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Abstract

Monitoring the fluorescence signal upon unfolding often represents a very effective method to rapidly retrieve the
first preliminary structural information on a protein domain. The relationship between intrinsic fluorescence signals
and unfolding of proteins are discussed, including several practical considerations for properly setting fluorescence
experiments and the phenomenological equations required to analyze the spectra. In particular, a fast and accurate
method which allows to minimize the deleterious effect of photobleaching is provided. A number of unfolding
reactions relative to immunoglobulins(IgG and IgM) and to the different domains of the adhesion molecule
dystroglycan are presented. Special attention is dedicated to aa-dystroglycan immunoglobulin-like domain showing
a ‘reverse’ behavior of the fluorescence signal as a function of the denaturing agent concentration.
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Fig. 1. Scheme of dystroglycan domain organization. The dystroglycan adhesion complex is formed by two subunits,a and b,
which interacts non-covalently. The recombinant fragments under analysis, all belonging to the extracellular side of the complex,
are reported.

1. Introduction

Among biophysical techniques, fluorescence
spectroscopy is one of the more sensitive, making
it possible to perform experiments on protein
solutions at very low concentration. Often, it may
be important to work at micromolar(or lower)
concentrations to minimize the amount of molecule
to use in order to solve problems associated with
its aggregation and low solubility and, especially
in the case of wild-type or recombinant mutated
proteins, costs related to their expression andyor
purification. One of the practical use of fluores-
cence technique is to obtain thermodynamic and
kinetic information about conformational transi-
tions of macromolecules, such as protein folding
reactions, collecting knowledge on their structure
with the limitation that many fluorescence signal
changes cannot be directly or unequivocally related
to molecular details. When recombinant mutated
proteins are available, or as in this work different
dystroglycan domains, it is often of interest to
study their unfolding behavior and stabilityw1,2x.

The first aim of this article is to consider the
application of intrinsic fluorescence, with particu-
lar attention to some practical and technical

aspects, to study the unfolding transition in a series
of proteins and how this information help to
retrieve preliminary structural details making use
of a fast, but accurate, and easy setup. In studies
with proteins the fluorophores can be either intrin-
sic (such as tryptophan, tyrosine and phenylalanine
residues) or extrinsic probes. Tryptophan residues
are particularly valuable probes, since the indole
ring is very sensitive to its local environment and
since there are often only a few tryptophan residues
in a protein molecule making it possible an easy
assignment of their specific contributions. In this
work, we analyzed proteins harboring intrinsic
fluorophores, with special attention to dystroglycan
domains(Fig. 1).

Dystroglycan is an adhesion complex formed by
two subunits,a andb w3x. It is involved in a wide
number of biological functions and its biomedical
interest is constantly increasingw4x. In muscle,
dystroglycan forms a continuous link between the
extracellular matrix(ECM), via a-dystroglycan
binding to laminin-2, and the cytoskeleton, viab-
dystroglycan binding to dystrophin, which is con-
sidered crucial for muscle stabilityw5x. Moreover,
dystroglycan participates in(i) post-synaptic ele-
ments maturation and stabilization at the neuro-
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muscular junction as well as within the central and
peripheral nervous system;(ii) early embriogene-
sis and (iii ) infectious diseases such as leprosy
and arenaviruses infectionsw6,7x. As for other
ECM molecules or receptorsw7x, dystroglycan
functional versatility is largely originating from its
modular structure. A primary strategy in order to
fully understand its structural–functional aspects,
is the recombinant dissection into separate domains
which can often be easier to be analyzed using
standard biochemical and biophysical techniques
w8–11x.

First of all, the experimental approach to con-
formational transitions and the relationship
between fluorescence signal changes and unfolding
of proteins will be discussed, moreover several
practical considerations for fluorescence experi-
ments and phenomenological equations to analyze
fluorescence spectra of proteins, minimizing sam-
ple exposure to high-intensity light beam, will be
described. Finally, examples of unfolding reactions
of different proteins, in particular dystroglycan
domains, will be presented.

2. Materials and methods

2.1. Proteins and reagents

Bovine serum albumin and lysozime were from
Sigma (St. Louis, MO). Immunoglobulins IgM,
purified from human myeloma serum and IgG
from pooled human serum were from ICN Bio-
medicals Inc. (Aurora, OH). DNA constructs
encoding for the murine dystroglycan domains
under analysis were amplified using standard RT-
PCR protocols and the recombinant proteins were
expressed in theE. coli BL21(DE3) strain and
purified using nickel nitrilotriacetate affinity chro-
matography as described elsewherew8,9,11x. Guan-
idinium hydrochloride(GdnyHCl) was purchased
from Fluka(Buchs, Switzerland) and used without
further purification.

