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ABSTRACT
Recently, it was reported that ultraviolet (UV) illumination could trigger the unfolding of proteins by
disrupting the buried disulfide bonds. However, the
consequence of such unfolding has not been
adequately evaluated. Here, we report that unfolded
chicken egg white lysozyme (CEWL) triggered by
UV illumination can form uniform globular aggregates as confirmed by dynamic light scattering,
atomic force microscopy, and transmission electron
microscopy. The assembling process of such aggregates was also monitored by several other methods,
such as circular dichroism, fluorescence spectroscopy, mass spectrometry based on chymotrypsin
digestion, ANS-binding assay, Ellman essay, and
SDS-PAGE. Our finding is that due to the dissociation of the native disulfide bonds by UV illumination, CEWL undergoes drastic conformational
changes resulting in the exposure of some hydrophobic residues and free thiols. Subsequently, these
partially unfolded molecules self-assemble into small
granules driven by intermolecular hydrophobic
interaction. With longer UV illumination or longer
incubation time, these granules can further selfassemble into larger globular aggregates. The combined effects from both the hydrophobic interaction
and the formation of intermolecular disulfide bonds
dominate this process. Additionally, similar aggregation behavior can also be found in other three typical disulfide-bonded proteins, that is, a-lactalbumin,
RNase A, and bovine serum albumin. Thus, we propose that such aggregation behavior might be a general mechanism for some disulfide-bonded proteins
under UV irradiation.
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INTRODUCTION
Proteins require correctly folded structures to perform their
particular biological functions.1–4 Harsh solvent conditions (such
as high temperature, low pH, or the presence of denaturants) or
mutations in their sequences,5–8 can cause proteins to undergo
structural transition and give rise to amyloid-like fibrils. Such
protein aggregations are tied to a number of fatal diseases, such
as Alzheimer’s and Parkinson’s.9–15 Moreover, pathogenesis studies on neurodegenerative diseases (e.g., Alzheimer’s) suggested
that instead of the final fibrillar aggregates, the granular aggregates formed at the early aggregation process is the leading factor
for these diseases, owing to their high reactivity with a wide
range of cellular components.16–18 Additionally, it was recently
found that the globular aggregates formed by partially unfolded
proteins are also related to some diseases, such as Lewy body
associated disorders.19,20 Therefore, investigating the dynamic
change in the morphology and aggregation of proteins is of great
importance for the evaluation of the impact of harsh conditions
on proteins, as well as the pathogenesis of the related diseases.
Previously, we have reported that ultraviolet (UV) illumination
can trigger the unfolding of chicken egg white lysozyme (CEWL;
schematic picture shown in Fig. 1) under physiological condition,
which has also been observed in other disulfide-bonded proteins21–26 and even developed into powerful biotechnological
tools for protein immobilization.27 Such unfolding process of the
proteins is quite different from the traditional denaturing processes induced by disrupting the noncovalent interactions in the
tertiary structures as it is solely initialized by rupturing the native
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can also be found in other three typical disulfide-bonded
proteins, that is, a-lactalbumin, RNase A, and bovine serum albumin (BSA). Because disulfide bond containing
proteins are ubiquitous in nature and can be engineered
artificially,30–32 we anticipate that such aggregation
behavior can be extended to other disulfide-bonded proteins that are sensitive to UV illumination.
MATERIALS AND METHODS
Chemicals

Figure 1
The schematic structure of CEWL. It contains six tryptophan (Trp)
residues marked with green color and eight cysteine (Cys) residues (red
color) forming four native disulfide bonds (yellow color), that is, Cys6Cys127, Cys30-Cys115, Cys64-Cys80, and Cys76-Cys94, respectively.
There are six hydrophobic clusters with the maximal hydrophobicity
around the residues cysteine 6, tryptophan 28, leucine 56, leucine 83,
tryptophan 108, and tryptophan 123, respectively.

