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ABSTRACT: A photoresponsive surfactant has been used as a means to control
protein structure and dynamics with light illumination. This cationic azobenzene
surfactant, azoTAB, which undergoes a reversible photoisomerization upon exposure
to the appropriate wavelength of light, adopts a relatively hydrophobic, trans structure
under visible light illumination and a relatively hydrophilic cis structure under UV
light illumination. Small-angle neutron scattering (SANS) and neutron spin echo
(NSE) spectroscopy were used to measure the tertiary structure and internal
dynamics of lysozyme in the presence of the photosurfactant, respectively. The
SANS-based in vitro structures indicate that under visible light the photosurfactant induces partial unfolding that principally
occurs away from the active site near the hinge region connecting the α and β domains. Upon UV exposure, however, the protein
refolds to a nativelike structure. At the same time, enhanced internal dynamics of lysozyme were detected with the surfactant in
the trans form through NSE measurements of the Q-dependent effective diffusion coefficient (Deff ) of the protein. In contrast,
the Deff values of lysozyme in the presence of cis azoTAB largely agree with the rigid-body calculation as well as those measured
for pure lysozyme, suggesting that the native protein is dormant on the nanosecond time and nanometer length scales. Lysozyme
internal motions were modeled by assuming a protein of two (α and β domains) or three (α and β domains and the hinge
region) domains connects by either soft linkers or rigid, freely rotating bonds. Protein dynamics were also tracked with Fourier
transform infrared spectroscopy through hydrogen−deuterium exchange kinetics, which further demonstrated enhanced protein
flexibility induced by the trans form of the surfactant relative to the native protein. Ensemble-averaged intramolecular fluorescent
resonance energy transfer measurements similarly demonstrated the enhanced dynamics of lysozyme with the trans form of the
photosurfactant. Previous results have shown a significant increase in protein activity in the presence of azoTAB in the trans
conformation. Combined, these results provide insight into a unique light-based method of controlling protein structure,
dynamics, and function and strongly support the relevance of large domain motions for the activity of proteins.

Proteins are the building blocks of life and are responsible
for a variety of functions, such as catalysis and transport.

To properly function, a protein must adopt specific active confor-
mations. However, proteins are not static entities and instead
regularly undergo conformational rearrangements during the
course of activity. For example, some enzymes exhibit a closed
active site upon ligand−substrate binding and an open active site
upon product release.1,2 Indeed, static images of proteins bound
with a ligand began to emerge in the past decade, providing
insight into the changes in protein conformation and internal
dynamics required for protein function.3 However, static
crystallographic structures provide protein dynamics averaged
over hours.4 Proper examination of protein dynamics requires
various techniques to cover the wide range of length scales and
time scales of protein motions, from fast atomic local fluctuations
to the relatively slow collective structural rearrangements of
domain motions5,6 to the diffusive dynamics and folding process,
this latter taking place on the microsecond to millisecond time
scale. Nuclear magnetic resonance (NMR),7−11 dielectric
relaxation spectroscopy,12−17 light,18−22 neutron,6,23 and X-ray24

scattering are some of the techniques employed to investigate

different processes. Computer simulations have also been very
important tools for studying such phenomena especially in
combination with neutron scattering experiments.6,25−27 In
addition, conformational flexibility has been examined by
hydrogen−deuterium exchange and correlated with enzyme
activity.28,29 Single-molecule measurements have further provided
real-time observation of hidden dynamic events upon protein
functioning.30 Each of these techniques gives important insight
into protein dynamics and an improved understanding of the
protein structure−dynamics−function relationship.
Neutron spectroscopy is a scattering technique that allows

investigation of both the time and length scale of the dynamical
process on an atomic scale. Using different neutron scattering
techniques, a dynamic range from the femtosecond to the
microsecond can be covered.23 In particular, neutron spin echo
(NSE) allows the study of relaxational process taking place on
length scales from a few to hundreds of angstroms and in a time
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window from picoseconds to microseconds. These character-
istics have been successfully employed for the investigation of
microemulsions31−34 and polymers.34,35 In terms of protein
dynamics, the application of neutron spectroscopy initially
involved protein powders with low water content where
translational and rotational motions could be neglected.36 NSE
has been used in the past to study the diffusive dynamics of
protein solutions,37−41 whereas other quasielastic neutron
scattering (QENS) techniques have been used to investigate
the atomic motions on the angstrom scale in proteins.36,42−49

The atomic dynamics of membrane proteins and hydrated
membrane stacks were investigated, as well.50−56 Time-resolved
dynamic neutron scattering experiments were also performed
to investigate on the angstrom scale how light affects dynamics
in native photosystems.57,58 Inelastic neutron scattering was
also used to study the light-induced vibrational and rotational
dynamics in membranes of the photosynthetic bacterium
Rhodopseudomonas viridis.59

Recently, a DNA polymerase protein in D2O solution has
been investigated with NSE, revealing dynamics on the
nanometer length scale associated with coupled interdomain
motions, which are functionally important to the catalytic
behavior of the enzyme.26 The possibility of revealing and
investigating such dynamical processes using NSE has been
further demonstrated by an investigation of the dynamics of
alcohol dehydrogenase.60 This latter work clearly highlights the
relevance of such dynamics for the functional activity of the
enzyme. Very recently, NSE was used to investigate protein
domain motions in NHERF1, a multidomain scaffolding
protein,61 and phosphoglycerate kinase, an enzyme involved
in the glycolytic pathway.62

In previous studies, an azobenzene-based surfactant
(azoTAB), which is in the relatively hydrophobic trans structure
under visible light illumination and in the relatively hydrophilic
cis structure under UV light illumination, was used to
investigate the structure−function relationship of lysozyme.63