2.2. Fluorescence analysis

Proteins were dissolved in 100 mM sodium
chloride (NaCl), 5 mM tris(hydroxyme-
thyl)aminomethane hydrochloride(Tris–HCl), pH

7.4, or 100 mM phosphate buffer saline, pH 7.4.
Steady-state fluorescence titration measurements
were carried out at 258C in a 1-cm quartz cell,
using a Spex(Edison, USA) FluoroMax spectro-
fluorimeter as describedw12,13x. Protein concen-
tration used in this study varied within the
nanomolar–micromolar range, depending on the
intensity of the specific fluorescence signal of each
protein. Fluorescence emission spectra from 300
to 450 nm were recorded using an excitation
wavelength(Ex ) at 260, 280 and 295 nm. Afterl

each addiction of denaturing agent we waited 10
min before spectra acquisition. Some proteins may
require hours to reach full equilibrium in unfolding
reactionw14x. Control experiments, to check if the
equilibrium in the unfolding reaction was reached
during the titration, were performed preparing a
series of samples for each protein at different
denaturant concentration, allowing these to equili-
brate overnight, then measuring the fluorescence
signal and comparing results in the two conditions.
Data obtained from samples allowed to reach
equilibrium overnight, did not show significant
differences confirming that the equilibrium in the
unfolding reaction was reached during the titration.

3. Results

3.1. Spectra analysis and practical considerations

The most frequently used fluorophore in studies
of protein unfolding are the intrinsic tryptophan
residues, that are extremely sensitive to modifica-
tion of their microenvironment. The fluorescence
emission maximum of proteins ranges fromf310
nm, for buried, tof350, for fully exposed tryp-
tophan residuesw15,16x and is dependent upon
several factors affecting their exposure to the
solvent phase. In most proteins, also phenylalanine
and tyrosine residues can contribute to fluores-
cence. However, the quantum yield of phenylala-
nine in proteins is small, so that the emission from
this residue is rarely observed. In spite of its high
absorption at 280 nm, and its high quantum yield
in aqueous solution, the tyrosine emission of most
proteins is small and frequently undetectable. Tyro-
sine, compared to tryptophan, is a weaker emitter,
but one might expect it to contribute significantly
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Table 1
Decrease of fluorescence signal in proteins exposed to successive spectra acquisition in the different experimental condition A, B
and C(indicated by *)

Instrument set up and experimental condition A B C

Number of studied proteins 9 9 9
Excitation wavelength(nm) 280 280 280
Emission wavelength(nm) 310–450 310–450 310–450
Integration time for point(s)* 0.5 0.2 0.05
Number of points(nm) 1 1 1
Total acquisition time for 1 spectra(s)* 70 28 7
Number of acquired spectra 10 10 10
Total acquisition time(s)* 700 280 70
Average fluorescence decrease(%) (after 10 scans) 14.2 6.2 1.0
Maximum fluorescence decrease(%) (a-DG(30–170) 16.5 7.3 1.2
Minimum fluorescence decrease(%) (IgG) 12.8 5.9 0.8
AWP (average wavelength peak) (nm) – "0.2 "0.4
AIP (average intensity peak) (%) – "0.7% "1.1%

The instrument was setup with a bandpass of 4 nm. AIP(average intensity peak) is the percentage difference of intensity and
AWP (average wavelength peak) is the peak shift in nanometers obtained comparing spectra acquired in experimental condition B
and C, to experimental condition A. The intensity and peaks in condition B and C were derived by fitting the spectra with Eq.(1)
or Eq. (2) as described in the text.

because it is present in larger amounts. However,
tyrosine is quenched by any nearby groups on the
peptide chain and because of energy-transfer to
tryptophan residues; consequently the absence of
tyrosine emission observed in most proteins is
largely dependent upon their particular 3D struc-
ture. Therefore, the selective excitation of an ami-
no acid may be conveniently used to discriminate
the specific contribution of each residue in a
protein structure(i.e. Ex s260 nm simultaneousl

excitation of phenylalanine, tyrosine and trypto-
phan, Exs280 emission from both tyrosine andl

