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Abstract Continuous 295 nm excitation of whey protein
bovine apo-a-lactalbumin (apo-bLA) results in an increase
of tryptophan fluorescence emission intensity, in a progres-
sive red-shift of tryptophan fluorescence emission, and
breakage of disulphide bridges (SS), yielding free thiol
groups. The increase in fluorescence emission intensity
upon continuous UV-excitation is correlated with the
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increase in concentration of free thiol groups in apo-bLA.
UV-excitation and consequent SS breakage induce confor-
mational changes on apo-bLA molecules, which after
prolonged illumination display molten globule spectral
features. The rate of tryptophan fluorescence emission
intensity increase at 340 nm with excitation time increases
with temperature in the interval 9.3-29.9°C. The
temperature-dependent 340 nm emission kinetic traces were
fitted by a Ist order reaction model. Native apo-bLA
molecules with intact SS bonds and low tryptophan
emission intensity are gradually converted upon excitation
into apo-bLA molecules with disrupted SS, molten-globule-
like conformation, high tryptophan emission intensity and
red-shifted tryptophan emission. Experimental Ahrrenius
activation energy was 21.8+2.3 kJ.mol '. Data suggests
that tryptophan photoionization from the S; state is the
likely pathway leading to photolysis of SS in apo-bLA.
Photoionization mechanism(s) of tryptophan in proteins
and in solution and the activation energy of tryptophan
photoionization from S; leading to SS disruption in
proteins are discussed. The observations present in this
paper raise concern regarding UV-light pasteurization of
milk products. Though UV-light pasteurization is a faster
and cheaper method than traditional thermal denaturation,
it may also lead to loss of structure and functionality of
milk proteins.
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Abbreviations

Ay Ahrrenius pre-exponential factor
apo-bLA  Ca®'-depleted bovine x-lactalbumin
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apo-LA  Ca’’-depleted a-lactalbumin Trp side-chain has the highest absorption at 280 and
bLA bovine «-lactalbumin 287 nm [7]. Upon Trp excitation the following intermedi-
CD circular dichroism ates are formed [1, 8, 9]: excited singlet state S; and/or
Cys C, cysteine higher S" excited states (schemes 1, 2); solvated electrons
DTNB 5,5'-dithiobis-2-nitrobenzoic acid €aq » formed upon electron ejection to the solvent (scheme
E, Ahrrenius activation energy 3-6); tryptophan radical cation Trp™" which rapidly deprot-
€ solvated electron onates yielding the neutral radical Trp” (scheme 7) which
k rate fluorescence emission intensity increase can react with molecular oxygen, Tyr or cystine leading to

at 340 nm peptide chain cleavage; 'Trp, formed upon intersystem
Gly Glycine crossing from S; into triplet-state (scheme 8); protonated
LA a-lactalbumin triplet state formed after intramolecular proton transfer from
LAMI light assisted molecular immobilization protonated NH; " group to the indole ring (scheme 9).
Phe phenylalanine S s,
Sq relaxed first electronic singlet state Trp + hv—>™ Trp (1)
S* non-relaxed pre-fluorescent first

electronic singlet state S0 Trp + hy s Trp (2)
SS disulphide bridge(s)
TNB* 2-nitro-5-thiobenzoate ion 5 o
Trp W, tryptophan Trp — Tip™ + €y 3)
Trp tryptophan triplet state
Tyr tyrosine s Trp—S Trp (4)
uv ultraviolet
AN difference in wavel.ength - s, Trp — Trp'* Y (5)
Amax wavelength at maximum fluorescence emission a“a
MG molten globule

S Tip + hv—"" Tip** + e, (6)

Introduction

Several reviews have been published on the photochemistry
and photophysics of tryptophan (Trp) [1, 2] tyrosine (Tyr)
[3, 4] phenylalanine (Phe) [5] and cystine [6]. Excitation to
higher energy states is followed by relaxation to ground
state (e.g. fluorescence, phosphorescence) or to excited
state photochemical or photophysical processes, such as
photoionization [2]. Since in this work the protein has been
excited at 295 nm, we will focus on Trp photochemistry.

Fig. 1 Photophysical and pho-
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Trp photoionization, a major photo-oxidation pathway of
many proteins [10, 11], can take place from the pre-
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fluorescent state S~ and/or from S; (Fig. 1). Tonization from
S (rate constant k,,) will compete with relaxation to S;.
lonization from S° has been proved by flash photolysis
studies of Trp in solution, being solvated electrons observed
within 200 fs after excitation [12, 13]. Photoionization from
S, (rate constant £’;,,,) has been reported to have an Arrhenius
activation energy E,~50 kJ.mol™' [14]. Ionization quantum
yield from S” has been observed to decrease with temperature
increase, in sharp contrast with the yield of ionization from S,
state, which increases with temperature increase [15].

An important photochemical mechanism in proteins
involves reduction of disulphide bridges (SS) upon UV
excitation of Trp and Tyr side chains [10, 16, 17]. UV-
excitation of these residues leads to photoionization and
generation of solvated electrons [1-4, 10, 16]. These can
subsequently undergo fast geminate recombination with their
parent molecule or can be captured by electrophilic specii like
cystines, molecular oxygen or H;O". Capture of the solvated
electrons by cystines leads to the formation of RSSR™
(disulphide electron adduct) and likely SS breakage (schemes
10, 11) [18]. Solvated electrons can also interact with the
peptide chain creating hydroxide ions and ketyl radicals
(scheme 12), which can propagate along the peptide chain
[1]. If a ketyl radical gets trapped by a disulfide bridge, this
again results in a disulphide anion and likely SS breakage.
TTrp can react with molecular oxygen to yield Trp™ and O,™
[16] or it can transfer an electron to a nearby SS to give Trp™"
and RSSR™ (scheme 13) [1]. Protonation of disulphide anion
can also lead to SS disruption (scheme 14) [18].

¢, -+ RSSR — RSSR*" (10)
RSSR*™ & RS* + RS~ (11)
¢, + —CONH— — OH™ + — C(OH)NH~ (12)
"Trp + RSSR — Trp*" + RSSR*~ (13)
RSSR*™ + H* & RS® + RSH (14)

Reduction of SS upon UV excitation of aromatic residues
has been shown for proteins such as cutinase and lysozyme [10,
17, 19], bovine serum albumin [20, 21] prostate specific
antigen [22], and antibody Fab fragments [23]. This phenom-
enon has lead to a new technology for protein immobilization
(LAMI, light assisted molecular immobilization) since the
created thiol groups can bind thiol reactive surfaces leading to
oriented covalent protein immobilization [19-31].