SANS measurements indicated that in the presence of trans
azoTAB the tertiary structure of lysozyme exhibits a higher
degree of swelling primarily in the hinge region connecting the
α and β domains, leading to an increase in the separation
distance between the two domains relative to that of the
protein in the presence of cis azoTAB, which exhibits a
compact, nativelike structure. The swelling of the tertiary
structure was accompanied by an approximately 7-fold
enhancement in activity compared to the native protein as
well as the cis azoTAB−protein complex.63 At the time, it was
hypothesized that enhanced protein internal dynamics,
evidenced by the increase in the separation distance between
the two protein domains in the ensemble-averaged SANS
measurement, was the cause of the enzyme superactivity.
The goal of this work is to directly examine the effect of

azoTAB and light illumination on the internal dynamics of
lysozyme with neutron spin echo (NSE) spectroscopy. In this
paper, new small-angle neutron scattering (SANS) measure-
ments are reported, which provide the ensemble-averaged
tertiary structure of lysozyme. In addition, H−D exchange
kinetics were recorded to detect increases in protein flexibility
using Fourier transform infrared (FT-IR) spectroscopy.
Furthermore, ensemble-averaged fluorescent resonance energy
transfer (FRET) measurements between a donor and acceptor
dye located on opposite protein domains are examined to
observe the effect of azoTAB on the tertiary structure and

dynamics of lysozyme. These complementary techniques give
evidence of the ability of photosurfactants to control the
complete form−dynamics−function relationship of proteins.

■ EXPERIMENTAL PROCEDURES

Materials. Highly purified lysozyme from hen egg white
(L7651) and phosphate buffer (8.3 × 10−3 mol/L, pH 7.2)
were purchased from Sigma and used as received. Azobenzene
trimethylammonium bromide surfactants (azoTAB) of the
form shown below were synthesized according to published
procedures.64 AzoTAB surfactants undergo a reversible photo-
isomerization upon exposure to the appropriate wavelength of
light. Photoisomerization of the surfactant with light illumina-
tion changes the dipole moment across the −NN− bond.
When it exists as the trans isomer, the surfactant has a lower
dipole moment (planar structure) than the cis isomer (bent
structure); thus, the trans isomer is more hydrophobic than the
cis isomer. Under visible light, the surfactant exhibits a 75/25
trans/cis photostationary state, whereas with UV illumination,
the surfactant exists primarily in the cis form (>90% cis). For
H−D exchange kinetics observed with FT-IR, the n = 2
surfactant was used as described in previous lysozyme structural
measurements,65 while the n = 4 form used in previous
lysozyme activity measurements63 was used in all other
experiments. Functionally, these two azoTAB molecules behave
quite similarly, with the longer alkyl chain resulting in a slightly
more hydrophobic molecule. Therefore, the n = 4 surfactant
[critical micelle concentrations (CMCs) of 4.6 × 10−3 and
10.5 × 10−3 mol/L for trans and cis forms, respectively]64 tends
to have a higher binding affinity for proteins and to induce a
higher degree of protein unfolding through hydrophobic
interaction at lower surfactant concentrations compared
to the n = 2 surfactant (trans and cis CMCs of 9.5 and 11.5 ×
10−3 mol/L, respectively).64

To collect FT-IR and fluorescence spectra, an azoTAB
solution without protein was preconverted to the cis form using
an 84 W long wave UV lamp at 365 nm (Spectroline, model
XX-15A) prior to addition of the enzyme. For the neutron spin
echo experiments, the protein/surfactant solution was illumi-
nated with a 200 W mercury arc lamp (Oriel, model 6283)
equipped with a 320 nm band-pass filter (Oriel, model 59800)
in combination with a heat-absorbing filter (Oriel, model
59060), effectively isolating the 365 nm line (UV-A) to convert
azoTAB to the cis form. During the period of FT-IR and NSE
data collection, a liquid light guide (Oriel, model 77557) was
attached to the arc lamp to continuously illuminate the sample
with UV light to keep azoTAB in the cis state. The samples
were inspected after each measurement to ensure that the
surfactant remained in the cis state.
Small-Angle Neutron Scattering. The neutron scattering

data were collected on the 30 m NG-3 SANS instruments at the
National Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR).66 Two sample−detector
distances were used (1.33 and 7.0 m), combined with a
25 cm offset of the detector, to give an exchanged momentum
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transfer, Q , range of 0.0048−0.46 Å−1, where Q = 4πλ−1 sin(θ/2)
(θ is the scattering angle, and neutron wavelength λ was 6 Å).
The net intensities were corrected for the background (pure D2O)
and empty cell, followed by accounting for the detector efficiency
using the scattering from an isotropic scatterer (Plexiglas), and
then converted to absolute differential cross section per unit
sample volume (in units of cm−1) using an attenuated empty
beam. The coherent scattering intensities of the sample were
obtained by subtracting the incoherent contribution from the
hydrogen atoms in lysozyme (0.004 cm−1) and the surfactant
(≈0.002 cm−1).
The SANS data were analyzed by calculation of the pair

distance distribution functions (PDDFs) as well as a shape
reconstruction algorithm. The PDDFs were calculated assuming
a monodisperse system using GNOM67 over a Q range of
≈0.02−0.3 Å−1 to exclude effects of protein interactions at low
Q values. The maximum particle diameter (Dmax) was selected to
give a smooth return of the PDDF to zero at Dmax. The shape
reconstructions were performed using GA_STRUCT supplied
by W. Heller68 with 1000 scattering centers used to represent the
protein. A Q range of 0.01−0.3 Å−1 was employed to exclude
potential protein interactions that would be exhibited at low Q
and to avoid length scales too small for protein continuity at high
Q values.
Neutron Spin Echo Experiments. NSE experiments were

