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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 immunoglobulindgG and IgM and to the different domains of the adhesion molecule
dystroglycan are presented. Special attention is dedicatedxtdyestroglycan 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 subamitg,

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 micromolator 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 /amd
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 stabilifg,2].

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
residue$ 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 subunitsa andB [3]. It is involved in a wide
number of biological functions and its biomedical
interest is constantly increasingt]. In muscle,
dystroglycan forms a continuous link between the
extracellular matrix(ECM), via a-dystroglycan
binding to laminin-2, and the cytoskeleton, \a
dystroglycan binding to dystrophin, which is con-
sidered crucial for muscle stabilifys]. Moreover,
dystroglycan participates ifi) post-synaptic ele-
ments maturation and stabilization at the neuro-
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muscular junction as well as within the central and 7.4, or 100 mM phosphate buffer saline, pH 7.4.

peripheral nervous systentij) early embriogene-

Steady-state fluorescence titration measurements

sis and (iii) infectious diseases such as leprosy were carried out at 25C in a 1-cm quartz cell,

and arenaviruses infectionks,7]. As for other
ECM molecules or receptor$7], dystroglycan
functional versatility is largely originating from its

using a SpexXEdison, USA FluoroMax spectro-
fluorimeter as describetl2,13. Protein concen-
tration used in this study varied within the

modular structure. A primary strategy in order to nanomolar—micromolar range, depending on the
fully understand its structural—functional aspects, intensity of the specific fluorescence signal of each
is the recombinant dissection into separate domainsprotein. Fluorescence emission spectra from 300
which can often be easier to be analyzed using to 450 nm were recorded using an excitation
standard biochemical and biophysical techniques wavelength(Ex*) at 260, 280 and 295 nm. After
[8—11. each addiction of denaturing agent we waited 10
First of all, the experimental approach to con- min before spectra acquisition. Some proteins may
formational transitions and the relationship require hours to reach full equilibrium in unfolding
between fluorescence signal changes and unfoldingreaction[14]. Control experiments, to check if the
of proteins will be discussed, moreover several equilibrium in the unfolding reaction was reached
practical considerations for fluorescence experi- during the titration, were performed preparing a
ments and phenomenological equations to analyzeseries of samples for each protein at different
fluorescence spectra of proteins, minimizing sam- denaturant concentration, allowing these to equili-
ple exposure to high-intensity light beam, will be brate overnight, then measuring the fluorescence
described. Finally, examples of unfolding reactions signal and comparing results in the two conditions.
of different proteins, in particular dystroglycan Data obtained from samples allowed to reach

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

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-

encoding for the murine dystroglycan domains tion of their microenvironment. The fluorescence
under analysis were amplified using standard RT- emission maximum of proteins ranges froa810
PCR protocols and the recombinant proteins were nm, for buried, to=350, for fully exposed tryp-

expressed in theE. coli BL21(DE3) strain and
purified using nickel nitrilotriacetate affinity chro-
matography as described elsewhid®,11. Guan-
idinium hydrochloride(Gdn/HCI) was purchased
from Fluka(Buchs, Switzerlandand used without
further purification.

2.2. Fluorescence analysis
Proteins were dissolved in 100 mM sodium

chloride (NaCl), 5 mM trischydroxyme-
thyl)aminomethane hydrochlorid@ris—HCI), pH

tophan residueqd15,14 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 wavelengti{nm) 280 280 280
Emission wavelengtiinm) 310-450 310-450 310-450
Integration time for poin(s)* 0.5 0.2 0.05
Number of points(nm) 1 1 1

Total acquisition time for 1 specti@)* 70 28 7
Number of acquired spectra 10 10 10
Total acquisition time(s)* 700 280 70
Average fluorescence decred$é) (after 10 scans 14.2 6.2 1.0
Maximum fluorescence decreaé¥) («-DG(30-170 16.5 7.3 1.2
Minimum fluorescence decreas#) (IgG) 12.8 5.9 0.8
AWP (average wavelength peaknm) - +0.2 +0.4
AIP (average intensity peak %) - +0.7% +1.1%

