
mg/mL.

+ 0.1 A) (17, 58) under similar conditions (i.e., low ionic
strength, pH~7).

To compare the light-scattering results in Figure 6a to the
SANS fits in Figure 2, estimated hydrodynamic radii
(diffusion coefficients) were calculated directly from each
shape-reconstruction fit using Kirkwood’s theoBgJ for a
collection of spherical subunits. The radius of each subunit

Hamill et al.

(6.2—14.9) than for DLS (10.5126), because of the fact
that a lower protein concentration was used in the DLS
experiments to approximate the diffusion coefficient at
infinite dilution. Thus, only one protein conformation is
observed with UV-light illumination from SANS data;
however, there appear to be at least two forms under UV
light from the DLS data, because more surfactant is available
to bind to the protein in the case of light scattering. A direct
comparison of the SANS and DLS results is therefore not
possible, but in general, it is observed that the protein swells
with the addition of the visible-light form of the surfactant,
while the addition of the UV-light form of the surfactant
has a lesser effect. The more hydrophobic, visible-light form
of the surfactant has a greater affinity to bind to the protein
than the relatively hydrophilic, UV-light forml@). Because
hydrophobic interactions between surfactant tails and non-
polar amino acids, which are normally folded within the
protein interior, allow these amino acids to be exposed to
the solvent, protein folding and swelling can be reversibly
manipulated with light. This is evident from Figure 6a,
because a greater increase in the size of the protein is
observed under visible light as opposed to UV light with an
increasing surfactant concentration. As previously stated,
similar results with conventional (i.e., not photoresponsive)
surfactants have shown that a greater degree of protein
unfolding occurs in the presence of a more hydrophobic
surfactant 80). DLS experiments have also been used to
examine mixtures of lysozyme and SD36{18). The
hydrodynamic radius of the proteirsurfactant complex was
observed to increase from15 to 25 A as the SDS/lysozyme
molar ratio increased from 1.6 to 16.Z€], similar to the
results in Figure 6a.

The photoinduced unfolding and refolding of lysozyme
observed in this study are consistent with results of the effect
of azoTAB and light illumination on BSA conformatiot).

In the case of BSA, however, a more dramatic unfolding
was observed with azoTAB addition, as opposed to swelling
in the case of lysozyme. In general, small proteins such as
lysozyme are harder to unfold than larger proteins such as
BSA, and lysozyme is known to be a tightly folded protein
especially in thea domain ©0), which consists of a
hydrophobic pocket enclosed by four helices (although
surfactants swell thee domain, as discussed above). Fur-
thermore, the difference in isoelectric points (BSA=p#.7;
lysozyme, pl= 11) and net charges-[L8 for BSA (19) and

was taken to be that of a sphere with a volume of 1/1000th +8 for lysozyme at neutral pH] may cause binding of the
of the molecular volume of lysozyme (1000 scattering centers cationic azoTAB to be more difficult in the case of lysozyme
where used in the shape-reconstruction fits). Water moleculesand, hence, result in less unfolding. The fact that in this study

that are tightly bound to the proteirsurfactant complex were
also accounted for by addijna 3 A thick water hydration
shell to the overall radii{9). As seen in Figure 6a, the

swelling of lysozyme is observed primarily in thedomain,
which contains the aforementioned hydrophobic pocket,
demonstrates the importance of hydrophobic surfaetant

hydrodynamic properties estimated from the SANS fits agree protein interactions in the unfolding process. Similarly, in
nicely with the experimental values determined from DLS. solutions of lysozyme mixed with CTAB, hydrophobic
Specifically, both SANS and DLS appear to reveal three interactions were found to dominate over electrostatic
different protein forms under visible light: a folded (native- repulsion between lysozyme and the positively charged
like) form at low azoTAB concentrations, a partially folded surfactant §1).
form at intermediate concentrations, and a swollen/unfolded UV —visible spectroscopy was used to analyze the binding
form at higher azoTAB concentrations. of crystal violet (a nearly planar, cationic probe molecule)
In the case of neutron scattering, the UV-light form of to lysozyme. The absorption maximum of crystal violet
the surfactant had little to no effect on the conformation of depends upon the microenvironment in which the probe is
lysozyme, in contrast to Figure 6a. However, the surfactant/ located. In a polar solvent such as watgfax = 590 nm,
protein molar ratio was by necessity much lower for SANS while in a nonpolar solvent such as benzehgy = 605
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nm (62). Thus, investigating the absorbance of crystal violet light. The fact that a dampened increasé.inx is observed
upon binding to lysozyme and with the addition of azoTAB under UV light compared to visible light is likely a result of
allows for the determination of the micropolarity of the local the trans (planar) surfactant being more effective at “stack-
environment surrounding the probe, which can in turn be ing” with crystal violet, compared to the cis (bent) surfactant
used to infer about the binding of azoTAB to lysozyme.  form.

As seen in Figure 6b, under visible light, a slight increase
in Amax Starts at concentrations as low as 0.75 mM azoTAB; CONCLUSION
however, on average, thin.x values indicate that crystal
violet is experiencing a polar environment similar to that of
water for surfactant concentration®2 mM. This demon-
strates that there is not yet enough surfactant to dramatically
affect the conformation of lysozyme, and crystal violet
remains either unbound to lysozyme (likely because both
crystal violet and the lysozyme have a positive charge and
there is not as strong of a hydrophobic binding force as in
azoTAB) or perhaps bound to the surface of the protein (and
therefore still exposed to water). Between 2 and 4.5 mM
azoTAB under visible light,Anax increases to a nearly
constant value o~598 nm, demonstrating a significant
decrease in the local polarity of crystal violet. This is likely
a result of protein unfolding/swelling with surfactant addition,
which would make normally interior hydrophobic domains
of the protein available to crystal violet, combined with the
ability of planar crystal violet to “stack” with planar, trans
azoTAB molecules bound to the protein. Note that the
increase iMmax 0Ccurs over similar azoTAB concentrations
that an increase in the hydrodynamic radius was observed
from DLS, and, furthermore, both sets of data demonstrate
a possible plateau in the range of~2 mM azoTAB,
implying that the lysozyme has adopted a new “partially
swollen” form. Increasing the surfactant concentration
beyond ~4 mM under visible light causefmax to again
increase, approaching ca. 602 nm, similar in polarity to a
benzene-like environment, and indicating that lysozyme has
adopted a second “swollen” form. Again, note the similarity
in this increase in crystal violetmax to the increase in the ACKNOWLEDGMENT
hydrodynamic radius observed over the same surfactant
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