performed on the NG-5 neutron spin echo spectrometer at
NIST69 using a quartz sample cell with a 4 mm path length and
a neutron incoming wavelength of 6 Å. Using this wavelength,
the accessible time range was from 50 ps to 15 ns, which would
correspond, in the energy domain, to a resolution of ≈100 neV.
This time range is appropriate for the study of the diffusional
motion of lysozyme over a larger length scale and/or com-
parable with its size. The data were collected over a Q range of
0.046 Å−1 to 0.2 Å−1 at 25 °C. All samples were prepared with
buffered D2O solutions [8.3 × 10−3 mol/L of sodium
phosphate (pH 7.2)] to achieve a protein concentration of
10 g/L at varying surfactant concentrations. The data were
corrected for the scattering from the solvent (D2O buffer) and
instrumental resolution effects to obtain normalized inter-
mediate scattering functions I(Q,t)/I(Q,0) at several wave
vectors, Q. The DAVE software package was used for elements
of data reduction and analysis.70 Whereas a two-step decay of
the intermediate scattering function has been reported in the
case of alcohol dehydrogenase,60 we did not find clear evidence
of two relaxational processes, one related to the protein
diffusional dynamics and one connected to the internal
motions. Thus, the data were analyzed in terms of a single-
exponential decay {in this case equivalent to the analysis of the
first cumulant, the initial slope of the dynamic scattering function,
Ω(Q) = −∂ ln[I(Q,t)/I(Q,0)]/∂t, performed in previous similar
studies26,60} to determine the exchanged momentum transfer
dependence of the effective diffusion coefficient of the protein,
Deff (Q):

(1)

Three models were employed to analyze the Q dependence of
Deff , including a rigid-body model (i.e., no domain motions), a
soft linker domain model proposed by Bu et al.,26 and a freely
jointed domain model proposed by Akcasu et al.71 Each model is
described in detail in the Appendix.

Kinetics of Hydrogen−Deuterium Exchange. All spec-
tra were recorded with a Genesis II FT-IR spectrometer
(Mattson Instruments) and a demountable liquid cell with a
water-circulated jacket to control the temperature at 20 °C. For
each time point, 100-scan interferograms were collected and
averaged at a resolution of 4 cm−1. The exchange was started by
injecting buffered D2O solutions [8.3 × 10−3 mol/L of sodium
phosphate (pH 7.2)] at varying azoTAB concentrations (in the
range of 0−1.2 × 10−2 mol/L) into a vial containing an
appropriate amount of lyophilized lysozyme to give a protein
concentration of 10 g/L, followed by brief gentle mixing. The
mixture was then immediately transferred to a demountable
FT-IR liquid cell consisting of a pair of CaF2 windows and a
Teflon spacer (100 μm). Data collection started after a delay
time of ≈2.5 min. A liquid light guide inserted into the FT-IR
sample chamber was focused on the sample to introduce direct
UV illumination throughout the data collection process for cis
azoTAB−lysozyme complexes. Dried air was continuously
purged into the chamber to eliminate the effect of water
vapor. A set of reference spectra (buffered D2O and azoTAB
without protein) were collected under identical conditions,
with the protein peaks in the amide I and amide II regions
obtained by subtracting the corresponding reference spectra
from the spectra of the protein solution. The fraction (F) of
unexchanged hydrogen atoms in the protein was then
determined by the ratio

(2)

where ω(t) = AII(t)/AI(t), with AII(t) and AI(t) representing
the absorbance of amide II at ≈1542 cm−1 and amide I at
≈1649 cm−1, respectively, at time t. The value of ω(0) was
obtained from a spectrum of undeuterated lyophilized lysozyme
in KBr pellets. ω(∞) was determined from protein samples
aged for 10 days in D2O at room temperature to ensure
complete exchange. The protein sample without azoTAB
required incubation at 37 °C to completely remove the amide
II peak.
The H−D exchange kinetics of lysozyme at different azoTAB

concentrations were analyzed with a multiexponential equation
for i amide regions

(3)

where ki represents the rate constant of different amide groups
with similar exchange rates and ai is proportional to the relative
fraction of the ith region in the protein. The mean kinetic rate
constant ⟨k⟩ was defined as72

(4)

Fluorescence Resonance Energy Transfer (FRET)
Spectroscopy. Wild-type T4 lysozyme was used for the
FRET measurements, with the construct of the protein kindly
provided by B. Matthews at the University of Oregon (Eugene,
OR). Attachment of the donor (Alexa Fluor 532 maleimide)
and acceptor (Alexa Fluor 594 maleimide) dyes to the two
cysteine residues in the protein (Cys54 and Cys97, located on
the β and α domains, respectively) was achieved by thiolation
using the standard procedure provided by Molecular Probes.
Briefly, the donor dye was slowly added to the protein solution
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(1 g/L) in phosphate buffer (20 × 10−3 mol/L, pH 7.2) at a
dye/protein ratio of 1/1. The mixture was allowed to react
overnight at 4 °C. Unreacted dye was then removed by
extensive dialysis. The percentage of labeling was kept low to
prevent double labeling of the same dye on one protein
molecule. Donor dye-labeled protein was then separated from
unlabeled protein by hydrophobic interaction chromatography
(phenyl sepharose high performance, GE Healthcare) and
further labeled with the acceptor dye with similar procedures.
Approximately 90 and 70% of the product was labeled with the
donor and acceptor, respectively, estimated via UV−vis
spectroscopy.
The ensemble-averaged fluorescence of the protein was

obtained by excitation at 510 nm. The emission spectra exhibited
peaks of both the donor and acceptor at 544 and 617 nm,
respectively, further confirming the success of the dye pair
labeling. To observe the effect of azoTAB surfactant on FRET,
0.05 × 10−3 L of a 0.03 g/L protein solution and varying
amounts of a concentrated surfactant solution were added to
0.9 × 10−3 L of phosphate buffer (8.3 × 10−3 mol/L, pH 7.2),
resulting in a 1.6 × 10−3 g/L protein solution and the desired
surfactant concentration (in the range of 0−0.14 × 10−3 mol/L).
The relative ensemble-averaged FRET efficiency was evaluated
using the equation EET = IA/(IA + ID), where IA and ID
correspond to the fluorescence intensity of the acceptor at
617 nm and the donor at 544 nm, respectively, normalized by
the efficiency of labeled protein in the absence of surfactant.73