The instrument was setup with a bandpass of 4 nm. @&ierage intensity peaks the percentage difference of intensity and
AWP (average wavelength pegls 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 @ith Eq.
or Eg. (2) as described in the text.

because it is present in larger amounts. However, be characteristic of each protein and dependent on
tyrosine is quenched by any nearby groups on the its concentration and on the instrument and exper-
peptide chain and because of energy-transfer toimental set ugdbandpass, acquisition time, number
tryptophan residues; consequently the absence ofof acquisition points, etg.and although not linear
tyrosine emission observed in most proteins is with exposure time, was generally well described
largely dependent upon their particular 3D struc- by a simple parabolic equatiof@ata not shown
ture. Therefore, the selective excitation of an ami- However, an experimental evaluation of this phe-
no acid may be conveniently used to discriminate nomenon should be performed every time fluores-
the specific contribution of each residue in a cence measurements are carried out. Fast
protein structure(i.e. EX* =260 nm simultaneous fluorescence readings at fixed wavelength, gener-
excitation of phenylalanine, tyrosine and trypto- ally, restrict this drawback to less than 5% of the
phan, ExX=280 emission from both tyrosine and initial intensity. When the fluorescence spectra
tryptophan, EX=295 selectively excitation of need to be recorded, the previous effect could
tryptophan. become relevan(5-15% due to long sample
Fluorescence spectra of proteins were recordedexposure to high-intensity light beatiable 1. A
as a function of guanidine hydrochloride concen- good strategy to overcome the problem is to
tration. Any background signalfluorescence or  acquire a fast fluorescence scan followed by a
scattered lightfrom the buffer was subtracted and mathematical interpolation of data. In this case, at
the fluorescence intensity was corrected for the constant protein concentration and spectral band-
progressive protein dilution15,17-19. In the pass of monochromators, the integration time for
protein concentration range taken into considera- each scan point aridr the number of acquired
tion the fluorescence signal was linear with the points can be strongly reducdéig. 2a—c, Table
concentration of the protein. A decrease in fluo- 1).
rescence signal, usually defined as ‘bleaching We used two phenomenological equations to
effect’, due to successive exposure of sample to analyze emission spectra. The first is a Gaussian
high-intensity light beam{15-18, was found to  curve, generally used to simulate excitation and
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Fig. 2. Fluorescence spectra of unfolded bovine alburhi Il guanidine hydrochloride, acquired at the different setup conditions,
described in Table 1, Apanel a—£1), B (panel b—A) and C(panel c—@).

emission spectra for folded and unfolded protein  The former equation fails to correctly fit data

[20] for spectra with peak at wavelengths lower than
y—1T2 340 nm(i.e. folded proteins (Fig. 2a and . In
ex;{— 2 } this case, the best fit is obtained with the following
(o)
F=a—_ +b (1) one
oy2m

(2

where F is the fluorescence_intensity; ig the an()\em_)\egbexp{_xem_)\ex]
wavenumbel( =1/wavelength in cm?), v; is the c
wavenumber for the center of the Gaussian curve,

o is the width of the curve in cm* and andb wherea, b andc are fitting parameters\,, is the
are fitting parameters. fixed excitation wavelength).,, is the emission
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wavelength_. From analy'_[ical study of the curves Fon+snld] + (Fou+ s [d]) €~ 2Gkut mldl/RT
can be derived the maximum fluorescence inten- g —
sity, the peak wavelength and any intensity at <+ 7€& 77

different wavelength. In all the experiments spectra (5)
from 310 to 43450 nm were fitted according to ) ) ] »
Egs.(1) and(2). In this equationF,y and Foy are the intensities

of native and unfolded states in the absence of
denaturantsy and sy are the baseline slopes for
the native and unfolded regions add:§ ,,, andm

are the same as before. A useful parameter linked
to the stability of the protein is the Gglg, defined
as the ratio ofAGg,,, and m indicating the dena-
turant concentration inducing the 50% of fluores-
cence intensity changée.g. the mid-point of the
curve) [14].

