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ABSTRACT
Prolonged exposure of Ca2ⴙ-loaded
2ⴙ
or Ca -depleted human ␣-lactalbumin to ultraviolet light (270 –290 nm, 1 mW/cm2, for 2 to 4 h) results
in a 10-nm red shift of its tryptophan ﬂuorescence
spectrum. Gel chromatography of the UV-illuminated samples reveals two non-native protein forms:
(1) a component with a red-shifted tryptophan ﬂuorescence spectrum; and (2) a component with
kynurenine-like ﬂuorescent properties. The ﬁrst
component has from 0.6 to 0.9 free DTNB-reactive
SH groups per protein molecule, which are absent in
the native protein and is characterized by slightly
lowered Ca2ⴙ-afﬁnity (2 ⴛ 108 Mⴚ1 versus 8 ⴛ 108
Mⴚ1 for the native protein) and absence of observable thermal transition. The second component corresponds to the protein with photochemically modiﬁed tryptophan residues. It is assumed that the UV
excitation of tryptophan residue(s) in ␣-lactalbumin
is followed by a transfer of electrons to the SOS
bonds, resulting in their reduction. Mass spectrometry data obtained for trypsin-fragmented UVilluminated ␣-lactalbumin with acrylodan-modiﬁed
free thiol groups reveal the reduction of the 61–77
and 73–91 disulﬁde bridges. The effect observed has
to be taken into account in any UV-region spectral
studies of ␣-lactalbumin. Proteins 2003;51:498 –503.
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INTRODUCTION
The intrinsic ﬂuorescence method is one of the popular
physical approaches that have been routinely used in
numerous studies of proteins for decades (see, for example,
Ref. 1). The method is connected with the exposure of
proteins to ultraviolet irradiation, which is absorbed by
aromatic chromophores. The light absorption causes transitions of the chromophores to electronically excited singlet states. Deactivation of the excited states may follow
several ways: emission of ﬂuorescence, conversion to triplet state, and then emission of phosphorescence, radiationless internal conversion, and various pseudo-chemical and
chemical reactions. It is usually assumed that at UV
©
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illumination power levels used in most spectral instruments the effectiveness of the pseudo-chemical and chemical reactions for protein chromophores, resulting in protein structural changes is negligibly low. Nevertheless, for
some chromophore environments these processes can be
rather effective (see, for example, Ref. 2).
Many years ago we found that a prolonged illumination
of Ca2⫹-binding protein ␣-lactalbumin in water solution by
280 nm UV light resulted in signiﬁcant spectral effects
caused by changes in the protein structure due to disruption of speciﬁc SOS bridges in the protein. This observation was ﬁrst reported on Conference for Young Scientists
in Pushchino, Russia in 1996.3 In the present article we
represent the detailed description of the effect.
␣-Lactalbumin is a very popular subject of inquiry used
in numerous studies mostly because of its ability to form
the so-called molten globule state under certain conditions
(for review, see Ref. 4). It is a modiﬁer protein in the
lactose synthase (E.C. 2.4.1.22) complex. This small (Mr ⫹
14,200 Da, 123 residues) globular protein contains 3
(human) or 4 (bovine) tryptophan residues and is a good
object for ﬂuorescence studies because of the fact that the
ﬂuorescence of tryptophan residues of ␣-lactalbumin is
very sensitive to its conformation. The emission of Trp 60
is partly quenched by two nearby SOS bridges.5
␣-Lactalbumin has one strong Cà2⫹ binding site,6 with a
Kass ⬃5 ⫻ 108 M⫺1,7 which also binds Mg2⫹ (Kass ⬃2 ⫻ 103
M⫺1),8 Na⫹ (Kass ⬃100 M⫺1), K⫹ (Kass ⬃10 M⫺1), Mn2⫹
(Kass ⬃2 ⫻ 103 M⫺1), Cd2⫹, Tb3⫹. It also possesses a
distinct Zn2⫹-binding site with a binding constant for Zn2⫹
Kass ⬃5 ⫻ 105 M⫺1 and a few weaker sites.9 –11
Native ␣-lactalbumin consists of two domains: a large
␣-helical domain and a small ␤-sheet domain, which are
connected by a calcium-binding loop.12,13 The ␣-helical
domain is composed of three major ␣-helices (residues
5–11, 23–34, and 86 –98) and two short 310 helices (resiGrant sponsor: INTAS; Grant number: 01-2347 CA. Grant sponsor:
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dues 18 –20 and 115–118). The small domain is composed
of a series of loops, a small three-stranded antiparallel
␤-pleated sheet (residues 41– 44, 47–50, and 55–56) and a
short 310 helix (77– 80). The two domains are separated by
a deep cleft. At the same time, the two domains are held
together by the disulﬁde bridge between residues 73 and
91, forming the Ca2⫹-binding loop.
Overall, the structure of the ␣-lactalbumin is stabilized
by four disulﬁde bridges (6 –120, 61–77, 73–91, and 28 –
111). It was shown by Demarest et al.14 that crosslinking
of peptides corresponding to the B- and D-helices by
Cys28OCys111 disulﬁde bond resulted in a dramatical
increase in their structure. At the same time, there was
very little enhancement of local structure due to the
formation of the Cys6OCys120 disulﬁde bond.15 It is of
interest that the three-disulﬁde form of ␣-lactalbumin,
having a reduced Cys6OCys120 disulﬁde bond, is similar
to intact ␣-lactalbumin in secondary and tertiary structure.16 The two-disulﬁde form of ␣-lactalbumin, having
reduced Cys6OCys120 and Cys28OCys111 disulﬁde
bonds, retains about half of the secondary and tertiary
structure of the intact ␣-lactalbumin and seems to retain
its ␤-domain, whereas the ␣-domain is unfolded16 (see also
Ref. 17).
In the present work we have shown that excitation of
tryptophan residues in ␣-lactalbumin can result in pronounced structural changes in the protein due to reduction
of its speciﬁc SOS bridges.