tryptophan, Exs295 selectively excitation ofl

tryptophan).
Fluorescence spectra of proteins were recorded

as a function of guanidine hydrochloride concen-
tration. Any background signal(fluorescence or
scattered light) from the buffer was subtracted and
the fluorescence intensity was corrected for the
progressive protein dilutionw15,17–19x. In the
protein concentration range taken into considera-
tion the fluorescence signal was linear with the
concentration of the protein. A decrease in fluo-
rescence signal, usually defined as ‘bleaching
effect’, due to successive exposure of sample to
high-intensity light beamw15–18x, was found to

be characteristic of each protein and dependent on
its concentration and on the instrument and exper-
imental set up(bandpass, acquisition time, number
of acquisition points, etc.) and although not linear
with exposure time, was generally well described
by a simple parabolic equation(data not shown).
However, an experimental evaluation of this phe-
nomenon should be performed every time fluores-
cence measurements are carried out. Fast
fluorescence readings at fixed wavelength, gener-
ally, restrict this drawback to less than 5% of the
initial intensity. When the fluorescence spectra
need to be recorded, the previous effect could
become relevant(5–15%) due to long sample
exposure to high-intensity light beam(Table 1). A
good strategy to overcome the problem is to
acquire a fast fluorescence scan followed by a
mathematical interpolation of data. In this case, at
constant protein concentration and spectral band-
pass of monochromators, the integration time for
each scan point andyor the number of acquired
points can be strongly reduced(Fig. 2a–c, Table
1).

We used two phenomenological equations to
analyze emission spectra. The first is a Gaussian
curve, generally used to simulate excitation and
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Fig. 2. Fluorescence spectra of unfolded bovine albumin at 6 M guanidine hydrochloride, acquired at the different setup conditions,
described in Table 1, A(panel a—h), B (panel b—m) and C(panel c—d).

emission spectra for folded and unfolded protein
w20x

w z2n yniexp yx |
2sy ~

Fsa qb (1)
ys 2p

where F is the fluorescence intensity,n is the
wavenumber(s1ywavelength in cm ), n is they1

i

wavenumber for the center of the Gaussian curve,
s is the width of the curve in cm anda and by1

are fitting parameters.

The former equation fails to correctly fit data
for spectra with peak at wavelengths lower than
340 nm(i.e. folded proteins) (Fig. 2a and b). In
this case, the best fit is obtained with the following
one

w zl ylem exbFsa l yl exp y (2)x |Ž .em ex cy ~

wherea, b and c are fitting parameters,l is theex

fixed excitation wavelength,l is the emissionem
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wavelength. From analytical study of the curves
can be derived the maximum fluorescence inten-
sity, the peak wavelength and any intensity at
different wavelength. In all the experiments spectra
from 310 to 430y450 nm were fitted according to
Eqs.(1) and(2).

3.2. Denaturant induced unfolding

The thermodynamic approach used to describe
the unfolding reaction of each protein was based
on a two-state model, where N is the native state
and U is the unfolded state of the molecule and
K is the unfolding equilibrium constantw20x; theun

free energy change for unfolding can be described
by the following equation

0 0 0DG syRT ln K sDH yTDS (3)un un un un

DH andDS are the enthalpy change and entro-0 0
un un

py change for the unfolding transition. If the
protein unfolding is induced by the addiction of a
chemical denaturantwdx, the following linear rela-
tionship is generally accepted to describe the
thermodynamics of the systemw21,22x

0 0 w xDG sDG ym d (4)un 0,un

here DG is the free energy change for the0
0,un

unfolding reaction at the reference condition in the
absence of denaturant andm is an empiric param-
eter indicating the denaturant susceptibility(i.e.
msydG ydwdx, the dependence ofdG on0 0

un un

denaturant concentration). The above assumption
can be made when the unfolding reaction is a
single step(two-state) process. If there is one or
more intermediates in the unfolding process, then
the thermodynamic models become more complex
w20x. However, as for various proteins analyzed in
this paper, if the fluorescence properties of the
intermediate states are similar to U or N states,
the transition may appear to be a simpler two-
state.

Measurement of fluorescence vs.wguanidinex or
wureax is a standard method for studying the
stability of proteins. The following equation
describes such dataw20x

0 w xyDG qm d yRTŽ .0,unw x w xF qs d q F qs d eŽ .0N N 0U U
Fs 0 w xyDG qm d yRTŽ .0,un1qe

(5)

In this equationF and F are the intensities0N 0U

of native and unfolded states in the absence of
denaturant,s and s are the baseline slopes forN U

the native and unfolded regions andDG andm0
0,un

are the same as before. A useful parameter linked
to the stability of the protein is the Gdn defined50%

as the ratio ofDG and m indicating the dena-0
0,un

turant concentration inducing the 50% of fluores-
cence intensity change(e.g. the mid-point of the
curve) w14x.