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%Gdnsy,) effect
on the peak shift. The following equation was
AH?, and ASS, are the enthalpy change and entro- ysed
py change for the unfolding transition. If the

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 constaf2Q]; the
free energy change for unfolding can be described
by the following equation

AG%,=—RT InK ,,=AH®,—TAS%, 3

protein unfolding is induced by the addiction of a (b—a)
chemical denaturarfi], the following linear rela- Frea=at c \ (6)
tionship is generally accepted to describe the +([Gdn]]

thermodynamics of the systeffi1,22

In this equatiorc represents the guanidine con-

AGH,=AGS = md] (4) centration at the mid-point of the curve andand
b are fitting parameters.
here AGJ,. is the free energy change for the
unfolding reaction at the reference condition in the 3.3. Experimental set up and minimizations
absence of denaturant andis an empiric param-
eter indicating the denaturant susceptibilitiye. In Table 1 are showed the different experimental
m=—3G2,/8[d], the dependence obGg, on conditions and instrument set ufieported as A,
denaturant concentratipnThe above assumption B and O used in our measures and the average
can be made when the unfolding reaction is a value of decrease in fluorescence signal after ten
single step(two-state process. If there is one or acquisition scans on the various proteins under
more intermediates in the unfolding process, then analysis. Each protein or protein domain, depend-
the thermodynamic models become more complex ing on its concentration and its amino acid com-
[20]. However, as for various proteins analyzed in position, shows a different decrement in
this paper, if the fluorescence properties of the fluorescence intensity. However, differences are in
intermediate states are similar to U or N states, the order of few percentage points with respect of
the transition may appear to be a simpler two- the average value; the most and the least ‘bleach-
state. ing’ resistant protein are immunoglobuliigyG)
Measurement of fluorescence \[guanidine] or and a-DG(30-170, respectively.

[urea] is a standard method for studying the Fluorescence spectra of unfolded bovine albu-
stability of proteins. The following equation min (at 6 M guanidine hydrochlorideacquired at
describes such daf20] the different setup conditions A, B and C, are
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reported in Fig. 2a—c, respectively. As expected, In Table 2 are shown th&? ratio values of
decreasing acquisition integration time for each different proteins in folded, unfolded and at
point, from 0.5 s(A) to 0.05 s(C), leads to loss  Gdny,, concentration conditions, their fluores-
in the curve resolution. On the other hand, the cence peaks at excitation wavelengths of 260, 280
‘bleaching effect’ on fluorescence at the end of and 295 nm, the percentage of fluorescence change
the titration, when working in condition C, is only  upon unfolding transition, the number of aromatic
=~1% compared to=15% in condition A(Table residues (Trp, Phe, Ty) for each protein, the
1). Gdn,, value and the/G of the reactions calcu-

In fluorescence unfolding measurements, where lated by Eq.(5).
the fluorescence change range is brgfdm =
—50 to =+110% 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 X allows Figs. 4-6 show the change in fluorescence
minimization of the decrease in fluorescence signal intensity (panel A and in the maximum emission
due to prolonged exposure of sample to a high- peak(panel B as a function of guanidine hydro-
intensity light beam. Interpolating spectral data for chloride concentration for all the proteins under
the correct resolution of the fluorescence intensity analysis. In Fig. 4a are reported bovine serum
and peak could be critical. We us&d ratio values albumin, used as a control, and dystroglycan
(X? of Eq. (1) divided by X2 of Eqg. (2)) to domains «-DG(30-315 and «-DG(170-315.
compare the accuracy of the two equations in These proteins all show a clear decrease of fluo-
fitting fluorescence data recorded between 310 and rescence intensity upon unfolding. In this case the
450 nm with the different excitation wavelength exposure of buried amino acids to the aqueous
of 260, 280, 295X2 ratio values listed in Table 2 phase causes a typical and strong fluorescence
show that the classical Gaussian equatidty. guenching of tryptophans-DG(30-315 and a-
(1)), generally used to simulate fluorescence spec- DG(170-315 have similar Gdg,, Vvalues. A
tra of proteins[20,23, fails to follow the shape of  similar behavior is observed in Fig. 4b where the
folded protein spectra. Moreover, in Table 1 are wavelength of the fluorescence emission maximum
reported the differences in the maximum fluores- is reported. All proteins start with a wavelength
cence intensity and peak obtained comparing their maximum peak value typical of folded proteins,
values derived by fitting the spectra acquired in i.e. tryptophans not exposed to solvent, ranging
experimental condition B and C, to the value from 330 to 337 nm. After the addiction of the
measured in experimental condition A. denaturing agent, they completely unfold, exposing