CEWL, bovine a-lactalbumin, RNase A, 1-anilinonaphthalene 8-sulfonate (ANS), Thioflavin T (ThT), and
5, 5 P-dithiobis (2-nitrobenzoic acid) (DTNB, Ellman’s
reagent) were purchased from Sigma. BSA was purchased
from Roche. Except chymotrypsin (sequencing-grade), all
other chemical reagents used in our experiments are of
analytical grade without further purification. A total of
0.02M phosphate buffer ((NaH2PO4 and Na2HPO4) at
pH 7.0 was used for all experiments, except for the Ellman assay and chymotrypsin digestion.
UV illumination

disulfide bonds through a tryptophan/tyrosine based
photochemical process. In traditional chemical denaturing experiments, many proteins have the ability to resume their native state upon removing the chemical
denaturants. Thus the questions arise, can these ‘‘special’’
unfolded CEWL molecules resume their native fold and
reform their native disulfide bonds during or after UV
irradiation? Or alternatively, do these unfolded CEWL
molecules aggregate into special structures? Investigation
the self-assembly and aggregation of photo-induced
unfolded CEWL molecules under UV illumination will
also be of great practical significance in understanding
the damage of UV light to proteins.
In this work, we disclose that under strong UV illumination (200 lW/cm2), CEWL can promptly unfold and
self-assemble into aggregates in granular shape without
resuming its native fold. These granules are very active
and can further assemble into larger globular aggregates
when the UV illumination time is prolonged. It is quite
different from the fibrillar aggregates of lysozyme formed
under harsh conditions or by introducing destabilizing
mutants even under native condition.28,29 Based on the
detailed characterization of the unfolded CEWL molecules under UV illumination and the morphologies of
the aggregates during the UV illumination process, we
propose a mechanism that may account for such unique
aggregation behavior. CEWL partially unfolds under UV
illumination with some hydrophobic residues and free
thiols exposed, due to the rupture of disulfide bonds.
The interplay between the hydrophobic interaction and
the intermolecular disulfide bonding governs the aggregation of CEWL. Importantly, similar aggregation behavior
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CEWL (2 mg/mL) in sealed 10 mm 3 10 mm quartz
cuvettes was illuminated by the UV-B lamp (Ziguang
Company, China) with wavelength centered at 285 nm.
Note that both tryptophan and tyrosine residues can be
excited under such bandwidth of UV wavelength. The
light intensity was measured by the optical power meter
(818-ST-UV/DB- 840C, Newport). We did not stir the
solution during illumination.
Atomic force microscopy (AFM)

An aliquot of about 10 lL sample was placed on a
newly peeled mica wafer for about 15 min, and then
rinsed with 50 lL of Milli-Q water to remove unattached
proteins and salts. The sample on the mica surface was
dried at room temperature before the images were taken.
AFM images were obtained by scanning the mica surface
using a Nanowizzard II AFM (JPK, Berlin, Germany)
operating in a tapping mode (conditions: scan rate, 0.8
Hz; resonant frequency range of AFM tips, 200–497 kHz;
tip radius, 5 nm; number of pixels, 512 3 512).
Transmission electron microscopy (TEM)

In this study, the lysozyme sample (2 mg/mL) for the
TEM measurement was illuminated for 72 h, and macroscopic aggregates can be found on the bottom of the cuvette. Thus, we only used the supernatant of the sample
for TEM measurement. The concentration of this sample
is lower than the original 2 mg/mL due to the formation
of macroscopic aggregates. About 15 lL supernatant of
the illuminated CEWL solution was placed on a copper

UV-induced Globular Aggregates of Lysozyme

grid (300-mesh) covered by a carbon-coated collodion
film for about 5 min. The sample was further negatively
stained with 20 lL of 2% (w/v) phosphotungstic acid
solution for about 60 s. The image was taken using a
Hitachi H-7650 transmission microscope with an acceleration voltage of 80 kV.
Dynamic light scattering (DLS)

The mean particle size of the aggregates was obtained
by DLS method using a Brookhaven BI-200SM system
(Brookhaven). All DLS measurements were carried out
using a wavelength of 640.0 nm at room temperature.
Circular dichroism (CD)

CD spectra were obtained by using Jasco J-810 spectrophotometer (Tokyo, Japan) under constant nitrogen flush
at 258C. The concentration of CEWL is 2.0 mg/mL for
the preparation of UV induced aggregates. The near-UV
CD spectra of proteins (2.0 mg/mL) were collected
between 250 nm and 300 nm with a 10 mm light-path.
Due to the requirement of the sample concentration for
the far-UV CD spectrum which was recorded from 190
nm to 250 nm with a 1 mm light-path, we diluted the
illuminated sample (2.0 mg/mL) to 0.2 mg/mL. Each
time, five scans were averaged to increase the signal-tonoise ratio of the measurements.
Fluorescence spectroscopy