«-lactalbumin (LA) is a small (~14.2 kDa), acidic
(isoelectric point ~4-5) protein present in the milk whey
of mammalians. Most mammalian LAs share a highly
conserved 3D structure [32, 33]. Expressed exclusively
during lactation, LA plays an important role in lactose
biosynthesis [32-34]. LA unfolding has been extensively
studied since the protein adopts molten globule (MQG)
conformations under mild denaturating conditions [35, 36].
In the MG state the protein is still compact, with native-like
secondary structure, but lacks well defined tertiary inter-
actions, and the hydrophobic regions are more solvent
accessible [36]. Calcium-bound LA is the major form under
physiological conditions [33]. The Ca®" depleted form of
LA (apo-LA) herein studied is involved in other functions
besides lactose synthase regulation, such as interaction with
lipid membranes [37] and oleic acid [36]. The latter can
give rise to a multimeric form that can induce apoptosis in
tumor cells [38—40]. Apo-LA conformation is extremely
sensitive to experimental conditions, particularly pH and
ionic strength. It is known to adopt different conformations
in solution such as molten globule forms void of cooper-
ative thermal transition or partly native folded states
showing cooperativity upon thermal denaturation [32, 36,
41-45]. At high ionic strength bovine apo-LA (apo-bLA)
shows minor structural differences compared to native
calcium-bound LA [32, 45]. Upon Ca®" removal, the
electrostatic interactions at the Ca®' binding site are
disrupted, leading to local structural destabilization of the
protein structure [32]. Positively charged ions (e.g. Na', K")
will interact with the negatively charged residues of the Ca*"
binding site and stabilize the protein structure [32, 45, 46].
Bovine LA (bLA) displays a marginal thermodynamic
folding barrier, which is apparently modulated by protein
electrostatics in its apo-form [47]. This low folding barrier
explains the conformational flexibility of apo-LA in solution
[47]. Apo-LA can be perceived as a continuum of
conformational states, an ensemble of conformations whose
population distribution depends strongly on electrostatic
interactions.

Apo-bLA has 4 Trp residues in close spatial proximity of
disulphide bridges, making it a good candidate for studying
light induced SS disruption mediated by Trp excitation. UV
light induced SS disruption in LA upon Trp excitation has
been verified for Ca** bound and apo-versions of bovine
and human LA [48], and goat LA [49, 50]. Mass-
spectroscopy confirmed light induced SS disruption in
human and goat LA [48-50]. SS disruption was correlated
with a red-shift in fluorescence emission as well as with an
increase in fluorescence yield [48, 49]. We here show for
the first time the correlation between fluorescence emission
increase and UV-light induced breakage of SS in apo-bLA.
We report the photophysics, photochemistry, structural and
fluorescence spectral changes induced by 295 nm excitation
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of Trp residues in apo-bLA. The studies have been
carried out at different temperatures in order to obtain
the Arrhenius activation energy of such process. For the
first time to our knowledge we here report the
activation energy of photochemical process(es) leading
to SS disruption upon excitation of aromatic residues in
proteins. Trp photoionization mechanism(s) and consequent
induced disruption of disulphide bridges in apo-bLA are
discussed.

Materials and Methods
Protein and Buffer Solutions

Apo-bLA from bovine milk type III was purchased from
Sigma-Aldrich (product L6010). Apo-bLLA concentrations
were determined by Abs,go,m USing an extinction molar
coefficient of 28500 M '.cm' [48, 51]. Trizma base
(Sigma) was used for preparation of Tris HCI buffers. pH
adjustments were carried out by addition of 2.5 M HCI. Tris
HCI buffer displays a minimal pH drift with temperature
changes. Milli-Q water with conductivity below 0.2 uS.cm ™
was used.

Fluorescence Emission of apo-bLA as a Function
of 295 nm Excitation Time

UV-light triggered reaction mechanisms in apo-bLA
were probed by monitoring the time-dependent fluores-
cence emission intensity at 340 nm of LA upon 295 nm
excitation. 1.86 uM apo-bLA was prepared in 25 mM
Tris HCI pH 8.55. 3 ml were placed in a quartz macro
cuvette (I cm path length) and excited at 295 nm
during 1 h, 2 h, 3 h, 4 h, and 5 h. A fresh sample was
used for each time based study. Excitation was carried
out in a RTC 2000 PTI spectrometer (Photon Technology
International, Canada, Inc.347 Consortium Court London,
Ontario N6E 2S8) with a T-configuration, using a 75-W
Xenon arc lamp coupled to a monochromator. Cuvette
temperature was kept at 25 °C using a peltier element.
Samples were magnetically stirred at 900 rpm in order
to secure homogeneous excitation. All slits were set to
5 nm. Lamp power at 295 nm was 252 uW at the focal
point in the sample holder location. After each illumi-
nation, emission and excitation spectra were recorded.
Emission spectra were acquired with 295 nm and
280 nm excitation. Emission was fixed at 340 nm in
detector-1 and at 320 nm in detector-2 while acquiring
the excitation spectra. The same emission and excitation
spectra were acquired for a non-illuminated solution and
for the buffer. Raman signal was subtracted from each
emission spectrum.
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Detection of Free Thiol Groups Formed Upon UV
[lumination of apo-bLA

Detection of free thiol groups was carried out using the
Ellmann assay [17, 52]. Ellmann’s reagent, 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB) was purchased from Invitrogen.
1 mM solution was prepared in Tris HCI, 100 mM at pH
6.6 in order to favor dissolution. The supernatant phase was
used as stock solution and stored at 4 °C. The stock
concentration (0.7 mM) was determined by absorbance at
324 nm using an extinction molar coefficient for DTNB in
Tris HCI of 16600 M '.cm ™' [53].