■ RESULTS AND DISCUSSION

SANS data for the lysozyme−azoTAB complexes as a function
of azoTAB concentration and light conditions are shown in
Figure 1. Similar to the case for lysozyme−azoTAB complexes
at pH 5,63 with increasing azoTAB concentrations the
scattering curves under visible light shown in Figure 1a begin
to deviate from pure lysozyme at Q ≈ 0.2 Å−1, which
corresponds to a length scale L (=2π/Q) of ≈30 Å. Compared
to the published value for the diameter of lysozyme (≈35 Å),65,74
this deviation suggests that azoTAB induces swelling of the
lysozyme tertiary structure. In contrast, the scattering curves with
cis azoTAB are almost identical to that of the pure protein,
indicating the structure of lysozyme is not significantly influenced
by cis azoTAB.
Radii of gyration (Rg) of lysozyme at different azoTAB

concentrations and under different light conditions were

calculated from the SANS data by Guinier analysis (not
shown) using the equation I(Q) = I(0) exp(−Q 2Rg

2/3), where
I(0) is the extrapolated scattering intensity at Q = 0. The Rg

values were observed to steadily increase with increasing
azoTAB concentration under visible light [Rg values of 13.5,
15.2, 16.9, and 18.3 Å (error of <5%) with 0, 5.0 × 10−3, 8.0 ×
10−3, and 12.0 × 10−3 mol/L azoTAB, respectively]. Upon UV
illumination, however, lysozyme apparently refolds to dimen-
sions similar to those of native lysozyme [Rg values of 12.5,
12.9, and 13.5 Å (error of <5%) with 5 × 10−3, 8 × 10−3, and
1.2 × 10−2 mol/L azoTAB, respectively], supporting the notion
that lysozyme is swollen by trans, but not cis, azoTAB.
The pair distance distribution functions (PDDFs) were

calculated from the SANS data, as shown in Figure 1b. PDDFs
represent the probability of finding two scattering centers
within the protein a distance r apart. For globular proteins, the
most probable distance between scattering centers (i.e., the
maxima of the curves in Figure 1b) would then represent the
radius of the protein, while the r values where the PDDFs
return to zero would indicate the maximum dimension within
the protein. With increasing trans azoTAB concentrations in
Figure 1b, both the apparent protein radius and the maximum
dimension shift to higher values, again indicating that trans
azoTAB induces protein swelling. Upon conversion of azoTAB
to the cis form with UV illumination, however, the protein
refolds such that the apparent radius and maximum dimension
return to values similar to those obtained for pure lysozyme.
Similar results are obtained by shape reconstruction analysis

using GA_STRUCT.68 As previously described for lysozyme,63,65

the program represents the protein as 1000 scattering centers,
the positions of which are rearranged through a genetic
algorithm to best fit the SANS data, providing an approximation
of the in vitro protein conformation in solution. The shape-
reconstructed lysozyme solution structures are displayed as red
space-filling models in Figures 3 and 4. For the pure lysozyme
solution, the analysis yields a protein structure that agrees well
with the one reported by X-ray crystallography, as shown by the
comparison with the crystallographic result in Figure 3a. On the
other hand, in the case of the solution with azoTAB in the trans
form, this analysis indicates a swelling of the structure, which
increases with increasing surfactant concentrations (see shape-
reconstructed images in Figure 4). In contrast, when azoTAB is
in the cis form, the shape reconstruction analysis yields a
structure largely similar to that found for pure lysozyme. The

Figure 1. (a) SANS data and (b) PDDFs of lysozyme−azoTAB solutions as a function of surfactant concentration and light illumination (filled
symbols for trans and empty symbols for cis azoTAB). Pure lysozyme (●), 5 mM azoTAB (blue symbols), 8 mM azoTAB (green symbols), and
12.0 mM azoTAB (red symbols) with 10 g/L lysozyme in pH 7.2 buffer.
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SANS data, analyzed using three different approaches, clearly
show the ability to swell the lysozyme structure with azoTAB
surfactant molecules when in the trans form and, at the same
time, the possibility of switching off this phenomenon by the use
of UV light with a trans to cis isomeric transition.
NSE data of the normalized intermediate scattering functions

I(Q,t)/I(Q,0) of lysozyme at representative Q values with
different azoTAB concentrations and light conditions are
shown in Figure 2. The data were fit with single-exponential
decay functions as in eq 1, yielding the Q-dependent effective
diffusion coefficients (Deff ) of lysozyme, as shown in Figures 3
and 4. For a perfectly spherical particle with no internal degrees
of freedom, only the translational diffusion process will
contribute to the decay of the intermediate scattering function
and Deff will be constant in Q. In the case of nonspherical
molecules, the rotational motion would affect the measured
diffusion coefficient, resulting in an increase in Deff at Q values

corresponding to length scales similar to or larger than the
particle dimension. The expected values of the effective
diffusion coefficient as a function of Q, as determined by
rigid-body translational and rotational motions, were calcu-
lated26,75 using the results of the shape reconstruction analysis
and plotted as solid red lines in Figures 3 and 4. In the low-Q
limit, the calculations compare well with the diffusion
coefficient values obtained using dynamic light scattering
(DLS). The NSE data of pure lysozyme shown in Figure 3a
indicate that the measured effective diffusion coefficient agrees
with these rigid-body calculations and oscillates around the low-
Q translational diffusion coefficient collected by dynamic light
scattering (solid blue data point placed at Q = 0.05 Å−1),
suggesting that the protein exists in the native form as a rigid
structure on the nanosecond time scale and nanometer
length scale. Furthermore, these rigid-body calculations from
the SANS-based solution structure of pure lysozyme agree with