The concentration of CEWL is 2.0 mg/mL for the preparation of UV induced aggregates. For the measurement
requirement of fluorescence spectroscopy, the illuminated
sample was diluted to 0.036 mg/mL. The measurement
was taken using fluorescence spectrophotometer (Jasco
FP-6500) with 10 mm light path at room temperature.
The excitation wavelength was 285 nm, and the emission
spectra were measured from 295 to 450 nm. Additionally,
the bandwidths of excitation and emission slits were set as
3 nm and 5 nm, respectively.
ANS-binding assay

The hydrophobic probe dye 1-anilino-naphthalene
8-sulfonate (ANS) was used to investigate the exposure
of the hydrophobic residues. The concentrations for the
protein samples (native and illuminated CEWL) and
ANS are 2.0 mg/mL and 100 lM, respectively. After
30 min incubation under dark condition, the emission
spectra at 480 nm of the samples were measured by
fluorescence spectrophotometer (Jasco FP-6500) with the
excitation wavelength at 398 nm. The bandwidths of
excitation and emission slits were set as 3 nm and 5 nm,
respectively.

SDS-PAGE

Illuminated samples were analyzed by SDS-PAGE under
normal and reducing conditions. For the case of normal
condition, samples were mixed with laemmli sample
buffer. For the case of reducing condition, 10% b-mercaptoethanol was added before the mixture with laemmli
buffer. All samples were heated at 1008C for 10 min in
Tris/glycine buffer (pH 8.8) containing SDS. After electrophoresis, the gels were stained by Coomassie Blue for
30 min and destained for 4 h on a table-top rocker.
Ellman assay

Free thiol groups were detected with the Ellman assay
upon reaction with the sulfhydryl reagent DTNB. Illuminated CEWL (110 lL, 2 mg/mL) was mixed with DTNB
(1.9 mL, 1 mM) solution and the absorbance at 412 nm
was subsequently measured by UV/VIS spectrophotometer (Jasco, V-550).
Mass spectrometry

The thiol groups in the illuminated CEWL sample
were carbamidomethylated by adding an equal volume of
10 mM iodoacetamide in 0.02M phosphate buffer (pH
7.0), and allowed the reaction to proceed for about 45
min in dark condition at room temperature. Both of the
original and illuminated CEWL samples were resuspended in 100 mM Tris-HCl with CaCl2 and then chymotrypsin was added with a 1:50 ratio (w:w). The mixtures were incubated for 18 h at room temperature. The
resulted peptide mixtures were subjected to quadrupole
fourier transform ion cyclotron resonance mass spectrometry (Q-FTICR-MS) and the intact proteins were analyzed on the matrix assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS).
RESULTS
The morphology of CEWL aggregates
triggered by UV illumination

We applied UV illumination to the CEWL samples
with an intensity of 200 lW/cm2 at room temperature,
and the aggregates were monitored in real time by DLS.
As shown in Figure 2(A), CEWL started to form observable aggregates of diameters 30 nm after 10 min of illumination. The size of the aggregates grew monotonically
with the increase of illumination time and reached diameters 80 nm and 150 nm after 30 and 50 min of
illumination, respectively. Then, the detailed morphology
of the aggregates was investigated by AFM. As shown in
Figure 2(B), after illumination for 30 min, CEWL formed
small round-shaped granular aggregates with diameter of
40 nm and height around 25 nm. Comparing with the
size of folded CEWL (5 nm), we estimated that the
PROTEINS
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Figure 2
The morphology of the CEWL aggregates on UV illumination (The concentration of CEWL is 2 mg/mL, and the intensity of UV light is 200 lW/
cm2.) (A) The change of the size of the aggregate in the first hour on UV illumination is monitored by DLS. AFM images of the aggregates under
(B) 0.5 and (C) 1 h of illumination. (D) The photographs of the CEWL samples under different illumination times, that is, 0 h, 4 h, 6 h, and 12 h.
After 6 h or longer illumination, the CEWL solution becomes turbid, indicating the formation of macroscopic aggregates. (E) TEM image of the
spherical aggregates in the supernatant of the CEWL sample under 72 h continuous illumination.