An excess of DTNB (100 pL of 0.7 mM stock solution)
was added to 900 uL of illuminated solution immediately
after each time-dependent 295 nm excitation, and to 900 uL
of non-illuminated apo-bLA. Absorbance at 412 nm by the
released 2-nitro-5-thiobenzoate ion (TNB® )was moni-
tored with a UV/Visible spectrophotometer (UV1 VWR
International—Thermo Electron Corporation, Thermo
Fisher Scientific Inc. 81 Wyman Street Waltham, MA
02454), using 1 cm path quartz cuvette. Absorbance at
412 nm, proportional to the amount of thiol groups present
in solution, was monitored immediately after mixing the
two components and a reading was obtained upon signal
stabilization. The sample was kept in the dark between
measurements and manually stirred before each reading.
ADbS41onm Stabilized after ~20 min of reaction. Abss2,m at
22 min of reaction was used. The values were corrected
for the contributions of apo-bLA and DTNB for Abssisnm.
Abs41onm Was monitored for a protein blank (900 puL of
fresh 1.86 uM apo-bLA solution and 100 uL of 100 mM
Tris HCI, pH 6.7) and a reagent blank (900 pL of 25 mM
Tris HCI pH 8.5 and 100 pL of 0.7 mM stock solution of
DTNB in Tris HCI). Concentration of thiol groups was
determined using an extinction molar coefficient for TNB*~ of
14150 M '.cm™" at 412 nm [52]. The average number of free
thiol groups detected per protein molecule was then
estimated for each illuminated and non-illuminated samples,
by dividing the concentration of detected thiol groups with
the apo-bLLA concentration used.

Time-Dependent Fluorescence Emission of apo-bLA
at Different Temperatures

Time-based fluorescent emission kinetic traces (340 nm)
obtained upon continuous 295 nm excitation of the protein
solution were carried out at different temperatures (9.3, 12.9,
15.6, 20.4, 24.9 or 25.2, 29.9 or 34.6 °C) in the same RTC
2000 PTT spectrometer setup. 3 ml of 1.85 uM (runs at 9.3,
12.9, 15.6, 20.4, 24.9, 29.9 or 34.6 °C) and 3 ml of 1.66 uM
(run at 25.2 °C) apo-bLA solutions (in 25 mM Tris-HCI pH
8.5) were continuously illuminated during 3.5 hina 1 cm path
quartz cuvette with constant magnetic stirring at 900 rpm.



J Fluoresc (2012) 22:323-337

327

Real-time correction was enabled in order to correct for
oscillations in lamp intensity (gain set at 1.81 V). Emission
spectra were acquired after each run (exc. 295 nm) at the run’s
temperature. Correspondent emission spectra were carried out
for non-illuminated apo-bLA solutions at the same temper-
atures, and for the buffer, in order to Raman correct each
emission spectrum. Solution temperature was previously set
using a peltier element. Slits were set at 5 nm.

Circular Dichroism Measurements

Circular Dichroism (CD) spectroscopy was used to monitor the
relative changes in ellipticity after 295 nm excitation of apo-
bLA up to 2.8 h illumination. A solution of apo-bLA (11.5 uM
in 10mM Tris HCI pH 8.55, 3.5 mL initial volume) was excited
in the previously described RTC 2000 PTI spectrometer setup,
using the same excitation slit width, and magnetic stirring
speed. At discrete times in the excitation session, 300 pl of
illuminated apo-bLA were removed and placed in a quartz
microcuvette with a path length of 0.1 cm. Far-UV CD spectra
(200240 nm) of fresh and illuminated protein were acquired
using the following parameters: 0.5 nm band width, resolution
1.0, 3 accumulations, scan speed 5 nm/min, 100 mdeg
sensitivity, 1 s response time. Each measurement was
controlled by the JASCO J-700 hardware manager (JASCO
Corporation, 29675 Ishikawa-cho Hachioji-shi, Tokyo, Ja-
pan). The buffer signal was subtracted from all spectra.

Protein Three-Dimensional Structure Representation,
Accessible Surface Area of Trp Residues and Trp-SS
Distances

The crystallography data used for 3D protein representation,
accessible surface area (ASA) and distance calculations was
extracted from the PDB files 1F6S (apo-bLA crystallized at
high ionic strength) and 1F6S.pdb (native bLA) [32]. Apo-bLA
3D structure was displayed using Accelrys Discovery Studio
Visualizer 2.5. The ASA values for each Trp residue were
calculated using the program Surface Racer© considering the
probe radius of 1.4 A (approximate value for a water molecule
radius), and the van der Vaals radii sets of Richards—1977
[54, 55]. The ASA of Trp in the tripeptide Gly-Trp-Gly
estimates the total ASA of this residue with the main chain in
an extended conformation. The value used as Trp ASA in Gly-
Trp-Gly was 217 A2, according to Miller et al. [56]. Distances
between Trp residues and potential quenching groups were
calculated in Rasmol 2.6 using the “monitor” tool.

Data Analysis
All smoothing procedures were carried out by adjacent

averaging in Origin 8.0. Fluorescence emission and far-UV
CD spectra were smoothed using a 5 points adjacent

average, while excitation spectra were smoothed using 2
points adjacent average prior to normalization. Normalized
emission and excitation spectra were obtained by dividing
each data point by the maximum intensity value in each
spectrum. Normalized time-based fluorescence measure-
ments were obtained by dividing each data point (emission
intensity) by the time zero emission. Normalized fluores-
cence kinetic traces obtained upon 295 nm excitation for
3.5 h at different temperatures were fitted with an
exponential function F(¢) = C; — Cre ", where F(1) is
the fluorescence emission intensity at 340 nm at the 295 nm
excitation time ¢, C; and C, are constants and k is the rate
constant fluorescence emission intensity increase. The first
800 s were excluded while fitting all kinetic traces since an
initial decrease in fluorescence emission intensity is observed.
Fittings were carried out from 800 s till the time corresponding
to 95% of maximum fluorescence emission in order to avoid
the region where fluorescence emission intensity peaks. The
temperature dependence of the rate constant for fluorescence
emission increase at 340 nm (k) was studied by fitting the data
values with the logarithmic form of the Arrhenius equation
Ink =1nAdy+ %, where A4, is the pre-exponential factor, £,
the activation energy, R the universal constant for perfect
gases and 7 the temperature . The fitting took into account the
standard errors determined for each previously calculated &
value. Each data point was associated with a weight, w;=1/
0';2, where o; is the error bar size for each data point. Data
fitting and plotting were done in Origin 8.0.