Fig. 3a and b show, respectively, fluorescence tryptophans to solvent as showed by a wavelength
spectra of foldeda-DG(30-315 dystroglycan  peak shift towards values higher than 350 nm. The
domain, unfolded bovine serum albumin and the Gdn,, values extrapolated from fitting the unfold-
best fit curve for Eq(1) (dotted ling and Eq.(2) ing curves for intensity and wavelength according

(continuous Ilné The curve in Flg 3aisa typical to Eq5(5) and (6), respective|y' are similar.
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 the? values of each In Fig. 5a is shown the fluorescence intensity
fit curve calculated using the non-linear least change ofa-DG(30-170, a-DG(485-600 and
square method are listd@3]. B-DG(654-750 dystroglycan domains as a func-

3.4. A typical unfolding behavior: decrease of
fluorescence intensity

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



Table 2
Protein Fluorescence Number Number Number Gdn/2 AG Excitation Folded Gdn/2 Unfolded
h % f Wi f T f Ph M kcal/mol lengt
change(%) of Wrp  of Tyr  of Phe  [M] (keal/mol) - wavelength(nm) Peak x2ratio Peak y2ratio Peak x?2 ratio
Bovine serum albumin —45 3 21 30 2402 88+1.0 260 343 1.1 347 0.2 350 0.1
—50 280 342 15 348 0.3 351 04
—45 295 343 34 348 0.4 355 1.0
IgM immunoglobulin +135 >100 >100 >100 2.4+0.2 7.0£0.9 260 335 3.2 343 0.8 352 0.1
+130 280 335 3.6 344 0.7 353 0.2
+125 295 336 3.1 344 0.7 353 0.1
IgG immunoglobulin  +125 >30 >50 >50 3.0+0.2 1.2+0.1 260 332 3.0 341 09 349 03
+118 280 333 29 341 0.7 350 0.2
+115 295 333 3.0 342 07 352 0.2
«-DG(30-319 —40 5 3 6 1301 1.6+£0.2 260 331 45 343 1.0 354 04
—43 280 332 3.2 345 1.1 355 0.3
—-41 295 332 43 345 0.9 355 05
«-DG(170-319 —45 2 1 3 1.1#01 1.1+0.1 260 329 32 342 1.2 355 0.2
—48 280 330 81 342 21 354 0.6
—48 295 329 84 343 1.3 353 0.2
«-DG(30-170 0 3 2 3 07+01 25+03 260 340 0.6 347 0.8 354 04
0 0.8+0.1 280 339 20 346 0.8 352 0.8
+30 295 340 1.3 346 1.0 352 1.0
a-DG(485-600 0 2 4 5 14401 - 260 343 11 348 0.7 352 0.2
0 280 344 15 349 0.6 353 0.1
0 295 344 1.2 349 05 354 0.1
B-DG(654-750 0 1 1 3 17+01 - 260 348 04 351 03 352 0.2
0 280 349 0.2 351 03 353 0.1
0 295 350 0.3 351 0.6 353 0.1

“ From peak shift.