granular aggregates are formed by 300 CEWL molecules. As shown in Figure 2(C), the diameter and height
of granular aggregates increase to 75 and 45 nm,
respectively, when the illumination time is increased to
60 min. Thus, the size of the CEWL aggregates revealed
by AFM is consistent with that observed by DLS. Note
that besides isolated globular aggregates, we also observed
the oligomerization of individual granular aggregates.
When the illumination time is further prolonged to 6 h
or longer, macroscopic aggregates are obviously observed
in the CEWL samples [Fig. 2(D)]. The longer the illumination time, the more opaque the solution is. Formation
of inter-sphere aggregates may be the sole mechanism
that accounts for such macroscopic aggregation. It is of
noting that not all the proteins in the solution form
macroscopic aggregates. Even after 72 h of continuous
UV illumination, we still observed spherical aggregates
of 800 nm in the supernatant by TEM, as shown in
Figure 2(E). This is a clear evidence that the macroscopic
aggregation is indeed from the growth of the spherical
aggregates.
UV illumination induces partially unfolding
of CEWL with the exposure of hydrophobic
residues

After characterizing the morphology of the CEWL
aggregates, we then studied the mechanism of the aggregation process. We first investigated the structural
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changes of CEWL in the aggregates on UV illumination
by using far-, near-UV CD, and fluorescence spectroscopy. As shown in Figure 3(A), far-UV CD spectrum of
native CEWL presents two characteristic negative peaks
at 208 nm and 222 nm, consistent with the typical a-helical structure of CEWL. However, on illumination these
two peaks increased dramatically, indicating that CEWL
was partially unfolded and gradually lost its secondary
structures. The longer the illumination, the less the secondary structures remained in the sample. However, it is
worth noting that no obvious b-sheet structure or random coil appeared in the CD spectra even after 12 h of
illumination. This is different from the change of tertiary
structure of CEWL on illumination. As the CEWL molecules partially retain their secondary structures and dramatically lose their tertiary structure, we define such state
of CEWL molecules as partially unfolded state. We also
applied the intrinsic tryptophan fluorescence of CEWL to
probe the structural changes of CEWL along the illumination process. Instead of changing monotonically, the
intensity of tryptophan fluorescence first increased
slightly and then decreased significantly to a value much
lower than the original one with an obvious red shift
of its peak position from 330 nm to 350 nm. As tryptophan fluorescence is very sensitive to local chemical
environment of proteins, this also indicates that the tertiary structure of CEWL undergoes dramatic disruption
during the illumination process, consistent with the CD
observations.

UV-induced Globular Aggregates of Lysozyme

Figure 3
Structural characterization of native and illuminated CEWL. (A) far-UV and (B) near-UV CD spectra; (C) fluorescence spectra. The CEWL samples
(2.0 mg/mL) were illuminated by UV light with an intensity of 200 lW/cm2 for 0.5 h, 1 h, 4 h, 6 h, and 12 h, respectively.

Previous studies have found that there are six hydrophobic cores in CEWL, which are tightly buried inside its
native conformation.33–38 The disruption of the tertiary
structure in harsh conditions could expose these inner
buried hydrophobic residues, providing a critical driving
force for the self-assembly process. To confirm whether
the UV illumination can also lead to the exposure of
hydrophobic residues, we used 8-anilino-1-naphthalene
sulfonate (ANS) fluorescence, a reagent highly sensitive to

the hydrophobic environment, as a probe to detect the
change of the hydrophobicity of CEWL during the UV
illumination.39 As shown in Figure 4(A), the fluorescence
intensity of ANS at 480 nm in the UV illuminated
samples increases rapidly with the illumination time and
reaches a value 100 a.u. at 12 h. This indicates that
lots of buried hydrophobic residues in native CEWL are
certainly exposed to the solvent during continuous UV
illumination.

Figure 4
The changes of ANS (100 lM) fluorescence intensity at 480 nm of CEWL (2.0 mg/mL) as functions of (A) illumination time and (B) incubation
time after 6 h continuous UV illumination. The absorption spectra at 412 nm of CEWL with the addition of DTNB as functions of (C)
illumination time and (D) incubation time after 6 h illumination.
PROTEINS
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Figure 5
Q-FT-ICR mass spectra of the peptide fragments of (A) native and (B) illuminated CEWL under chymotrypsin digestion, respectively. Before
digestion, carbamidomethylation was added to protect the free thiols. The peaks of important digested products are marked in detail and the
related peptide fragments and their containing disulfide bonds or thiols are listed in Table I.