Results
Three-Dimensional Structure of bLA

Apo-bLA 3D structure obtained upon crystallization at high
ionic strength [32] is displayed in Fig. 2. Apo-bLA 3D
structure has high structural homology with the crystallized
structure of native Ca®"-bound bLA. The root mean square
deviation obtained after superimposition of the two structures
is of only 0.68A [32]. LA fold displays two sub-domains
separated by a cleft: a large o-helical sub-domain (Fig. 2, in
red on the online color version, and in light grey on the black
and white version) formed by three main o-helices and two
short 31 helices, and a small 3-sheet sub-domain (Fig. 2, in
blue on the online color version, and in dark grey on the
black and white version) constituted by non-structured loops,
a small three-stranded anti-parallel (3-pleated sheet and a
short 3¢ helix [32] (Fig. 2). The tertiary structure of LA is
further stabilized by four SS (Fig. 2, stick configuration, in
green on the online color version, and in white on the black
and white version). Cys73-Cys91 holds together the two sub-
domains. Cys61-Cys77 links nonstructured loops, connect-
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C61-C77

Fig. 2 3D structure of bovine apo-«-lactalbumin crystallized at high
ionic strength (1F6S.pdb) [32]. 4 Trp (W) and 8 Cys (C) involved in 4
disulphide bridges (SS) are displayed (color online)

ing both sub-domains as well and is located in the (3-sheet
subdomain. Cys6-Cys120 and Cys28-Cysl111 are situated in
the a-helical sub-domain [33].

bLA contains four Trp residues (Fig. 2, stick configura-
tion, in black) that are located within the two hydrophobic
clusters of the protein, being part of two separate aromatic
clusters [57]. Trp26, Trp60, and Trpl104 belong to the
aromatic cluster II. In the 3D structure of native bLA, the
accessible solvent areas (ASA) of these Trp residues
account for respectively 0.95, 2.70 and 13.96% of the total
ASA of Trp in the tripeptide Gly-Trp-Gly. The correspon-
dent values in crystallized apo-bLA are 0, 0.06 and 4.35%.
The low relative values of ASA indicate that in the
crystallized lattice of bLA these Trp residues are buried,
even when the protein is Ca®"depleted. Trp118 is situated
in aromatic cluster I and is more solvent exposed,
displaying 13.96 and 12.32% of the ASA of Trp in Gly-Trp-
Gly for native and apo-bLA respectively.

In the apo-bLA 3D crystal structure Trp residues are
surrounded by potential fluorescence quenching groups
(Table 1). Trp60 is in van der Waals contact (< 5.2 A as
defined by Li and Nussinov [58]) with Cys73-Cys91 (4.20A)
and 6.24A away from Cys61-Cys77. Trpl18 is in van der
Waals contact with Cys28-Cysl11 (4.74A). The closest
distance between Trpl04 and a SS bond is 7.93A. Trp 60
and Trpl04 are also in van der Waals contact to other
potential quenching groups, the peptide bonds of Lys94-
11e95 (4.09A) and Val92-Lys93 (5.08A) respectively. Simi-
larly, Trp118 is direct contact with imizidole ring of His32

@ Springer

Table 1 Distances between Trp residues and its potential quenchers
in the 3D crystallized structures of native and apo-bLA (at high ionic
strength).The values correspond to the shortest distances between the
atoms involved in the quenching of Trp residues and the indole side-
chain atoms of Trp residues. In bold are highlighted the Trp-quencher
pairs for which there is direct van der Vaals contact (< 5.2 A as
defined by Li and Nussinov [58])

Pair Distance (A)

Tryptophan Potential Quencher Apo-bLA Native bLA

Trp26 Trp104 3.61 3.78
Trp26 Cys28-Cysl11 8.38 8.37
Trp26 Cys6-Cys120 13.36 14.81
Trp60 Cys61-Cys77 6.24 6.43
Trp60 Cys73-Cys91 4.20 4.67
Trp60 Peptide bond of Lys94-11e95 4.09 3.76
Trp104 Peptide bond of Val92-Lys93 5.08 5.06
Trpl104 Cys28-Cysl111 8.95 9.06
Trpl04 Cys73-Cys91 7.93 7.80
Trpl18 Cys6-Cys120 8.07 9.60
Trp118 Cys28-Cysl11 4.74 5.15
Trp118 His32 4.12 3.86
Trpl18 Peptide bond of Val27-Cys28 5.70 5.70

(4.12A) and close to the peptide bond Val27-Cys26 (5.70A).
In its protonated form, the imidazole ring of histidine is known
to quench substantially Trp fluorescence in proteins [59, 60].
The indole side-chains of Trp26 and Trp104 are also in van
der Waals contact (3.61A), allowing for resonance energy
transfer. Similar distances are observed for the structure of
native bLA. The same structural features have been pointed
out by Vanhooren et al. for native goat LA [61].

Steady State Fluorescence Emission

Fluorescence emission intensity of apo-bLA (340 nm) upon
continuous 295 nm excitation is displayed in Fig. 3. A rapid
increase in fluorescence emission intensity (~17%) is
observed after 1.7 h of illumination, peaking at ~2.7 h.
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Fig. 3 Fluorescence emission intensity of apo-bLA versus 295 nm
illumination time. Emission was monitored at 340 nm
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Afterwards, fluorescence emission intensity decreases with
further illumination.

Excitation spectra (em. 340 nm) and emission spectra
(exc. 295 nm) were acquired prior and after 1-5 h
excitation at 295 nm. The observed increase in fluorescence
excitation intensity is correlated with an increase in
fluorescence emission intensity for the first 2 h of 295 nm
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between normalized excitation spectra displayed in the top panel (ratio
between each excitation spectrum acquired after a specific illumination
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excitation (Fig. 4a). Furthermore, the longer the illumina-
tion time the larger the fluorescence emission red-shift
(Fig. 4a and d).