Figure 2. NSE data of azoTAB−lysozyme systems as a function of time t at representative Q values and surfactant concentrations and light
conditions. Throughout the paper, error bars represent one standard deviation.
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those calculated from the lysozyme crystal structure [Protein
Data Bank (PDB) entry 6LYZ, dashed red line], providing an
additional level of confidence in the SANS-based solution
structures.
As shown in Figure 3b, as an example of the case of lysozyme

mixed with an azoTAB concentration of 8 × 10−3 mol/L, the
NSE data show a deviation from the rigid-body calculations at
Q values greater than 0.15 Å−1, corresponding to length scales
on the order of the protein dimension. However, when the
azoTAB conformation is changed from trans to cis with UV
illumination, the rigid-body calculation again describes the
experimental data with good accuracy in Figure 3c. These
results indicate an enhancement of the internal dynamics of
lysozyme in its partially unfolded state with respect to its native
state due to surfactant denaturation. As previously suggested,63

this increased mobility could be at the origin of the increased
activity of the protein observed in the presence of azoTAB.
The validity of this interpretation is supported by the fact that
under UV illumination there is no sign of appreciable internal
dynamics.
Figure 4 shows the effect of different azoTAB concentrations

on lysozyme dynamics. At 5 × 10−3 mol/L azoTAB under
visible light and up to 12 × 10−3 mol/L azoTAB under UV
light, the experimental Deff values largely agree with those
predicted from rigid-body calculations, implying that the
protein is not undergoing dynamic motions beyond translation
and rotation [except perhaps for the deviations observed at
Q values greater than 0.20 Å−1 for 5 × 10−3 mol/L trans
azoTAB and 12 × 10−3 mol/L cis azoTAB, which could denote

the beginnings of the enhanced dynamics found with elevated
azoTAB concentrations (see below)]. The effects of rotational
motions are expected to become more pronounced as the
protein becomes less globular. These results agree with the radii
of gyration and maximum dimensions from the PDDF analysis
of the SANS data, along with the shape-reconstructed lysozyme
conformations obtained from the SANS data from Figure 2,
which all indicate nativelike conformations of lysozyme under
these conditions. Note that while large-scale deviations from
rigid-body motions are not observed for these nativelike
conformations, at elevated cis azoTAB concentrations a modest
negative deviation in Deff from a rigid body can be detected for
Q values of <0.12 Å−1, as well as positive deviation for Q values
of >0.2 Å−1, corresponding to a length scales of ∼30 Å, smaller
than the diameter of lysozyme (35 Å). This suggests that the
protein may perform small-scale internal motions under these
conditions, albeit significantly fewer than the number observed
under elevated trans azoTAB concentrations discussed below.
For comparison, fluorescence measurements using the non-
ionic, hydrophobic probe Nile red did indicate that lysozyme

Figure 3. NSE data of the effective diffusion coefficient for (a) pure
lysozyme and lysozyme with 8 × 10−3 mol/L azoTAB in the (b) trans
and (c) cis conformations. In panel a, the ribbon diagram (PDB entry
6LYZ) represents the structure of lysozyme as obtained from
crystallographic measurements, whereas the space-filling in vitro
structure has been obtained from the SANS data. The solid blue data
points at Q = 0.05 Å−1 represent the center-of-mass translational
diffusion coefficients obtained via DLS; the solid red lines represent
rigid-body calculations (translation and rotation) using the SANS (solid
red line) or crystal (6LYZ) (dashed red line) structures. Empty and filled
symbols are used to denote data collected during separate visits to NIST.

Figure 4. NSE data of lysozyme effective diffusion coefficients with
(a) 5 (trans), (b) 5 (cis), (c) 8 (trans), (d) 8 (cis), (e) 12 (trans), and
(f) 12 mM azoTAB (cis). The space-filling structure next to each plot
represent the protein conformation at the corresponding azoTAB
concentration. The solid blue data points at Q = 0.05 Å−1 represent
the center-of-mass translational diffusion coefficients obtained via
DLS; the red lines represent rigid-body calculations using the SANS
structures. The blue and green lines in panels c and e represent
calculations using a soft linker domain model assuming two domains
(blue lines) or a freely jointed domain model (green lines). Empty and
filled symbols are used to denote data collected during separate visits
to NIST.
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was not as compactly folded as the native conformation at
elevated cis azoTAB concentrations,65 indicating a slight
loosening of the protein hydrophobic core (although again
significantly less that that observed with trans azoTAB). Thus,
the relatively hydrophilic cis isomer of azoTAB may be
beginning to induce slight protein unfolding at the highest
surfactant concentrations studied.
In contrast, elevated concentrations of trans azoTAB (8 ×

10−3 and 1.2 × 10−2 mol/L) are found to induce a pronounced
deviation in Deff from the rigid-body calculations at Q values
around 0.15 Å−1, indicating that the protein performs large-
scale motions under these conditions, possibly domain
movements such as hinge bending motions or shear. The
active site of lysozyme is located in a cleft between an α domain
consisting mainly of α-helical segments and a β domain
composed primarily of β-sheet structures. Connecting these
two domains is a hinge region comprised of helix C, residues
Glu35 and Ser36 on the loop succeeding helix B, and Ile55 and
Leu56 at the turn between strands II and III.76 To form a
substrate−enzyme complex, it is well known that the protein
has to perform hinge bending motions with the protein active
site first opening (substrate-free state) and then closing
(substrate-bound state). Indeed, X-ray crystallographic data of
substrate-free T4 lysozyme revealed an active site more open
than that of the substrate-bound form.77 Single-molecule FRET
measurements of T4 lysozyme also revealed hinge bending
conformational changes related to protein function in real
time.30 From the SANS-based solution structures in Figures 3
and 4, the active site cleft can be observed in the top right of
each molecule. With an increase in the concentration of trans
azoTAB, the protein is observed to swell primarily in the hinge
region at the bottom of the molecule, progressively resulting in
a relatively open active site cleft, as observed in previous
measurements.63,65 Thus, the ensemble SANS measurements
are consistent with the protein exhibiting large-scale domain
motions in solution.
Two models were applied to estimate the contributions of

protein domain motions to the measured Q-dependent effective
diffusion coefficients. The first model, proposed by Bu et al.,26