Fluorescence Measurements

MATERIALS AND METHODS
Supplies and Chemicals

The labeling of protein SH groups was performed as
follows. ␣-Lactalbumin, after UV illumination, was treated
by acrylodan to label formed free thiol groups.21 The excess
of the reagent was removed via dialysis. The remaining
SOS bonds of acrylodan-labeled protein were reduced by
DTT treatment in presence of 8 M urea. The formed free
SH groups were chemically modiﬁed by 2-iodoacetamide.
The rest of the reagents were removed by dialysis.

␣-Lactalbumin (lot 128F-8140, bovine) was purchased
from Sigma Chemical Co. (St. Louis, MO) or isolated and
puriﬁed from human milk as described in Ref. 18. Sequencing grade trypsin from bovine pancreas was bought from
Boehringer. All other chemicals were reagent grade or
better. Solutions were prepared using distilled, demineralized water. Protein concentrations were evaluated spectrophotometrically, using an extinction coefﬁcient E1%,280nm ⫹
20.1 for bovine protein and E1%,280nm ⫹ 18.2 for human
␣-lactalbumin.19 Molar extinction coefﬁcient ⑀412nm ⫹
13,600 M⫺1 cm⫺1 was used for DTNB,20 and ⑀391nm ⫹
20,000 M⫺1 cm⫺1 for acrylodan.21
Modiﬁcation of ␣-Lactalbumin by UV Irradiation
Upon UV illumination of ␣-lactalbumin, the whole protein solution (20 – 40 M, [Ca2⫹]/[␣-LA] ⫹ 1:1, 50 mM
HEPES, 150 mM KCl, pH 7.8) in a 1-cm path length quartz
cell was exposed to UV light from Hg-lamp SVD-120 and
passed through the 270 –290 nm band-pass ﬁlter. The UV
illumination set up ensured the luminous ﬂux of ⬃1
mW/cm2. The temperature of the sample was kept at 20°C
during illumination, and the solutions were continuously
stirred.
The UV-illuminated protein was immediately subjected
to fractionation on a Sephadex G-75 column (10 mM
HEPES-KOH, pH 8.0). The content of free SH groups in
resulting fractions was determined by DTNB test.22 Five
to 10 molar excess of DTNB over the protein was used; the
absorbance at 412 nm was traced during 0.5 h.