Normalized excitation spectra with emission set at
340 nm and 320 nm acquired after apo-bLA 295 nm
excitation for different illumination times are displayed in
Fig. 4b and c, respectively. A progressive decrease in
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Top panel: Normalized excitation spectra of apo-bLA acquired after 0—
5 h 295 nm illumination with emission at 320 nm, respectively; bottom
panel: ratio between normalized excitation spectra displayed in the top
panel (ratio between each excitation spectrum acquired after a specific
illumination time and the excitation spectrum of non-illuminated apo-
bLA sample). d Normalized emission spectra of apo-bLA illuminated
for different time periods and non-illuminated apo-bLA. Excitation was
carried out at 295 nm
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normalized excitation intensity with increasing illumination
time is observed at 290-297 nm, wavelengths that only
excite Trp (Fig. 4b, bottom panel). Figure 4c (top panel)
shows a progressive decrease in normalized excitation
intensity with increasing illumination time for wavelengths
higher than 283 nm. The ratio between normalized
excitation spectra (Fig. 4c, bottom panel) shows a progres-
sive loss of intensity between 285 nm and 300 nm,
wavelengths where Trp and Tyr are excited. After 5 h
illumination, the ratio between normalized excitation
spectra shows a 7.0% decrease in normalized excitation
intensity at 295 nm when emission has been set at 340 nm
(Fig. 4b) compared to 11.2% decrease when emission has
been set at 320 nm (Fig. 4c).

A progressive red-shift in fluorescence emission is observed
upon illumination (Fig. 4d). Non-illuminated apo-bLA dis-
plays maximum fluorescence emission at ~322.9 nm. After
5 h of excitation, this maximum is red-shifted to ~339.9 nm
(Table 3 and Fig. 4d).

Thiol group’s Quantification

The concentration of solvent accessible thiol groups in apo-
bLA has been determined with Ellmann’s reaction for a
non-illuminated sample and for samples previously illumi-
nated at 295 nm during 1-5 h at 25 °C. An increase in the
average number of detected thiol groups per protein
molecule is correlated with the increase in fluorescence
emission intensity as a function of 295 nm illumination
time (Fig. 5). The average number of detected thiol groups
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Fig. 5 Average number of free thiol groups detected per apo-bLA
molecule (open circles) versus relative increase in fluorescence
emission intensity (F/Fy) of apo-bLA with 295 nm excitation time.
In gray is displayed fluorescence emission increase at 340 nm (F/F)
versus 295 nm excitation time. Detection of free thiol groups was
carried out using the Elmann’s assay. The average number of free thiol
groups formed upon UV-excitation the protein was estimated from the
absorbance of the product of the Elmann’s Assay reaction, TNB", at
412 nm
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rapidly increases in the first 3 h of illumination, which is
correlated with an exponential increase in fluorescence
emission intensity (Fig. 5). After fluorescence maximum
intensity is reached, a further increase in the average
number of thiol detected thiol groups is observed (between 3
and 4 h of illumination). Data confirms that excitation of Trp
residues in apo-bLA induces SS disruption. Ellmann’s
reaction also confirmed the presence of thiol formation in
apo-bLA illuminated for 3.5 h with 295 nm light at different
temperatures (9.3, 12.9, 15.6, 20.4, 24.9, 29.9 and 34.6 °C).

CD Measurements

Far-UV CD spectra of fresh and 295 nm illuminated apo-
bLA show that progressive Trp excitation (2.8 h) results
only in minor changes in the secondary structure of the
protein (12.33% signal loss at 222 nm, data not shown).

Temperature Dependent Studies

In order to study the temperature dependence of photoin-
duced reaction mechanisms in apo-bLA, fluorescence
emission kinetic traces have been acquired at different
temperatures. Kinetic traces recorded at 9.3, 12.9, 15.6,
20.4, 25.2 and 29.9 °C are displayed in Fig. 6a (gray and
black lines). All traces display a strong initial increase in
fluorescence emission intensity, peaking after a few hours.
Afterwards, the fluorescence emission intensity is observed
to decay upon further 295 nm illumination. At 34.6 °C,
apo-bLA fluorescence emission intensity decreases upon
excitation (data not shown). In Fig. 6a it can be observed
that the largest total fluorescence emission increase is
observed after illumination at the lowest temperature
(9.3 °C). For the three lowest temperatures fluorescence
emission increases more than 25%. Additionally, the higher
the temperature the lower the maximum fluorescence
emission intensity is. On the other hand, the higher the
temperature, the steeper the initial slope of fluorescence
emission increase is, indicating an increase in the rate of
fluorescence emission increase k (see paragraph below and
Table 2).

Fitted kinetic traces are displayed in Fig. 6a (color traces
on the online version, and black lines on the black and
white version). Fitted parameters and root mean square
deviation (R?) are displayed in Table 2. Both constants C|
and C, decrease with temperature increase, whereas the rate
constant k increases with temperature. In the exponential
model used the constant C; defines the maximum fluores-
cence intensity emission. The fluorescence emission inten-
sity is directly proportional to the value of C; in the whole
time-trace. C, affects both the initial value of fluorescence
emission intensity (value at time zero) and the steepness of
the slope of fluorescence emission intensity increase. The
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Fig. 6 a Black and white kinetic traces: apo-bLA experimental
fluorescence emission intensity (em 340 nm) as a function of 295 nm
illumination time at different temperatures (9.3, 12.9, 15.6, 20.4, 25.2,
and 29.9 °C). Highlighted traces: fitting of experimental data from
800 s till the time corresponding to 95% of maximum fluorescence
emission intensity. Fitting was carried out using an exponential
function F(2)=C,-Cs.e . Fitted parameter values and correspondent
errors, and root mean square error value were obtained after fitting
each kinetic trace. b Arrhennius plot showing the linear correlation
between the logarithm of the rate constant In k& and the inverse of
temperature 1/7 (R?=0.98429). Calculated parameters: E,=21.8=
2.3 kI.mol " and 4y=1.67+1.57 s~'. Uncertainty errors for In k values
are displayed with error bars

higher the value of C, the fastest the fluorescence emission
intensity increase is. The rate constant £ does not influence
the magnitude of the fluorescence emission intensity

increase. The highest the rate constant k, the fastest the
fluorescence emission intensity increase is. In Fig. 6b is
displayed the Arrhenius plot of the experimental & values.
The observed linear regression shows that & is temperature
dependent following Arrhenius law. Activation energy (Ea)
and pre-exponential factor (4,) calculated from the slope
(—Ea/R) and the In A, were respectively 21.8£2.3 kJ.
mol ™' and 1.67+1.57 s".