The fluorescence peak change as a function of
guanidine concentration was fitted using a phe-
nomenological equation to calculate the guanidine
concentration inducing the 50%(Gdn ) effect50%

on the peak shift. The following equation was
used

(bya)
F saq (6)peak dB Ec

C F1q
w xD GGdn

In this equationc represents the guanidine con-
centration at the mid-point of the curve anda and
b are fitting parameters.

3.3. Experimental set up and minimizations

In Table 1 are showed the different experimental
conditions and instrument set ups(reported as A,
B and C) used in our measures and the average
value of decrease in fluorescence signal after ten
acquisition scans on the various proteins under
analysis. Each protein or protein domain, depend-
ing on its concentration and its amino acid com-
position, shows a different decrement in
fluorescence intensity. However, differences are in
the order of few percentage points with respect of
the average value; the most and the least ‘bleach-
ing’ resistant protein are immunoglobulins(IgG)
anda-DG(30–170), respectively.

Fluorescence spectra of unfolded bovine albu-
min (at 6 M guanidine hydrochloride), acquired at
the different setup conditions A, B and C, are
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reported in Fig. 2a–c, respectively. As expected,
decreasing acquisition integration time for each
point, from 0.5 s(A) to 0.05 s(C), leads to loss
in the curve resolution. On the other hand, the
‘bleaching effect’ on fluorescence at the end of
the titration, when working in condition C, is only
f1% compared tof15% in condition A(Table
1).

In fluorescence unfolding measurements, where
the fluorescence change range is broad(from f
y50 to fq110% see Table 2), the previous
described ‘bleaching effect’ could become rele-
vant. The use of a mathematical function to
describe fluorescence spectra of protein, acquired
as fast scan(i.e. instrument set up C), allows
minimization of the decrease in fluorescence signal
due to prolonged exposure of sample to a high-
intensity light beam. Interpolating spectral data for
the correct resolution of the fluorescence intensity
and peak could be critical. We usedX ratio values2

(X of Eq. (1) divided by X of Eq. (2)) to2 2

compare the accuracy of the two equations in
fitting fluorescence data recorded between 310 and
450 nm with the different excitation wavelength
of 260, 280, 295.X ratio values listed in Table 22

show that the classical Gaussian equation(Eq.
(1)), generally used to simulate fluorescence spec-
tra of proteinsw20,22x, fails to follow the shape of
folded protein spectra. Moreover, in Table 1 are
reported the differences in the maximum fluores-
cence intensity and peak obtained comparing their
values derived by fitting the spectra acquired in
experimental condition B and C, to the value
measured in experimental condition A.

Fig. 3a and b show, respectively, fluorescence
spectra of foldeda-DG(30–315) dystroglycan
domain, unfolded bovine serum albumin and the
best fit curve for Eq.(1) (dotted line) and Eq.(2)
(continuous line). The curve in Fig. 3a is a typical
spectrum of a native protein, showing a fluores-
cence peak in the spectral region of buried tryp-
tophan residues. On the other hand, in Fig. 3b is
shown a fluorescence spectrum typical of an
unfolded protein or of proteins having aromatic
residues exposed to solvent with their fluorescence
peaks red shifted. In Fig. 3 theX values of each2

fit curve calculated using the non-linear least
square method are listedw23x.

In Table 2 are shown theX ratio values of2

different proteins in folded, unfolded and at
Gdn concentration conditions, their fluores-50%

cence peaks at excitation wavelengths of 260, 280
and 295 nm, the percentage of fluorescence change
upon unfolding transition, the number of aromatic
residues (Trp, Phe, Tyr) for each protein, the
Gdn value and thedG of the reactions calcu-50%

lated by Eq.(5).

3.4. A typical unfolding behavior: decrease of
fluorescence intensity

Figs. 4–6 show the change in fluorescence
intensity(panel A) and in the maximum emission
peak(panel B) as a function of guanidine hydro-
chloride concentration for all the proteins under
analysis. In Fig. 4a are reported bovine serum
albumin, used as a control, and dystroglycan
domains a-DG(30–315) and a-DG(170–315).
These proteins all show a clear decrease of fluo-
rescence intensity upon unfolding. In this case the
exposure of buried amino acids to the aqueous
phase causes a typical and strong fluorescence
quenching of tryptophans.a-DG(30–315) anda-
DG(170–315) have similar Gdn values. A50%

similar behavior is observed in Fig. 4b where the
wavelength of the fluorescence emission maximum
is reported. All proteins start with a wavelength
maximum peak value typical of folded proteins,
i.e. tryptophans not exposed to solvent, ranging
from 330 to 337 nm. After the addiction of the
denaturing agent, they completely unfold, exposing
tryptophans to solvent as showed by a wavelength
peak shift towards values higher than 350 nm. The
Gdn values extrapolated from fitting the unfold-50%

ing curves for intensity and wavelength according
to Eqs.(5) and(6), respectively, are similar.