The ﬂuorescence studies of Sephadex G-75 fractions
were performed on a laboratory-made spectroﬂuorimeter,
as described earlier.23 Protein ﬂuorescence was excited at
280.4 nm. All spectra were corrected for instrument spectral sensitivity. Temperature scans were performed stepwise, allowing the sample to equilibrate at each temperature for at least 5 min. The temperature was monitored
directly inside the cell. The fraction of conversion from the
native to the thermally denatured state was calculated
from the plots of temperature dependence of emission
intensity at a ﬁxed wavelength as previously described.1
Calcium binding afﬁnity of the protein was measured
spectroﬂuorimetrically in experiments on EGTA titration
of Ca2⫹-loaded ␣-lactalbumin as described earlier.7 The
absolute accuracy of the resulting calcium binding constants exceeds ⫾41 orders of their magnitudes, whereas the
relative accuracy for the set of similar titration experiments is even better.
In all ﬂuorescent experiments the sample illumination
time and the UV-irradiation power level were minimized
in order to avoid the UV-induced structural rearrangements in the protein molecule. Samples were illuminated
only during measurement itself. The UV-induced spectral
effects arising during the period of typical experiment
were found to be negligible.
Labeling of Protein SH-Groups

Tryptic Digestion and MS Analysis
Tryptic digestion of acrylodan-iodoacetamide-modiﬁed
␣-lactalbumin was carried out in 100 mM Tris-HCl, pH
8.5. Sequencing grade trypsin was added to 10 mg/ml
protein solution in an amount equal to 2% (w/w). A second
lot of trypsin (2%, w/w) was added after 5 h, and the
digestion was allowed to proceed for an additional 5 h. All
incubations were performed at 37°C.
Tryptic peptides were separated on a HPLC Alltech
ALLTIMA C18 column. Resulting fragments were further
puriﬁed by HPLC Spectrophysics C8 column and analyzed
by mass spectrometry using a MicroMass Quattro-2 instrument.
RESULTS
UV Illumination Induces Structural Modiﬁcation of
␣-Lactalbumin
Figure 1 shows the tryptophan ﬂuorescence spectra of
Ca2⫹-loaded human ␣-lactalbumin in aqueous solution (50
mM HEPES, 150 mM KCl, pH 7.8) before and after 4-h
exposure to UV light at 280 nm at 20°C. It is clearly seen
that the prolonged illumination of the protein sample by
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Fig. 1. Time course of the changes in tryptophan ﬂuorescence of the
Ca2⫹-loaded human ␣-lactalbumin (35 M, [Ca2⫹]/[␣-LA] ⫹ 1:1) in water
solution (50 mM HEPES, 150 mM KCl, pH 7.8), caused by UV illumination
(Hg-lamp emission, passed through 270 –290 nm band-pass ﬁlter; 1
mW/cm2) of the sample at 20°C. (●), ﬂuorescence spectrum maximum
position, max; (E), relative ﬂuorescence quantum yield, estimated by area
under experimental spectrum. The insert represents the initial (solid line)
and ﬁnal (dashed line) spectra. Fluorescence was excited at 280.4 nm.

UV light at room temperature causes about 10-nm red
shift of the maximum of its tryptophan ﬂuorescence spectrum. The time course of the spectral changes during the
UV illumination of the protein solution demonstrates
progressive red spectral shift and increase in relative
ﬂuorescence quantum yield (area under the spectrum).
Similar UV light-induced red spectral shift is also characteristic for Ca2⫹-free human ␣-lactalbumin in water solution (in excess of EGTA). The same results are achieved
upon excitation at 296.7 nm, but tyrosine residues are not
excited. Thus, the spectroscopic effects observed imply
that the protein undergo some structural changes as a
result of excitation of its tryptophan residues.
In order to separate different protein forms, arising as a
result of the UV illumination, the illuminated protein was
subjected to gel ﬁltration. Figure 2 represents elution
proﬁle of the UV-illuminated Ca2⫹-loaded human ␣-lactalbumin on a Sephadex G-75 column (10 mM HEPES-KOH,
pH 8.0), traced by absorbance at 280 nm and tryptophan
ﬂuorescence (ﬂuorescence maximum position, max). One
can clearly see on the chromatogram the presence of at
least three chromatographic components: I, fractions 10 to
11 with a red-shifted tryptophan ﬂuorescence spectrum
(max ⫽ 339 –340 nm); II, fractions 15 to 16 with the
tryptophan ﬂuorescence spectrum, characteristic for native protein (max ⫽ 328 –329 nm); and III, fractions 18 to
23, possessing nontryptophan ﬂuorescence.
It is evident that the last fractions correspond to the
protein with tryptophan chromophores photochemically
destroyed by the exposure to UV light. Upon excitation at
313 nm the component III demonstrates emission with
max ⫽ 417 nm, which resembles the emission of Nformylkynurenine, one of the major products of photooxidation of Trp residue in solution, in peptides and proteins (for
review, see Ref. 24). The second component seems to
correspond to the native protein, whereas the ﬁrst compo-