treats the protein as separate rigid domains connected by soft
spring linkers (see eq A2 in Appendix). Under the assumption
that the protein is well within the overdamped soft spring
regime, only the rotationally averaged static form factors of the
domains and their friction constants need be considered and
inertial modes as well as the recovering force from the
connecting spring can be neglected. When this soft linker
domain model is applied to lysozyme with 8 × 10−3 and 1.2 ×
10−2 mol/L trans azoTAB, the results obtained by assuming
two domains (α and β domains, blue line) exhibit a peak at
Q ≈ 0.17 Å−1, as shown in panels c and e of Figure 4. The peak
location concurs with the regions where large deviations in the
measured Deff values from the rigid-body model are seen,
suggesting that these excess dynamics are a result of protein
domain motions. However, the relatively larges values of Deff
obtained for the soft linker domain model versus the
experimental data indicate that without bond length constraints
this model overpredicts the magnitude of the domain motions
in lysozyme. Attempts to refine this model by representing
lysozyme with three domains (α and β domains and the hinge
region, not shown) further highlighted the deviation in model
prediction versus experimental data (e.g., giving a peak at Deff =
18.1 Å2/ns at Q = 0.18 Å−1 at 1.2 × 10−2 mol/L trans

azoTAB). The soft linker domain model is able to predict the
negative deviation in the Deff values from the rigid-body model
at Q ≈ 0.1 Å−1 in the lysozyme system containing 1.2 ×
10−2 mol/L cis azoTAB, suggesting that this deviation is a
measurable effect of domain motions. However, for this only
slightly unfolded lysozyme conformation, the soft linker
domain model gives a weak maximum that underpredicts the
Deff values at elevated Q values. This latter effect is likely due to
the beginnings of enhanced lysozyme dynamics occurring with
elevated cis azoTAB concentrations.
Therefore, to take into account the effect of interdomain

contacts, a freely jointed domain model71 (eq A4 in Appendix)
was also used to describe the observed dynamics as shown in
panels c and e of Figure 4, treating the protein as three rigid
domains (α and β domains and the hinge region) connected
with two freely jointed bonds of a constant length. The results
show a similar increase in the dynamics at Q ≈ 0.175 Å−1,
although in this case with more realistic values of Deff

throughout the entire Q range relative to the experimental
data. This suggests that freely jointed domains better model the
domain motions within lysozyme in the presence of trans
azoTAB compared to domains connected by soft spring linkers,
although it should be pointed out that even the freely jointed
domain model overpredicts the Deff values in the Q range from
0.05 to 0.1 Å−1 (or at length scales on the order of 100 Å). This
is to be expected as the internal motions within lysozyme are
much more complex than those represented by the freely
jointed domain model, which assumes a polymer-like chain
with identically sized beads (domains) and bond lengths.
Furthermore, the assumption of freely rotating bonds without a
constraint on the bond angle likely oversimplifies the domain
motions with lysozyme. For example, with the α domain−
hinge−β domain bond angle fully stretched to 180°, this model
would allow lysozyme lengths of ≈110 Å (i.e., three 20 Å
domains connected by two 25 Å bonds), twice the value of the
maximum dimension (≈55 Å) measured from the PDDFs in
Figure 1b. Thus, it is not surprising that this model would
overpredict the Deff values in the lower Q range in Figure 4
(i.e., 2π/110 Å ≈ 0.05 Å−1).
Nevertheless, in the region of maximum deviation from the

rigid-body calculations, the freely jointed domain model more
accurately represents the domain motions within lysozyme
relative to the soft linker domain model. These results should
be contrasted with NSE measurements on DNA polymerase I
from Thermus aquaticus (Taq polymerase), where the soft
linker domain model was found to accurately model the protein
domain motions evident in the NSE data.26 Similar to lysozyme,
Taq polymerase consists of two distinct domains (DNA
polymerase domain and a 5′-nuclease domain) connected by a
hinge region, with interdomain movements on the order of 9.8 Å
occurring upon substrate binding compared to 8 Å for lysozyme.
Thus, on first pass, similar domain motions might be expected in
the NSE measurements of the two proteins. However, this is
clearly not the case as native lysozyme was observed to be
dormant on the nanosecond time and nanometer length scales in
Figure 3, in stark contrast to Taq polymerase. Indeed, it is only
upon swelling of the hinge region in the presence of trans azoTAB
that domain motions can be detected within lysozyme with NSE.
Lysozyme is a small, relatively rigid protein (129 residues
containing four disulfide bonds), while Taq polymerase (831
residues) exists in an extended conformation with the polymerase
and 5′-nuclease domains separated by ≈70 Å. Furthermore, the
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polymerase domain of Taq polymerase contains three subdomains
that also undergo subdomain motion. Thus, overall it is not
surprising that weaker domain motions are observed in lysozyme
than in Taq polymerase.
To examine the effects of azoTAB on lysozyme conformation

and dynamics, we recorded ensemble-averaged fluorescence
resonance energy transfer (FRET) spectra (shown in Figure 5a).
T4 lysozyme was labeled with one donor or acceptor dye at Cys54
(located near the hinge) and Cys97 (located in the α domain),
positions sensitive to domain motions30 and in the proximity of
residues Ile55 and Leu56 in the hinge region.76 Lysozyme from
bacteriophage T4 is slightly larger, although similar in structure
and function to hen egg white lysozyme of the type used in the
SANS and NSE measurements. The dye-labeled pure protein
excited at 520 nm exhibits an emission peak of the donor (Alexa
Fluor 532) at 554 nm and the acceptor (Alexa Fluor 594) at
617 nm. Addition of azoTAB to the protein solution decreases
the magnitude of the acceptor emission peak, indicating that the
ensemble-averaged distance between the donor and acceptor
increases. The relative FRET efficiency (see Experimental
Procedures) was evaluated from these spectra as a function of
azoTAB concentration, as shown in Figure 5b. With increasing
concentrations of trans azoTAB, the FRET efficiency exhibits a
dramatic decrease even at very low surfactant concentrations [e.g.,
0.005 × 10−3 mol/L, or a surfactant/protein ratio (S/P) of 59/1]
and reaches a constant value at a surfactant concentration of
≈0.05 × 10−3 mol/L. In contrast, a slow and steady decrease in