3.5. The N-terminal domain of a-dystroglycan-
(30–170), shows a behavior similar to what
observed in immunoglobulins

In Fig. 5a is shown the fluorescence intensity
change ofa-DG(30–170), a-DG(485–600) and
b-DG(654–750) dystroglycan domains as a func-
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Table 2

Protein Fluorescence Number Number Number Gdny2 DG Excitation Folded Gdny2 Unfolded
change(%) of Wrp of Tyr of Phe wMx (kcalymol) wavelength(nm)

Peak x ratio2 Peak x ratio2 Peak x ratio2

Bovine serum albumin y45 3 21 30 2.4"0.2 8.8"1.0 260 343 1.1 347 0.2 350 0.1
y50 280 342 1.5 348 0.3 351 0.4
y45 295 343 3.4 348 0.4 355 1.0

IgM immunoglobulin q135 )100 )100 )100 2.4"0.2 7.0"0.9 260 335 3.2 343 0.8 352 0.1
q130 280 335 3.6 344 0.7 353 0.2
q125 295 336 3.1 344 0.7 353 0.1

IgG immunoglobulin q125 )30 )50 )50 3.0"0.2 1.2"0.1 260 332 3.0 341 0.9 349 0.3
q118 280 333 2.9 341 0.7 350 0.2
q115 295 333 3.0 342 0.7 352 0.2

a-DG(30–315) y40 5 3 6 1.3"0.1 1.6"0.2 260 331 4.5 343 1.0 354 0.4
y43 280 332 3.2 345 1.1 355 0.3
y41 295 332 4.3 345 0.9 355 0.5

a-DG(170–315) y45 2 1 3 1.1"0.1 1.1"0.1 260 329 3.2 342 1.2 355 0.2
y48 280 330 8.1 342 2.1 354 0.6
y48 295 329 8.4 343 1.3 353 0.2

a-DG(30–170) 0 3 2 3 0.7"0.1* 2.5"0.3 260 340 0.6 347 0.8 354 0.4
0 0.8"0.1 280 339 2.0 346 0.8 352 0.8

q30 295 340 1.3 346 1.0 352 1.0

a-DG(485–600) 0 2 4 5 1.4"0.1* – 260 343 1.1 348 0.7 352 0.2
0 280 344 1.5 349 0.6 353 0.1
0 295 344 1.2 349 0.5 354 0.1

b-DG(654–750) 0 1 1 3 1.7"0.1* – 260 348 0.4 351 0.3 352 0.2
0 280 349 0.2 351 0.3 353 0.1
0 295 350 0.3 351 0.6 353 0.1

From peak shift.*
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Fig. 3. Fluorescence spectra of foldeda-DG(30–315) dystro-
glycan domain(panel a), unfolded bovine serum albumin
(panel b) acquired under experimental condition C(Table 1)
and the best fit curve for Eq.(1) (dotted line) and Eq.(2)
(continuous line). The X value of each fitted curve, accom-2

plished using non-linear least square method(Bard w23x), are:
panel a—Eq.(1) X s127.4, Eq.(2) X s24.4, ratios5.2.2 2

Panel b—Eq.(1) X s5.4, Eq.(2) X s44.7, ratios0.1. The2 2

peak and intensity derived from the two equation compared
with the acquisition under experimental condition A are: panel
a: a-DG(30–315)—experiment A: peaks332 nm, Maximum
intensity(M.I.)s374 A.U.; Eq.(1): peaks334 nm, M.I.sy
2.86%; Eq. (2): peaks332 nm, M.I.sq0.03% Panel b:
Bovine serum albumin—experiment A: peaks351 nm, M.I.s
136.4 A.U.; Eq.(1): peaks351 nm, M.I.sy0.15%; Eq.(2):
peaks345 nm, M.I.sy5.50%.