Breakage of native disulfide bonds is the sole
reason for the partially unfolding of CEWL

How does CEWL reach the partially unfolded state on
UV illumination? Native CEWL is largely stable with a
thermodynamic stability of 10.2 kcal/mol.40 Structural
studies emphasize the importance of these disulfide
bonds to the stabilization of native CEWL structure. All
the four disulfide bonds in native CEWL are buried
inside, which are inaccessible by the reducing agent in
solvent.41,42 As reported previously, UV illumination
allowed the reduction of disulfide bonds in CEWL via a
tryptophan/tyrosine based photochemistry process.21–26
Here, we observed that such reduction of disulfide bonds
could dramatically disturb the tertiary structure of
CEWL and resulted in the further aggregation. To elucidate which disulfide bonds are prone to disruption on
UV illumination and whether the free thiols from the
ruptured disulfide bonds contribute to the aggregation
process, we resorted to the Ellman assay and chymotrypsin digestion based mass spectroscopy. We first used Ellman assay to quantitatively monitor the amount of free
thiols in CEWL under illumination.43 We added sulfhydryl reagent 5, 5 p-dithiobis (2-nitrobenzoic acid)
(DTNB) to the illuminated CEWL solution. DTNB can
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react with free thiols in solution and release TNB2,
which has a characteristic UV absorbance peak at
412 nm. As shown in Figure 4(C), on illumination, the
quantity of free thiols in the sample increases gradually as
indicated by the rise of absorbance intensity at 412 nm and
reaches a maximum 0.382 after 12 h of illumination.
These free thiols must be produced from the reduction of
native disulfide bonds, and the amount of free thiols is
about 3.65 per CEWL molecule on average.
We then used chymotrypsin digestion and mass
spectroscopy to investigate the detailed breakage and reformation of disulfide bonds in CEWL. Chymotrypsin is a protease that digests peptide bonds after sequence residues tyrosine (Y), leucine (L), tryptophan (W), phenylalanine (F),
and methionine (M).44 The presence or absence of the disulfide bonds can be revealed from the mass of the digested
fragments. The mass spectra of the chymotrypsin digested
products for the native CEWL and illuminated one are
shown in Figure 5(A,B), respectively. Clearly, more peaks
are displayed in the mass spectra of digested sample [Fig.
5(B)], which corresponds to the peptide fragments containing free thiols by the reduction of native disulfide bonds or
the non-native disulfide bonds by these newly generated thiols. The detailed results of the free thiols and disulfide bonds

UV-induced Globular Aggregates of Lysozyme

Table I

Masses of Peptides Derived from CEWL after Digestion
with Chymotrypsin
Mass (Da)

Positions

634.30
774.43
877.43
1346.67
1490.74
1212.58

4–8
124–129
76–83
64–75
112–123
4–8
29–34
4–8
124–129
29–34
124–129
76–83
124–129
29–34
112–123

1291.68
1353.73
1534.78
2069.04

Disulfide
bond or Cys
C6
C127
C80
C64
C115
C6–C30
C6–C127
C30–C127
C80–C127
C30–C115

Peptide
sequence
GRCEL
IRGCRL
CNIPCSAL
CNDGRTPGSRNL
RNRCKGTDVQAW
GRCEL
VCAAKF
GRCEL
IRGCRL
VCAAKF
IRGCRL
CNIPCSAL
IRGCRL
VCAAKF
RNRCKGTDVQAW

The italics ‘‘C’’ in bold correspond to the carbamidomethylated Cys residues. The
masses of peptide fragments with a carbamidomethylated thiol can be calculated
by adding 57.5 Da.

containing in the digested peptide fragments are listed in
Table I by analyzing the mass spectra of the native CEWL
and illuminated one. In detail, the peaks at 634.30, 774.43,
877.43, 1346.67, and 1490.74 Da correspond to the
carbamidomethylated peptide fragments that contain free
thiol groups of Cys6, Cys127, Cys80, Cys64, and Cys115,
respectively. Besides these fragments containing free thiols,
we also detected many fragments with native or non-native
disulfide bonds, indicating that the free thiols are highly reactive. For example, we found that the Cys127 can reform
native or non-native disulfide bonds with almost all other
free thiols (Cys6-Cys127, Cys30-Cys127, and Cys80Cys127). This might be caused by high flexibility of the Cterminal fragment that can facilitate residue Cys127 to
approach other thiols and promote the formation of disulfide bonds. The similar behavior is also found for the N-terminal Cys6. As the disulfide bonds play extremely important
roles in stabilizing the protein’s tertiary structure, the rupture of disulfide bonds in CEWL can result in the disruption
of the compact native structure and promote the exposure
of buried hydrophobic residues.