FRET efficiency is induced by cis azoTAB. Although these
surfactant concentrations seem low relative to the previous data,
the S/P values in the FRET experiment are slightly higher than
those used in SANS and NSE experiments (e.g., S/P = 18/1 at
12 × 10−3 mol/L azoTAB), a result of the relatively low protein
concentration required in FRET experiments. The large and
steady loss of FRET efficiency upon addition of surfactant is
consistent with the swelling of the hinge region observed in the
SANS-based in vitro conformations, indicating that the distance
between Cys54 (located near the hinge) and Cys97 (located in
the α domain) has increased.
To further examine the effect of azoTAB on lysozyme

flexibility, H−D exchange kinetics of lysozyme with different
azoTAB concentrations were collected with FT-IR spectrosco-
py. H−D exchange has been used to monitor protein dynamics,
flexibility, and stability.72,78−80 Figure 6a shows a representative
H−D exchange spectrum of lysozyme with 8 × 10−3 mol/L
trans azoTAB. The replacement of amide protons (N-H) with
deuterium (N-D) results in a relocation of the amide II peak
from 1550 to 1450 cm−1, while the amide I peak shifts by only
∼5−10 cm−1. This provides a convenient monitor of the rate of
exchange of hydrogen to deuterium by observing the
disappearance of the amide II peak at 1550 cm−1, thereby
giving a measure of the global flexibility of a protein.81−83

Figure 6b shows the time-dependent change in the fraction of
unexchanged hydrogen in lysozyme with different azoTAB
concentrations and light conditions (see Experimental

Figure 5. (a) Ensemble-averaged fluorescence spectra of Alexa 532- and Alexa 594-labeled T4 lysozyme with varying concentrations of azoTAB.
(b) Ensemble-averaged FRET efficiency as a function of azoTAB concentration.

Figure 6. (a) Representative lysozyme H−D exchange spectra in the time range of 5 min to 10 h at 20 °C. Arrows in the spectra indicate the
direction of peak intensity changes. The azoTAB concentration was 8 mM. (b) H−D exchange kinetics of lysozyme as a function of azoTAB
concentration and light illumination (filled symbols for trans azoTAB and empty symbols for cis azoTAB). Pure lysozyme (●), 5 mM azoTAB
(◆ and ◇), 8 mM azoTAB (▲ and△), and 12.0 mM azoTAB (▼ and▽). The lysozyme concentration was 10 g/L in pH 7.2 buffer.
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Procedures). In the presence of trans azoTAB, the protein is
observed to exhibit an exchange rate faster than that of the
native state, while cis azoTAB had little influence on the
exchange rate. This implies that trans azoTAB induces enhanced
protein flexibility relative to the native state, consistent with the
NSE measurements described above.
The hydrogen atoms within a protein are usually divided into

three groups: ultrafast-exchanging protons located on the
surface of the protein, fast-exchanging protons contained within
flexible structural elements, and slow-exchanging protons in the
core of the protein formed by very rigid clusters.84,85 Ultrafast
exchange is known to occur within a few seconds;86 thus, only
the fast and slow exchange processes can be observed in Figure
6 (the dead time of the FT-IR measurement is ≈2.5 min), with
∼50% of the protons already exchanged at the earliest time
points. Kinetic rates were obtained for the protein at each
surfactant concentration by fitting the H−D exchange data to a
biexponential decay function, with the results listed in Table 1.
The rate constants of the fast-exchanging components within the
protein are relatively constant at all azoTAB concentrations (both
trans and cis). The exchange rate of the slow group, however,
increases by ∼1 order of magnitude when high concentrations of
trans azoTAB are present (8 × 10−3 and 12 × 10−3 mol/L). In
contrast, little change in the kinetic parameters relative to the
native state was observed in the presence of cis azoTAB. The
mean kinetic parameter ⟨k⟩, which provides a general measure of
protein flexibility, also showed an enhanced exchange rate in the
presence of trans azoTAB and relatively constant exchange rate
for pure lysozyme and cis azoTAB−lysozyme complexes.
An increase in the H−D exchange rates results from

destabilization of the secondary structure elements or unfolding
of a compact core and, hence, a decrease in stability and/or
rigidity and an increase in protein flexibility.72,81,83,87−89 The
results presented in Figure 6 indicate that trans azoTAB induces
an enhancement of lysozyme flexibility and dynamics, while cis
azoTAB does not significantly change protein flexibility.
Moreover, the dramatically enhanced slow-exchange rate
constant and the largely unchanged fast-exchange rate constant
of the trans-azoTAB−lysozyme complex may imply that the
increased flexibility is due to protein swelling and destabiliza-
tion of the protein core normally protected from solvent, while
the fast-exchanging components in mobile flexible regions were
not significantly influenced. The H−D exchange results are in
agreement with the NSE measurements of enhanced protein
domain motions in the presence of the trans isomer of azoTAB,
as well as the SANS results indicating an increase in the radius
of gyration (Rg) and an overall protein shape for lysozyme in

the presence of trans azoTAB, compared to nativelike
conformations for lysozyme in the presence of cis azoTAB.
Previous studies have shown that lysozyme activity increases

by nearly 1 order of magnitude in the presence of trans azoTAB
surfactant relative to the native state.63 From single-molecule
FRET measurements30 using identical dye pair locations as in
Figure 5, the active cleft of native T4 lysozyme was found to exist
in a relatively open conformation in the absence of substrate and
in a relatively closed conformation when bound with the
substrate. This demonstrates the necessity of hinge bending
motions during enzymatic function. Similarly, a decrease in
activity was observed for a lysozyme mutant in which residues
near the hydrophobic core were replaced with more hydrophobic
residues, which increased the stability and rigidity of the
protein.90 Additional studies using lysozyme mutants without
residues Arg14 and His15 demonstrated enhanced enzyme
activity with increases in enzyme flexibility relative to that of wild-
type lysozyme.28,29 Thus, on the basis of the NSE measurements
described above, the origin of azoTAB-induced superactivity of
lysozyme could be the enhanced domain motions seen in the
presence of the trans isomer of the surfactant.