70¢c
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Fig. 3. Fluorescence spectra of foldeeDG(30-315 dystro-
glycan domain(panel a, unfolded bovine serum albumin
(panel b acquired under experimental condition(Table 1)
and the best fit curve for Eq(1) (dotted line and Eq.(2)
(continuous ling. The X2 value of each fitted curve, accom-
plished using non-linear least square metkiBdrd [23]), are:
panel a—Eq.(1) X2=127.4, Eq.(2) X2=24.4, ratio=5.2.
Panel b—Eq(1) X2=5.4, Eq.(2) X2=44.7, ratio=0.1. The

Fluorescence Intensity %

30 ,
0.0 1.0 2.0 3.0 4.0
[Gdn/HCI] (M)

(b) 360
T ]
£
§ 350 A
o
[
(3]
[ =
[T
?
S 340 -
]
-
i

330 ,

0.0 1.0 2.0 3.0 4.0
[Gdn/HCI] (M)

peak and intensity derived from the two equation compared Fig. 4. Fluorescence intensitpanel A and maximum emis-
with the acquisition under experimental condition A are: panel sion peak(panel B changes as a function of guanidine hydro-

a: a-DG(30-319—experiment A: peak 332 nm, Maximum
intensity (M..) =374 A.U.; Eq.(1): peak=334 nm, M.l=—
2.86%; Eq. (2): peak=332 nm, M.l=+0.03% Panel b:
Bovine serum albumin—experiment A: peaB51 nm, M.l.=
136.4 A.U.; Eq.(1): peak=351 nm, M.l= —0.15%; Eq.(2):
peak=345 nm, M.l= —5.50%.

chloride concentration of bovine serum albumich),
dystroglycan domains-DG(30-315 (M) and a-DG(170—

315) (O). 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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tion of guanidine concentration at 280-nm excita-

tion wavelength. Interestingly, no significant

fluorescence change is observed. In the cage- of
120 (a) DG(654—-750, a domain which has already been

110 catalogued inside the natively-unfolded protein
2 |
O oo
"E 10 QTP EG fdoR aQ
8 90 - (\2) 230
£ i S
g 50 2 210 -
e 70 - g
§ 60 8 190 -
o c
'g 50 - '; 170 T
i 40 - g 150 -
30 T T § 130 .
0.0 1.0 2.0 3.0 4.0 =
g 110 -
[Gdn/HCI] (M ™
™) “ 903 . . .
0.0 1.0 2.0 3.0 4.0
360 ®)
[Gdn/HCI] (M)
- 355 - .
P )}
% 350 LooOoO
o
g () 355
§ 345 2
S 340 - £ 350 -
2 5
" 335 £ 345 -
3
330 T T
S 340
0.0 1.0 2.0 3.0 4.0 3
[Gdn/HCT] (M) S 335
S
Fig. 5. Fluorescence intensitfpanel A and the maximum L 330 - . ; .
emission peakpanel B as a function of guanidine hydro-
chloride concentration of-DG(30-170 (A), a-DG(485— 0.0 1.0 2.0 3.0 4.0
600) (O) andB-DG(654-750 (1) dystroglycan domains as
a function of guanidine concentration. Excitation wavelength [Gdn/HCI] (M)

was 280 nm. No significant fluorescence change is observed.