Fig. 4. Fluorescence intensity(panel A) and maximum emis-
sion peak(panel B) changes as a function of guanidine hydro-
chloride concentration of bovine serum albumin(m),
dystroglycan domainsa-DG(30–315) (j) and a-DG(170–
315) (h). These proteins all show a clear decrease of fluores-
cence intensity upon unfolding due to the exposure of buried
amino acids to the aqueous phase causing a strong fluorescence
quenching of tryptophans. Excitation wavelength was 280 nm.
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Fig. 5. Fluorescence intensity(panel A) and the maximum
emission peak(panel B) as a function of guanidine hydro-
chloride concentration ofa-DG(30–170) (m), a-DG(485–
600) (s) andb-DG(654–750) (h) dystroglycan domains as
a function of guanidine concentration. Excitation wavelength
was 280 nm. No significant fluorescence change is observed.
In the case ofb-DG(654–750), the fluorescence maximum
dependence on denaturant concentration shows that no transi-
tion involving tryptophans occurs. On the other hand, both for
a-DG(30–170) and a-DG(485–600) the fluorescence maxi-
mum shifts from 337 nm fora-DG(30–170) and 344 nm for
a-DG(485–600) to 353 nm, characteristic of totally exposed
tryptophan, clearly indicating the presence of an unfolding
process.

Fig. 6. Fluorescence intensity(panel A) and maximum emis-
sion peak(panel B) changes as a function of guanidine hydro-
chloride concentration of immunoglobulins IgG(n), IgM (s)
and a-DG(30–170) (m) dystroglycan domain. Excitation
wavelength was 280 nm for immunoglobulins and 295 nm for
a-DG(30–170) thus selectively exciting tryptophan residues.
For all these proteins is observed an increase in the emission
quantum yield upon unfolding.

tion of guanidine concentration at 280-nm excita-
tion wavelength. Interestingly, no significant
fluorescence change is observed. In the case ofb-
DG(654–750), a domain which has already been
catalogued inside the natively-unfolded protein
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family w24x, the fluorescence maximum depend-
ence on denaturant concentration(Fig. 5b) shows
that no transition involving tryptophans occurs(i.e.
minimal peak red shift fromf349 to f352),
confirming previous observationsw11x. On the
other hand, both fora-DG(30–170) and a-
DG(485–600) the fluorescence maximum shifts
from a value characteristic of buried aromatics,
337 nm for a-DG(30–170) and 344 nm fora-
DG(485–600) to the one typically measured for a
totally exposed tryptophan(353 nm), clearly indi-
cating the presence of an unfolding process.

In Fig. 6a are reported the denaturation curves
of immunoglobulins IgG, IgM anda-DG(30–170)
domain as a function of guanidine concentration.
It should be noted that in this case the titration
curve ofa-DG(30–170) is the one obtained using
an excitation wavelength of 295 nm, thus selec-
tively exciting thryptophan residues(see discus-
sion for details). For all these proteins is observed
an increase in the emission quantum yield upon
unfolding (reverse behaviour). Moreover, thea-
DG(30–170) domain shows a behavior character-
istic of a relatively unstable proteinsw20x under-
going a complete transition at relatively low con-
centrations of denaturing agent.

4. Discussion

4.1. Learning from fluorescence unfolding signal

The determination of thermodynamic parameters
for the unfolding of proteins has been a topic of
fundamental interest for many years. Recently,
such studies became important for biotechnological
reasons, since it is often necessary to characterize
the stability of recombinant or engineered proteins
w14x. Monitoring the unfolding behavior of a pro-
tein, from an ordered(native) to a disordered
(unfolded) state, can provide key thermodynamic
information about its stability. The static fluores-
cence signals of the native and unfolded state may
also provide some precious information on the
microenvironment of the fluorophoresw17,18x. The
easiest way to follow protein unfolding is register-
ing steady-state fluorescence intensity, measured at
fixed excitation and emission wavelengths How-
ever, more detailed information on the unfolding

transition can be obtained by following the entire
fluorescence spectral changes of the protein as a
function of the denaturant concentration. In fact,
in this case at least two parameters can be derived.
The first is the fluorescence intensity at different
wavelengths, the second is the wavelength of the
emission maximum. Analyzing the dependence of
such parameters by the denaturant concentration
leads to the thermodynamic information describing
the stability of the proteinw17,18,20x.