Fig. 2. Gel chromatography of the UV-illuminated Ca2⫹-loaded human ␣-lactalbumin ([Ca2⫹]/[␣-LA] ⫹ 1:1) on a Sephadex G-75 column (10
mM HEPES-KOH, pH 8.0). Protein elution was monitored by absorbance
at 280 nm (E) and tryptophan ﬂuorescence (ﬂuorescence spectrum
maximum position, ●). Absorbance curve is deconvoluted into three
components: I, II, and III (Gauss curves, dotted lines). Fluorescence was
excited at 280.4 nm.

nent seems to be the most interesting ␣-lactalbumin form,
possessing somewhat changed conformation, which is characterized by increased accessibility of tryptophan residues
to the solvent.
Ca2ⴙ-binding Properties of Native and UV-modiﬁed
␣-Lactalbumins
We characterized Ca2⫹-binding properties of the component I. The binding of calcium ions to the ␣-lactalbumin
components was studied by means of the so-called “back
titration” experiments.7 Figure 3 represents results of
spectroﬂuorimetric titration of the Ca2⫹-loaded ␣-lactalbumin components I and II by the strong Ca2⫹ chelator
EGTA at pH 8.0 and temperature 41°C. In the case of the
component II (with native spectral parameters) the gradual
addition of EGTA causes 12-nm red shift of tryptophan
ﬂuorescence spectrum and an increase in relative ﬂuorescence quantum yield, i.e., effects typical for native ␣-lactalbumin.7 At the same time, the EGTA-titration of component I results in an opposite effect in relative ﬂuorescence
quantum yield without noticeable spectral shifts. The
experimental curves for relative ﬂuorescence quantum
yield for both components were ﬁtted by theoretical curves
computed according to the one-site binding scheme,7 and
the best ﬁt was achieved when the binding constant was
2 ⫻ 108 M⫺1 for the component I and 8 ⫻ 108 M⫺1 for the
component II, i.e., the UV-changed component has slightly
lower afﬁnity to Ca2⫹ compared with the native-like
component.
Thermal Stability of Native and UV-modiﬁed Forms
of Human ␣-Lactalbumin
The thermal stability of component I was also analyzed.
Figure 4 compares the temperature dependencies of tryptophan ﬂuorescence parameters for apo-forms of the native
protein component I. There are no thermally induced
spectral changes in the UV-modiﬁed protein, except gradual
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Fig. 3. Spectroﬂuorimetric EGTA titration of the Ca2⫹-loaded ␣-lactalbumin components I (Œ, 6.3 M) and II (●, 8.2 M) by EGTA at pH 8.0 (10
mM HEPES-KOH) and temperature 41°C. Data for the native protein (E)
are shown for comparison. (A) Tryptophan ﬂuorescence spectrum maximum position; (B) relative ﬂuorescence quantum yield. Solid lines (B) are
theoretical, obtained using the scheme of competition of EGTA and the
protein for Ca2⫹. Fluorescence was excited at 280.4 nm.