exposed thiols also participate in the aggregation process.
If these free thiols in the partially unfolded CEWL molecules form intermolecular disulfide bonds, they could be
revealed by SDS-PAGE. This is because the intermolecular disulfide bonds are quite different from those intramolecular native ones, which can lead to the formation
of CEWL oligomers. However, in the gel (Fig. 6), only
monomers (14 kD) are observed in lane 6 when the
CEWL sample was illuminated for 30 min. This reveals
that the granules [Fig. 2(B)] formed in the early stage of
illumination are almost dominated by the hydrophobic
interactions without much participation of intermolecular disulfide bonds. This is because that at the initial
stage of UV illumination, the destruction of tertiary
structure exposes lots of buried hydrophobic residues to
the surface. Meanwhile, still a lot of secondary structures
are retained, hindering the formation of intermolecular
disulfide bonds due to the lack of sufficient chain flexibility. More importantly, in our system, the only oxidant,
dissolved oxygen, is presented in low quantity, making
the formation of disulfide bonds a much slower process
than the hydrophobic interactions.
The self-assembling process of larger
globular aggregates is controlled by
intermolecular disulfide bonds and
hydrophobic stacking among granules

During the illumination process, there are two different phases in the change of hydrophobicity. The unfolding of CEWL exposes hydrophobic residues, which causes
the increase of hydrophobicity and induces the formation
of granules. However, the formation of granular aggregates allowed the exposed hydrophobic residues to be

Granular aggregates are formed mainly by
hydrophobic aggregation among partially
unfolded CEWL

As discussed above, the breakage of native disulfide
bonds under UV illumination can lead to the partial
unfolding of CEWL and the exposure of lots of hydrophobic residues. Thus, these exposed hydrophobic residues can rapidly self-assemble into granules as observed
in Figure 2(B,C). However, besides the hydrophobic
interactions, it is important to make clear whether the
non-native intermolecular disulfide bonds formed by the

Figure 6
The SDS-PAGE analysis of intermolecular disulfide bonds for the
aggregates of CEWL with different illumination time. Lanes 4, 5, and 6
correspond to the CEWL samples under 12, 6, and 0.5 h of
illumination, respectively. The reduced samples corresponding to these
lanes are shown in lanes 1, 2, and 3, respectively. Lane 7 is the protein
marker. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7
(A) The size of CEWL aggregates under 0.5 (black line) and 1 h (red line) UV illumination at different pH conditions are monitored by DLS. (B)
The large aggregates (1 lm in diameter) under 1 h of illumination at pH 9 are displayed in AFM image. The concentration of CEWL sample is 2
mg/mL and the intensity of UV light is 200 lW/cm2.

buried and leads to the decrease of hydrophobicity. In
fact, the continuous increase of hydrophobicity of CEWL
during the illumination process as shown in Figure 4(A)
indicates that there are also many hydrophobic residues
exposed on the surfaces of the aggregated granules. Thus,
these granules have great capability to interact with each
other or with neighboring partially unfolded CEWL molecules. These observations allow us to infer the formation
mechanism of granular aggregates as seeds to further aggregate into larger globular aggregates. Furthermore,
when the illumination of UV light is switched off after 6
h, the ANS intensity of the illuminated sample decreases
rapidly and reaches a minimum of 60 a.u. after about
incubation for 10 h [Fig. 4(B)]. This means these larger
globular aggregates reach to a stable state with most of
the hydrophobic residues buried. Additionally, during
this stage, the formation of intermolecular disulfide
bonds also plays critical roles in the growing and stability
of larger globule-like aggregates. As shown in Figure 6,
when the illumination time is prolonged to 6 h, a lot of
dimmer, trimer and other higher molecular weight multimers are observed in lane 5 and disappeared in lane 2 by
adding excessive reducing agents b-mercaptoethanol.
Moreover, when we prolong the illumination time to 12
h, there are significant amount of multimers of CEWL in
the illuminated sample as shown in lane 4, which will
also disappear in lane 1 with the addition of excess bmercaptoethanol. Moreover, incubation can also lead to
more pronounced intermolecular disulfide bonds. As evidenced from the Ellman assay [Fig. 4(D)], the absorbance of DTNB at 412 nm dropped from 0.20 a.u. to 0.09
for a CEWL sample after incubation for 25 h.