Typically, two different experimental procedures
can be applied to follow protein unfolding reac-
tions. In the first, a denaturant agent is progres-
sively added to a protein sample and, after
equilibration at every step, the fluorescence spectra
are recorded. The second procedure implies the
preparation of multiple protein samples at different
denaturant concentration; after equilibrium is
reached, a fluorescence spectrum for each sample
is acquiredw17,18x. The major and basic advantage
of the first method is that it requires just small
amounts of protein. On the other hand, the acqui-
sition of multiple spectra of the same protein
sample, each at a different denaturant concentra-
tion, implies long exposition to high-intensity light
beam, causing a ‘bleaching effect’ on the fluores-
cence intensity of the sample. This decrease in
fluorescence signal, depending on the instrument
setup, on protein concentration and on the total
time the sample is exposed to light beam, can be
determined with appropriate measurements(Sec-
tion 3 and Table 1).

4.2. Minimizing the ‘bleaching effect’

In this study, we analyzed the ‘bleaching effect’
measured on nine different proteins using three
different instrument setups(Table 1). In the exper-
imental condition A, where good resolution of
intensity fluorescence and peak was obtained, the
‘bleaching effect’ accounted for 15% of the signal
(Fig. 2a and Table 1). In many cases, the global
fluorescence change upon unfolding can be heavily
affected by this event, resulting in an erroneous
estimation of the thermodynamic parameters of the
transition. We show that a correct mathematical
analysis of spectra can help in reducing the
‘bleaching effect’ to approximately 1%. We have
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proposed two different equations(Eqs. (1) and
(2)) in order to correctly describe the fluorescence
spectra of proteins acquired with a rather low
integration time for point, leading to a sensible
decrement of the total acquisition time needed to
monitor the unfolding reaction, without loosing
accuracy on the fluorescence intensity and maxi-
mum peak determination. As shown in Table 1,
the differences between the measured(condition
A) and extrapolated(condition C) intensity are
approximately 1% and the peak resolution is within
"0.4 nm.

4.3. Immunoglobulins display a ‘reverse’ fluores-
cence signal change upon unfolding

The fluorescence properties of proteins are gen-
erally dominated by tryptophan residues, highly
sensitive to solvent effects. There has been much
interest in trying to develop rules for interpreting
the fluorescence patterns for tryptophan residues
in proteins and relating these data to structural
detailsw25,26x. The most widely accepted interpre-
tation is that the bluer emitting tryptophan residues
are those with the indole ring surrounded by other
apolar amino acid side chains and that interactions
between excited state and polar solvent molecules
or other polar functional groups cause redder
fluorescence.

Typically, the exposition to solvent of aromatic
amino acids leads to a decrease in their fluores-
cence intensity due to water quenching effectw19x.
However, in some proteins, such as immunoglob-
ulins or immunoglobulins fragments as observed
by Sumi and Hamaguchiw27x, the interactions
between tryptophan and tyrosine residues in buried
region of the folded molecule lead to their mutual
quenching, determining an unchanged or increased
fluorescence intensity after unfoldingw19x. It is
often useful the recording of maximum emission
wavelength that is typical higher than 350 nm for
tryptophan exposed to solvent and lower for buried
residues and that can give evidence of the occur-
ring transition. The emission maximum of a tryp-
tophan residue in a protein is thought to be directly
related to the polarity of its microenvironment. An
interesting suggestion has been madew14,20x that
the emission maximum can also be related to the

degree of electrostatic stabilization and destabili-
zation of the excited indole ring and charged
groups in its microenvironment. Intrinsic trypto-
phan residues will usually have the environmental
sensitivity to track the unfolding of a protein.
There are also cases where this is not possible.
For example, if a tryptophan is on a unstructured
region of the protein both in the native and
unfolded statew17,18,20x.

In our study, both unchanged and increased
fluorescence intensity are recorded(Fig. 5a and b
Fig. 6 and a and b). In the former case, a peak
shift is observed, proving the exposure of aromat-
ics to solvent; on the latter the increase of intensity
could be explained if the mutual quenching of
aromatic residues in a folded close moieties of the
molecule could be stronger than the quenching
effect of the solvent. When both the fluorescence
intensity and the emission maximum wavelength
remain unchanged, it could mean that:(i) the
protein is highly unstructured(i.e. already unfold-
ed), (ii) there are no aromatic residues in the
protein undergoing the unfolding transition,(iii )
the aromatics already occupy, in the structured
molecule, a natively disordered region(Fig. 5a
and b).