decrease in the relative ﬂuorescence quantum yield,
whereas the melting of native protein results in a prolonged red spectral shift and stepped decrease in relative
ﬂuorescence quantum yield, which reﬂects the thermally
induced denaturation of the protein. Thus, the apo-form of
component I seems to be mostly in denatured conformation.
UV illumination-induced Reduction of
␣-Lactalbumin Disulﬁde bridges
To elucidate the nature of the unusual properties of
component I, we studied its reaction with the thiol-speciﬁc
reagent DTNB.20 The reaction was monitored by the
appearance of a characteristic absorption band at 412 nm.
It turned out that component I reacts with DTNB justifying presence of free SH groups accessible to DTNB. The
quantitative analysis of free Cys content gave 0.6 to 0.9 of
free SH groups per protein molecule. On the contrary, the
native-like component II did not show presence of any free
SH groups, as it is supposed to be for the native ␣-lactalbumin. The unexpectedly low value of thiol content in the
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Fig. 4. Temperature dependence of tryptophan ﬂuorescence parameters for ␣-lactalbumin component I (Œ, 5.9 M), compared with those for
the native protein (E, 7.8 M), in absence of Ca2⫹. [EGTA]/[protein] ⫹
30 –120; pH 8.0, 10 mM HEPES-KOH. (A) Fluorescence spectrum
maximum position; (B) ﬂuorescence quantum yield change. Fluorescence
was excited at 280.4 nm.

UV-modiﬁed fraction can be due to the several reasons,
such as inter- or intramolecular recombination of a part of
free SH groups or trivial oxidation of cysteines. Importantly, our SDS-PAGE data did not reveal any oligomeric
forms, which rejects the possibility of intermolecular recombination of the SH groups.
It is reasonable to suggest that the observed UV-induced
changes in the properties of ␣-lactalbumin result from the
reduction of disulﬁde bonds as a consequence of energy
transfer from excited nearby tryptophan chromophores.
Usually, this mechanism is mediated by the transfer of
photo-ionization electrons to SOS bond, followed by SOS
bond destruction (see, for example, Ref. 2):
Trp ⫹ hv 3 Trp* 3 䡠 Trp⫹ ⫹ e⫺
⫺

⫺

e ⫹ OSOSO 3 OS ⫹ 䡠 SO

(1)
(2)

In order to ﬁnd out which of the four SOS bridges in
native human ␣-lactalbumin are reduced during the UV
irradiation, we labeled the free thiol groups of the protein
in the following manner. ␣-Lactalbumin, after UV illumination, was immediately chemically modiﬁed by acrylodan
to mark the formed free SH groups . Then the remains of
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Fig. 5. Location of Trp 60 and SOS bridges 73–91 and 61–77 in
human ␣-lactalbumin molecule (1HML ﬁle of Protein Data Bank).

the SOS bonds of the acrylodan-labeled protein were
reduced by DTT in the presence of 8 M urea, and the newly
formed SH groups were modiﬁed by 2-iodoacetamide. The
resulting protein was cleaved by trypsin. The tryptic
fragments were separated using reverse-phase HPLC and
analyzed by mass spectrometry. The found that masses
1464 and 1836 Da correspond to acrylodan-labeled peptides 71–79 and 80 –93, containing fully modiﬁed Cys73
and Cys77, and Cys91, respectively. Thus, the data obtained indicate that UV illumination results in disruption
of both SOS bridges 73–91 and 61–77.
DISCUSSION
We have obtained comparable results for bovine ␣-lactalbumin (data not shown). Thus, our data suggest that UV
illumination may induce reduction of the disulﬁde bridges
in human and bovine ␣-lactalbumins. Taking into account
that the Cys73OCys91 bond connects two structural domains of ␣-lactalbumin, its reduction most likely will
result in severe destabilization of the protein structure,
which is observed for component I (see Fig. 4). On the basis
of the proximity of Trp60 to the both disulﬁde bonds 73–91
and 61–77 (Fig. 5), one can assume that just Trp60
supplies them with electron, resulting in their reduction.
We did not ﬁnd any signiﬁcant UV-induced effects,
except trivial photo destruction, in the case of hen egg
lysozyme, a protein homologous in the sequence and
tertiary structure to ␣-lactalbumin. This fact shows that,
in spite of higher photosensitivity of cystines compared