In Fig. 7 are displayed the fluorescence emission spectra
(exc 295 nm) for non-illuminated apo-bL A (A) and after 3.5 h
of 295 nm illumination (B) at each temperature. Maximum
fluorescence intensity of non-illuminated apo-bLA is ob-
served at 322.9 nm at temperatures between 9.3 and 29.9 °C
(A, Table 3). Fluorescence emission at 34.6 °C becomes
11 nm red-shifted (A, Table 3). Fluorescence emission
intensity at 340 nm increases linearly with decreasing
temperature between 9.3 and 29.9 °C: F340,m=—6742 T+
765787, R*>=0.95. After 3.5 h of 295 nm illumination,
fluorescence emission becomes red-shifted at all temper-
atures (B). The largest shifts are observed between 12.9 and
29.9 °C, ranging between 13 and 17 nm (Table 3). A 5 nm
red shift is observed at 34.6 °C.

Discussion

Non-illuminated apo-bLA at pH 8.55 and 25 °C shows
maximum Trp fluorescence emission at 322.9 nm (295 nm
excitation, Fig. 4a and Table 3), a value close to the
maximum of emission of Ca®’-bound bLA at 325 nm
(300 nm excitation and neutral pH) [62]. The aromatic
clusters I and II contain approximately half of the residues
involved in the packing of the two hydrophobic clusters of
bLA, which makes Trp suited to serve as solvent
accessibility reporter group to study structural changes in
hydrophobic regions of the protein [57]. In native goat LA
Trp26 is the strongest contributor for Trp fluorescence, due
to the lack of direct quenching compared to the other Trp
residues [61]. Trp26 belongs to the aromatic cluster II,
which includes also Trp60 and Trp104. These Trp residues
are quite protected from the solvent in native bLA as shown
by the calculated ASA values (see Results section) and
previous crystallography, NMR and hydrogen exchange

Table 2 Fitted parameter values

and correspondent errors, and T (°C) & & k(s R’

root mean square value obtained

after fitting each temperature 9.3 1.37+0.004 0.402+0.003 1.64E-04+2.73E-06 0.99986

dependent 340 nm fluorescence 129 1.3340.002 0.356+0.001 1.71E-04+1.44E-06 0.99995

emission kinetic trace displayed 5 1.32+0.002 0.340+0.001 1.87E-04+1.67E-06 0.99994

in Fig. 6a to the equation

F(f) = C) — Coe ™ 204 1.25+0.002 0.274+0.001 2.26E-04+2.57E-06 0.99992
25.2 1.20+0.003 0.221+0.002 2.49E-04+5.64E-06 0.99989
29.9 1.16+0.008 0.174+0.007 2.88E-04+2.07E-05 0.99977
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Fig. 7 a Emission spectra (exc 295 nm) of apo-bLA acquired before
295 nm illumination (fresh solutions) at different temperatures (9.3,
12.9, 15.6, 20.4, 24.9, 29.9 and 34.6 °C). b Fluorescence emission
intensity spectra (exc 295 nm) of apo-bLA acquired after 3.5 h of
295 nm illumination at different temperatures (9.3, 12.9, 15.6, 20.4,
24.9, 29.9 and 34.6 °C)

experiments studies [32, 45]. There is no major shift in
wavelength of maximum Trp fluorescence emission or
considerable changes in the spectrum shape for apo-bLA
reported here compared to the native Ca®" bound protein
[62]. This indicates that the Trp residues remain buried.
At high ionic strength there are no significant differences
in Trp solvent exposure between native and apo-bLA, as
suggested by the calculated ASA values and previously
mentioned crystallography and NMR hydrogen exchange
experiments [32, 45]. The crystallography study shows
small structural changes in the aromatic cluster II, due to
disruption of some of the native interactions in apo-bLA. In
order to maintain high values of ionic strength in the
experiments above mentioned, NaCl was added to the
buffer. Tris, present in the buffer in our experiments,
stabilizes LA conformation by simple charge screening
effect [46]. Near-UV CD experiments carried out in Tris
HCI pH 8.0 with similar charge screening conditions
(number of Tris molecules per number of protein mole-
cules) show minor losses of ellipticity of apo-bLA (less
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Table 3 Effect of 295 nm excitation time and temperature on the
wavelength at maximum fluorescence emission (Apax emission) Of apo-bLA
(data displayed in Fig. 4d, 9A and 9B). Data was acquired at pH 8.55

Flg 4d Tllum. time (h) 7\'max emission (nm) Al (}"aﬁer illumination™
;"Oh illumination) (nm)

0 322.9 -
1 329.9 7
2 333.9 11
3 334.9 12
4 336.9 14
5 339.9 17
Fig. 7a T (°C) Amax emission (NM) AL (A= Ar—9 3°c) (nm)
9.3 322.9 0
12.9 322.9 0
15.6 322.9 0
20.4 322.9 0
24.9 322.9 0
29.9 322.9 0
34.6 333.9 11

Flg 7o T (OC) }"max emission (nm) Al O"aﬂer 3.5h exc.”

}VOh exc) (nm)

9.3 - -
12.9 335.9 13
15.6 336.9 14
20.4 335.9 13
24.9 339.9 17
29.9 337.9 15
34.6 338.9 5

than 6% at 270 nm) relatively to native bLA at 5 °C [46].
The observations above indicate that, before UV-
illumination, the majority of the apo-bLA molecules in
our experiments are in a native-like conformation. The
wavelength at maximum Trp fluorescence emission in apo-
bLA is the same between 9.3 and 29.9 °C (Fig. 7a and
Table 3). It suggests that there should be no considerable
differences in the structural stability of apo-bLA molecules
in this temperature range.