4.4. Fluorescence unfolding signal help identifying
immunoglobulin-like domains in a-dystroglycan

Dystroglycan is an adhesion complex involved
in a variety of biological functionsw6,28x. It is
composed of two protein subunits,a, highly gly-
cosylated and extracellular andb, transmembrane,
which form a tight but non-covalent complexw11x.
No 3D data are available on dystroglycan subunits
so far, although in the last years a particular effort
has been made to collect the first structural–
functional details mostly based on recombinantly
expressed domainsw8–11,29x. In Fig. 1 is reported
the molecular organization of dystroglycan and the
various domains that have been analyzed are indi-
cated. It is noteworthy that all the dystroglycan
domains analyzed showDG values for the unfold-
ing process(measured from fluorescence intensity
change andyor peak shift) that confirm their sub-
stantial stability as isolated units(Table 2).
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The N-terminal region ofa-dystroglycan should
be considered as a main functional ‘hot-spot’
within the whole adhesion complex. In fact, it is
likely that its first domain directly contributes to
build the high-affinity interaction with LNS
domains-containing molecules such as laminins,
agrin or perlecanw8x. Moreover, the second N-
terminal domain has been proposed to harbor the
target site for arenavirusesw30x. Therefore, a
detailed structural investigation of these domains
would give an invaluable help to design strategies
to prevent muscular dystrophies and viral
infections.

Our fluorescence data confirm the notion that
the N-terminal region ofa-dystroglycan(30–170)
represents an Ig-like domainw31x, which are
indeed very common within ECM molecules and
their receptorsw32x. In the case ofa-DG(30–170),
when exciting at 280 nm, no fluorescence intensity
change is recorded although a maximum peak shift
from 338 to 352 nm gives evidence of the unfold-
ing transition. The effect could be attributed to
some mutual quenching between tyrosine and tryp-
tophan residues both absorbing at 280 nm and
sufficiently close in space, in the unfolded state,
to undergo a reciprocal Foster’s energy transfer.
When selectively exciting tryptophan residues at
295 nm the emission maximum wavelength shift
is conserved, while an increase of 30% of fluores-
cence intensity is recorded. This increase of fluo-
rescence upon unfolding is another proof that the
aromatics are close to each other in the folded
protein, as also observed with IgG and IgM. The
presence ina-dystroglycan of such an Ig-like
domain was previously identified based on
sequence similarities with the immunoglobulin
light chains of the k familyw31x. It is worth noting
that the fluorescence unfolding behavior ofa-
DG(30–315) (which shows an overall decrease in
the fluorescence intensity) is dominated by the
contribution ofa-DG(170–315), as also observed
with this isolated domain(Fig. 4a), which is likely
to be arranged in a different structural fashion
(e.g. resembling the ribosomal protein S6) w8x.

According to our analysis, the C-terminal
domain of a-dystroglycan(485–651) displays a
fluorescence unfolding behavior which may as
well suggest the presence an Ig-like structural

arrangement. However, the fluorescence intensity
of a-DG(485–600) does not change as a function
of the denaturing agent concentration. This domain
harbours the binding epitope for the ectodomain
of b-dystroglycanw9,11,29x. Interestingly, it has
been proposed based on sequence alignment that
also this domain might have an Ig-like ‘cadherin-
like’ structure w33x. Although no further evidence
have been collected on the proposed structural
similarity to cadherin domains, our fluorescence
data could support the idea that the C-terminal
region ofa-dystroglycan would display an overall
Ig-like fold.

5. Concluding remarks

Fluorescence analysis of unfolding processes
represents a useful tool to analyze protein domains
structurally and thermodynamically. In the post-
genomic era, it emerges as an easy and rapid
technique to collect the first structural details on a
novel protein domain. Thereverse increase of
fluorescence that we have measured for IgG, IgM
and a-DG(30–170) fully confirms the Ig-like
structural arrangement of the first N-terminal
domain ofa-dystroglycan.

According to fluorescence unfolding data, the
proteins and protein domains that we have ana-
lyzed can be classified in the following general
categories:

1. Proteins undergoing a change in fluorescence
intensity (decrease) and maximum emission
peak (increase): albumin, a-DG(30–315), a-
DG(170–315).

2. Proteins undergoing a change in fluorescence
intensity (increase) and maximum emission
peak (increase): IgG, IgM, a-DG(30–170)
when excited at 295 nm.

3. Proteins undergoing a change only in the emis-
sion peak(increase), with relatively stable flu-
orescence intensity: a-DG(485–600) and
a-DG(30–170) when excited at 260 and 280
nm.

4. Proteins with no change both in fluorescence
intensity and emission wavelength(generally
already higher than 350 nm in the native pro-
tein): b-DG(654–750).
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