In the case of3-DG(654—750, the fluorescence maximum  Fig. 6. Fluorescence intensifypanel A and maximum emis-
dependence on denaturant concentration shows that no transi-sion peak(panel B changes as a function of guanidine hydro-
tion involving tryptophans occurs. On the other hand, both for chloride concentration of immunoglobulins Ig@), IgM (O)
a-DG(30-170 and a-DG(485-600 the fluorescence maxi- and a-DG(30-170 (A) dystroglycan domain. Excitation
mum shifts from 337 nm for-DG(30-170 and 344 nm for wavelength was 280 nm for immunoglobulins and 295 nm for
a-DG(485-600 to 353 nm, characteristic of totally exposed «-DG(30-170 thus selectively exciting tryptophan residues.
tryptophan, clearly indicating the presence of an unfolding For all these proteins is observed an increase in the emission
process. guantum yield upon unfolding.
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family [24], the fluorescence maximum depend-
ence on denaturant concentratidig. 5b) shows
that no transition involving tryptophans occii%.
minimal peak red shift from=349 to =352),
confirming previous observation§ll]. On the
other hand, both fora-DG(30-170 and o-
DG(485-600 the fluorescence maximum shifts
from a value characteristic of buried aromatics,
337 nm fora-DG(30-170 and 344 nm fora-
DG(485-600 to the one typically measured for a
totally exposed tryptopha(853 nm), clearly indi-
cating the presence of an unfolding process.

In Fig. 6a are reported the denaturation curves
of immunoglobulins IgG, IgM an&-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 residue&see discus-
sion for detail$. For all these proteins is observed
an increase in the emission quantum vyield upon
unfolding (reverse behaviouy. Moreover, thea-
DG(30-170 domain shows a behavior character-
istic of a relatively unstable protein@0] 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
[14]. 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-

207

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 proteif17,18,20Q.

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 acquired17,1§. 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 measureme(sec-
tion 3 and Table 1L

4.2. Minimizing the ‘bleaching effect

In this study, we analyzed the ‘bleaching effect’
measured on nine different proteins using three
different instrument setup&able 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

cence signals of the native and unfolded state may (Fig. 2a and Table 1 In many cases, the global

also provide some precious information on the
microenvironment of the fluorophor¢7,14. The
easiest way to follow protein unfolding is register-

fluorescence change upon unfolding can be heavily
affected by this event, resulting in an erroneous
estimation of the thermodynamic parameters of the

ing steady-state fluorescence intensity, measured attransition. We show that a correct mathematical
fixed excitation and emission wavelengths How- analysis of spectra can help in reducing the
ever, more detailed information on the unfolding ‘bleaching effect’ to approximately 1%. We have
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proposed two different equationdEgs. (1) and degree of electrostatic stabilization and destabili-
(2)) in order to correctly describe the fluorescence zation of the excited indole ring and charged
spectra of proteins acquired with a rather low groups in its microenvironment. Intrinsic trypto-
integration time for point, leading to a sensible phan residues will usually have the environmental
decrement of the total acquisition time needed to sensitivity to track the unfolding of a protein.
monitor the unfolding reaction, without loosing There are also cases where this is not possible.
accuracy on the fluorescence intensity and maxi- For example, if a tryptophan is on a unstructured
mum peak determination. As shown in Table 1, region of the protein both in the native and
the differences between the measufedndition unfolded statd17,18,20Q.

A) and extrapolatedcondition O intensity are In our study, both unchanged and increased
approximately 1% and the peak resolution is within fluorescence intensity are recordéféig. 5a and b
+0.4 nm. Fig. 6 and a and b In the former case, a peak
shift is observed, proving the exposure of aromat-
4.3. Immunoglobulins display a ‘reverse’ fluores- ics to solvent; on the latter the increase of intensity
cence signal change upon unfolding could be explained if the mutual quenching of

aromatic residues in a folded close moieties of the

The fluorescence properties of proteins are gen- molecule could be stronger than the quenching

erally dominated by tryptophan residues, highly effect of the solvent. When both the fluorescence

sensitive to solvent effects. There has been muchintensity and the emission maximum wavelength
interest in trying to develop rules for interpreting remain unchanged, it could mean thdt) the
the fluorescence patterns for tryptophan residues protein is highly unstructurei.e. already unfold-

in proteins and relating these data to structural ed), (ii) there are no aromatic residues in the
details[25,26. The most widely accepted interpre- protein undergoing the unfolding transitiofiji )

tation is that the bluer emitting tryptophan residues the aromatics already occupy, in the structured

are those with the indole ring surrounded by other molecule, a natively disordered regidifig. 5a
apolar amino acid side chains and that interactions gnd p.