DISCUSSION
In this work, we investigated the mechanism of CEWL
aggregation on UV illumination in the native condition.
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Under the appropriate illumination intensity, CEWL
molecules assemble into granular aggregates and subsequently, larger globular aggregates with prolonged illumination time or incubation time. We attribute this to the
unique nature of partially unfolded CEWL molecules,
which are composed of many free thiols and solvent
exposed hydrophobic residues, making them prone to
forming intermolecular aggregations. Thus, the two main
driving forces, hydrophobic interactions and disulfide
bridging, control the aggregation process. At the early
stage of UV illumination, the formation of granules is
solely determined by the hydrophobic interaction without
much participation of intermolecular disulfide bonds.
This is because most of the secondary structures are still
retained at a so-called metastable partially unfolded state,
although most of the tertiary structures of CEWL molecules are disrupted. At this state, the secondary structure
remains stable for a certain time period without the sudden aggregation of the CEWL molecules at the macroscopic level. Additionally, such structural rigidity also
inhibits the reaction of intermolecular free thiols to form
disulfide bonds in such a short time under a weak oxidative condition. Due to the above-mentioned reasons, the
granular aggregates formed at the early stage are mainly
through hydrophobic interactions. Note that these granular aggregates are highly reactive because they still contain many free thiols and solvent exposed hydrophobic
residues. We found that both the prolongation of illumination time and the additional incubation process can
cause dramatic increase of the size of the aggregates due
to further aggregation of these granules. Additionally,
during this stage, the intermolecular disulfide bonds play
critical roles in the growing of CEWL aggregates from
small granules to larger globular aggregates. In fact, such
aggregation behavior is quite sensitive to the pH
condition of protein concentration. The size of lysozyme
obviously increases when the sample solution changes
from acidic condition to alkaline condition (Fig. 7).

UV-induced Globular Aggregates of Lysozyme

Figure 8
(A) The change of the size of CEWL aggregates monitored by DLS on 0.5 h (black line) and 1 h (red line) UV illumination as a function of
protein concentration. The typical AFM images of CEWL aggregates (on UV illumination for 1 h at pH 7) at different concentrations are shown in
(B) 0.5 mg/mL, (C) 1.0 mg/mL, and (D) 4.0 mg/mL, respectively. The intensity of UV light is 200 lW/cm2.

Additionally, under same illumination condition, the size
of the aggregates is also dependent on the concentration
of proteins and it grows accordingly with the increase of
concentration as shown in Figure 8. Therefore, by changing the solvent conditions and protein concentration, it
is possible to adjust the interplay between hydrophobic
interactions and disulfide bonding and thus control the
aggregation behavior of CEWL.
It is worth noting that the CEWL in the granular
aggregates are partially unfolded with lots of native secondary structures maintained, instead of immediately
forming amyloid-like b-structures.45–48 It was found
that human lysozyme, a structural homolog of CEWL,
formed amyloid-like fibrillar aggregates after partially
unfolding. In their studies, human lysozyme was destabilized by undergoing harsh solvent condition or introducing sequence mutants in native condition with their disulfide bonds retained.29,49,50 By comparison, in our
study, the native disulfide bonds are directly reduced
under native condition by inner excitations of tryptophan and tyrosine residues, which can dramatically
destroy the stability of tertiary structure of CEWL exposing the buried hydrophobic residues. However, such
alteration cannot eliminate all of the secondary structures
dominated by the inner hydrogen bonds but not the
disulfide bridges. Thus, although it allows the formation

of inter- or intra-molecular non-native disulfide bonds,
the reduction of chain flexibility makes the formation of
intermolecular b-sheet not structurally feasible. This may
be the sole reason for the partially unfolded structure of
CEWL in the aggregates.
Moreover, we studied the detailed chemistry of such
metastable partially unfolded state. We found that in
such state, at least three out of four disulfide bonds have
been disrupted on illumination. As mentioned in previous studies, the distance between the native disulfide
bond and the nearby tryptophan/tyrosine residues is a
key factor for the rupture of the native disulfide bonds
induced by UV illumination.51 In the native conformation of CEWL, the nearest distances between the tryptophan side chains (Trp 111 and Trp 123) and the disulfide
bond Cys30-Cys115 are only 5.37 and 7.49 Å, respectively. Thus, the disulfide bond Cys30-Cys115 can be
reduced with high probability by the electrons transfer
from Trp 111 and Trp 123 under UV illumination. Similarly, it is also observed that the native disulfide bonds
Cys6-Cys127 and Cys64-Cys80 have been reduced under
UV illumination. The reduction of these disulfide bonds
offers CEWL molecule significant flexibility to reach the
partially unfolded state. More importantly, there are six
hydrophobic clusters with the maximal hydrophobicity
around the residues C6, W28, L56, L83, W108, and
PROTEINS
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Figure 9
The morphology of the protein aggregates on 0.5 h UV illumination, (A) BSA, (B) a-Lactalbumin, and (C) RNase A, respectively. The Far-UV CD
spectra of the illuminated structures and their corresponding native ones of proteins, (D) BSA, (E) a-Lactalbumin, and (F) RNase A, respectively.
The protein samples (2.0 mg/mL) are illuminated for 0.5 h at pH 7. Note that intensity of UV doses is 200 lW/cm2 for BSA and Bovine
a-Lactalbumin and is 500 lW/cm2 for protein RNase A.