with tryptophans (see for example, Ref. 25), tryptophans,
but not cystines, are the primary targets of photochemical
action of UV light in the case of ␣-lactalbumin.
Similar UV irradiation-induced effects were observed
earlier for human plasma ﬁbronectin.26 Exposure of 21- or
40-kDa gelatin binding fragments of plasma ﬁbronectin as
well as of entire protein to 280-nm light caused more than
10-nm red shift of tryptophan ﬂuorescence spectrum and
generated two, four, and six free sulfhydryl groups per
molecule, respectively. The authors proposed that these
effects result from structural changes caused by the breakage of disulﬁde bonds as a consequence of energy transfer
from nearby tryptophans. The same conclusion was drawn
from the study of UV-induced structural changes in cutinase from Fusarium solani pisi.27,28
Moreover, recent study by Vanhooren et al.29 on UVinduced modiﬁcations of goat ␣-lactalbumin gave analogous results: photoexcitation of protein tryptophan residues resulted in a disruption of its SOS bonds. Remarkably,
the authors report the breakage of the Cys6OCys120 and
Cys73OCys91 bonds. Although the reduction of Cys73Cys91 bond, observed also in our study for human ␣-lactalbumin, might be easily explained by the direct contact
between this bond and the indole ring of Trp60, simplifying the electron transfer from excited Trp to SOS bond,
the reduction of Cys6OCys120 disulﬁde, which was not
observed for human protein, seems to be not so obvious
phenomenon.
In fact, the shortest inter-residue distance between the
Cys6OCys120 disulﬁde group and the nearest Trp (Trp118)
is 9.8 Å. The authors suggested that the electron transfer
could occur because of the Trp118 approaching of the
Cys6OCys120 bond as a result of the increased mobility of
protein structural elements in solution. Other factors
presumably favoring the disruption of Cys6OCys120 disulﬁde are as follows: (1) its highly reactive properties with
respect to the chemical reducing agents; (2) the positional
relationship of Trp118 and this SOS bond, optimal for the
electron transfer. Because we did not ﬁnd the reduction of
the Cys6OCys120 bond for human ␣-lactalbumin, possessing the same tryptophan residues except for the lacking
Trp26, one can assume that the reduction of Cys6OCys120
bond in goat protein could be due to the electron transfer
from the photoexcited Trp26 residue, but not from the
Trp118. Although shortest inter-residue distance between
the Cys6OCys120 and Trp26 is 14.4 Å (PDB entry 1HFY),30
it could be signiﬁcantly shortened if Trp26 exists in the
different rotamer forms. Our estimations show that in this
case the distance can be as low as 8 Å.
Another intriguing observation is that Cys61OCys77
bond of goat ␣-lactalbumin, located in the close proximity
to Trp60 residue (6.5 Å; similar to human protein), but it
does not suffer from the UV illumination, in contrast to the
human ␣-lactalbumin. This fact implies that the electron
transfer from excited tryptophan residues to disulﬁde
bonds depends not only on distance between donor and
acceptor, but also on some other factors.
The results of the present study should be taken into
account in any ﬂuorescent measurement on ␣-lactalbumin
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samples. Prolonged exposure of ␣-lactalbumin solution to
high-power UV light, especially in small quartz cells, can
cause spectral changes due to the light-induced breakage
of disulﬁde bonds, which in its turn can lead to artifacts
and complications in interpretation of experimental data.
For this reason during the ordinary ﬂuorescence measurements in our study only small part of the sample has been
illuminated by single spectral line of Hg lamp for a short
period of time required to measure the spectrum (for 2–3
min), whereas to analyze the effects of illumination, the
whole sample has been subjected for several hours to the
UV light passed through interference ﬁlter instead of
monochromator.
Furthermore, our experience with the Perkin-Elmer
LS-50B spectroﬂuorometer (with a xenon lamp with the
continuous spectrum) shows that pronounced UV-induced
spectral changes are induced in ␣-lactalbumin during a
single spectrum measurement (this takes ⬃2–3 min),
when majority of the sample is illuminated (i.e., when the
narrow cells and an experimental setup with the large
widths of excitation monochromator slits, from 5 to 10 nm,
have been used). Thus, present article should serve as a
warning for other researchers to avoid, if possible, similar
experimental conditions for ␣-lactalbumin ﬂuorescence
measurements.
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