Continuous 295 nm Trp excitation of apo-bLA leads to
an increase in fluorescence emission intensity at 340 nm in
the first hours of illumination (Figs. 3 and 6a). Cutinase
[17] and horseradish peroxidase [63] display similar
fluorescence behavior upon Trp excitation: an increase in
fluorescence yield was directly related to light induced
damage of strong protein fluorescence quenchers located in
close spatial proximity of the proteins’ aromatic residues.
Fluorescence yield increase in cutinase was caused by light
induced cleavage of disulphide bridges mediated by Trp
excitation, resulting in a 10-fold increase of fluorescence
emission [17]. Free thiol groups are formed upon contin-
uous 295 nm Trp excitation of apo-bLA (Fig. 5), indicating
that Trp irradiation induces SS bond breakage. The average
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number of thiol groups formed per apo-bLA molecule may
be higher than the detected by the Elmann’s assay and
shown in Fig. 5 (maximum of 0,92 thiol groups formed per
apo-bLA molecule) . Previous reports have shown incom-
plete reaction of protein sulthydryls with DTNB, due to
steric or electrostatic constraints [64—67]. Light induced
disruption of SS bonds is correlated with the observed
fluorescence emission intensity increase of apo-bLA.
Disulphide bridge disruption mediated by UV excitation
of aromatic residues in proteins has been previously
reported for Ca?" bound goat LA [49, 50]. In calcium
bound and apo-goat-LA thiol formation is observed upon
continuous Trp excitation but no direct correlation was
made between the kinetics of thiol formation and the
kinetics of fluorescence emission intensity increase upon
UV illumination [49]. Breakage of Cys61-Cys77, Cys73-91
and Cys6-Cys120 has been verified upon continous UV-
irradiation of goat LA [49, 50]. All Trp residues contributed
to the photolytic cleavage of goat SS bonds. UV-excitation
of human LA only yields the disruption of Cys61-Cys77
and Cys73-91 [48]. Breakage of Cys28-Cyslll was not
found either in goat or in human LA [48-50].

Trp fluorescence emission is significantly red-shifted
upon prolonged 295 nm excitation. The longer the 295 nm
excitation time the larger the red-shift: from 7 nm after 1 h
to 17 nm after 5 h excitation. This observation is consistent
with one or more Trp residues becoming more solvent
accessible with illumination time. It suggests a conforma-
tional change in apo-LA molecules with Trp excitation,
leading to solvent exposure of the protein aromatic clusters.
After 5 h of 280 nm (data not shown) and 295 nm
illumination, maximum fluorescence emission intensity is
observed at ~340 nm (Table 3), a value close to the
wavelength of maximum fluorescence emission intensity of
partly denaturated bLLA at pH 2 (frequently termed classical
MG) of ~343 nm [68]. The red shift observed in bLA
fluorescence emission when it adopts the mentioned molten
globule conformation is due to the movement of the Trp
residues into a more solvent-exposed environment com-
pared with native bLA [68]. Far-UV CD spectra of 295 nm
illuminated apo-bLA show only minor loss of secondary
structural features after 2.8 h of illumination (see Results
section). Vanhooren at al. [49] reported similar results for
apo-goat-LA in the far-UV region (200-250 nm). It was not
feasible to carry out near-UV CD studies in this work, due
to the excessive protein concentration required. For such
high apo-bL A concentrations, we did not manage to obtain
fluorescence emission kinetics similar to the ones here
presented. Near-UV CD spectrum of apo-goat-LA showed
profound losses of ellipticity (maximally around 270 nm)
after excitation of the protein with UV-light [49]. These
observations indicate that Trp excitation of apo-bLA and
subsequent cleavage of SS bonds induces conformational

changes preferentially in the protein’s aromatic clusters and
that the protein’s secondary structure is less affected.

The gradual increase in fluorescence emission intensity
here observed can result from conformational changes
suffered by apo-bL A upon continuous 295 nm illumination.
Quenching groups surround Trp residues in apo-bLA
structure including SS bonds, peptide bonds and one
histidine residue (see Fig. 1 and Results section). Trp26 is
not prone to direct quenching from nearby groups but is
subject to indirect quenching by energy transfer to Trp104,
through resonance energy transfer. This is supported by
experimental observations in goat LA [61]. Trp60 and
Trp118 are strongly quenched by nearby SS bonds in goat
[61] and human LA [69], which is consistent with the apo-
bLA structural features here presented (see Table 1 and
Results section). Disulphide bridges are the strongest Trp
fluorescence quenching groups [60]. Once broken, SS no
longer efficiently quench protein fluorescence. This would
explain e.g. an increase in Trp60 fluorescence, upon
continuous UV-excitation, assuming that neighbor Cys73-
Cys91 and Cys61-Cys77 are also disrupted in apo-bLA.
Conformational changes in the aromatic clusters of apo-
bLA induced upon UV-excitation may also contribute to an
increase in Trp emission intensity due to disruption of the
resonance couple Trp26-Trp104, or changes of Trp residues
spatial position relatively to the quenching groups.

The observations presented here are correlated with
similar fluorescence changes (fluorescence emission in-
crease and red-shift in fluorescence emission spectra)
observed upon dithiothreitol chemical reduction of two SS
bonds (Cys6-Cys120 and Cys28-Cys111) and all SS bonds
in native and apo-bLA [70]. These fluorescence changes
have been associated with conformational changes of the
protein and formation of MG-like structures [70]. Further-
more, Cys depleted mutant of human LA forms a MG
conformation, maintaining most of the native-like structure,
more precisely a compact «-domain, showing that the
architecture of compact x-helical sub-domain of the protein
is determined by the polypeptide sequence and not a direct
result of SS bond cross-linking [71]. The correlation
between fluorescence emission intensity increase and
formation of thiol groups upon 295 nm excitation suggests
that the conformational changes on the protein are caused
by disulphide bridge disruption, which leads to fluores-
cence intensity increase. Furthermore, increase in the
fluorescence emission intensity and red-shift of the fluo-
rescence emission has also been previously observed when
bLA is partly denaturared at pH 2 or when native bLA
suffers partial heat denaturation in comparison with native
bLA [68]. In these experiments these spectral changes were
related to the transition of the protein to MG-like
conformations. Fluorescence emission intensity increase as
well as a red-shift in fluorescence emission spectra has also
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been observed upon UV illumination of Ca®>* bound and apo
bovine, human and goat LA [48-50], for which light induced
cleavage of SS bonds was verified. Trp irradiation of hen egg
white lysozyme (a protein structurally homologous to o-
lactalbumin [72] induces similar fluorescence changes,
which are also related to photolysis of SS bonds of the
protein [73].

The progressive loss in normalized excitation intensity
upon continuous 295 nm excitation of apo-bLLA observed at
wavelengths where Trp absorbs (Fig. 4b and c) indicates
likely photo-bleaching and/or chemical photo-degradation
of Trp specii. The observed red-shift in apo-bLA Trp
emission with illumination time also contributes to the
observed loss in excitation intensity when emission is set at
320 nm.