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 effd@]. Dystroglycan is an adhesion complex involved
However, in some proteins, such as immunoglob- in a variety of biological functiond6,2§. It is
ulins or immunoglobulins fragments as observed composed of two protein subunits, highly gly-
by Sumi and Hamaguch[27], the interactions  cosylated and extracellular afid transmembrane,
between tryptophan and tyrosine residues in buried which form a tight but non-covalent complék1].
region of the folded molecule lead to their mutual No 3D data are available on dystroglycan subunits
quenching, determining an unchanged or increasedso far, although in the last years a particular effort
fluorescence intensity after unfoldinft9]. It is has been made to collect the first structural—
often useful the recording of maximum emission functional details mostly based on recombinantly
wavelength that is typical higher than 350 nm for expressed domairf8-11,29. In Fig. 1 is reported
tryptophan exposed to solvent and lower for buried the molecular organization of dystroglycan and the
residues and that can give evidence of the occur- various domains that have been analyzed are indi-
ring transition. The emission maximum of a tryp- cated. It is noteworthy that all the dystroglycan
tophan residue in a protein is thought to be directly domains analyzed shoWwG values for the unfold-
related to the polarity of its microenvironment. An ing proces<measured from fluorescence intensity
interesting suggestion has been mati4,2qJ that change anflor peak shifi that confirm their sub-
the emission maximum can also be related to the stantial stability as isolated unit§able 2.

4.4. Fluorescence unfolding signal help identifying
immunoglobulin-like domains in a-dystroglycan
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The N-terminal region of-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 perlecan[8]. Moreover, the second N-
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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-dystroglycan[9,11,29. Interestingly, it has
been proposed based on sequence alignment that
also this domain might have an Ig-like ‘cadherin-

terminal domain has been proposed to harbor thelike’ structure [33]. Although no further evidence

target site for arenaviruse§30]. Therefore, a

have been collected on the proposed structural

detailed structural investigation of these domains similarity to cadherin domains, our fluorescence
would give an invaluable help to design strategies data could support the idea that the C-terminal

to prevent muscular
infections.

Our fluorescence data confirm the notion that
the N-terminal region o&-dystroglycan(30—170
represents an Ig-like domaif31], which are
indeed very common within ECM molecules and

their receptorg32]. In the case o&-DG(30-170,

dystrophies and viral

region of a-dystroglycan would display an overall
Ig-like fold.

5. Concluding remarks

Fluorescence analysis of unfolding processes
represents a useful tool to analyze protein domains

when exciting at 280 nm, no fluorescence intensity structurally and thermodynamically. In the post-

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

genomic era, it emerges as an easy and rapid

technique to collect the first structural details on a

novel protein domain. Theeverse increase of

some mutual quenching between tyrosine and tryp- fjgrescence that we have measured for IgG, IgM
tophan residues both absorbing at 280 nm and 54 -pG(30-170 fully confirms the Ig-like

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

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:

aromatics are close to each other in the folded 1. Proteins undergoing a change in fluorescence

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 family{31]. It is worth noting
that the fluorescence unfolding behavior of
DG(30-315 (which shows an overall decrease in
the fluorescence intensityis dominated by the
contribution ofa-DG(170-313, as also observed
with this isolated domaifiFig. 43, which is likely
to be arranged in a different structural fashion
(e.g. resembling the ribosomal protein)J8].
According to our analysis, the C-terminal
domain of a-dystroglycan(485-652 displays a
fluorescence unfolding behavior which may as
well suggest the presence an Ig-like structural

intensity (decreasp and maximum emission

peak (increasé: albumin, a-DG(30-315, «o-

DG(170-315.

Proteins undergoing a change in fluorescence

intensity (increas@ and maximum emission

peak (increase: IgG, IgM, «-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 wavelengttgenerally
already higher than 350 nm in the native pro-
tein): B-DG(654—-750.

2.
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