■ CONCLUSIONS

Lysozyme dynamics induced by the photoresponsive azoTAB
surfactant and light illumination have been examined using
neutron spin echo combined with in vitro protein conforma-
tions determined with small-angle neutron scattering to study
the protein structure−dynamics−function relationship. Shape
reconstruction analysis applied to the SANS data indicates
that the addition of trans azoTAB causes lysozyme to partially
unfold relative to the native state, with swelling observed
primarily away from the active site in the hinge region
connecting the α and β domains. Upon illumination with UV
light, trans azoTAB converts to the cis isomer, causing lysozyme
to refold into a nativelike conformation. NSE experiments
reveal enhanced dynamics of the partially unfolded lysozyme
induced by trans azoTAB, while the nativelike lysozyme in the
presence of cis azoTAB exhibited dynamics similar to that of a
rigid body. Domain models employed to calculate the effective
diffusion coefficient of the unfolded lysozyme consisting of
either two or three domains give a good approximation of the
enhanced protein dynamics induced by trans azoTAB.
Ensemble-averaged FRET and H−D exchange measurements
suggest that the protein exhibits higher flexibility induced by
trans azoTAB, while the flexibility with cis azoTAB is similar to
that of native lysozyme.

Table 1. Analysis of H−D Exchange Kinetics of Lysozyme in the Presence of AzoTAB Surfactant

fast slow

[azoTAB] (mM) percentage k (×102 min−1) percentage k (×104 min−1) ⟨k⟩ (×104 min−1)

0 41 3.4 59 4.0 6.7
trans

5 32 3.0 68 10 14
8 40 8.7 60 56 89
12 38 4.8 62 52 77

cis
5 35 2.3 65 4.6 7.0
8 21 6.1 79 1.9 2.4
12 29 4.1 71 3.6 5.1
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■ APPENDIX

Three models were employed to calculate the Q dependence of
Deff , including rigid-body analysis, a soft linker domain model
proposed by Bu et al.,26 and a freely jointed domain model
proposed by Akcasu et al.71 The rigid-body model calculates
the contributions of translation and rotational motions of rigid
lysozyme to the Q-dependent oscillation of Deff . The soft linker
domain model assumes the protein to be composed of rigid
domains connected by soft spring linkers where the first
cumulant, the initial slope of the dynamic scattering function
{Ω(Q) = −∂ ln[I(Q,t)/I(Q,0)]/∂t} is explicitly independent of
the interdomain spring constant as assumed for soft linkages
between domains. The freely jointed domain model treats the
protein domains as n identical beads connected by freely
rotating rigid bonds of length ζ. All models are available from
the authors upon request.
Rigid-body calculations were applied to the crystal structure

of lysozyme (PDB entry 6LYZ) and the solution structures of
lysozyme−azoTAB complexes obtained from SANS by
GA_STRUCT to account for translational and rotational
motions through the equation26

(A1)

where bj and bl are neutron scattering lengths of effective
scattering centers j and l, respectively. For the lysozyme crystal
structure, the scattering centers were taken as each amino acid
residue with the center of each residue being the average
coordinate and the neutron scattering length of each residue
being the sum of the neutron scattering lengths of all atoms in
the residue. For the solution structure of lysozyme obtained by
GA_STRUCT, b values were assumed to be identical for all
scattering centers. L(j) = Qrj is the angular momentum vector,
while HT and HR are the translational and rotational mobility
tensors, in which the three principle axis coefficients (DT

x,
DT

y, and DT
z in HT and DR

x, DR
y, and DR

z in HR) were
calculated with HYDROPRO.91,92

In the soft linker domain model, the lysozyme molecule was
divided into n rigid domains (n = 2 for a two-domain model,
namely the α and β domains, or n = 3 for a three-domain model
of the α and β domains and the hinge region). Deff was
calculated using the equation26

(A2)

where Di = (kBT)/ξi, with ξi being the friction constant of the
ith domain. To obtain the results in Figure 4, it was necessary
to increase the friction constant calculated from Kirkwood’s
formula93 for each domain by a factor of 1.5. Similarly, Bu et
al.26 found it necessary to increase the friction coefficients of
Taq polymerase domains by a factor of ≈2, which is possibly
caused by water displacement due to the proximity of the
domains. Si and SLys were obtained by the equation

(A3)

which is the rotationally averaged static form factor of the ith
domain with Ni being the number of scattering centers in the
ith domain. SLys was calculated using an N of 1000, namely the
total number of scattering centers in lysozyme.
The freely jointed domain model treats the protein as n rigid

domains connected by n − 1 bonds of length ζ, with Deff
calculated from the equation71

(A4)

where S(Q) is the static scattering function given by

(A5)

and j0 is the zeroth order spherical Bessel function. The
mobility tensor μ(Q) is given by

(A6)

where

(A7)

and

(A8)

In these equations H is the preaveraged hydrodynamic
interaction matrix given by

(A9)

and τ = ξ/6πζη is the draining parameter determined by
friction constant ξ, solvent viscosity η, and bond length ζ. C is
an n − 1 × n matrix defined by

(A10)

where δ is the Kronecker delta. The indices μ and ν run over all
protein domains (from 1 to n), while the index j runs over all
bonds (from 1 to n − 1). The ensemble average is
approximated as

(A11)

when |μ − ν| = 1 and μ = j + 1 or ν = j + 1; otherwise

(A12)

To apply the freely jointed domain model, we divided
lysozyme into n = 3 domains, representing the α and β domains
and the hinge region, connected by n − 1 = 2 bonds. The
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approximate center of mass of each domain was visually
selected from the PDB file produced by GA_STRUCT, while
each scattering center was associated with the closest domain.
Bond length ζ was taken as the average distance between the
centers of mass of the three domains (25 Å), while the friction
constant was taken as the average value calculated from the
Kirkwood formula of the three individual domains, again
increased by a factor of 1.5 to account for an ≈3 Å thick
hydration layer around each domain.65,94
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