As previously mentioned, constant A, fluorescence
emission observed from 9.3 to 29.9 °C indicates that no
conformational change has occurred in apo-bLA in this
temperature range. The observed 11 nm red-shift in
emission of non-illuminated apo-bLA between 29.9 and
34.6 °C (Table 3, Fig. 7a) indicates that a conformational
change occurs in apo-bLA before illumination in this
temperature interval. Data present in Table 3 and Fig. 7b
demonstrates that UV illumination of apo-bLA induced
local conformational changes at all temperatures, leading to
the same fluorescence emission changes reported at 25 °C:
fluorescence emission intensity increase and red-shift in Trp
fluorescence emission. The kinetics of fluorescence emis-
sion intensity increase at 340 nm upon continuous Trp
excitation is faster at higher temperatures (Fig. 7a and
Table 2). On the other hand the observed increase in
fluorescence emission intensity upon illumination is lower
at higher temperatures due to dynamic solvent quenching
(Results and Fig. 6a). At 34.6 °C a continuous decrease in
fluorescence emission intensity is observed upon 295 nm
illumination of apo-bLA, which should be correlated with
the conformational transition observed between 29.9 and
34.6 °C in non-illuminated apo-bLA.

The physical interpretation of the exponential equation
used for fitting the temperature dependent fluorescence
emission time traces is that Trp excited specii are involved
in a first order reaction and that the reaction constant is
proportional to the rate constant of fluorescence increase
(k). For the photo-induced cleavage of SS bonds in
cutinase, Neves-Petersen et al. [17] described the fluores-
cence emission increase using a model that assumes a
chemical conversion (1st order photo-induced reaction) of
low quantum yield native Trp specii to high quantum yield
Trp specii. We consider a similar mechanism for apo-bLA
involving the chemical conversion between one pool of
molecules with intact disulphide bonds and low fluores-
cence emission intensity and another with broken SS bonds,
MG-like intermediate conformations, and high fluorescence
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emission intensity. This chemical conversion between the
Trp molecules is associated with the increase in Trp
fluorescence emission intensity. Thus, the rate of fluores-
cence emission intensity increase & should be related to the
kinetic rate of conversion between the two pools of
molecules.

Neves-Petersen et al. have previously reported that the
UV-light induced disruption of SS in a protein upon Trp
excitation is mediated by the presence of solvated electrons
originated from the photoionization of aromatic residues
such as Trp and Tyr [10]. Trp photoionization, a major
photo-oxidation pathway of many proteins [10, 11] can take
place from the pre-fluorescent state S and from S, giving
rise to transient specii (see schemes 1-14) which in proteins
will lead to disulphide bridge disruption and free thiol
formation. The 21.8 kJ.mol ' Arrhenius activation energy
obtained is smaller but comparable to previously reported
50 kJ.mol ! activation energy of thermal photoionization
from the singlet excited S; of Tryptophan in solution [14].
The presence of other groups (e.g. proton transfer groups,
electron acceptors such as disulphide bridges) nearby Trp
residues can favor Trp photoionization, lowering the energy
barrier required for the reaction, which is correlated with a
lower E, value for Trp photoionization in apo-bLA. Only
two decay pathways of excited Trp are known to be favored
by a temperature increase: photoionization from S; and
intramolecular proton transfer from the protonated amino
group to the indole ring, not possible in proteins due to the
presence of the peptide bond [14]. Photoionization yield
has been determined upon measurement of the concentra-
tion of generated solvated electron or the concentration of
Trp radical formed at each temperature [14]. On the other
hand, photoionization yield from higher excited states S is
known to decrease with temperature [15] and ionization
rate constant from S~ is reported to be temperature
independent [14]. Furthermore, S"Trp photoionization in
solution yields e,q within 200 fs after irradiation [12, 13].
S"Trp photoionization competes with relaxation to S;. Flash
photolysis studies of cutinase and lysozyme show forma-
tion of aqueous e,q. within 12 ns after excitation [10].
These observations suggest that Trp photoionization in apo-
bLA occurs from S;. However, delayed detection of
solvated electrons after UV excitation of proteins could be
due to the fact that Trp is initially buried in the 3D lattice of
the protein and not solvent exposed.

Conclusions

Prolonged excitation of Trp residues in apo-bLA induces an
increase in fluorescence emission at 340 nm coupled with a
red-shift in Trp emission and SS bond disruption. We show
that Trp fluorescence spectral changes and disulphide
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bridge disruption in apo-bLA are correlated with a chemical
conversion between two pools of molecules. Native apo-
bLA molecules with intact SS and low fluorescence
emission intensity Trp emission are gradually converted
into apo-bLA molecules with disrupted disulphide bridges,
MG-like conformation, high fluorescence emission intensi-
ty and red-shifted Trp emission. A 1st order reaction was an
excellent model for the temperature-dependent 340 nm
emission kinetic traces. Data suggests that photoionization
from the S; state is one of the major mechanisms involved
in the photolysis of SS in apo-bLA and in the reaction
mechanism above described. These studies provide a
deeper insight into the photophysical and photochemical
processes activated upon UV-illumination proteins.

In the latest years, UV-light (mostly UVC-light — 200—
280 nm) has been explored as an alternative method for
microbial disinfection of liquid foods, beverages and
growth media [74]. Thermal treatment is the traditional
method for pasteurization of cheese whey, but has been
found to be time consuming and cause denaturation of the
whey protein [75, 76]. UV-light continuous sterilization
technique of cheese whey and milk has been shown to be
effective in eliminating certain microorganisms [75-77].
However, no considerable attention has been given to the
potential effects of UV-light on the nutrients present in the
UV-pasteurized products. LA constitutes 20-25% of the
whey protein [78]. The observations reported in the present
paper together with previous reports [48—50] show that UV-
light exposure induces structural changes on native and
apo-LA. Loss of structure most likely leads to loss in
activity, as reported by Vanhooren et al, where ~35% of the
original lactose synthase regulatory activity of native goat-
LA has been lost after 3 h of 290 nm illumination [50].
Furthermore, Elmnaser et al. recently reported some
structural changes upon light treatment (including UV-
light) of milk proteins [79]. A more careful analysis
should be undertaken when studying UV-light as an
alternative for pasteurization and sterilization processes
in whey and other milk derivatives where LA is present
since the biological function of the protein might also be
affected, and protein denaturation may occur as well.
Experimental parameters such as UV-irradiation power
and illumination time of the medium should be opti-
mized in order to ensure microorganism destruction but
avoiding affecting the structure and the function of whey
protein. This same concern should be extended to all
protein containing food products.
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