W123, respectively in CEWL.33–38 In the native CEWL,
these hydrophobic residues are largely stabilized and protected by the four native disulfide bonds. After the rupture of some of the disulfide bonds, these hydrophobic
clusters can be easily exposed to the solvent in the partially unfolded states. Such unique features of the partially unfolded CEWL under UV illumination allow the
hydrophobic aggregation and disulfide bonding to be two
major driving forces for the aggregation process. We
envision that it is possible to control the breakage of the
disulfide bonds in CEWL by changing the intensity of
the UV light. This can lead to a distinct balance between
the hydrophobic collapse and disulfide bonding and subsequently change the morphology of the assemblies.
To reveal whether such aggregation mechanism is general among disulfide-bonded proteins, we applied UV
illumination to three additional disulfide-bonded proteins, BSA, a-lactalbumin, and RNase A. As shown in
Figure 9(A–C), all these three proteins can assemble into
globular aggregates under UV illumination at a concentration of 2 mg/mL, the same as that of lysozyme. Moreover, for all three proteins, their secondary structures are
largely maintained after 30-min illumination [Fig. 9(D–
F)], which is similar to the case of CEWL. This indicates
that formation of partially unfolded structures is indeed
a general mechanism for the formation of ordered globular aggregates. However, due to their intrinsic properties
(e.g., number of disulfide bonds, photo sensitive amino
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acid tryptophan and tyrosine, and solvent exposed
hydrophobic residues on rupture of disulfide bonds), the
amount and size of the globular aggregates for these
three proteins are different from that of lysozyme
[Fig. 9(A–C)]. Note that the excitation of tyrosine in
proteins may also play important roles in the rupture of
disulfide bonds. A direct evidence for this comes from
the aggregation of RNase A on UV illumination, as it
contains five tyrosine residues but no tryptophan. However, to rupture disulfide bonds through tyrosine based
photochemical process, much elevated UV doses are
required.26 We only observed aggregation of RNase A at
the intensity of UV illumination 2.5 times stronger than
the other three proteins studied in this work. At the UV
intensity similar to that for the study of other three
proteins, we did not observe any aggregation even after
illumination for 2 h. The interesting aggregation behaviors of these disulfide-bonded proteins warrant further
detailed studies of their unique aggregation mechanism.

CONCLUSION
In this work, we report that protein CEWL can selfassemble into granular aggregates and subsequently globule-like aggregates in native condition under continuous
UV illumination. We studied the mechanism that governs
this aggregation process. UV illumination reduces the

UV-induced Globular Aggregates of Lysozyme

native disulfide bonds in CEWL via a photochemical process that leads to partially unfolding of CEWL. Such an
unfolded state is metastable with exposed hydrophobic
residues and free thiols. They gradually aggregate into
granules in the initial stage by the formation of intermolecular hydrophobic interactions. This process is kinetically
slow because the partially unfolded CEWL still retain certain stability, hindering the formation of intermolecular
disulfide bonds. Thus, the aggregates show granular structure instead of amorphous macroscopic aggregates or amyloid-like fibrils with b-structures. These granules are highly
reactive and can further grow into larger globular aggregates dominated by both the hydrophobic interactions and
the intermolecular disulfide bonds with longer illumination time or prolonged incubation. Thus, as UV illumination from sun light is inevitable in our daily life, our study
points out the potential danger of the over-exposure to
sun light as it may cause the partially unfolding and even
aggregation of some proteins. Deciphering the aggregation
mechanism of the partially unfolded proteins will be the
first step toward the understanding of the pathological
consequences of these aggregates.
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